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Abstract Turbulent air-sea interactions coupled with the surface wave dynamics remain a challenging problem. The needs
to include this kind of interaction into the coupled environmental, weather and climate models motivate the development of a simplified approximation of the complex and
strongly nonlinear interaction processes. This study proposes
a quasi-linear model of wind-wave coupling. It formulates the
approach and derives the model equations. The model is
verified through a set of laboratory (direct measurements of
an airflow by the particle image velocimetry (PIV) technique)
and numerical (a direct numerical simulation (DNS) technique)
experiments. The experiments support the central model assumption that the flow velocity field averaged over an ensemble
of turbulent fluctuations is smooth and does not demonstrate
flow separation from the crests of the waves. The proposed
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quasi-linear model correctly recovers the measured characteristics of the turbulent boundary layer over the waved water
surface.
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1 Introduction
The turbulent exchange processes in the ocean, in the atmosphere and across their interface have a significant impact on
the earth’s climate system. However, these small-scale dynamical processes are not resolved in the state-of-the-art
weather and climate models but parameterized through bulk
formula for aerodynamic resistance and heat exchange at the
air-sea interface. Arguably, an essential part of the parameterizations is the description of the surface wave impact on the
turbulent exchange.
It has been recognized that the air-sea exchange of momentum, heat and mass is mainly determined by the highfrequency part of the wave energy spectra. For instance,
Caudal (1993) and Makin et al. (1995) found that about 70–
80 % of surface wind stress is induced by waves with wave
numbers k>9kp where kp is a wave number corresponding to
the energy peak in the surface wave spectra. About 80 % of
surface roughness is determined by waves with the wavelength less than 3 m. These findings were recently corroborated by Hwang and Wang (2004), Hwang (2005), Troitskaya
and Rybushkina (2008) and Troitskaya et al. (2013).
Numerous instrumental and visual observations show that
these short waves are steep and hence, surface wind stress is
determined by extremely complicated nonlinear phenomena
(e.g. sheltering and flow separation) in turbulent airflow over
steep elements of the surface roughness. These phenomena
were investigated by means of contact methods and smoke
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visualization in laboratory experiments (Banner and Melville
1976; Kawamura and Toba 1988; Kawai 1981, 1982; Hsu and
Hsu 1983; Hsu et al. 1981). Major difficulties in these
experiments are related to measuring of airflow close to
the water surface, especially in troughs of the waves.
These measurements can be performed by a wavefollowing contact technique (Hsu and Hsu 1983; Hsu et al.
1981; Donelan et al. 2005). Measurements of airflow below
crests of the waves can be performed by seeding the flow
with small particles visualized with a strobe source of light
and application of special photograph technique (Kawai
1981, 1982). Kawai’s experiments demonstrated occurrence
of the airflow separation from the crests of steep waves in a
set of instant images.
Recently, the structure of airflow over waves has been reinvestigated by a particle image velocimetry (PIV) method
(Adrian 1991). In this method, the flow is seeded with small
particles illuminated by laser beam, which makes them visible
on digital images. Applications of the PIV by Reul et al.
(1999, 2008) and Veron et al. (2007) clearly demonstrated
the effect of the airflow separation from the crests of the waves
and reattachment at the windward face of the wave on the
instantaneous patterns of the vector velocity fields.
This paper proposes a simplified description of the revealed
interaction processes coupled with the surface waves. The aim
of this paper is to show that the quasi-linear approximation
similar to the approach developed by Janssen (1991), Jenkins
(1992), Reutov and Troitskaya (1995) and Troitskaya and
Rybushkina (2008) is plausible for description of wind-wave
coupling. This approach is already used in wind wave forecasting (see, e.g. Janssen 2004 and references therein). The
structure of the paper is as follows. Section 2 presents the
mathematical formulation of the proposed approximation
model (parameterization). Section 3 describes verification of
the model in physical and numerical experiments. Section 4
demonstrates an application of this model to the case of extremely high wind over the water surface. Finally, Section 5
summarizes the results.

