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Abstract. The evolution of a short-wave (SW) spectrum along a long wave (LW) is studied. The
evolution of the SW spectrum variation istreated in the rel axation time approximation. The variation
of the SW spectrum is caused by the LW orbital velocities and by the variation of the wind stress
along the surface of aLW. Thelatter is due to the distortion of the flow by a LW, and to the variation
of the roughness induced by the modulated short waves. This introduces a feedback mechanism:
more SWsgive rise to alarger roughness, which by increasing the local stress stimulates the growth
of more SWSs. It is shown that this aerodynamic feedback effect dominates the modulation of the
SW spectrum for moderate and strong winds. The feedback mechanism is most effective for SWs
in the gravity-capillary range, increasing its dominance with increasing windspeed and decreasing
frequency of a LW. The maximum of the SW amplitude modulation is situated at the crest of a LW.
The results are in agreement with laboratory and field measurements of the short-wave modul ation.

1. Introduction

The investigation of the interaction between short wind waves (SWs) and long
surfacewaves(LWSs) isof interest from at | east two viewpoints. First, themodulation
of SWshy LWsdeterminesthe hydrodynamical component of the radar modulation
transfer function (MTF). The observation of ocean wave spectra by radar (RAR,
SAR) is now done routinely (Komen et al., 1994), and better understanding of the
mechanism of the radar image formation is of great practical importance. Second,
the modul ated SWsgiveriseto the variation of the roughnessal ong the LW surface.
In general this can result in an additional variation of the air flow and have an effect
on the growth or decay of a LW.

Most experimental data of SW modulation by LWs are obtained via the study
of radar MTF (Plant et al., 1983; Schroter et al., 1986; Hara and Plant, 1994).
According to these measurements the amplitude of the SW modulation growswith
decreasing LW frequency. The maxima of the SW spectrum are observed on the
LW forward slope, closer to the crest than to the trough. For agiven LW frequency,
the amplitude of the SW modulation decreasesfor increasing wind speed. However,
the direct observation of the SW modulation in a laboratory experiment (Miller
and Shemdin, 1991) showsthe growth of the SW modulation with increasing wind
speed.
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Alpers and Hasselmann (1978) and Keller and Wright (1975) proposed models
in which the small variation of the source in the evolution equation of the SW
spectrum is described in the relaxation time approximation. These models take
into account only the interaction of the SWswith the LW orbital velocities. They
predict adecrease of the modulation of the SW spectrum with adecrease of the LW
frequency and with an increase of wind speed. This contradicts the experimental
dataof Plant et al. (1983) and Schroter et al. (1986). Vaenzuelaand Wright (1979)
proposed a theory that takes into account the modulation of the three- and four-
wave interaction. Despite the considerable complexity of the model, it does not
explain the SW modulation observed in real conditions.

Smith (1990) studied in detail the effectiveness of various physical mechanisms
to modulate the short wind waves by a LW: the modulation of the SW by the
LW orbital velocities, the effect of avarying surface roughness and stress and the
effect of shear currents. The conclusion reached in this work is that the observed
SW variations can not be explained by the interaction of SWswith the LW orbital
velocities. The only viable cause of the observed modulation isthe variation of the
surface stresses with an amplitude 25 times the LW stegpnessin phase with the LW
elevation, with the maximum of the stress located at the crest. In other words, the
behaviour of the SWsis governed by the aerodynamicsof the air flow above aLW.
Smith (1990), and later Hara and Plant (1994) and Romeiser et al. (1994) assumed
that some feedback mechanism could be responsible for large variations of the
short wind waves and the surface stresses on a LW. They suggest the following
qualitative description of this feedback mechanism. The short waves affect the
surface roughness, which determines the stress distribution, which in turn affects
the short waves. However no quantitative description of this feedback mechanism
has been proposed so far.

In this paper an attempt is made to describe quantitatively this feedback mech-
anism. A feedback between SWs and the surface stress variations can appear only
when the air flow is coupled to wind waves. Recently a few coupled models have
been proposed (e.g., Janssen, 1989; Chalikov and Makin, 1991; Makinet al., 1995).

