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Abstract 
Rapid population growth and major trends of world economy growth have 
led to significant energy needs in our country. Benin, Gulf of Guinea country, 
although with a significant coastal network powered by potential energy from 
breaking waves, has experienced a deficit and a critical energy instability, 
marked by recurrent power cuts and disruption of the national economy. To 
ensure the integration of this source of renewable energy in the Benin energy 
mix and sustainably reduce the energy deficit in progress, this work has aimed 
to study the dissipation of wave energy at the bathymetric breaking in the 
breakers zone of Cotonou coast. Sea conditions and the statistics parameters 
of the breaking waves under perturbation effect of the seabed were evaluated 
to predict the beginning of the breaking. The modeling is based on the Navi-
er-Stokes equation in which the viscosity and the interactions between the 
molecules of the oceanic fluid are neglected. The nonlinear wave dispersion 
relation is also used. The results obtained for this purpose showed that water 
particles have an almost parabolic motion during their fall; their velocity is 
higher than those of the early breaking. In this area, the waves dissipate about 
80% of their energy: it generates turbulence which leads to a strong setting in 
motion of sediments. 
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1. Introduction 

Waves are oscillations of the sea surface, generated by the wind energy and 
maintained by gravity [1]. The profile of a wave can change under the effect of 
an external disturbance (wind, seabed…). It may encounter some movements, 
such as shoaling, breaking, refraction, diffraction, reflection… [2]. Waves carry a 
significant amount of energy which derives from the force of wind upon the seas 
around the globe and that is dispersed by the bathymetric breaking on coasts: 
they are renewable energy sources. Waves’ breaking is a key aspect of the dy-
namics of sea states, particularly in the coastal dynamics. The dissipative processes, 
including the breaking, constitute one of the important terms of the energy bal-
ance sheet to the wave field and require appropriate definition in calculating the 
sea conditions. However, breaking is still poorly understood and poorly defined. 

Benin is a coastal state of the Gulf of Guinea. As such, it has access to the 
ocean which is at the core of perpetual wave motions [3]. Despite the important 
population growth, Benin has been experiencing, for nearly two decades, a sig-
nificant and recurring energy crisis characterized by long periods of power cut 
owing to a significant energy deficit. To this end, it turns out to be essential to 
explore its energy sources. Marine dynamic is a source yet not well-researched 
and undeveloped in Benin. Oceans are rich in energy flows that can be exploited 
[4]. Characterization of the breakers zone has been done on Benin coast based 
on data of MCA Benin, Navier-Stokes equation, and dispersion relation of non-
linear waves. An analysis of the energy dispersion rate of wave energy carried 
out in this area shows that it represents the dissipation zone par excellence for 
breaking waves. The study of variation of the group velocity in the area reveals 
that water particles enrolled at the breaking accelerate and drop with a velocity 
higher than that of the early breaking. Finally, the horizontal length of the 
breakers zone and the fall period of enrolled particles are measured on the study 
site and a study has been carried out on their variation. 

2. Material and Methods 
2.1. Study Site and Data Used 

The bathymetric map (Figure 1(A) below) obtained at the CBRST (Benin Cen-
tre for Scientific and Technical Research) shows the evolution of the local water 
depth in the coastal area of Benin and predicts the average slope and macros-
copic variability of the seabed. This map shows that the seabed in the coastal 
area is almost flat and sloping. It is a gently sloping seabed tanp β=  as  
0.001 tan 0.1 tanβ β β< ≤ ⇒ ≈ . The slope in the shoaling zone corresponds to 

the following on average 100 0.05
2000mβ ≈ =  [5]. 

