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Abstract. Modulation of short surface ripples by long sur- wave action with a phenomenological term describing wind
face or internal waves by a cascade mechanism is consideffect, e.g. Hughes (1978) and Hara and Plant (1994).
ered. At the first stage, the orbital velocity of the long wave In a number of cases, the aforementioned models are in-
(LW) adiabatically modulates an intermediate length nonlin- sufficient to adequately describe the field observations. One
ear gravity wave (GW), which generates a bound (parasiticimportant piece of evidence is that a long swell with small
capillary wave (CW) near its crest in a wide spatial frequencyslopes produces quite significant modulation of radar signals
band. Due to strong dependence of the CW amplitude on thaDstrovsky et al. (1999). Another is the phase shift between
of the GW, the resulting ripple modulation by LW can be the modulation of radar signal intensity, presumably corre-
strong. Adiabatic modulation at the first stage is calculatedsponding to the ripple intensity, and Doppler signals, corre-
for an arbitrarily strong LW current. The CWs are calculated lated to the orbital velocity of long waves (Hara and Plant,
based on the Lonquet-Higgins theory, in the framework of1994; Kropfli et al., 1999). However, in the case of mod-
a steady periodic solution, which proves to be sufficient for ulation by very strong internal waves, adiabatic theory may
the cases considered. Theoretical results are compared withork satisfactorily even in the presence of a moderate wind
data from laboratory experiments. A discussion of related(Bakhanov and Ostrovsky, 2001; Kharif, 1990).
sea clutter data is given in the conclusion. In this relation, a “cascade” mechanism of ripple modula-
tion seems to be of special interest. It is based on the known
fact that a nonlinear gravity wave (GW) can generate “para-
sitic” capillary ripples (CW) near its crest in a resonant man-
1 Introduction ner. Ripples propagate ahead of the crest and, due to Doppler

shift produced by the orbital current in a GW, have a wide
Interpretation of the microwave radar and radiometric imagesspatial frequency band. The theory of parasitic waves began
of ocean surface structures, with scales from decameters twith the pioneering works of Longuet-Higgins (1963) and
kilometers, entails an understanding of the modulation mechhas been further developed by different authors; (e.g. Ru-
anisms of short capillary and gravity-capillary waves by long vinskii and Freidman, 1981; Ruvinskii et al., 1986; Smith,
internal and surface waves. This is still a largely unclear1986). The cascade, which was hypothesized, probably for
problem and different mechanisms that contribute to this pro-the first time in Ermakov and Salashin (1994), occurs when
cess are not well understood. For decimeter-range and longexr long wave (e.g. internal wave or swell) modulates the non-
gravity waves, adiabatic modulation by orbital velocity in linear GW with parasitic ripples on a GW front. Due to non-
still longer waves can be a main factor, e.g. Basovich andinearity, even a moderate modulation of a GW can result in
Bakhanov (1984), but for capillary ripples responsible for the much stronger modulation of CW and, consequently, of radar
scattering of centimeter- and millimeter-range radars, windand radiometric signals in corresponding frequency ranges.
effect is typically significant. Consistent description of wind The idea of such a cascade is commonly accepted now but
effect can be associated with modulation of air flow over theno convincing theoretical interpretation has been given so far.
sea surface by long waves, e.g. Belcher and Hunt (1998). S&he damping of GW due to energy consumption by CW Ru-
far, however, at least in application to radar measurements, ginskii et al. (1986) can be a possible additional mechanism
typical approach has been based on the kinetic equation foof enhancing GW modulation by internal waves.

