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Abstract. The influences of surface waves on ocean currents in the coastal waters of the South
Atlantic Bight are investigated by using a coupled wave-current modeling system. The ocean
circulation model employed is the three-dimensional Princeton Ocean Model (POM), and the
wave model invoked is an improved third-generation wave model (WAM). The coupling
procedure between the POM and the WAM and the simulated coastal ocean circulation driven by
uniform surface winds are presented. The simulated results show that wind waves can
significantly affect coastal ocean currents not only through an enhancement of wind stress but also
through a modification of bottom stress. Wave-induced wind stress increases the magnitude of
currents both at the surface and near the seabed. On the other hand, wave-induced bottom stress
weakens the currents both at the sea surface and near the seabed. Therefore the net effect of
surface wind waves on currents depends on the relative importance of current modulations by
wave-induced wind stress and bottom stress. The results further indicate that at a fixed location,
the relative importance of wave-induced surface and bottom shear stresses in coastal ocean
circulation depends on the surface wind field. For the constant wind cases considered in this
study, the effect of wave-induced bottom stress is more significant in along-shore wind conditions

than in cross-shore wind conditions.

1. Introduction

When winds blow over water, currents and surface waves are
generated contemporaneously. Wind-induced currents, surface
waves, and interactions between them are critical factors for
many physical processes in the ocean such as the transport of
mass, momentum, and energy, coastal upwelling, storm surge,
and air-sea interactions. These physical processes further affect
chemical and biological processes such as the dispersion of
pollutants and transport of biota. Existing wave-current
interaction models [Tolman, 1990; Holthuijsen and Tolman,
1991; Masson, 1996] have focused mainly on the influence of
currents on waves. However, in many circumstances, surface
waves also play an important role in determining the ocean
current fields. For example, large surface waves typically
accompany storm surge under the influence of tropical and
extratropical cyclones. These wind waves can not only cause
direct damage to coastal structures but also contribute to the
overall storm surge [Mastenbroek et al., 1993; Komen et al.,
1994].
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Generally speaking, surface waves affect ocean currents in the
following ways: (1) increasing the surface roughness length and
thus enhancing the effective wind stress [Donelan et al., 1993],
(2) increasing the bottom stress in shallow waters where the
wave’s orbital velocity below the sea surface is large enough to
influence the bottom currents [Christofferson and Jonsson,
1985], and (3) interacting with the current field through radiation
stress [Longuet-Higgins and Stewart, 1962]. Surface waves may
also affect currents in other ways, such as through the wave-
induced Stokes’ drift and the Coriolis wave stress [Huang, 1977,
Jenkins, 1987]. How to incorporate these effects into an ocean
circulation model has been the subject of several recent studies.
For example, Davies and Lawrence [1995] examined the effect of
surface waves on the bed friction factor and on the currents in a
three-dimensional current model. They showed that for waves
with periods longer than 10 s, the bottom friction is significantly
enhanced and causes a reduction in near-bed currents. Davies and
Lawrence [1995] used a prescribed surface wave field with
constant amplitude and wave period and thus did not consider the
effect of currents on waves and the effect of waves on wind
stress. On the other hand, Donelan et al. [1993] investigated the
effect of surface waves on wind stress and proposed an empirical
model for the estimation of surface roughness length in the
presence of surface waves. In this case, the total surface shear
stress can be computed as the sum of the wave-independent wind
stress and the wave-induced shear stress. Komen et al. [1994]
documented that by including the wave-induced surface shear
stress, the maximum height of the storm surge predicted by a

- wave-current coupled model can be significantly improved.
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The purpose of this study is to better understand the physical
mechanisms of wave-current interaction in the presence of both
wave-induced surface and bottom shear stresses using a coupled
wave-current modeling system. This study extends that of
Davies and Lawrence [1995] by including an explicit simulation
of the wave field and the coupling of waves and currents through
both surface and bottom shear stresses. Brief descriptions of the
coastal ocean circulation model and the wave model are given in
section 2. The coupling procedure is described in section 3.
Section 4 introduces the geographical settings of the study area
and the designs of the modeling experiments. The simulated
effects of wind waves on surface and near-bed ocean currents
under a constant wind are discussed in section 5, followed by a
discussion of the sensitivity of the model results to wind
directions in section 6. Main conclusions are summarized in
section 7.

2. Model Descriptions

The coupled wave-current modeling system is based on the
well-known Princeton Ocean Model (POM) [Mellor, 1996] and
the third-generation wave model (WAM Cycle 4) [Komen et al.,
1994]. A brief description of the POM and the WAM, and
modifications to the two models as well as the coupling
procedure, is presented below. :

2.1. Circulation Model

The POM is a three-dimensional, primitive-equation model
that uses a sigma [0=(z—1)/D] coordinate in the vertical, a
curvilinear orthogonal coordinate (x and y) and an “Arakawa C”
grid scheme in the horizontal. Here D is the total water depth, z
is the distance from the mean sea surface, and 7 is the water level
departure from the unperturbed sea surface. The POM contains
an embedded second moment turbulence closure submodel to
provide vertical mixing coefficients. The model has a free surface
elevation and a split-step time step. It has been used to describe
the evolution of the oceanic mixed layer [Large and Crawford,
1995] and the response of the Gulf Stream to cold air out breaks
[Xue and Bane, 1997]. More recently, Xie et al. [1998, 1999a,b]
used this model to study the response of the Carolina coastal
ocean to Hurricane Fran and found that significant differences
exist between the responses of the coastal ocean versus those of
deep waters to a moving hurricane.

