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ABSTRACT

A model is developed to explain the observation made in several laboratory experiments that short wind-
generated waves are suppressed by a train of long, mechanically generated waves. A sheltering mechanism is
responsible for generation of the short wind waves, by which wave growth is proportional to the local turbulent
wind stress. Hence, if the turbulent wind stress near the surface is reduced by the long wave, then the short
wind wave amplitude, and hence also the energy in the short waves at a given fetch, is lower than in the absence
of long wave. A quantitative model of this process is formulated to examine the ratios of the growth rate and
the total energy density of wind waves with and without a long wave, which is shown to agree reasonably well
with the laboratory experiments. The model also explains why this suppression of wind waves by a very long
swell is not observed in the ocean where the effects of swell on wind waves are extremely difficult to detect.
In the model, the reduction in the turbulent wind stress by the long wave is largest for small values of C, /u,
(where C_ is the phase speed of the long wave and u, is the friction velocity of the wind). When this ratio is
larger than about 25 (typical of ocean swell), both the reduction of the turbulent wind stress by the long wave
and, consequently, the reduction in the total energy density of the wind waves are very small, which explains
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why this phenomenon has not yet been observed on the ocean.

1. Introduction

Several laboratory studies (e.g., Mitsuyasu 1966;
Phillips and Banner 1974; Donelan 1987) have observed
that, when a train of long, mechanically generated,
waves are made to propagate in the same direction as
the wind is blowing, then the short-wavelength wind-
generated waves are suppressed. As the slope of the
mechanical wave is increased, there is a reduction in
the spectral density, particularly inthe energy containing
range, and thus the total energy density of the wind
generated waves. For example, with a long wave of
slope, a k., of approximately 0.05, Mitsuyasu (1966)
reported a reduction in the total energy density of the
wind waves to less than 60% of the value in the absence
of mechanical waves, while for a_ k, = 0.105, Donelan
(1987) found that the total energy density of the wind
waves was reduced by a factor of about 2.5. What are
the mechanisms responsible for this striking phenom-
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enon? And what is the implication for the effects of
swell on wind waves on the ocean?

In deep water, without currents, the evolution of the
frequency spectrum of wind waves, ®(a, X, t), is gov-
erned by the energy balance equation (see, e.g., Komen
et a. 1994, p. 47):

P ad
at + Cg aX SN + Snl + 33157 (l)
where o is the radian wave frequency and C, is the
group velocity. The three source terms, S, S, and S,
represent, respectively, energy input from thewind, non-
linear energy transfer due to wave-wave interactions,
and energy dissipation due to wave breaking. The afore-
mentioned laboratory measurements were made of a
steady state so that the spectral density at any fetch and
frequency is determined entirely by the upwind evo-
lution of these source functions (which themselves are
fetch dependent), namely,

B0 %) = f S S S @

The observed suppression of wind waves could there-
fore be the result of changes caused by the mechanical
wave to any of these source functions. Indeed, several
mechanisms have been put forward. First, Phillips and
Banner (1974) attributed this phenomenon to enhanced
wave breaking (i.e., to S,.). According to this idea, the
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Fic. 1. Schematic of (&) the configuration with wind blowing over wind waves and paddle
waves, and (b) the vertical profiles of contributions to the total stress, 7.

wind-driven drift current is modul ated by the long wave,
which then enhances the breaking of short wind waves
at the crest of the mechanical wave. However, Wright
(1976) has shown that the Phillips—Banner mechanism
is too weak at higher wind speeds and does not have
the correct variation with wind speed. Second, Masson
(1993) has suggested that nonlinear wave-wave inter-
actions (i.e., S,) might be responsible for the reduction
in the growth of the wind waves. Masson (1993) showed
no quantitative comparisons with data, but the calcu-
lations do show that the nonlinear energy transfer be-
tween a long wave and wind waves decreases rapidly
with the ratio of the peak frequency of the wind waves
to the long-wave frequency, with no significant energy
transfer for ratios greater than about 1.6. Since the fre-
guency ratio isgreater than thisin all the af orementioned
laboratory experiments, this explanation does not seem
viable.