In the present paper, a consistent albeit simplified consid-
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long-wave current is studied. We admit an arbitrary strong The linear dispersion equation for the gravity wave is:
modulation, including the resonant one (group synchronism).
Second, analytical and mainly numerical calculations of rip-© ~ (7€ T #() k(x) = £y gk(x), (1)

ples on a nonlinear GW are performed in the frameworkwherek(x) is a local GW wave number and = c¢ is the

of a steady solution, based on the Longuet-Higgins (1995)GW frequency in the reference frame moving with the long-
theory. Although, in general, the parasitic ripples are non-wave phase velocitg where the given current is stationary.
stationary (see the detailed numerical work Chalikov andA plus sign should be used when both waves propagate in
Sheinin, 1998), the simplified stationary theory given herethe same direction and minus in the opposite case. We ne-
seems to reflect the basic quantitative parameters of CW, aglect the effective gravity acceleration changes due to the
the comparison with laboratory experiments shows. Finally,LW here because of the small slopes and curvature associ-
we consider variations of ripples by a long wave and com-ated with the LW. However, these factors are accounted for
pare them with the data of laboratory experiments describedurther in Eq. (11) for CW riding on much shorter and steeper
in Ermakov and Salashin (1994). GW.

The paper is organized as follows: Sect. 2 considers modu- The GW variations on the LW current can be found from
lation of nonlinear GW by a LW; Sect. 3 discusses generatiorthe known equation for wave action Bretherton and Gar-
of CW by nonlinear GW; Sect. 4 presents details of numeri-ret (1969) or, equivalently, from the expression for average
cal modelling. In Sect. 5 we compare our numerical resultsLagrangian,L, of a surface wave Lighthill (1967). In the
to laboratory data. In the conclusion we briefly discuss thestationary frame considered, the period-average energy flux,

relation of these results to available field data. S = wdL/dk, must be constant im. For a linear wave this
value is:
2 _ 2 2
w(w®—k“(x) (—C + u(x
L . . . s=" ( ¢ ;( ) )az(x) =const (2)
2 Adiabatic modulation of a nonlinear gravity wave 4k=(x)

wherep is water densityg is gravity acceleration and is
Consider first the action of the LW on the intermediate GW, the amplitude of surface displacement.
producing the modulation of its amplitude and wave number The corresponding adiabatic variationskodinda at con-
by an LW current that is taken in the formwfx—Cr), where  stantw and S can easily be found as functions ofx) from
u is the orbital velocity in the modulating wave; suppose thatEgs. (1) and (2):
u(x) is a slowly varying function ok. Such a current can be k(x)
caused by a long surface or internal gravity wave that prop-———= =
agates in ther direction so that the problem is reduced to ko
one-dim_ensional geometry. We neglect the nonlinearity of o+ sign(C _ Cg) \/cg + (C _ ch) (C — u(x))
the gravity wave when calculating modulation of wave num-
ber and amplitude. Note that, even for a steepest nonlinear C—u(x)
Stokes wave, when the wave crest curvature radius tends to
zero ( is the wave number and is crest-to-trough height), wherec, = :I:%\/% with signs=+ corresponding to co- and
the first harmonic contains about 90% of the wave energycounter-propagating waves, respectively.
and the wave amplitude, = H/2, differs from the ampli-
tude of its first harmonic by only about 7%. After finding a?2(x) \/? C—cq

ko -

3

the modulation of a linear wave, the formulae for a nonlinear a2 ™
Stokes wave are used to describe variations of wave curva- —ux) = cgy/

ture and orbital velocity and finally to calculate the generatedy o e the subscript “0” refers to a point wherer) = 0. Sim-

capillary waves and their modulation using the technique desj, resyits based on the wave action conservation principle

scribed below in Sect. 4. This approach can be addressed %, presented in Phillips (1977).

