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Abstract: Recent advances in the Boussinesq modeling of nearshore hydrodynamics offer a platform for the study of wind effects on
wave transformation and breaking-generated nearshore circulation. The paper doc(némsnew parameterization of the momentum

flux transferred from the wind to surface gravity waves in the coastal region on the basis of the field obseiZatibasmplementation

of the parameterized wind stress into phase-resolving Boussinesq wave ni8p&ig; development of empirical breaking criteria with

the wind effect based on the existing laboratory data; @dhe tests of the extended Boussinesq model against field observations and
empirical results with respect to wind drag coefficients over shoaling waves and wave growth on a shallow lake. Fairly good agreemen
between the model results and measurements is observed. The methodology for the parameterization of the wind stress as a function
wave steepness and wind speed as well as the extended Boussinesq model incorporating the wind forcing can be used as a tool to imprc
our understanding of wind effects on nearshore wave propagation and horizontal circulation.
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Introduction (1996, in a series of laboratory experiments, have also demon-
strated the importance of wind speed and direction with regard to

Coastal dynamics are intrinsically complex owing to the highly wave breaking, similar to the findings from Galloway et al.’s
variable and nonlinear boundary conditions. Traditionally, we (1989 field observations. Unfortunately, quantification of wind
have focused on the influences of the seabed boundary on theeffects on wave breaking is currently unavailable. The mechanism
nonlinear transformation of coastal waves, such as wave shoalingof wind effects on wave transformation and breaking in the shal-
and refraction caused by bathymetric variations as well as depth-low water is still unclear. Consequently, the wind effects on the
limited wave breaking on the beach. The effects of the wind forc- generation of breaking-driven currents and resulting sediment
ing imposed on the ocean surface have also received much attentransport in the littoral region are virtually unknown.
tion in connection with the study of wave generation in the deep ~ Recent advances in Boussinesq modeling of nearshore hydro-
ocean. In contrast, the wind effects on wave transformation anddynamics have offered a platform for the study of wind effects on
breaking in the nearshore ocean, extending from the surf zone towave-induced horizontal circulation. Reviews on the recent de-
the water depth of about 10 m, have drawn much less attention invelopment and applications of Boussinesq wave models were
the literature. given by Madsen and Schaff¢t999 and Kirby (2003. Today,
Experienced surfers know that an offshore wind blowing from time-domain Boussinesq models are not only able to simulate
land to sea is usually associated with favorable surfing conditions, nearshore propagation of nonlinear waves, but are also capable of
specifically plunging breakers. Galloway et @989 conducted predicting breaking-induced cross-shore and alongshore currents
field measurements and revealed that offshore winds increase thavith remarkable accuracy, as demonstrated by Chen €1@89,
number of plunging waves, and onshore winds increase the num-2003, among others. A natural step forward is to parameterize the

ber of spilling waves. Douglas§l990, and King and Baker ~ Wind stress and incorporate it into the Boussinesq model aimed at
quantifying the wind influence on coastal waves and breaking-

induced nearshore circulation.
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Parameterization of Air—Sea Momentum Flux 3 Drag Coefficient

Field Evidence of Enhanced Air—Sea Momentum Flux

by Shoaling Waves 25
Field observations of air-sea momentum flux over shoaling E
waves were conducted by Anctil and Doneld®96 who mea- o

sured wind velocity componentse., downwind velocityu and 2
vertical velocityw) and surface waves simultaneously along a
cross-shore transect from 12.5 to 3 m water depth in Lake On-

tario. They estimated the air—sea momentum flux from the cova- 15 . )
riance of measured velocities at the anemometer height using the @) 0 5 10 15
eddy correlation method and inferred the drag coeffic@ptThe
wind stress on the sea surface may be expressed as 3
T == paUW 1)
wherep,=air density and the over bar denotes time average. The 25
drag coefficient is then estimated by o>
T uw :9
Cq (2) )

= — = - —
paU1o Ulo

in which Ujp=wind speed at 10 m above the sea level under the
neutrally stable boundary layer condition.