The nonlinear momentum equations used in the POM model
can be written as
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Here U and V are the two horizontal velocity components in the x
and y directions, respectively,  is the velocity component
normal to 6 surfaces, D=h+1n , h(x,y) is the unperturbed water
depth defined by the bottom topography, and 7(x,y,t) is the
surface elevation above the mean sea level. The value of o ranges
from 0=0 at z=0 to 6=—1 at z=—h; F, and F, are horizontal
momentum diffusion terms parameterized according to
Smagorinsky [1963]. They are related to the subgrid-scale
mixing processes, which are not directly resolved by the model. g
is the gravitational acceleration, ¢ is time, f is the Coriolis
parameter, p, is the reference density, and p is the density at
sigma level o. The first term on the right-hand sides of (1) and
(2) are parameterized Reynolds stresses, where K,, is the
turbulent diffusion coefficient of momentum modeled according
to the second-order turbulence closure scheme of Mellor and
Yamada [1982]. The original POM model also contains
prediction equations of temperature and salinity which, in the
present application, are prescribed.

The atmospheric wind forcing is applied at the sea surface
through the following surface wind stress

7, = pCplU, U, (€]

where p, is the air density, C, is the drag coefficient at the air-sea
interface, and U,, is the surface (10 m above mean sea level)
wind speed. The bottom stress is similarly estimated by

‘ 7, = pG,|U|U, 5)
where C, is the drag coefficient in the ocean bottom boundary |
layer, and U is the bottom current vector, and p is water density.
In wave-current coupled simulations, C, is determined by a sea
state-dependent friction parameter (see section 3 for details).

Equations (1)-(5) are used in the POM. In order to couple the
circulation model to the wave model, these equations must be
modified to include the effect of waves.

First, the radiation stresses due to direct wave-current
interactions need to be added to the right-hand side of (1) and (2).
It is well known [e.g., Longuet-Higgins and Stewart, 1962] that
for a unit mass of water the radiation stress forcing in the x and y
directions can be written, respectively, as
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where the radiation stress tensor is
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with S, =S,.. Following Lewis [1998], (1) and (2) can then be
rewritten as
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For convenience, hereinafter we will refer to the modified POM,
which utilizes (9) and (10), as the NCPOM.

2.2. Wave Model

The wave model used in this study is based on the third-
generation wave model, WAM Cycle 4 [Komen et al., 1994].
The model is constructed by solving the following ocean wave
spectral transport equation

dF - = a J

SV ((C +7)F)+ 55 (CoF) +==(CuF)=G 1)
where F(®,0;x,y,t) is the ocean wave directional spectrum, @ is
the frequency, 6 is the direction of wave component, C, is wave
group velocity, V is the mean current, Cy and C,, are the transport
velocity of directional spectrum in 6 and @ space, respectively,
and G is the sum of the source function, being

G =S8, +S,+S 4 (12)

where S,,, S,;, and S, represent, respectively, the physics of wind
input, nonlinear wave-wave interaction and wave energy
dissipation due to wave breaking and bottom friction. The third
term on the left-hand side of (11) describes the refraction due to
current effects, and the fourth term describes the energy
redistribution due to frequency transformation.

In the WAM model the wind input term is given by

S, =v-F, 13)

where 7, the growth rate of the waves, is related to wind forcing.
It is modeled according to Snyder et al. [1981] and is consistent
with the theory of Miles [1957].

The nonlinear wave-wave interaction term represents the
nonlinear, conservative energy exchanges between all possible
quadruplet wave components satisfying the following resonance
conditions for wave number k and frequency @

K Hek =k, (14)
0FO0F0, (15)

where components 1, 2, and 3 exchange energy with component
4. The equations and discrete interaction approximation method
needed to compute the nonlinear wave-wave interaction are given
by Hasselmann and Hasselmann [1985] and Hasselmann et al.
[1985].

The dissipation term relates to two mechanisms of wave
energy dissipation with respect to water depth. In deep water,

16,843

energy dissipation due to wave breaking is dominant.
process can be described mathematically as

br =YaF, (16)

where 7, is the dissipation rate due to wave breaking based on
Komen et al. [1984]. In shallow waters, energy dissipation can
be caused by several physical processes, which are dependent on
the conditions of the ocean floor. However, in the WAM, only
bottom friction is considered in the shallow waters outside the
surf zone. The bottom friction term is given as a linear expression
obtained from the Joint North Sea Wave Project Experiment
[Hasselmann et al., 1973]:

This

r o

Py
g* sinh“(kh)
where I'is a constant, k is the magnitude of the wave number, and
g is gravity. In the surf zone, both wave breaking and bottom
friction processes are considered.