2 Mathematical formulation of the theoretical model
of turbulent wind over waved water surface
Visualization of the airflow over a steep wind waves
(Troitskaya et al. 2011) clearly demonstrated that turbulent
vortices are much faster than waves. Then, a model based on
RANS (Reynolds-Averaged Navier–Stokes) equations can be
used to describe the turbulent airflow over waves. The model
readswhere the turbulence stress tensor is
∂h u i i   ∂h u i i
1 ∂hpi ∂σij
þ uj
þ
¼
ρa ∂xi
∂t
∂x j
∂x j

ð1Þ

D

0

0

σij ¼ ui u j

E

 
∂h u i i ∂ u j
¼ν
þ
:
∂x j
∂xi


ð2Þ

Here, <…> denotes the averaging operation over ensemble
of turbulent fluctuations; ν is the turbulent eddy viscosity
coefficient, which is a function of the distance, z, from the
air-water interface. Application of the first order closure and a
self-similarity function gives the following expression for the
eddy viscosity coefficient in the turbulent boundary layer
 pﬃﬃﬃﬃﬃﬃﬃﬃﬃ 
η τ turb
ν ¼ νa f
ð3Þ
u
where νa is the air molecular viscosity. We used an empirical
approximation for the function f obtained by Smolyakov
(1973). It reads
  #)
(
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ "
2 τ turb
− L1 ð uνaη Þ
u η τ turb =u2
u2

ν ¼ νa 1 þ κ
1−e
:
ð4Þ
νa
In this expression, L is the scale of a viscous sub-layer,
which depends on a flow regime. Smolyakov (1973) suggested L=22.4 for the aerodynamically smooth surface that
gives the roughness height of 0.11 νa/u*. We consider the airwater interface in our approximate model as an aerodynamically smooth curved surface.
The boundary conditions at the air-water interface z=ξ(x, y, t)
are as follows:
∂ξ
∂ξ
∂ξ
þ h ui þ h v i
∂t
∂x
∂y

D wE
!
uτ

z¼ξðx;y;t Þ

z¼ξðx;y;t Þ

D aE
¼ !
uτ

¼ hwijz¼ξðx;y;tÞ ;

z¼ξðx;y;t Þ

;

ð5Þ

ð6Þ

<u>, <v>, and <w> are the averaged air velocity components aligned with the x-, y- and z-axes. The random field of
the water surface elevation is presented as a Fourier–Stieltjes
transform



 Z
!  i !
k!
r −ωt
!
ζ r ; t ¼ dA k ; ω e
:
!
Here, k ¼ k x ; k y is a two-dimensional wave vector; ω is
the surface wave frequency. For a statistically homogeneous
and stationary process, the wave number-frequency spectrum
! 
F k ; ω can be introduced as follows
D !  !
E
!  ! ! 
dA k ; ω dA k 1 ; ω1
¼ F k ; ω δ k − k 1 δðω−ω1 Þ
! !
d k d k 1 dωdω1 ;
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To avoid strong geometric nonlinearity, the transformation
from Cartesian coordinates (x, y, z) to the wave-following
curvilinear coordinates (ζ1, ζ2, η) is performed
Z
x ¼ ζ 1 þ i cos ϑ expðiðk ðζ 1 cos ϑ þ ζ 1 sin ϑÞ ωt Þ kη iφÞdA;
Z
y ¼ ζ 2 þ i sin ϑ expðiðk ðζ 1 cos ϑ þ ζ 1 sin ϑÞ ωt Þ kη iφÞdA;
Z
ð7Þ
z ¼ η þ expðiðk ðζ 1 cos ϑ þ ζ 1 sin ϑÞ ωt Þ kη iφÞdA:

ð7Þ

!
Here, φ is the angle between the vector k and the x-axis.
Then, in the linear approximation, the coordinate surface η=0
coincides with the waved water surface.
A solution of the RANS Eqs. (1, 2) is searched as a
!
superposition of the mean wind field U 0 ðηÞ and disturbances
induced in the airflow by waves at the water surface. Then, the
velocity field can be written as
Z
D E !
!
u ¼ U 0 ð ηÞ þ !
u 0 ðηÞeiðk ðζ 1 cosϑþζ 2 sinϑÞ

