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ABSTRACT

A new coastal wave model is being developed to study air—sea interaction processes in the coastal region.
The kinematics of this model, which govern the wave propagation, are reported. This new model is based
on the action conservation equation rather than on the energy transport equation; it also employs the full
nonlinear dispersion relationship in water of arbitrary depth. With these improvements, it includes nonsta-
tionary wave—current interaction processes and functions in coastal regions with variable finite water
depths. Numerical results show that these changes cause significant differences between the new model
and the WAM model when waves encounter any steady or unsteady current, and when waves propagate
over changing bottom topography in a shallow water region. Such conditions are very common and shouid

not be neglected in the coastal regions.

1. Introduction

To test the validity of any numerical model, one
should cxamine the following areas: the numerics, the
kinematics, and the dynamics. Each element is critical
to the final result; clearly, their effects should be de-
termined separately. Numerics address the numerical
schemes, while kinematics address the rule of wave
propagation. In water wave studies, the kinematics, or
the dispersion relationship, assumes a far more impor-
tant role than simply governing the motion of the
waves; it is also the key in determining certain critical
dynamical processes. For example, the resonance con-
dition in weakly nonlinear wave—wave interactions is
determined by the dispersion relationship.

The problems of numerics have been discussed in
Part I (Lin and Huang 1996, hereafter referred to as
Part I) of this paper series. In that paper, we have
shown that the group velocity appears in two of the
parameters that determines the computational disper-
sion. The first is the computational dispersion param-
eter defined as

(¢, + u)*/(c, + u), €})

where (¢, + u)* is the computational velocity and (c,
+ u) is the true physical group velocity plus the am-
bient current velocity. In order to obtain (¢, + u)*, we
also have to introduce a computational phase error 8%,
defined as

—0* = tan_’(_Ai/Ar)' (2)
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where A is the computational stability parameter, A; is
the imaginary part, and A, is the real part of A.

The second important computational parameter is
the nondimensional grid size, defined as

(3)

in which At is the time step, Ax is the grid size, and
(c; + u);is the velocity at gridpoint j. These parameters
appeared in many of the analytic expressions of the
computation analysis discussed in Part I.

In addition to computational needs, the dispersion
relationship is central to many nonlinear wave phenom-
ena. Therefore, the correct kinematics is essential to the
numerical scheme. In this paper, we will focus on the
kinematics problem for the coastal region, where not
only nonlinearity, but also the complications of bottom
topographic features and tidal currents, will all have
notable effects on the kinematics. We found that pre-
vious models invoked many inadequate assumptions.
For example, the subtle assumption of conservation of
wavenumber must be modified to accommodate the
changing bottom topography and the presence of vari-
able currents. Also, strict adherence to the linear dis-
persion relationship should be abandoned in order to
be logically consistent in studying nonlinear wave-
wave interactions.

In the following sections, we will describe the kine-
matics of the Goddard Coastal Wave Model
(GCWAM), which will include the modifications we
deemed important. The results will be compared with
the state-of-the-art WAM model (Giinther et al. 1993)
whenever possible. But before comparing the models,
we will first present the major kinematic differences
between the GCWAM and the latest version of the
WAM model.

M = (¢, + u);At/Ax
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2. The dispersion relationship used in GCWAM

It is well known that for nonlinear water waves,
the dispersion relation will be weakly amplitude de-
pendent. Although the effects of the nonlinearity are
usually small in wave propagation, the need for a full
nonlinear dispersion relation has been made amply
clear by numerous papers on the nonlinear wave evo-
lution (see, for example, Yuen and Lake 1982; Infeld
and Rowlands 1990). There we can see that the non-
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linear dispersion relationship is not only a factor in
governing the modulation and propagation of the
waves, but also a key in modifying the resonant in-
teraction conditions as reported by McLean (1982).
Therefore, it is not only logically imperative but also
intellectually satisfying to adopt such a fuller disper-
sion relationship. For these reasons, we decided to
adopt the full nonlinear dispersion, as given in Whit-
ham (1974), to examine its effects. Following Whit-
ham, we have

o= {(gk tanhka’)[l + (

in which o is the intrinsic frequency in radians per sec-
ond; () is vector, k is the magnitude of the vector
wavenumber k in per meter; g is gravitational accel-
eration (m s™2); d is the depth (m); and a is the am-
plitude of the wave.