Generally speaking, when ocean waves propagate through a
spatially and temporally varying current, their properties can be
significantly affected due to wave-current interactions. The
influences of currents on surface waves induced by wave-current
interactions can not only kinematically change the wave
frequency and wave number but also dynamically affect wave
fields via the radiation stress. Equation (11) describes the wave
evolution in a slowly varying current ( V), and it only considers
wave-current interactions kinematically. In order to consider
wave-current interactions both kinematically and dynamically, it
is necessary to incorporate the radiation stress (7:VV) into the
spectral transport equation. This can be achieved either by
converting (11) into wave action balance equation [Lin and
Huang, 1996a,b] or by adding the radiation stress term directly to
(11). The latter approach involves explicit computation of
radiation stress, which is needed in the circulation model as a
coupling mechanism. After doing so, (11) becomes [Phillips,
1977]

%§-+V~((ég+ V)F)+%(C9F)+-a%

Here the radiation stress tensor T is expressed as

Sbf == (17)

(CoF)+T:VV=G.(18)
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Equation (18) is the governing equation for surface wind waves
used in the present study. For convenience, we will refer to the
modified WAM as the NCWAM.

3. Coupling between Waves and Currents
3.1. Coupling through Surface Shear Stress

It has long been recognized that surface wind stress over water
is directly correlated with the surface wind vector multiplied by
its absolute value. However, considerable uncertainty remains in
the exact relationship between wind stress and wind via the drag
coefficient, particularly in the presence of wave-induced surface
roughness. In the last decade, significant progress has been made
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on the effects of surface waves on wind stress [Smith et al., 1992;
Donelan et al., 1993, and references therem] Intuitively, when
wmd blows over the sea surface, surface waves are generated,
and these surface waves can, in turn, modify the surface
roughness Thus when estimating the drag coefficient, both wind
speed and surface wave effects should be taken into account.

In this study the effect of surface waves on the drag coefficient
will be incorporated into the circulation model through the use of
the empirical model of Donelan et al. [1993] which computes the
roughness length according to

U2 U 0.9
29 =3.7%1075 A’[-—&] @1

g8\ G

where C, is the wave speed corresponding to the spectral peak
frequency, U,, is the wind speed at 10 m above the mean sea
fevel, and U,/C, represents the wave age. Since wave age
characterizes the wave development stages, the wind stress is
detémined by both the 10 m wind and wave states.

3.2 Wa\"‘e-Current Coupling through Bottom Stress

Surface waves can not only affect the currents by modifying
the drag coefficient but also affect the current field in shallow
water regions by modifying the bed stress: The orbital velocity of
wind waves decreases rapidly with depth below the sea surface.
But in shallow waters when the effect of wind waves is strong
enough to reach the bottom boundary layer, turbulent mixing can
be enhanced by the wave effects and, consequently, bottom stress
can be modified by wave-current interactions [Grant and
Madsen, 1979]. ’

" Davies and Lawrence [1995] examined the effects of the
wave-induced bottom stress on the currents in shallow waters by
using a three-dimensional, wind-driven circulation model with
prescribed surface wind waves of constant amplitudes and
periods. They considered the mechanism proposed by Grant and
Madsen [1979] and the computational approach suggested by
Signell et al. [1990]. The study by Davies and Lawrence [1995]
indicated that surface waves can significantly affect the currents
by modifying the bed friction coefficient in shallow waters.

In the present study the same procedure proposed by Signell et
al. [1990] and used by Davies and Lawrence [1995] will be
adopted to compute the wave-enhanced friction coefficient f,. A
brief description of this procedure is presented below.

For simplicity, only the procedure applicable to collinear
waves and currents are described, though extension to waves and
currents at an arbitrary angle is not complicated. Detailed
discussion of this procedure and other relevant references are
given by Signell et al. [1990].

At the seabed, in the absence of wind waves, the bottom stress
components Fj; and G, can be related to the near-bed currents U,
and V, using a quadratic friction law

Fy=0.5{pU(U+V)" 2)
Gy=0.5£,pV(U+V )" (22)

The total bed shear stress 7, can be decomposed into the
maximum wave bed stress 7, and instant current bed stress 7,
namely,

T=T AT, 24)

7,=0.5f,pU,’ (25)
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where U, is the maximum near-bed wave orbital velocity
depending on water depth and f,, is the wave friction factor.
The near-bed wave orbital velocity is given by

U,=a,/sinhkh, (26)

where a,, is the wave amplitude, ® is the wave frequency, and k is
the wave number determined from the linear dispersion relation

©’=(gk)tanh(kh). 27

The values of f, can be computed from the semiempirical
expression of Jonsson [1967] and Jonsson and Carlsen [1976]
which was derived based upon laboratory observations:

