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ABSTRACT
The specific properties of the turbulent wind stress and the related wind wave field are investigated in a
dedicated laboratory experiment for a wide range of wind speeds and fetches, and the results are analyzed
using the wind-over-waves coupling model. Compared to long-fetch ocean wave fields, wind wave fields
observed at very short fetches are characterized by higher significant dominant wave steepness but a much
smaller macroscale wave breaking rate. The surface drag dependence on fetch and wind then closely follows
the dominant wave steepness dependence. It is found that the dimensionless roughness length z*0 varies not
only with wind forcing (or inverse wave age) but also with fetch. At a fixed fetch, when gravity waves
develop, z*0 decreases with wind forcing according to a ⫺1/2 power law. Taking into account the peculiarities of laboratory wave fields, the WOWC model predicts the measured wind stress values rather well. The
relative contributions to surface drag of the equilibrium-range wave-induced stress and the airflow separation stress due to wave breaking remain small, even at high wind speeds. At moderate to strong winds,
the form drag resulting from dominant waves represents the major wind stress component.

1. Introduction
For more than 50 years modeling the wind dependence of drag exerted by the ocean surface on the atmospheric boundary layer remained a prime challenge
for both meteorologists and oceanographers. The main
difficulty lies in the fact that the dynamics of the air
surface boundary layer and the water surface distorted
by waves are intrinsically linked. Moreover, the wind
stress acting on the sea surface is one of the major
driving forces of the water subsurface layer, which
largely controls the momentum, heat, and mass exchanges between the atmosphere and the deep ocean
layers. Therefore, this critical question was the subject
of incessant efforts of many scientists. At first, a number of “global” wind stress parameterizations were developed in which drag coefficient or roughness length
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were assumed either to be constant or to depend on
wind conditions only (Rossby and Montgomery 1935;
Charnock 1955). Later on, more sophisticated parameterizations were proposed on the basis of dedicated
field observations, taking into account the wind stress
dependency on the sea surface state and the properties
of turbulent airflow (for a more comprehensive review,
see Jones and Toba 2001). Since the 1980s, the approaches based on parameterizations have been pursued in parallel with the buildup of theoretical models
describing wind–wave interaction processes contributing to the sea surface drag. After the pioneering works
by Janssen (1989) and Chalikov and Makin (1991), a
more elaborated wind-over-waves coupling (WOWC)
model including the various wind stress components
due to surface waves of different scales was gradually
developed by Makin et al. (1995), Makin and Kudryavtsev (1999, 2002), Kudryavtsev et al. (1999), and
Kudryavtsev and Makin (2001). So far, the WOWC
model has been validated only in integral sense by comparing the wind stress values derived from the model to
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the observed ones for a number of datasets collected at
sea and in laboratory. As a matter of fact, a direct termby-term validation of the model still looks out of reach
because of the intrinsic difficulties of procuring accurate measurements of the near-surface air pressure
field, which are required for determining the different
wave-induced drag components. Nonetheless, it seems
that a deeper analysis of the wave and turbulent airflow
properties obtained from well-controlled laboratory experiments performed in a wide range of wind and wave
conditions could provide elements for checking the
main assumptions made in the model. Furthermore,
analyzing the experimental data through the prism of
the model provides a valuable insight into the physics of
the various processes involved. The present work represents a first attempt in that direction. On the basis of
a critical assessment of the model assumptions and parameterizations for laboratory conditions and a check
of the consistency of the model outcomes with the wave
field and airflow observations, this study provides a
validation of the WOWC model at extremely short
fetches.
For this purpose, first the WOWC model is briefly
described in section 2, with a focus on the physical processes and the main assumptions governing the parameterizations of the wind stress components. Then a
short description of the experimental procedure is given
in section 3, and the results of careful wind stress and
wave observations performed in the large Institut de Recherche sur les Phénomènes Hors Equilibre (IRPHE)Luminy wind wave tank are presented in section 4. On
this basis, after a detailed analysis of the properties of
the wave field and the air boundary layer developing in
the tank, the question of the dependence of the dimensionless roughness length on inverse wave age is revisited specifically for these very short fetch conditions. In
section 5, a comparison is carried out between the experimental results and the WOWC model predictions
of wind stress and the associated wave field mean
square slope. In light of the wave breaking rate and the
mean dominant wave height distribution observed, the
model previously elaborated for ocean wave fields is
modified to take into account the specific features of
the laboratory wave fields. Finally, the model is used to
reveal physical mechanisms responsible for the wind
stress peculiarities observed in the laboratory experiments. The summary and a brief discussion of the results are given in section 6.

2. Outline of the WOWC model
The wind-over-waves coupling model is based on the
conservation equation for the integral momentum in

the air surface boundary layer under assumptions of
stationarity and spatial homogeneity:

共z兲 ⫽ 共0兲

共1兲

⭸
with 共0兲 ⫽ u 2 ⫽  ⫹ p0
,
*
⭸x

共2兲

where  (z) is the vertical momentum flux at the level z
above the water surface, u is the friction velocity,  is
*
the viscous surface stress, and  ƒ ⫽ p0 /x is the form
drag of the sea surface (the momentum fluxes and the
surface forces defined here and hereafter being normalized by the air density a). Equation (2) reflects a fundamental fact that the surface stress 0 is formed by the
viscous stress and the form drag, the latter being determined by the correlation between the wave-induced
surface pressure field and the wave slope. The form
drag becomes dominant for moderate and high winds
when wind waves are actively developing.
The form drag of the sea surface is mainly the result
of two different wind–wave interaction mechanisms.
When the wavy surface is regular (in a sense that there
are no surface discontinuities caused by wave breaking
events) the wind flows over the waves smoothly; that is,
the water surface is streamlined. This regime of wind–
wave interaction is similar to the so-called nonseparated sheltering mechanism [as described in detail, for
instance, by Belcher and Hunt (1993)] and leads generally to an energy flux from the airflow to waves. On
the basis of a linear spectral approximation, the part of
the form drag supported by this nonseparated sheltering mechanism (i.e., the wave-induced stress  ƒw; hereafter, we drop the index f in the notation of the different form drag components) can be written as

w ⫽

冕冕
k



␤共k, 兲c2B共k, 兲 cos d共lnk兲 d,

共3兲

where B(k, ) ⫽ k4S(k, ) is the saturation wavenumber
spectrum, S (k, ) is the amplitude wavenumber spectrum, and c is the phase velocity of the wave component
of wavenumber k propagating with an angle  to the
wind direction. The dimensionless wind wave growth
rate ␤ is taken in the form suggested by Stewart (1974)
and the angular distribution is assumed to be proportional to cos2  as discussed by Meirink et al. (2003), as
follows:

␤ ⫽ c␤

u

*
c

冉

uⲐ2
c

⫺1

冊

cos2,

共4兲

where u/2 is the wind speed at the height equal to the
half of the wavelength , and c␤ is a constant ⬇1.5.
Assuming that the wind profile is described by a logarithmic distribution as reported here by the equation
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U共z兲 ⫽
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*
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where z0 is the roughness length and  ⫽ 0.4 is the von
Kármán constant, the relation (4) can be rewritten in
the form

冉 冊
u

2

*
␤ ⫽ C␤
cos2,
共6兲
c
where the proportionality coefficient depends on wave
parameters according to the expression

冉

C␤ ⫽ c␤ ⫺1 ln

c

⫺
kz0 u
*

冊

⫽ c␤⫺1 ln


,
kzc

共7兲

and zc ⫽ z0 exp(c /u ) can be identified as the height of
*
the critical layer zc where U(zc) ⫽ c.
When the wind increases above a certain threshold,
the waves start breaking at the sea surface. Numerous
observations have shown over the last decades that
breaking waves play a significant role in the dynamics
of the marine boundary layers (Melville 1996). In particular, a significant augmentation of the local surface
stress above breaking waves was reported on the basis
of laboratory experiments (e.g., Banner 1990; Giovanangeli et al. 1999). It was then established that the
airflow separation (AFS) from the crest of breaking
waves is directly responsible for this augmentation. The
impact of the airflow separation from breaking waves
on the sea drag was taken into account in modeling by
Kudryavtsev and Makin (2001). Because the airflow
separation occurs intermittently at the sea surface on
the leeward side of the wave breaking fronts, the authors assumed that the sea surface can be represented
as a streamlined surface covered by localized areas
where the airflow separation takes place. It was further
assumed that the stress due to separation is proportional both to the pressure drop ⌬ps on both sides of the
wave breaking crests and to the total length of wave
breaking fronts ⌺li. The average total length of breaking fronts per unit of surface 1/S ⌺li was originally introduced by Phillips (1985) and expressed as
1
S