The present study isbased on the approach of Makin et al. (1995). In their model
the roughness parameter (and consequently the drag coefficient of the sea surface)
is defined by the relation

2z (1-w)t/?
20 = Zm (—) . (D]
Zm
In Equation (1)

a= Tw/(Paui) 2)
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isthe coupling parameter, u, isthefriction velocity of theair, 7, isthe momentum
flux to waves, z,, isthe scale of the vertical decay of the wave-induced momentum
flux, p, istheair density and z, is the viscous roughness length defined by

2, = 01470 (1 — o)~V 3)
U

where v, is the air viscosity. The momentum flux to waves can be expressed in
terms of the wave action spectrum N (k) and the wind-wave growth rate 5

S / Buwk cosONdk, 4
0

where k is the wave number vector, 6 isits direction, £ = |k| and w is the wave
frequency. The scale z,, is defined by

zl= Ti A 2k 3wk cosO N dk. (5)

Thedrag of the seasurfaceisthusformed by the momentum flux to wavesand by
theviscousstress. At low wind speedsthetotal surfacestress, which equalsp,u?, is
dominated by the viscous drag, whereas at high wind speedsit is mainly supported
by the momentum flux to waves. In the former case the coupling parameter « is
small. In the latter it is close to 1 (see Figure 3 in Makin et al., 1995) and the air
flow is completely coupled to waves. In Makin et a. (1995), it was concluded that
most of the momentum is transferred to decimetre and metre waves.

Equation (1) gives an explicit relation between the sea roughness (drag coeffi-
cient) and the wind-wave spectrum via the momentum flux. It plays akey rolein
the present study. The dependence of the wave spectrum on the wind stressimplies
that, in the coupled dynamical system of wind waves and air flow, a feedback
mechanism can take place.

The main goa of the present paper is to give a physical description of this
feedback mechanism. It is shown that SWs, modulated by the wind stress, cause a
considerablevariation of roughnessalong the LW profile, thereby further enhancing
the stress variations necessary to maintain the SW modulation.

2. Short-Wave Modulation by a L ong Wave viathe Air Flow
2.1. VARIATION OF THE SHORT WAVE SPECTRUM

The two-dimensional background spectrum of the short wave action N (k, ) is
assumed to be disturbed by a LW of a small amplitude running along the z-axis.
It follows that the N modulation N isaso small: N/N < 1 (hereafter a bar will
denote undisturbed values).
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Assuming that the frequency €2 and thewave number K of aLW are significantly
smaller than the frequency w and thewave number & of aSW, thelinearized equation
for the variation of the SW action spectrumin the rel axation approximation (Keller
and Wright, 1975; Alpers and Hasselmann, 1978) can be written

ON oudN -~ - N

ot xa_x8—kx_'6WN_T7 (6)
whereu isthe LW orbital velocity and T' isthe relaxation time. From (6) it follows
that the modulation of the SW spectrum results from the variation of the growth

rate 3 (caused by variationsin the airflow) and by the orbital motions of aLW. The
relaxation time T is defined by

9q

ON’
The energy source function ¢ describes the wind input, the dissipation due to
wave breaking and viscosity, and the wave-wave interactions. The applicability
of the relaxation approximation for short waves has been discussed by Alpers
and Hasselmann (1978). If the dissipation and the wave-wave interaction terms of
the source function are not known exactly the relaxation time can be defined by
the known (e.g. from experiments) wind-speed dependence of the spectrum level
(Kudryavtsev, 1994; Haraand Plant, 1994):

10N [oB\*
wT_N@u* <8u*> ' (8)

The relaxation time can be estimated from relation (8) if the SW spectrum N and
the growth rate (3 are specified.

T = 7

2.2. VARIATION IN THE AIRFLOW OVER A LONG WAVE

According to Equation (6) the modulation of the SW spectrum can be caused by
the variation of the SW growth rate. Parameterization of Plant (1982) of the growth
rate parameter

2
A = 0.04-% 9)
C

is used, where c is the SW phase speed. Thisrelation shows that the modulation of
the growth rate is related to variations in the surface stress that may appear dueto
the distortion of the air flow over aLW.