Fig. 1 shows the inferred drag coefficient, wave age, and wave (b) 1'50 15
steepness along the cross-shore transect. It is seen that the drag
coefficient increases as the water depth decreases before wave 0.06 Wave steepness
breaking. Inside the surf zone, wave breaking reduces the wave
steepness and consequently reduces the drag coefficient. The ratio 0.055
of the wind speed at 10 m above the sea level to the peak wave 0.05
celerity is the inverse of the wave age. Obviously waves become o
younger as the water depth decreases because of the reduction of dg 0.045
the wavelength, or wave celerity. T
The air—sea momentum flux can be parameterized using the 0.04 )
aerodynamic surface roughness length. On the basis of the field 0.035 "~.+
data, Anctil and Donela(1996 suggested that the surface rough-
ness lengtlz, was expressed as a function of wave age 0.03, 5 1 5
2 A ( Ulo) B @ (c) Water Depth (m)
Hmo Co Fig. 1. Drag coefficient (a) inverse of wave age(b) wave

in which Hy,=zero moment wave height; ard,=peak wave  steepness, angc) as function of water depth(solid lineg Ujo
celerity. The empirical coefficient&=9.25x 10°° and B=3.22 =15.1 m/s,(dashed ling U;g=14.2 m/s, anddashed-dotted lings
were obtained by a regression analysis of the field data. Morey, =136 m/s; data source: Anctil and Donekir996)

recently, Taylor and Yellan2002) proposed an alternative to Eq.
(3). They suggested that the surface roughness length was ex-
pressed as a function of wave steepness

unstable case
2 Humo | B (8,<05 or L<O0) (see, e.g., Hsu 1988At 10 m above the sea
H =A o 4 level under the neutrally stable boundary layer condition, we have
mo P v.,=0, ash,=0, or L— . Thus Eq.(5) becomes
where L,=peak wavelength; ané,=1,200 andB,=4.5 are re-
gression coefficients. Taylor and Yella(@D0J) indicated that Eq. Up 1 (10
(4) gave a better representation of a variety of existing data sets. U Kk In(z) ©)

The wind speed profile in the atmospheric boundary layer near

the sea surface may be approximatedeag., Hsu 1988 Upon the use of Eq2) and the definition of friction velocity, an

arrangement of E(6) leads to the relationship between the drag
U_Z _ E[In( z) _y (z)] 5) coefficient and the surface roughness lengttas used by Anctil
- m

U K Z L and Donelan(1996
where z=anemometer heightt),=wind speed measured at " 2
U« =(1/py)2=friction velocity; and k=0.4=von Karman con- d:<m) (7)
stant. The stability length. depends on the difference between %
the air temperatur®, and the sea surface temperatéte The Egs.(3), (4), and(7) will serve as a reference for the wind stress
empirical functionW, is a linear function ofz/L in the stable implemented into the Boussinesg wave model, as discussed in the

case(8,>6, or L>0) and a nonlinear function of/L in the following sections.
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Fig. 3. Comparison of Eq.(8) with drag coefficient formulas
complied by Geernae(tl990

Parameterization of Momentum Flux

The momentum flux transferred from winds to surface waves in
the time-domain Boussinesq wave model may be parameterized
as the wind stress;=p, C4U|U|, whereU=wind velocity vector  surements of the tangential and normal stresses on the air-water
at a reference elevation, aigy=corresponding drag coefficient.  interface(Banner and Peirson 1998uggest that the form drag
Suggested by the field evidence, the wind drag coefficient in the accounts for the major proportion of the wind stress once the
coastal zone must be a function of not only the wind speed, butwaves have developed beyond their early growth stage. The most
also the geometry of the surface gravity waves that are ofteninteresting scenario of wind effects on coastal waves is the strong
skewed and asymmetrical owing to the seabed boundary. We prowind condition. We hypothesize that the separation of airflow
pose a new formula of drag coefficient as follows: occurs on the lee side of the wave crest in the shallow water and,
consequently, the form drag is a dominant contributor to the mo-
C410°= (ag +agmy) +bUig (8) mentum flux between the atmosphere and the nearshore wave
where a,;, a, and b=empirical coefficients, and m, field. The hypothesis is in line with the sheltering theory proposed
=instantaneous surface slope computed in the Boussinesq modeky Jeffreys(1925 as a mechanism of wave generation.
Phase average of the drag coefficient allows for a comparison of ~The time-domain Boussinesq model resolves the individual
the new formula with conventional drag coefficient formulas, wave motion and predicts reasonably well the geometry of the
such as the equation proposed by \1980. surface waves distorted by the seabed, such as the skewness and
Fig. 2 illustrates the phase-averaged drag coefficient as a func-asymmetry of the waves in the shallow waterg., Chen et al.
tion of wind speed and wave steepndss(k=wave number and 2000 and Shi et al. 2003The wind stress implemented into the
a=wave amplitudg We choosea;=0.2, a,=18, andb=0.065. Boussinesq model should vary over a wavelength, with a larger
The wave steepness ranges from 0.05 to 0.2 with an increment ofdrag coefficient on the wave crest than that in the trough to take
0.05. It is seen that the new drag coefficient increases with boththe form drag into account. In fact, only the heterogeneous distri-
wind speed and wave steepness. Following (280, the third bution of the wind stress over a wavelength allows for changes of
term in Eq.(8) is set to be 0.4875 for wind speed less than wave height by a wind in a phase-resolving wave model. Assum-
7.5 m/s. The dashed line in Fig. 2 depicts the drag coefficient ing that the form drag is dominant over the skin friction, we apply