兺l ⫽ ⌳共k兲dk,
i

共8兲

where the distribution ⌳(k) represents the surface density of the length of breaking wavefronts of waves in the
range k to k ⫹ dk. The pressure drop induced by the
airflow separation was estimated by using an analogy
between the airflow separation from breaking waves
and those observed behind a backward facing step; it
has the general form
1
⌬ps ⫽ ␥ u2s ,
2

共9兲
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where ␥ is an empirical constant close to 1 and us is the
positive velocity difference between the mean wind
speed at the height characteristic of the breaking wave
scale zb ⫽ 1/k and the wave phase speed, expressed as

冉

冊

u

us ⫽ max 0,

*
1
cos ln
⫺c .

kz0

共10兲

Note that this pressure forcing acts on the wave
breaking front only during a short period of time and
then disappears. Consequently, the separation stress
supported by the AFS from breaking waves of all scales
was parameterized as

s ⫽ b␥

冕

u2s cos k⫺1⌳共k兲 dk,

共11兲

k

where b ⫽ 0.5 is the characteristic slope of the breaking wave crests.
To determine the airflow separation stress, wave
breaking statistics have to be characterized in terms of
⌳(k). In the equilibrium range, this quantity is directly
related to the rate of energy dissipation by breaking,
which in turn is equal or proportional to the energy
input from the wind (Phillips 1985). Thus, it follows that
⌳共k兲 ⫽

␤
B共k兲k⫺1,
b

共12兲

where b is an empirical constant estimated to be 0.01.
Taking into account this relationship, the separation
stress s for the equilibrium wave range becomes

seq ⫽ b␥b⫺1

冕冕


u2s ␤共k, 兲B共k, 兲 cos d d共lnk兲.

k⬍kb

共13兲
The integration over k in Eq. (13) is done in the wavenumber range satisfying the condition k ⬍ kb with kb ⫽
2 /b, b ⬇ 0.3 m being the minimal wavelength of
breaking waves. This condition indeed reflects the fact
that waves shorter than b generate parasitic capillaries
rather than break as argued in Kudryavtsev et al.
(1999). We assumed here that the action of the surface
tension at the wave crest, which manifests by the generation of parasitic capillaries and drastically modifies
the orbital velocity field in air and water (Hogan 1985),
prevents large discontinuity of the water surface and,
hence, separation of the airflow.
In the range of wavenumbers near the dominant
spectral peak, Eq. (12) does not hold because the assumption that dissipation is balanced by wind input is
no longer valid there. In Makin and Kudryavtsev
(2002), statistics of dominant wave breaking were described by using a wave height threshold concept for
characterizing breaking waves. In the case of a Gauss-
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FIG. 1. Schematic view of the large IRPHE-Luminy wind wave tank.

ian narrowband wave field (Longuet-Higgins 1957), the
average total length of dominant wave breaking fronts
per unit surface area is then described by

冉 冊

1
2T
⌳共c兲dc ⫽
k exp ⫺ 2
2
d

1
⫽
kb ,
2 T

共14兲

where d is the dominant wave steepness, T is the wave
steepness limit for wave breaking, and bT is the related
wave breaking probability. From Eqs. (11) and (14), the
separation stress supported by the dominant waves is
expressed by

sd ⫽

冉 冊

b␥ 2
2T
usd exp ⫺ 2 ,
2
d

共15兲

where usd is defined as us evaluated at the dominant
wave scale k ⫽ kp with c ⫽ cp and  ⫽ 0.
By matching the linear wind profile observed inside
the viscous layer with the logarithmic wind profile observed above, the viscous stress in Eq. (2) can be written as

 ⫽

冉 冊

u2
␦⫹
*
ln
,
␦⫹
z⫹
0

共16兲

where ␦⫹ and z ⫹
0 are respectively the viscous sublayer
thickness and the roughness length made dimensionless
by using the viscous length scale  /u ,  being the air
*
molecular viscosity.
Finally, Eq. (2), in which the viscous stress is derived
from Eq. (16) and the various contributions to the form
drag  ƒ are expressed by Eqs. (3), (13), and (15), that is,
u 2 ⫽ t ⫽  ⫹ w ⫹ sd ⫹ seq,
*

共17兲

describes the resistance law of the sea surface and directly relates the wind stress to the properties of the
wave field specified by the wave spectrum. The saturation wavenumber spectrum B(k, ), as suggested by
Kudryavtsev et al. (1999), is modeled in the full wavelength range from a few millimeters up to the spectral

peak by means of two terms describing respectively the
spectrum at low and high wavenumbers; that is,
B共k, 兲 ⫽ Bl共k, 兲 ⫹ Bh共k, 兲.

共18兲

The shape of the low-wavenumber spectrum Bl (i.e., at
the spectral peak) is reconstructed from the measured
frequency spectrum. The shape of the high-wavenumber spectrum Bh results from a physical model based on
the energy balance equation that accounts for wind input, viscous dissipation, nonlinear wave interactions,
and dissipation due to wave breaking and the generation of parasitic capillaries.
For a given wind speed the model provides the sea
surface stress, which is a function of the saturation spectrum B. The saturation equilibrium spectrum Bh in turn
depends on the energy flux toward high wavenumbers,
which is dependent on the sea surface stress. As a result, the wind waves and the atmospheric surface
boundary layer are strongly coupled, forming a selfconsistent dynamical system.

3. Experimental procedure
The observations were carried out in the large IRPHELuminy wind wave facility, which consists of a water
tank 40 m long, 2.6 m wide, and 0.9 m deep and an air
recirculating tunnel 1.5-m high at the test section (Fig.
1). The facility is equipped with a submerged wavemaker made of an oscillating plate that is located at the
bottom of a cavity below the air tunnel and controlled
by an electrohydraulic motor. A slightly inclined flexible plastic sheet was fixed at the edge of the bottom
floor of the air channel entrance to keep the junction
between the solid floor and the water surface smooth,
regardless of any change in water level during the experiments. At the end of the water tank, a permeable
beach damps the wave reflection. Note also that the air
channel ceiling is slightly inclined to the fetch to avoid
the airflow acceleration and the related longitudinal
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pressure gradient generated by the thickening of the
wall and water surface boundary layers (Coantic and
Favre 1974). For these experiments, the equipment was
set up at a fixed location, at the 26-m-fetch test section
of the flume, which is equipped with glass windows. To
adjust the measuring fetch, the upwind water surface
was covered by a thin plastic floating sheet of variable
length. The investigations were then performed at three
fetches (6, 13, and 26 m) for various wind speeds ranging between 2.5 and 13 m s⫺1.
Measurements of the water surface displacements
were carried out by a pair of high-performance capacitance wave gauges. Both probes were made of a sensitive wire 0.3 mm in diameter and were separated by an
along-wind distance of 1 or 7 cm, depending on the
dominant wave scale. The phase velocity at the dominant peak was determined from both wave signals using
a cross-spectral method. To detect wave breaking, visualizations of whitecaps were performed by a video
camera fixed at the top of the air channel. To improve
the contrast between the background and the bubbles
formed during the active phase of breaking (i.e., the
bubbles responsible for the “whitecap” phenomenon),
the water surface was illuminated from below by a light
ramp set along the water tank side window. These visualizations were made at the very end of the experiments at a 26-m fetch for 6 wind speeds between 10 and
13 m s⫺1. In the immediate vicinity of the wave gauges,
at 20 cm crosswise, the airflow velocity field was monitored throughout the surface boundary layer by a Pitot
tube and hot X-wire probes mounted on a vertical displacement system. To be able to estimate the water
surface roughness length from mean velocity profile
measurements, special care was taken to avoid the pressure gradient effects generated by the eventual airflow
inhomogeneities present in the test section. To that
end, the velocity probes were set up at 60 cm from the
center of the cross section to minimize the effects of the
mean velocity field disturbances induced by both largescale longitudinal vortices (which develop unavoidably
in such a rectangular duct, especially when delimited by
a wavy surface). The calibration of the X-wire anemometers was performed in a small facility before and
after the experiments and was controlled during the
experiments by using the observations made at the top
of the surface boundary layer. For each set of wind
conditions, measurements of the mean air velocity U
and the instantaneous longitudinal and vertical velocity
components were made systematically at six levels
above the water surface. The vertical turbulent momentum flux ⫺u⬘w⬘ was estimated by using the crosscorrelation method. A more detailed investigation of
the surface boundary layer structure was performed for
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one wind speed. To determine the reference wind
speed Ur, additional measurement of the mean air velocity was made by a Pitot tube fixed at the center of
the air channel at a 22-m fetch. After conditioning, filtering, and digitalization at a 200-Hz sampling rate,
time sequences of the various wave and wind signals
were recorded over a time period of 3–6 min. Finally,
complementary measurements of both components of
the water surface slope by means a laser slope gauge
were made at the same fetches in a subsequent experiment.