Benin is a country of the Gulf of Guinea located between the parallel 6˚15' and 
12˚30' north latitude the one hand and meridians 1˚ and 3˚40' east longitude on 
the other hand (Figure 1(B-a)) [6]. It has gotten a coastal area that is 125 km 
from Hillacondji in the west, to Krake in the east. Benin coast is more or less linear  
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(A) 

 
(B) 

Figure 1. (A) Bathymetric map of Benin; (B) Sketch of study area (Benin, Gulf of Gui-
nea). (a) Location of ERA and (b) oceanographic buoy. 
 
and cut off in two places, namely, the Bouche du Roy and the channel mouth of 
Cotonou. Its coastal zone is between latitude 6˚15' and 6˚23' north [7]. 

Waves parameters, significant wave height ( sH ) and peak period ( pT ) are 
recorded every 30 min. The buoy data (Figure 1(B-b)) are used for ERA data 
validation and cover the period from December 2015 to October 2016 (See 
HOUNGUE et al., 2018, for more descriptions).  

The gravity on the coast of Benin is approximately 9.80 N kgg =  and the 
density of sea water is 31025 kg mρ =  [8]. 

As part of the expansion of the port of Cotonou, the Millennium Challenge 
Account-Benin (MCA-Benin) performed a series of measures in terms of wave 
power. These measures are performed with two stations of wave recorder buoy 
called WCP1 and WCP2 whose geographical coordinates are respectively (N 
6˚20.118'; E 2˚27.255') and (N 6˚20.373'; E 2˚26.140') [9]. 

Data analysis yielded the following diagrams which respectively reflect the pe-
riod T (Figure 2(A)), the peak to valley height H (Figure 2(B)) and direction 
(Figure 3) of propagation of swells off the Benin coast [10]. 
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(A) 

 
(B) 

Figure 2. (A) Period of swells in the coastal zone of Benin; (B) Height of swells in the 
coastal zone of Benin. 

 

 
Figure 3. Propagation direction of swells in Benin coastal zone. 
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From the analysis of these curves, it appears that the swells in the Gulf of 
Guinea in Cotonou have: 
 A height which varies between 0.4 m and 2 m (0.4 m ≤ Ho ≤ 2 m) with a 

common average value of about 1.1 m (Hom ≈ 1.1 m); 
 A period of peak that ranges between 8 s and 18 s (8 s ≤ T ≤ 18 s) and whose 

average value is about 12 s (Tm ≈ 12 s); 
 A propagation direction that lies between the south (S) and southwest (SW) 

with a strong dominance of the direction from the south to the southwest 
(SSW). 

As for the sea breeze or short swells generated by local winds, they have a pe-
riod that varies between 3 s and 7 s. 

2.2. Swell Velocity at Breaking Point 

When swells become nonlinear under the effect of shoaling (lifting of swell), re-
fraction, reflection, diffraction... it is induced by the disturbing effect of the 
seabed, the wave dispersion relation proposed by Dalrymple et al., to improve 
angularity [11] [12]. 

( )2 tanhgk khω =                           (1)  

with 
2
Hh d= +   

Group velocity gC
k
ω∂

=
∂

 and phase velocity C
kϕ
ω

=  have been inferred 

from that relation of nonlinear dispersion [13]. 
Bathymetric breaking occurs in shallow waters where ( )tanh kh kh≈ ; thus we 

have. 

2g
HC C g dϕ

 = = + 
 

                      (2) 

Using the results obtained with the theory of Boussinesq and the breaking 
standard of Kaminsky and Krauss (1993) [14], the local depth of water bd , the 
height of wave bH  and the wavelength bL  at the breaking point [15] and where  
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Thus at the breaking point, we have: 
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2b b
b

g b
H

C C g dϕ
 = = + 
 

                   (4) 

2.3. Modeling of Breaking in the Breakers Zone 

The breakers zone is the area where swells break for the first time. In this area, 
the vertical rise of the free surface behaves like a wave of expansion during the 
breaking. When the maximum height obtained begins to drop at the end of 
shoaling, water particles located on the surface follow the break and drop sharp-
ly. 

2.3.1. Position, Velocity and Trajectory of the Water Particles Affected 
The forces of pressure and gravity and that of Coriolis caused by viscosity make 
it possible to establish the Navier-Stokes equation below [10]. 

