
Research Article
Numerical Modelling of Free Surface Agitation in a Coastal
Lagoon by Roadway Path Influence

Israel E. Herrera ,1 Franklin M. Torres ,2 Jatziri Y. Moreno ,3 José M. Gutierrez ,3

and Noé Saldaña 1

1Agriculture Engineering Department, University of Guanajuato, Campus Irapuato-Salamanca, C.P. 36824 Irapuato, Mexico
2Environmental Engineering Department, University of Cordoba, Monteria, Cordoba, Colombia
3Department of Agroindustrial Engineering, University of Guanajuato, Campus Celaya-Salvatierra, C.P. 3811 Celaya, Mexico

Correspondence should be addressed to Israel E. Herrera; eherrera@ugto.mx

Received 17 April 2022; Revised 3 January 2023; Accepted 17 January 2023; Published 18 February 2023

Academic Editor: Noé López Perrusquia

Copyright © 2023 Israel E. Herrera et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.

The development and construction of highway infrastructure are essential in developing countries, whereas its layout and
construction sometimes interact with the coastal environment. One problem to attend to is that the outline and geometry
designs impact as little as possible on the hydrodynamic circulation of coastal bodies in order to alter the associated ecosystem
as little as possible. The study area is located in the north of Colombia, and is made up of a continental coastal zone
(Mallorquín Lagoon) and a marine zone (Caribbean Sea), in which a highway is projected that provides communication
between two locations. This study presents the application of a numerical model previously developed and modified by the
Berkhoff equation, which is developed in a finite difference scheme and has been validated and applied in different works in
coastal and fluvial shallow water areas. The application of the model was carried out in a hydrodynamic circulation research
project for a one-way highway through a coastal lagoon, where the knowledge of the magnitude of the incident wave height in
the structure of the road body is necessary for the design, protection elements, and road geometry. Two numerical simulation
scenarios were carried out, specifying normal conditions and extraordinary wave conditions in the month of November with a
simulation time of 15 days, obtaining the velocity field associated with coastal currents, waves, and wave modification
phenomena, such as refraction, diffraction, and reflection, which provide the height of the incident wave on the highway and
the recirculation patterns in the coastal lagoon to identify alterations in the ecosystem. The results of the wave height in each
scenario and the velocity field provide values to be used in the design, type of armor, and dimensions of the protection works
required for the proper functioning of the road structure.

1. Introduction

The coastal physical processes consist of many systems and
variables from different origins, such as the continental
sources (rivers, estuaries, lagoons, and wetlands); the ocean-
ographic ones (ocean currents, tides, waves, and coastal sed-
iment transport); and the hydrometeorological ones (winds,
precipitation, and temperature). The study of these ecosys-
tems includes physical variables, which belong to different
special and temporal scales.

Coastal aquatic ecosystems have some physical charac-
teristics that have been studied by numerous scientists and
whose results and conclusions have concluded that these
natural systems are the most productive ones world-wide
[1]. The coastal lagoons are aquatic bodies, which most of
them have permanent communication with the sea and they
are the result of collisions of continental and saline water
masses; likewise, coastal systems play a leading role in the
life cycles of many marine species; on the other hand, the
fishing activity in these areas is facing serious difficulties
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due to the lack of infrastructure for developing this activity
and the lack of ecological regulation.

The structural element design in port works, such as
dock, seawall, and breakwater, is mandatory to reinforce a
region infrastructure; the sea behaviour, in coast zones,
needs to be known and, hence, sea surge study becomes
important. The processes of sea wave transformation include
height variations and propagation direction, which are called
refraction, diffraction, reflection, and breaking waves.

One of the tools that are contributing to previous hydrody-
namic studies are computational numerical models applying
fluid dynamics (CFD), which constitutes an approximation
in the study of fluid dynamics equations that are used to
describe different physical phenomena related to the move-
ment of fluids, such as those produced by compressible and
incompressible flows. The use of CFD allows different numer-
ical calculations to bemade under various conditions that form
scenarios or case studies.

