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ABSTRACT

In the present work, a numerical model for the redesign of the existing and future ports
and coastal defence structures is presented. The model is mainly based on the higher order
Boussinesq equations and describes nonlinear wave transformation in the surf and swash
zone, wave structure interaction, breaking wave induced currents and morphological
changes. The existing model is adapted to describe climate change impacts on coastal flood-
ing/erosion, ports and coastal defence structures. Model applications result to the estima-
tion of: wave overtopping over the breakwaters crests, wave entering the harbour basin
through diffraction, coastal erosion and storm surge/wave flooding. The model provides
coastal engineers with a useful tool for the redesign of the existing coastal structures.
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1. Introduction

The climate change is expressed on the open sea
and the coastal zone through a number of impacts,
such as: sea level rise, increase of the frequency of
extreme wind events, change of the annual frequency
of winds, more frequent storm surge events, higher
waves, changes of the dominant wave direction, stron-
ger currents on the coastal zone, etc. The above
impacts, mainly due to a new sea level design and
higher wave attacks, induce morphodynamic
responses such as beach and dune erosion, inundation
on low-lying areas leading to increased flooding risk
of the coastal zone. In addition, the impacts distract
the operational aims of ports and coastal defence
structures.

Due to sea level rise and extreme meteorological
events, the coastal structures will be exposed to lar-
ger waves which in turn will lead to greater over-
topping and transmission, and greater penetration
into a harbour. The problem will become more sig-
nificant in shallow waters where the depth imposes
the maximal amplitude because of wave breaking.
Hence, the design, functionality and safety of such
structures have to be re-evaluated under climate
change. Wave overtopping is usually estimated by
empirical and semi-empirical simplified formulas
that can be implemented under certain and defined
constraints. A better approach could be based on
advanced numerical models of non-linear wave
propagation based on the Boussinesq equations [1].
Another effect of sea level rise and extreme
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meteorological events is the increased wave run-up
and flooding. To estimate this quantity, simplified
empirical and semi-empirical formulas are used that
can be implemented under certain and defined con-
straints. A better approach could be based on
advanced numerical models of non-linear wave
propagation [2]. The 2DH version of the above non-
linear models [3] can be used for the estimation of
the wave penetration into a harbour which is
expected to increase due to climate effects (higher
waves, changes the dominant wave direction, etc.).

Finally the response of a coastal area to future
storm events is usually evaluated by means of a mor-
phodynamical model [2,4]. The model can be used to
estimate coastal erosion caused by extreme marine
events and therefore it can significantly contribute to
calculating potential erosion of a coastal area.

In the present paper advanced numerical models
will be presented for the modelling of climate change
impacts on coastal flooding/erosion, ports and coastal
defence structures, aiming to contribute to the
advancement of knowledge regarding the criteria, the
methods and the goals of designing and upgrading
coastal structures against coastal flooding and erosion
under the prospect of climate change.

2. Coastal flooding model

The coastal flooding model consists of a storm
surge and a near-shore wave propagation model. The
first model estimates sea level rise due to wind effects
and the second one estimates wave run-up on beaches.

2.1. Storm surge model

The storm surge simulation model is based on the
depth-averaged wind induced circulation equations.
The equations are written [5]:
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where ζ is the water surface elevation above the mean
water level; d is the water depth; h is the total depth
of water (i.e. h = d + ζ); U, V are the depth-averaged
velocity components in x and y directions, respec-
tively; f is the Coriolis parameter; mh is the horizontal
eddy viscosity coefficient, τsx and τsy are the shear
stresses at the water surface in the x and y directions,
respectively, which represent the vertical boundary
condition as follows:
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where k is the surface friction coefficient (kg/m3) typi-
cally of the order of 10−6 (here we assume k =
0.000001/0.000003); Wx and Wy are the wind speeds in
x and y directions (m/s), respectively.

Similarly, the bed friction terms (τbx, τby) are
expressed by quadratic forms [6].

The horizontal eddy viscosity coefficient is given
by the well-known Smagorinsky model [7].

Differential Eq. (1) are approximated by finite dif-
ference equations according to the explicit scheme
developed by [5].

The total reflection boundary condition, i.e. U = 0,
V = 0 @ζ/@n = 0 (where n is the unit vector normal to
the boundary), is incorporated in the model at the
land boundaries.

