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Prospects for the characterization of the
fundamental parameters linked to the energy
spectrum of the aeolian sea state in Benin
coastal zone

ABSTRACT

The Beninese coast, like most coastal regions, is subject to various hydrodynamic factors
that are likely to be modified by climate change. On the coast, the coasts are constantly
subject to the action of waves, currents and wind. This work, carried out near the port of
Cotonou, aims to provide representative statistics on the direction of the fundamental
parameters of the wind seas, their height in the area close to the coast, where the swell is
not yetsubject to the action of the funds. Based on in situ data measurements with mooring
systems at tide gauge - meteorological stations during the hydrodynamic measurement
campaign and carried out at 10-minute time steps, on a regular basis over a period of four
consecutive years by NORTECKMED in collaboration with the Millenium Challenge Account
(MCA-Benin) within the framework of the extension of the Autonomous Port of Cotonou, the
statistical distribution of the characteristic parameters of the waves (height, direction of
propagation and period) is elaborated. Thus, the significant height Hy, the peak period or the
stable average wave period T, ~ T, .and the most frequent direction of propagationD,are
evaluated. A frequency characterization of the period T., the wavelengthL.and the height
H.of short swells, generated by local winds, is obtained using the Pierson-Moskowitz
frequency spectrum. In short, the four years of data made it possible to carry out statistical
production and simulations of wind, tide and wave data in order to determine the significant
heights H;, the peak period T, the linear energy power available and the link between Hiand
T, according to the Beaufort scales. Likewise, we made a characterization of short swells
(wind seas) based on the value of the local wind speed, the Pierson-Moskowitz frequency
spectrum and a representation of the wave propagation directions.

Keywords:Sgnificant wave height, Wind Sea conditions, Wave direction, Wave energy
spectrum, Coastal area of Benin

1. INTRODUCTION

Waves are generated by the wind in the fetch zone. These waves smooth out to give
more or less regular swells [1]. The waves or/and swells that we see propagating on the
surface of oceans, seas or lakes are generally due to or generated by the effect of wind on
the surface of the oceans [2].The wind blowing across the sea surface transfers part of the
energy from the atmosphere to the water surface. It is a phenomenon of friction of layers of
air on the water which creates depressions on the crests and excess pressures in the
troughs, having the effect of amplifying initial wavelets to form a complex regime of
increasingly larger waves. Long and powerful as they spread. Strong winds of the West
produce the largest waves in the world which initially move towards the West and are
deflected towards the equator by the Coriolis effect, arriving from the North-West in the
Northern Hemisphere and from the South-West in the South [3], [4]. The stronger it blows,
for longer and over a greater distance, the greater the height of the waves generated. One of