Specially, an analysis by numeric models is accomplished
in this research, where-by, the behaviour of different hydrau-
lic phenomenon can be predicted, they are important to esti-
mate the projection and the planning of required port works.

The mild-slope equation (MSE) was developed since
1960 and currently modifications until today. In 1990s some
software programs were created and commercialized to solve
the numerical simulations in wave process analysis, espe-
cially studies in nearshore and wave interactions with coastal
structures. The main goal was the presented a numerical
model developed to solve free surface nearshore wave pro-
cesses [2, 3] and the interaction with breakwaters in con-
struction on roadway.

The MSE describes the wave phenomena surface estab-
lished by Berkhoff [4]. The formulation analyses the refrac-
tion and diffraction effects mainly, whereas the wave
breaking, bottom shear stress, and wave currents are calcu-
lated using a hydrodynamic model.

The numerical method used to solve the MSE was the
finite-difference method [5], using alternating-direction
implicit (ADI) method schemes [6, 7]. Its solution consisted
in defined boundary conditions along the dry cells like
marine structures and the requirement of solving a large
number of simultaneous linear system of equations. Recently
developments have been used bi-conjugate gradient method
and implicit approximations [8]. The use to finite difference
methods on hyperbolic formulation were introduced by
Song et al. [9] and Zhang et al. [10] with proposed to accel-
erate the computation and considerate three-point finite dif-
ference location. A light explicit finite difference method was
presented by Zhang et al. [10] and otherwise an explicit
scheme method by Lin [11] and Li and Fleming [12].

Actually, some research based on finite volume were pre-
sented by Inan and Balas [13], using curvilinear coordinates
with ADI solution method [14] and spectral energy methods
can be found at Tong et al. [15]. Other research is available
in Zhang and Li [16] with numerical solution of sea wave
phenomena.

Some numerical computation limitations in elliptical
approach MSE, is solve this formulation over a larger zone.
To attend this problem, is used a set of three equations to

perform the calculations of the phase velocity and wave
height.

The numerical solution applied was a tridiagonal system
to phase equations and pentadiagonal to wave height equa-
tion, this novelty in the implementation of a numerical solu-
tion allows solving the Berkhoff equation for waves in a
simple way, optimizing computational resources, and giving
an approximation of adequate solution values compared
with other equations, such as Boussinesq used in commer-
cial software packages, such as MIKE 21 and SMS, as well
as free software packages, such as COULWAVE and
FUNWAVE.

The numerical grid used is the staggered cell and devel-
oped coupled with a hydrodynamic numerical model
[17–21] to study field velocity, bottom shear stress, and sed-
iment transport in study area. The numerical model was
proved with literature examples with analytical solution
and de-fined boundary conditions, the results obtained are
acceptable values compared with expected solution.

Since the key objective of this study is to determine the
surge incidence magnitude and frequency in the interest
area, it is important to consider different factors that pro-
duce the sea surface agitation. The principal agent responsi-
ble for generating agitation is the sea wave, which are
produced by the wind friction on the aquatic surface.

The main oceanographic and meteorological data (wave
direction and height, wind direction, and speed) were given
by the Center for Oceanographic and Hydro-graphic
Research of Colombia (CIOH by Spanish abbreviation)
[22] and the Institute of Hydrology, Meteorology and Envi-
ronmental Studies (IDEAM by Spanish abbreviation).

Research consulting and analysis of key findings were
necessary for the realization of this project.

