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[1] A study is presented of modulations induced by a dominant long surface wave (LW)
in the coupled airflow–short wind-generated waves (SW) system. The modulation of SWs
in the gravity range results from their interaction with the LW orbital velocity and their
interaction with the wind stress modulated by the LW. The modulation of waves in the
capillary range is mainly due to the modulation of the rate of generation of parasitic
capillaries by steep short gravity waves. The variation of the wind surface stress is
described by the dynamics of the turbulent airflow over the LW with the surface roughness
varying along its profile. The variation of the surface roughness is caused by the variation
of the form drag supported by modulated SWs. In turn, the LW-induced variation of the
surface stress affects the SW modulation. This provides a feedback in the coupled
airflow–SW system in the presence of the LW. The model results show that the amplitude
of the surface roughness modulation can be large. In terms of the modulation transfer
function (MTF), it can reach values of 10–20. The modulation of the form drag, which
causes the modulation of the surface roughness, comes mainly from short breaking waves
strongly modulated by dominant waves. The modulation of the surface roughness
considerably affects the dynamics of the airflow over the LW and thus the LW wind
growth rate. Models of the airflow above waves assuming a constant roughness parameter
underestimate the growth rate parameter approximately two to three times as compared to
the measured values. The present study shows that when the variation in the surface
roughness is accounted for, the growth rate parameter increases roughly twice, which to a
large extent reduces the discrepancy with measurements. INDEX TERMS: 4504
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1. Introduction

[2] Dominant long surface waves (LWs) modulate short
wind-generated waves (SWs), a phenomenon that is almost
always present on the sea surface. The study of this problem
has important applications. The modulation of SWs deter-
mines the hydrodynamic component of the wave radar
modulation transfer function (MTF). Despite numerous
efforts mechanisms responsible for the SW modulation are
still poorly known. A traditional approach to model the SW
modulation is based on the relaxation theory proposed by

Alpers and Hasselmann [1978]. However, applying this
approach to reproduce observations led in most cases to
failure [e.g., Romeiser et al., 1994]. To reach agreement
between model results and radar measurements Hara and
Plant [1994] and Romeiser et al. [1994] assumed that the SW
modulation is governed by a strong wave-induced surface
stress variation with a maximum over the LW crest and
amplitude of 10–20 times the LW steepness. No explanations
for amechanism providing such strong stress modulation was
given. Kudryavtsev et al. [1997] developed a model, which
takes into account the surface stress modulation resulting
from a feedback between the airflow and the modulated SW.
The general idea of this feedback is that areas of the surface
with the enhanced SWs induce a large local wind stress due to
the enhanced form drag. This stimulates the SW growth
providing further enhancement of the SW energy.
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[3] The feedback mechanism suggested by Kudryavtsev
et al. [1997] to explain the large amplitude of the LW-
induced variation of the surface stress follows from a wind-
over-wave coupling theory developed by Makin et al.
[1995]. This theory was recently revised and extended to
account for the impact of the airflow separation from
breaking waves on the sea drag [Kudryavtsev and Makin,
2001]. It was shown that the airflow separation plays a
crucial role in the formation of the sea drag under moderate
and high wind speeds. Dulov et al. [2002] provided exper-
imental evidence that wave breaking in the sea is strongly
modulated by LWs. Hence, one can anticipate that the
modulation in wave breaking should stimulate the modu-
lation of the surface stress affecting the SW modulation.
[4] The goal of the present paper is to investigate the

dynamics of the coupled system the airflow–SWs over a
LW. The study is based on the background coupled sea
surface–atmosphere model developed by Kudryavtsev and
Makin [2001]. It is used here to describe the reaction of the
coupled system the airflow–SWs in presence of a LW. The
main attention is paid on the SW modulation (in the wave-
length range from few millimeters to few meters), and on
the variation of the surface stress and the aerodynamic
roughness of the sea surface. The surface roughness varying
along the profile of a LW can significantly affect the
distribution of the surface pressure over the LW, and hence
affects the growth rate of the LW [Gent and Taylor, 1976;
Maat and Makin, 1992]. This effect can play a key role in
better understanding of the wind wave generation problem.
It is known [e.g., Belcher and Hunt, 1993; Townsend, 1972;
Mastenbroek et al., 1996] that models of the airflow above
waves underestimate the growth rate parameter of waves as
compared to empirical values. We show that accounting for
the varying surface roughness significantly improves the
agreement between the model and observed estimates of the
growth rate parameter. Unlike previous studies the advant-
age of our approach is that the varying surface roughness is
not specified arbitrarily but results from the solution of the
coupled evolution of SWs and the turbulent airflow over
longer surface waves.

2. Background

[5] In this section a brief overview of the background
coupled sea surface–atmosphere model used to derive the
modulation of SWs and the variation in the atmosphere
parameters in presence of a LW is given. The background
model consists of a model of the SW wave spectrum and the
resistance law of the sea surface relating the drag of the sea
surface to the wave spectrum. After the background model
was fitted to measurements (e.g., the drag coefficient and the
mean square slope) (Figure 1 below) it is used with the same
tuning constants in themodulation problem (sections 3 and 4).

2.1. Energy Balance Equation and Wave Spectrum

[6] The form of the background spectrum of wind waves
and its evolution in the nonuniform medium such as a
surface current or wind results from a solution of the energy
balance equation, which can be written in terms of the wave
action spectral density N(k) [e.g., Phillips, 1977]

@NðkÞ
@t

þ ðcgi þ uiÞ
@NðkÞ
@xi

� kj
@uj
@xi

@NðkÞ
@ki

¼ QðkÞ
w

ð1Þ

where cgi and ui are components of the wave group velocity
and the surface current respectively; i and j = 1, 2; w and k
are the angular frequency and the wave number vector (k =
|k| is the wave number modulus and ki are its components)
linked by the dispersion relation:

w2 ¼ gk þ gk3; ð2Þ

g is the acceleration of gravity, g is the surface tension, Q(k)
is the source of wave energy. The elevation spectrum F(k),
the energy spectrum E(k), and the wave action spectrum
N(k) are related to each other by E(k) = (w2/k)F(k), N(k) =
E(k)/w = (w/k)F(k). The degree of the saturation spectrum
B(k) (the surface curvature spectrum) used throughout the
paper is defined as B(k) = k4F(k). Equation (1) describes the
background spectrum and its modulation. The form of
the background spectrum results from a solution of equation
Q(k) = 0, and the modulation of the SWs by a LW can be
found as a solution of the linearized equation (1) for a small
disturbance of the spectrum.
[7] In the present study a model of the SW spectrum

developed by Kudryavtsev et al. [1999] is used. In the
equilibrium interval of the spectrum defined in the range
k � kp, where kp is the wave number at the spectral peak,
the form of the spectrum is found as a solution of the energy
balance equation (1), where the energy source Q(k) is

Figure 1. (a) Mean square slope (mss) versus wind speed.
Solid line: model calculations; open circles: Cox and
Munk’s [1954] observations. (b) Sea surface drag coefficient
versus wind speed. Solid line: model calculations; open
circles: regression from the work of Yelland and Taylor
[1996] with 15% error bar. (c) Stress contributions. Dashed-
dotted line: stress due to separation ts/u*

2; solid line: wave-
induced stress tw/u*

2; dashed line: viscous stress tv/u*
2. (d)

Omnidirectional cumulative spectrum of form drag defined
by (18). Dashed-dotted line: wind speed U10 = 5 m s�1,
spectral peak wave number kp = 0.27 rad m�1; dashed line:
U10 = 10 m s�1, kp = 0.068 rad m�1; solid line: U10 = 15 m
s�1, kp = 0.030 rad m�1. Results shown are for a fully
developed sea U10/C = 0.83.
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QðkÞ ¼ w3k�5 bnðkÞBðkÞ � BðkÞ BðkÞ
a

