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Abstract

On the basis of the wave action balance equation which incorporates refraction, diffraction, reflec-
tion and wave-current interaction, a directional spectral wave transformation model WABED is
developed for predicting the irregular wave refraction-diffraction with strongly reflecting structures
in coastal regions. In the model, diffraction is taken into account by introducing a term formulated
from a parabolic approximation wave equation, and reflection is calculated through a back-marching
numerical approach at the reflecting boundary. Two experimental data sets are used to examine
the performance of present model with regard to wave characteristics around reflecting coastal
structures. One is from a physical experiment at idealized inlet with parallel jetties, while the
other is from a laboratory study on a coastal project of the concave breakwater. Reasonably good
agreements are found for both cases, revealing the applicability of the present model for predicting

combined wave refraction-diffraction processes with strongly reflecting coastal structures.
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1 Introduction

When waves propagate towards the shore, their
transformation processes often change significantly
due to the non-uniform bathymetry such as shoal-
ing, refraction, and breaking, with a result of varia-
The
case could be largely more complicate when coastal

tion and redistribution of wave characteristics.

structures exist, where wave diffraction and reflection
around structures become dominant. For example,
the wave reflection would lead to the concentration
of wave energy and local scour in front of a detached
breakwater, and the wave diffraction can also modify
the wave field and topography behind it. At coastal
inlets with jetties, the wave reflection and diffraction
have an unneglectable impact on the navigation secu-
rity and channel siltation. As a consequence, reliable
wave prediction is of fundamental importance for such
coastal engineering, where wave refraction-diffraction
associated with strongly reflecting structures play sig-
nificant role.

Numerical modeling of wave transformation in

nearshore regions has been a widely used technique
of continuously increasing interest, because of its low-
cost and easy-implementation. For decades, remark-
able advances in wave modeling have been made with
regard to the improvement of model accuracy or phys-
On the other hand, all mod-
els have own advantages and limitations, with their
applicabilitys in coastal engineering depending on a
high degree on the site-specific physical processes and
the CPU time requirement.

ical completeness.

At the present state
of art, most wave models can be classified into two
categories referred as “phase-resolving models” and
“phase-averaged models”, respectively. The phase-
resolving models calculate detailed wave characteris-
tics with a variety of transformation patterns by solv-
ing mass and momentum conservation equations in a
time domain. The well-known Boussinesq type models
belong to this category (e.g. Peregrine, 1967; Madsen
et al., 1991; Wei et al., 1995; Veeramony and Svendsen,
2000).
computationally expensive so that their practical ap-

However, phase-resolving models are rather

plications are always limited to relatively small spatial
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dimensions with shallow waters. The phase-averaged
models neglect variations in the wave phase in calcu-
lating wave and other nearshore processes, but only
solving changes of wave averaged physical variables in
a frequency-domain based on the wave energy or ac-
tion balance equation. This type of models is particu-
larly suited for directional wave transformation over
large study areas in engineering applications, since
they provide the most cared wave parameters with
relatively low computational time-consuming. For ex-
ample, SWAN model (Booij et al., 1999), STWAVE
model (Smith et al., 1999) and WABED model (Lin
et al., 2008) have been widely used and validated
in both deep-ocean and nearshore wave predictions.
Reviews of different types of wave prediction mod-
els for offshore and coastal engineering applications
were presented in Panchang and Demirbilek (1998).
As pointed out, the original phase-averaged wave en-
ergy (action) balance equations cannot directly rep-
resent wave diffraction and reflection. Nevertheless,
these processes could be incorporated in such mod-
els in approximate ways (Smith et al., 2001; Mase et
al., 2005). Various methods have been investigated
over the past decade to include diffraction or reflec-
tion in phase-averaged wave models (e.g. Rivero et
al., 1997; Holthuijsen et al., 2004). However, few stud-
ies has been carried out focusing on the spectral wave
model performance in simulating combined processes
of refraction- diffraction with strongly reflecting struc-
tures over an arbitrary bathymetry, which is greatly
concerned in practical coastal engineering designs.

The primary purpose of this study is to vali-
date WABED, a spectral random wave transforma-
tion model, on the condition that coupled wave refrac-
tion and diffraction occur around strongly reflecting
coastal structures. The paper is organized in the fol-
lowing way. Section 2 describes the governing equation
and the numerical scheme of present model, while the
parameterizations of several key factors are outlined
as well. Model performances and its appropriateness
in coastal applications are examined and discussed
though comparisons with experimental data from two
physical models consisting of an idealized inlet with
parallel jetties and a coastal project with a concave
breakwater, as presented in Section 3 and Section 4,
respectively. Finally, the concluding remarks are sum-
marized in Section 5.