ωt Þ iφ kη

kdA:

coordinate line η=0 coincides with the water surface disturbed
by this single harmonic wave
x ¼ ζ 1 þ i cos ϑeiðk ðζ 1 cos ϑþζ 2 sin ϑÞ
y ¼ ζ 2 þ i sin ϑeiðk ðζ 1 cos ϑþζ 2 sin ϑÞ
z ¼ η þ dAeiðk ðζ 1 cos ϑþζ 2 sin ϑÞ ωtÞ

iφ kη

dA;
dA;

:

ð8Þ

The linear coordinate transformation
ω
t;
k
ζ 1 sin ϑ ¼ y2 cos ϑ

ζ 0 1 ¼ ζ 1 cos ϑ þ ζ 2 sin ϑ
ζ 0 2 ¼ ζ 2 cos ϑ

y1 sin ϑ ¼ y0

ð9Þ

defines the reference frame following this harmonic wave,
where the wave field does not depend on ζ' 2 (or Cartesian
coordinate y′), i.e. it depends only on two coordinates ζ' 1 and
η. The tangential velocity components are transformed similarly to (9). They read in the new reference frame as
u0 ¼ ucos ϑ þ vsin ϑ
v0 ¼ −usin ϑ þ vcos ϑ:

ω
;
k

ð10Þ

A stream function Φ can be introduced for the motions in
the plane ζ' 2 =y′=const as follows
u0 ¼

Following Jenkins (1992), we consider nonlinear equations
using a quasi-linear model. The higher harmonics of perturbations are neglected. The main harmonic keeps the order of
accuracy (ka); the average fields keep the order of accuracy
(ka)2. Hence, considering the equation for perturbations, we
keep terms of order (ka)3 if these are due to the average waveinduced fields and neglect them if they are due to nonlinear
interaction between first and second harmonics. This approach
is applicable for small Reynolds numbers (see Batchelor
1967). In the turbulent regime of the flow, the Reynolds
number as defined by the molecular viscosity is huge, but
the average flow dynamics described within the Reynolds
equations is determined by the effective Reynolds number
(e.g. Esau 2004), which is defined by the eddy viscosity
coefficient. The effective Reynolds number for the wave
disturbances induced in the airflow Reeff was estimated by
Troitskaya et al. (2011) as a value of order (ka) assuming that
the velocity scale, uwave, is of order cka and the viscosity
coefficient is νturb =ku*z. Taking into account that the vertical
scale of the turbulent boundary layer for the wave disturbances is δ=u*/ck (Troitskaya and Rybushkina 2008), the
estimation can be written as Reeff =δkuwavez/νturb~ka< 1.
Thus, the small Reeff justifies the use of a linear approximation
in the proposed formulation.
Let us now consider the equations for the disturbances
induced by a single harmonic wave at the water surface with
!
the wave vector k , frequency ω and amplitude dA. We
introduced a formal coordinate transformation, where the

ωt Þ kη iφ
ωt Þ kη iφ

∂Φ
;w ¼
∂η

∂Φ
:
∂ς 0 2

The RANS equations can be rewritten in terms of the
introduced stream function, Φ, and vorticity, χ, as
!
1 ∂χ ∂Φ
2
∂2 Φ
¼ ΔðνχÞ
ν ηη 0 2
0
2
I ∂η ∂ζ 1
I
∂ζ 1
 I 0

I 2ζ 0 þ I 2η
ζ1
1
0
0
ν η Φζ 0 ζ 0
2ν
Φ
−Φ
ν
ν
;
þ
Φ
η ζ η
η η
ζ 1 ηη
1 1
1
I3
I4