1 +log;o( 1
10
4\t 4t

For the calculation of the current friction factor f,, taking the
wind waves into account, we follow Davies and Lawrence [1995]
and Signell et al. [1990], using

)=-0.08 +1ogyq (%). (28)
b

K
fe=2 In(30z, /k,,c)]’ @9
with z, being the reference height at which the slip condition is
applied, taken here as 100 cm. Initially, k. is taken as the
Nikuradse roughness K,=30z, and z,=0.146x10? m
Having determined the initial values of the wave friction
factor f, and current friction factor f,, we can readily use the
following iterative method to compute the effective drag
coefficient £, taking into account the surface wave effects. The
wave friction velocity Ux,, and current friction velocity Us, can
then be computed from

Us,, = (22112, (30)
o

Us, = (212, @)
o

Next the combined friction velocity U.cy for currents and waves
is given by

Usp, = (U2, +UZ)Y2. (32)
The apparent bottom roughness k,, due to wave-current
interaction can then be computed from
Us,

kpe = ky[24 L0 Ab ]‘9 with B=(1-—%), (33)
Uw *cw
where A, =U,, /o is the near-bottom excursion amplitude.

The new value of k,, computed from (33) is used in (29) to
obtain an updated value of f,. Through this iterative process we
can compute the final value of f, which includes the effects of
wave-current interaction. This final value of f, will then be used
to compute the bed stress components F from (22) and G, from

(23) in the three-dimensional circulation model.

3.3. Wave-Current Interaction through Radiation Stress

In the present study we will directly calculate the radiation
stress from the wave momentum flux formula [Longuet-Higgins
and Stewart, 1962]

kk; C, (C
S —E[ 2 (Cg—%}sy] (34)

where E is the wave kinematic energy density, k is the wave
number, k; and k; are the two components of the wave number
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C
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Initial forcing Current model c 2
where
t=0 l T C, .
T Sy =Sy =812=5= E—g—sm(pcos(p . (38)
wind R Coupler t < tend All above results are obtained from monochronic wave theory.
” Assuming that the above equations are suitable for the

v

Wave model

Initial forcing

Results

Figure 1. Flow diagram illustrating the coupling process between
the wave and the current model.

vector, respectively, C is the wave speed, C, is the group speed,
and §; is the Kronecker & tensor. We have

¢ 1
=& =p, n=_+__kd_’ (35)
c 2 sh(2kd)

with a being the wave amplitude. Assuming that the angle
between the wave direction and the x axis is @ and the wave

number components are k=k,=cos@, and k= k2—51n(p, then the
radiation stress can be expressed as

1000
1300
2000
2560
3000

component waves in the wave directional spectrum described by
linear random wave theory, the radiation stress for realistic ocean

waves can then be written as
T Wy 1 ‘
g
®,0)d6dw, (39
pgjj[ (C 2) ]f( oo, (39)
where F(w,0) is the frequency directional spectrum, and ®, and
, are the lower and upper limits of frequency in the numerical
wave model, respectively. All of the wave parameters, including
the directional spectrum, can be calculated from the wave model.
The effects of radiation stress on currents can then be computed
by the substitution of the radiation stress into the right-hand sides
of (9), (10), via (39).

3.4. Coupling Procedure

After incorporating the above three types of wave effects into
the circulation model (NCPOM), the coupling of the wave model
and the circulation model is straightforward. This is illustrated in
Figure 1. It describes the coupling process between the wave
model (NCWAM) and current model (NCPOM). The idea is to
exchange the simulated data between the wave model and the
current model at every time step. In other words, the current field

Figure 2. A three-dimensional depiction of the study area and bathymetry.
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Table 1. List of Experiments

Experiment Cases Wind Wave- Wave-

Direction Induced Induced

(deg) Surface Bottom

Stress Stress
1 NN 0 (360) no no
2 YN 0 (360) yes no
3 NY 0 (360) no yes
4 YY 0 (360) yes yes
5 St 45 no no
6 Sane 90 no no
7 S 135 no no
8 Snna 180 no no
9 Sxns 225 no no
10 Sxneg 270 no no
11 San7 315 no no
12 Synt 45 yes no
13 Synz 920 yes no
14 Syns 135 yes no
15 Syns 180 yes no
16 Syns 225 yes no
17 Syne 270 yes no
18 Syn7 315 yes no
19 Snyi 45 no yes
20 Sny2 90 no yes
21 Snys 135 no yes
22 Snys 180 no yes
23 Snys 225 no yes
24 Snys 270 no yes
25 Sny7 315 no yes
26 Syyvi 45 yes yes
27 Syy2 90 yes yes
28 Svyys 135 yes yes
29 Svvs 180 yes yes
30 Svyys 225 yes yes
31 Svvs 270 yes yes
32 Svyyr 315 yes yes

computed from the NCPOM is used in NCWAM to compute the
wave directional spectrum. The wave directional spectrum is
used in the coupler to compute the new surface and bottom shear
stresses, which are, in turn, used in the NCPOM model to
compute the currents at the next time step.