the predominant forcings of the ocean is swell. Characterizing the response of the water to a
disturbance of its surface by the winds, it travels over many kilometers in deep seas,
changes as it approaches the coast before coming to rest on the beaches [5]. Since about
forty years, Research on the study and understanding of the wave phenomenon has
progressed considerably, both from a fundamental point of view and its application in coastal
engineering, for example.The mathematical theories, at the base of all theoretical knowledge
of the physical functioning of our environment, which deal with the swell, have developed
and become more complex.[6], [7]. They represent a large quantity of phenomena linked to
waves based on hypotheses developed from the general equations of fluid mechanics, and
now make it possible to study ever more sophisticated problems analytically and
numerically. Waves are common [8], and the longest wave swells generated in the global
ocean can cross entire ocean basins before reaching the coastline[9]. The global wave
climate was studied using the simulations model [10], but our knowledge of wave
propagation is still limited by the scarcity of measurements [11], [12]. Empirical data support
the idea that winds and swell together account for more than half of the energy carried by all
waves at the ocean surface, exceeding the contribution of tides, tsunamis, coastal waves,
etc [13]. These waves, gravity waves, have the particularity of propagating without
dissipation of energy and can therefore travel long distances before being dissipated on the
coasts. In addition, hydraulic physical models have become a great tool for supporting the
calculations and simulations carried out with digital models, or replacing them when they find
their limit, and representing processes related to the swell in a reduced model. Recent
advances in terms of instrumentation and means of measuring phenomena have made it
possible to represent the swell in a way that is ever closer to reality. Thus, channel wave
generators now produce irregular swells, and tanks are more and more often equipped with
“snake” type beaters, for example, making it possible to reproduce random multidirectional
swells. Knowledge of wave and/or swell parameters and control of sea states are
fundamental elements, both for the design and construction of coastal structures, for the
estimation of the energetic power of waves and for forecasting. Maritime navigation and for
the prevention and fight against coastal disasters [4], [14]. Waves are the most important
phenomenon to consider among the environmental conditions affecting maritime structures,
because they exert the greatest influence. Studies already carried out in the Gulf of Guinea
have shown that three wave systems predominate in West Africa : the main and secondary
swell, and the wind sea [15]. This observation is all the more true for the Beninese coast,
exposed to particularly energetic swells in the coastal zone, than for the coastal countries of
West Africa. [5]. The ocean is an environment rich in energy flows that can be exploited[16].
In terms of means of measurement, this portion of the Atlantic coast of the Gulf of Guinea
has long been under-equipped. Indeed, non-directional measures are few in number and
directional measures are rare and very recent. The incident direction of the swell is also a
fundamental parameter in the calculation of coastal drift, capable of moving a significant
guantity of sediment parallel to the coast [6].Marine dynamics is a source of energy that is
still poorly documented and therefore not exploited in Benin. Due to the random nature of
waves, the sea state in general is described by statistical parameters, such as the average
heights (H,, = H,), the average of the periods (T;, = Tp)and the average of the propagation
directions (D,, = Dp)[15]. Since the work of [17], the evolution of the sea state on time
scales well beyond the wave period is based on the evolution of the energy or action
spectrum (energy divided by the intrinsic frequency) [18]. One of these principles is used to
predict the characteristics of short swells (wind seas) generated by local winds which often
complicate the dynamics of waters on the coast. This work aims to fill the lack of information
on the direction of the swells and to provide representative statistics of their heights in the
deep-water zone, close to the coast, where the swell is not yet subjected to the action of the
seabed. Statistical analysis shows that the port coast of Benin is strongly dominated by swell
waves. The inter-annual variability of significant sea and swell wave heights, as well as how
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they relate to the resulting significant wave height, is analyzed over the study area. The main
modes of variability of wind, sea and swell show notable differences.

2. MATERIAL AND METHODS
2.1. PRESENTATION OF THE STUDY SITE

Benin is a coastal state in the Gulf of Guinea which benefits from access to the ocean
over a distance of approximately 125 km. Its coastal zone is between 6°13’ and 6°23’ north
latitude (Figure 1a). In this coastal zone, it receives an abundance of regular marine waves
of low amplitude compared to their wavelength. [15]. Their amplitude varies depending on
the time of year on the one hand and on a daily basis on the other. In this area where gravity
is g = 9,79 N/kg approximately, the density of the ocean is p = 1025 kg/m? and we observe
[16]:the dominant swells which are long swells having a period T (8s <T < 18s) whose
stable mean value T,, = 12s and a wavelength L, approximately 220 m in the deep waters of
the coastal zone of the Gulf of Guinea [6], [15].
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Figure 1: Coastal zone and location of the port of Cotonou (Benin) with the various measurement stations. The two
moorings (WCP1 and WCP2), the tide gauge station (TG) and meteorological station (WS and AN).

2.2. DATA SETS

2.2.1. IN-SITU DATA

During a measurement campaign carried out over four consecutive years from June
2011 to April 2014 by NORTECKMED in collaboration with the Millennium Challenge
Account (MCA) and the Autonomous Port of Cotonou, two measurement stations were
anchored near the port of Cotonou, at a depth of 13.5m at the point of coordinates
N6°20.118' and E2°27.257' (station WCP1) and 13m of depth at the point of coordinates
N6°20.373' and EZ2°26.140' (station WCP2). This system is supplemented by a
meteorological and tide gauge station installed in the port (Figure 1b).