Belcher and Hunt (1993) have studied the air flow over the short slow moving
waves. They distinguish two main regions abovewaves. In theinner region (IR) —a
thin region adjacent to the wave surface — the significant disturbancesto turbulence
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caused by waves occur and arein equilibrium with the local vel ocity shear. Outside
theinner region—in the outer region—the wave-induced perturbationsto turbulence
are small and the wave-induced velocity perturbations are ailmost inviscid. The
thickness of the IR, [, is given (Belcher and Hunt, 1993) by the implicit relation

26Uy
Kl ~ 10
U —of (10)

where « is the von Karman constant, U; is the wind speed at height / and C' isthe
LW phase speed. Numerical calculations of Mastenbroek et al. (1996) show that
relation (10) is also valid for the air flow above fast long waves (C' > U;). The
depth of the IR can be roughly estimated as K1 ~ 0.1 (see Figure 2 in Mastenbroek
etal.).

As a zero-order approximation the wind profile inside the IR is assumed to
follow the logarithmic distribution

V(z,2) =U(z,2) —u(z) = u*’i:v) In <20§$)> , (11

wherez = 2’ — n(z) isavertical coordinaterelated to the instantaneouslong wave
profilen(z), (x, z') are Cartesian coordinates, V (x, z) isthewind velocity relative
to the surface, « is the LW orbital velocity, and zg is the roughness parameter
that can vary along the LW profile. As shown by Belcher and Hunt (1993), the
logarithmic profile (11) is exactly valid only inside the so called inner surface
layer, which is the lower part of the IR. However, the deviation of the velocity
profile (11) from the exact solution in the upper part of the IR is not relevant for
the present study.

We further need to define the wind-speed variation at the top of the IR. For
sow moving waves, the amplitude of the wind-speed variation isi; ~ €(U2 /U))
(Belcher and Hunt, 1993), where ¢ is the stegpness of a LW, Ux and U; are the
undisturbed wind velocities at height z = K~ and z = [ correspondingly. For a
very fast LW with C' > Uy, the amplitude of the wind-speed variation at height
z = [ equalsU; ~ —eC'. We combine both by the relation

U ~e(03/0,-C). (12)

SWs are advected by the local orbital velocity of a LW. The amplitude of the
wind-speed variation in the IR relative to the moving surface is

Vi = e(U3/U; - 20), (13)

we substituted U, instead of Uy, (U, is the wind velocity at height z = A, and
A is the LW length), to obtain a better agreement with the numerical results of
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Figure 1. Theamplitude of the wind speed variation over the IR relative to the moving water surface.
Open squar&se numerical calculation; line: parameterization (13). Dimensionless roughness parameter
zoKK =107°.

Mastenbroek et al. (1996). In Figure 1 a comparison between the amplitude of
the relative wind variations according to (13) and numerical calculationsis shown.
We find that relation (13) approximates the numerical results well. For aslow LW
with U /C > 2, the maximum of the wind speed relative to the moving surfaceis
situated at the crest of a LW, whereas for faster wavesit is situated in the trough.

Disturbances of turbulence caused by the interaction of the air flow with the LW
surface are located in the IR. The relative wind speed over the IR, V, is thus the
external parameter that defines the momentum flux in the IR. The resistance law
for the IR follows from (11)

ua(w) =[O0 + Vi) | &} 2 (), (14)
where V] is the relative wind-speed variation over the IR with amplitude defined
by (13), C;(z) isthe local drag coefficient related to the local surface roughness
(1) by

Ci(z) = [k/In(1/20(x))]?. (15)
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2.3. COUPLING OF SHORT WAVES AND SURFACE WIND STRESS

Thesurfacedrag coefficient (15) dependsviarelation (1) on the coupling parameter
« and itsvariation &,

The modulation of the wave induced stress 7, is

oo _ oo ~
Tw = / Pwk coSON dk + / Pwk coSON dk (17)
k k

mod mod

so that the variation of the wave-induced stressis due to the variation of the growth
rate parameter 3 and the variation in the spectrum level N. Theintegration over
starts from k,,,,4 t0 account for the fact that not all waves are modulated by a LW
but only those with the wave number k& > k,,,,4 ~ 10K.