By definition,

2kd
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(gk tanhkd)'’?
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8 tanh kd ¢ ’
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where ¢, is the intrinsic group velocity; w is the appar-
ent frequency defined as w = o + k-V with V as the
ambient current in meters per second, and C and ¢ are
the apparent and intrinsic phase velocity respectively.
In terms of the spectral representation, the full nonlin-
ear group velocity should be

bl I antd

ON
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in which N is density energy spectrum, and f, 4 4 and
df, «.a are given as follows:

P 9. 9
p&dD T g Qtanh*d 8 tanh*kd’

10 sech?kd 9 sech?kd
4 tanh’*kd 2 tanh’kd

It should be noted that when we consider the pres-
ence of time varying tidal currents, not only a, but also
d, are functions of position and time. With the intro-
duction of the position-dependent amplitude and depth
in the nonlinear dispersion relationship, the wavenum-
ber can no longer be assumed to be conserved auto-
matically. Rather, we should have

(7)

dfp (kdy = ( 8 )

o=Wlk(x,1),d(x,1),alx, )]; (9)
therefore, following the group velocity, we have
Dk; ad W
_,=_8_W_7__Q__a’ (10)
Dt ad Ox; da dx;

with D( )/Dt the material derivative following the
wave group. Here, we have considered the variations

kT

., (6)

of both the amplitude and the depth, and assumed that
they are of the same order of magnitude. These varia-
tions of wavenumber and frequency have been ne-
glected by all previous modelers, but they have been
clearly pointed out as important considerations in the
nonlinear wave evolution process by Whitham (1974)
in a discussion of wave kinematics. They should thus
be included in the coastal wave model.

Now, the basic equation for the GCWAM model is

A  dlc,HAl _, Olcgy cOsPA]
— + — e e e re——
ar T oan Teose EY)
dceA]  dlc Al
+ + = 11
00 ow S, (D)

in which A (m?/Hz?) is the action density spectrum
defined as the energy spectrum divided by the intrinsic
frequency o, a generalized definition of action for a
single train of waves (Bretherton and Garrett 1968); ¢
is the time (s); ¢ and \ are the latitude and longitude
coordinates, respectively; 8 is the propagation angle
(when @ = 0, the direction is from the south while the
direction rotates clockwise as 6 increases); and S is the
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energy source term. In this study, we again assume S
= 0 in order to examine the kinematic problem sepa-
rately.

Equation (11) is very different from the one used
in WAM. The WAMDI Group (1988) used an equa-
tion for the conservation of energy in a form similar
to Eq. (11), but it was designated as ‘‘the transport
equation’’ for a subtle reason: they had designed the
model for deep water and without variable currents.

Therefore, both frequency and group velocity would

be invariant as far as position is concerned. Then, the
group velocity can be moved outside of the gradient
operator. Under that condition, even the difference
between the action density and energy density is a
constant ratio independent of position. Conse-
quently, in the actual WAM program, the equation
used is essentially
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DN _ 9N a—I\l+cos<j>"c 91\]-+c@~5
Dt o & an “36  Cag
(12)

in which N (m?/Hz) is the energy density spectrum.

From (12), one can see that in the WAM, the energy
is an invariant following a wave when the source func-
tions are set to zero. Changes in the energy density must
come from the source functions. In the deep ocean this
may be an acceptable approximation, but in coastal wa-
ters it is grossly in error. Even under steady conditions
and without any ambient currents, the bottom topog-
raphy will cause the energy density to change. With the
WAM we cannot even recover the simple analytic re-
sult derived for a wave propagating toward the beach
under steady-state conditions without currents, as given
by Phillips (1977):

CASE 1 CASE 2 CASE 3
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FiG. 1. A schematic view of the coastal test conditions. The test region is a box 300 km
X 900 km with the coastline running in the north—south direction, and the coastline located
on the east side. The depth at the open ocean side is nominally 3000 m and at the coastline
is 2.5 m. Test results are computed along the dashed line located 100 km from the southern
boundary. Wave direction is indicated by the numbers shown at the right lower corner. The
swell spectrum used in all the numerical tests is the same as that given in Part I. The test
conditions for the three coastal cases are as follows. Case 1: coastal region with no current,

case 2: coastal region with a steady shear current with magnitude increasing from 0.2 m s

-1

at the open ocean side to 1.0 m s™! at the coastline, and case 3: coastal region with an on—
offshore tidal current with magnitude increasing from 0.2 m s~ at the open ocean side to

1.0 m s~ at the coastline.
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Ne¢, = const.