In this paper we suggest that the suppression of wind
waves by a long wave is due to direct coupling of the
long wave with the wind (i.e., S,). We follow an idea
suggested by Makin et al. (1995), and more recently
developed by Makin and Kudryavtsev (1999) in their
calculation of the drag of the sea surface. Hence, we
suppose that the long wave absorbs momentum from
the wind as a drag on the long wave. Conservation of
momentum then shows that this drag leaves a smaller
turbulent momentum flux in the wind to generate waves,
which therefore develop more slowly. A complete de-
scription of a quantitative formulation of this model,

which is similar to the idea described briefly by Belcher
and Chen (1999), is described in section 2. Full, and
new, quantitative comparisons with data are described
in section 3. In section 4, we discuss the implications
of this process on the effects of swell on wind waves
on the ocean. Finally, a further discussion of the as-
sumptions and conclusions are given in section 5.

2. The model

The model for how the long wave affects the wind-
induced growth of the short wavesis developed in three
stages. First, the wind-induced growth rate of the long
wave is determined using results from previous studies.
Second, this growth rate of the long wave is used to
determine the fraction of the stress, or equivalently the
momentum flux, carried in the wind that is absorbed by
the long wave. Since the total stress is constant with
height, we thus also determine the fraction of turbulent
stress remaining in the wind that is available to grow
short wind waves. A schematic of the configuration with
wind blowing over wind waves and long waves and the
vertical profiles of contributions to the total stress is
shown in Fig. 1. Third, and finally, this reduced tur-
bulent stress is used in a formula for the fetch-limited
growth of wind waves that has been determined em-
pirically in previous laboratory studies.
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Fic. 2. Variation of wave growth-rate coefficient, B, with c/u, . Solid triangles: linear theory
for slow and fast waves (Belcher 1999); Linked open circles: nonlinear numerical computation
with second-order closure (Mastenbroek 1996); solid circles: laboratory measurements of wind-
ruffled paddlie-generated waves (Mitsuyasu and Honda 1982); other symbols: data collated by

Plant (1982).

a. Wind-induced growth of the long wave

Consider a train of long, monochromatic, mechani-
cally generated waves, that is, the long wave, which, in
the absence of the wind, has angular frequency o, am-
plitude a, , wavenumber k_, and henceaslopea, k, . This
long wave propagates in the direction of the wind and
grows with fetch due to the action of the wind (as ob-
served by Mitsuyasu and Honda 1982). The wind-in-
duced growth rate of the long wave, v, , is defined by

0P.(0)
p ©)

where ®, (o) is the spectral density of the long wave.

Recent weakly nonlinear analyses of wind over waves
(van Duin 1996; Belcher 1999) have determined that
the growth rate of a monochromatic wave is

2 2

Pa %p Uy Pa ,f Us

pul+ kEnE%(Q) o pWB<CL> G
where C, is the phase speed of the long wave; 1?2 is the
variance of the long wave, which is ;a2 at fetch x =
Xo; pa @nd p,, are air and water densities, respectively;
u, is the friction velocity of the wind; and «, is the
asymmetric pressure coefficient (for details see Belcher
1999). The denominator in (4), namely 1 + k nZa,, is
a weakly nonlinear correction to the wave growth rate,
which arises because the long wave absorbs momentum

= 7P (o),

N

from the wind, thereby leaving a reduced level of tur-
bulent wind stress near the surface to generate it by the
nonseparated sheltering mechanism (Belcher 1999). Fi-
nally, the growth rate coefficient, B, as defined in (4)
varies with the ratio C, /u, as shown in Fig. 2, which
compares modeled values with data. The relationship
between «, and B is immediately seen from (4).

b. Partition between wave-induced stress and
turbulent wind stress

In the presence of surface waves, the wind velocity
can be decomposed into three parts, u = U + 0 + U/,
namely, a time-averaged and spatially averaged mean
wind U, a wave-induced mean wind 0, and a turbulent
wind fluctuation u’. Then the total stress in the wind,
averaged over a wavelength of the waves, 7, is the
sum of aturbulent stress, 7, = —p(u'w’), and a wave-
induced stress, 7, = —p (W), where the angle brackets
refer to averaging over a wavelength of long waves.
Hence the turbulent stress arises from vertical transport
of horizontal momentum by the turbulent eddies and the
wave-induced stress arises from vertical transport of
horizontal momentum by the wave-induced flow.