 
∂χ 1 ∂χ ∂Φ
þ
0
∂t
I ∂ζ 1 ∂η
Iη
Φη ν η
I3

η

ð11aÞ
ΔΦ ¼ χ ¼


1
Φζ 0 ζ 0 þ Φηη ;
1 1
I

ð11bÞ

where I is the Jacobian of transformation (8). The transversal
velocity component v′ does not enter the Eq. (11a, 11b). It
could be found from the equation
!
∂v0 1 ∂v0 ∂Φ ∂v0 ∂Φ
1
þ
ð12Þ
¼ Δ ð v0 ν Þ þ v0 η ν η :
0
0
I ∂ζ 1 ∂η ∂η ∂ζ 1
I
∂t
We search the solution to the system (11a, b) and (12) as a
superposition of the mean field and harmonic wave disturbance in the following form
Z 
0
ω
Φ¼
U 0 ðηÞcos ϑ þ V 0 ðηÞsin ϑ
dη þ Φ1 ðηÞdA eikζ 1 ;
k
ð13aÞ
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0

v ¼ V 0 ðηÞcos ϑ−U 0 ðηÞsin ϑ þ V 1 ðηÞdA eikζ 1 ;

ð13bÞ

0

χ ¼ U 0η cos ϑ þ V 0η sin ϑ þ X 1 ðηÞdA eikζ 1 :

ð13cÞ

The complex amplitudes, Φ1(η),χ1(η) and V1(η), are obtained
from the linearization of (11a, b) and (12) as

Φ0η X 1

Φ1 χ0η ik

d2
dη2


k 2 ðX 1 ν Þ ¼ −2ν η Φ1 k 2

2kAe−kη Φ0η ν η η ;

ð14aÞ
2

d Φ1 2
−k Φ1 ¼ X 1
dη2

2ke−kη Φ0ηη

ð14bÞ

and


 2

d
b
Φ0η V 1 −Φ1 V η ik ¼ ν
dη2


k

2

V 1 þ ν η V 1η k 2

ð15Þ

We look only for bounded solutions to the system (14a, b)
and (15), which are decreasing at large distances from the
surface, i.e.
Φ1 jη→∞ →0;

V 1 jη→∞ →0:

The boundary conditions at the water surface for the system
(14a, b) are obtained from (20) and (6). They are expressed in
curvilinear coordinates (Reutov and Troitskaya 1995) as
Φ1 jη¼0 ¼ 0;

Φ1η

η¼0

¼ 2ω;

V 1 jη→0 ¼ 0

The only nonlinear effect taken into account in the quasilinear approximation here is the demodulation of the wave
disturbances induced in the airflow by waves at the water surface.
Equations for the mean velocity components U0(η) and
V0(η) are obtained by the following steps. Averaging of
(11a, b) over ζ′ 1 gives equation for Φ0 and averaging of (12)
yields equation for v0(η). U0(η) and V0(η) are expressed
through Φ0(η) and v0(η) by inversion of (13a, b) and then
integrated over wave numbers and frequencies, which gives






 Z 
d
d ðU 0 ; V 0 Þ
cos φ
−sin φ
ν
þ τ ⊥ ðη; k; φ; ωÞðηÞ
k 2 F ðk; φ; ωÞkdkdφdω :
τ ∥ ðη; k; φ; ωÞðηÞ
¼
sin φ
cos φ
dη
dη

Here, τ||(η, k, θ, ω)(η), τ⊥(η, k, θ, ω)(η) are the components
of the momentum flux induced by the surface waves with
wave number k and frequency ω propagating at the angle θ to
the wind. The expression for τ||(η, k, θ, ω)(η) follows from
(11a, b)
τ ∥ ðη; k; φ; ωÞðηÞ ¼ k kν η Re Φ1η

kΦ1 e−kη þ 2k 2 e−2kη ν η U 0 cosφ

and expression for τ⊥(η, k, θ, ω)(η) follows from (12)
τ ⊥ ðη; k; ωÞ ¼

ð16Þ

ð17Þ

determine the empirical shape of the spectrum, laboratory
experiments have been conducted where the airflow velocity
profile and the elevation of the water surface in three
close points were measured simultaneously. These data
are sufficient to retrieve the three-dimensional S(ω, k)
for calculations of the form drag and the model verification. Recently, the model has been also generalized to
include cases of the stratified atmosphere over the ocean
(Troitskaya et al. 2013).