It should be pointed that the conservation of either the
energy or the action density does not require constancy
of either energy or action density; only that the energy
flux should be constant.

The insignificant difference between GCWAM and
WAM in deep water without ambient currents becomes
a major issue in the coastal region, where tidal currents
and changing topography will both make the group ve-
locity and even the intrinsic frequency a function of
position. Indeed, these effects do make substantial dif-
ferences in the model results as will be shown later
through more detailed model results.

To consider the full variations of group velocity in
the numerical computations, we also have to derive ex-
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FIG. 2. Results for the coastal region with no current, case
1, from WAM at T = 7560 min after the initiation of the test.
These results represent the steady state solutions. Since the
WAM does not include wave—current interactions, it repre-
sents all conditions with steady or time variable currents. The
horizontal axis is the distance from the deep ocean to the
coastal region (west—east) and the vertical axis is the fre-
quency in a logarithmic scale. (a) Wave energy in the direction
number 4 (toward the east direction perpendicular to the
coastline), (b) wave energy in the direction number 5, and (c)
wave energy in the direction number 6.

pressions for the transport velocities, c,\, ¢g4, Cg, and
¢, Which are given by the following expressions:

DN ¢ sinf +u

=D T R cos¢ (13)
D¢ c,cos8 +v
Cop = —5—[ = i——R— R (14)
Df ¢, tand sinf 9C
=— =t — 15
“=Dr R on’ (15)
Dw
v = r (16)

in which R is the radius of the earth, and n is the unit
vector in the tangential direction to C. Of the four trans-
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port velocities, the first three are included in WAM
(1988). Though the fourth transport velocity, c,,, is not
included in WAM, it has been included in Tolman
(1991). It was, however, neglected by Tolman (1992)
when the model was used in deep water. Such an omis-
sion is unacceptable if the model is to be used for any-
thing other than a linear homogeneous wave field in
deep water. Mathematically, Eqs. (15) and (16) may
be written as

1dcdd 1 ok Kk ov
%=tadon xS OV Tk U7
_Dw_3(c+kV)

Co =" £y + (¢, + V) V(o +k-V)

(18)
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FiG. 3. Results for the coastal region with no current, case
1, from GCWAM at 7 = 7560 min after the initiation of the
test. These results represent the steady state solutions only.
To test the effects of the model equations, these results were
computed based on a linear dispersion relationship. Notice the
shift of energy from high to low frequency near the coastline
in the direction numbers 5 and 6. The spatial grid size is the
same as in Fig. 2, but the temporal step size At is 10 min
instead of 5 min. (a) Wave energy in the direction number 4
(toward the east direction perpendicular to the coastline), (b)
wave energy in the direction number 5, and (c) wave energy
in the direction number 6.

It is clear that, even under steady-state conditions, c,,
+ 0, if there is spatial gradient of the apparent fre-
quency. The contribution to ¢,, can come from temporal
variations as well as spatial modulation of waves
through variations of the currents and bottom topo-
graphic features. Because of the time-varying currents
and nonuniform water depth in the coastal region, the
dispersion relationship is more complicated. It should
not be simplified as in the WAM model for coastal
applications.

3. Results

Having established the analytic expressions for the
kinematics, we will present some numerical results to
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illustrate the differences between the full nonlinear dis-
persion relation used in the GCWAM and the lingar
approximations used in the WAM. Of course, in most
of the comparisons we cannot totally exclude the influ-
ences of the different numerical schemes and different
types of model equations, for the WAM uses the trans-
port equation, whereas we use the action conservation
equation with a full nonlinear dispersion relationship.
We will try to illustrate the effects of nonlinearity and
types of equations as far as possible.