2 Model Description
2.1 Gowverning equation

The spectral wave transformation model devel-

oped in this study is based on the wave action balance
equation, which calculates wave characteristics from
wave energy density in a phase-average mean hence
neglecting the intra-wave variation. Therefore, it is
well suited for large-scale computational domains in
engineering applications. The capabilities of model
include wave shoaling, refraction, diffraction, reflec-
tion, depth/current-limited breaking, energy dissipa-
tion and wave-current interaction, among which both
diffraction and reflection are incorporated in theoret-
ically approximate ways. Wave diffraction is imple-
mented by adding a diffraction term derived from
the parabolic wave equation to the energy-balance
equation (Mase, 2001). Wave reflection is calculated
through a special treatment at the reflecting boundary,
which will be shown in the next section. Wave-current
interaction is taken into account by considering the
Doppler shift in the wave dispersion equation (Zheng
and Tang, 2009).

The governing wave action balance equation with
the diffraction effect in the model is

O(CyN) O(CyN) OI(CyN)

oz oy a0

1
%[(CCgcosﬂNy)y ~ 5C0C,c0s0N,, | —esN (1)

where N is the wave action density, defined as the wave
energy density divided by the angular frequency o rela-
tive to a current. (z,y) are the horizontal coordinates,
and 6 is the wave direction measured counterclockwise
from the z-axis. The first term in the right-hand side
of Eq. (1) represents wave diffraction, where & is the
diffraction intensity coefficient and suggested to be 2.5
(Mase, 2001). C' and Cy are the wave celerity and the
group velocity, respectively. ¢, is a parameterization
of wave breaking function for energy dissipation, and
a bore based formulation is suggested to parameterize
the breaking energy dissipation associated with both
depth-variation and ambient currents (Zheng et al.,
2008). Cg, Cy, and Cy are wave velocity components
according to x,y, and 6 coordinates, respectively, ex-

pressed as
Cy = Cycost + U @)
Cy = C'gsin9 =+ Vv (3)
a . Oh oh CoU
Co = m(smG% — cos@a—y) 4 COSQSIHH%
40529?9_5 + sin29?)‘—‘; — sin@cos@%—‘y/ (4)

where U and V are the current velocity components
in the = and y direction, respectively, and k is the
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wave number. The relations between the relative an-
gular frequency o, the absolute angular frequency w,
the wave number vector k, the current velocity vector
U and the water depth h are

— —
o? = g| k [tan| k |h (5)
- =
c=w—k-U (6)

2.2 Numerical schemes

A forward-marching first-order upwind finite-
difference method is used to discrete the wave action
conservation equation in a staggered rectangular grid
system. The wave velocity quantities are stored at
boundaries of the wave action density cell, as shown in
Fig. 1. Superscripts (i, 7, k) and variables (d,dy, dg)
are the grid node number and the spatial steps at z, vy,
and 60 coordinates, respectively. Subscript n represents
the n-th component of the wave frequency spectrum.
The differential equation of Eq. (1) can be written as

AlNTiij +142]\[:1(3'—1)1@ +AS]\/-:’L(J‘+1) +
AN 4 AgNIGHD = _ NG (q)

where A;, Ap, Ag, Ay, A5 and B are known as phys-
ical quantities related to wave velocities and energy
dissipation with respect to a specific calculation cell.
The Gauss-Seidel method is employed to solve the
Eq. (7).

given, wave characteristics are calculated in the wave

Once the seaward boundary condition is

propagation direction through a column-to-column ap-
proach. In particular, model can perform the back-
ward marching for seaward reflection in front of a re-
flecting coastal structure after completing the forward
marching computation, on the condition that the angel
of structure boundary and wave direction are known
together with a reflection coefficient. For both forward
and backward marching calculations, a quadratic up-
stream interpolation of convective kinematics is used
in the discretization to reduce numerical diffusion.
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Fig.1. Layout of variables in the cell.

2.3 Diffraction

The incorporation of diffraction effect is achieved
through adding a diffraction term into the wave action
balance equation, as firstly derived from the parabolic
wave equation by Mase (2001).