� �n

þIpcðk=kgÞ
� �

: ð3Þ

Here bn(k) = b(k) � 4nk2/w is the effective growth rate,
which is the difference between the wind growth rate
parameter b(k) and the rate of viscous dissipation (n is the
viscosity), and kg = (g/g)1/2 is the wave number at the
minimum phase velocity. The growth rate b is parameter-
ized as

bðk;jÞ ¼ Cb
u
*
c

� �2

cos jjcos jj; ð4Þ

where u
*

is the friction velocity, Cb is the growth rate
coefficient, and j is the angle between the wind direction
and the wave component.
[8] The second term in (3) describes the nonlinear energy

loss, which is associated with wave breaking at k < kwb �
2p/0.15 rad m�1, generation of parasitic capillaries at kwb <
k < 1/2kg, and with three-wave interactions redistributing
energy from a vicinity of k 	 kg toward shorter and longer
waves at larger k. The third term in (3)Ipc(k/kg) describes the
cascade of energy transfer from the short gravity interval to
the capillary interval due to generation of parasitic capil-
laries. The wave number vectors of parasitic capillaries k
and the generating gravity wave kg are collinear and their
modulus is linked by

kg ¼
k2g

k
: ð5Þ

In the work of Kudryavtsev et al. [1999] it was argued that
generation of parasitic capillaries provides the energy loss
D(kg) for short gravity waves in the range of wavelength
from 15 cm to 4p/kg. The crest of longer gravity waves
breaks and generates turbulence rather than generates trains
of parasitic capillaries. The dimensionless source of
parasitic capillaries in (3) is

Ipcðk=kgÞ ¼ bDðkgÞfðkg=kÞ ¼ BðkgÞ
BðkgÞ
aðkgÞ

� �nðkgÞ
fðkg=kÞ; ð6Þ

where bD(kg) is the dimensionless dissipation of short
gravity waves: bD(kg) 
 wg

�3kg
5D(kg), wg = w (kg). Note that

if the short gravity waves generating parasitic capillaries are
balanced by the energy input from the wind, then bD(kg) in
(6) is equal to bD(kg) = bn(kg)B(kg). The function f(kg/k) in
(6) is a filter function, which restricts the action of the
source of parasitic capillaries in k-space. Its physical
meaning is that the parasitic capillaries can be generated
only by short gravity waves with the wave number k > kwb �
2p/0.15 rad m�1. The crest of longer gravity waves breaks
and generates turbulence. Thus, the filter function has to be
close to 1 in the interval 2kg < kg

2/kwb and vanishes outside.
Parameters n and a in (3) are functions of the dimensionless
wave number kg /k: 1/n = (1 � 1/ng)f (k/kg) � 1/ng and ln a =
ln a � (1/n)ln �Cb, where �Cb is the growth rate parameter at k
= kg/2, the function f (k/kg) is equal to 1 at k /kg � 1, and
equal to zero at k/kwb < 1. A discussion on how to determine
the function f (k/kg) and constants ng and a can be found in
the work of Kudryavtsev et al. [1999, 2002]. Constant a was
determined as a = 2.5 � 10�3 so that the model mean square

slope should correspond to Cox and Munk [1954] observa-
tions, and parameter ng was specified as ng = 5. Note that in
the study by Kudryavtsev et al. [1999] constant ng was
chosen as ng = 2. However, the value ng = 5 gives better
agreement with observation in terms of the wind exponent
of the interval of short gravity waves [see Kudryavtsev et
al., 2002] study for more details.
[9] The solution of equation Q(k) = 0 with the source (3)

gives the shape of the equilibrium spectrum in the range
from very short capillary waves to gravity waves

BðkÞ ¼ a
1

2
bnðkÞ þ b2nðkÞ þ

4IpcðkÞ
a

� �1=2
 !" #1

n

: ð7Þ

The derivation of the spectrum (7) from the source (3) is
given by Kudryavtsev et al. [1999]. Correspondence of the
shape of the spectrum (7) to the measured spectra was
discussed ibidem.

2.2. Drag of the Sea Surface

[10] Equation (7) describes statistical properties of the sea
surface in terms of the wave spectrum. The wind growth
rate is defined by the friction velocity u*, which is one of the
governing parameters of the wave spectrum. Thus to com-
plete the coupled model one has to define the sea surface
drag (stress). The sea surface stress t is supported by the
viscous stress tv and the form drag. The latter is a sum of
the wave-induced stress tw due to the nonseparated shelter-
ing wind growth mechanism and the stress due to the
airflow separation from breaking wave crests ts [Kudryavt-
sev and Makin, 2001] so that

t 
 u
*
2 ¼ tv þ tw þ ts: ð8Þ

The viscous stress tv is estimated from patching the linear
wind profile at the top of the molecular sublayer with the
logarithmic wind profile above it

tv ¼
u
*
2

kdv
ln

dvn
u*z0

; ð9Þ

where k = 0.4 is the von Karman constant, dv = 12 is a
constant defining the height of the molecular sublayer, z0 is
the roughness scale. The wave-induced stress tw was
defined in terms of the growth rate b as

tw ¼ rw
ra

Z Z
bc2BðkÞ cos jd ln kdj; ð10Þ

where ra and rw are density of air and water, c = w/k is the
phase speed, and the growth rate coefficient Cb in b (4) was
defined as Cb = cb(ra/rw)/k(ln (p/kz0) � kc/u*) [Stewart,
1974] at cb = 2. The separation stress ts was obtained
following the analogy between the airflow separation from a
backward facing step and the breaking wave

ts ¼ ebg
Z

u2s cos jk
�1�ðcÞdc; ð11Þ

where eb = 0.5 is the steepness of a breaking wave, g 	 1 is
a constant, us = u*/k ln (1/kz0) cos j � c is the reference
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wind speed, and �(c)dc is the total length of wave breaking
fronts per unit surface travelling with velocities from c to c +
dc as introduced by Phillips [1985] for the spectral
description of wave breaking statistics. To express �(c)
through the wave spectrum we note that the same wave
breaking statistics defines the energy loss due to wave
breaking [Phillips, 1985]

dDðcÞ ¼ bg�1c5�ðcÞdc; ð12Þ

where dD(c) is the energy loss by the breaking front and b is
an empirical constant. In the present SWs model the energy
dissipation due to wave breaking is parameterized as a (n +
1) power of the saturation spectrum (second term in (7)). In
terms of dD(c) this parameterization coincides with (12) if
function �(c) is defined as

�ðcÞ ¼ g

c4
BðkÞ
a

� �nþ1

ð13Þ

with b = 2a. In the gravity range a = 5� 10�3. It was shown
that the main contribution to ts comes from the short gravity
wind waves due to their high surface density.
[11] The resistance law defining the aerodynamical

roughness of the sea surface follows from equations (8) to
(11) and reads

1

kdv
ln

dvn
u
*
z0

þ
Z
j

Z
k

�wðkÞdjdln k þ
Z
j

Z
k<kwb

�sðkÞdjdln k ¼ 1;

ð14Þ

where �w(k) and �s(k) are spectra of the wave-induced and
the separation stress normalized on u*