Two types of test sites are selected for the study: a
coastal region and an open ocean region over a sca-
mount. In the coastal region, we want to see the vari-
ations of the sea state due to effects of bottom topog-
raphy and time-varying tidal currents. To eliminate
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Fic. 4. Results for a coastal region with a steady shear cur-
rent, case 2, from GCWAN at 7= 7560 min after the initiation
of the test. The dispersion relationship is nonlinear in this
case. The effect is to eliminate the energy pileup in the im-
mediate vicinity of the coastline. (a) Wave energy in the di-
rection number 4 (toward the east direction perpendicular to
the coastline), (b) wave energy in the direction number 5, and
(c) wave energy in the direction number 6.

other complications, the tests are designed to study the
propagation of waves over an infinitely long uniform
coastline. Therefore, the tests are conducted in an ide-
alized coastal region with bottom topography. The test
conditions are summarized schematically in Fig. 1. The
area is 300 by 900 km with the depth changing from
2995 m in the open ocean to 2.5 m at the coastline as
shown in Fig. 5 in Part I. All test results presented are
along the line perpendicular to the coastline 100 km
from the southern boundary. In all the tests, the sea
state is represented by a continuous and steady swell
system given by the spectrum shown in Fig. 6a in Part
I. The swell condition is prescribed at every grid point
at the open ocean boundary. The incoming swell sys-
tem has relatively small angular and frequency distri-
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FI1G. 5. Results for the coastal region with a periodic tidal current, case 3, from GCWAM
for one tidal cycle (from 7560 min after the initiation of the test). To illustrate the effect of
a nonlinear dispersion relationship, both linear and nonlinear dispersion relationships will be
used in case 3. The linear dispersion is used in this case. (a) Wave energy in the direction
number 4 (toward the east direction perpendicular to the coastline), (b) wave energy in the
direction number 5, and (c) wave energy in the direction number 6.

bution ranges, with the maximum energy density prop-
agating in direction number 6. For each test, the test
area is calm initially. The swell system enters the test
region from the open ocean side. To allow for the tran-
sient period with the highest frequency components to
pass, the models are run for five days before test results
are selected for detailed comparisons. All the compu-
tations for the GCWAM are performed in terms of ac-
tion density as given in the model equation, but the
results are presented for the energy density spectrum
because energy is a more assessable quantity for com-
parisons.

For the coastal region, the grid mesh size Ax = Ay
= 12.5 km, A8 = n/6, and A f = 0.1f. The time step
of the WAM is 5 min, but the time step of GCWAM
is 10 min.

The specific cases considered are listed as follows:
first, a coastal region without current; second, a coastal
region with a steady shear current along the coastline
flowing from south to north; third, a coastal region with
an on- and-offshore tidal current of 24-h. period.

Other than the boundary on which the incoming
swell condition is prescribed, all other boundaries are

open; therefore, energy can flow through the boundary
without any impedance even at the coastline. Granted
that this open boundary condition at the coastline is
artificial, we adopted it because our objective here is to
test the propagation scheme only. The true dynamic
consequence of the energy dissipation due to bottom
friction and more realistic wave breaking from the
depth limitations are deferred until the discussion of
the source functions.

Because the full nonlinear dispersion relationship is
derived based on perturbation analysis, its ordering
and magnitude are all energy density related; there-
fore, we have to institute a check so that, as the water
depth decreases, the increasing energy density does
not cause the higher order terms to overpower the
lower order ones. To guarantee this ordering, we im-
pose a breaking criterion: The waves will break when
ak = 0.4 in the computations. The amount of wave
energy exceeding this limit will be set to zero. This
criterion’ is a rather conservative one, for the Stokes
limit puts ak very close to unity. In view of the lab-
oratory and field observations as summarized by
Huang et al. (1986), we feel this choice is justifiable.
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FIG. 5. (Continued)
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FiG. 6. Same conditions as for Fig. 5 except that a nonlinear dispersion relationship with
a breaking criterion is used. Notice the slight frequency upshift of the energy near the coast-
line due to the finite amplitude effects in the dispersion relationship. (a) Wave energy in the
direction number 4 (toward the east direction perpendicular to the coastline), (b) wave energy
in the direction number 5, and (c) wave energy in the direction number 6.

Other values can be easily substituted in the future, if
they prove to be more realistic.

a. Coastal region without current

This is the simplest condition; the results can serve
as a reference to examine the variations of the more
complicated conditions. We will run the WAM for this
case only. The results would be identical for all the
subsequent cases with various currents, because the
version we have access to does not include the wave—~
current interaction or depth change as part of the
model. Therefore, for the comparisons with the sub-
sequent cases between GCWAM and WAM, we can
only refer to the WAM results of this case.