2.2.2. ANCHORAGES

Each measuring station is equipped with an acoustic current and wave profiler
(Accoustic Wave and Current Profiler; AWAC 1MHz, Nortek). The wetted sensors recorded
the directional parameters of the waves (significant height, direction and peak period) every
60 minutes at a frequency of 2Hz by the PUV method. The frequency spectrum of the
waves, from which the significant height and the period of the energy peak are deduced, are
determined. Peak directions are estimated from the horizontal components of the wave
orbital velocities. Current data were recorded every 10 minutes, on 11 and 10 cells of 1m
width each respectively at the first and second stations from 0.9m from the bottom towards
the surface.
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2.2.3. TIDE GAUGE - METEOROLOGICAL STATIONS
Sea level variations were recorded by a tide gauge (STS PTM/N/RS 485) positioned

75cm below the hydrographic datum located within the port enclosure at points N6°20.928'
and E2°25.893'. The sensor used recorded the height of the water every 10 minutes at a
frequency of 1Hz. The wind data were recorded by an anemometer (WXT520 VAISALA)
positioned 10m above the ground at points N6°20.554’ and E2°25.734’. The sensor used for
this purpose recorded wind directions and speeds every 10 minutes.

2.3. BEAUFORT SCALES IN THE COASTAL ZONE

In order to characterize the different sea states in the coastal zone of Benin in the Gulf

of Guinea, this work uses the Beaufort scales which characterize the swells in the deep
waters near the coasts. These scales are summarized in the table below [19], [20].

Degree | Appellation | Wave Sea states: Wind
or heights (phenomenon speed
strength near the | observed at sea) (m/s)
coast (m)
Bo Calm 0 Oil sea, mirror <1
B, Very light [0-0.1] Sea wrinkled [1.1;2.5]
breezes
B, Beautiful [0.1-0.15] Ripples [2.5;4]
Bs Little [0.15-0.3[ Little sheep [4;6]
agitated
B, agitated [0.3 —0.46] many sheep [6;8]
Bs Strong [0.46 — Waves, sea spray [8:;10.5]
0.76]
Be Very strong [0.76 - Blades, crests of | [10.5;15.5]
1.22] extended foam
B, Fat [1.22 — Breaking blades [15.5; 16
1.68[
Crests of waves
Bs Very fat [1.68 — leaving in swirls of | [16; 18.5]
2.29[ foam
Spray obscuring the
Bg Huge [2.29 - view, you can't see | [18.5; 21.5]
3.05] farther.
- Very large blades
B1o Storm 3.05 and with a long plume
more crest, the water
surface appears | [21.5;25]
white. Reduced
visibility.
- The sea is entirely
covered with banks
of foam. Reduced
visibility.
- The air is full of
foam and spray.
Significantly
reduced visibility.
sea completely
covered with banks
Bi; — — of white foam, | [25; 29[
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waves
exceptionally high,
very low visibility

B air full of foam and
- - spray; banks of | >29m-s7!
drifting foam,

visibility almost zero

Table 1:Beaufort scales

2.4. AVERAGE WIND SPEEDS AT ALTITUDE z IN THE STUDY AREA
Wind is a verycomplexaerodynamicphenomenon by nature. The wind speed v, in
the Gulf of Guinea at Cotonou, varies between3 m/s and 8 m/sapproximately (3 m.s™! <
U, < 8m.s™1). Its stable average value ¥,,is approximately5 m/s[4], [21].
If 9,, is the wind speed at an altitude z and 9, that corresponding to an altitude
h = 10m, the vertical distribution of the speed is [22] :
In(z/z 8,52+Inz
I = o (mghézz))) ~ 9 ( 10,5 )
1)

withz, = 0,0002 mon the water surface.