given by Wu the wind stress on the wave crest only, neglecting the effect of the
shear stress on the wave trough in the Boussinesq model. It is
C410°=0.8+0.06%, 9 worth mentioning that other forms of parameterization may be
which is only a function of wind speed. The curves of the new POSSPIe.

The temporal and spatial variation of drag coefficient is one of
the important features of the wind stress on the nearshore waves
simulated by the phase-resolving Boussinesq model. With the in-
cal formulas for the drag coefficient have been proposed in the Stantaneous wave celerity and wave slope obtained from the com-
literature (see e.g., Geernaert 199€ach formula represents the Puted surface elevation at each grid and every time step, the wind
best fit to a specific dataset. Fig. 3 shows a comparison of the newstress is calcu!ated as a function of the wmd velocity rglatlve to
drag coefficient and the existing formulations. It is seen that the the wave celerity as well as the wave slope in the following form:
scattering of the drag coefficient as a function of the wind speed
may be explained by the effect of the sea state, or the wave _
ste()e/pness. Fétatisticalslly, E®) agrees fairly well with all the data, 7= CapalU10~ (U3~ C) (10
which is not achieved by any single existing formula of drag where C=instantaneous wave celerity estimated in the Bouss-
coefficient. inesq model. Eq(10) is similar to the wind stress formulation

One of the crucial differences in airflow over steep surface followed by Schwab et alil1984) in a wave prediction model on
waves in comparison to the flow over a flat surface is the presencethe basis of a phase-averaged momentum balance equation rather
of a form drag due to the separation of airflow. Laboratory mea- than an energy balance equation.

drag coefficient are parallel to Wu’s curve and the offset depends
on the wave steepness.
In addition to Wu(1980’s equation, a large number of empiri-
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Extended Boussinesq Wave Model 0.8

0.8k

The formulation of the wind stress is implemented into the Bouss-
inesq wave model developed by Wei et@995, Kennedy et al.
(2000, and Chen et al2000, 2003. In order to take into account
the short waves generated by local winds, we also extend the
dispersion accuracy of the one-dimensional version of the model
to kh=6 (h=still water depth by introducing the additional terms
from Madsen and Schafferid998 equations into the model. A
new set of coefficients for better shoaling properties of the equa-
tions (Madsen personal communication 2002 and Kennedy et al.
2002 is also implemented into the model. In one horizontal di-
mension, the extended Boussinesq equations read

0.8
M+ My=0 (11)
08
where
2 041 _ : .
1 1 ' ¥
M = (h+'f])|:ua + (E - é(hz_ hn + nz))uaxx"' (Zu + E(h - n)) Ad ol i i g
db
o
X(hua)xx + (BZ - Bl)hz((h + 'n)ua)xx_ BZ(hZ((h + 'n)ua)x)x 0.2
+ (B2~ By — Ba(hPmy)y (12 -0.4 ; x :
-10 -5 0 5
and F
Uyt T UgUy T OMx F Ag+t Ay + A+ A3-R,-R+R - R, =0 Fig. 4. Wind effects on breaking locations from King and Baker
(13) (1996: (top) spilling breakers;(bottom) spilling and plunging
breakers
where
An= (_ + (g = a)h? Uy + (2, — ash)(h +(a comparison to Wei et al.’61995 model, the additional terms in
0=| 3 *leem ) o (& oo (N (2 Eq. (12) require the solution of a tridiagonal system for the con-
- OLl)hz'r]xxx_ (M) (14) tinuity equation.