2

�wðkÞ ¼ cbk�1 rw
ra

� �2

ln
p
kz0

� ck

u*

� �
cos3jBðkÞ; ð15Þ

�sðkÞ ¼
ebg
2k

ln
1

kz0
cos j� ck

u*

� �2

cos j
BðkÞ
a

� �nþ1

: ð16Þ

The resistance law explicitly relates the wave saturation
spectrum to the roughness scale z0 of the sea surface. The
spectrum (7) and the resistance law (14) constitute a
coupled self-consistent system. The SW spectrum (7)
depends on the friction velocity via the growth rate.
Relating the friction velocity to the wind speed at the
reference level (here taken at 10 m)

u ¼ C
1
2

dU10 

k

lnð10=z0Þ
U10; ð17Þ

the SW spectrum is related to the surface roughness scale,
whereas z0 is dependent on the wave spectrum via (14).
[12] In Figures 1a and 1b the background wind depend-

ence of two general elements of the coupled model: the
mean square slope (calculated through the spectrum (7)) and
the drag coefficient (calculated through (17) and z0 obtained
from the resistance law (14)) is shown for a fully developed
sea. The model mean square slope closely coincides with
the Cox and Munk [1954] observations, while the model
drag coefficient is in agreement with the Yelland and Taylor

[1996] data within their 15% confidence interval. At low
winds the surface drag is supported mainly by the viscous
stress, while at moderate and strong winds the form drag
dominates. This is illustrated by Figure 1c, where the
stresses tv/u*

2, tw/u*
2, and ts/u*

2 (normalized on the total
stress so that their sum equals 1) are shown as a function of
the wind speed. Figure 1d demonstrates the cumulative
spectrum of the form drag

CFðkÞ ¼
Z k

0

d ln k

Z
j
ð�w þ�sÞdj

� �
ð18Þ

at various wind speeds. SWs with the wave number k > 10
kp support almost 100% of the form drag. Hence, it can be
anticipated that the SW modulation can effectively affect
the turbulent airflow over the dominant surface waves.
Since the contribution of the form drag to the total stress
increases with an increase of the wind speed, the impact of
SWs on the turbulent airflow becomes also stronger.

3. SWs and the Airflow Over a LW

[13] A LW modulates the SWs and perturbs the turbulent
airflow. Since the airflow and the SWs are coupled a
feedback between the LW-induced variation in the turbulent
airflow and the SW modulation should exist. Below we
consider the modulation in each of the elements of the
coupled airflow–SW system and show how they are
coupled.
[14] Assume that a LW with the amplitude A, frequency

� and wave number K satisfying the condition KA � 1 is
travelling in the x1-direction, and the sea surface displace-
ment of the LW is

zðx; tÞ ¼ 1

2
ðAeiðkx1��tÞ þ c:cÞ: ð19Þ

The LW causes a small perturbation in all characteristics of
the sea surface and the airflow. If Y is any parameter like the
wave action spectrum or the friction velocity, then its wave-
induced variation ~Y is

~Y ðx; tÞ ¼ 1

2
ðŶ eiðkx1��tÞ þ c:cÞ: ð20Þ

where Ŷ is a complex amplitude. A negative imaginary part
of Ŷ means that the maximum of the Y-variation is shifted to
the forward slope of the LW. Throughout the paper the
description of the LW-induced variation of any quantity Y
will be done in terms of the MTF MY defined as

MY ¼ Ŷ

AKY
; ð21Þ

where �Y is the mean value of Y.

3.1. Modulation of the SW Spectrum

[15] The modulation of a SW by the LW is described as a
solution of the perturbed energy balance equation (1). When
the wave number k of the modulating SW is much larger
than K the SW group velocity is much smaller than the LW
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phase velocity, and the linearized wave action conservation
equation (1) for a small disturbance eN (i.e., eN /N � 1) is
reduced to [e.g., Alpers and Hasselmann, 1978]

@eN
@t

� k1
@u

@x1

@N

@k1
¼

~Q

w
; ð22Þ

where ~Q is the variation of the energy source. In the
present model ~Q is to be found as a small perturbation of
the energy source (3). As follows from (3), the disturbance
in Q can be caused by the surface wind stress variation via
the growth rate parameter b which enters the energy wind
input described by the first term in (3), by the variation in
the SW spectral density (which enters the wind input and
the nonlinear energy losses described by the first and second
terms in (3), respectively, and by the variation in the
parasitic capillaries energy source represented by (6) (the
third term in (3)). An expression for the small disturbance of
the energy source Q can be easily found by a linear
decomposition of each of its components. After some
reorganization the linearized expression for the small var-
iation of the energy source Q reads

~Q

w
1

wN
¼ ~b�ðnbnþðnþ 1ÞbpcÞ

~BðkÞ
BðkÞ

þbpcðnðkgÞþ1Þ
~BðkgÞ
BðkgÞ

; ð23Þ

where bpc = Ipc(k)/B(k) is the growth rate parameter of
parasitic capillaries.
[16] Equations (22) and (23) can be solved to obtain the

amplitude of the SW spectrum variation. In terms of the
MTF (21) this solution is

MðkÞ ¼ � 1� itr
1þ t2r

� �
k1

NðkÞ
@NðkÞ
@k1

þ tr þ i

1þ t2r
� ½2t*M*þ tpcðnðkgÞ þ 1ÞMðkgÞ�; ð24Þ

where M(k) = bN (k)/(KAN (k)); tr = (Tr�)
�1 is the

dimensionless relaxation parameter of the spectrum; Tr is
the relaxation time defined as

T�1
r ¼ wðnbn þ ðnþ 1ÞbpcÞ; ð25Þ

t* = (wb/�) is the dimensionless growth rate parameter;
tpc = (wbpc/�) is the dimensionless growth rate parameter of
the parasitic capillaries; M* = bu*/(KAu*) is the MTF of the
friction velocity. As the surface stress t = u*

2, the MTF of
the stress is Mt = 2 M*. Equation (24) describes the SW
modulation caused by interaction of the SW with the LW
orbital velocity (first term), the modulation of the wind
surface stress (second term), and the modulation of the short
gravity wave emitting parasitic capillaries represented by
the third term with M(kg) being the MTF of this gravity
wave. The strain factor in (24) can be rewritten as

k1

Nðk;jÞ
@Nðk;jÞ

@k1
¼ cos2 j

@ ln N

@ ln k
� sin j cos j

@ lnN

@j
: ð26Þ

[17] Equation (24) predicts the following asymptotic
regimes of the SW modulation. If the relaxation time for a
given spectral component is much larger than the period of

the LW, i.e., tr � 1, then only the first term remains on the
right-hand side of equation (24), which means that the SW
interacts with the LW adiabatically. It experiences straining
with an increase of the modulation on the LW crest: M ’
mk, where mk is the wave number exponent of the wave
action spectrum [Phillips, 1977]. If the LW travels in the
crosswind direction then the SW modulation vanishes. At
high wind speeds for short gravity and capillary gravity
waves the relaxation time is much smaller than the period of
the LW, i.e., tr � 1. In this case the SW modulation due to
the straining represented by the first term on the right-hand
side of (24) is negligible, and the modulation of the wind
surface stress is the only source of the modulation of these
waves. The SW modulation is completely defined by the
magnitude of the local stress variation, which results from
the dynamics of the airflow over the LW

MðkÞ ’ 2

n
M* : ð27Þ

In the capillary gravity range parameter n = 1, hence the
MTF of the SW is twice the MTF of the surface stress. Well
inside the capillary range the mechanism of generation of
parasitic capillaries represented by the third term on the
right-hand side of (24) is dominant. One can anticipate that
the condition tr � 1 is fulfilled here at any wind speed and
any parameters of the LW, hence M(k) ’ (tpc/t)(n(kg) + 1)
M(kg). At low and moderate wind speed the energy loss is
due to viscous dissipation, and therefore bpc ’ �bn (the
latter is bn = �4n k2/w) and Tr

�1 ’ �wbn. The ratio (tpc/tr)
’ 1 and thus the magnitude of the MTF in the capillary
range is amplified (n(kg) + 1)-times compared to the MTF
of the short gravity wave, i.e.,

MðkÞ ¼ ðnðkgÞ þ 1ÞMðkgÞ: ð28Þ

At high wind speed the rate of generation of parasitic
capillaries is balanced by the nonlinear quadratic energy
loss. Hence, the relaxation time is Tr

�1 ’ w(n + 1)bpc =
2wbpc, and, as follows from (24), the MTF in the capillary
range is

MðkÞ ¼ 1

2
ðnðkgÞ þ 1ÞMðkgÞ; ð29Þ

i.e., at high wind speed the amplification factor reduces by a
factor of two as compared to (28).
[18] To resolve equation (24), the LW-induced variation

of the wind surface stress or the friction velocity should be
known. This is obtained from a model of the turbulent
airflow over waves by Kudryavtsev et al. [2001a] supplied
with the resistance law relating the SW modulation to the
varying surface roughness.