1 d
k Im Φ1 V 1 :
2 dη

Equation (17) expresses the conservation law for the vertical flux of two projections of the horizontal momentum component in the turbulent boundary layer. If the turbulent shear
stress at a large distance from the surface is aligned with
x-axis, the conservation law for the mean momentum components may be written as
ðxÞ

τ turb ðηÞ þ τ ðηÞ ¼ u2 ;
ð yÞ

τ turb ðηÞ þ τ ⊥ ðηÞ ¼ u2 :
According to (17), the nonlinear addition to the wind
velocity is determined by the surface wave spectrum S(ω, k),
which shape is critical for the proposed model. In order to

3 Verification of the proposed model through laboratory
and numerical experiments
The proposed quasi-linear approximation greatly simplifies
the description of the wind-wave interaction. In particular,
the aerodynamic roughness of the water surface in this approximation is determined only by the surface wave spectrum
S(ω, k). The wind-wave interaction models beyond this approximation require information about the higher statistical
moments of the surface wave field, which is not available in
applications. However, the proposed approximation utilizes
several strong assumptions, which need to be verified. The
subsections below describe verification of this quasi-linear
model through laboratory and numerical experiments.
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Fig. 1 The vector velocity field in the airflow over a paddle-generated
wave in the wave-following reference frame. The velocity vectors were
retrieved from a high-speed video filming by a digital particle image
velosimetry technique. The wind friction velocity is u* =200 mm/s, the
wavelength k=0.15 cm−1, and the slope ka=0.25. a The instantaneous
pattern. b The ensemble averaged pattern

3.1 Laboratory experiments on airflow over steep waves
The turbulent airflow over waves was studied in a physical
laboratory experiment using a video-PIV method and applications of the high-speed video photography (see Troitskaya
et al. 2013). Alternatively, to the classical PIV technique, this
approach generates statistical ensembles of instantaneous velocity field realizations. The experiments were performed in a
round wind–wave channel at the Institute of Applied Physics,
Russian Academy of Sciences. A fan generated the airflow
with the centerline velocity 4 m/s. The surface waves were
generated by a programmed wave-maker at the frequency of

a

2.5 Hz with the amplitudes of 0.65, 1.4 and 2 cm. The working
area (27.4×10.7 cm2) was at a distance of 3 m from the fan. To
perform the measurements of the instantaneous velocity
fields, spherical polyamide particles 20 μm in diameter were
injected into the airflow. The images of the illuminated particles were taken with a digital CCD video camera at a rate of
1,000 frames per second. A statistical ensemble of 30 movies
with duration from 200 to 600 ms was obtained for a given set
of parameter characterizing the wind and wave regimes.
Individual flow realizations manifested the typical features
of flow separation. The average vector velocity fields obtained
by the phase averaging of the individual vector fields were
smooth and slightly asymmetric. The minimums of the averaged horizontal velocity near the water surface were shifted to
the leeward side of the wave profile but did not indicate flow
separation (compare Fig. 1a, b).
The results of these measurements were compared with the
calculations within the quasi-linear model of turbulent boundary layer. The wave parameters (wavelength, celerity, steepness), used in this comparison of theory with experiment, were
retrieved from the same video films as those used for the
airflow velocity calculations. The model calculations were in
a good agreement with the experimentally measured and
conditionally averaged mean wind velocity, turbulent stress
and also amplitude and phase of the main harmonics of the
wave-induced velocity components (see Fig. 2a, b). The
wave-induced pressure perturbations, averaged over the turbulent fluctuations, were retrieved by Troitskaya et al. (2011)
from the measured velocity fields, using the Reynolds equations. It ensures sufficient accuracy for study of the dependence of the wave increment on the wave amplitude. The
theoretical curves for magnitude and phase of wave-induced
pressure fluctuations are in a good agreement with the experimental data (see Fig. 3b, c). The quasi-linear model also

b

70
60
50
40
30

1
2
3

60
50

z(mm)

20

z(mm)

70

109
8
7
6
5
4
3

40
30
20

2

10

1
1000

1500

2000

2500

3000

3500

U0(mm/s)