( ) 1 p
t

µ
ρ ρ

∂
+ ⋅ = − + + ∆

∂
u u u g u∇ ∇                (5) 

So, the acceleration a  of dropping particles is: 

( )d 1
d

p
t t

µ
ρ ρ

∂
= = + ⋅ = + − ∆

∂
u ua u u g u∇ ∇             (6) 

At the surface, the pressure is nearly constant and equal to the atmospheric pres-
sure ( atmp p Cste p= = ⇒ → 0∇ ). As the viscosity µ  is negligible compared to  

the density ρ of the ocean ( 0µµ ρ
ρ

⇒ →
), we obtain the following [15]: 

=a g                             (7) 

By approximating the direction of swell spread to a straight line, the wave’s 
position r  and its velocity v  are specified on the mark ( ), ,O i k  such as the 
origin O (Figure 4), taken at the free surface of a calm ocean, coincides with the 
start of the breakers zone (as shown in the figure below). 

At the breaking point, the height of the wave is bH  and its group velocity 

bgC . Therefore, the early breaking begins at a position or  with a velocity 1u  as. 
 

 
Figure 4. Wave in the breakers zone. 
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The position and velocity are respectively given by: 

( ) 2
1

1,
2 ox z t t= − + +r a u r  
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( )d ,
d
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x z
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= −
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Thus, the path equation of the water particles located at the surface during the 
breaking in the breakers zone is: 

( ) 21 with 0
2 2

b
r

b b

H
x z x x l

d H
η = = − + ≤ ≤

+
         (11) 

2.3.2. Fall time tc, Length of Breakers Zone lr, and Local Depth of Water  
dc at the Sloping Point 

If at the end of the breakers zone the particles renew contact with the ocean at a 
point Cr  with a velocity cu  and a horizontal component 2u , then we get the 
following: 

2and with
0

bCx gC r
C c b C o

C Cz C

u u Cx l
H z z

z u gt

= ==   = − ≤ = − 
r u       (12) 

At the end of a time Ct , the particle slopes on the free surface at rest and twist it 
towards the depth at a position ( ),c r cl zr ; thus we obtain: 

( )
( )

2

2
, 1 2

2

b r b b br g C

c r c b
c C o C

l H d Hl C t
l z Hz gt z t

g

 = +=  ⇒ 
= − + =  

r        (13) 

The local depth of water cd  at the sloping point is as: 

( )tan 2 tanc b r b b b bd d l d H d Hβ β= − = − +            (14) 

2.3.3. Variation in Group Velocity and Wave Energy in the Breakers Zone 
From the previous results, we have: 

2 2
2 2 2

21 if 0
b b

b

g g g C
g

g tC u C g t C t t
C

= = + = + ≤ ≤          (15) 

Let 
b

g
v

g

C
C

δ =  be the coefficient of variations of the group velocity in the zone 

2 221 with 0
2

b

g b
v

g b b

C Hgt t
C d H g

δ = = + ≤ ≤
+

           (16) 
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If gcC  is the velocity of particles at the sloping point, then the ratio 
b

gc
vc

g

C
C

δ =   

expressing the variations in velocity between the end and the beginning of the 
breakers zones is given by: 

22 2
1 with

2
b

gc c b
vc c

g b b

C gt H
t

C d H g
δ = = + =

+
 

41
21b

gc
vc

bg

b

C
dC

H

δ⇒ = = +
+

                  (17) 

2.3.4. Energy Dissipation Rate in the Breakers Zone 
The total energy carried by a swell is given by: 

21
8

E gHρ=                         (18) 

when the breaking ends (in Surf and Swash zones) where bd d≤ , the height of 
wave drops if the local depth of water d falls; according to Bonneton P. 2002, this 
is expressed by the relation below: 

( ) ( )

11 1
2 4

1b
b b

d dH d H
d d

σ σ

−
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    = + −         

            (19)  

with 2

tan
2

b

b
b

H
HT g d

σ
β

=
 + 
 

    

bH  and bd  are respectively the height of swell and the local depth of water 
at the bathymetric breaking point. Thus, we obtain the following at the first 
dropping point of enrolled water particles: 

( )
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2 4
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H H
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            (20)  
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2 2
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Let wb wc
d
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E E
E

τ
−

=  be the dissipated energy rate in the breakers zone during  

the breaking where wbE  and wcE  represent respectively the total energy at the 
beginning and at the end of the breakers zone. 