2. Materials and Methods

2.1. Sea Surge Model Description. The equation developed by
Berkhoff was used, which is known as the soft slope equa-
tion. In addition, it is one of the suitable equations to simu-
late refraction–diffraction phenomena, in places where
energy concentration, during the advance of the wave front,
is produced by the seabed irregularities. Traditionally this
equation is represented according to equation (1):

∂E x, y, t, f , θð Þ
∂t|fflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflffl}
1

+ ∇ ∙ Cy x, y, fð Þ × E x, y, t, f , θð ÞÂ Ã
|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

2

= Sw|{z}
3

+ Sm|{z}
4

+ Sd|{z}
5

+ Sf|{z}
6

+ Sp|{z}
7

: ð1Þ

Where the temporal change of the spectrum rate is rep-
resented by the first member of the equation, the energy
propagation is contained by the second member, the wind
entries by the third one, the sea-wave energy distribution
among the nonlinear components by the fourth one, the
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dissipation due to surge by fifth one, the losses caused by
friction by sixth one and, finally, losses due to filtration are
included by seventh one.

The numerical modelling is used to solve Equation (1),
in an elliptic approximation (Equation (2)), which describes
the propagation of a free and periodic wave on the surface
and its finite amplitude based on complex bathymetry,
where refraction–diffraction–reflection phenomena are rep-
resented by the deformation for wave approximation to shal-
low water and obstacles.

∇ CCg
∇η

� �
−
Cg

C
∂2η
∂t2

= 0, ð2Þ

where η(x,y) is the level of the free-surface elevation (m),
C(x, y) is the phase celerity or velocity (m/s), and Cg(x, y)
is the group celerity (m/s).

The solution to the Berkhoff’s equation is derived and
expressed by the flow rate of the surge components X and
Y [23]. This was carried out by means of an implicit scheme
in time by the following equations in finite differentiations.

c2
∂η
∂x

= −
∂Qx

∂t
, ð3Þ

c2
∂η
∂y

= −
∂Qy

∂t
, ð4Þ

where Q(x, y) is the flowrate in the horizontal plane and is
given in m/s.

For the solution to the free-surface variation equation,
due to the sea surge in function of previously mentioned
flowrate, it is shown in the following equations:

∂η
∂t

= −
1
n

∂
∂x

nQxð Þ + ∂
∂y

nQy

À Á� �
, ð5Þ

n = 1
2 1 + 2kh

senh 2khð Þ
� �

, ð6Þ

where h(x, y) is the group factor, k(x, y) is the number of
wave (2π/L), and h(x, y) depth (m).
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Figure 1: Geometry and contour of wave heights within the port, Sato et al. [27].

Table 1: Parameters for the simulation of the incident wave in the
study domain.

Parameters Values

Wave height, H (m) 0.01

Period, T (s) 0.73

Angle, θ (°) 0.00

Depth, h (m) 0.25–0.102

Dx (m) 0.02

Dy (m) 0.02

Computer time (seconds) 24

Length x-direction (m) 2.2

Length y-direction (m) 1.2
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This type of equation has the advantage of having the
flowrate values, it and al-lows to find the sea surge direction
and plan the presence of obstacles in a simple way.

2.2. Numerical Scheme. The numerical solution of Equations
(2)–(4) was developed by Herrera et al. [2, 24] using a stag-
gered grid method in the grid wave height is calculated at the
solid grid points, labelled (i – 1, j), (i, j), (i + 1, j), (i, j – 1),
and (i, j + 1), and the velocities are calculated at the open
grid points, labelled (i – 1/2, j), (i + 1/2, j), j + 1/2, i), and
(j – 1/2, i). Specifically, x is calculated at points (i – 1/2, j)

and (i + 1/2, j) and y is calculated at different points
(j + 1/2, i) and (j – 1/2, i). The key feature here is that wave
height is calculated at different grid points.