3.2. Impact of the SW Modulation on the Surface
Roughness

[19] According to (14) it is anticipated that the SW
modulation could cause the variation of the aerodynamic
roughness along the LW profile. How can we estimate this
variation? The turbulent airflow over the LW can be divided
into two regions, the outer (OR) and the inner (IR) region
[Belcher and Hunt, 1993]. In the OR the wave-induced
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motion experiences inviscid undulation, while in the IR the
motion is strongly affected by the turbulence shear stress. A
scale l of the IR is defined by Belcher and Hunt [1993] as

Kl ¼
2ku*

ju1ðlÞ � Cj ; ð30Þ

where C is the LW phase velocity, and u1(l) is the mean
wind velocity described by the logarithmic profile at z = l.
Well inside the IR at z � l the perturbed wind velocity
profile can be locally approximated by the logarithmic
shape. It means that expression (14) can be considered as a
local resistance law if the scale of the modulated wave is
much smaller than the IR scale, i.e., k�1 � l. The range of
SWs modulated by the LW can be defined as k > 10 K.
Hence, for the longest modulated SW the condition k�1 � l
is equivalent to 10 Kl � 1. Since a rough estimate of (30) is
Kl = 0.1 or less [Kudryavtsev et al., 2001a] the above
condition is not fulfilled for all modulated waves. However,
the main contribution to the wave-induced stress and the
airflow separation stress comes from the shortest waves
(Figure 1d), which are located well inside the IR. Hence,
equation (14) can be considered as the local resistance law,
which is valid at any phase of the LW.
[20] The resistance law for a small perturbation in the

roughness scale ~z0 and the spectrum ~B can be written as

� 1

kdv

~z0
�z0

þ ~z0
�z0

Z
j

Z
k>km

z0�
0
z0ðkÞdjd ln k

þ
Z
j

Z
k>km

�0
BðkÞ~Bdjd ln k ¼ 0; ð31Þ

where � =� w + � s is the spectrum of the form drag, �z0
0 is

its partial derivative with respect to the roughness scale, �B
0

is the partial derivative with respect to the saturation
spectrum, and km = 10 K is the lower limit of the range of
the modulated waves. In terms of the MTF the last equation
reads

Mz0 ¼
R
j

R
k>km

BðkÞ�0
BðkÞMBðkÞdjd ln k

ðkdvÞ�1 �
R
j

R
k>km

z0�0
z0ðkÞdjd ln k

ð32Þ

[21] To derive equations (31) and (32) from the back-
ground resistance law (14) we have neglected terms con-
taining the variation of u* with respect to the LW
disturbances. It can be shown that the ratio of these omitted
terms to the retained one is of the order 1/ln (l/�z0) 	 0.1.
[22] Equation (32) relates the amplitude of the roughness

scale variation along the LW to the modulation of the SW
spectrum. Since the spectrum of the airflow separation
stress (16) is proportional to Bng+1 while the spectrum of
the wave-induced stress (15) is proportional to B, one can
anticipate that the modulation of wave breaking is mainly
responsible for the modulation of the roughness scale.

3.3. Surface Stress

[23] The surface stress or the friction velocity MTF M* is
defined by using a simplified model of the airflow over
surface waves by Kudryavtsev et al. [2001a]. Significant
simplification was achieved by division of the airflow over
the wave into two regions, the outer (OR) and the inner (IR)
region [Belcher and Hunt, 1993]. The scale of the IR is

defined by (30). In the OR at z > l the Reynolds stresses are
decorrelated with the wave, hence the wave-induced motion
can be treated as inviscid wave-induced undulation. The
wave-induced variation of vertical and horizontal velocity
results from the approximate solution of the Rayleigh and
vorticity conservation equations. The profile for the vertical
and horizontal velocity is

bwðzÞ
AK

¼ iðu1ðzÞ � CÞe�Kz; ð33Þ

bu1ðzÞ
AK

¼ ðu1ðzÞ � CÞe�Kz þ
2u*
k

cosj
Z 1

Kz

e�kz0d lnKz0 ð34Þ

where z = x3 � z(x, t) is the vertical coordinate in the wave
following coordinate system.
[24] In the IR, the wave-induced Reynolds stress signifi-

cantly affects the airflow dynamics. A description of the IR
dynamics by Kudryavtsev et al. [2001a] is based on the
vorticity conservation equation written in terms of the shear
stress variation (see their equation (49)). To derive an
explicit relation for the LW-induced surface stress variation
and to show the effect of varying surface aerodynamic
roughness on the surface stresses and thus on the SW
modulations the problem could be simplified further by
approximating the profile of the wind velocity undulation
inside the IR (at z < l ) by the logarithmic shape, i.e.,

u1ðx; t; zÞ ¼ usðx; tÞ þ culn
z

z0ðx; tÞ
; ð35Þ

where us is the LWorbital velocity and constant cu is chosen
so as to patch the wind velocity profile described by (34) at
z = l: cu = �u1/ln (l/z0(x, t)), where �u1 = u1(x, t, l) � us(x,
t) is the wind velocity difference over the IR. The linearized
equation (35) gives the following profile for the amplitude
of the wave-induced variation of the wind velocity

bu1ðzÞ ¼ bus � u*
k
cosj

bz0
z0

� �
þ bculn z

�z0
; ð36Þ

where bcu = (�bu1 + (u*/k)cos j( bz0/�z0)) ln�1(l/z0) and �bu1 =bu1(l ) � bus.
[25] To estimate the friction velocity MTF we account for

the fact that in the IR the turbulent stress t is in the local
balance with the wind velocity shear. It follows

t ¼ k2z2
@u1
@z

� �2

þ @u2
@z

� �2
 !

; ð37Þ

where u1 = u1 + eu1 and u2 = u2. Accounting for (36) the LW-
induced variation of the surface stress in terms of the
friction velocity MTF reads

M* ¼ cos2j M�u þMz0 ln
�1 l

z0

� �
; ð38Þ

where M�u = �bu1/(KAu1(l )) is the normalized amplitude of
the difference of the LW-induced wind velocity variation
over the IR. Using (34)

M�u ¼ 1� 2C

u1ðlÞ
þ 2 ln�1 l

z0

Z 1

Kl

e�Kz 0d lnKz 0; ð39Þ
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where the roughness scale MTF Mz0
is defined by (32).

