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Abstract: A wide-angle parabolic approximation equation model considering the interaction between wave and current

is employed to simulate the deformation of irregular waves over a submerged shoal. It is found that the model gives

qualitative agreements with experimental data for the cases of breaking waves around the shoal. Thus, the effect of

breaking-induced current on the refraction-diffraction of waves is well understood.
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1. INTRODUCTION

For accurate simulation of waves propagating
over a shoal, a numerical model, which can deal
with refraction-diffraction of waves, is indispensable.
Among various wave models the parabolic approxi-
mation equation model (PAEM) is widely employed
due to its simple nature of numerical scheme and
considerable accuracy of the solution. The PAEM,
developed first by Radder (1979) for the mono-
chromatic waves, is continuously improved to
include nonlinear effect, bottom friction, wave
breaking, and wave-current interaction by a
number of researchers. The range of validity of

PAEM for wave propagation direction is ex-
tended by Booij (1981) and Kirby (1986) to deal
with the waves propagating with large angle to
the main wave propagation direction.

Recently, the PAEM is employed to simulate
the irregular waves with wide-band frequency
and directional spectra by virtue of linear su-
perposition of a number of monochromatic
component waves. Yoon et al. (2001a, b) con-
ducted comprehensive numerical simulations
using PAEM model for the experimental cases
of wave deformation over an eliliptic shoal per-
formed by Vincent and Briggs (1989) and found
that the PAEM model gives reasonably accurate
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solutions for non-breaking waves. However, the
accuracy of the model degenerates significantly
for breaking waves. Yoon et al. analyzed the
reason for the accuracy degeneration of conven-
tional wave models and proposed a new mecha-
nism of breaking-induced current acting on the
refraction-diffraction of waves over the shoal.

The present study examines the new mecha-
nism proposed by Yoon et al. (2001a, b). A nu-
merical model of parabolic type considering the
interaction between waves and currents is em-
ployed, and numerical simulations are conducted
for the experimental cases of wave deformation
with breaking over an elliptic shoal performed
by Vincent and Briggs (1989).

2. GOVERNING EQUATIONS

In the present study the REF/DIF S model
developed by Kirby and Ozkan (1994) is used
for the simulation of irregular waves. The model
employs the wide-angle parabolic approxima-
tion equation considering wave-current interac-
tion represented by
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In the above equations the subscript » denotes
the nth wave component. 4, is the complex
amplitude, k,the wave number, 7c: the re-
ference wave number given along the wave
incidence boundary, C the phase velocity, C, the
group velocity, w, the dissipation function for
bottom friction, and ay, a; and b, are the

directional correction factors given by

ay=1, a=-075  b=-025 @
o, is the intrinsic frequency to take into account
the Doppler effect due to currents and is deter-

mined by the following dispersion relationship:
0'3 =(@, —k,,U)2 = gk, tanhk,D %)

where @, is the absolute frequency, g the gravi-
tational acceleration, and D the total water depth
« is the energy dissipation coefficient for wave
breaking given by Thornton and Guza (1983) as

Wr B s
= 45 H rms (6)
4 ¥ D
where f is a representative frequency, and H,,,;

is a root-mean-squared (7ms) wave height. B and
yare the empirical coefficients and are chosen to
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be 1 and 0.6, respectively, as recommended in
Chawla et al. (1998). When the currents are ne-
glected, (1) is reduced to the parabolic approxi-
mation equation developed by Kirby (1986).

After the wave field is solved, the radiation
stresses can be evaluated by the following equa-
tions (Chawla et al., 1998):
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where N represents the total number of wave
components, and 6, is the angle of wave propa-
gation. Using the radiation stresses the current
field can be calculated by the following modi-
fied shallow water equations:
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where 7 represents the mean free surface dis-

placement measured upwards from still water

level. P and Q are the volume fluxes in horizon-
tal dimensions. D (= 4 + ) is the total water

depth, and n is the Manning’s roughness coeffi-
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cient. The horizontal velocity components, U
and ¥, can be obtained using
U=P/D, V=0Q/D (13)
3. HYDRAULIC EXPERIMENTS OF VIN-
CENT AND BRIGGS (1989)

Vincent and Briggs (1989) conducted com-
prehensive experiments on the deformation of
regular and irregular waves over an elliptic
shoal. Waves are generated using the direc-
tional spectral wave generator (DSWG) in
Coastal Engineering Research Center of U.S.
Army Corps of Engineers. Fig. 1 shows the
experimental setup of Vincent and Briggs
(1989). |

For the generation of irregular waves, the

following directional spectrum is used:

E(f,0)=S(/)D(6) (14)

where f and 8 denote respectively the fre-
quency and propagation direction of a compo-
nent wave. S(f) is the TMA shallow-water fre-
1985) and D(6)
is the wrapped normal spreading function

quency spectrum (Bouws et al.,

(Borgman, 1984). More details on the experi-
mental set-up and the directional spectrum for
wave generation can be found in Vincent and
Briggs (1989).