The equation for the variation of the friction velocity in the IR follows from the
resistance law (14),

T vV, 1

7~_w
where
_ In(l/zm) 1/2 -
F=|1+ N/ 2) (1-«) . (19

The accuracy of (18) is of order O(Cll/ 2). Equation (18) relates the surface stress

variation to the variation in the relative wind speed and in the momentum flux to
waves.

The SWstravelling along a LW experience variations of the surface stress due
to variations of their growth rate. The depth of the IR is! ~ 0.1K %, whereas
the modulated SWs satisfy the condition £ > K. This meansthat a SW develops
insidethe IR of aLW and its growth is defined by the local surface stress. Variation
of 3 follows from (9)

Us

=2 (20)

DI

—
Us

where u, isdefined by (18) and depends on the phase of aLW. With (20), Equation
(17) for the variation of the momentum flux to waves can now be rewritten in the
form

S
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where

w - ~
Fy = / Gk cosONdk 22)
k

mod

is the variation of the momentum flux to waves due to the variation of the SW
spectrum. Parameter p in(21) isdefined asp = 7,/ 7y, Where7,,, isthemomentum
flux to the modulated part of the SW spectrum

m - —
Tup = /k Fuwk cosONdK. 23)

mod

A closed set of equations (18), (20), and (21) describes the response of the
surface stress (and therefore the SW growth rate parameter) to variations in the
SW spectrum and the surface wind speed induced by a LW. The solution of these
equations for the modulation of the growth rateis

B ‘7z< 1-p ) N
Doolt(1-="Lg) 0 24
/3 Ul p Twp ( )

where @ is the feedback parameter

_ ap
T el (29

In (25) the fact that In(1/20)/ IN(2, /2,) ~ 1 is used. The feedback parameter ®
relates variations of the SW spectrum to variations of their growth rate parameter.
The enhancement of SWs increases the momentum flux to them from the air
flow. That in turn further enhances their growth and the feedback mechanism can
emerge. The feedback parameter increasesif both o« — 1 and p — 1. The value of
p is defined by the ratio of the LW frequency €2 to the wind-wave spectrum peak
frequency (w,). When Q2 ~ w,, p iscloseto 1, the coupling parameter « increases
with the increase in wind speed. It has been shown by Makin et al. (1995) (their
Figure 3) that the coupling parameter « increases from 0.7 at Uy = 8 ms™! (Usg
isthewind speed at height z = 10 m) to 0.95 at U1 = 20 ms~L. Consequently, the
feedback mechanism should be more effective for the higher wind speeds, when a
large fraction of the stressis carried by waves.

2.4, THE FEEDBACK MECHANISM

The normalized amplitudes NV, 3 of variationsin N and /3 are defined by

(ﬁ ﬁ) = 2[(%.B) et 4], (26)
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where e isthe steepness of aLW. Substituting (26) into the action balance equation
for the SW modulation (6) and taking into account the definition of the relaxation
time (8) the following equation can be obtained

. 1—ip\ kON 1 [p2+ip\ -
N=— — 4= 27
<1+u2>Nak+2<1+u2 b, @7
where
p~t=10 (28)

is the normalized relaxation time and n is the exponent in the wind-speed depen-
dence of the SW spectrum. The latter is defined by

_ wON
N Ou,’

(29)

In Equation (27) the normalized amplitude of the variation of the growth rate
parameter /3 follows from (24)

f=2 (1 <1>1—> Vi + <1>— / Bk cosON Ndk, (30)
b kmod

where V; = V,/(eU);) is the normalized amplitude of the relative wind-speed
variation in the IR and V; is defined by (13).