4000

4500

Fig. 2 Intercomparison between experiments (coloured dots) and the
theory (lines corresponding to the concrete experiment conditions identified by the colour): a the mean velocity profiles and b the stress profiles.
Solid lines are the calculations with the quasi-linear model for the
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measured parameters of the wave and the wind (see Troitskaya et al.
2011). Dashed lines are the calculations with the same model and parameters but for the aerodynamically smooth surface
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a

c

b

Fig. 3 Intercomparison between experiments (crosses) and the theory (s)
for the dependence on the wave steepness of: a β, b the phase shift, and c
the normalized magnitude of the first harmonic of wave-induced pressure

disturbance at the water surface. Solid dark lines are for the model with u*
=180 mm/s, c=677 mm/s; dashed dark lines are for u* =240 mm/s, c=
869 mm/s; and solid light lines are for u* =200 mm/s, c=1047 mm/s

reproduces the wind-wave interaction parameter as it was
introduced by Miles (1957) (see Fig. 3a):

the x-direction with a prescribed bulk velocity. Nonslip
boundary conditions applied at the top and bottom boundaries
of the domain. The model mesh had 360×240×180 nodes in
the x-, y-, and z-directions correspondingly. The Adams–
Bashforth method is employed to advance integrations in
time, and the equation for pressure is solved iteratively by
using the fast Fourier transformation in x- and y-directions and
the Gauss method in z-direction. The computations were carried out for 12,000 time steps, which is equal to 200 dimensionless large-scale time units (based on the bulk velocity and
the wave length). Each time unit typically corresponds to about
20 viscous time units, 1/(Reu2*). Ensemble-averaged velocity
and pressure fields were evaluated from 500 instantaneous
flow-field data samples which covered the time period of 100
large-scale time units. Profiles of the mean velocity and turbulent stresses were obtained by averaging over the wavelength.
As in the physical experiment, the instantaneous realizations of the velocity field in DNS showed the flow separation
at the crests of the waves. However, the ensemble-averaged
velocity fields had typical structures similar to those excising
in the shear flows near critical levels, where the phase velocity
of the disturbance coincides with the flow velocity (Fig. 4).
Generally, DNS runs support the approximations in the proposed model when profiles of the mean wind velocity, the
turbulent stress, amplitude and phase of the main harmonics of
the wave-induced velocity components, wave-induced pressure fluctuations and wind wave growth rate are considered
(Druzhinin et al. 2012).

2

1
β¼
2
2
λ
ðkaÞ ρu*

Zλ
h pi

dzb
dξ:
dξ

0

3.2 Direct numerical simulations of the airflow over steep
waves
Direct numerical simulations (DNSs) of the airflow over finite
amplitude periodic surface wave (Druzhinin et al. 2012) have
also supported the proposed approximate model. These DNSs
modelled two-dimensional water waves with the wave slopes
in the range ka=0–0.2 in the flow with the bulk Reynolds
number Re=15,000. Different wave age parameters in the
range c/u* =0–10 where u* is the friction velocity and c is
the wave celerity were considered. The shape of the water
waves was prescribed and did not evolve under the action of
the wind. The numerical algorithm is similar to that in
Sullivan et al. (2000) but adjusted for a staggered grid. The
computational domain (periodic in the x- and y-directions) had
the size Lx =6λ, Ly =4λ and Lz =λ. The DNS code is solving
fully three-dimensional Navier–Stokes equations in curvilinear coordinates in a frame of reference moving with the phase
velocity of the wave. The flow is driven by the shear, which is
created by the upper plane boundary moving horizontally in
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Fig. 4 A longitudinal cross-section of the instantaneous (upper panel) and average (lower panel) velocity vector fields for ka=0.2 and c=0.1
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Fig. 5 A longitudinal crosssection of the instantaneous
velocity (a) and vorticity modulus
(b, c) fields obtained in DNS for
ka=0.2 and c=0.1

a

b

c

Fig. 6 The same instantaneous
fields as in Fig. 5, but averaged
along the wave front