When the wind and waves are both stationary in time
and develop only very slowly with fetch (i.e., any
changes with fetch are over many wavelengths of the
waves), then the mean momentum equation shows that
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the total stressis constant with height (Townsend 1972)
so that

Tt = T T T, = CONSt = p,UZ. (5)

Now, the generation of waves by wind is determined
by the turbulent wind stress at the water surface. To
calculate the turbulent wind stress, 7,, in the presence
of the long wave, the wave-induced stress associated
with the long wave, 7, is first determined. The wave-
induced stress at the surfaceisequal to therate of change
of the momentum in the wave, hence for the long wave

_ |7 aM(0)
T = fo o do, (6)

where M, (o) isthe momentum density of thelong wave,
defined by (see, e.g., Phillips 1977, p. 40)

M (o) = pyo P (0). (7)
Substituting (7) into (6) and using the wind-induced
growth rate, v, [defined in (3)], yields the following
expression for 7 :

.= ow Yo, (o) do. (8)
0

Equation (4) for the wind-induced growth rate of the
long wave then shows that the stress induced by the
long wave becomes

T Lkz_z 9)
o kfnfap LTL-

Under a steady wind, the amplitude of the long wave
develops with fetch (Mitsuyasu and Honda 1982), and
from the results described above the rel ative dependence
can be written

T =

€ = 2%()()/3-5()(0)
= f(es; aky, ap, 04 Xe = Xi)s (10

where the fetch dependence for deep water waves is
written in dimensionless form as follows

p?

2y,

f = ——(x —

e )
O o o O
= o2t (X~ X)) (D)

0171 + “(ak)?aye 0
0 2 O

Here o, = o,u,/g is the dimensionless frequency of

the long wave, X, = gx/u: is the dimensionless fetch,
g is the acceleration due to gravity, x is the fetch, and
X, may be considered to be the minimum fetch at which
the wind begins to influence the long wave (Mitsuyasu
and Honda 1982). Thisrelative variance, which is great-
er than unity for a positive value of «,, is determined
iteratively for a given set of dimensionless parameters,
ak., a, o, and X, — X,
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Therefore, on using (9) and (10), theratio of the stress
induced by the long wave to the total stressis given by

1
- E(aLkL)ZapEL
— = : (12)

1
1+ > (a ky)2a,€.

Tot

which, for a long wave of small slope, and for short
fetch is approximately 3(a, k. )2a,.

The turbulent wind stress at the water surface, 7,
which is available to generate wind waves, is obtained
from (5) and can be evaluated using (12) for the stress
induced by the long wave to give

SIS PR 1 . (13
1
1+ é(f:lLl(l_)zozvaL

Note that for a positive «,, the ratio 7,/7,, is less than
unity but bounded below by zero, as it should be. Equa-
tion (13) shows therefore how the long wave reduces
the turbulent wind stress at the sea surface. Now, ac-
cording to the nonseparated sheltering mechanism, the
wind generates waves in proportion to the turbulent
stress at the surface (Belcher and Hunt 1993; Belcher
1999) and hence the wind waves will be reduced in the
presence of the long wave. In addition, this equation
shows that there are four dimensionless parameters that
determine the magnitude of the effect: the initial slope
of the long wave, a, k, ; the asymmetric pressure coef-
ficient, o, which isrelated to the growth rate coefficient
B, as defined in (4); the dimensionless long-wave fre-
guency oy ; and the effective dimensionless fetch, X,
— X,- The turbulent wind stress is reduced as these
parameters increase, with a particular sensitivity to in-
creasing the slope of the long wave as might be ex-
pected. Equation (13) will be used in the subsequent
analysis of how the long waves affect development of
wind waves.

c. Effect of the long wave on development of wind
waves

Before investigating the effects of the long wave on
wind-induced growth of the short waves, werecall some
empirical relations for the development of pure wind
waves (with no long wave) under steady wind. Since
we are to compare the model with laboratory data, we
use the fetch relations established by Mitsuyasu and
Rikiishi (1978) in laboratory measurements of wind
wave development, which yield

U*O'p _ 748<%>0.357
g i

0 (14

for development with fetch of the spectral peak fre-
quency, o, and
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1.282
9 _ 449 x 105( gx) , (15)

puUi Uz
for development with fetch of the energy density of the
wind waves, E = p,gn?.

Now we turn to the development of the wind waves
in the presence of the long wave. And here we make a
crucial assumption, namely, that the only effect of the
long wave on the development of the wind waves is to
changethe turbulent wind stress, ., at the water surface.
Hence thefetch laws quoted above, which were obtained
in the absence of along wave, are assumed to hold both
with and without a long wave. Therefore, the friction
velocity, Uy, in (14) and (15) is assigned the value of
the local turbulent wind stress so that U, = (7,/p.)*?
= U, with no long wave and U, = (7,/p,)¥? with the
long wave.