The experiments of Vincent and Briggs are
sonducted for three kinds of incident waves with
different directional spreadings, i.e., unidirec-
tional (U-series), narrow (N-series) and broad
(B-series) directional spreadings. For each case
of directional spreading, both the band-width of
frequency and the nonlinearity are varied. The
measured wave heights for each case are com-
pared with those of monochromatic (M-series)

waves, which can serve as a reference to show
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Fig. 1. Location of Elliptic Shoal and Wave Height Measurement Sections
(Vincent and Briggs, 1989).
Table 1. Input Wave Conditions for Breaking Waves (Vincent and Briggs, 1989).
C Peak Significant o, Frea.
Input 8¢ | period | Wave Height a ¥ S rézgin Remarks
ID | (sec) (cm) (deg) | PPreacne
chromeric | M3 |13 13.50 ; - ; mono. | breaking
dircotional | N5 | 1.3 19.0 00262 | 20 | 10 | "feq | breaking
d broad .
G| Bs | 13 19.0 00865 | 2 | 30 freq. | breaking

the effects of frequency and directional spread-
ings and nonlinearity of incident waves on the
wave deformation due to the presence of sub-
merged shoal. Table 1 presents the input wave
information for the experimental cases of break-
ing waves. In the table a, y and o, are the pa-
rameters controiling wave height, frequency and
directional spreadings of incident wave spectra,
respectively, and the details can be found in

Vincent and Briggs (1989).

4. NUMERICAL SCHEME

The REF/DIF S model employs the Crank-Nicolson
scheme to get the finite difference repressentation of

(1). The computational domain (i.e., 0<x<19m,
0<y<25m) is discretized by a finite difference

grid with Ax=Ay=0.05m. The range of fre-

quency spreading is divided into 10 frequency
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components with different value of 4f for each
component to have an equal wave energy. The
range of directional spreading is divided into 20
directional components. As a result, the irregular
waves are disintegrated with a total number of
200 component waves. Each wave component is
assumed to be monochromatic with a single
frequency and an angle of incidence. Each wave
component is calculated independently. How-
ever, when the energy dissipation rate is calcu-
lated, all the components are superimposed to
get rms wave heights, H,.,,.

For the current field (10) — (12) are solved
with a finite difference leap-frog scheme on a
staggered grid system. The same grid system for
wave field is used. The time step of 0.01 sec-
onds is determined by Courant stability condi-
tion. Since the current field is symmetric about
the centerline of the shoal, only the half domain
is solved. The last half of current field can be
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obtained by mirror image. As a result, the effect
of jet meandering on the wave deformation is

ignored.

5. TEST OF NUMERICAL MODEL

Yoon et al. (2001a, b) developed a parabolic
numerical model similar to REF/DIF S model,
but the effect of currents on the deformation of
waves was neglected in their model. They tested
their model to the experimental cases of Vincent
and Briggs (1989). Their model provided rea-
sonably accurate solutions for both monochro-
matic and irregular waves as long as the waves
do not break. However, for the cases of breaking
waves the overall pattern of calculated wave
height distribution is totally different from the
measured one. The inclusion of breaking effect
in the computation did not improve the accuracy
of the computation as shown in Fig. 2 as an
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Fig. 2. Comparison of Calculated and Measured Normalized Wave Heights along Section 4

for Case N5 of V-B Experiment; Breaking-induced Currents are Excluded.
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Fig. 3. Schematic Representation of Wave Breaking and Refraction

Pattern Over a Shoal ; (a) formation of numerical recovery zone,

(b) formation of physical geometric shadow zone.

example. Thus, it was found that the accuracy of
the numerical model degenerates significantly
for the cases of breaking waves. The interested
reader is referred to Yoon et al. (2001a, b) for
more details on the performance of the parabolic
numerical models.

The accuracy degeneration of numerical mo-

del for breaking waves is analyzed by Yoon et al.

(2001a, b), and a new mechanism involving the
breaking-induced currents is proposed. We re-
The breaking of
waves over the shoal induces strong currents in

peat briefly their idea here:

the direction of wave propagation as shown in
Fig. 3(b), and this breaking-induced currents, in
turn, deflects the converging wave rays out-
wards from the central part behind the shoal. If
there is no breaking-induced current, the con-
verging wave rays would form caustics as
shown in Fig. 3(a), and the wave height will
grow again to form a recovery zone. However,
instead of the recovery zone a geometric shadow
zone appears there due to deflected wave rays,
and two caustics are formed next to the shadow
zone. As a result, it may be possible to have a
wave height distribution pattern along section 4
consistent with the measured data of Vincent
and Briggs (1989). This new mechanism is phy-

sically sound and more plausible to explain the
discrepancy between the measured and calcu-
lated wave climates behind the shoal after the
breaking of waves.