4. Model Setting and Experiment Design

The model domain and bottom topography (Figure 2) used in
this study are the same as those used by Xie et al. [1998]. The
study area covers the coastal waters from the Georgia-South
Carolina border in the South Atlantic Bight to the North
Carolina-Virginia border in the Middle Atlantic Bight. The
coastline, which is depicted as an infinite vertical wall at which
the velocity component normal to the wall is zero, forms the
western boundary of the model domain for both the circulation
model and the wave model. The north, south, and east
boundaries are open boundaries which are described,
respectively, by the radiation boundary condition which allows
gravity waves to propagate outward across the boundaries in the
circulation model [Mellor, 1996] and by the no-gradient
boundary condition in the wave model. The horizontal grid size is
uniformly set to 5 km in both x and y directions. The (x, y)
coordinates are rotated 37° counter-clockwise from the latitude
and longitude lines, respectively, to align the coast approximately
with the y-axis. In the vertical direction, 18 ¢ levels are used.

XIE EL AL.: NUMERICAL STUDY OF WAVE-CURRENT INTERACTION

The surface drag coefficient C,, for all wave-current coupled
runs is derived according to the coupling procedure described in
section 3 and for stand-alone current model runs is based on the
work of Large and Pond [1981] .

C - 1.14x107
D™ | (0.49+0.065U)x1073

In this study, we will focus on the effect of waves on
circulation under constant wind conditions. First, four
experiments (Cases NN, YN, NY, YY) under different wave-
current coupling scenarios (Table 1) are designed to examine the
relative contribution of wave-induced surface and bottom shear
stresses to ocean currents. In these experiments a constant wind
with a speed of 18.45 m s blowing from the northern to the
southern boundary of the model domain is applied. The 18.45
ms™' wind speed has been chosen because it is the wind speed
used in a number of other wave modeling studies [e.g., Komen et
al., 1994]. Then 28 experiments (Cases Syy, Syn, Sny> and Syy in
Table 1) with the same wind speed but different wind directions
are conducted to examine the sensitivity of wave effects to wind
directions. In all simulations the wave model and the current
model are run for 24 hours.

In this study, we will focus on the effect of wave-induced
surface and bottom shear stresses. To isolate these effects, we
have switched off the wave-current coupling through the
radiation stress.

Uy <10ms™!

4
Uy >10ms™ “0)

5. Simulated Wind-Driven Circulation Under an
Upwelling Favorable Wind

In this section the simulation results from the first four
experiments listed in Table 1 (Cases NN, YN, NY, and YY) are
presented. We will focus on the differences among the four cases
and assess the relative importance of wave-induced surface and
bottom shear stresses on the currents and sea surface elevation.

5.1. Simulated Wind-Driven Circulation in Case NN

Consider first the wind-driven circulation in the uncoupled
case (Case NN). In this experiment the surface drag coefficient
Cp, is computed from (40) [Large and Pond, 1981]. The bottom
drag coefficient C, is set to a constant of 0.00375 as by Davies
and Lawrence [1995]. The simulated near-surface and near-bed
currents in Case NN are shown in Figures 3a and 3b. The
contours in these figures represent the magnitude of the currents.
The surface water level is shown in Figure 3c. The response of
the coastal ocean is consistent with the “Ekman frictional
equilibrium response” found in other parts of coastal waters
[Beardsley and Butman, 1974; Scott and Csanady, 1976]. At the
surface the near-shore currents are mainly parallel to the
coastline, whereas the offshore surface currents are directed 30°-
45" angle to the right (onshore) of the wind (Figure 3a). The
magnitude of surface currents ranges from the order of 0.2-0.4
ms™ in deep water to about 1.2 m s in shallow water. Near the
bottom the currents are also mainly parallel to the coastline near
the coast but veer increasingly offshore as the water depth
increases. The strongest bottom currents are of the order of 0.6
ms™ and occur near the coast. In response to the down-welling
favorable south-southwestward wind, there is a 0.2-0.5 m coastal
sea level setup accompanying the onshore surface flow (Figure
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Figure 3. Simulated surface and bottom currents and sea level in Case NN: (a) surface current vectors, (b) as in
(Figure 3a) but for bed currents, and (c) sea level anomalies. The contours in Figures 3a and 3b indicate current
speed.