Steady state is achieved when the ratio between
the difference in kinetic energy between time steps
falls less than a certain accuracy (typically 1 × 10−4).

Fig. 1 shows the simulation of a storm surge event
during winder 2010 in the Aegean Sea. South winds
with speed 24m/s (7–8 Beaufort) induced sea level
rise of order of 0.5 m at the coasts of Samos and Les-
bos islands. A similar value of the storm surge is pre-
dicted by the model. The climate change effect was
not the intensity of the winds, but the duration of
them (more than 4 d).

2.2. Near-shore wave propagation model

Near-shore wave propagation is simulated by a
Boussinesq nonlinear wave model. The following
higher order Boussinesq-type equations for breaking
and non-breaking waves are used [2,6]:
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where subscript t denotes differentiation with respect
to time; d = still water depth; U = horizontal velocity
vector, U = (U,V), where U and V = depth-averaged
horizontal velocities in directions x and y; ζ = surface
elevation, h = total depth h = d + ζ, g = gravitational
acceleration, sb ¼ ðsbx; sbyÞ = bottom friction term; δ =
roller thickness (determined geometrically according
to Schäffer et al. [8]), E = eddy viscosity term; and Mu

= (d + ζ) uo
2 + δ(c2− uo

2), in which uo= (uo, vo) is the
bottom velocity.

In the swash zone, the “dry bed” boundary condi-
tion is used to simulate run-up. The condition, at a
grid point (i,j), is written [9]:

if (dþ f)i,j > hcr and (dþ f) i − 1,j≤hcr and Ui,j > 0
then Ui,j = 0

if (dþ f)i,j > hcr and (dþ f)i,j − 1 ≤ hcr and Vi,j > 0 then
Vi,j = 0

if (dþ f)i,j ≤ hcr and (dþ f)i − 1,j ≤ hcr then Ui,j = 0
if (dþ f)i,j ≤ hcr and (dþ f)i,j − 1 ≤ hcr then Vi,j = 0
if (dþ f)i,j≤hcr and (dþ f)i − 1,j>hcr and Ui,j < 0 then

Ui,j = 0

if (dþ f)i,j≤ hcr and (dþ f)i,j − 1 > hcr and Vi,j < 0 then
Vi,j = 0 (5)

where hcr is a very small depth below which dry-
ing is assumed to occur. Here, we consider hcr =
0.00001m.

Fig. 1. Prediction of storm surge sea level rise during
winder 2010 in the Aegean Sea.

Fig. 2. Simulation of coastal flooding due to wave run-up.

Fig. 3. Simulation of wave run-up and overtopping.

Fig. 4. Wave height distribution in a harbour where two
floating breakwaters are used near the entrance to reduce
wave penetration.
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The governing equations are finite-differenced
utilizing a high-order predictor-corrector scheme that
employs a third-order explicit Adams–Bashforth
predictor step and a fourth-order implicit Adams–
Moulton corrector step [10]. The corrector step is
iterated until the desirable convergence is achieved.
First-order spatial derivatives are discretized to
fourth-order accuracy.

Fig. 2 shows the simulation of inundation induced
by storm waves (i.e. flooding due to wave setup and
run-up). The initial water depth can be taken from the
storm surge model, and consequently the total sea
level rise, due to synergy of waves and storm surge,
can be obtained.

3. Wave–coastal structure interaction model

The above nonlinear wave propagation model is
adapted to simulate wave overtopping. Eq. (5)
together with that proposed by Lynett et al. [1] mov-
ing boundary scheme are applied for the simulation of
wave run-up and overtopping over coastal structures.
An overtopping example is presented in Fig. 3. Using
the proposed numerical model, the coastal engineer
can re-design coastal structures aiming to reduce the
overtopping (by increasing crest level or/and offshore
slope or by constructing a berm/submerged breakwa-
ter offshore the coastal structure).
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Fig. 5. Sea level rise effects on cross-shore morphology
evolution.

Fig. 6. Salient formation behind a detached breakwater for
coastal protection.

Fig. 7. Sea wall failure due to extreme sea level rise in Eressos coast, Lesbos, Greece.
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AEGEAN SEA

Study area  
Lesbos Island

Fig. 8. Aegean Sea, Lesbos Island and case study area.