4. Wave and airflow observations
A spectral analysis of the wave signals recorded for
the various experimental conditions was carried out to
obtain the main properties of the dominant wave field
as reported in Table 1. Typical frequency spectra observed at the three fetches under study for 6 m s⫺1 wind
speed are also given in Fig. 2a. As commonly observed
in wind wave tank experiments, the wave spectra have
a broad dominant peak centered around the fetchdecreasing frequency fp. Because of wind action over
the water surface, both the dominant wave height and
the spectral energy of the peak increase with fetch too.
At frequencies higher than 20 Hz, the spectra exhibit an
equilibrium range characterized by a ⫺7/3 power law,
except at short fetches where a bump is observed
around 60 Hz. The latter is due to the presence of quasipersistent capillaries riding along the wavefront of the
gravity–capillary-scale dominant waves typical of such
fetches. The energy level of the equilibrium range is not
fetch dependent but increases regularly with wind
speed. To characterize the water surface roughness
along the water tank, the “significant” wave steepness
of the dominant waves was evaluated and its evolution
versus the wind speed at 10 m level U10 displayed in Fig.
2b. This quantity was estimated directly from the frequency spectrum St of the time derivative of the water
surface height signals t(t) and the measured dominant
phase speed cp using the relation
aks ⫽

冑冕

2
cp

St共 ƒ兲 df,

共19兲

with the summation being applied over the dominant
peak from 0.5 to 1.5 fp. Compared with the classical
definition based on the significant wave height Hs and
the dominant wavenumber kp ⫽ 2 fp /cp, the averaging
method used in Eq. (19) has the great advantage of
accounting for the phase coupling between the dominant wave amplitude and frequency modulations. Figure 2b shows that at a given wind speed, the significant
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TABLE 1. Wind and dominant wave parameters for the experiments (X is the fetch, Ur is the reference wind speed, u obs is the
*
observed friction velocity, ⌬u is the u obs measurement uncertainty, u*ml and u*m2 are respectively the initial and final modeled u*
*
*
values; the other parameters are defined in the text).

N

X
(m)

Ur
(m s⫺1)

u*obs
(m s⫺1)

⌬u*
(m s⫺1)

z0
(m)

z⫹
0

U10
(m s⫺1)

fp
(Hz)

cp
(m s⫺1)

aks

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

6
6
6
13
13
13
13
13
26
26
26
26
26
26
26

4.0
6.0
8.0
3.0
4.0
6.0
8.0
9.5
2.5
4.0
6.0
8.0
10.0
11.2
13.0

0.119
0.195
0.297
0.090
0.144
0.243
0.336
0.398
0.080
0.145
0.232
0.321
0.424
0.524
0.674

0.006
0.010
0.015
0.005
0.007
0.012
0.017
0.020
0.004
0.007
0.011
0.016
0.021
0.026
0.033

7.1 ⫻ 10⫺6
1.5 ⫻ 10⫺5
5.3 ⫻ 10⫺5
5.5 ⫻ 10⫺6
3.5 ⫻ 10⫺5
1.1 ⫻ 10⫺4
1.8 ⫻ 10⫺4
1.8 ⫻ 10⫺4
2.0 ⫻ 10⫺5
6.2 ⫻ 10⫺5
9.2 ⫻ 10⫺5
1.1 ⫻ 10⫺4
1.8 ⫻ 10⫺4
3.7 ⫻ 10⫺4
4.9 ⫻ 10⫺4

0.06
0.20
1.06
0.03
0.34
1.77
3.96
4.64
0.11
0.60
1.41
2.35
5.00
12.9
21.8

4.31
6.67
9.21
3.31
4.62
7.09
9.39
11.1
2.69
4.45
6.88
9.36
11.9
13.7
17.1

9.53
6.58
4.75
7.51
4.91
3.42
2.90
2.49
4.72
2.74
2.20
2.00
1.81
1.71
1.59

0.39
0.43
0.55
0.38
0.48
0.64
0.80
0.85
0.44
0.65
0.88
1.00
1.05
1.13
1.25

0.058
0.194
0.294
0.090
0.220
0.286
0.282
0.310
0.178
0.228
0.244
0.278
0.318
0.316
0.340

wave steepness increases rapidly with fetch over the
first meters of the flume before reaching a saturation
value at larger fetches. Both the rate of evolution at
short fetches and the saturation value are strongly wind
dependent. For wind speeds higher than 8 m s⫺1, the
dominant wave steepness remains approximately constant with fetch over the whole length of the tank except for the few first meters (see also Caulliez and Collard 1999). Despite the limited number of observations
available and the data scatter, on close inspection it
seems that an intermediate stage characterized by
slightly higher wave steepness can be distinguished at
moderate winds (“overshoot” regime).
Typical vertical profiles of the mean wind velocity
and the square root of the vertical turbulent momentum flux as observed in the air surface boundary layer
at 6 m s⫺1 wind speed are shown in Fig. 3a for three

u /cp
*
0.31
0.46
0.54
0.24
0.30
0.38
0.42
0.47
0.18
0.22
0.26
0.32
0.40
0.46
0.54

u m1
*
(m s⫺1)

u*m2
(m s⫺1)

0.118
0.202
0.317
0.093
0.142
0.238
0.332
0.417
0.080
0.136
0.286
0.435
0.583
0.689
0.897

0.118
0.202
0.317
0.093
0.142
0.238
0.332
0.404
0.080
0.136
0.223
0.331
0.460
0.537
0.745

different fetches. As expected, the mean wind velocity
distribution with height follows a logarithmic profile
within a surface layer of thickness increasing with fetch.
Inside this layer, the turbulent momentum flux remains
remarkably constant, indicating that the slow wave field
development with fetch has no noticeable effect on the
vertical structure of the low surface layer, at least at the
three sections where measurements were carried out.
As such a behavior was observed for all wind speeds
ranging from 2.5 to 13 m s⫺1, the parameters that characterize a constant flux surface boundary layer over a
rigid wall were determined and listed in Table 1. To be
more explicit, the friction velocity was estimated from
the average value of the square root of the vertical
turbulent momentum flux over the constant flux surface layer. The mean velocity U10 at the 10-m height
and the surface roughness length z0 were found by the

FIG. 2. (a) Wave frequency spectra observed in the large IRPHE-Luminy wind wave tank at 6 m s⫺1 wind speed
for 6-, 13-, and 26-m fetches. (b) Significant dominant wave steepness vs 10-m level wind speed for the same three
fetches.
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FIG. 3. (a) Vertical profiles of the mean airflow velocity U (⫹, 䊊, 䉮) and the friction velocity u (*, 䊉, closed
*
䉮) observed inside the surface boundary layer at 6 m s⫺1 wind speed for 6-m (⫹, *), 13-m (䊊, 䊉) and 26-m (open
and closed 䉮) fetches. (b) Variation of the drag coefficient C10 with wind speed U10 observed at the same three
fetches.

best fit of the measured mean velocity profiles with the
logarithmic profile satisfying the relationship
U共z兲 ⫺ U0 ⫽

u

冉冊

z
*
ln

z0

with

u ⫽ 具公⫺ u⬘w⬘ 典,
*
共20兲

in which the surface drift current U0 amounts to 2.5%
of the reference wind speed and the von Kármán constant  equates 0.4. The u uncertainty values given in
*
Table 1 account for the measurement errors, typically
on the order of 5%, and the scatter of the turbulent
momentum flux data used for computing the average.
As is clear from Fig. 3a, u increases slightly with fetch
*
from 6 to 13 m because of the rapid wave field development in this interval, but it no longer varies at larger
fetches. The details of variation of the wind stress both
with fetch and wind speed are better depicted by Fig.
3b, where the drag coefficient C10 is plotted against U10.
To take into account the existence of the surface drift
current and thus to consider the effective wind velocity
forcing at the water surface, this quantity was defined
here as
C10 ⫽ u 2 Ⲑ共U10 ⫺ U0兲2.
*