linear modulation of nonlinear waves; it certainly cannot be |, the examples addressed below, the LW can be consid-
used when the original GW is close to the limiting steepness, o as linear, i.e1/C < 1. Therefore, one can expect that
and variations of the peak curvature are very sensitive to Ve modulation of the gravity wave is small which permits
small-amplitude variations and the higher-order terms in they ¢ g radically simplify these formulae. Namely, letting

dispersion equation and in the expression for wave energy, _ ao + da andk = ko + da, from Eq. (3) we obtain
should be accounted for. However, in the cases considereg),. <) perturbations of the wélve number

below, the most intensive ripple generation occurs near some

“critical” wave amplitude that is not necessarily very close Sk __"* (5)
to the limiting amplitude, so this approach seems to be reako C —c¢g

so_nably accurate. This approach is aIS(_J justified by CaICUSubstituting this into Eq. (4) and expanding, we have
lations of Zhang and Melville (1990) which show that, for

linear LW, linear modulation theory is reasonably accurate 8¢ —u 3C —4c, ) (6)
for moderately nonlinear GW. a  4(C—c,)’

(4)
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Evidently, the strongest modulation of badtlanda occurs  behavior of Eq. (8) in the vicinity of the wave crest, where
when the phase velocity of the long wave is close to the groughe local flow velocity and the effective gravity and viscosity
velocity of the gravity wave. This is a well-known effect of can be taken as constant. For preliminary analysis we also
group synchronism (e.g. Basovich and Talanov, 1977). Cerassume that the pressure produced by the surface tension in
tainly, When|C — cg| ~ |u|, modulation is not small even the vicinity of the crest is modelled by a Lorentzian profile:
whenu/C « 1, and one must use the full formulae (3) Fmin
and (4). ps(x) =Tk(x) = T2—92~ (13)

In a particular case, whefi > ¢, (as in the case of mod- Tmin T 9%
ulation by swell or other long enough surface waves), it fol- parameters of this model curvature distributign) are cho-

lows from Egs. (5) and (6): sen in such a way that(x = 0) = r- and the angle be-
sk u Sa  3u tween the tangents to the wave profile on both sides of the
% " C a0 4c (7)  crestis 120 (i.e. the GW profile is close to a limiting one)

and the crest curvature radiug,n, is much smaller than the
wavelength of the GW. In this case the curvature of the crest
3 Generation of capillary waves can be estimated using asymptotic theory or direct numer-

ical calculation of the Stokes wave profile. The approxi-
We describe the generation of capillary waves using the apmate expression for the crest curvature radiws the GW

proach developed in Longuet-Higgins (1995). The pressurgs, (Longuet-Higgins and Fox, 1977)
ps(x) distributed over the surface of non-uniform stationary

flow U (x) gives rise to a surface displacement downstream Ug
as a gravity wave and upstream as a capillary wave of the g
form

Here Uy is the orbital velocity at the crest of the GW in the
accompanying coordinate system. Note that — 0 for
an “almost-highest” wave whetip — 0. Substitution of
Eq. (14) into Eq. (8) leads to:

) = o ZpS(x’)F(x)SinkC(x’—x)d , @®)
o _/x DODGHFR)

where
2T rmin [ siNkC(x’ — x)
* (k€ (x')2U (x' (x) ~ ZL/min / '
Fx) = exp [/ D(2 ()x/) ( )dx/ (9) ¢ Dg oo Ox’2 + rr%]in
—27TT min . C
is the factor presenting the effect of attenuation of the CW; = —BD(Z, exp(— 3 ) sink™ x, (15)
D(x) = (U*(x) — 4¢'()THY* (10)  where
describes the effect of the non-uniform flaivjs the surface Do = (US‘ _ A (16)
tension coefficient ang’(x) is the effective gravity at the ¢
surface of the GW; andU, = (4gT)Y* ~ 232 cm/s is the minimal phase speed
, 2 of a linear gravity-capillary wave.
g (x) = gcosa(x) —« (x) U(x) (11)

Substitution ofrmin from Eq. (14) and the expression for
is related to the local surface slopéx) and centripetal ac- D§ lead to the following equation for the amplitude of the
celerationy is the local surface curvature. cw