Thence, using (14) and (15), the development with
fetch of the peak frequency and total wind wave energy
are obtained with and without the long wave. The de-
velopment of these quantities with and without the long
wave can be compared simply on recognition that 7.,
has the same value with and without the long wave.
This is true because, by definition, 7., is the total drag
that the wave surface exerts on the wind, and hence in
astationary flow this drag balancesthe pressure gradient
that forces the wind (the synoptic pressure gradient over
the ocean or the pressure gradient down the tunnel in
the laboratory). The pressure gradients must be the same
for sensible comparisons with and without the long
waves (which in the laboratory implies the same fan
speed) and hence also is 7.

Remy and Giovanangeli (1999) provide experimental
evidence in support of this conclusion. An oblique long
wave, with slope a k, = 0 (pure wind waves), 0.09,
0.14, or 0.2 was generated with a paddl e that propagated
at 35 degrees to the mean wind direction. The ratio
C,/u, rangesfrom 3.1 (a k, = 0.2)t06.2 (a k, = 0.09).
In each case, the wavelength of the long wave was six
times the wavelength of the short wind waves at the
spectral peak. They measured the total stress using both
the inertial-dissipation method and eddy-correlation
method. In Fig. 3, we plot the values of the total stress,
Tl P2y Measured by Remy and Giovanangeli (1999)
against slope of the long wave. To the accuracy of the
measurements the total stress is clearly unaffected by
the long wave, as argued above.

Hence, from (14), if o, is the frequency of the spec-
tral peak of wind waves In the absence of long wave,

then

Up B T, —0.143

Al
which implies that the spectral peak frequency has high-
er values when along wave is added to wind waves, in

qualitative agreement with laboratory observations (Do-
nelan 1987).

(16)
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Fic. 3. Total stress, 7,/p, (in M2 s2), measured 24 cm above the
water surface, for different slopes of long, oblique waves (Remy and
Giovanangeli 1999).

The effect of along wave on growth of wind waves
is quantified by investigating the ratio of the wind wave
growth rates at the frequency of the spectral peak both
with and without long wave, namely, y(o,) and
Yo(oo,), respectively. This ratio can be obtained using
(4), and is

A _ (ﬂ) -, (17)

Yo(o op) O0,) Tt

which, from (16), becomes

,y(a_p B < ’Tt )0.571

')’o(o'op) Thot .
Here we used the fact that B varies only slowly with
c/U, (see Fig. 2) and henceis nearly the same with and
without the long wave.

Finally, Eq. (15) showsthat theratio of energy density
of wind waves with and without long wave is

E ~ <i>l.36
E, Tot ,

which is therefore strongly affected by the long wave.
At short fetch, the ratios of the peak frequency,
growth rate, and energy density of wind waveswith and
without long wave depend primarily on the long-wave
slope, a, k,, and the asymmetric pressure coefficient, «,.
To make some initial rough estimates of the effect of
long waves on these quantities, we approximate (13) to
retain only the strongest dependency, namely,
1+ é(aLkL)Zap

(18)

(19)

Variations in the ratios resulting from this approxima-
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tion are plotted in Fig. 4 as a function of long-wave
slope for three different values of «,,.

From these figures it is clear that addition of along
wave propagating in the wind direction causes a reduc-
tion in the energy density of wind waves, and that this
effect becomes important as the long-wave slope isin-
creased. For along-wave slope of 0.1, the energy density
of wind waves is reduced by up to 40% of the value
without long wave, but the growth rate at peak fre-
guency is only reduced by up to 20% of the value with-
out long wave. The strong effect of the reduction in the
energy density of wind waves is from the exponent in
(19), which is larger than the exponent in (18). The
effect of long wave on the frequency of the spectral
peak of wind waves is relatively weak for gentle long-
wave slopes as shown in Fig. 4a and reflected in (16).
For instance, for a long-wave slope, a k, = 0.1, the
spectral peak frequency isincreased by only 5%. These
results from the model agree qualitatively with labo-
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Fic. 4. Calculated variation in the ratios of (a) peak frequency, (b)
growth rate at the spectral peak frequency, and (c) energy density of
wind waves with and without long wave as a function of long wave
slope, a k,, for three different values of «, (e, = 20: dash—dotted
line; 40: dashed line; 100: solid line).

ratory measurements. Next the model iscompared quan-
titatively with existing laboratory data.