共21兲

In the present experiments, the drag coefficient C10
typically varies between 0.8 ⫻ 10⫺3 and 1.6 ⫻ 10⫺3, the
lowest values being observed for the shortest fetches
and the lowest wind speeds. For a constant wind speed,
C10 increases regularly with fetch over the very first
meters of the tank, following the increase in the significant dominant wave steepness. Thus, at 7 m s⫺1 wind
speed and beyond, it roughly reaches a saturation value
at 13-m fetch. At the larger fetch, when the wave field
reaches its full development (marked by the fact that

the significant dominant wave steepness no longer varies with fetch), three stages in the C10 evolution with
wind speed can be clearly distinguished. In the first, C10
increases significantly with wind because of the increase
of the dominant wave steepness. The second is observed at intermediate wind speeds (6–10 m s⫺1) and
corresponds to a sort of plateau where C10 equals about
1.3 10⫺3. The third stage occurs above 10 m s⫺1 and is
characterized again by a significant increase in C10. As
described hereafter, this later stage has to be related to
the increase in surface roughness caused by the airflow
separation occurring at the leeward of macroscale wave
breaking wavefronts. Finally, it is worth noting that the
values of C10 observed in the large Luminy wind wave
tank agree quite well with those commonly measured at
sea in the same range of wind speeds (see, e.g., Smith et
al. 1992; Drennan et al. 2003). Note however that the
data from most field experiments generally contain a
small bias due to neglect of the surface drift current in
Eq. (21).
To characterize the interaction between the water
surface roughness elements and the turbulent airflow
above, the evolution of the dimensionless roughness
length z*
0 as a function of the dimensionless wind forcing u /cp is reported in Fig. 4a for various wind and
*
fetch conditions. Rather than making z0 dimensionless
by using the parameters g (the acceleration due to gravity) and u 2 (the total wind stress), as usually done in the
*
literature for gravity wave fields following the Charnock (1955) dimensional approach, we estimated z*0
from the relation
2
2
z*
0 ⫽ kpcpz0 Ⲑu*,

共22兲

in which cp is the measured dominant wave phase
speed. This is motivated by the fact that in such labo-
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FIG. 4. (a) Inverse wave age (u /cp) dependence of the dimensionless surface roughness length z*0 observed at
*
6-, 13-, and 26-m fetches compared with the previous observations made in situ (open symbols) or in the laboratory
(gray symbols) and the relationships proposed by Kitaigorodski (1973) (dotted line), Jones and Toba (2001)
(dashed–double dotted line), and here, by Eq. (23) (thin solid line). The dashed and thick solid lines follow a ⫺3/2
and ⫺1/2 power law, respectively. (b) Inverse wave age dependence of the Reynolds number Rep characteristic of
the dominant waves observed at the same fetches. The dashed–dotted line follows a 3/2 power law.

ratory experiments, the dominant wave field evolves
from capillary–gravity waves at extremely short fetches
to gravity–capillary or pure gravity waves at longer
fetches. The dominant wave dynamics are then controlled not only by the gravity field but also by surface
tension and surface drift current effects, which are
taken into account in the measured values of cp. Note
that for long gravity wave fields where g ⫽ kpc 2p, Eq.
(22) reduces to the classical Charnock formula. Thus,
this equation represents a generalization of the Charnock relation for gravity to capillary–gravity wave
fields. As defined, z*
0 depends on wind forcing (or inverse wave age) in a very consistent way, decreasing
according to a ⫺1.5 power law. This quantity exhibits
values very close to 0.012 when the wave field is well
developed, but the variations with wind at a given fetch
or with fetch at a given wind forcing follow no clear
trend. We can only notice that higher z*
0 values are
observed at a 13-m fetch for the overshoot regime and
at a 26-m fetch when significant wave breaking occurs.
As explained previously, however, we should emphasize that sufficiently precise measurements of the mean
velocity profiles for a correct evaluation of z0 are very
difficult, and therefore the large uncertainties affecting
z*0 estimations may conceal fine evolution of this parameter. In Fig. 4a, the z*
0 laboratory measurements
made by Donelan (1990) and Keller et al. (1992), a
number of field observations made in open ocean, seas,
or large lakes as detailed in Donelan et al. (1993), and
the parameterizations proposed by Kitaigorodski
(1973) and Jones and Toba (2001) are also reported.
The present observations are quite consistent with the
overall distribution of the Charnock parameter and

confirm its decrease at high wind forcing (i.e., above
u /cp ⬇ 0.2). This trend is nevertheless not well de*
scribed by the parameterizations proposed until now; it
is better approximated by the equation
z*0 ⫽ 0.0045

冉冊 冉
2

cp
u
*

exp ⫺0.23

冊

cp
.
u
*

共23兲

The large data scatter observed both at sea and in the
laboratory suggests that z*0 might depend on several
parameters rather than a single one, namely the inverse
wave age. Following this idea, on the basis of Eq. (22),
one can easily write z*
0 in the form
⫹
z*
0 ⫽ z0

冉冊冉 冊
u

*

cp

⫺3

cp

kp

⫺1

.

共24兲

In such a way, it turns out that the last expression in
brackets can be interpreted as a Reynolds number characteristic of the dominant wave field development (denoted Rep hereafter). Then it appears immediately that
at short fetches, this quantity cannot be modeled in
terms of the parameter u /cp only, but rather in terms
*
of two parameters: u /cp and the fetch X. The aerody*
namic roughness Reynolds number z ⫹
0 characterizes
the interactions between the surface protrusions and
the air turbulent shear flow above—that is, in more
physical terms, the effect of the pressure field disturbances induced by the roughness elements on the subsurface air boundary layer velocity field. Therefore, at
the air–water interface, this parameter is fundamentally
linked to the form drag induced by surface waves and
thus should be primarily related, as will be shown below, to the dominant wave slope. For gravity waves,
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FIG. 5. Aerodynamic roughness Reynolds number z ⫹
0 observed at 6-, 13-, and 26-m fetches vs (a) the significant
dominant wave steepness aks and (b) the inverse wave age u* /cp. The dashed–dotted lines indicate the best fitting
power laws at 26-m fetch in 8.1 and 4.0, respectively.

using the Hasselmann et al. (1973) relationships describing the evolution of the dominant wave peak frequency and the wave energy versus X and u as follows:
*
ƒpu*
⬀
g

冉 冊
Xg

g22

⫺1Ⲑ3

and

2

u
*

4

u
*

⬀

Xg
u2
*

;

共25兲

both Rep and z ⫹
0 can be expressed as:
Rep ⬀ X

3Ⲑ2

冉 冊
冉 冊
3Ⲑ2

u

*

共26a兲

,

cp

2 2 n
and z⫹
0 ⬀ 共kp 兲 ⬀

u

*

cp

n

,

共26b兲

where n is the exponent of the z ⫹
0 slope power law
dependence to be determined. It implies:
z*0 ⬀ X⫺共3Ⲑ2兲

冉 冊
u

*

cp

n⫺共9Ⲑ2兲

.

共27兲

This demonstrates that the Charnock parameter is
strongly dependent not only on inverse wave age but
also on fetch. In laboratory, u /cp varies over 1 decade
*
or less as well as X. Hence, when both X and u /cp vary,
*
one can expect a rather slow z*
0 decrease with u* /cp,
dependent on the exponent value n but slightly affected
by the eventual fetch variation. At sea, u /cp varies over
*
1 decade or less, whereas X can vary over more than 3
decades. This implies that z*
0 depends primarily on this
parameter. This inference may appear particularly appropriate for explaining the decrease of z*
0 observed at
small wind forcing when long dominant waves propagate at the water surface (i.e., for conditions which occurs at large fetches only). In that case, the asymmetric
bell-curve evolution of the Charnock parameter would
result from the balance between the combined effects

induced by wind forcing and fetch variations, with this
quantity slowly decreasing when the wind forcing increases (n being smaller than 4.5, as seen below) but
increasing when the fetch decreases.
To support these inferences, the respective dependencies of Rep and z ⫹
0 on wind forcing and dominant
wave steepness are presented in Figs. 4b and 5 to substantiate Eqs. (26) for laboratory conditions and then to
assess the exponent n. Figure 4b shows that at a 26-m
fetch and moderate to high wind speeds (i.e., for gravity-scale waves), Rep varies with wind forcing according
to a 3/2 power law, in perfect agreement with Eq. (26a).
Nevertheless, the limited fetch range where gravity
waves develop does not enable us to determine the Rep
fetch dependence. Moreover, Fig. 5a demonstrates in a
striking way that z ⫹
0 follows the significant dominant
wave steepness power law dependence on fetch, and
this in spite of the data scatter inherent to the method
used for estimating both quantities. This result thus indicates that except at very short fetches and small wind
speeds where the water surface is practically smooth,
the aerodynamic roughness Reynolds number is mainly
controlled by the airflow momentum flux to dominant
waves. For gravity wave fields (i.e., at a 26-m fetch and
for moderate to high winds), Fig. 5b also shows remarkably that z ⫹
0 varies with wind forcing in a power law
manner. The exponent value n given by the best power
law fit observed at 26-m fetch equals exactly 4.0, in
noteworthy agreement with the corresponding one observed in Fig. 5a that equals 8.1. According to Eq. (27),
the related dependence on wind forcing of the Charnock parameter for gravity wave fields observed at a
given fetch should follow a ⫺1/2 power law, as indicated by the thick line in Fig. 4a. If the data scatter is
accounted for, the slow z*0 decrease observed at a 26-m
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FIG. 6. Modeled wind stress at 6-, 13-, and 26-m fetches with respect to the observed wind stress vs observed
wind stress when the wave breaking steepness limit is respectively fixed at (a) 0.24 and (b) 0.62.