Figures 2a—c show the numerical simulation of en-
ergy density spectrum by the WAM. Figure 2a repre-
sents the energy density in the direction number 4, per-
pendicular to the coastline toward the east; Fig. 2b in
the direction number 5; and Fig. 2¢ in the direction
number 6. In all these figures, the horizontal axis rep-
resents the west to east physical distance starting from
the open ocean end, while the vertical axis represents
the logarithm of frequency.

As expected, Figs. 2a—c show that the swell energy
at any frequency remains constant along the propaga-
tion path, a consequence of energy transport without
sources or sinks. These are state-of-the-art wave model
results. Since the WAM does not include current ef-
fects, the results with currents will be identical to those
presented here. :

As a special test of the effects of different
model equations, the GCWAM is used here with
linear dispersion relation as in the WAM. Even
with this simplification, the depth effects still
become dominating. Energy pileup occurs as shown
in the Figs. 3a—c, as predicted by the analytic re-
sults of Phillips (1977). Other than this expected
energy pileup, there is an unexpected shift of energy
toward low frequencies near the coastline in the en-
ergy propagation directions number 5 and 6. This
shift can be explained by recalling the second
term of Eq. (18). For the cases with no current, or
steady-state current when k-v = 0, ¢, depends only
on

(G, + 1) Vo= %(53 +9)-Vd
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A swell Propagates from
western boundary continuously

5000m
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Input a surface current
from current model

S (The current is generated
due to a periodic tide
striking the seamount)

FiG. 7. A prospective view of the open ocean seamount region and the test condition (Experi-
ment 4). The test region is a 300 km X 300 km box with open boundaries. The free tidal current
is in the east—west direction at 0.2 m s™'. The swell condition is the same as in the coastal cases.

since

9o _ glk sech(kd)]* .
od 20 >0

therefore, the sign of c, depends on (¢, + ¥)-Vd.
When waves propagate into shallow water, ¢, becomes
negative. The negative sign here contributes to the
downshift of frequency. This term is not included in
the WAM, which is one reason why it cannot fully
model coastal regions. '

b. Coastal region with a steady nonuniform current

Next, we will study the same coastal region with the
additional steady but nonhomogeneous shear current
seen in case 2 of Fig. 1. The current flows from south
to north along the y direction with its current speed
increasing linearly from 0.2 m s ™! in the open ocean to
1.0 m s~ at the coastline. Since the WAM contains no
provision for current, its results would be identical to
those given in Figs. 2a—c. To test the effect of the shear
current, we ran the GCWAM with the linear dispersion
relationship as in the case with no current, and found
the main effect was to cause additional energy refrac-
tion, with the energy density in all directions enhanced.
As expected, the smallest variation is in the direction
perpendicular to the coast, along which the linear
model will give no change at all. As the wave propa-
gation direction changes, the variations becomes more
noticeable. For the sake of space, the results are not
shown here. Instead, the results using GCWAM with
the full nonlinear dispersion relationship are given in

Figs. 4a—c for wave energy in the direction number 4,
5, and 6 respectively. Here the breaking criterion to-
gether with the nonlinear dispersion relationship causes
the energy density to change in more than one way.
The trace of the energy enhancement due to the shear
current can still be seen 100 km offshore in the direc-
tion number 4 and 5, where the maximum energy den-
sity is higher than the corresponding cases with no cur-
rent. But at the coastline, the breaking criterion has
exacted a much heavier toll on the energy density. It
has eliminated energy pileup due to the depth effect.
The energy is no longer the greatest at the coastline.
The shear considered here is a simple one. When the
shear current meanders, additional energy refraction
will result through focusing and defocusing (Liu. et al.
1989). Also Holthuijsen. and Tolman (1991) pointed
out that observations from ships, aircraft, and space-
craft showed that ocean waves approaching the east
coast of the United States are affected by the Gulf
Stream. Other studies by Dingemans et al. (1986),
Holthuijsen and Tolman (1991), and Sakai et al.
(1983) have all indicated the effects of either current
or the combination of current and depth on the wave
field. The currents tend to create a confused sea state,
often with local wave energy higher than incoming

‘waves. Similar observations have been made off the

coast of South Africa, Japan, and California. The re-
sults in Fig. 4 are consistent with those observations in
indicating the modulations caused by the shear current.