2.5. CHARACTERIZATION OF SHORT SWELLS GENERATED BY LOCAL
WINDS

As has already been said, it is necessary to distinguish the sea from the wind due to the
local action of the wind and the swell. The wind sea results from the combination of waves
that propagate throughout the wind's area of action with locally created waves. Swell results
from the propagation of waves from a generation zone, through areas where wind action is
limited [23]. The Pierson-Moskowitz frequency spectrum is deduced from a series of
measurements made in the Atlantic for established seas [19]. It corresponds to the region of
gravity waves. It is also a function of the wind speed 9 thanks to energy transfers according
to Jeffrey's theory [22]. This spectrum is currently represented by one of the best empirical
formulas available [8].

a=-0,74
So(w,0) = cosz(e) e (m) with 4P =0, 0081 @)

- ?
Thus, in the coastal zone of the Gulf of Guinea, we have:

4
0024315 - _
e 074(355) with3m.s7! <9, <8m.s™!

So(w,9) = S;(T,9) =
3)

With this frequency spectrum, the period T,of these short swells (wind seas)
generated by local winds is given by:

T, = \/:::with m, = f0+°° rs(pHdf = f+°° o"S(w)dw (4)

bg?> _ 0.0081xg>
The zero-order moment m, = "tei T 107000 -of the spectrum, represents the total

surface energy density ofthe swell per unit of density of water.This period T.corresponds to
the maximum value of this frequency spectrum for a given wind speed.
gTc 4
T, - S (,T)= 70'02:: e’ o0 74(2110) (5)
These waves thus generated by local winds, and which are not yet constrained to the
action of the seabed, have a wavelength L.[24] :

=2 (g

2n

The height of these short swells is given by: H = 4,/m, = 4/ [ S(f)df: [24] ;[20],
thus, we have :
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0, 0243 -0,74
=4 f 5f5 (
In the shoaling zone, another expression of the Pierson-Moskowitz spectrum is widely
used in the literature:

2"fﬂ) dfwith3m.s7! <9 <8m.st (7)

s H2 —_5(L)4
Sr(Hs Tp) = 15 T{’,sfs e\ (8)

This frequency spectrum is characterized by two quantities:
o The peak period of the spectrum T,, for which the spectrum is maximum.
o The significant height H, corresponds to an exact statistical definition, but it is simpler to
remember that it also corresponds quite well with the height felt by seafarers[25]. By
definition, this significant height Hiaccording to formula (2), is:

, H\%2  2bg? +oo 1
Aire = (T) = Tgf_n os*(0)de [ —e (wv) dw(9)
According to the integration of expressmn (9), wehave :

a2 a=-0,74

=) = W|thb—00081 = H;~0,02-v* (10)

4 2 2q4

g =979
With v the wind speed on the fetch at 10m from the free surface.
We have shownthat the sea state ischaracterized by a constant pseudo-camber [26], we
have :
H/(T,)* =0,0787(11)
If we assume like GotaGota[20], T, = 1,29 T,,then expression (11) becomes:
H,/(T,)" = 0,0473(12)
By considering the irregular swell as a superposition of regular swells whose

elementary amplitudes are given by the spectrum, it is again possible to calculate the power
transported by the waves.

2.6. APPLICATION TO SEA STATES : SEA STATE ENERGY SPECTRUM
In the Gulf of Guinea, swells are generally swells of low amplitude compared to their
wavelength: they are Airy swells whose dispersion relation is:[15], [27], [28].

L = 27” : The wavelength
w? = gk tanh(kdwithip 2 the period (13)
d local water depth

The group velocity of Airy waves in deep water (tanh(kd) ~ 1), is given by C;, = E =

%and the average of the mechanical energy< E >of a significant swell amplitudeH, is< E >

= %ngSZ. Thus, the energy power P of waves per unit of propagation length is the product
of its total energy by its group speed[15], [29].
P=<E>Cy = -pg*HS T, W/m = H’T, KW /m(14)

By considering the irregular swell as a superposition of regular swells whose
elementary amplitudes are given by the spectrum, it is again possible to calculate the power
transported by the waves. We can see that the “drop” in linear power compared to a regular
swell is 60% [30].

P=<E>C, =0.4HT, (KW/m) (15)

The following table gives some examples of this power transported for typical values

of Hs and T, considering expressions (12) and (15).