The first term on the right hand side of (27) describes the modulation of SWs
dueto the orbital velocities of aLW. The effect of this modulation mechanism was
analyzed by Keller and Wright (1975), Alpers and Hasselmann (1978) and others.
The effect of the LW orbital velocities on the modulations of SWswith i > 1 are
small. When p, decreases the amplitude of the SW modulation increases and its
maximum displaces from the forward face of a LW to its crest.

The second source of the SW modulation in (27) is due to the modulation of
the growth rate. There are two contributions to this modulation, described by two
termsin Equation (30). Thefirst oneis defined by the variation of the relative wind
speed over the IR of a LW. Parameterization of this variation is given by Equation
(13). Such a mechanism was analyzed by Smith (1990) and Grodsky et al. (1991).
Smith (1990) has prescribed the variation of the surface stresswith the maximum at
the crest of aLW. Hefound that one hasto assume arather large amplitude for this
stress variation (~ 25 times the LW steepness) to explain the observed amplitude
and phase of the SW modulation. The cause of this large stress variation remains
unclear, which indicates the possibility that some undiscovered mechanisms of the
wind-wave interaction should beinvolved. Grodsky et a. (1991) have assumed the
wind-speed variation similar to (13) and found SW variationsthat are not consistent
with observations.
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The second term on the right hand side of (30) describes the contribution to the
variation of the growth rate parameter due to the modulation of the SW spectrum
along the LW profile. Thisterm is responsible for the feedback mechanism. When
the feedback parameter @ is of order O(1) the positive feedback emerges: an area
with more SWsinducesalarger local stress, which will stimulate the growth of the
SWsin exactly the same area.

The value of ® determines the effectiveness of the feedback mechanism. The
value of @ is determined by the coupling parameter o and by the contribution
of the modulated part of the SW spectrum to the total momentum flux to waves
(parameter p). For low winds (U1g < 5 ms™1) the total stress is supported mainly
by viscousdrag (« < 1). The modulation of the SWswill result in alimited stress
modulation. Likewise, if a LW is relatively short and modulates only a small part
of the spectrum (p < 1), the stress modulation will aso be limited. As can be
seen from (25), in both cases ® will be small and will reduce the influence of the
second term in (30). Thusthe feedback mechanismwill be most effectivefor strong
winds and if the LW frequency is comparable with the frequency of the wind-wave
spectral peak,i.e.a~landp ~ 1.

The feedback mechanism is efficient for those components of SWsthat have a
small relaxationtime (parameter 14 > 1). These SWsare completely adjusted to the
local surface stress (see eg. (27)). The SWswith alarge relaxation time (parameter
1 < 1) are disturbed by a LW adiabatically with their amplitudes increased at the
LW crest. If these waves contribute considerably to the total momentum flux to
waves the maximum of the stress will be also at the LW crest. This will enhance
very short wind waves just at the LW crest.

Note, that the SWs modul ation due to the modulation of the growth rate parame-
ter (the second term in (27)) depends also on the exponent 7, which describes the
wind-speed dependence of the SW spectrum (Equation (29)). In the short gravity
and capillary-gravity range of the wind-wave spectrum this exponent is close to 2
(e.g. Keller and Plant, 1985). Therefore the feedback mechanism will effectively
enhance the wave modulations in this spectral range.

3. Modulation of Short Waves by a L ong Wave

3.1. ROLE OF THE FEEDBACK MECHANISM

In this section we shall illustrate the influence of the feedback mechanism on the
modulation of SWs by a LW. We use the same model of a wave spectrum S(k)
as was adopted in Makin et al., (1995). This wave spectrum model is based on
Donelan et a. (1985) and Donelan and Pierson (1987).