In our caselJ (x) is the particle velocity in the GW at the
free surface in a frame of reference moving with its phase
speedcg. Note that, in the previous section, the reference 2T exp(—%ﬁf’U&[U{} +(U§ - Uf’)l/ZD
frame moved with the LW o = 12

The local capillary wave number¢, is determined by the 3(Ué1 - Uc4)
condition that the entire motion is steady in the reference
frame moving with the velocitfg. The corresponding dis-
persion relation is

(17)

It is seen from this equation that the CW amplitude grows
for steeper GW wheb/p decreases to the values closéto
At some intensity of GW the denominat@ry in Eq. (17)

T(kc(x))Z —UC () + ¢'(x) = 0 tgnds to zero. Thi; is the “gritical regime” of the CW excita-
tion, when the orbital velocity of GW prevents the CW prop-
and hence agation down the slope of the GW,; the effect of “blocking” of

12 CW takes place and its intensity increases Longuet-Higgins
k€ (x) = (1/2T) (Uz(x) + [U“ (x) — 4g’(x)T] > . (12)  (1995). It should also be noted that whég s substantially
larger thanU,, the exponent in Eq. (17) becomes extremely
Some essential features of capillary wave generation bysmall. This reflects the coherent averaging of CW over a fi-
pressure distributiom,(x) can be seen if one considers the nite width of pressure distribution.
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Fig. 1. CW profiles calculated according to a simple analytical Fig. 2. Normalized profiles of Stokes wave of different amplitude.
model (15) and by direct integration of Eq. (8).

tional gravity waves generated numerically, using the tech-

Small perturbations of GW amplitude lead to a pro- hique proposed in Chalikov and Sheinin (1998). This tech-
nounced modulation of the CW. This is illustrated by re- hique is based on conformal mapping and Fourier series ex-
sults of direct calculations according to Eq. (17) presented irpansion. Figure 2 presents examples of the GW profiles ob-
Fig. 1, where we show CW profiles calculated according totained. Paramete¥ = Uo/C¢ is the dimensionless orbital
Egs. (15) and (17). Small, 3% changedf cause approx- Velocity at the wave crest in the coordinate system moving
imately 250% changes in CW amplitude. The direct numer-with the GW phase speed. For the steepest possible GW,
ical integration, according to Eq. (8) for a 30-cm-long GW M = 0 and for gentle linear wave® — 1. The number of
with the same value al/p, supports this result qualitatively Fourier harmonics used in computations varied from 512 for
but provides a much more complicated CW waveform. Be-M = 0.82 to 2048 forM = 0.15. In the case of modulated
sides overall ripple decay with distance from the GW crest,GW we recalculated relevant curvature, slope and orbital ve-
x = 0, due to viscous dissipation, one can notice substantialocity distributions for eaclt anda combination.
changes of CW wavelength not accounted for in the simple To verify the CW model, we have compared the results
analytical model of Egs. (15) and (17). with experimental data of Chang et al. (1978). Figure 3

The stationary ripple situation considered here is simplershows our computational data, which should be compared to
but also is more restricted in comparison with Chalikov andFigs. 5 and 6 of Chang et al. (1978). Itis seen that the calcu-
Sheinin (1998), where the nonstationary problem was solvedated ripple amplitude is in a good agreement with the exper-
numerically. On the other hand, it can be expected that foiment. The major difference is that the experiment shows a
a limited time interval the ripples will remain synchronous Stronger damping of ripples than what follows from the the-
with the gravity wave, especially in the presence of signifi- Ory. This may be attributed to a larger effective viscosity
cant losses. Also, the present approach is linear with respedhan the molecular viscosity used in the theory and/or finite
to CW, uses adiabatic modulation of CW which is valid only resolution of laser slope gauge. We also compared our calcu-
if K > k and does not account for dissipation of GW due lations to the measured data presented in Fig. 4 of Fedorov et
to CW generation. A more complicated theory of stationaryal- (1998). Figure 4 presents our calculation results for GW
ripples, based on viscous boundary layer approximation, wa§requencyf = 4Hz which are in good agreement with the
proposed by Fedorov and Melville (1998) who addresseddata of Fig. 4c of Fedorov et al. (1998) after a slight adjust-
these issues and showed excellent agreement with an experent of the wave amplitude. Our calculations jor= 5Hz
iment for short GW Fedorov et al. (1998). However, for the and f = 6Hz produced very strong ripples that clearly vi-
present study of cascade modulation of CW we consider th@late the assumption of CW linearity. Note also that, for
simpler Longuet-Higgins (1995) model to be adequate. Tothese frequencies, the wavelength of stationary ripples is only
achieve a more realistic description of CW modulation it is 8-15 times smaller than the GW wavelengths which makes
necessary to account for the effects of non-uniform flow, vis-adiabatic modulation of CW at the front of GW question-
cosity and variation of gravity acceleration. This was doneable. Figure 5 shows examples of ripple wave profiles gen-