a

b
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Moreover, DNS results suggest that the nonseparating
quasi-linear theory is applicable because of the development
of strong heterogeneity of the separation zone in the transverse
direction (i.e. along the wave front). Vorticity in the airflow
over a steep wave appears to be concentrated in thread-like
vortex structures, which have a horseshoe shape and resemble
well-known λ-vortices extensively studied in the case of a
“classical” boundary layer over a solid plane boundary (Moin
and Kim 1985; Esau 2003; Esau et al. 2013). The instantaneous flow velocity and vorticity fields averaged only along
the wave front (and not in time) are nonseparating. Figures 5
and 6 compare the distributions of the instantaneous velocity
and vorticity modulus fields obtained in DNS (Fig. 5) and the
same instantaneous fields after averaging along the front
(Fig. 6). Figure 1 clearly shows a λ-vortex separating from
the wave crest at x=2. Here, the instantaneous flow has a
separation zone. However, the y-averaged vorticity and velocity fields are smooth, nonseparating and characterized by the
well-known Kelvin’s “cat eye” pattern.

4 Verification of the quasi-linear model at strong winds
Wind–wave interaction at extreme wind speed is of special
interest now in connection with the problem of explanation of
the sea surface drag saturation at the wind speed exceeding
30 m/s. The idea on saturation (and even reduction) of the
coefficient of aerodynamic resistance of the sea surface at
hurricane wind speed has been first suggested in Emanuel
(1995) on the basis of theoretical analysis of the maximum
wind speed sensitivity in a hurricane to the ratio of enthalpy
and momentum exchange coefficients. Both the field campaigns (Powell et al. 2003; Black et al. 2007) and laboratory
experiments (Donelan et al. 2004) confirmed that at the

Fig. 7 The dependence of the surface drag coefficient on the wind speed.
The laboratory experiments are represented by dots. The model calculations are represented by the solid line with a short wave spectrum of
surface waves and by the hatch line without the short wave spectrum of
the surface waves
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hurricane wind speeds, the sea surface drag coefficient,
CD10, is significantly reduced in comparison with the parameterization calibrated to moderate to strong wind conditions
(Garratt 1977; Fairall et al. 2003).
We supposed that this reduction could be due to changes in
the form drag of surface waves at strong wind conditions. To
verify the supposition, we simultaneously measured aerodynamic resistance of the water surface and frequency-wave
number spectra of the wind waves in a wide range of the wind
speeds achievable in the laboratory tank of the Institute of
Applied Physics (Troitskaya et al. 2013). The wind friction
velocity and CD10 were retrieved from the measurements by
the profile method. As Donelan et al. (2004), the experiments
revealed changes in CD10 at high wind conditions but the
growth rate of CD10 was decreasing when U10 exceeds
25 m/s. This is in broad agreement with Vickery et al.
(2009), Holthuijsen et al. (2012) and Hwang et al. (2013)
results but distinct to the results of Donelan et al. (2004) where
such a decrease has been found only for U10 >30 m/s. The
dependences from our experiments are compared with the
quasi-linear model predictions for the turbulent boundary layer
over the waved water surface (see Fig. 7). The quantitative
agreement is found when momentum flux due to the short wave
part of the wind wave spectra has been taken into account.

5 Conclusions
In this study, we introduced an approximate quasi-linear model for the description of the turbulent boundary layer over
steep surface waves. This model assumes that wave-induced
disturbances of the atmospheric turbulent boundary layer
could be reasonably described in a linear approximation with
the momentum flux from wind to waves retained as the only
nonlinear effect in the model.
The model has been further verified with a set of the
original laboratory and numerical experiments. The laboratory
experimental study of the airflow over the steep waves was
performed by means of the PIV technique. The numerical
study was performed with DNS of the turbulent airflow over
waved surface at Re=15,000.
Both the physical and numerical experiments supported
reasonable quality of the proposed approximate model in the
case of strong winds. Moreover, the model was able to take
into account the effects of the anomalously low aerodynamic
drag at strong winds. This effect was explained by a saturation
of the form drag of the water surface.
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