fetch roughly follows such a power law. As a result, the
fact that a higher power law decrease is observed when
the whole laboratory dataset is considered can be ascribed primarily to the fetch variation and, to a lesser
extent, to the capillary and drift current effects that
modify the dynamical properties of dominant waves of
shorter scales. Note, however, that the measurements
made in the laboratory at a fixed fetch of 16 m by Keller
et al. (1992) are very consistent with the ⫺1/2 power
law decrease.

5. Modeling of the observations
The WOWC theory as originally developed for modeling open ocean and sea situations (Kudryavtsev and
Makin 2001; Makin and Kudryavtsev 2002) was applied
here to model the surface wind stress observed in the
IRPHE-Luminy wind wave tank, taking into account
the boundary layer and wave parameters found in the
experiments. To quantify the viscous drag, the dimensionless viscous sublayer thickness ␦⫹ was evaluated at
15 on the basis of the logarithmic velocity profile observed at 13-m fetch and 3 m s⫺1 wind speed—that is,
for the water surface state where the minimal values of
the drag coefficient and the aerodynamic roughness
Reynolds number are observed (see Table 1). There,
z⫹
0 is smaller than 0.11, the value commonly reported
for an aerodynamically smooth rigid wall. Note that
similar “ultrasmooth” surface conditions have been frequently observed in the laboratory at small fetches and
low wind speeds and even at sea for very light winds
(Csanady 1974; Donelan 1990). In such cases, the total
stress should be essentially supported by the viscous
stress, and the form drag should have no impact on the
structure of the subsurface boundary layer. Then, to
determine ␦⫹, Eq. (16) with t ⫽  was applied, this

assumption being checked a posteriori hereafter. Otherwise, to quantify the form drag, only the parameters
related to the dominant waves were considered, namely
the dominant wave energy and the dominant peak
wavenumber estimated from the dominant peak frequency by using the linear dispersion relation. As mentioned previously, the spectra at high wavenumbers
were derived directly from the physical model rather
than from the observations. In this range of scales, it is
rather difficult to describe the wave dispersion relation
because waves of the same spatial scales but of very
different nature—namely, waves generated directly by
wind (capillary–gravity ripples) and waves generated by
nonlinear wave–wave interactions (parasitic capillaries)—coexist. In addition, in this range wave kinematics
strongly depends on the direction of wave propagation,
as well as on the drift current and longer wave modulations. Therefore, the possibility of modeling the wave
dispersion for the different wind and fetch conditions to
derive the wavenumber spectrum in the small-scale
wave equilibrium region from the observed frequency
spectrum still looks out of reach. Finally, to account for
the presence of the surface drift current U0, the model
was run for the effective wind speed values U10 ⫺ U0.
The results of the calculations are displayed in Fig. 6a
where the ratio of the modeled wind stress to the observed wind stress versus the observed stress is reported. The data points observed at 6- and 13-m fetches
for all wind speeds, as well as the two first wind speeds
at 26-m fetch (the first 10 points), show a rather good
agreement between the model predictions and the observations, whereas the last five points observed at
higher wind speeds at 26-m fetch show that the model
substantially overestimates the wind stress (see Table
1). A closer look at these points reveals that the model
overestimation is caused by the term responsible for the
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FIG. 7. View of the water surface at a 26-m fetch under a 13
m s⫺1 wind.

airflow separation stress from dominant waves sd. The
breaking probability bT estimated for these points from
Eq. (14) is found to be 40%–50%, and the relative contribution of this term to the total stress sd /t amounts to
up to 0.80. Actually, the visual observations do not support the picture of actively breaking dominant waves;
rather, they suggest that only occasional breaking occurred, as seen in Fig. 7. In the model described in
Kudryavtsev and Makin (2001) and Makin and
Kudryavtsev (2002), the breaking steepness limit was
evaluated at 0.24 on the basis of the data collected by
Banner et al. (2000) in open ocean and sea conditions.
This value was then used throughout the model simulations made for such wave field conditions. However,
for the typical conditions observed in the open ocean
(i.e., for dimensionless fetches X* ⫽ gX/U 210 ⬇ 105), the
characteristic dominant wave steepness is on the order
of 0.1. For the limited fetches found in coastal areas, it
increases to about 0.15 at fetches X* ⬇ 103 and 0.20 at
X* ⬇ 102 (Hasselmann et al. 1973; Kahma and Calkoen
1992). Thus, the dominant waves observed in the laboratory are much steeper than in the open sea and reach
significant wave steepness values up to 0.30, as shown in
Fig. 2b. Accordingly, the observation of a low dominant
wave breaking probability might simply mean that
breaking starts much later in terms of the breaking
steepness threshold (in a statistical sense). It would also
mean that the estimated breaking limit value for the
open sea would not be a universal parameter. Recently,
strong support to this statement was given by the theoretical study by Song and Banner (2002) in which
these authors argue that the significant wave steepness
is not a “universal” threshold parameter for wave
breaking because this parameter depends on the wave
group width and shape. The authors then demonstrate
that the threshold parameter is higher for narrow wave
groups than for broader groups.
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To check these considerations, the dominant wave
breaking probability was estimated for one series of
experiments at a 26-m fetch using a visual method close
to that used in Banner et al. (2000). From the images of
the water surface recorded by the video camera set up
at the ceiling of the wind tunnel and looking down vertically, active whitecaps occurring in a small selected
area of the images (of radius ⬃0.06) were counted.
The breaking probability bT was then estimated as the
number of breaking waves detected divided by the total
number of waves observed there. As seen in Fig. 8a,
this quantity reaches only values of a few percent for
significant wave steepness as high as 0.30, thus confirming the first indications given by the direct visual observations. As suggested above, an explanation of the
small breaking rate values observed in laboratory compared to those observed at sea was thus found by the
analysis of the wave height probability distribution. As
illustrated in Fig. 9, the histograms of the dominant
wave heights (i.e., waves of period T ⬎ 0.7f ⫺1
p ) depart
from the Rayleigh distribution commonly reported for
well-developed seas because wave heights are mostly
confined in a narrow range between 0.6 and 1.3 Hrms, in
accordance with the shape expected for narrow spectral
band wave phenomenon. Consistently, the probability
of very small and very high waves is much lower. These
observations imply immediately that the breaking rate
and the breaking intensity of short gravity wave fields
observed in wave tanks and characterized by a given
significant wave steepness kpHs /2 (with Hs defined as 4
times the rms wave amplitude, as usually done) should
be much smaller than those observed at sea for wave
fields of similar significant wave steepness. Because the
difference in shape of the wave height probability density function between laboratory and oceanic wave
fields is a signature of difference in the wave group
structure, these observations support quite well the numerical findings of Song and Banner (2002).
On the other hand, we should also mention that some
of the discrepancies between laboratory and field data
may come directly from the absence of a well-established and universal criterion for evaluating the wave
breaking probability itself. For instance, bT evaluated
from visual observations from a ship or a platform may
depend on the cutoff in whitecap development extent
chosen by the observer and consequently may depend
on the sea surface lighting or the distance between the
observer and the observation area. One illustration of
the lack of meaning of the absolute values of such a
global breaking parameter is given in Fig. 8b, in which
various quantities rating wave breaking for the present
experiments are displayed versus friction velocity. It is
striking to see that the observed wave breaking prob-
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FIG. 8. (a) Variation with significant dominant wave steepness aks of the wave breaking probability bT observed
in the large wind wave tank at a 26-m fetch for various wind speeds (*), and in the open ocean by Banner et al.
(2000) (䊊, 䊉). The solid line curve represents the bT dependence described by Eq. (14) assuming a wave breaking
steepness threshold of 0.62; the curves for other values of the threshold indicated in the figure are plotted with
dotted lines. (b) Dependence on wind friction velocity u* of various wave breaking parameters measured at a 26-m
fetch, namely, the percentage of breaking waves estimated from a wave breaking slope criterion (see Longuet-Higgins
and Smith 1983) (䊉), the temporal breaking rate Rd as defined by Caulliez (2002) (䊊), the wave breaking probability
bT (*), and the whitecap coverage W (䉮). The straight lines fit the ⫹3.5 power laws at levels 1, 10, and 100.