2
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3. Results and Discussion  
3.1. Presentation of the Results 

Graphs of Figure 5 show the variations in horizontal length rl  of the breakers 
zone and the fall time ct  of water particles according to the off height and wave 
period in the breakers zone at Cotonou. In terms of the graph in Figure 6, it re-
veals the influence of the slope of the seabed on the latter. 

The curves in Figure 7 and Figure 8 below represent the variations in ratio 

vcδ  according to the height and period of waves on the one hand and the slope 
of the seabed on the other hand. 

The graph below (Figure 9) expresses variations in ratio of the wave energy 
dissipation in the breakers zone for 0.05 radβ ≈ . As for the graph in Figure 10, 
it highlights the influence of the slope of seabed on the dissipation on the energy. 

 

 
Figure 5. Variations in horizontal length rl  of breakers zone and water particles fall time ct . 

 

 
Figure 6. Influence of the seabed slope on the length rl  the time ct . 
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Figure 7. Coefficient vcδ  of variations in velocity of enrolled particles. 

 

 
Figure 8. Influence of the slope of the seabed on vcδ . 

 

 
Figure 9. Variation in energy dissipation rate according to the off height and wave pe-
riod. 
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Figure 10. Influence of the slope of the seabed on energy dissipation in breakers zone. 

3.2. Analysis and Discussion of Findings 

The curves of Figure 5 which present the variations of length horizontally from 
the breakers zone and the sloping duration of enlisted water particles, show that 
these two quantities increase according to the off height and wave period when 
the average slope of the seabed is tan 0.05β ≈ . On the site, when the period 
fluctuates between 8 s and 18 s and then the height is between 0.4 m and 2 m:  
- The horizontal length rl  of the breakers zone varies between 2 m and 7 m 

approximately ( 2 m 7 mrl≤ ≤ ). 
- The fall duration of the water particles fluctuates between 1.5 s and 3.5 𝑠𝑠 ap-

proximately ( 2 s 2.5 sct≤ ≤ ).  
- Variations of the curves in Figure 6 show that rl  drops when the slope of 

the seabed rises whereas ct  falls. When the slope β  of the seabed to the ho-
rizontal varies between 0.001 rad and 0.2 rad with 1.1 moH =  and 12 sT = : 

● The length rl  varies between 5.5 m and 4.3 m approximately  
( 4.3 m 5.5 mrl≤ ≤ ). 

● The fall time ct  corresponds to figures between 2 s and 2.5 s approximately 
( 2 s 2.5 sct≤ ≤ ). 

Variations in the coefficient vcδ  (Figure 7) which reflects the ratio of water 
particles velocity at the end and beginning of the breakers zone reveal that: 
- 1vcδ >  , oT H∀  and β : therefore the velocity acquired by the water par-

ticles at the end of the breakers zone is always higher than their velocity at 
the beginning of this zone; the velocity of the particles increases in the break-
ers zone. 

- vcδ  is a monotonic function of the wave period T but a descending function 
of their off height oH : the longer the period is (the smaller the height of 
swell is), the more important the velocity of water particles is in the breakers 
zone.  
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The evolution of the curve of Figure 8 related to the influence of the slope of 
the seabed on vcδ  states that this coefficient is a monotonic function of the  

slope of the seabed. But this growth tends a limit when tan 1 0
4

β β π
→ ⇒ ≤ ≤ . 