Equation (38) relates the modulation of the friction velocity
to the undulation of the airflow in the OR and to the
modulation of the surface roughness. The latter, in turn,
depends via (32) on the wave spectrum modulation. As
follows from (39), the impact of the airflow undulation on
the surface stress variation depends on wave age of the LW.
For a young wave (the wave age parameter C/�u1(l ) is small)
the airflow undulation enhances the surface stress over the
LW crest, while for an old wave (C/�u1(l ) is large) the
surface stress is enhanced over the LW trough.
[26] Equations (24), (32), and (38) constitute a closed

system describing the coupled dynamics of SWs and the
turbulent airflow over a LW. As follows from these equa-
tions, the SW modulation depends on the surface stress
variation M*, which is determined by the airflow undulation
M�u and the roughness scale modulation Mz0

. The latter, in
turn, depends on the SW modulation affecting the form
drag. This scheme provides a self-consistent coupling of
SWs and the airflow over the LW.

4. SWs and the Airflow Modulation: The Model
and Measurements

[27] The modulation of wave breaking plays a key role in
the coupled dynamics of SWs and the airflow over the
dominant LW. The form drag is supported by the airflow
separation from breaking waves and breaking waves gen-
erate parasitic capillaries. Therefore a strong modulation in
wave breaking can significantly affect the surface stress
modulation and thus the modulation of SWs.

4.1. Modulation of Wave Breaking and the SW
Spectrum

[28] A field estimate of the wave breaking modulation by
LWs obtained by Dulov et al. [2002] is shown in Figure 2.
The data correspond to the whitecap coverage variation
caused by LWs with the wave number in the range from 0.1
to 0.25 rad m�1. Despite the large scatter (error bars
correspond to the 95% confidence level) the measurements
apparently show a very strong modulation of wave breaking
characterized by the averaged MTF amplitude of about 22
and by the enhancement on the crests of the LW.
[29] To simulate the measurements we follow Phillips

[1985] and relate the whitecap coverage q to the distribution

function � as q =
R
k�1�(c)dc. Accounting for (13) the

whitecap coverage MTF is

Mq ¼ ðng þ 1Þ
R�kg
km

d ln k
R
j djMðkÞðBðkÞ=agÞngþ1R kg

0
d ln k

R
j djðBðkÞ=agÞngþ1

; ð40Þ

where kq is the upper limit of the range of breaking waves
generating whitecaps. We assumed that the wave number
of the shortest wave, which generates a whitecap, is kq �
2p/0.5 rad m�1. Equation (40) has two remarkable
features. The first feature is that the gravity waves
providing the modulation of q should be modulated by
the LW adiabatically due to a small relaxation parameter
(for tr �1 the first term in (24) is the leading one). It
means that the airflow itself does not affect the wave
breaking modulation. The second feature of (40) is that the
amplitude of the whitecap coverage modulation is in (ng +
1)-times amplified in comparison with the gravity wave
MTF. The model calculations of the whitecap coverage
MTF are done according to (40) and (24) and are shown in
Figure 2 for a LW with the wave number 0.1 rad m�1 and
0.25 rad m�1. Overall, the model results are consistent
with measurements predicting a large MTF amplitude and
the enhancement of wave breaking at the LW crest.
[30] The model calculations of the SW spectrum MTF for

the wind speed of 10 m s�1 and for a LW characterized by
the inverse wave age parameter U10/C = 0.5, U10/C = 1.5
and U10/C = 3 travelling in the wind direction are shown in
Figure 3. The model ‘‘reference’’ runs when the modulation
of the surface stress and the modulation of the rate of
parasitic capillaries generation are switched off are shown
by the dashed line. In all cases the longest SWs experience
behavior typical for the adiabatic modulation (the relaxation
parameter t � 1) with |M | = mk ’ 4.5 and with an increase
of the SWamplitude on the LW crest. On the other hand, the

Figure 2. Amplitude and phase of the MTF for the
whitecap coverage as a function of wind speed. Open
circles: field observation by Dulov et al. [2002], error bars
correspond to 95% confidence level. Model calculations,
solid line: LW wave number is 0.1 rad m�1; dashed line:
LW wave number is 0.25 rad m�1.

Figure 3. Amplitude (left column) and phase (right
column) of the SW spectrum MTF for wind speed 10 m
s�1 and for different inverse LW age parameter, upper
panels: U10/C = 3; middle panels: U10/C = 1.5; lower
panels: U10/C = 0.5. Solid line: modulation of SWs by all
mechanisms; dashed line: modulation of SWs due to orbital
velocities only. The LW travels in the wind direction.
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range of shortest gravity and capillary gravity waves is
significantly affected by the LW-induced variation of the
surface stress, which follows from a comparison with the
reference run. In this interval the reference run exhibits the
SW modulation typical for the relaxation theory, which
predicts suppression of the SW modulation and the shift
of its phase toward the convergence of the LW orbital
velocity (the MTF phase is p/2) at large t. Accounting
for the surface stress significantly increases the MTF
amplitude and shifts the phase toward the region of the
enhanced surface stress. This effect is clearly pronounced in
the case of swell (U10/C= 0.5). A strong enhancement of the
surface stress in the vicinity of the LW trough (see also
Figure 5) results in the corresponding enhancement of the
SW amplitude. A significant increase of the SW modulation
in the capillary range is another remarkable feature of model
results. This effect is related to the mechanism of generation
of parasitic capillaries. The modulation of short gravity
waves and their small-scale wave breaking at the wave
number kg causes the modulation in the rate of generation of
parasitic capillaries at the wave number k linked to kg by (5).
As it was discussed (see equation (28)) the amplitude of the
capillary wave MTF is amplified (n(kg) + 1)-times in
comparison with |M(kg)| of the generating gravity wave.
This mechanism can be referred to as the cascade mecha-
nism of the capillary wave modulation.
[31] Figure 4 shows the SW spectrum MTF for the case

when a LW travels against the wind direction. In this case
the amplitude of the SW modulation is significantly
enhanced. The SW modulation increases with the increase
of the phase velocity of the LW. This effect is a consequence
of a strong wind stress modulation, which is much stronger
when the LW travels opposite to the wind direction (see
Figure 5). Note that the reference runs dramatically under-
estimate the SW modulation.

4.2. Modulation of the Sea Surface Drag

[32] Figure 5 illustrates the MTF for the roughness scale
and the surface stress variation for a LW propagating in and

against the wind direction. In both cases the amplitude of
the roughness scale modulation is large, and the enhance-
ment of z0 occurs at the LW crest or on the forward face in a
case of swell (U10/C < 0.83) travelling in the wind direction.
For a fast LW travelling opposite the wind |Mz0| attains the
maximal magnitude due to the strong SW modulation. The
dependence of the surface stress modulation defined by (38)
as 2M* on the LW inverse wave age parameter is quite
different at fair and head winds. In the former case there is a
minimum of the amplitude of the stress modulation at
U10/C ’ 1. At smaller U10/C the amplitude of Mt
increases again but its phase shifts toward the LW trough.
This effect is related to the distribution of the wind speed
over the IR (equation (39)) when the inverse age parameter is
increasing. For a slow LW the wind accelerates over the LW
crest, while for a fast LW over its trough. At head winds the
amplitude of the stress modulation is much higher than at fair
winds and monotonically decreases with an increase of
inverse wave age. The phase of the stress MTF is about 0
that means that the enhancement of the surface stress occurs
over the LW crest. As it was mentioned above the behavior
of very short gravity and capillary-gravity waves along the
LW is completely defined by the surface stress modulation.
The high amplitude of the SW modulation at head winds
(Figure 4) results from a strong stress modulation.
[33] The surface stress significantly affects the SW mod-

ulation, while the role of wave breaking in the stress
modulation could be significant. Figure 6 illustrates the
relative contribution of the roughness scale modulation to
the total stress modulation and the relative contribution of
the wave breaking modulation to the roughness scale
modulation at fair and head winds of 5 and 10 m s�1. At
fair wind of 10 m s�1 the roughness scale modulation,
which is provided by the wave-induced momentum flux tw
and by the airflow separation from breaking waves ts, plays
the dominant role in the surface stress variation along the
LW with the inverse wave age parameter U10/C > 1. At low

Figure 4. The same as in Figure 3, but the LW travels
opposite to the wind direction. Upper panels: U10/C= 1.5;
lower panels: U10/C= 0.5.