ability may differ by a factor of 100, depending on the
chosen criterion. Nevertheless, each breaking parameter follows a power law in u* similarly to the whitecap
coverage because fundamentally the properties of the
breaking wind waves evolve in a self-similar way (Caulliez 2002). These findings emphasize again the difficulties in ascribing a universal character to any global

FIG. 9. The typical probability density function (thin solid line)
of the dominant wave heights normalized by the RMS wave
height value Hrms as observed in the large wind wave tank at 26-m
fetch and 11.2 m s⫺1 reference wind speed, compared with the
Rayleigh distribution (thin dashed–dotted line). The respective
cumulative functions are indicated by thick lines as well as the
respective mean wave heights (䊊) and significant wave heights
estimated theoretically (i.e., 4arms: ⫹) and from observations (i.e.,
the average height of the 33% highest waves: *).

wave breaking threshold parameter fixed on the basis
of a particular set of observations.
Consequently, it seemed appropriate for the present
modeling approach to re-estimate the wave breaking
steepness limit required for characterizing the laboratory wave breaking conditions (i.e., 0.62 as shown in
Fig. 8a). The evolution of the modeled wind stress with
respect to the observed stress is then reported in Fig.
6b. It can be seen that the agreement between the modeled and observed values is improved significantly, the
discrepancy between both quantities being reduced to
less than 25%. The modeled breaking probability for
the wave fields observed at large fetch and higher wind
speeds (data points 11–15) decreases now to a few percent in close agreement with the visual observations,
and the contribution to the total stress of the airflow
separation stress sd /u 2 is about 0.20 (as described in
*
more detail later). It is also remarkable that the change
in the wave breaking steepness threshold does not influence the model results at shorter fetches or small
wind speeds (data points 1–7 and 9–10).
To interpret the model results and to get a better
understanding of the underlying physical mechanisms,
both the wave spectra and the air boundary layer structure were further analyzed. Figure 10 depicts two characteristic examples of the laboratory saturation wave
spectra plotted together with the open ocean spectra.
The first parameter under consideration is the upper
limiting wavenumber kb for observing wave breaking.
Recall from the model description that dominant waves
with a wavenumber larger than the limiting value can-
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FIG. 10. Typical wavenumber saturation spectra B(k) observed in open oceans (dashed lines; U10 ⫽ 10 m s⫺1 and
U10 /cp ⫽ 0.83) and in wind wave tanks (solid lines), respectively, at short and long fetches: (a) X ⫽ 13 m, Ur ⫽ 6
m s⫺1; (b) X ⫽ 26 m, Ur ⫽ 13 m s⫺1. The respective dominant peak wavenumbers kp are marked by thin vertical
lines; the wave breaking limit wavenumber kb, by thick vertical lines; and the upper wavenumber of the dominant
peak 1.7kp, by dotted vertical lines.

not break because substantial capillary forces still act at
the crest of the steepest waves. Accordingly, rather
than evolving toward the crest collapse and the related
formation of turbulence and air bubbles in water, the
waves emit parasitic capillary waves. The saturation
wave spectrum plotted in Fig. 10a exhibits a very high
spectral peak compared to the open ocean one (note
that the saturation spectrum characterizes the wave
curvature scale distribution), and all wave field components lie to the right side of the limiting breaker wavenumber kb (i.e., they do not break). This regime is typical of the wave field observed at short fetches or at
small wind speeds at larger fetches (data points 1–7 and
9–10). This explains why the change in wave breaking
steepness limit does not influence the model results: in
such cases, it is not applied to dominant waves of wavenumber larger than kb. Figure 10b represents a wave
spectrum characteristic of the large fetch and high wind
conditions (data points 8 and 11–15). There, the spectral peak lies to the left of kb and breaking of the dominant waves may occur. It follows that the modeled
stress becomes highly sensitive to the level of the wave
breaking steepness limit. Because both regimes are observed in these experiments, the adequacy of the limiting macroscale breaking wavenumber adopted in the
model was directly tested by means of careful visual
observations of the water surface. Thus, it could be
confirmed that at 10 m s⫺1, not only the first bubbles
generated by wave breaking but also the typical “horseshoe” three-dimensional instabilities can be seen at
fetches above 10 m. These 3D wave instabilities are
characteristic of the steep pure gravity wave dynamics
just prior to wave breaking (Shrira et al. 1996). Fur-

thermore, at a 26-m fetch, there is a clear evidence that
wave breaking with generation of bubbles starts to occur around 8 m s⫺1, even if this phenomenon is still very
sporadic at such a wind speed. Because the dominant
wavelength is 34 cm at 13-m fetch and 9.5 m s⫺1 (data
point 9) and 50 cm for the last-mentioned wave field
(data point 12), the choice of a breaking wavelength
limit as small as 30 cm looks quite appropriate for the
initiation of the large-scale airflow separation above
dominant waves.
Finally, the wave field at 26-m fetch and 6 m s⫺1
(data point 11)—where no visual evidence of macroscale wave breaking was observed, despite the fact that
the dominant wavelength reached 40 cm—has to be
considered in more detail. To find an explanation of
such an observation, the total stress was estimated without airflow separation (kb → 0) for all wind and fetch
conditions. Thus, these simulations revealed that the air
surface boundary layer starts to be affected by wave
breaking for 9.5 m s⫺1 wind speed at a 13-m fetch and
for 8 m s⫺1 at a 26-m fetch. The contribution of the
airflow separation stress is then negligible at 6 m s⫺1
and a 26-m fetch, merely because the dominant wave
steepness is still small there and the breaking probability consistently reaches only 0.01%. This shows that at
large fetches the model predicts smooth transition between wind wave fields with and without macroscale
wave breaking when kp ⫽ kb, which is in accordance
with the experimental observations. This can be easily
explained by the fact that the variations with wind of
the dominant wave steepness and the dominant wavenumber observed at a given fetch are not independent
but intrinsically linked.
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FIG. 11. Modeled (*, 䊉, closed 䉮) and observed (⫹, 䊊, 䉮) mean square slope for (a) the dominant waves and
(b) the equilibrium range waves vs wind friction velocity.

To further check the ability of the model to predict
simultaneously the coupled airflow boundary layer and
surface wave properties, the water surface mean square
slope (denoted mss hereafter) values estimated by the
model for the dominant peak and the small-scale wave
equilibrium range were compared to the direct wave
slope measurements made in a subsequent experiment,
as reported in Fig. 11. As expected, a reasonably good
agreement is obtained for the dominant waves, in particular at a 26-m fetch. At smaller fetches, it appears
that the modeled dominant wave mss values are systematically higher than the observed ones. The origin
of these discrepancies is likely to be found in the fact
that the modeled dispersion relation does not take into
account the drift current effects, thus leading to an
overestimation of both the dominant wavenumber and
the dominant wave steepness. In the equilibrium range,
the modeled mss evolution with u agrees remarkably
*
well with the observed one, the deviations between the
respective values being generally limited to less than
10%. Note that to avoid a substantial contribution from
the bound harmonics of the dominant waves, the observed and modeled equilibrium range mss values were
estimated here over a frequency domain starting from
3.1 times the dominant peak frequency rather than 1.5.
Thus, at this stage of the model development, a
rather fair overall agreement between the experimental
data and the model simulations of the wind stress and
wave properties is obtained: the discrepancies between
the respective quantities are confined within ⫾25%
limits (i.e., within the range of combined uncertainties
of measurements and modeling). Consequently, the
WOWC model may help in getting a better understanding of the various processes responsible for the momentum transfer at the water surface and their dependence
on wind and fetch conditions. For this purpose, the absolute and relative contributions of the different drag