In the presence of steady state current, there is ad-
ditional reason why the energy shifts to lower fre-
quencies near the coastline when k-0 # 0. Recall the
third term of the Eq. (18)



June 1996

6.661E+208
MAXIMUM VECTOR

LIN AND HUANG

859

uig,d) (TIDE:. B.2M/S, 24 HOUR PERIOD)
1.2 LN i N L N I S R S S A L S R |

-3
T 7 T T T

SER SURFACE VELBCITY (M/S)
¥

| T T [N TS (T WY NS TUU [N SO |

'
- '
= ©

LE
-
[
——

TIME (DARY)

FiG. 8. The numerical simulation of the ocean surface velocity over the seamount. The resonant interaction between the tidal current and
the local internal wave frequency produces a surface current much stronger than the free tidal current. (a) The spatial distribution of the
surface velocity over the seamount. (b) The time series of the horizontal velocity component over the seamount.

kD
ad

(6, + 1)V (kD) = [ ](c; +17)-Vd.

Since dk,v/dd < 0 and kv = —k,v in this case, we
must have dk-3/dd = — dk,v/dd > 0. This condition
again causes ¢, < 0 when the waves propagate into
shallow water.

c¢. Coastal region with a periodic tidal current

Next, we present the results for case 3 with an ad-
ditional 24-h period tidal current in the on-—offshore
direction. The tidal current increases along the west-to-
east direction from 0.2 m s~' at the open ocean to 1
m s~' at the coastline. This is the first case in which
we have a time-dependent current as well as topo-
graphic features; therefore, we will present more de-
tailed comparisons between the GCWAM with linear
and nonlinear dispersion relationships.

Figures 5a—c show the numerical simulation results
for the energy spectral distribution in GCWAM with a
linear dispersion relationship for the direction number
4, 5, and 6 respectively. Figures 6a—c show the cor-
responding results with a nonlinear dispersion relation-
ship given. As the breaking criterion has only been im-
posed on the nonlinear dispersion case, the effects of
breaking appear only in the nonlinear cases.

The effects of currents in these cases are drastic:
First, the energy density fluctuates with the period of
the tidal current. As shown in Fig. 5a, the maximum
values at the coastline vary from 1.6 to 2.3 m? Hz,

depending on the tidal cycle. In both Figs. 5a and 5b,
the locations of the maximum values move with the
tidal cycle; however, in Fig. 5c, the maximum energy
density regions always remain in the deep ocean and
only extend their fronts with the tidal cycle.

When comparing the cases with linear and nonlinear
kinematics, we found that the main nonlinear effect is
to eliminate the energy pileup at the coastline as in the
previous case. This is more related to the imposed
breaking criterion than to the dispersion relationship.
The lack of breaking is also the main reason why the
linear model shows more total wave energy than the
nonlinear model.

Nonlinear effects, as expected, should be weak at the
open ocean end as the results indeed show. They should
be stronger near the coastline, but, unfortunately, the
breaking criterion has clouded this issue. Yet weaker
effect can be discerned: the nonlinear dispersion does
cause more energy to approach, but not reach, the
coastline as shown in Fig. 5c versus Fig. 6¢. This, how-
ever, is only a relative effect. Other studies should be
devised to delineate this effect more clearly.

d. Deep ocean waves over a seamount with a tidal
current

The final case we studied is a deep ocean with a
seamount and unsteady tidal current. The region mod-
eled is a 300 km X 300 km box with open boundaries.
A bell-shaped seamount 4500 m in height and 40 km
in radius at half-height is located in the center of the
area under a 5000-m deep ocean. A perspective view
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F1G. 9. Comparisons between the energy density distributions produced by the WAM and
GCWAM, for a frequency of 0.1037 Hz in the direction number 5. (a) WAM results during
the transient stage; the wave front propagates without any tidal current effects. By the time
the wave front passes through the test section, the wave energy contour becomes uniform.
(b) GCWAM results during the same period as in (a); the effects of the tidal current effects
are clearly visible. (¢} GCWAM results through a whole tidal cycle. The current wave inter-
actions cause the sea state to vary with the tidal cycle, a phenomenon documented by SAR

observations.

of the test condition is given in Fig. 7. This bottom
topography is similar to that of Fieberling Guyot in the
Pacific Ocean, which has been studied extensively by
Etkin et XIV al. (1991).