3c). The maximum setup occurs along the southern portion of  (21) [Donelan et al., 1993], which .shows that the surface drag

the Capes. coefficient depends on both wind speed and wave state. The latter
is characterized by the spectral peak frequency of the wave
5.2. Simulated Wind-Driven Circulation in Case YN frequency spectrum. The predicted spectral peak frequency from

In Case YN the coupling between currents and waves is only the wave model combined with the magnitude of wind speed at
through wave-induced surface shear stress. This is done through each grid point determines the value of the drag coefficient at that

x 107
2.5 T T T T
— L&P(1981)
2r C% co°=0.25(rads") i
— . m°=1.00(rads“‘) ‘
0
NE 15k - m°=1.75(rads'1) / i
‘%’ —x— ©=250(rads”)
a_,x; — o)0=3.25(rads'1)
g 1r - wo=4.00(rads'1) i
0.5¢F T
0 =4 !
0 5 10 15 20 25

Wind Speed (m/s)

Figure 4. Wind stresses computed using different drag coefficients. The smooth solid curve shows the wind stress
as a function of wind speed based on the drag coefficient of Large and Pond [1981]. The rest six curves represent

the wind stresses based on the wave-modified drag coefficient proposed by Donelan et al. [1993] under different
peak wave frequency.
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location. Once the drag coefficient is determined, the surface
shear stress can be computed from the quadratic stress law (4).
The modulation of surface shear stress by waves is illustrated in
Figure 4. The surface shear stresses based on Donelan et al.
[1993] (dashed curves) under different wind speed and sea state
conditions are generally larger than that based on the surface drag
coefficient of Large and Pond [1981] (solid curves). The
modification of the surface shear stress by surface waves
increases significantly as the wind speed or wave frequency
increase. For example, at a wind speed of 18.45 m s and a
spectral peak frequency of 4 rad s, the magnitude of the surface
shear stress based on the drag coefficient of Donelan et al. [1993]
is approximately 80% larger than that based on the drag
coefficient of Large and Pond [1981]. Comparisons between the
solid and the broken curves in Figure 4 indicate that the
modification of surface shear stress is closely related to wave age
changés. For young waves the spectral peak frequency is large,
and accordingly, the wave-induced surface stress is large.
However, for fully developed wind waves the spectral peak
frequency is small and accordingly the effect of waves on surface
stress is relatively small.

The wave-enhanced surface shear stress in Case YN resulted
in significant increases in surface and bottom currents (Figures 5a
and 5b), as well as coastal sea level setup (Figure 5c). The
maximum surface current speed exceeded 1.4 m s’ and the
maximum bottom current speed exceeded 0.6 m s near Cape
Fear, North Carolina. The highest coastal sea level setup
increased to 0.7 m off the coast of South Carolina.

The effect of waves on currents can be further illustrated in the
difference fields of currents and sea level between Cases YN and
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NN (Figures 6a-6¢). Both surface and bottom currents are
generally stronger in Case YN than in Case NN as indicated by
the southward vector current differences. The largest difference
in the surface current field reached 0.3 m s or about 25% of the
value in Case NN. The largest difference in the bottom current
field is about 0.1 m s, or 15% of its value in Case NN. The
strongest modifications of currents near the surface and at the
bottom are both near the coast and shoals in the shallow waters.
As the water depth increases, the effect of waves decreases
rapidly. Figure 6c is a plot of the water level difference between
Cases YN and NN. A significant increase of water level in Case
YN (0.1-0.13 m or 15-25% of its value in Case NN) can be found
near the coast. Similar to currents, as the water depth increases,
the difference of water level between Cases YN and NN
decreases. Thus the effect of wind waves appears to be more
pronounced in coastal waters. This is because under a constant
wind the magnitude of the wind stress increases as the wave
spectral peak frequency increases (Figure 4). As shown in
Figure 7, the wave spectral peak frequency @q(=2 7f ) increases
as the water depth decreases. The magnitude of the wave peak
spectral frequency ®, increases from about 0.6 rad s in the
relatively deep offshore water to approximately 0.9-1.0 rad s in
the shallower coastal water. As a consequence, under a constant
wind the effect of waves on wind stress is larger in the shallower
water than in the deeper water.

5.3. Simulated Wind-Driven Circulation in Case NY

In this subsection, we will primarily examine how the wind-
driven circulation and sea level are modified by wave-induced
bottom stress. This is done by comparing the results in Case NY,
where the currents and waves are coupled only through wave-
induced bottom stress, and those in Case NN. The effect of
wave-induced bottom stress on currents has been studied by
Davies and Lawrence [1995], where the effect of waves on
bottom stress is simulated by using a three-dimensional
circulation model with a prescribed wave field, which has a
constant amplitude and period. Here we will take a somewhat
similar approach, and the coefficients associated with the bed
drag coefficient f,, such as z, and z;, are set to the same values
as those used by Davies and Lawrence [1995]. However, in this
study we will prescribe the wind field, not the wave field. The
latter will be simulated using the wave model under realistic
coastal topographic setting. Thus the wave field used here will
have variable amplitude and period and is thus more realistic.