3. Comparison with laboratory experiments

To compare the model results with laboratory data,
we need to know the relevant values of four dimen-
sionless parameters, namely, a k., «,, o, and X, —
X, ,- None of the laboratory data provides values of «a,,
or of the growth rate coefficient, 8. Given alarge scatter
of B reported in the literature, it is actualy a tricky
question of how to choose an appropriate value of «,
or B. Our strategy is as follows. Given that the ratio
C./u, for the laboratory experiments is in the range
from 3 to 5, we use a single value of «, = 80 in the
model. We then calculate the corresponding values of
B and ¢, and finally check if calculated B values are
in the range of data collated by Plant (1982) as shown
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Fic. 5. Comparison of the ratio E/E, predicted by the model with
that measured by Phillips and Banner (1974). The calculated ratios
are represented by a solid line at a fetch of 7.32 m and a dashed line
at a fetch of 10.36 m. The measured values are shown by triangles
at a fetch of 7.32. m and squares at a fetch of 10.36 m.

in Fig. 2, namely, B8 = 34 *+ 16. Recall that we cal-
culated B from [see Eq. (4)]

%
B = 1
1+ é(al_kL)zape,_

(21)

Mitsuyasu and Honda (1982) measured systematically
higher values of B, which suggests use of a relative
higher value of «,. Indeed, a comparison of the model
results with Mitsuyasu’s (1966) experiment shows that
a better agreement is obtained for «, = 160, but again
the responding values of B are in the range reported by
Mitsuyasu and Honda (1982). So «,, = 80 has been used
in the comparisons with the results of Phillips and Ban-
ner (1974) and Donelan (1987). Both «, = 80 and 160
have been used in the comparison with Mitsuyasu's
(1966) data.

a. Variation of the suppression of the wind waves
with long-wave slope

Phillips and Banner (1974) measured the total energy
density, E, inwind waves at two fetches (7.32 and 10.36
m) in the presence of along wave, for different values
of the long-wave slope. They then obtained the ratio
E/E,, where E, is the energy density of the wind waves
with no long wave. This ratio is calculated from (13)
and (19), using the parameters of the experimental con-
ditions, namely, o, = 10.7 rad s** and u, = 0.33 m
s, corresponding to o, = 0.36, X, — X,, = 658.7
(at the fetch of 7.32 m), and X, — X, = 932.3 (at the
fetch of 10.36 m). The value of the friction velocity of
wind, u,, was estimated from the measured mean-sur-
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FiGc. 6. A comparison of the calculated ratio E/E, (dashed line: «,
= 80; solid line: a, = 160) with the measured ratio (solid circles)
by Mitsuyasu (1966).

face-wind drift (~0.18 m s*), which is about 0.55u,
(Phillips and Banner 1974). As explained above, «, is
taken to be 80, from which B liesin the range from 20
(ak, = 0.2) to 50 (a_k, = 0.05) and 18 to 47, respec-
tively for the shorter and longer fetches. A comparison
between the calculated values of E/E, with these pa-
rameters and the measured datais shown in Fig. 5. The
solid and dashed lines represent, respectively, the cal-
culated results for the shorter and longer fetches. The
model results at both fetches are in fair agreement with
the observations when the slope of the long waveisless
than about 0.1. When the slope of the long wave is
larger than about 0.1, the model tends to underestimate
the reduction in the energy density of wind waves. How-
ever, the model shows the correct variation with both
slope of the long wave and also fetch.

A comparison of the model with Mitsuyasu’s exper-
iment is shown in Fig. 6. The results of this experiment
are summarized in Phillips and Banner (1974). To cal-
culate E/E, from the model, (13) and (19), the following
dimensionless parameters were used: o, = 0.35 and X,
— Xi, = 67.9, which correspond to the experimental
conditions of u, ~ 0.76 Mms™%, X — X, = 4m, and o,
= 4.5rad s *. Again, the value of u, was obtained from
the value of mean-surface-wind drift (~0.42 m s*) es-
timated by Mitsuyasu. The calculated ratios of E/E, are
represented by the dashed line (o, = 80) and solid line
(a, = 160) and the measured ratios are shown by the
filled circles. The calculated values of B arein the range
22 (a k= 0.20) to 40 (a_k_= 0.02) for o, = 80, and
35 to 116 for «, = 160. This figure shows that a better
agreement with the observationsis obtained for alarger
value of «,,. In particular, we note that weakly nonlinear
correction of the wave growth rate [see Eq. (4)] leads
to the curve from the model decaying less rapidly with
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a k_for long-wave slopes greater than about 0.1, in
agreement with the data. Hence we might regard these
results as providing some support for the nonlinear anal -
yses of wave growth given by van Duin (1996) and
Belcher (1999).