numerically, and the corresponding results are presented ifrated by GW of 12cm wavelength. For the weakest GW
the next section. consideredM = 0.63, surface tension causes only small

and smooth changes of the gravity wave profile and no rip-

ples are present. This can be explained by strong averaging
4 Numerical modeling of short capillary waves by smooth curvature distribution as

mentioned in the previous section. Far = 0.50 the GW
Calculation of CW generation by GW was performed by nu- is not yet very steep (maximum slope is about 0.38) but the
merical integration of Eq. (8), for model nonlinear irrota- situation is already close to critical Longuet-Higgins (1995);
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Fig. 3.Slope profile of GW (light solid curve) and GW with ripples
(heavy solid curve) for experimental conditions of Chang et al.
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Fig. 4.Slope profiles of GW (light solid curve) and GW with rip-
ples (heavy solid curve) for experimental conditions of Fedorov
et al. (1998). Wave frequency = 4.0 Hz, dimensionless wave

amplitude indicated on charts.
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Fig. 6. Amplitudes of harmonics for 12 cm gravity waves of various
amplitudes with ripples.

GW. Further decrease td = 0.15 creates a supercritical sit-
uation for CW near the GW crest. In this case stationary rip-
ples cannot appear near the crest, where capillary forces are
strongest, which causes an overall decrease of ripple ampli-
tude. Our modelling shows that this situation remains quali-
tatively similar for longer GW; a gentle wave creates no rip-
ples, the largest ripples appear close to the critical regime
and, for a supercritical case, the ripples are damped. Also,
the numerical modelling confirms that a slightly modulated
GW can yield a strong variation of ripples. As seen from
Fig. 5, the change oM by about 25% causes ripple am-
plitude variation by an order of magnitude. Figure 6 shows
amplitudes of harmonics for the 12-cm GW with ripples. A
narrow spectrum fod = 0.82 presents primarily GW in
the absence of ripples. Note that the generation of ripples
substantially increases the width of the spectrum. It is also
interesting that the combined effects of ripple generation, av-

the CW is actively generated at all points of the surface oferaging and supercriticality causes non-monotonous depen-
the GW. Note that for a chosen wavelength and kinematicdence of certain spectral components on the amplitude of
viscosityy = 0.01cn?s ! used for all calculations, there GW. This circumstance can be important for interpretation
is practically no “leakage” of ripples to adjacent periods of of radar scattering discussed below.
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Fig. 7. Harmonic intensities of slopes of gravity waves (dashed- Fig. 8. Modulation coefficients for the first 20 harmonics for exper-
dotted line) and gravity waves with parasitic ripples (solid line) at imental conditions of Ermakov et al. (2000).
different positions along modulating internal wave for experimental
conditions of Bakhanov et al. (2000).