Figure 5. Amplitude and phase of the MTF for the surface
roughness scale, upper panels, and of the MTF for the
surface wind stress, lower panels versus U10/C for wind
speed 10 m s�1. Solid line: LW travels in the wind direction;
dashed line: LW travels opposite to the wind direction.
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fair winds the roughness modulation dominates the surface
stress modulation only if inverse age of a LW is in the
vicinity of U10/C � 2.5. As follows from equations (38) and
(39) in this range of U10/C the LW-induced wind velocity
variation over the IR is small, and the surface roughness
modulation is the only source of the surface stress modu-
lation. At head wind of 10 m s�1, the contribution of the z0
modulation to the surface stress is about twice less than at
fair winds, and at low head winds its impact becomes
negligible. At high wind speed the wave breaking modu-
lation provides the dominant part of the aerodynamical
roughness scale modulations (about 80%). The airflow
separation from breaking waves provides about 50% of
the wave-induced stress (ts/tw � 0.5 at 10 m s�1) (see
Figure 1c), but strong modulation of wave breaking by LW
results in its dominant role in the roughness scale modu-
lation. At low winds and inverse age of a LW of U10/C < 3
the wave breaking modulation also significantly affects the
roughness scale modulation. However, its impact vanishes
at larger inverse age. This effect is due to narrowing of the
spectral interval of modulated breaking waves with increas-
ing inverse age. By other words the contribution of wave
breaking events correlated with the LW decreases with
increasing of inverse age of a LW.
[34] Thus wave breaking plays a dominant role in the

roughness scale and surface stress modulation at moderate
and high wind speeds. At low winds the wave breaking also
significantly affects the roughness scale modulation, but
under these conditions the surface stress modulation is
mainly determined by the wind velocity undulation over
the LW and not by the roughness scale modulation.

4.3. Comparison with Measurements

[35] Miller and Shemdin [1991] studied the modulation of
wind SWs by a mechanically generated LW with a period of
2 s in a wave tank for different wind speeds. The SW
modulation was obtained from measurements of the surface
slope using a laser-optical slope sensor at fetch of 24 m. The
observations were transformed from frequency to wave
number space taking into account the Doppler shift due to
the LW orbital velocities. The frequency of the observed
SWs ranged from 14 to 30 Hz (k ’ 300–700 rad m�1). For
given wind speed, the observed modulation amplitudes and
phase show little dependence on the SW wave number.
Therefore we averaged the results for the different wave
numbers and compared them to the modulation calculated
for a SW with k = 500 rad m�1. The 10 m wind speed U10 is
calculated from the reported wind speeds in the middle of
the tank and an estimate of the drag.
[36] The amplitude and the phase of the SW spectrum

MTF are shown in Figure 7. According to measurements the
amplitude of the SW modulation increases with an increase
of the wind speed, and the area with enhanced SW energy
shifts from the LW forward face toward its crest. The model
reproduces the measurements reasonably well apart from
some underestimation of the phase. However, the model
reproduces correctly the tendency of increasing the ampli-
tude and decreasing the phase with increasing the wind
speed. The reference runs accounting for the straining factor
only are failed to reproduce the measurements. The main
mechanism responsible for the high SW modulation is the
modulation in the surface stress plotted in Figure 7. At
given LW frequency the amplitude of the surface stress
increases with the wind increasing attaining the magnitude

Figure 7. Amplitude and phase of the SW spectrum MTF
in a wave tank experiment [Miller and Shemdin, 1991]
compared with calculations, upper panels. Open circles:
measurements; solid line: modulation of SWs by all
mechanisms; dashed line: modulation of SWs due to orbital
velocities only. Amplitude and phase of the MTF for the
roughness scale (dashed line) and the surface stress (solid
lines), lower panels.

Figure 6. Relative contribution of the roughness scale
modulation to the total stress modulation (dashed lines) and
relative contribution of the wave breaking modulation to the
roughness scale modulation (solid lines). (a) LW travels in
the wind direction; the wind speed is 5 m s�1. (b) LW
travels in the wind direction; the wind speed is 10 m s�1. (c)
LW travels opposite to the wind direction; the wind speed is
5 m s�1. (d) LW travels opposite to the wind direction; the
wind speed is 10 m s�1.
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Mt = 2|M*| ’ 7. In the capillary gravity range of the
spectrum the wind exponent is about 2 and, as it follows
from (27), the SW spectrum MTF at high winds follows the
surface stress MTF. This effect is apparently illustrated by
Figure 7. To show the aerodynamical characteristics of the
LW surface the roughness scale MTF is also plotted in the
same figure. The roughness scale experiences a strong
variation along the LW surface supporting at strong winds
the stress modulation. The model is capable of reproducing
the laboratory measurements by Miller and Shemdin [1991]
and shows that the main source of the observed SW
modulation comes from the surface stress modulation.
[37] Hara and Plant [1994] presented estimates of the

hydrodynamic MTF at VV polarization (the incidence angle
is 45) extracted from field microwave radar measurements.
The hydrodynamic MTF describes the variation of a micro-
wave return along a LW profile caused by the modulation of
the SW spectrum at the Bragg wave number kb. In the
notation of the present paper the hydrodynamic MTF is
defined as M(kb) (equation (24)). Compiled data of the
amplitude and the phase of the hydrodynamic MTF from
the work of Hara and Plant [1994, their Figure 7] as a
function of the wind speed are plotted in Figure 8 together
with model results. Frequencies of the observed LWs are in
the range of 0.25 < f < 0.3125 Hz and the Bragg wave
number kb is 277 rad m�1. Model results are for a LWof 0.3
Hz frequency.
[38] According to measurements the amplitude of the

radar MTF increases with decreasing of the wind speed
and the Bragg wave is enhanced on the LW crest. Hara and
Plant [1994] showed that at moderate and strong winds
their experimental estimates of the MTF contradict the
expected behavior of the MTF based on the relaxation
model (our reference runs) that predicts the suppression of
the SW modulation at high winds and the shift of the MTF

phase toward the LW forward slope. They suggested that
the modulation of the surface stress can be the mechanism,
which provides the observed SW modulation. The model
calculations for the Bragg wave MTF, the stress and rough-
ness scale MTF are shown in Figure 8 together with
corresponding reference runs. At low wind speeds the SW
modulation is governed by the straining mechanism (the
relaxation parameter is small). A large magnitude of |M(kb)|
results from the large value of d(ln N )/d(ln k) caused by a
fast drop of the spectrum in the vicinity of k 	 kg due to the
increasing role of viscous dissipation at low winds. At the
wind speed exceeding 10 m s�1 the relaxation parameter is
large and the SW modulation at the Bragg wave number is
governed by the surface stress as suggested by Hara and
Plant [1994]. Comparing the amplitude of the SW spectrum
MTF and the stress MTF it is apparent that at high wind
speeds they are almost equal |M(kb)| ’ |Mt|. The enhance-
ment of SWs takes place at the LW crest, where the surface
stress has the maximum.
[39] In Figure 9 the amplitude and the phase of the