Other extensions of the model include the modification of the
. L . breaking criteria in the model to account for the energy dissipa-
Ay = [ ZuUy (MU + 322U U = (MU, + 3 (U], + 3 (et tion owing to whitecaps. The original breaking criteria in
Kennedy et al.(2000 were designed for depth-limited wave
- 2012 _1 2
o) (U ) = 202N(NCU ) ) 19 breaking. The basic idea is to replace the still water dépty
C?/g whereg is the gravitational acceleration. This leads to the
Ay= [nuax(huu)x— MU (MUY — %nzuaxt]x (16) modified criteria for the onss{tqi')) and cessatio(mi':)) of wave
breaking as follows:

) 2_1 2
A3 - [27] (uax) 2M uauaxx]x (17) ’T]{I) =v,C (19
In the equationsy free surface elevation relative to the still water
level; u,=velocity at the reference elevatiag(=-0.54122) in TﬁF) =v,C (20)

the water column; and the subscrigt@nd x denote time and ) ) o
spatial differentiations, respectively. The dispersion enhancement” Whichy;;=0.35-0.65 and;=0.15. We choose the lower limit
coefficients with improved shoaling properties atB;, B.) of Yain the presence of_ a wind that_ is in the direction of the wave
=(0.03917,0.315236 and (ay, a)=(0.01052,0.124537 The train. Other terms Wlltf!n in }he br.ea.klng scheme of Kennedy et al.
additional termsR,, R, Ry, andR, represent the effects of wave (2000 are also modified in a similar fashion.

breaking, subgrid lateral turbulent mixing, seabed shear stress,

and wind stress, respectively. Detailed descriptions of the first )

three terms can be found in Chen et @999. Upon the use of ~ Wind Effect on Wave Breaking

Eqg. (10), we obtain

Laboratory Data

Ry = ﬁcd\Ulo‘ Cl(Up-0) (18 King and Baker(1996 presented data sets of laboratory experi-
P n ments on the wind effect on depth-limited wave breaking. Their
wherep=water density. work is an extension of the physical experiment conducted by

The internal wavemaker for the generation of random waves at Douglasg1990 with the improvement in the modeling of the air
the offshore boundary is extended to accommodate the enhanceboundary layer. The model scales are 1:50 and 1:100 for the water
ment of dispersion properties in the Boussinesq equations. Inwave and the airflow, respectively. Fig. 4 shows the measured
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breaking locations as a function of wind speed in King and Bak- ) Roller
Non-breaking

er's (1996 experiment. The horizontal axis is the Froude number Cg Roller o
defined as
U
F=—7— (21)
vgH,

where U=wind speed at a reference elevation arg=wave

height near the wave maker. The vertical axis is the difference in

the breaker depths with and without a witlld) normalized by

the breaker depth in the presence of a widg). A positive F

corresponds tp a W'nq blowing onsh_ore and a negairre- . Fig. 5. Schematic of wave breaking on barred beach witashed

sponds to a wind blowing offshore. It is seen that an onshore wind lines and without(solid lineg an onshore wind

tends to cause an early occurrence of breaking and vice versa for

an offshore wind. In other words, an onshore wind causes waves

to break further offshore in the deeper water while an offshore

wind causes waves to break further onshore in the shallowering, the waves will break in the deeper water as illustrated by the

water in Comparison to the case without a wind, if the Change in dashed lines in Flg 5, and vice versa for the case of an offshore

the water level due to the wind is small. It appears from the wind.

|aboratory experiments that Sp||||ng and p|unging breakers re- Notice that the above equations are derived from the labora-

spond to the wind effect somewhat differently. tory data for the depth-limited wave breaking. It may not be ex-
Both experiments conducted by Dougl#$890 and King and tended to the steepness-limited breaking. Furthermore, caution

Baker(lgga were focused on the wind effect on wave breaking needs to be taken when USing the breaking criteria under condi-

in the shallow water. They found that the breaker height was tions different from the laboratory because of the scaling prob-

hardly affected by the wind speed and direction. Because of thelems. Nevertheless, we demonstrate a procedure that can be used

change in the breaker depth in the presence of a wind, the ratio ofto develop breaking criteria with the wind effect if simultaneous

wave height to water depth at the breaking location appears to befield measurements of breaking location and wind speed are avail-

a function of wind speed and direction, in addition to the beach able.

slope and offshore wave steepness.