The value of B obtained in the model to produce Fig.
6 ishigh: up to 116. Thisis alarge value for the growth
rate coefficient for which we offer two possible expla-
nations. First, larger values of 8 have been reported in
laboratory experiments, particular those obtained in
Mitsuyasu’s wind wave tank [see, e.g., the data of Mit-
suyasu and Honda (1982) replotted herein Fig. 2]. Sec-
ond, there may be a physical reason for the large values
of B. If the Phillips—Banner mechanism does indeed
enhance wave breaking at the long-wave crest, then this
breaking leads to airflow separation at the long-wave
crest (Banner and Melville 1976), which in turn could
lead to large effective value of 8. Further work isneeded
to clarify this issue.

b. Variation of the suppression of wind waves with
fetch

A more recent laboratory study of the effect of along
wave on the growth of wind waves has been undertaken
by Donelan (1987). A comparison of the present model
with his experimental results is particularly relevant
since the experiment examined explicitly the sensitivity
of the wind forcing of the short wind waves to the
presence of a long paddle-generated wave. The exper-
iment was performed in awind wave flume 100 m long,
4.57 m wide, and in water 1.2 m deep. Long waves of
frequency 0.527 Hz with initial slopes a, k, = O (pure
wind waves), 0.053, and 0.105, were generated by a
paddle. The water surface elevation was measured by
nine capacitance wave staffs distributed along the 80-
m fetch. The total energy density E of the wind waves
for a particular long wave was fitted to a power-law
variation with fetch x so that

E = agx. (22)
For instance, at a wind speed of 11 m s* (at 35 cm
height), the values of o4 and «, are, respectively, 0.015
and 1.56 (where E isin cm? and x in m). When apaddie
wave of slope 0.105 was added to the wind waves, these
values became 0.026 and 1.18. Consequently, when a, k,
= 0.105, the ratio E/E, decreasesto E/E, = 1.73x°38,
which is a function of fetch. Hence the energy density
of the wind waves is reduced by a paddle wave of slope
0.105 by a factor of about 2.5 at a fetch of 50 m.

On the other hand, the values of wind wave growth
rate, estimated by Donelan from the pressure—surface
elevation correlations in the cases of long waves plus
wind waves were found to be similar to those measured
in the case of wind waves only. This led Donelan to
suggest that *“ the wind-input rate to the windseaisrather
insensitive to the presence of longer mechanically-gen-
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Fic. 7. A comparison of the calculated ratio E/E, (solid line) as a
function of dimensionless fetch with the measured ratio (dashed line)
by Donelan (1987). The calculated ratio of the growth rate of wind
waves (at the spectral peak frequency) with and without long wave
vs dimensionless fetch is represented by the dash-dotted line.

erated waves of small steepness’—apparently at vari-
ance with the present model!

However, with the present model it is possible to
explain Donelan’s results. Indeed, when a k, = 0.105
and «, = 80, theratio of the growth rate of wind waves
at the frequency of the peak in the wave spectrum can
be estimated from (20) and (18) to give y/y, = 0.8;
similarly (20) and (19) show that E/E, = 0.6. Hence
the reduction in y/vy, is smaller than the reduction in
E/E,. At first this small reduction in y/vy, is surprising,
since the present model is predicated on the idea that
the long wave reduces the turbulent stress near the water
surface, which thence reduces wind generation of
waves. The answer is that Donelan (1987) measured the
growth rate of waves at the peak in the spectrum, and,
although the wave growth rate is affected by the long
wave, so is the frequency at the peak in the wave spec-
trum: see Eqgs. (16) and (17).

More precise comparisons are presented in Fig. 7,
where we plot the variation of y/y, and E/E, with di-
mensionless fetch. These ratios are cal culated from (19)
and (18), using in the model the parametersof Donelan’s
(1987) experimental conditions, namely, a, k, = 0.105,
o, =33lrads* andu, = 1 ms*witha,=80as
above (corresponding B values varying from 34 at fetch
100 m to 50 at fetch 20 m). Also shown is the power-
law dependence E/E, = 1.73x~°38 obtained empirically
by Donelan (1987). The figure shows that according to
the model the wind wave growth rate is only slightly
affected by the long waves, in agreement with the data
given the difficultiesin measuring y(o,). In addition the
figure shows that the variation of E/E, with fetch ob-
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tained from the model agrees well with the laboratory
data. We conclude that the present model captures the
main trends in Donelan’s (1987) data.