The discretization of Equation (2) proceeds as follows:

1
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22
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= 1
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22
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−
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� �
: ð8Þ

The solution of Equations (6) and (7) produces a tridia-
gonal system for every row i and j column, this implies that
we must solve ni×nj lineal systems, for this reason it is
important to have an efficient method, in this research we
use the Thomas algorithm.
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Figure 2: Numerical grid of Sato et al.’s [27] model.
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(a) (b)

Figure 4: Coastal lagoon location: (a) Numerical domain coastal lagoon. (b) Roadway project and control points measurement.
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Figure 7: Development of wave propagation in the studied domain in normal conditions: (a) 0.4 day (9.6 hour) simulation. (b) One day
simulation. (c) Fifteen days simulation.
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The approximation for the wave height equation is given by:

ni−1/2,j+1/2η
t+1
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t+1
i+1/2,j

�
: ð9Þ

Equation (9) is a fourth order-accurate and produces a penta-
diagonal banded lineal system. Such system requires the previous
calculated phases (QX, QY), and the wave height in the previous
time.We utilize a sparse matrix iterative method to solve the sys-
tem. The values of η,QX, andQY, could be zero at time “t” except
at the boundaries where the waves are incidents, this condition is
necessary to determine the new values at time (t+Δt) [26].

For the wave height of the quasi-oscillating waves produced by
the shock of the incident waves of height (Hi) versus the reflecting
waves of height (Hr) the new wave height could be estimated as:

ηn+1i,j =
Hi,j
2 cos Kxi,jXi,jcos θi,j

À ÁÀ ÁÂ

+ Kyi,jYi,jsen θi,j
À Á� �

−
2π
T

∗ t�: ð10Þ

The x-direction phases, the proper condition for Equation (7)
at i = 1 and i = ni along the line (y = j × Δy + 1/2) is determined
as:

Qt+1
x1, j+1/2

=Qt
x1, j+1/2

−
C1,j+1/2

2Δt

Δx
ηt5/2,j+1/2 − ηt3/2,j+1/2

� �
, ð11Þ

Qt+1
xni, j+1/2

=Qt
xni, j+1/2

−
Cni,j+1/2

2Δt

Δx
ηtni,j+1/2 − ηtni−1,j+1/2

� �
:

ð12Þ
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Analogous, for the y-direction Equation (8) at j = 1 and j = nj

along the line (x = i × Δx + 1/2), are used in the next equations:

Qt+1
yi+1/2,1

=Qt
yi+1/2,1

−
Ci+1/2,1

2Δt
Δy

ηti+1/2,5/2 − ηti+1/2,3/2
À Á

, ð13Þ

Qt+1
yi+1/2,nj

=Qt
yi+1/2,nj

−
C2
i+1/2,njΔt

Δy
ηti+1/2,nj − ηti+1/2,nj−1

� �
:

ð14Þ

2.3. Model Validation. The results obtained are presented by Sato
et al. [27] about wave height in the study of a physical model of a
port (Figure 1), where the geometry of the port presents conditions
of complicated borders that more closely resemble the reality of a
port.

The incident period reported in the experiments was
0.73 seconds at an angle of incidence of wave to 0.0° with
respect to the axis Ym of Figure 1, besides considering that
the breakwaters have a reflection coefficient of 0.8 that rep-
resents almost a null passage of the waves on the breakwater
and a coefficient of 1 for open borders (total pass).

For the numerical model, the mesh is presented in
Table 1 and the obtained results are presented in Figure 2.

A comparison of the qualitative type of the results
obtained from the modelling is presented in Figure 3 with
the Figure 1; analysing the resulting values of the wave-
length model, they present a 5% decrease compared with
those originally presented by Sato et al. [27], the reason
was that a coefficient of 1 was used because the heights with
the suggested coefficient they gave very small values to those
presented by this author, later other reflection coefficients
other than those originally used were tested to check the

0.4 d

(a)

1.0 d

(b)

15 d

(c)

Figure 9: Development of wave propagation in the studied domain in extraordinary conditions: (a) 0.4 day (9.6 hour) simulation. (b) One
day simulation. (c) Fifteen days simulation.
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behaviour of the model under different conditions of reflec-
tion getting values totally different from the original ones, to
which we conclude which is by the use of different com-
puters. Finally, the computation time necessary to obtain
the solution was 121 seconds to obtain a good approach.