Barred Beach

Empirical Breaking Criteria Model Tests

The mechanism of thg wind influ_ence on_depth-limited wave Drag Coefficient over Shoaling Waves

breaking was hypothesized as a microbreaking prod@ssglass

1990 or as a vortical effect resulting from the wind velocity shear Anctil and Donelan’y1996 field experiment on air-sea momen-
(King and Baker 1996 This small scale breaking mechanism is tum flux over shoaling waves provides us with an excellent data
not taken into account by any conventional macrobreaking crite- Set to test the wind stress we introduce to the Boussinesq model.
ria. Therefore, new empirical breaking criteria as a function of the However, a direct simulation of the data set is difficult because
wind speed are developed for the extended Boussinesq model orthe extended model with better dispersion properties is limited to
the basis of the laboratory data. A cubic curve fitting of the spill- one horizontal dimension arih<6. Thus we opt to compare the

ing and plunging data in Fig. 4 yields drag coefficient derived from the Boussinesq model results to the
drag coefficients computed from the formulas developed by An-

f = Ad = (0.067F3+ 0.26°2 + 0.79)0.01 (22) ctil and Donelan(1996 and Taylor and Yellan@2001).
d, Fig. 6 shows the bathymetry and the cross-shore variations of

the wave age and wave steepness in this test case. The horizontal
axis is the distance from the wave maker in the Boussinesq
model. We construct the bathymetry using the measured water
dyo depth at four instrumentation locations. The offshore wave con-
= Tfr (23 ditions are taken from an average of three measurements, which
gives the zero moment wave heigHt,,=0.9 m and the peak
Combining the shoaling and wind effects, we obtain the empirical \ygye periodT,=5.3 s at the offshore water depth of 8.4 m. Be-

As Ad=d,-d,o, whered,=breaker depth without a wind, we
have

dp

breaking criterion cause no measured wave spectra are available, we use a relatively
2" =\C (24) broad Texel-Marsden—ArsIgTMA) spectrum (Bouws et al.
! 1985 with the shape parametey=2.0. The wind speed is
where U,0=7.0 m/s and remains constant in the computation domain.
\ = 0.651 —f,)075 25) The peak wave celerity and peak wavelength are calculated from

the linear wave theory, and the wave height is given by the Bouss-
Fig. 5 illustrates the effect of an onshore wind on wave break- inesq model. Waves become shorter due to the shoaling effect. It
ing over a barred beach. The solid lines sketch the wave profileis seen that both the inverse of the wave age and wave steepness
with rollers near the bar crest and close to the shoreline. In theincrease rapidly in the wave depth shallower than 3 m near the
case of an onshore wind, the Froude number is positive and so isshoreline.
f.. Thus Eq.(25) yields a coefficient smaller than 0.65 that is the Inserting the wave age and wave steepness into Bysand
default coefficient calibrated by Kennedy et @000 in the ab- (4), respectively, we obtain the surface roughness length. Direct
sence of a wind. With a smaller criterion for the onset of break- use of Eq.(7) yields the drag coefficient that is a function of the
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Ratio of U, t0 C x 10~° Modeled Surface Roughness
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o Bathymetry Fig. 7. Cross-shore variations of surface roughnésg) and drag
coefficient(bottom) in case ofU,,=7.0 m/s:(solid lineg Anctil and
-2 Donelan (1996, (dashed lines Taylor and Yelland(2001, and
£ (dotted ling Boussinesg model
z -4
%
z -6
1Y}
-8 wave age and wave steepness in this test case. The storm surge
caused by the strong wind increases the offshore water depth by
'1(1’00 200 300 400 500 600 20 cm in compari_son to the previqus case. Because of the larger
(c) Distance (m) offshore wave height, wave breaking reduces the wave steepness
near the shoreline, as shown in Figbg By contrast, the wave
Fig. 6. Cross-shore variations @) inverse of wave aggp) wave age decreases monotonically from the deep water to the shoreline.
steepness, an@) bathymetry in case df)1g=7.0 m/s It is anticipated that both Anctil and Donelari5996 and Taylor

and Yelland's(2001) formulas predict different surface roughness
length in the surf zone.