Beaufort 1 2 4 5 6 7 8 9 10 11 12
scales
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H.(m) 02 |07 ] 1.7 | 3| 47 | 6893|121 153 | 18.9 | 22.9
T, (s) 2 4 6 | 8| 10 |12 | 14 | 16 | 18 | 20 | 22

P(KW/m) | 0.032 | 0.78 | 6.94 | 29 | 88.36 | 222 | 484 | 937 | 1685 | 2858 | 4615

Table 2 :Examples of the power transported for typical values of Hsand T,

It can be seen that the level of energy carried by the waves is highly variable
depending on the state of the sea, and can reach considerable power levels in the event of
strong storms.

3. RESULTS AND DISCUSSION
3.1. Results Presentations

From in situ data measurementswithmooringsystems at the tide gauge -
meteorological stations during the hydrodynamicmeasurementcampaign and carried out at
10 minute time intervals, regularly over a period of four consecutiveyears (June 2011 to
April 2014) by NORTECKMED in collaboration with the Millenium Challenge Account (MCA-
Benin) as part of the extension of the Autonomous Port of Cotonou, we have :

» Produced statistics on the values of peak to trough wave heights according to the
Beaufort scales near the coasts in order to identify the dominant sea states prevailing at the
study site.

» Evaluated the annual distributions of these heights during each year in order to
determine the significant heights H, of these waves and evaluated their permanently
available energy power.

» Define a typical day for each month by averaging measurements that are taken at the
same time on all days of the month.This typical day allows us to know the variations in the
almost stable values of these heights during the course of a day.

> Represented the distribution diagrams of the wave propagation directions and
established the frequency and direction spectra of these swells as a function of the stable
average wind speed on the site.

» Characterized short swells (wind seas) based on the value of local wind speed, the
Pierson-Moskowitz frequency spectrum and the Beaufort scale.

The wind data (average direction and speed) were presented in Figure 2. The curves,
in Figures 2a and 2b, respectively reflect the variations in the direction of propagation and
the variability of the wind speed in the Gulf of Guinea atCotonou in the months of June, July
and August 2011.
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Figure 2: Evolution of wind direction (a) and speed (b) recorded during the measurement campaign at the Cotonou
port.
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The curves in Figure 3 reveal the annual temporal statistical distribution of the
hydrodynamic parameters measured during the measurement campaign at the port of
Cotonou from 2011 to 2014. The data observed every hour of the parameters characterizing
the state of the waves (significant height, direction peak and peak period) at the two
anchorages from June to August 2011 are presented in Figure 3. As well as those linked to
the variation in sea level (tide) recorded every minute by the tide gauge.

3.00 T T 1 1 L

2
20 - (A)
5

Q10.00f (B)

N

S

o
T

()

=

[+

(=]
T

Dir (°)

2.50
1.25( (D) - -
0.00 ] i | i
12/June 22/June 02/July 12/July 22/July 01/August 11/August 21/Aug
Time (Day/Month) '
Figure 3: Temporal evolution of hydrodynamic parameters measured during the measurement campaign at the

port of Cotonou. From top to bottom the significant height Hs (m), the peak period Tp (s), the peak direction Dir (°)
with station WCP1 in red and station WCP2 in blue, and the variation in sea level (tide) in (m).
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The statistical representations in Figure 4 below show the distribution of peak-to-trough
wave height values in the Gulf of Guinea in Benin according to the Beaufort scales, near the
coast, during each month. The empty months are those during which the measuring
instruments failed.
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Figure 4 :Monthly distribution of sea states in the coastal zone of Benin in Cotonou from 2011 to 2014

The curves in Figure 5 below show the maximum H, .., minimum H,_;, and significant H;
values of the wave heights during the measurement campaign. The discontinuities observed

correspond to months where the measuring devices failed.
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Figure 5 :Variations in maximum, minimum and significant heights from June 2011 to April

2014.