A basic form of the parabolic wave equation in-
cluding a dissipating term can be written as

2ikCCyAy + i(kCCy)r A+ (CCyA), = —ikCe,A (8)

where k is the wave number and A is the complex am-
plitude. Assuming the wave energy E equal to |A|?
and A, A} approximating by E,,/4, resulting equa-
tions are yielded as following after a series of transfor-
mations

(CyE)s = —e1E (9)
(CCgEy)y - COgEyy/2 =0 (10)

Comparing Eqs (9) and (10) with the original
wave energy balance equation and replacing energy
density E by action density N, the diffraction term
introduced into the modified energy equation can be
defined as

K 1
%[(CCgCOSQQNy)y — §C’C'gcos29Nyy] =0 (11)

The optimized value of the diffraction coefficient
% should be estimated from laboratory or field data
(Chen et al., 2010).

2.4 Reflection

For reflecting boundary, the backward-marching
computations modify the source of the spectral wave
action density at cells adjacent to the sea area. The
mathematical formulas for reflection in z and y direc-
tions are

N(z 4+ Az,y, f,m— 0+ 2a) = KECN(;v,y, f,0) (12)
N(z,y+ Ay,y, f,—0 + 2a) = K2.N(z,y, f,0) (13)

where K, and K,, are reflection coefficients in x and
y directions, respectively. « is the angel of the nor-
mal line to the structure from the z-axis in Eq. (12),
and the angel of the structure from the x-axis in Eq.
(13), respectively. Note that, the input of inclination
angel of reflecting structure is crucial for calculating
reflected waves in backward marching computations,
since it provides the reasonable direction of reflected
wave energy which can not be implied locally on rect-
angular grids (Mase et al., 2005).
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3 Application to an idealized inlet with parallel
jetties

3.1 Outline of experimental study

Model was first tested with an experimental study
(Seabergh et al., 2005) on wave refraction, diffraction
and reflection at an idealized inlet with two parallel
jetties. Figure 2 shows the depth contour lines of lab-
oratory bathymetry and locations of parallel jetties.
In particular, two different jetty types, fully absorbing
and fully reflecting, are constructed to evaluate the
wave climate associated with two different reflecting
rates of jetties. Incident regular waves were unidirec-
tional and 20° oblique to shore-normal. Table 1 lists
the tested incident wave conditions. Wave height was
measured on the up-wave side of the south jetty and

2500
2000
=
N ©
g -
% 1500 2 ; |
2 ——
= =Y
=
% 1000
5 ©
< ke
500 T
o
. Il .
0 500 1000 1500 2000 2500

Shoreward Distance/m

Fig.2. Depth contours of physical model.
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Fig.3. Locations of wave gauges (circle) and
transect lines (dashed lines).

Table 1. Experimental conditions for an idealized inlet

with parallel jetties (1:50 scale)

Jetty type Wave ‘Wave Wave ‘Wave
height/m period/sec direction(®) type
Fully absorbing 2.0 11 -20 Regular
Fully reflecting 2.0 11 -20 Regular

inside the inlet from a linear array of capacitance wave
gauges, of which the locations are shown as circles in
Fig. 3. Five transect lines for model to data compar-
isons are also shown.

3.2 Model to data comparison

For the fully absorbing and reflecting conditions,
the present wave model was run with both reflection
coefficients set to be 0 and 1, respectively. The diffrac-
tion coefficient x was determined to be its recom-
mended value of 2.5 (Mase, 2001) for both cases, since
no more measured data was available for verification.
The calculated wave heights along transect lines T1-
T4 were compared with measured data, as shown in
Fig. 4 (fully absorbing case) and Fig. 5 (fully re-
flecting case). As displayed, the model predicted well
the variation pattern of wave heights along all tran-
sect lines. An obvious enhancement of wave heights is
found at the up-wave side of the reflecting jetty (Fig.
5), which becomes larger with a decreasing distance
from the jetty. This feature is also captured well by
the model, although the peak wave heights are un-
derestimated at most transect lines. For complement,
Tab. 2 lists the calculated mean statistical errors of
wave height and wave direction between numerical re-
sults and experimental data. It can be observed that
model predicts both wave height and direction in a
generally good manner for both cases, hence support-
ing the capability of present model for predicting the
complex wave climate with strongly reflecting struc-
tures in coastal applications.