We assume a 24-h period 0.2 m s ' free tidal current
flowing in the east—west direction covering the entire
ocean. The tidal current near the seamount will be mod-
ified as shown by Haidvogel et al. (1993). The sea state
is represented by the same swell spectrum used in the
coastal tests. Following an initial calm state, a contin-
uous and steady swell system will enter the test area
from the north and the west boundaries at # = 0. Then,
the swell conditions will be prescribed at each point on
these boundaries continuously and steadily.

A numerical simulation of the resonantly trapped
tidal energy has been modeled based on a modified o
coordinate coastal model by Haidvogel et al. (1993).
For the present numerical simulation, we chose the
Burger number (Bu = Nh/fw) = 1.125, where Nis a
Brunt—Viiséld frequency, £ is the height of the sea-
mount, w is the width of the seamount, and f is the

inertial frequency. This Burger number is chosen to
simulate the resonant case when the free wave fre-
quency of the Fieberling Guyot is close to the forcing
frequency. A strong nonlinear thermocline near the sea
surface is adopted based on observational data, pre-
senting an optimum condition for a bottom-trapped
wave near an isolated seamount to also occur near the
sea surface. The resonant oscillation will produce a
strong current field as discussed by Haidvogel et al.
(1993). Figure 8a shows a typical sea surface current
distribution based on the model results, where the tidal
current changes not only in magnitude but also direc-
tion. The velocity values over the seamount are much
greater than the free tidal velocity elsewhere. Figure 8b
shows a time series of sea surface horizontal velocity
in the x direction over the top of the seamount. The
surface velocity oscillates with a 24-h period, which is
similar to the tidal forcing. The absolute maximum ve-
locity over the whole tidal period can be as high as 1.05
m s ™!, which is about five times greater than the free
tidal current. The model-calculated sea state for the fre-
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quency component at 0.1037 Hz along the direction
number S5 covering a whole tidal period is shown in
Figs. 9a-c.

First, we will examine WAM results during the ini-
tial transient stage in Fig. 9a. As we turn on the swell
condition, the waves start to enter the test region from
the north and the west boundaries. At a time 360
minutes after the initiation, the swell front is clearly
visible. By the time of 720 minutes, the swell front has
almost passed through the test region. Subsequently,
the sea state becomes uniform as assumed. Since the
WAM does not include current effects, it does not pre-
dict any signature of the seamount in the sea state at
the surface.

The results from the GCWAM are quite different.
Even during the transient state as the wave front prop-
agates through the test region, the influence of the tidal
current is visible as shown in Fig. 9b. Again, by 1080
minutes after the initiation of the model run, the initial
swell front structure has passed through totally. Figure
9c shows the sea state during a whole tidal cycle after
the wave front has long passed through the test region.
The uniform sea state predicted by the WAM now be-
comes highly variable due to the effects of the tidal
current. The regions with the maximum variations also
move with the tidal cycle. This pattern is in qualitative
agreement with observations from Spaceborne Syn-
thetic Aperture Radar (see, for example, Etkin et XIV
al. 1991). To make quantitative comparisons, we have
to extend our model to a higher cut-off frequency than
is used here, so that the Bragg component for the SAR
will either be included, or the indirect wave—wave in-
teractions between the long-wave and the short-wave
components will be included. Howeyver, either case is
beyond the scope of the present paper.

4. Summary

Based on our comparisons, we conclude that the
GCWAM will produce more realistic results than the
WAM due to the improved numerics and kinematics.
Even for the case of a flat bottom of finite depth, the
numerical dispersion and the dissipation in the WAM
will annihilate energy computationally as discussed in
Part I. Additional differences between the two models
becomes obvious whenever there are ambient currents
and depth changes. In the coastal region, tidal currents
and depth changes are the norm rather than the excep-
tion; therefore, any model that is to be applied to the
coastal region should definitely include these factors.
The GCWAM is based on the action conservation law,
which enables us to include the current effects readily.
It also includes a more detailed computation of the dis-
persion effects due to an unsteady current and bottom
topography.

From the model results, we can see that there
are significant differences between the WAM and
GCWAM when there is a steady or unsteady current,
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or when a rough bottom topography and shallow waters
are included. Comparison with the analytical results for
simpler cases convinces us that the new model repre-
sents the kinematics more realistically. Over the deep
ocean, if there are rough topographic features such as
an isolated seamount, the new model will also offer
more realistic answers. Based on these studies, we con-
clude that the GCWAM offers a better alternative than
the current WAM model for coastal regions.
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