hydrodynamic MTF retrieved from K-band radar MTF
(VV polarization, incidence angle is 45) are shown. This
MTF relates to capillary waves and was obtained by
Kudryavtsev et al. [2001b] (the radar wavelength is 0.8
cm, the Bragg wavelength is 0.7 cm) in the range of the
modulating LW frequency 0.15 � 0.35 Hz, and by Grodsky
et al. [1999] (the radar wavelength is 1.2 cm, the Bragg
wavelength is 0.85 cm) in the range of the modulating LW
frequencies 0.15 � 0.4 Hz. In both data sets bars indicate
the standard deviation of the amplitude and the phase of the
MTF from their mean value. Bragg scattering waves in
these experiments are well inside the capillary range.
Measurements show that the amplitude |M(kb)

| strongly
increases with decreasing of the wind speed and that the
enhancement of capillary waves occurs at the LW crests.
The model calculation of the MTF for the 0.7 cm Bragg
wave modulated by a LW with the frequency 0.25 Hz
(corresponding to the mean observed LW frequency) is
plotted in Figure 9. The model results are in a good
agreement with observations. In this case Bragg waves
relate to parasitic capillaries, and the source of their
modulation is the cascade mechanism of energy transfer

Figure 8. Amplitude and phase of the hydrodynamic MTF
as a function of wind speed. Open circles: data compiled
from the work of Hara and Plant [1994]; solid line:
modulation of SWs by all mechanisms; dashed line:
modulation of SWs due to orbital velocities only, upper
panel. Amplitude and phase of the MTF for the roughness
scale (dashed line) and the surface stress (solid lines), lower
panels. The LW frequency is 0.25 Hz.

Figure 9. Amplitude and phase of the hydrodynamic MTF
as a function of wind speed. Open circles: data compiled
from the work of Grodsky et al. [1999]; stars: data compiled
from the work of Kudryavtsev et al. [2001b]; error bars
represent the standard deviation. Model calculations, solid
line: MTF for the Bragg wave wavelength 0.7 cm; dashed
line: MTF for the short gravity wave generating the Bragg
wave. The LW frequency is 0.25 Hz.
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from breaking gravity waves. The modulation of the short
gravity wave at k = kg results in the modulation of the rate
of generation of parasitic capillaries at the wave number
k = kg

2/kg. The MTF of the short gravity wave, which
generates the Bragg parasitic capillary, is shown in Figure
9 by the dashed line. At low wind speeds the amplitude
|M(kb)| for capillary waves is amplified (n(kg) + 1)-times in
comparison with |M(kg)| as it follows from equation (28).
For the given case the amplification factor is equal to (n(kg) +
1) = 2.8 and explains the high modulation of capillary waves
at low wind speeds. With increasing wind speed, the
amplification factor reduces approximately to (n(kg) + 1)/2
according to equation (29). Since the enhancement of the
generating gravity wave occurs at the LW crest the parasitic
capillaries are also enhanced at the LW crest.

5. Impact of Coupled Dynamics on the LW
Growth Rate

[40] In the previous section we have analyzed the influ-
ence of a LWon SWs and the aerodynamical property of the
LW profile. The modulation of the sea drag is directly
related to the roughness scale variation along the LW
profile. It was shown that the amplitude of the LW-induced
roughness scale variation is very strong so that one can
anticipate a significant impact of varying roughness on the
airflow dynamics and consequently on the wind growth rate
of the modulating LW. A significant impact of varying
roughness on the wind wave growth rate parameter was
demonstrated by Gent and Taylor [1976] and Maat and
Makin [1992]. In these studies the variation of roughness
along the LW profile was arbitrary specified. In the present
study it is found from the coupled airflow–SW model.
[41] To investigate the impact of varying roughness on

the wave growth a simplified model of the turbulent airflow
above waves by Kudryavtsev et al. [2001a] is used. The
main simplification in the model was achieved by the
division of the turbulent airflow into the outer (z > l ) and
the inner region (z < l ), where the scale of the IR l is defined
by (30). As it was already mentioned, the undulation of the
airflow in the OR is close to inviscid. In particular, the
horizontal velocity variation in the OR is described by
equation (34). In the IR the dynamics of the wave-induced
motion is significantly affected by the turbulent stress. The
description of the IR dynamics is based on the solution of
the equation for the shear stress [Kudryavtsev et al., 2001a,
equation (49)]. Accounting for the variation of the surface
roughness in the model requires the modification of the
lower boundary condition for the horizontal velocity. Just
above the wave surface the wind velocity profile is locally
logarithmic (36). At the surface z = �z0 it reads

bu1ðz0Þ ¼ bus � u*
k
bz0
�z0

cosj; ð41Þ

where bz0 is defined by (32) from the solution of the coupled
airflow–SW model. When roughness is constant bu1(�z0)
matches the LW orbital velocity at z = �z0, while in the case
of varying roughness the wind velocity matches bus at height
z = �z0 + bz0 exp i(Kx � �t).
[42] Figure 10 illustrates the model calculations of the

LW-induced undulation of the horizontal and vertical veloc-

ity and the shear stress in the airflow in the case of constant
and varying roughness. The inverse wave age parameter of
the LW is U10/C= 3, and the wind speed is U10 = 10 m s�1.
The corresponding modulation of the SW spectrum is
shown in Figure 3 and of the aerodynamical roughness in
Figure 5. As it follows from Figure 5 the roughness scale
MTF is large |Mz0

| ’ 15, and its enhancement occurs on the
LW crest. The model calculations of the turbulent airflow
over the LW with varying surface roughness is presented in
Figure 10. They show that the varying z0 significantly
affects the vertical structure of all perturbations in the
airflow induced by the LW. The magnitude of the turbulent
stress variation is increased four to five times in comparison
with the case of constant roughness. The real part of the
vertical velocity undulation responsible for the energy
transfer from wind to wave (equations (43) and (45) below)
increases twice that should result in the increase of the
energy transfer to the LW.
[43] The growth of the wave energy Ew due to energy

transfer from wind to wave and due to the SWs modulation
is described by equation

@Ew

@t
¼ rac P

@z
@x

 �
þ htusi þ Sw11

@us
@x1

 �
; ð42Þ

where Ew = 1/2rwgA
2 is energy of the long gravity wave,

P(z0) is the surface pressure including the normal turbulent
stress, t(z0) is the turbulent stress, which equals the sum of
the viscous surface stress and the form drag supported by
SWs, S11

w is the component of the SW radiation stress tensor,
and brackets denote the horizontal averaging over the
wavelength. It follows from (42) that the impact of SW on
the LW growth rate is realized through the modulation of
the form drag (accounted for in the second term on the right-
hand side) and by the work of the radiation stress (third
term) [Kudryavtsev, 1994]. The SW radiation stress is
defined by Phillips [1977] as Sab

w = 1/2
R

lalbwN(k)d(k),
where a, b = 1, 2; and la = ka/k.