Figures 8a and 8b show the simulated surface and bottom
currents. The wind is again blowing toward the southern
boundary of the model domain as in Cases NN and YN. The
general circulation pattern is similar to that in Case NN (Figures
3a and 3b). However, differences in magnitude are evident in
shallow water regions. The currents are generally weaker,
especially near the bottom. The maximum surface current is
reduced about 0.4 m s from 1.2 to 1.3 m s in Case NN to 0.8-
0.9 m s in case NY. This represents a weakening of 25-35%.
The largest bottom current is weakened by over 50% in shallow
waters (from more than 0.6 m s in case NN to less than 0.3 m s
in Case NY). These large changes in current speed in shallow
waters near the coast indicate the strong influences of wave-
induced bottom stress. Figure 8c depicts the water level in Case
NY. Clearly, the reduction in current speed resulted in a smaller
coastal sea level setup. The maximum setup decreased from 0.5-
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Figure 8. Same as Figure 3, but for Case NY.

0.6 m in Case NN to 0.4-0.5 m in Case NY, a reduction of 10-
20%.

To.understand the effect of waves on bottom stress, we will
examine the distribution of wave period (Figure 9a). It shows that
the wave periods range from 2 to 3 s in very shallow waters to 9
to 10 s in deep waters. On the continental shelf the typical wave
period is 7-8 s. The distributions of significant wave heights as
well as the wave directions are shown in Figure 9b. The wave
height varies from 1 m near the coastline to 6 m in the deep
water. From the wave direction distributions (the vector field) the
phenomenon of wave refraction induced by bottom topography
and wave-current interaction is clearly shown (influence of
currents on waves will be discussed elsewhere). From Figures 9a
and 9b it is seen that even under constant meteorological
conditions the wave fields cannot be considered uniform. Thus in
the computation of bottom friction, spatially non-uniform wave
fields should be used. '

Compared with Cases NN and YN discussed earlier, the effect
of waves on the bottom stress was found to dampen both surface
and bottom currents as well as reduce water level near the coast.
However, in Case YN, wave effects on the surface stress were
found to cause an increase of surface and bed currents and sea
level. Thus surface waves produce two opposite effects on the
circulation: energy input through surface stress and energy
dissipation through bottom stress. Thus it is important to
quantify these two effects and understand the net effect of waves.

To quantify the effect of wind-induced bottom stress, the
differences of wind-induced surface and bottom currents between
Cases NN and NY are plotted (Figures 10a and 10b). Note that
for the convenience of comparing with Figures 6a and 6b, the
difference in Figures 10a and 10b is chosen in the opposite sense

(i.e., Case NN-Case NY) as that in Figures 6a and 6b, so the
prevailing direction of the vectors remains the same (southward)
as that in Figures 6a and 6b. It is shown that the maximum
decrease in both surface and bottom currents due to wave-
induced bottom stress is more than 0.30 m s (Figures 10a and
10b) near the coast. The decreases of currents, both at the sea
surface and at the seabed, are of the order of 0.10 m s in
offshore waters. The sea level difference between the two cases is
also plotted (Figure 10c). Again the difference is in the opposite
sense of that in Figure 6c, that is, Case NY-Case NN. The water
levels were found to decrease from the order of 0.00-0.05 m in
the relatively deep water to the order of 0.10-0.15 m near the
coast (Figures 10c).

5.4. Simulated Circulation in Case YY

The effect of surface waves on the surface and bottom stresses
were examined separately in sections 5.2 and 5.3. Generally,
surface waves affect both surface and bottom stresses. In order to
examine the net effect of surface waves on ocean currents, both
the wave-induced surface and bottom stress effects must be
studied together. This is considered in Case YY.

The simulated current fields in Case YY are shown in Figures
11a and 11b. The general flow patterns are similar to those found
in Cases NN (Figures 3a and 3b), YN (Figures 5a and 5b) and
NY (Figures 8a and 8b), but there are quantitative differences.
To quantify the differences between Cases YY and NN, we
plotted the differences of surface and bottom currents between
Cases NN and YY in Figures 12a and 12b. The difference in
Figures 12a and 12b is in the same sense as that in Figures 6a and
6b, that is, currents in Case NN are subtracted from those in Case
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YY. The difference vectors near the coast are predominantly
opposite to those offshore. Near the coast the vectors are mainly
southward (in the same direction as the actual current), indicating
a weakening by the net wave effects. In the offshore waters the
vectors are generally northward (but smaller than those near the
coast), indicating an enhancement by the net wave effect. The
maximum decrease in the magnitude of surface currents due to
the inclusion of wave effects on both wind stress and bottom
stress is 0.1-0.2 m s (15%). However, in offshore waters the
surface currents are about 0.1 m s stronger in Case YY than in
Case NN (Figure 12a). The bed currents in Case YY are
generally weaker than in case NN when wave effects are
considered in both wind stress and bottom stress. The maximum
bottom current in Case YY is about 0.3 m s weaker than in Case
NN. Figure 12c shows the differences of water level between
Cases NN and YY (Case YY-Case NN). The water level
differences are from 0.2 to 0.25 m with a lower value in Case
YY. However, the largest differences are located along the
northern portions of the Carolina Capes, which is out of phase
with the high water level along the southern portion of the Capes
(Figure 11c).