It is worthwhile comparing the results of Phillips and
Banner (1974) with the same experimental data. They
suggested that the long wave augments the wind-in-
duced surface drift current near the crests, causing pre-
mature breaking of the short wind waves. Phillips and
Banner estimate that the ratio, r = (E/E,)¥?, of the
maximum wind wave amplitude to its maximum am-
plitude in the absence of the long waves is

_9 (cc - qmax>2
g\C -0/’
where g’ is the effective acceleration of gravity at the
crest of the long waves; ¢, and C, are the phase speed
of the short waves (in the absence of the long waves)
and the long waves, respectively; c, is the phase speed
of the short waves at the crest of the long waves; q, is
the surface drift in the absence of the long waves; and
Oax 1S the augmented value of the wind drift. Equation
(23) is an algebraic function of the three dimensionless
parameters c,/C,, u,/C,, and q,/C,. These parameters
were estimated as follows. Equation (14) was used to
obtain ¢, = g/o, as a function of fetch, x, and friction
velocity, u,; namely,

Co = 0.3U2x037, (24)

Equation (24) was used to obtained c,, and the measured
long-wave frequency was used to obtain C, , thence we
obtained c,/C, . The ratio u,/C, was approximated here
asa, k . And finally, the surface drift was obtained from
g, = 0.55u, as above. The energy density ratio E/E,
(i.e., r2) was then calculated from (23).

The results obtained from the Phillips—Banner model
for uy = 1 m s, the value in Donelan’s experiment,
and also for u, = 0.5 m st are plotted in Fig. 8. Also
shown is the variation of E/E, with fetch obtained from
the present model and the values measured by Donelan
(1987). It is clear from this figure that the Phillips—
Banner model yields the wrong variation with fetch. In
both cases E/E, from the Phillips—Banner model isin-
creasing with fetch, whereas the laboratory data, and
also the present model, show E/E, decreasing. Thusthis
data distinguishes the present model from the Phillips—
Banner model.

(23)

4. Implication for the effects of swell on wind
waves on the ocean

We have shown that the reduction in the energy den-
sity of wind waves caused by a long wave depends
crucially on the long-wave slope, a k., and the asym-
metric pressure coefficient, «,, or the growth rate co-
efficient of thelong wave, 8. Thislatter parameter varies
with the ratio C /u,. In the laboratory experiments
C,/uy issmall, typically less than 10, which, according
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Fic. 8. A comparison of the present model with the theory of
Phillips and Banner (1974). The calculated ratio E/E, as a function
of dimensionless fetch by the present model is shown by the solid
line (as in Fig. 7). The ratios E/E, predicted by the Phillips—Banner
theory for two different values of wind friction velocity, u,, are
represented by the dash-dotted line (u, = 0.5 m s*) and the long-
dashed line (u, = 1 m s'*). The measured ratio E/E, by Donelan
(1987) is shown by the dashed line (as in Fig. 7).

to Fig. 2, leads to a large value of B (typically 30-50)
and consequently a large value of «,, and hence, ac-
cording to the present model, to a strong suppression
of the short wind waves. However, in the field, ocean
swell typically has a large phase speed, C,, and so the
ratio of C_/u, isusualy larger than 25. The correspond-
ing value of B issmall and may even be negative (Fig.
2). Also the slopes of ocean swell are usually small, so
Eqg. (21) suggests «, = B in the open ocean. Thus, the
reduction in the wind wave energy caused by ocean
swell issmall. Thisisclearly illustrated in Fig. 9, where
we plot the variations with swell slope of the ratio of
energy densities of wind waves with and without swell
for different values of «,. Clearly the reduction in the
energy density of wind wavesis small: less than 5% in
the presence of swell with o, = 1. This suggests that
in the ocean the effects of swell on wind waves are very
weak, certainly much weaker than the effect observed
in the laboratory. Therefore, suppression of wind waves
by ocean swell is extremely difficult to detect. This may
explain why it has not yet been observed. Finaly, we
note that in any quantitative comparison of the present
model with ocean observation, the fetch laws that have
been used here, (14) and (15), which were obtained for
laboratory data, would need to be replaced with fetch
laws appropriate to the open ocean (see, e.g., Komen et
al. 1994, p. 181).