3. Results and Discussion

The road structure project crosses in its route through a
coastal lagoon known as Cienega Mallorquín, is shown in
Figure 4 on the right margin, where it is located at the north
of Colombia next to Barranquilla city and ends at the Carib-
bean Sea where a port zone will be built.

The main research goal is to determine the sea surge
incidence and magnitude on the coastal marine and conti-
nental zone. Different factors were considered to stablish
the generation of the sea surface agitation. Surge is the main
agent, responsible for generating agitation that is produced
by the wind friction on aquatic surface.

The roadway path along the coastal route is shown in
Figure 4 on the right margin; in the same form, five control
points are placed to monitor the wave height and estimate
the level friction surface and roadway protection works (sea-
wall) must be built.

The wave direction and height data were obtained from
the CIOH. Ordinary and extraordinary sea surge conditions
that were considered in the simulation.

Ordinary sea wave conditions to be considered in
simulation:

Direction: North.
Wave height: 1.2m.
Period: 6.0 seconds.
Simulation time: 15 days.
Extraordinary sea wave conditions to be considered in

simulation:
Direction: North.
Wave height: 3.6m.
Period: 8.1 seconds.
Simulation time: 15 days.
The tidal condition for both scenarios is shown in

Figure 5, where the registration time is the complete month
of November 2015.

The study domain was discretized in a finite difference
grid (Figure 6), with spacing of 15m× 15m in each calcula-
tion cell.

3.1. Simulation without Landward Roadway

3.1.1. Normal or Ordinary Conditions. The results of the
simulation analysis for November 2015 are presented in
Figure 7.

The control points in the studied domain are shown in
Figure 4b, which are located next to the roadway path.

Wave height results are registered in the control points,
and they can be observed from Figure 8, where the sea
free-surface evolution in time is seen in a 12,000-second
simulation (less than one hour), and the wave height starts
to get stabilized with surge periodic conditions.

3.1.2. Extraordinary Conditions. Simulation results for these
conditions are not different from normal surge conditions,
the main difference is found on the height that can be
reached by the wave at a special condition. The sea-wave
simulation in November is shown in Figure 9.

In the same situation, the wave heights registered at the
control points are presented from Figure 10 for the extraor-
dinary conditions.

A comparison with both stages from the three stations
(1, 3, and 5) are presented in Tables 2 and 3, where the

Table 2: Maximum wave height referred to below mean low water
level for control point 1, 3, and 5.

Stage
Wave height
control point

1 (m)

Wave height
control point

3 (m)

Wave height
control point

5 (m)

Normal
conditions

0.862 0.647 0.113

Extraordinary
conditions

4.322 5.990 0.247

Table 3: Average wave height referred to below mean low water
level for viewers 1, 3, and 5.

Stage
Wave height
control point

1 (m)

Wave height
control point

3 (m)

Wave height
control point

5 (m)

Normal
conditions

0.4001 0.3250 0.0571

Extraordinary
conditions

1.8101 1.6170 0.1221
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Figure 10: Fluctuation of the free-surface at the control point 1, 3,
and 5 in roadless simulation extraordinary condition.
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changes among them can be observed, taking into account
the tidal elevation and wave height for the month of
simulation.

3.2. Simulation with Landward Roadway. Consequently,
simulation results for the area of interest with roadway
included are now presented. For simulation, the roadway
path structure was considered as a slope with a prefabricated
concrete armor (dole or tetrapod) with a reflection coeffi-
cient of 0.12, so that the damping energy is considered at
about 75%; the same simulation conditions are repeated with
the same conditions and control points.

3.2.1. Normal or Ordinary Conditions. Results are presented
in Figure 11, the same previous conditions for simulation
were considered, with the only difference at observing the
wave height behaviour by the roadway presence; a conve-
nient stage for November is shown in the next figures.

Values registered at the control points are shown in
Figure 12.