6. NUMERICAL SIMULATION CONSI-
DERING BREAKING-INDUCED CUR-
RENTS

To check the validity of the new concept nu-
merical simulations are conducted for the N5
case of Vincent and Briggs (1989) with consid-
ering the breaking-induced current in the com-
putations.

The solution procedure can be summarized
here: Firstly, the wave field is calculated using
(1) with neglecting the current field, and the
radiation stresses are evaluated using (7) - (9).
Then, the current field is obtained using (10) -
(12). The current field is, in turn, supplied for
(1) to get a new wave field. Iterative computa-
tions can be made as a transient problem until a
steady state is obtained. Strictly speaking, this
procedure can be applied only to the steady state
problem, because (1) is invalid for a transient
wave field.

The breaking-induced current becomes strong
as the time elapses, and, the wave field is affected



Water Engineering Research, Vol. 3, No. 3, 2002 209

N5 (Section 4)

2.0
Cal. (With Current)
— — = Cal. {No Current)
® Measured

1.5 |
x 1.0 -
I

0.5

0'0 n 1 n 1 1 1 1 1 " 1 " 1 1 [

11 12 13 14 15 16 17 18

y(m)

Fig. 4. Comparison of Calculated with Breaking-induced Current and Measured
Normalized Wave Heights along Section 4 for Case N5 of V-B Experiment.
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Fig. 5. Evolution of Calculated Normalized Wave Heights
along Section 4 for Case N5 of V-B Experiment.
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Fig. 6. Evolution of Calculated Normalized Wave Heights along Sections
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by the currents. Thus, at each time step both wave
and current fields should be calculated. However,
computational experience shows that the evolution
of current field is slow. Thus, to save computa-
tional time, the wave field is calculated once for
100 time steps of the current field computation.
The time step of 0.01 seconds is used for current
field computation.

Fig. 4 compares the calculated wave height
distributions with measured data along transect
4 for N5 case. All the calculations of wave
heights are carried out until the flow field has
reached a steady state at transect 4. When the
breaking-induced current is included, a qualita-
tive agreement between calculated and meas-
ured wave height distributions is observed,
while the calculated data with neglecting the
current field shows a reversed distribution of
wave height. Thus, the effect of breaking- in-
duced current on the refraction-diffraction of
waves over the shoal is clearly shown. However,
a quantitative agreement is not achieved yet.
The reason for this discrepancy may be ex-
plained by the two facts: Firstly, the energy dis-
sipation due to wave breaking is possibly
over-estimated and the breaking-induced current
is stronger than the physical one. In the present
study the same parameters for breaking model
of Thornton and Guza (1983) is employed as
used in REF/DIF S model without any adjust-
ment. Secondly, the wave heights provided by
Vincent and Briggs (1989) may be measured
before the flow field has reached a steady state.
Numerical experience shows that the break-
ing-induced current evolves slowly such that it
takes a considerable time to achieve a steady
state around the breaking zone.

Fig. 5 shows the evolution of calculated wave
heights along transect 4. At the initial stage the
breaking-induced current is absent and the cal-
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culated wave height distribution is totally differ-
ent from the measured one. As time elapses, the
current becomes strong. As a result, the wave
heights in the central part are reduced, while
those of both sides are increased. During the
evolution process, a good agreement between
calculated and measured wave heights is ob-
served when the time of 30 seconds has elapsed.
Fig. 6 presents the evolution of wave height
along the centerline of the shoal (i.c., transects 9
and 7 in Fig. 1). It is worthwhile to note here
that the wave field reaches a steady state first at
the top of the shoal where the breaking of waves
are the strongest, and the steady state propagates
in downwave direction.

Fig. 7 shows the flow pattern of breaking-
induced current field when the current field
reached a steady state at section 4. A strong jet
along the centerline of the shoal is clearly visi-
ble.

7. CONCLUSIONS

To simulate the wave deformation of irregular
breaking waves over an elliptic shoal, a system
of numerical models is constructed by combin-
ing the REF/DIF S model for waves and the
flow model for currents. The REF/DIF S model
employs the wide-angle parabolic approxima-
tion equation considering wave and current in-
teraction. The flow model employs the modified
shallow water equations to obtain the current
field induced by wave breaking. A numerical
test for the experimental case of Vincent and
Briggs (1989) shows that the breaking waves
induce a jet-like strong current behind the shoal,
and the currents, in turn, weaken the focusing of
waves. As a result, the distribution patterns of
wave height agree much closer to the measured
data than those obtained using conventional
parabolic numerical models. Thus, the effect of
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breaking-induced currents on the refraction-
diffraction of waves is well understood.
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