components as evaluated by the model are displayed in
Fig. 12. The figures show that various components of
the total wind stress exhibit a remarkably consistent
dependence on wind. First, below 6 m s⫺1 wind speed,
the viscous drag forms the major part of the wind stress,
whatever the fetch (Fig. 12d). Accordingly, this quantity increases with wind up to 6 m s⫺1, but beyond this
wind speed it no longer varies over a definite wind
range dependent on fetch, keeping a constant value of
order of 0.03 m2 s⫺2 (Fig. 12a). Then at the highest wind
speeds, it decreases rapidly before vanishing. It appears
that this fetch-dependent wind transition from which 
decreases, typically around 11 m s⫺1 at a 26-m fetch,
occurs when intense dominant wave breaking starts to
develop, as indicated by the concomitant fast increase
of the form drag induced by airflow separation from
dominant waves (Fig. 12b). The viscous drag evolution
thus suggests that the mean surface shear remains constant over a rather broad range of intermediate wind
speeds. This model outcome obtained here for three
longer fetches generalizes the results obtained by Banner and Peirson (1998) from direct observations at very
short fetches (2–5 m): in this work, it was found that the
tangential stress remains constant for reference wind
speeds ranging from 4 to 8 m s⫺1. At high wind speeds,
the observation that the viscous drag vanishes completely could be interpreted as a manifestation of the
fact that the airflow turbulence is entirely sustained by
the airflow separation from breaking waves and therefore the water surface could be considered as fully
rough. This is corroborated by the aerodynamic roughness Reynolds number values observed for wind speeds
higher than 8 m s⫺1; in such cases, z ⫹
0 is higher than 2.3,
the minimal value generally adopted for characterizing
a fully aerodynamically rough plate (see Table 1). Finally, let us point out that at the two smallest fetches
and the lowest wind speed, the viscous drag amounts to
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FIG. 12. Variation with wind speed U10 of the (a)–(c) absolute and (d)–(f) relative contributions to the total wind stress of the various
stress components: (a), (d) the viscous stress  ; (b), (e) the dominant wave-induced stress wd (indicated by plus signs and open
symbols) and the AFS stress from dominant waves sd (indicated by asterisks and closed symbols); and (c), (f) the equilibrium range
wave-induced stress weq (indicated by plus signs and open symbols) and the AFS stress from equilibrium range waves seq (indicated
by asterisks and closed symbols). The respective stress data when X ⫽ 6 m are indicated by plus signs and asterisks; X ⫽ 13 m, open
and closed circles; X ⫽ 26 m, open and closed triangles.

about 95% of the total wind stress, in accordance with
the assumption made for estimating ␦⫹ from Eq. (16).
This result proves that Eq. (16) with t ⫽   ⫽ u 2 is an
*
appropriate means for estimating the dimensionless viscous sublayer thickness ␦⫹ for the modeling, at least at
low wind speeds. At larger wind speeds, this point can-

not be checked directly. Therefore, at this stage of our
knowledge, the validity of the model assumption that
␦⫹ remains constant whatever the wind speed still remains an open question.
On the other hand, the dominant wave-induced form
drag increases significantly but smoothly with wind in-
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crease for all winds observed here (Figs. 12b,e). It is
striking to see that at a 26-m fetch, the relative form
drag contribution no longer changes for wind exceeding
10 m s⫺1; it reaches a constant value there of approximately 50%. As expected from Eqs. (6) and (3), these
trends are very similar to those of the significant dominant wave steepness displayed in Fig. 2, the rate of
increase at small wind speeds as well as the saturation
value at higher wind speeds being largely fetchdependent for both quantities. As mentioned previously, the form drag due to airflow separation from
dominant waves increases sharply both in absolute and
relative values beyond 7 m s⫺1 wind speed and reaches
about 20% of the total stress above 12 m s⫺1. Negligible
below 3 m s⫺1 wind speed, the relative contribution of
the form drag due to equilibrium range waves likewise
increases regularly with wind before stabilizing at
around 25% above 10 m s⫺1 (Figs. 12c,f). In contrast to
wd /t, this variation is not strongly fetch dependent,
similar to the related fetch dependence of the equilibrium range wave spectra. As shown in Fig. 2a, the latter
is characterized by a broadening in frequency toward
the largest wave scales, which occurs without any
change in the spectral energy level. The airflow separation form drag due to the equilibrium range wave
field contributes to the total wind stress only for the
highest wind speed at a 26-m fetch, but still to a very
small extent (less than 2%). In addition, the modeling
results shows that at short fetches typical of the laboratory, the total form drag induced by dominant waves
(i.e., wd ⫹ sd) is responsible for the major part of the
wind stress as soon as the wind speed at the 10-m level
rises above 9 m s⫺1. Then, its relative contribution to
the total stress even exceeds 70% for winds higher than
12 m s⫺1. At moderate wind speeds, the general behavior of the wind stress partitioning, and particularly the
sharp decrease of the viscous drag associated with the
rapid increase of the form drag induced by the dominant and smaller-scale waves, can explain the existence
of a plateau in the increase with wind of the drag coefficient, as seen in Fig. 4a from 6 to 10 m s⫺1 wind
speed. Further, these results clearly show that the development of the form drag due to airflow separation
from dominant breaking waves is at the origin of the
new increase of the drag coefficient at higher wind
speeds (beyond 10 m s⫺1). Finally, we may notice that
at moderate to high winds, the mechanisms of vertical
momentum transfer occurring at the air side of the air–
water interface differ fundamentally from these occurring at the water side of the interface. Thus in air, above
6 m s⫺1 wind speed, the momentum transfer is largely
dominated by the wave-induced form drag, whereas in
water it rather results from mixing induced by domi-
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nant wave breaking events and damping of capillaries
generated by nonlinear wave–wave interactions or microbreaking.