The undisturbed spectrum corresponds to the conditions of a fully developed
sea (Uio/c, = 0.83, where ¢, is the phase velocity of the spectral peak of wind

waves). Calculated amplitudes and phasesof the SW modulation M = N by along
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Figure 2. Calculated amplitudes (left column) and phases of the SW modulation V by along wave
with Uip/C = 1.5: full line, calculation including modulation growth rate; dashed line, modulation
of SWsdueto orbital velocities only.

wave are shown in Figure 2. The long wave is specified by the inverse wave age
parameter U1p/C = 1.5. Calculations are based on Equation (27) that describes
two modulation mechanisms: due to the modulation of the orbital velocities (first
termin (27)) and due to the modulation of the growth rate parameter (second term
in (27)). To show theimportance of the latter mechanism the reference calculations
are done where only modulations due to the orbital velocities are accounted for.

In low winds (Ujp = 5 ms™1) the y1 parameter is small for all modulated SWs.
Only modulations due to the orbital velocities are important in this case. The SWs
are modulated almost adiabatically and enhanced at the crest of the LW.

When wind speed increases the ;1 parameter also increases. At wind speed
Ui > 10 ms! its value exceeds 1 for the wave components & > 50 rad m—2.
These components are modulated mainly due to modulations of the growth rate
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parameter. With increasing wind speed the amplitude of the modulation increases
and the maximum shifts to the crest of the LW. When only modulations due to
orbital velocities are accounted for the amplitude of the modulation for these
components decreases and its maximum is shifted towards the forward face of the
LW.

At high wind speeds the feedback mechanism plays the dominant role. The
coupling parameter « is close to 1 (see Makin et a., 1995) and the feedback
parameter ® islarge enough to cause the feedback. Makin et al. (1995) have shown
that the drag of the seasurfaceisformed by decimetreto metre waves. Thesewaves
are modulated adiabatically by the LW with the maximum energy located at the
crest of the LW. Thisleads to the enhancement of the local wind stress at the crest
of the LW. The short gravity and capillary- gravity waves (k ~ 102 — 103 rad m—1)
are adjusted to the local wind stress and as the maximum of stress is situated at
the crest of the LW they are mostly enhanced also at the crest (see Figure 2, right
column, Uyg = 10 m s~% and 15 m s~1). This description explains the feedback
mechanism between modulated waves and the air flow.

Calculations are also performed for the case when the wind speed is kept
constant at Uzo = 10 m s~1 and the frequency of the long wave is changed from
0.13Hzto 0.5 Hz. Calculations are shown for three values of the inverse wave age
parameter Up/C of the LW in Figure 3. If only the influence of the LW orbital
velocities is accounted for, the SW modulation in the range k > 10° radm ™1 is
increased when the frequency of the LW increases. Thisis due to a decrease of the
1 parameter.

When the modulation due to the growth rate parameter is taken into account,
the feedback mechanism emerges. The maximum of SW modulations (£ >
102 rad m~1) occurs at the crest of the LW and their enhancement is larger for
the LW with a smaller frequency. At wind speed U;p = 10 ms—* the coupling
parameter a ~ 0.8. Thefeedback parameter & dependson the o and p parameters.
The p parameter characterizes the ratio of the momentum flux to the modulated
part of the wave spectrum to the total momentum flux to waves. The range of
the modulated waves is related to the LW frequency Q, k& > kg = 100Q2/g.
It increases when the LW frequency decreases. This means that p — 1 and the
feedback mechanism becomes more efficient when waves are modulated by the
LW with a smaller frequency.

Calculations show that for moderate to high winds the feedback mechanism
plays the dominant role in the modulation of SWs. The modulations are enhanced
and phases are shifted towards the crest of the LW. However to cause the feedback
mechanism the LW should be long enough (U1p/C < 3). Otherwise, as well as at
low winds, the modul ations of the SWs are determined by the orbital velocities of
the LW.
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Figure 3. Calculated amplitudes (Ieft column) and phases of the SW modulation M = N by along
wave for Ug = 10 ms™* for different wave ages: full line, calculation including modulation growth
rate; dashed line, modulation of SWs due to orbital velocities only.