surface roughness. Conversely, solving Ef) with a phase- Fig. 9 depicts the cross-shore variations of the surface rough-
averaged drag coefficient from the Boussinesq model leads to theness length predicted by both Anctil and Donelai996 and
corresponding surface roughness length. Fig. 7 shows the crossTaylor and Yelland's(200) formulas as well as the phase-
shore variations of the surface roughness length predicted by theaveraged drag coefficient, and the comparison of the drag coeffi-
both formulas and the comparison of the drag coefficients derived cients derived from the Boussinesq model and &y. Similar to

from the Boussinesq model and E@). It is seen that both Anctil ~ Fig. 7, both formulas predict very similar surface roughness
and Donelan'gf1996 and Taylor and Yelland’§2001) formulas length of the wave field given by the Boussinesq model except for
predict very similar surface roughness of the wave field from the the shallow water where wave breaking reduces the wave steep-
Boussinesg model except for the area very close to the shorelingness. Fair agreement is observed between the phase-averaged
where wave breaking reduces the wave steepness. We notice thadrag coefficient given by the Boussinesq model and the drag co-
the phase-averaged drag coefficient given by the Boussinescgfficients obtained from the estimated surface roughness length
model agrees very well with the drag coefficients using the esti- and Eq.(7), except for the region close to the shoreline. The
mated surface roughness length. Similar agreement is observedoughness length inferred from the phase-averaged drag coeffi-
between the surface roughness lengths inferred from the phasecient predicted by the Boussinesq model, however, amplifies the
averaged drag coefficient and the wave fields. differences.

The second test case has a wind speed)gfFE14.1 m/s, a In general, the model results in both test cases agree fairly well
zero moment wave height,,=2.13 m, and a peak wave period with the drag coefficients inferred from field measurements out-
T,=6.8 s at the offshore water depth of 8.6 m. Similar to the first side the surf zone. This indicates that the parameterization of the
test case, a TMA shallow water wave spectrum with the shapedrag coefficient incorporated into the Boussinesq model is a rea-
parametery=2.0 is employed as the offshore boundary condition. sonably good representation of the air—sea momentum flux over
Fig. 8 shows the bathymetry and the cross-shore variations of thethe shoaling waves.
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Fig. 9. Cross-shore variations of surface roughnésg) and drag
Bathymetry coefficient(bottor) in case ofU,p=14.1 m/sysolid lineg Anctil and
0 Donelan (1996, (dashed lines Taylor and Yelland(2001), and
- (dotted ling Boussinesgq model
E L
% The fetch between Stations 5 and 8 is about 4.25 km. The up-
& -6 wave boundary condition is taken from the observation at Station
w 5 where the zero-moment wave heightHs,,=0.367 m and the
-8 peak wave period i¥,=2.34 s in the case of a moderate wind
(U10=10.8 m/g, andH,,=0.473 m andl,=2.4 s in the case of a
‘"1’00 200 300 400 500 600 strong wind(U,,=15.2 m/3. We use TMA shallow water wave
(c) Distance (m) spectra with the shape parameter3.3 at the up-wave boundary
as the input to the Boussinesg model. A bottom friction coefficient
Fig. 8. Cross-shore variations @& inverse of wave agef) wave of £=0.0005 is used in the quadratic law of the bottom shear
steepness, an@) bathymetry in case df);;=14.07 m/s. stress(Chen et al. 1999