4 Application to a project with concave break-
water

4.1 Owutline of experimental study

Laboratory experiment (Zheng et al., 2006) was
conducted in a wave basin of 50 m long and 17.3 m
wide at Hohai University to study wave characteris-
tics in front of the breakwaters with a concave angle
of 152°. The physical model was initially designed to
provide a basis for a project of prolonging breakwater
in the Shengsi Central Fishery Harbor in the Zhoushan
Archipelago, Zhejiang Province, with a model scale of
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1:80. 50-year’s return period incident random waves
in the directions of ENE and E were generated by a
hydraulically driven piston-type wave machine at one
end of the wave basin referred to the JONSWAP spec-
trum, under three water depths corresponding to the

4.2 Model to data comparison
Figure 7 shows the comparison between predicted

Table 2. Statistical mean errors of calculated wave height
and direction

. . . Jetty t M f M f M f
extreme high sea level, designed high sea level, and vy ype can o can o can o
R . Absolute Absolute Absolute
extreme low sea level, respectively. 26 pieces of the Relative Wave Wave
electric-capacity wave gauge were set in front of the Wave Height Direction
M o
concave breakwaters, while 10 pieces were set at the EHCIg}(l; ) Error/m  Error(®)
ITOor ()
gap. Fig. 6 shows the layout of physical model and lo- Fully absorbing 16.6 030 76
cations of wave gauges. The test conditions are listed Fully reflecting 33.9 0.25 9.5
in Tab. 3. Average 25.3 0.28 8.6
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Fig.6. Layout of physical model and locations of wave gauges.

Table 3. Experimental conditions for a project with

concave breakwater (1:80 scale)

Wave sea Water Wave Peak wave Wave
direction level/m depth/m height/m period/s type
+3.01 9.01 5.76
ENE +2.05 8.05 5.15 15.6 Irregular
-1.76 4.24 2.71
+3.01 9.01 5.18
E +2.05 8.05 5.15 13.7 Irregular
-1.76 4.24 2.49

and observed wave heights at 36 measuring points un-
der three water levels. Reasonably good agreements
are found. Model accurately simulated the amplifica-
tion of wave height in front of the concave breakwater
due to the superposition of incident waves upon re-
flected waves and the diffraction behind the breakwa-
ter. The influence range of reflection becomes larger
with the increase of the water level, which is under-
estimated by the numerical model to a little extent.
The wave diffraction behind the breakwater is slightly
underpredicted either. As calculated, the mean val-

ues of absolute relative wave height errors under high,
medium and low water level are 24.5%, 22.3% and
22.1%, respectively. Those disagreements seem to be

9
O Extreme high tidal level ) /
A Designed high tidal level Y
+ Extreme low sea level )
£ / 7
> +20%© P
S 6 #o /
2 Aﬁ% 02
) A o @O ©
5 O o
% .
E / o, —20%
S ’ ‘
= 7/ n, P
S 3 . ‘
. #
© A+
/ .
I H
0 \ \
0 3 6 9
Measured wave height/m
Fig.7. Comparison between measured and

calculated wave heights around the concave
breakwater under three water levels.
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more obvious under higher water level, which may be
attributed to the wave-wave interaction not accounted
in the present model. Nevertheless, overall deviations
are considered acceptable (the mean error for all three
water levels is 23% and the correlation coefficient is
0.936), when the uncertainty of the complex wave-
structure interaction and the relatively convenient nu-
merical implementation are taken into account. It is
demonstrated that the present model could provide
fairly good performance on simulating the coupled
wave refraction-diffraction processes around a reflect-
ing structure with an irregular shape.

5 Conclusions

A spectral wave transformation model is de-
veloped to investigate the random wave refraction-
diffraction processes with strongly reflecting coastal
structures. Based on the wave action balance equa-
tion, the wave diffraction and reflection are incorpo-
rated through theoretical approximations to enhance
the model capabilities. Two experimental data sets
are used to evaluate the model application on dealing
with combined wave refraction-diffraction around re-
flecting structures in coastal regions. One was from
a laboratory study on wave characteristics at an ide-
alized inlet with parallel jetties of absorbing or fully
reflecting type. The other was collected in a physi-
cal model conducted for a coastal project of the con-
cave breakwater with an angle of 152°. Comparisons
of model results and experimental data show overall
good agreements for both cases, indicating that the
present model is capable of describing wave refraction-
diffraction processes with a wide range of reflecting
structures in coastal applications. It implies the con-
fidence that the model will almost certainly perform
reasonably well within the proper range of applica-
tions where diffraction and reflection are significantly
less relevant, because the model performs reasonably
well in these conditions.
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