The curves in Figure 6 below show the variations in swell heights, in the deep waters
of the coastal zone of the Gulf of Guinea in Benin, as a function of time (GMT hours) during
each typical day.
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Figure 6: Swells heights during the typical day from June 2011 to April 2014

The curves in Figure 7 indicate the variations of the average stable energy power
before and after the dissipation of waves or swells as a function of the significant height and

the peak period in the study area.
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Figure 7: Variations in stable average energy power before and after waves or swells dissipation in the study area.

The curves in Figures 8indicate the energyfrequencyspectralinked to the pulsation w
and the peak period T,, where v is wind speed on the fetch at 10m from the free surface of
the ocean.

6
Hs (m)

The energy pulsation spectrum of ! I i T — T
| the sea s?:tg P — v=4.25m/s | — v=4.25m/s The Periodic Sea State
eLsp 0.15 Energy Spectrum
v=56mls v=8mis
v=6mls v=6mis
— 010t v=T7mls _olof|— v=7mis
Z — Vv=T.Tmis 2 — v=T.7mis
“ — v=8mis “ — v=8mls
0.051 0.05
0.00 L
0 4 0 2 10 12

2 4 6

< (rad/s) Tp (s)

Figure 8: Energy spectra related to the pulsation w and the period T, of the swells of the wind sea in the study
area.

The curves in Figures 9 indicate the wavelength and height of short swells in the
study area where v is the wind speed on the fetch at 10m from the free surface of the ocean.
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Figure 9: Variations in wavelength and height of short swells in the study area.

The curves in Figures 10 indicate variations between the significant height, the peak
period and the Beaufort scale in the study area where is wind speed on the fetch at 10m
from the free surface of the ocean.
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Figure 10: Variations between significant height, peak period and Beaufort scale in the study area.

3.2. ANALYSIS AND DISCUSSION OF RESULTS

» In Figure 2, we observe on the one hand the variations in the direction of
propagation of the wind during the measurement period (Figure 2a) and on the other hand
a variability of wind speed ranging from 0 to 14m.s~'with an average of 5.5m.s~!. Two
maximum wind speeds were obtained on June 21, July 11 and 21 with values of 1.1m.s™!,
14.2m.s~'and 11m.s 'respectively (Figure 2b). These different maxima are associated
with the significant height maxima obtained on the same date (Figure 3A).The winds
recorded over this period are on average coming from the SW sector with an average
direction of 234°.0Over the recording period only 1.17% of wind speeds are greater
than8.32m.s~!. The period was characterized by regular breezes from the SW sector.

> We observe a temporal variability of H,ranging from0.66m to 2.3m at the level of the first
anchorage (Figure 3A) and from0.73m to 2.52m at the level of the second with respectively
averages of 1.22 and 1.32m characteristic of wind seas and fairly energetic swells with very
energetic sequences on June 22, 28 and July 12 with significant height values of between1.9
and 2.1m at the first anchorage and between 2 and 2.51m at the second anchorage. The
periods of peak waves observed vary between 3.35and 17.85s with an average of 11.7s
(Figure 3B). The significant height maxima observed on June 22, 23 and July 12 are
associated with periods of 17.4 respectively;16 and 7s.The direction of the wave peak varies
very little (variance: 104°05 and 58°68) from an average direction of 197° and 196° relative
to the perpendicular to the coast respectively at the first and second anchorage (swellSWS
sector) (Figure 3C).The analysis of the wave parameter curves makes it possible to identify
two phases: the first going from June 17 to July 12 characterized by fairly strong energy
waves ( Honoy > 1.32mand T,y > 11s). The second phase goes from July 12 to August
18, it is characterized by slightly less energetic waves (Hgyo, < 1.1m and 3.4s < T, < 16s).
The wave periods during the first phase are as high as the significant heights.On the other
hand, in the second phase, the wave heights decreased with the increase in wind speed.
The tide is the variation in the height of sea level, we observe a high tide and a low tide
(Figure 3D).

» The diagrams in Figure 4 representsea states in the Gulf of Guinea at Cotonou. They
show that in the coastal zone of Benin :
e Sea states By, B;, Bg and By, are almost non-existent (approximately 1%).
e The Bs, B, and Bg states appear in very low proportions (about 14%).
e The Bs, Bg and B; states are the most frequent with a strong dominance of the B¢ state

(approximately 85%).