Fig. 10 shows comparisons of the computed and measured
significant wave heights and wave periods as well as the com-
puted and inferred drag coefficients under the moderate wind con-
The test cases in the preceding section concentrate on the surfacdition. It is seen that the wave heights predicted by the Bouss-
roughness length and drag coefficient associated with shoalinginesq model are in fairly good agreement with the field
waves over a distance of about 500 m. Can the wind stress imple-measurements. The computed peak wave periods, however, do
mented into the Boussinesq model simulate the growth of wind not agree with the observations. The wind stress incorporated into
waves over a longer fetch? We shall address such a question usinghe Boussinesq model simply does not lead to the increase of the
the data set of wave growth in Lake George, Australia collected wave period along the fetch. The downshift of the peak frequency
by Young and Verhage(1996). is absent in the modeled wave energy spectrum. This is attributed

Lake George is a shallow lake with a typical water depth of to the inability of the Boussinesg model to take quadruplet inter-
2 m. It is about 20 km long and 10 km wide. A series of eight actions into account and to describe the full process of wave
observation stations were deployed along the north—south fetch togrowth. Interestingly, the phase-averaged drag coefficient calcu-
measure the wind waves. The wave data collected by Young andlated from the Boussinesq model is in good agreement with the
Verhagen(1996 under a nearly ideal condition have served as a coefficient estimated using the modeled wave characteristics and
test bed for a number of phase-averaged wave models, such a#nctil and Donelan’y1996 formula. The drag coefficients given
simulating waves nearsho(Booij et al. 1999. We choose two by Taylor and Yelland’¥2001) formula (triangles, however, are
data sets corresponding to a medium wind speedUgf smaller than either Boussinesq or Anctil and Donelan’s result
=10.8 m/s and a large wind speed Wf,=15.2 m/s to test the  (solid line and squargs
wind stress formulation incorporated into the Boussinesq model.  Similar comparisons are made for the case of large wind speed
Owing to the dispersion limit of the Boussinesq mo@ei<6), as shown in Fig. 11. Again, the Boussinesq model predicts the
only the observations at the last four statighs8) are utilized. growth of wave height fairly well in comparison to the field mea-

Wave Growth on Shallow Lake
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Fig. 10. Comparisons of computed and measured significant wave Fig. 11. Comparisons of computed and measured significant wave
heights(a) computed and measured peak wave peridgssomputed heights(a) computed and measured peak wave peridsisas well as

and inferred drag coefficients, and) in case ofU;;=10.8 m/s: computed and inferred drag coefficients, aric) in case of
(solid lines Boussinesg model results(circles Young and U10=15.2 m/s: (solid line§ Boussinesq model resultgcircles
Verhagen's (1996 observations, (squares Anctil and Donelan  vyoung and Verhagen's1996 observations(squares Anctil and
(1996, and(triangleg Taylor and Yelland2001) Donelan(1996), and(triangleg Taylor and Yelland2001)

surements but considerably underpredicts the increase of waveWind Effect on Longshore Currents

period. The agreement among the drag coefficients is also very

similar to the case with a moderate wind. The phase-averagedRecently, Chen et al2003 and Chen(2004) introduced a pro-
drag coefficient obtained from the Boussinesq model agrees betteicedure to transform Boussinesg-type equations derived from the
with Anctil and Donelan’s result than does Taylor and Yelland’s assumption of potential flow into a wave-current model by con-
formula, as shown in Fig. 1&). Notice that all the drag coeffi-  sistently recovering the vertical component of vorticity associated
cients are computed using the wave field given by the one- with wave-driven currents. Longshore currents generated by the
dimensional Boussinesg model, which is not able to predict the breaking of obliquely incident waves on a natural beach were
downshift of the peak frequency. It should be pointed out that the successfully simulated by Chen et 003 using an enhanced
Boussinesq model with the wind forcing is not able to simulate Boussinesq model. However, wind forcing was not included in
wave growth from a calm sea or small ripples that eventually their simulations. Field observations have shown that winds can
grow to larger waves. Nevertheless, the prediction of wave height contribute considerably to the measured longshore curtergs
growth under both moderate and strong wind conditions by the Hubertz 1986 For a wind blowing obliquely from sea to land,
Boussinesq model confirms that the new formulation of wind the alongshore component of the wind stress will either enhance
stress is a reasonable representation of the momentum flux transer reduce the magnitude of the wave-induced longshore current,
ferred from a wind to surface waves in nearshore regions in a depending on the wind and wave directions. On the other hand,
phase-resolving model. the cross-shore component of the wind stress will cause setup of
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fetch in this case. A larger wind-induced setup is anticipated for a
larger model domain.