3.2. COMPARISON WITH LABORATORY MEASUREMENTS

Miller and Shemdin (1991) studied the modulation of wind SWsby amechanically
generated wave with aperiod of 2 secondsin awavetank for different wind speeds.
The SW modulation was obtained from measurements of the surface slope using
a laser-optical slope sensor. The observations were transformed from frequency
to wave number space taking into account the Doppler shift due to the long wave
orbital velocities. Thefrequency of the observed SWsranged from 14to 30Hz (k ~
300 to 700 rad m~1). For a given wind speed, the observed modul ation amplitudes
and phases show little dependence on the SW wave number. Therefore we averaged
the results of the different wave numbers, and compared them to the modulation
calculated for aSW with £ = 500 rad m—1 (Tablel). The 10 metre wind speed Uzg
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Tablel

Experimental results from Miller and
Shemdin (1991) for themodul ation of wind
SWs by a mechanically generated wave
with the period 2 sec.. Column Uio/cp
gives the age of the spectrum of wind
waves. The modulation amplitudes |M |
and phases are averaged over SWs with
k=300 to 700 rad m~*. Wind-speed units

aems 1.

U Uw Uwn/c, |M| phase

4 52 11 45 47
64 83 13 37 39
9 13.0 18 6.5 5°
10 144 20 6.6 7°

is calculated from the reported wind speeds U, in the middle of the tank and an
estimate of the drag.

In Figure 4 the amplitude of the SW modulation is plotted against the wave age
Uip/C of the long wave. The spreading of the observations around the average
value due to the spreading in the SW frequenciesis indicated with an error bar.

Since the fetch in a wave tank is limited, in this case 24 metre, the wind-wave
spectra are underdevel oped. The inverse wave age parameter, defined as the ratio
of the 10 metre wind speed and the phase speed ¢, in the peak of the spectrum
U1o/cp, ranges from 11 to 20 (third columnin Tablel).

For the laboratory condition the frequency of the modulating LW differs sig-
nificantly from the frequency of the spectral peak of the modulated SW. Hence,
all SWs that extract momentum flux from the air flow are modulated by the LW
(parameter p equals 1), and the efficiency of the feedback mechanism dependsonly
on wind speed.

The amplitude of the modulation, calculated when only the influence of the
LW orbital velocities are taken into account (dashed lines in Figure 4), decreases
with increasing Up/C'. This clearly contradicts the observations, which show a
marked increase. This mechanism also fails to reproduce the trend observed in the
phase of the SW modulation. In the observations, the maximum of SW amplitudes
is found at the crest for high wind speeds, whereas the action of the LW orbital
velocities shifts them towards the forward face of the LW. Due to the feedback
effect the calculation, taking into account the modulation of the growth rate (full
lines), reproduces both trends. For low wind speeds the feedback mechanism has
little effect. When the wind speed is increased, the feedback mechanism becomes
more efficient and starts to increase the amplitude of SW modulations, shifting the
region with the maximum SW energy toward the LW crest.
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Figure 4. Amplitudes and phases of the modulation of SW's M = N in awave tank experiment
(Miller and Shemdin, 1991) compared with calculations: full line, effect of a modulated growth rate
included; dashed line, effect of orbital velocities only.

3.3. COMPARISON WITH FIELD MICROWAVE MEASUREMENTS

Haraand Plant (1994) presented estimates of the hydrodynamic modul ation transfer
function (MTF), extracted from field microwave radar measurements. The hydro-
dynamic MTF describes variations of a microwave return along the LW profile
caused by modulation of a SW spectrum on the Bragg wave number k. In the
notation of the present paper the hydrodynamic MTF is defined as M = N (k).
Compiled data of the amplitude and phase of the hydrodynamic MTF from Hara
and Plant (1994) (their Figure 7) asafunction of wind speed are plottedin Figure 5
together with model cal culations. Frequencies of the observed LWsarein therange
of 0.25 < f < 0.3125 Hz and the Bragg wave number k; is 277 rad m—. Model
calculations are for aLW of 0.3 Hz frequency. The model wind-wave spectrum is
for fully developed waves (Ug/c, = 0.83) corresponding to the observed spec-
tra. Accounting for the feedback mechanism we find a good agreement of model
calculations with the observed data, see Figure 5. The remarkable feature of the
feedback mechanismisthat it shifts the phase of SW modulationsto the crest of the
LW. Model calculations which account for the influence of the LW orbital velocity
only (dashed line in Figure 5) fail to reproduce this observed feature of the SW
modulation.
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Figure 5. Amplitude and phase of the hydrodynamic MTF for the X-band as a function of wind
speed. Marks represent the hydrodynamic MTF extracted from SAXON-FPN (square) and Marsen
(triangle) experiments (compiled from Hara and Plant (1994), their Figure 7). Solid lines are model
calculations accounting for modulation of the SW growth rate. Dashed lines represent modulation of
SW due to the influence of the LW orbital velocities only.