Note that the group velocity of the gravity wave, =
%«/g/k , is about 19.5cm/s i.e. it slightly exceeds the IW

5 Comparison with experimental data velocity. From Eq. (3)

Although a relatively large body of literature already ex- 6k
ists concerning ripple generation by internal waves, only a
few contyolled experimental studies of a cgscade—t'ype ripplean d from Eq. (4),
modulation are known. These are primarily Russian works

on laboratory experiments where nonlinear GW with ripples da
were modulated by internal waves (IW); (Ruvinskii et al., a_o
1986; Ermakov and Salashin, 1994; Bakhanov et al., 2000).

; ; , Both 8k andda are in anti-phase with and in phase with
Here we compare our results with the series of experiments This phasing agrees with the experiment of Bakhanov et
reported in Ermakov et al. (2000). In the experiment in ques-n' P 9ag P

tion, the IW was excited in the tank with an approximately al. (2000) as well as the amplitude modulation coefficient,

. . which is close to the measured value of 0.2. Note also that
two-layer stratification, each layer of about 15 cm thickness. . - )
N 3 modulation coefficients for both amplitude and wave number
The density jumpAp was 0.04gcm?, internal wave pe-

. . . : are significantly larger than/C. This is caused by prox-
riod was 9.8 s and amplitude, of pycnocline displacement . . i .

. ’ imity to group synchronism discussed in Sect. 2. Hence,
was 0.2cm and 0.4cm in two series of measurements. The

surface wave, of frequency 4 Hz, wavelength= 9.76 cm Aotwithstanding that GW modulation is small, we must use
(ko ~ 0.644 r;id/cm) and amplitu,de in the range.of several 'or¢ complicated formulas (3) and (4) instead of Egs. (5)

mm was generated by wavemaker. In this experiment th and (6). Figure 7 presents computational results for spec-
ger y : P %ral intensities of surface slopes at the middle point, crest
GW modulation by IW was measured.

Based on these data, we calculated the phase velSaify and trough of IW for these experim_ental conditio.ns for the
the linear IW in a two-layer fluid: case when the urjmodulated amphtude of GW ismm.
It shows substantial changes of the high-frequency part of
\/m . slopes spectra, associated with ripple generation due to a cas-
C= |——==16cms", (18) cade mechanism, as compared to a “pure” nonlinear GW, the
p H latter spectra are shown as dashed-dotted lines. It is clear

whereH = hy + hy andhy » are thicknesses of layers. From 2adain that relatively small 10-20% changes of the GW am-
here, the IW wavelength;y ~ 157 cm. The horizontal ~ Plitude and wave number cause orders of magnitude inten-

current created by the IW at the surface, for IW amplitude Sity changes for higher harmonics. At the same time, the

—-0.10 (20)

~ —0.19. (21)

4mm, can be found as lowest harmonics show no large changes. Note also that the
n shape of the computed spectrum is close to the measured

u= —Ch— ~ 0.46cms?t. (29) spectrum presented in Fig. 27 of Bakhanov et al. (2000). Fig-
1

ure 8 presents modulation coefficients calculated for the first
Sinceu/C =~ 3%, the IW is linear and the modulation of 20 harmonics of GW with ripples for a 2 mm amplitude of
the surface gravity wave can be assumed to be small. Th&N and various amplitudes of nonlinear GW. Comparison of
GW wavelength is small in comparison with that of the IW, these results with experimental data presented in Fig. 4 of Er-
A < Arw, so the formulae (3) and (4) obtained for slow makov et al. (2000) shows the same principal features; a fast
modulation should work sufficiently well. growth of modulation coefficient for the first 5—7 harmonics
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of the computed spectrum for nominal GW amplitude, about
4.5mm, is very close to the measured spectrum.