One of the interesting results of this idealized numerical ex-
periment is the prediction of a weaker longshore current under an
onshore wind in comparison to the case without a wind. The
change in the surf zone width owing to the winds does not seem
to influence the cross-shore width of the longshore current. How-
ever, the change in the wave breaking location alters the cross-
shore gradient of the radiation stresses, or the driving force of
longshore currents. The implication of the model results is that an
onshore wind may reduce the longshore sediment transport rate
despite an increase in the distance between the breaking point and
the shoreline. Conversely, an offshore wind may enhance the
longshore sediment transport rate because of the stronger current
(not shown herpand the increased number of plunging breakers.
Notice that the wind direction is restricted to the cross-shore di-
rection in the numerical experiment. The implication of our nu-
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5 Summary and Conclusions

o o | _ _

5 The time-domain Boussinesq wave model has been extended to
"é, 0 including the wind effects on the nearshore wave propagation and
S . 5 6 7 8 9 breaking-generated currents. A new methodology for the param-

eterization of the wind stress has been developed based on field
observations of air-sea momentum flux over shoaling waves. The
drag coefficient incorporated into the Boussinesq model is not
only a function of wind speed, but also depends on the wave
steepness. The fairly good agreement between the drag coefficient
derived from the Boussinesq model and the results predicted by
the sea state dependent roughness formulas indicates that the for-
mulation introduced to the Boussinesq model is a good represen-
the mean sea level, or storm surge. In principle, a Boussinesgtation of the wind effect on shoaling waves. Although the one-
model covering a large domain can predict both the wind- dimensional Boussiensg model incorporating the wind forcing is
generated current and setup, but a nondispersive shallow-watetinable to predict the downshift of the spectral peak, the model
model is computationally more suitable for such simulations than reproduces fairly well the measured growth of the wave height on
Boussinesg models. Lake George. The test confirms the effectiveness of the new wind
Besides those well known wind effects on the nearshore water,Stress parameterization in terms of the momentum or energy
Douglass(1990 suggested that the change in the breaking loca- transfer between the wind and the water.
tion by a wind could impact the wave-generated longshore current  Wave breaking criteria have been modified to take into ac-
and sediment transport. We shall examine such an impact usingcount the wind effect on wave breaking on the basis of the exist-
the extended, two-dimensional Boussinesq wave model incorpo-ing laboratory data. The two-dimensional version of the forced
rating the wind effects. Because the breaking criteria were devel- Boussinesq model with the new breaking criteria has enabled us
oped using laboratory data, we restrict our numerical experimentto simulate longshore currents on a planar beach at the laboratory
to a planar beach at the laboratory scale. The slope of the planascale to understand the response of a current to the change in the
beach is 1:20, which starts from an offshore water depth of breaking location caused by a wind. The methodology for the
35 cm. The obliquely incident, regular wave train has an ampli- parameterization of the air-sea momentum flux as well as the
tude of 3.9 cm, a period of 1.02 s, and an angle of 15.4° in the extended Boussinesq model incorporating the wind effects appear
offshore depth. The setup of the numerical wave basin is similar to be a promising tool for the study of sea—swell-wind interac-
to the well known Visser's(1991) laboratory experiments on tions, wind effects on nearshore wave propagation and horizontal
longshore currents without a wind. circulation, and the spatial variability of the sea surface roughness
Fig. 12 compares the computed wave heights, mean water lev-length. Owing to the complex nature of the turbulent boundary
els, and longshore currents with and without a wind. With the new layer over the ocean surface, detailed laboratory, and field experi-
breaking criteria, the extended Boussinesq model predicts an earments are required to verify the parameterization and numerical
lier occurrence of wave breaking under an onshore wind condi- model, and to improve our understanding of air-sea processes.
tion in comparison to the case without a wind. The magnitude of
the Froude number for the wind reaches eight. It is seen that Acknowledgments
although the cross-shore variation of wave setup is slightly af-
fected by the change in the breaking location, the maximum wave This study was supported by the Office of Naval Research
setup is barely influenced by the wind because of the very shortthrough Contracts Nos. N000173-01-P-6905 and N00173-02-1-
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