0.4 d

(a)

1.0 d

(b)

15 d

(c)

Figure 11: Development of wave propagation in the studied domain in normal conditions with landward roadway: (a) 0.4 day (9.6 hour)
simulation. (b) One day simulation. (c) Fifteen days simulation.
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Figure 12: Fluctuation of the free-surface at the control point 1, 3,
and 5 with road simulation normal condition.
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3.2.2. Extraordinary Conditions. Results for an extraordinary
condition with infrastructure, are presented in Figure 13, the
water movement behaviour like the normal stage can be
observed, with the only difference in magnitude of the wave
height values.

The values registered in the control points with these
conditions are shown in Figure 14.

Finally, a comparison between control points 1, 3, and 5
for both stages is presented in Tables 4 and 5, observing the
changes among them not very noticeable, taking into
account the surge elevation and the wave height for the
month in simulation.

The results shown in the study allow us to observe the
waves that appear on stage without the outline of the road in
an open area, such as within the swamp; obtaining wave
heights for normal conditions and extraordinary conditions
(storm season), where the results of the numerical model are
compared with measurements from the institutions in charge
of measuring oceanographic variables, showing an acceptable
approximation to the records and observations in place.

The equations of the numerical model, previously devel-
oped by Herrera et al. [2], applied to infrastructure works,
such as breakwaters, show an acceptable approximation
to agitation phenomena in shallow areas, this was
observed in the values obtained from the numerical simu-
lation within the swamp and its interaction with the
coastal zone.

The structure of the road projected in the marine area
and within the swamp, is not yet constituted or defined in
its elements or geometry, in the simulation an element with
a permeability of 0.5 and a refractive coefficient of 0.7 was
proposed, taking other structures as examples, existing
coastal fences to the study area.

The results and precision of the wave height values,
allow to have a preliminary design of the location of
the line and possible geometry to reduce the effects of
the incidence of the waves in the structure; likewise,
mitigate secondary effects due to agitation within the
swamp and, thereby, interfere with aspects of the marine
environment.

0.4 d

(a)

1.0 d

(b)

15 d

(c)

Figure 13: Development of wave propagation in the studied domain in extraordinary conditions with landward roadway: (a) 0.4 day (9.6
hour) simulation. (b) One day simulation. (c) Fifteen days simulation.
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The numerical model presents acceptable results in a
short simulation or execution time, compared with other
more complete and complex commercial models.

4. Conclusions

The wave heights in surge normal conditions with mean
low-tide level in no more than 15 cm and a maximum of
0.44m can be reached so the protection works and it must
be designed for these sea wave heights.

There is not any meaningful presence of agitation in
relation with the wave height inside the coastal lagoon; for
that reason, the protection works that cover the embank-
ment road can be built of rock elements with average dimen-
sions and weight, whose calculus can be accomplished by the
Hudson’s method (1956), [25] method.

A longer time study is recommended for simulation
(about 6 months) to observe other meteorological phenom-
enon influences, such as hurricanes and rains that have big-

ger impact on a region and increase the sea level and height
and wave period over the influence of these values on the
hydrodynamic field and its effects on the road structure;
likewise, use a simulation time greater than 15 days. It is also
suitable to observe the sediment transport to analyse the lim-
itation line in the Cienega of Mallorquin, as well as the pro-
posed roadway structure and its alteration in local coastal
morphology.
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Figure 14: Fluctuation of the free-surface at the control point 1, 3, and 5 with road simulation extraordinary condition.

Table 4: Maximum wave height referred to below average low-tide level for control points 1, 3, and 5.

Stage Wave height control point 1 (m) Wave height control point 3 (m) Wave height control point 5 (m)

Normal conditions with roadway 0.0949 0.2330 0.0100

Extraordinary conditions with
roadway

0.1442 0.4421 0.0238

Table 5: Average wave height referred to below average low-tide level for control points 1, 3, and 5.

Stage Wave height control point 1 (m) Wave height control point 3 (m) Wave height control point 5 (m)

Normal conditions with roadway 0.0385 0.0766 0.0017

Extraordinary conditions with
roadway

0.0559 0.1172 0.0032
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