Page 12 sur 17



All in all, the ocean in the deep waters of the coastal zone of the Gulf of Guinea in Benin is

rarely calm (H = 0),wrinkled (0 < H < 0.1 m) or enormous (H > 2.29 m). It presents at least

wavelets (0.1 m < H < 0.15m) accompanied by small sheep (0.15m <H < 0.3m) and

sometimes numerous sheep (0.3 m < H < 0.46 m). We frequently observe waves (0.46 m <

H < 0.76 m), extensive foam crests (0.76 m < H < 1.22m) and breaking waves (1.22m <

H < 1.68 m) with strongdominance of extensive foam ridges.

» The curves in Figure 5 reveal that:

e The maximum height of the wave heights over the duration of measurements oscillates
between 1.6m and 2.2m.

¢ Their significant height varies between 0.8m and 1.06m with an average value of around
0.9m.

¢ As for their minimum value, it is almost zero and oscillates between 0.04m and 0.2m.

» The curves in Figure 6 represent the evolution of the significant heights of these waves

during each typical day.They reveal that these heights vary sinusoidally over the course of a

day.These heights take two different maximum values Hj,,, = 1.3mand H,,., =

1.1 mrespectively around 05h and 18h GMT, while they find their minimum valuesH;;, =

0.6 mand H,,;, = 0.5 mrespectively near 00h and12h p.m. Theirevolutionalso shows that the

swells are regular in Benin. The variations of theseheightsduringanytypicalday show that the

swells in the Gulf of Guinea are regular in Benin and the stable average value of theirheight

varies between0.5m and 1.3m. Over the course of a year, the periods of large

swellsextendfrom June to November.

» The curve in Figure 7 reflects the variations in the energetic power of waves in the deep

waters of the coastal zone of Benin.This renewable marine power, available almost

permanently, varies between 5kW/m and 40 kW/m when (0.5m < H; < 1.4m) and(8s <

T, < 18s). These waves which have not yet undergone the action of the seabed, will see

their energy power increase under the effect of their lifting (shoaling) before their bathymetric

surge.

» The curves in Figure 8reveal the variations in the energyfrequencyspectralinked to the

pulsation w and the periodT, of the wind sea swells in the study area. The spectrum is

therefore broken down into its different significant peaks, each corresponding to a wave

system. The maximum height of a wave spectrum is higher as there is a larger peak

periodT,and a smaller pulsation w, (frequency). Therefore, the energy spectrum

S, (w,9)orS¢(T,9)is an increasing function of the peak period T,,of the wind speed vand a

decreasing function of the pulsationw, (frequency).

» The variations of the curves of Figures 9, revealthat the short swellswhich are generated

by the local winds in the coastal zone of Benin, have :

e A period T,which varies between 2s and 6s.

e A wavelengthL.which oscillates between approximately10m and 55m.

e A heightH.such that 0.1m < H, < 0.5m.

» The curves in Figure 10reveal the variations between the significantheightH,, the peak

period T, and the Beaufort scale in the study area. The main sea state parameters :

e The significantheightH,, gives us information on the energy of the waves. Its offshore

distribution reveals that off Benin, 94% of the waves have an H; of less than 2m. This

analysis of the significant height H allows us to conclude that the sea is not very rough in

the Gulf of Guinea.

e The distribution of the peakperiodT, tells us about the predominant wave system. Off the

study area, less than 3% of the waves have a peak period T, of lessthan9s and more than

80% of the waves have a peak period T, of between 11 and 15s. This analysisallows us to

concludethatswells are the wavesystemsthatpredominate in the northern Gulf of Guinea in

more than90% of cases.
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In general, our results found are in agreement with those obtained in the literature
especially by [24], [25], [31]. The difference observed lies in the fact that in the Gulf of
Guinea, there are no strong winds to generate wind seas (wind speeds are on average
around 5m/s) [32] and that the basin is open towards the south and west allowing swells
coming from these sectors to propagate without encountering any obstacle.