Fig. 9. Wave height distribution (top) and sea level rise due to breaking waves (bottom) in the coast of Eressos, Lesbos.
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4. Model for wave penetration into a harbour

The near-shore wave propagation model, after the
incorporation of appropriate conditions for wave–
structure interactions, can be used for the re-design of
ports and harbours under the future conditions
(higher waves, changes of the dominant wave direc-
tion, etc.). The model is adapted to incorporate wave–
breakwater interactions [3,11], wave propagation over
submerged breakwaters [12] and wave floating break-
water interactions [13]. In this way the model becomes
able to estimate wave penetration into a harbour and
can be used for the re-design of harbour layout. In
Fig. 4 the wave height distribution into a harbour is
shown. In order to reduce wave penetration into the
harbour two floating breakwaters are designed to be
constructed near the entrance.

5. Coastal erosion model

The wave model of Section 2.2, describes nonlinear
wave transformation in the surf and swash zone. The
model is also able to describe breaking wave-induced
current (simply after time integration of the horizontal
velocities). By incorporating sediment transport for-
mulae [4] the model can be applied to simulate beach
morphology evolution. In Fig. 5 the model is applied
to simulate the effects of future sea level rise on cross-
shore beach morphology evolution. The sea level rise
is supposed to be equal to 0.25m. The wave height is
taken equal to Ho = 1.20 m and the period T = 5 s. The
sand used was well graded with a median diameter of

d50 = 0.3 mm and the theoretical Bruun equilibrium
profile was formed as initial profile. The estimated
shoreline recession of the waterline is predicted to be
7.5 m.

In [4,14] the model is adapted to incorporate the
effects of coastal protection structures, aiming to con-
tribute to a proper design of them. In Fig. 6 the model
is applied to design a detached breakwater for coastal
protection (reproduction of Ming and Chiew [15]
experiments, breakwater length 0.9 m, distance from
the initial shoreline 1.2 m).

6. A case study

The above models are applied to re-design a sea-
wall failure (Fig. 7) during the winter of 2010 in the

Fig. 10. Bed morphology evolution and maximum scour in
front of the sea wall.

Fig. 11. Prediction of the bed morphology evolution after the construction of two submerged breakwaters for coastal
protection.
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coast of Eressos, Lesbos Island, Greece (Fig. 8). The
failure of the seawall occurred due to wave attack in
combination with the extreme storm surge sea level
rise. In Fig. 9 wave height distribution and sea level
rise due to breaking waves in the Eressos coast, are
shown. The unfavourable wave SW direction is con-
sidered for the re-design of the seawall. The results
are obtained by applying the wave model presented
in Section 2.2. After applying the sediment transport
and bed morphology model we are able to predict
the maximum scour in front of the sea wall and
design the depth of the toe of the new structure
(Fig. 10). Also, another alternative should be consid-
ered: nourishment of the coast and construction of
two submerged breakwaters for further protection
against erosion. In Fig. 11, the prediction of the coast-
line evolution after the construction of two sub-
merged breakwaters is shown. It is obvious that the
breakwaters provide adequate protection to the nour-
ished coast.

7. Conclusions

Due to sea level rise and extreme meteorological
events, the coastal structures will be exposed to lar-
ger waves which in turn will lead to greater over-
topping and transmission, and greater penetration
into a harbour [16]. In addition other impacts such
as the change of the annual frequency of winds, the
more frequent storm surge events, the changes of
the dominant wave direction etc. lead to morphody-
namic changes in the coastal zone such as beach
and dune erosion, inundation on low-lying areas
leading to increased flooding risk of the coastal
zone. Consequently the design, functionality and
safety of the coastal structures have to be re-evalu-
ated [16].

Civil Engineers need the help of advanced mathe-
matical models, in order to confront the above prob-
lems in coastal zone. Numerical models for wind-
induced circulation and near-shore wave propagation
can be extended/adapted to simulate the above men-
tioned climate change impacts on coastal flooding/
erosion, ports and coastal defence structures. The
models, through the simulation of wave overtopping
over the breakwaters crests and the wave entering
the harbour basin through diffraction can provide
Coastal Engineers the tools to harbour layout re-
design and to design new structures for additional
protection. Also coastal erosion and storm surge/
wave flooding can be confronted by designing new
coastal defence structures, again with the use of
numerical models.
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