5. Conclusions

We have developed a model for the suppression of
short wind-generated waves by a train of long, me-
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chanically generated, waves propagating in the wind
direction. The model is based on the idea that the long
wave exerts a drag on the airflow, which reduces the
turbulent stress in the airflow that is available to gen-
erate wind waves. A crucia assumption of the model
is that the only effect of the long wave is to reduce the
turbulent wind stress; otherwise the fetch laws remain
the same. Further work is needed to validate this as-
sumption.

The model agrees reasonably well with existing lab-
oratory measurements when an appropriate value isused
for the asymmetric pressure coefficient of thelong wave,
a,, which is related to the growth rate coefficient, g.
In the absence of values for either parameter for the
laboratory experiments with which the model was com-
pared, the choice of an appropriate value of «, was based
on the strategy that the calculated 3 values should range
from 18 to 50, as suggested by data shown in Fig. 2.
Indeed, in the comparisons with data we used a value
of a, = 80 (corresponding to a range of 8 from 18 to
50), except in the comparison with Mitsuyasu (1966)
where we also used avalue of «, = 160, corresponding
to arange of B from 35 to 116. Although these values
of B for o, = 160 are large, as we have already argued,
the very large value of «, = 160 is consistent with
values of B measured by Mitsuyasu and Honda (1982),
which are larger than other observations. Nevertheless
the large value of «,, used here does require explanation.
We suggest that the Phillips—Banner mechanism may be
promoting breaking of the short wind waves on the
crests of the long wave, which then leads to separation
of the airflow at the crests of the long wave. Such sep-
aration is known to increase the wind-induced growth
rate (see Belcher and Hunt 1998), and hence «,. Further
research is needed to settle this issue.
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Given that the value of B exhibits a relatively large
scatter, as illustrated in Fig. 2, which reflects the diffi-
culty in measuring this parameter, it is useful to make
further comments on the sensitivity of the model results
on the value of a,,. From the present model it becomes
clear that the larger the value of «, or 8 of the long
wave is, the stronger the suppression of the wind waves
would be. The actual range of the model results will be
dependent upon three other dimensionless parameters,
namely, a k , o, and X, — X, . However, the general
trends of the model results are in line with available
laboratory data. For instance, according to the model,
for the two extreme values of B, namely 18 and 50, the
ratio of the total energy density of wind waves with and
without the long wave, E/E,, takes values of 0.65 (when
B = 50) to 0.87 (when B8 = 18) for Donelan’s (1987)
data. Hence the suppression of the wind waves by the
long wave is fairly well predicted by the model. With
the choices of «, used in the paper the values of S
obtained from the model always lie within the range 34
+ 16 suggested by Plant (1982) except in the compar-
ison with Mitsuyasu (1966) for which a larger value is
used for the reasons described above. Nevertheless it
must be emphasized that for any application of the mod-
el a caution should be taken as for whether an appro-
priate value of «, or B is used.

Notwithstanding this shortcoming, the model has
strengths over previous models suggested to explain this
phenomenon. First, the model gives roughly the correct
variation of E/E,, the ratio of the energy density of the
wind waves with and without the long wave, with fetch
when compared with the data of Donelan (1987). In
addition, the model explains why the growth rate of
waves at the peak in the wind wave spectrum is almost
unaffected by the long wave. When Donelan (1987)
found this result in his data, he concluded that the sup-
pression of the wind waves could not be due to coupling
with the wind. The work presented here, based on the
idea that it is the coupling between the wind and long
wave that suppresses the wind waves, shows that both
the growth rate of the waves at the peak in the spectrum
and also the frequency of the waves at the peak in the
spectrum are affected, and that these two effects nearly
cancel one another. Finally, and perhaps most signifi-
cantly, the present model explains why ocean swell,
which travels at a phase speed close to the wind speed
and hence has a small value of «,, leaves the windsea
almost unaffected. Hence the suppression of wind waves
observed so strongly in the laboratory does not occur
in the ocean.

The success of the present model lends support to the
idea that long wavelength waves absorb momentum
from the wind, leaving the short wavelength waves ex-
posed to a smaller turbulent wind stress, and hence per-
haps lends indirect support for the idea that a similar
process occurs within a spectrum of waves, as suggested
by Makin et al. (1995) in their calculation of the drag
of the sea surface due to a spectrum of waves.
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