In a laboratory experiment by Plant et al. (1999), the GWs
were excited by wind and Doppler spectra of a scattered
radar signal were measured. According to the authors, para-
sitic capillary waves prevail over the wind-generated ripples
when the wind friction velocity is smaller that 20 cm/s. For
real seas, depending on the stability of the atmosphere, this
may correspond to a standard wind of about 3-6 m/s. De-
spite a rather large body of experimental material regarding
radar scattering from the sea surface, uncertainty still exists
regarding the cascade mechanism contribution as opposite to
the direct modulation of short wind-induced waves by long
waves. One of the main difficulties here is that the intermedi-
Fig. 9. Time series of NRCS at vertical polarization, obtained on gte G\Ws have a broad frequency spectrum which complicates

23 September 1995, at 01:28:00 UTC. The radar beam was fixed gjrect application of theoretical results and laboratory data to
azimuth 257 over 317s. Winds are 4 m/s from 212Significant real sea conditions

wave heightis 2.3 m.
However, even at present, the features of cascade mech-
anisms can provide possible interpretation of some exper-

and saturation for higher numbers. Calculated modulatiofmental data. An example is the modulation of radar re-
coefficients are close to those in experimental data for thdus by swell in the Coastal Ocean Probing experiment
first two harmonics. However, calculations predict an almost{(COPE '95) , including the data reported in Kropfli et al.
100% modulation coefficient for higher harmonics whereas(1999) and Ostrovsky et al. (1999). Figure 9 shows a time se-
the measured values are 6070 %. This discrepancy can gies for aradar scattering cross section at vertical polarization
related both to the accuracy of the adiabatic modulation apin the presence of swell with an amplitude of about 1 m and
proximation we used and to the accuracy of measurement$t period of about 16.5s. The modulation depth reaches 5dB
since data presented in Fig. 2 of Ermakov et al. (2000) show@nd the modulation period matches a period of swell. The es-
at least 80% modulation for the amplitude of the 17th har-timates, according to Eq. (7) which is well applicable in this
monic. Lower modulation coefficients, far = 5.1mmin  case, provide the adiabatic modulation coefficient for a grav-
Fig. 8, correspond to a very specific situation when ripplesity wave (same order for a capillary-gravity wave) of about
are strongest at the midpoint between the crest and trough of-3%- This seems insufficient to explain the strong modula-
the IW. For the IW crest where GW amplitude is lowest, the tion of scattered signal shown in Fig. 9. At the same time, as
generation of ripples is suppressed by coherent averaginghown above, the parasitic ripple amplitude and spectrum are
as shown by the exponent in Eq. (17). For the IW trough, VerY sensitive to even slight changes of nonlinear GW ampli-
the GW is steeper and we have a supercritical situation foftude, especially near critical value (see Fig. 5), so that a cas-
most of the GW crest area; ripples are also relatively small.cade mechanism can readily provide 5dB variation of ripple
Other calculations show that competition of these two effectsnergy. Hence, a cascade mechanism is plausible here, espe-

can cause a reverse modulation phase with respect to IW arfj@lly for light winds. Also, as COPE results show, for light
doubling of modulation frequency for higher harmonics. ~ Winds (about 0-3 m/s), modulation of intensity and Doppler
signal are in phase Ostrovsky et al. (1999) which implies that

the strongest variations occur at the crests of swell which
corresponds to the theoretical prediction. To obtain more in-
sight in to this problem, further processing of field data is
The simplified model for parasitic ripples and cascade modneeded. From a theoretical perspective, an important prob-
ulation of their spectra by long waves, suggested and elaboem is to consider ripple generation and cascade effect for a
rated above, demonstrates reasonably good agreement Wilfoad distribution of GW crest amplitudes imitating the real
the data of laboratory experiments on ripple generation andea roughness.

modulation by internal waves. The computational results for

spectral intensities of surface slopes at the middle point, crest

and trough of IW, for experimental conditions in a tank, show
substantial changes of the high-frequency part of these spe
tra associated with ripple generation due to a cascade mecré—akhanov V.V, Dolina, I. S., Ermakov, S. A., Gopalo, 1. |
anism s compared to a “pure” nonlinear GW. It is demon- L e A oo T L
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