6. Sensitivity to Wind Direction

The southwestward alongshore wind cases discussed in
section 5 indicated that the damping effect of wave-induced
bottom stress can be more significant than the enhancement
effect of wave-induced wind stress in some areas of the shallow
coastal waters. However, as we will show below, the combined
(net) effect of wave-induced wind and bottom stresses can be
quite different under different wind directions. Here we will
examine the sensitivity of the net effect of wave-induced surface
and bottom shear stresses on coastal currents and sea level to
wind direction changes. The wind speed is kept the same as that
used earlier (18.45 m s*), but the directions vary from 0° (or
360°) (u =0, v=-18.45ms™"), t0 315° (u = 13.05 ms’, v =-13.05
m s) at an interval of 45° (Table 1).

In order to quantify the effect of surface waves on the coastal
circulation under different wind directions, the domain-averaged

. kinetic energy at the sea surface and that near the bottom are

computed for each wind direction (Cases Sy, Synis Sy and
Sy,i» Where 1=1,2,3,...,7). The results are shown in Figure 13a
(for surface kinetic energy) and Figure 13b (for bottom kinetic
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energy). The various curves depict the mean kinetic energy
change as a function of wind direction in Cases Syy (thick solid
curve), Syy (thick dash curve), Syy (thin solid curve), and Syy
thin dash curve). The largest kinetic energy in both surface and
bottom current fields was found in Cases Syy. Thus wave-current
interaction through surface stress alone enhances the currents
throughout the water column. In other words, wind waves
increase the input of wind energy into the ocean. On the other
hand, the smallest kinetic energy in both surface and bottom
current fields occurred in Cases Syy. This suggests that wave-
current interaction through bottom stress alone always decreases
the kinetic energy throughout the water column. In other words,
wave-induced bottom stress acts as a dissipation mechanism not
only for bottom currents but also for currents throughout the
entire water column. The mean surface kinetic energy in Cases
Syy is somewhat larger (smaller) than that in Cases Syy for winds
with directions roughly from 50° to 130° and from 230° to 325°
(0° to 50° and 130° to 180°). Thus for winds blowing
predominantly alongshore (cross-shore), wave-induced bottom
shear stress is more (less) important than the wave-induced
surface shear stress. In other words, the net wave-induced
surface and bottom shear stress effect can either enhance or damp
the surface current, depending on the wind direction. For the
kinetic energy in the near-bed flow, the effect of wave-induced
bottom shear stress is larger than that of the wave-induced
surface shear stress for all wind directions. As a result, the mean
kinetic energy of the near-bed flow in Cases Syy is generally
larger than that in Cases Syy except for direct offshore winds
(Figure 13b). The difference of mean near-bed kinetic energy
between Cases Sy, and Syy is larger for alongshore than for
cross-shore winds. In fact, there is almost no difference for direct
offshore winds (wind direction ~ 270°). Thus surface waves
generally cause a damping effect on the near-bed flow and this
damping effect increases as the winds rotate either clockwise or
counterclockwise from cross-shore directions toward alongshore
directions.

7. Conclusions

Previous studies have shown that surface waves can increase
ocean currents by enhancing the wind stress [e.g., Donelan et al.,
1993] and decrease the ocean currents by enhancing the bed
stress [e.g., Davies and Lawrence, 1995]. The former effect
generally leads to an increase in coastal storm surge (or sea level
change) [Komen et al., 1994]. Our study suggests that in order to
estimate the net effect of wind waves on ocean currents and sea
level change, the effects of wave-induced surface and bottom
shear stresses must be examined simultaneously. Although wind
waves generally increase the magnitude of currents, both at the
sea surface and at the seabed, through wave-induced surface
shear stress, wave-induced bottom shear stress can play a
significant and even dominant balancing role in wave-current
interaction. The relative importance of wave-induced surface and
bottom shear stresses in wave-current interaction depends on the
surface wind field. For the constant wind speed (18.45 m s™)
considered in this study, it is shown that the effect of wave-
induced bottom stress is more significant for along-shore winds
than for cross-shore winds. The results of this study also indicate
that the effect of waves on currents is mainly present in shallow
coastal waters and attenuates rapidly offshore as water depth
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increases. This is consistent with the results found in other
studies [e.g., Davies and Lawrence, 1995].

It should be noted that the results presented above are derived
from a specific wind speed (18.45 m s1). As we will show in part
2 of this study, the effects of wave-induced surface and bottom
shear stresses also depend on the wind speed. In tropical cyclone
situations the effect of wave-induced surface shear stress is
generally more important than that due to wave-induced bottom
shear stress, and hence the effect of wind waves usually increases
the magnitude of storm surge. It should also be noted that in
order to fully understand the effect of waves on coastal ocean
circulation, the turbulence closure scheme used in the POM
model to determine the diffusion coefficient must consider the
effect of waves on the energy flux across the air-sea interface.
The present study focuses on the combined effects of wave-
induced surface and bottom stresses on coastal ocean circulation,
and it is beyond the scope of the present study to address the
dynamical coupling between surface waves and turbulence
closure.
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