6. Concluding remarks
Combined observations of the air surface boundary
layer and wave field features were carried out in the
large IRPHE-Luminy wind wave tank at various
fetches and wind speeds. The experimental results characteristic of very short fetch conditions are then analyzed and interpreted using the WOWC model. First, it
was shown again that in such a large facility, the airflow
structure above the water surface is similar to that of a
constant flux turbulent boundary layer over a rigid wall
at all stages of wave field development, except for the
early wave generation area, of less than 5-m length, just
downstream of the air–water junction. Further, it is
worth noting that the drag coefficient values measured
in the large facility are approximately the same as those
observed at sea at the equivalent 10-m level wind
speeds. In the range of wave age observed in the laboratory (i.e., cp /u ⱕ 5), the dimensionless water surface
*
roughness length z*
0 proved to be a slowly decreasing
⫺1/2 power function of wind forcing but also, unexpectedly, a strongly decreasing function of fetch. At large
enough fetches, when gravity-scale dominant waves develop, the aerodynamic roughness Reynolds number
z⫹
0 increases with wind forcing following a ⫹4 power
law. This finding comes from the fact that this parameter is directly related to and highly dependent on the
significant dominant wave steepness. The comparison
of the modeled wind stress to the observed one shows
that the WOWC model, as elaborated for ocean and sea
conditions in Makin and Kudryavtsev (2002), cannot be
applied directly for very short fetch conditions. This
study reveals that the parameterization of the breaking
probability of dominant waves based on a function of
the significant dominant wave steepness is fetch dependent; the breaking steepness threshold has to be adjusted for each particular type of wave field associated
with specific shape of wind wave height distribution.
Note that the universality of any parameterization
based on the average values of characteristic wind and
wave properties is also debatable for all the components of the wind stress. However, this question is particularly acute for the form drag component due to airflow separation, which is associated, by its very essence,
with a strongly nonlinear threshold mechanism. Therefore, to predict theoretically the wind stress for specific
wind wave field conditions (e.g., in the coastal zones or
in the presence of long waves or swell), a more sophisticated parameterization of this term is needed, based
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on more intrinsic wave field parameters (e.g., the wave
energy dissipation). Such an improvement of the model
will be the subject of further work. Nevertheless, we
should emphasize that even at the present stage of development, the WOWC model enables us to describe
quantitatively the main features of the wind stress observed in laboratory in a very wide range of wind and
fetch conditions. At low winds (up to a 10-m-height
wind speed of 6 m s⫺1), the viscous drag constitutes the
major part of the surface drag. For stronger winds, the
total stress partitioning is different: as the form drag
due to dominant waves increases rapidly with wind, it
becomes the largest wind stress component for wind
speeds higher than 9 m s⫺1, exceeding 50% of the total
stress. At the same time, the contribution to the form
drag due to equilibrium-range waves remains rather
small, stabilizing at about 25% of the total stress for the
strongest winds. The peculiarities of the drag coefficient dependence on wind observed in the laboratory
(in particular, the existence of a plateau at moderate
wind speeds) can be explained in a quite satisfactory
way by the respective variation of these various wind
stress components. The good agreement between the
modeled and observed water surface mean square slope
for the dominant wave as well as for the equilibrium
wave range shown here for the first time also demonstrates the self-consistency and robustness of the WOWC
model.
This work sheds light on the specificity of the wind–
wave interaction processes in the presence of very
young wave fields typical of laboratory conditions. For
long-fetch ocean wave fields, it was shown previously
by Makin and Kudryavtsev (2003) that the surface drag
is mainly supported by waves of wavelength shorter
than 30 cm for all wind speeds higher than 6 m s⫺1 (i.e.,
waves in the highest part of the equilibrium wave
range). In contrast, in the laboratory, essentially because the dominant waves are much steeper and shorter
than those observed at sea, the form drag due to dominant waves constitutes the major wind stress component. Nevertheless we can notice that in the range of
winds speeds investigated here at large fetches (i.e.,
below 15 m s⫺1), the balance between either the viscous
stress and the total form drag or the wave-induced form
drag and the airflow separation form drag remains
roughly the same at sea and in the laboratory, the latter
being on the order of 2 to 1 at 15 m s⫺1 wind speed. This
suggests that the physics of the phenomena responsible
for momentum transfer at the air–water interface is not
fundamentally different for these two types of wind
wave fields, even if the contribution to the form drag of
one particular wave scale range may differ. In this context, the advantages of laboratory experiments as a tool
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for studying wind–wave interaction models become apparent: at such very short fetches the dominant waves
play the principal role in these interactions and thus, in
the absence of long-wave and short-wave interactions,
the wind–wave coupling is less complex and therefore
more tractable from the modeling perspective.
Acknowledgments. We express our thanks to the
IRPHE technical staff for the assistance provided during the experiments. GC also thanks V. Shrira for helpful discussions and comments on the manuscript. We
acknowledge the financial support by the Naval Research Laboratory and the Office of Naval Research
under NICOP Grants N00014-03-1-0618 and N0001403-1-0619. GC acknowledges additional support by the
Centre National d’Etudes Spatiales.
REFERENCES
Banner, M., 1990: The influence of wave breaking on the surface
pressure distribution in wind–wave interactions. J. Fluid
Mech., 211, 463–495.
——, and W. Peirson, 1998: Tangential stress beneath wind-driven
air–water interfaces. J. Fluid Mech., 364, 115–145.
——, A. Babanin, and I. Young, 2000: Breaking probability for
dominant waves on the sea surface. J. Phys. Oceanogr., 30,
3145–3160.
Belcher, S., and J. Hunt, 1993: Turbulent shear flow over slowly
moving waves. J. Fluid Mech., 251, 109–148.
Caulliez, G., 2002: Self-similarity of near-breaking short gravity
wind waves. Phys. Fluids, 14, 2917–2920.
——, and F. Collard, 1999: Three-dimensional evolution of the
wind waves from gravity-capillary to short gravity range. Eur.
J. Mech., 18B, 389–402.
Chalikov, D., and V. Makin, 1991: Models of the wave boundary
layer. Bound.-Layer Meteor., 56, 83–99.
Charnock, H., 1955: Wind stress on a water surface. Quart. J. Roy.
Meteor. Soc., 81, 639–640.
Coantic, M., and A. Favre, 1974: Activities in, and preliminary
results of, air–sea interactions research at I.M.S.T. Advances
in Geophysics, Vol. 18, Academic Press, 391–405.
Csanady, G., 1974: The “roughness” of the sea surface in light
winds. J. Geophys. Res., 79, 2747–2751.
Donelan, M., 1990: Air–sea interaction. The Sea, B. L. Le
Méhauté and D. M. Hanes, Eds., Vol. 9, Ocean Engineering
Science, Wiley, 239–292.
——, F. Dobson, S. Smith, and R. Anderson, 1993: On the dependence of sea surface roughness on wave development. J.
Phys. Oceanogr., 23, 2143–2149.
Drennan, W., H. Graber, D. Hauser, and C. Quentin, 2003: On
the wave age dependence of wind stress over pure wind seas.
J. Geophys. Res., 108, 8062, doi:10.1029/2000JC000715.
Giovanangeli, J., N. Reul, M. Garat, and H. Branger, 1999: Some
aspects of wind–wave coupling at high winds: An experimental study. Wind-over-Wave Couplings: Perspectives and Prospects, S. G. Sajjadi, N. H. Thomas, and J. C. R. Hunt, Eds.,
Oxford University Press, 384 pp.
Hasselmann, K., and Coauthors, 1973: Measurements of windwave growth and swell decay during the Joint North Sea
Wave Project. Dtsch. Hydrogr. Z., 8A (Suppl.), 1–95.

SEPTEMBER 2008

CAULLIEZ ET AL.

Hogan, S., 1985: Particle trajectories in nonlinear gravity–capillary
waves. J. Fluid Mech., 151, 105–119.
Janssen, P., 1989: Wave-induced stress and the drag of the air flow
over sea waves. J. Phys. Oceanogr., 19, 745–754.
Jones, I., and Y. Toba, 2001: Wind Stress over the Ocean. Cambridge University Press, 305 pp.
Kahma, K. K., and C. J. Calkoen, 1992: Reconciling discrepancies
in the observed growth of wind-generated waves. J. Phys.
Oceanogr., 22, 1389–1405.
Keller, M., W. Keller, and W. Plant, 1992: A wave tank study of
the determination of x band cross sections on wind speed and
water temperature. J. Geophys. Res., 97, 5771–5792.
Kitaigorodski, S., 1973: The Physics of Air–Sea Interaction. Israel
Program for Scientific Translations, 237 pp.
Kudryavtsev, V., and V. Makin, 2001: The impact of air-flow separation on the drag of the sea surface. Bound.-Layer Meteor.,
98, 155–171.
——, ——, and B. Chapron, 1999: Coupled sea surface–atmosphere model: 2. Spectrum of short wind waves. J. Geophys.
Res., 104, 7625–7639.
Longuet-Higgins, M., 1957: The statistical analysis of a random,
moving surface. Philos. Trans. Roy. Soc. London, A249, 321–
387.
——, and N. Smith, 1983: Measurements of breaking by a surface
jump meter. J. Geophys. Res., 88, 9823–9831.
Makin, V., and V. Kudryavtsev, 1999: Coupled sea surface–
atmosphere model: 1. Wind over waves coupling. J. Geophys.
Res., 104, 7613–7623.

2055

——, and ——, 2002: Impact of dominant waves on sea drag.
Bound.-Layer Meteor., 103, 83–99.
——, and ——, 2003: Wind-over-waves coupling. Wind over
Waves II: Forecasting and Fundamentals of Applications,
S. Sajjadi and J. Hunt, Eds., Horwood, 46–56.
——, ——, and C. Mastenbroek, 1995: Drag of the sea surface.
Bound.-Layer Meteor., 73, 159–182.
Meirink, J., V. Makin, and V. Kudryavtsev, 2003: Note on the
growth rate of water waves propagating at an arbitrary angle
to the wind. Bound.-Layer Meteor., 106, 171–183.
Melville, W., 1996: The role of surface-wave breaking in air–sea
interaction. Annu. Rev. Fluid Mech., 28, 279–321.
Phillips, O., 1985: Spectral and statistical properties of the equilibrium range in wind-generated gravity waves. J. Fluid
Mech., 156, 505–531.
Rossby, C., and R. Montgomery, 1935: The layer of frictional
influence in wind and ocean currents. Pap. Phys. Oceanogr.
Meteor., 3, 1–101.
Shrira, V., S. I. Badulin, and C. Kharif, 1996: A model of water
wave ‘horse-shoe’ patterns. J. Fluid Mech., 318, 375–405.
Smith, S., and Coauthors, 1992: Sea surface wind stress and drag
coefficients: The HEXOS results. Bound.-Layer Meteor., 60,
109–142.
Song, J., and M. Banner, 2002: On determining the onset and
strength of breaking for deep water waves. Part I: Unforced
irrotational wave groups. J. Phys. Oceanogr., 32, 2541–2558.
Stewart, R., 1974: The air–sea momentum exchange. Bound.Layer Meteor., 6, 151–167.