Note that the amplitude of the modulation, observed in the wave tank by Miller
and Shemdin (1991) (Figure 4), increases with U;o/C'. This seems to contradict
its decrease with wind speed found in the microwave measurements (Figure 5).
This can be explained with the feedback mechanism. In the laboratory experiment
the frequency of the mechanically generated LW is significantly smaller than the
frequency of the wind-wave spectral peak. Therefore the full wind-wave spectrum
can be effectively modulated by the LW. The larger the wind speed, the larger the
resulting modulation of the stress will be, since the contribution of the waves to
the surface stress increases with wind speed. The effectiveness of the feedback
mechanism will increase with the increase in wind speed for agiven long wave. In
other words, the long wave modul ates the total waveinduced stress (p = 1), andthe
coupling parameter « increases with wind speed. Thiswill lead to the increase of
the feedback parameter ¢ (see equation (25)), which isfavourable for the feedback
mechanism.

In the microwave measurements of Hara and Plant (1994) the LW frequency
is comparable to the frequency of the spectral peak of wind waves for low wind
speeds (U1g < 5ms™1), which meansthep parameter is closeto 1. But becausethe
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couplingisweak (o < 0.5) the feedback mechanism does not work. For moderate
and high winds the given LW frequency is several times more than the frequency
of the spectral peak of wind waves. Therefore only alimited part of the wind waves
is modulated by this LW. For this case the coupling parameter « is closeto 1, but
the p parameter is reduced that means the reduction of the modulation in the wind
stress. This results in the decreasing of the feedback parameter @ and thereby the
efficiency of the feedback mechanism with the increase in wind speed.

The present model is able to explain the apparent contradiction of laboratory
and field measurements of the SW modulation by a LW.

4. Conclusions

The‘classical’ approach to describe the modulation of short waves (SWs) by along
wave (LW) accountsonly for the interaction of SWswith the LW orbital velocities
and fails to explain the laboratory and field radar measurements.

It hasbeen suggested (e.g., Wright et al., 1980; Smith, 1990) that the modul ation
of SWsis governed by the aerodynamics of the air flow above a LW. However no
guantitative description of this phenomenon has been proposed.

In the present paper we presented a model of the SW modulation by a LW that
accounts for a feedback mechanism between wind waves and the air flow. The
coupling of wind waves with the atmospheric boundary layer is described using
the approach of Makin et al. (1995) to calculate the drag of the sea surface.

The SW modulation feels the variation of the air flow above a LW via the
variation of the SW growth rate. The variation of the growth rate is caused by
the wind speed variation inside the inner region, and by the variation of the drag
coefficient along the LW profile. The variation of the drag coefficient isinduced by
the modulation of the momentum flux to wind waves, which provides the positive
feedback mechanism: an area with more SWs induces a larger local stress that
stimulates the growth of SWs. The efficiency of this feedback mechanism depends
on the ratio of the wave-induced stress to the total surface stress. Therefore the
feedback mechanism is most efficient for moderate to strong winds and resultsin
the enhancement of SWs at the crest of aLW.

The agreement between the model results and the direct observations of the
SW modulation in alaboratory (Miller and Shemdin, 1991) and field observation
of the hydrodynamic MTF (Hara and Plant, 1994) is encouraging. The feedback
mechanism seems to offer a physical explanation of the SW behaviour on a LW
obtained in these experiments.
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