The graph of Figure 9 shows the variations in dissipation rate dτ  of the swell 
energy according to their off height and period in the breakers zone on the coast 
of Benin. Its evolution reveals that: 
● The dissipation rate increases with the off height of the swells; it is therefore a 

monotonic function of the wave height. 
● The rate decreases as the frequency of these waves increases: it is a decreasing 

function of the period. 
● Each breaking wave loses between 70% and 90% of their energy in the break-

ers zone in Cotonou with an average slope tan 0.05β ≈  when the period 
fluctuates between 8 s and 18 s and the height between 0.4 m and 2 m. 

● Breaking is the major source of dissipation of wave energy on the study site.  
As for the diagram of Figure 10 which shows the influence of the slope of the 

seabed on the dissipation rate dτ  of the wave energy, one can read that: 
- The dissipation of the breaking waves energy in the breakers zone increases 

with the slope of the seabed. 
- On the study site, when 12 sT =  and 0.4 m 2 moH≤ ≤ , the rate of dissi-

pation varies between 40% and 95% as the slope of the seabed to the hori-
zontal varies between 0.001 rad and 0.2 rad. 

4. Conclusions 

Dissipation of breaking wave energy is a shaft of renewable energy. It appears 
from this study that the breaking waves in the breakers zone at the coast of Be-
nin lose about 80% of their total energy. This generates turbulence on this site, 
and leads to a strong set in motion of non-cohesive sediments: it heightens coastal 
erosion that one can observe on this coast. This dissipation increases with the off 
height of waves but decreases with their period; it is a monotonic function of the 
slope of the seabed. In addition, results show that the horizontal length lr of the 
breakers zone is an increasing function of the period and the wave height can 
vary between 2 m and 7 m. As for the fall time of the water particles in this zone, 
it fluctuates between 1.5 s and 3.5 s. Similarly, the velocity of the water particles 
increases in this zone depending on the period of the swells and the slope of the 
seabed but constitutes a decreasing function of their off height Ho. 

In Benin context characterized by a large energy deficit, the development of 
this sea renewable energy would be a good perspective to address the crisis and 
improve the modern conveniences of the country in terms of energy. 
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Abbreviations and Acronyms 

ρ : Density of sea water (kg/m3); 
µ : Fluid dynamic viscosity (sea water); 
r : Vector position of a point located on the free surface; 
η : Vertical elevation of the water level relative to the reference (m); 
β : Inclination of the seabed relative to the horizontal (rad); 
g: Gravity acceleration (m/s2); 
H: Wave crest-to-trough height (m); 

0H : Offshore wave height peak to trough (m); 

bH : Wave crest-to-trough height at breaking point (m); 

cH : Peak-to-trough height of the swell in the breaker zone (m); 
L: Wave length of the swell (m); 

0L : Wavelength of the offshore swell (m); 

bL : Wavelength of the swell at the breaking point (m); 

cL : Wavelength of the swell in the breaker zone (m); 

rl : Horizontal length of the breaker zone (m); 
2T
ω
π

= : Swell period (s); 

d: Surface-seabed distance near in coastal areas (m); 

bd : Local water depth at the breaking point (m); 

cd : Local water depth in the breaker zone (m); 

gC : Wave group speed (m/s); 
Cϕ : wave phase speed (m/s); 

gbC : Swell group speed at breaking point (m/s); 

bCϕ : Swell phase speed at breaking point (m/s); 

gcC : Swell group speed in the breaker zone (m/s); 
E: Total wave energy (J/m); 

wbE : Total energy at the start of the breakers zone (J/m); 

wcE : Total energy at the end of the breaker zone (J/m); 

ct : Duration of fall of water particles in the breakers zone (s); 
wb wc

d
wb

E E
E

τ
−

= : Rate of energy dissipated in the breakers zone; 

b

g
v

g

C
C

δ = : Coefficient of variations of group speed in the breaker zone; 

b

gc
vc

g

C
C

δ = : Rate of the speeds of the water particles enlisted at the end and at the 

start of the breakers zone. 
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