Figure 10. Vertical profiles of real and imaginary parts of
the LW-induced variation; upper panels: horizontal velocity,
middle panels: vertical velocity, lower panels: shear stress.
Solid line: calculations with varying surface roughness;
dashed line: calculations with constant surface roughness.
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[44] The dimensionless growth rate parameter b is defined
as

b ¼ 1

Eww
@Ew

@t
:

In terms of the MTF and (42) this equation takes the form

b ¼ ra
rw

�u
*
2

c2
½ImðMpÞ þ ReðMtÞ þ ImðMsÞ�; ð43Þ

where Mp = bP/(KAu*2) describes the energy flux due to the
work of pressure on the vertical orbital velocity, Mt = bt/
(KArau*

2) describes the work of the surface stress on the
horizontal orbital velocity, and Ms describes the work of the
SW radiation stress on the gradient of the LW horizontal
orbital velocity. The radiation stress is related to the SW
spectrum MTF M(k) as

Ms ¼
1

2

rw
ra

K

�u
*
2

Z
j

Z
k>kmod

cos2jc2k�1BðkÞMðkÞdjd ln k: ð44Þ

The surface pressure in (43) is determined by the profile of
the vertical velocity and the shear stress

ImðbPÞ ¼ k�2K

Z 1

z0

ðUReðbwÞ � Reðbt13ÞÞdz: ð45Þ

The profile of bw(z) and bt13(z) results from the solution of
the model by Kudryavtsev et al. [2001a].
[45] The model calculations of the growth rate parameter

(43) for the case of constant and varying surface roughness
are shown in Figure 11. The empirical relation proposed by
Plant [1982] (equation (6)) where Cb = 32, by Snyder et al.
[1981] where b = 0.25(U5/C � 1), and the relation sug-
gested by Stewart [1974] are shown as well. When the
surface roughness is constant the model significantly under-
estimates the observed estimates. This fact was mentioned
by numerous authors and is often thought as a result of non
adequate modeling of turbulence above waves. However,
the better understanding of turbulence above waves and the
use of advanced turbulence closure schemes do not neces-

sary lead to better agreement between model results and
measurements. For example, a simple mixing length closure
scheme applied to the description of the IR with the
assumption of the inviscid airflow undulation in the OR
[Belcher and Hunt, 1993; Kudryavtsev et al., 2001a] pro-
vides the same magnitude of the growth rate parameter b
that is obtained by a numerical model by Mastenbroek et al.
[1996] based on a second order closure scheme, both
considerably underestimating observations.
[46] Accounting for varying surface roughness, which

results through the modulation of SWs by a LW and the
modulation of the stress, significantly increases the growth
rate parameter. In the range of slow LWs (U10/C > 2) b is
amplified more than twice, and the model growth rate
parameter moves closer to empirical estimates. For the fast
LWs the effect of varying roughness does not affect the
growth rate parameter. To illustrate the role of different
mechanisms responsible for the LW growth rate the ratio of
three terms in equation (43) to the total growth rate is shown
in Figure 11. In the range of the inverse wave age parameter
U10/C > 1 the work of the surface pressure determines the
LW growth, while in the range 0.5 < U10/C � 1 the work of
the surface pressure and the surface stress has the same
magnitude. The work of the SW radiation stress in negli-
gible and this mechanism can be ignored in the wind wave
growth problem.
[47] The varying surface roughness affects the growth

rate of the LW by changing the structure of the IR modify-
ing the velocity and the Reynolds stress profiles (Figure 10).
The surface stress directly affects the growth rate (equation
(43)) and it governs the dynamics of the IR. The wave-
induced variation of the stress generates the slope-correlated
component of the horizontal velocity, which in turn via the
continuity equation causes the elevation-correlated compo-
nent of the vertical velocity. According to equation (45) this
component generates the slope-correlated pressure provid-
ing the energy transfer from wind to wave. This is so-called
nonseparated sheltering mechanism, the most plausible
mechanism of wind waves generation [Belcher and Hunt,
1993; Kudryavtsev et al., 2001a]. The varying surface
roughness enhances the undulation of the shear stress,
correspondingly the undulation of the velocity components,
and finally the growth rate parameter of the LW.
[48] The present model reduces considerably the discrep-

ancy between modeled and observed estimates of the growth
rate parameter. When the roughness scale variation induced
by a LW through the modulation of SWs and the surface
stress is accounted for the model estimates of the growth rate
parameter become comparable with observations. It is
important to notice that the variation of the roughness scale
along the LW profile was not specified arbitrarily. It follows
from the solution of the airflow–SW coupled model, which
was verified on the basis of available measurements.
[49] Notice that our coupled model predicts much stron-

ger impact of the varying surface roughness on the LW
growth rate than that might be expected from the simplest
parameterization of z0 via the Charnock relation. In this case
the roughness scale MTF is Mz0 = 2M* and as follows from
(38) its effect on the surface stress MTF is small (of order
ln�1(l/z0) = 0.1). Hence, the effect of varying roughness on
the LW growth rate under these conditions is small, as was
argued by Belcher and Hunt [1993].

Figure 11. Wind wave growth rate parameter as a
function of inverse wave age, left panel. Solid line marked
by open circles: calculations with constant surface rough-
ness; solid line marked by stars: calculations with varying
surface roughness; solid line: empirical relation by Plant
[1982]; dashed line: relation by Stewart [1974]; dashed-
dotted line: empirical relation by Snyder et al. [1981].
Relative contribution of different mechanisms to the growth
rate parameter, right panel. Solid line: work of the surface
pressure; dashed line: work of the surface stress; dashed-
dotted line: work of the wave radiation stress.
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6. Summary and Conclusions

[50] In the coupled sea surface–atmosphere model by
Kudryavtsev and Makin [2001] the sea drag is provided by
the viscous surface stress and the form drag. The form drag
is realized by the momentum flux to regular surface waves
described in terms of the wind wave growth parameter and
by the momentum flux due to the airflow separation from
breaking waves. At moderate and strong winds the form
drag dominates the sea drag. Most of the form drag is
supported by high frequency part of the wave spectrum.
Hence, the dominant LWs modulating SWs can signifi-
cantly affect the turbulent airflow above.
[51] The model was extended here to provide the descrip-

tion of the coupled modulation of SWs (in the range from
capillary to gravity waves) and modulation of the form drag
(written in terms of the roughness scale variation) induced by
a LW. In the gravity and capillary gravity range the modu-
lation of SWs results from the wave straining and the action
of the LW-induced variation of the wind surface stress. The
modulation of short gravity waves, which generate parasitic
capillaries, provides a strong modulation in the capillary
range. The variation of the wind surface stress is described
by the dynamics of the turbulent airflow over the LW with
varying surface roughness. Varying surface roughness
results from SWs modulations supporting the form drag of
the sea surface. The main contribution to the modulation of
the surface roughness comes from wave breaking, which is
strongly modulated by dominant waves. Field measurements
by Dulov et al. [2002] showed that the amplitude of the
whitecap coverage exceeds by 25 times the steepness of the
modulating LW. This result is confirmed by the present
model. The modulation of SWs, of the surface roughness
and of the turbulent stresses are all coupled, which provides a
feedback in the airflow–SW system in the presence of a LW.
[52] Model calculations are in a good agreement with

laboratory and field measurements by Miller and Shemdin
[1991], Hara and Plant [1994], Grodsky et al. [1999], and
Kudryavtsev et al. [2001b] who studied the modulation of
capillary and capillary gravity waves by LWs. The relaxa-
tion model, which only takes into account the straining
mechanism of the SW modulation, significantly underesti-
mates the measurements.
[53] The model results showed that the amplitude of the

surface roughness scale variation along the LW can be very
large. In terms of the MTF it can reach values of 10–20.
The variation in the roughness scale considerably affects the
dynamics of the turbulent airflow over the LW and thus the
LW wind growth rate. Models of the airflow above waves
assuming constant roughness underestimate the growth rate
parameter approximately by two to three times as compared
to the measured values. The present study showed that when
the variation in the surface roughness is accounted for, the
growth rate parameter increases roughly twice considerably
reducing the discrepancy with measurements. It is important
to notice that the variation in the roughness scale is not
imposed arbitrarily in the model but results from the self-
consistent solution of the coupled airflow–SW system
disturbed by a long gravity wave.
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