4, CONCLUSION

Using high quality data from two measuring stations (station WCP1 and station
WCP2), we can conclude that;

A statistical analysis made on the different wave parameters shows that 81% and 90%
of the significant heights recorded were greater than 1.1m respectively at the WCP1 and
WCP2 stations during the measurement period.The distribution of Hs at station WCPL1 is
quite different from that obtained by station WCP2.In particular, we observe a higher
percentage of larger events involving significant heights greater than 1.8m for station
WCP2.Also, 77% and 82% of wave peak periods were greater than 8.1s at stations WCP1
and WCP2 respectively. During the measurement campaign, this area was exposed to long
swells, i.e. waves generated further from the observation point, therefore from the South
Atlantic, associated with high periods (T, > 8.1s). The presence of locally generated wind
seas in the Gulf of Guinea associated with periods less than 8.1s have been detected,
particularly during the second phase identified above.The main characteristic of the peak
direction obtained during the measurement campaign is its very narrow distribution.Indeed,
more than 85% of this direction is included in an angular sector of 30°.We note on average a
direction which is that of the SWS sector (196°5 compared to the normal to the coast)
therefore an average incidence of waves of 16°5. This study also reveals that the coastal
zone of the Gulf of Guinea is characterized by an abundance of moderate waves taking a
more clearly elongated shape, crests of white foam and breaking waves whose average
stable heights (significant heights) vary between 0.5m and 1.4m. Their main direction of
propagation is south-southwest (SSW). These waves have a period which varies between 8s
and 18s with a stable average value of 12s. In this area, wavelets, sheep (H < 0.46 m) and
swell crests starting in whirlwinds of foam (H > 1.7 m) are rarely present.The energetic
power of these waves oscillates between 5kW/m and 40 kW/m.As for short swells (wind
seas) generated by local winds, they have a period (2s < T, < 65s), a wavelength of 10m <
L. <55m and their height varies between 0.1m and 0.5m.Short swells (wind seas)
generated by local winds.Their wavelength L, < 55m and their period T, < 6s.These swells
are frequent and often generate micro-turbulences on the ocean surface.

In general, the state of the seas in the North of the Gulf of Guinea is quite
homogeneous with a system made up of swell (more than 85%) coming from the South
Atlantic.The most likely periods are between 12sand 14s.The numbers show a
predominance of the south-southwest sector for the swells off Benin, likewise in terms of
Hs.Apart from a few exceptional events, these swells have a moderate Hs of around 1.5 to
2m.The most probable sea state consists of a wave of significant height Hs close to 1.8m
and a period close to 13.5s.As the peak period T, increases, the frequency spectrum
increases.So, the frequency spectrum is an increasing function of the peak period T,,.It can
be seen that the level of energy carried by the waves is highly variable depending on the
state of the sea, and can reach considerable power levels in the event of strong storms.

DATA AVAILABILITY

The datasets generated during and/or analyzed during the current study are available from
the authors on reasonable request.
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DEFINITIONS, ACRONYMS, ABBREVIATIONS

MCA: Millenium Challenge Account

IRHOB: Institute of Halieutic and Oceanological Research of Benin
CBRSI: Beninese Center for Scientific Research and Innovation

SCIENTIFIC NOTATION TABLES

v : Stable average wind speed on the fetch at 10m from the free ocean surface m/s ;
p : Density of sea water (kg/m®) ;

g : Gravity acceleration (m/s®) ;

H,: Significant crest-to-trough swell height (m) ;

H,,,, . Maximum crest-to-trough swell height (m) ;

H,,;, : Minimum crest-to-trough swell height (m) ;

H, : Crest to trough height of short swell (m) ;

T.,: Mean swell period (S) ;

T,: Peak swell period (s) ;

T. : Short swell period (s) ;

L. : Short swell wavelength (m) ;

Cy: Swell group speed (m/s) ;

C, : Swell phase speed (m/s) ;

Sp (,9) : Pierson-Moskowitz wave energy spectrum;
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