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Abstract

Breaking waves represent a “key” parameter for many applications involved with a large number of environmental phenomena. In
particular, it is well recognized that the whitecap cover induced by breaking waves allows substantial enhancement of heat,
momentum, gas and particle transfer at the air–sea interface. A large number of studies were conducted during the last decades on the
variation of the whitecap fraction, commonly noted W. The results presented in this paper deal with the evolution of the whitecap
coverage in coastal zone. In such areas, the wave field is often unsteady with an important variety of sea state developments. The
present analysis is based on an extensive series of data obtained during an experimental campaign which took place on the
Mediterranean coast in 2001. The results allow observation of the influence of the sea state conditions of the wave field on the
whitecap coverage. In addition, this paper confirms the occurrence of a peak in the variations of the whitecap fraction with the wave
age for coastal areas as suggested by Lafon et al. [Lafon, C., Piazzola, J., Forget, P., Le Calvé, O. andDespiau, S., 2004. Analysis of the
variations of the whitecap fraction as measured in a coastal zone. Boundary-Layer Meteorol., 111: 339-360.]. Awave age dependent
model for the whitecap fraction is then proposed, which takes into account both the wind and the wave influence, and hence, is
characteristics of the different sea state conditions.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Under the influence of winds, oceanic currents and
solar radiance, the air–sea interface is characterized by a
continuous transfer of heat, momentum, gas and par-
ticles, which plays an important role in the earth's cli-
mate. It is well recognized that these transfers are
substantially enhanced by breaking waves. Indeed, most
of the gas exchanges at the sea surface occur in the
breaking zones (Liss and Merlivat, 1986; Erikson, 1993;
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Asher and Wanninkhof, 1998). The whitecap then plays
a major role in the regulating of CO2 and, hence, on the
associated global warming effect through the storage
capacity of oceans as the excess of the carbon is shifted
back into the atmosphere (e.g., Banner and Peregrine,
1993). In addition, knowledge of wave breaking is of
primary importance in many other geophysical applica-
tions. For example, it is of great interest for the achieve-
ment of a satisfactory sea state model (e.g., Snyder and
Kennedy, 1983). The breaking zones also influence both
the roughness and the reflectivity of the sea surface and
affect the observation by satellite radiometers, as well as
the brightness temperature of the sea surface (Weissman
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et al., 1984; Smith et al., 1992; Wu, 1999). The breaking
zone is also involved with the generation of marine
aerosol which has a great influence on heat and humidity
transfers (Andreas, 1992) and on atmospheric pollution
(Fitzgerald, 1991).

Studies concerning the whitecap coverage have started
in the sixties with the work of Blanchard (1963). Since,
substantial improvement in the knowledge of the varia-
tion of the whitecap coverage was obtained following the
results published by E. Monahan in which the variation
of the sea surface covered by whitecap was described in
terms of wind speed and friction velocity (Monahan and
O'Muircheartaigh, 1980; Monahan et al., 1983). How-
ever, it is now recognized that other factors play a role in
the wave breaking, such as the wind–waves interactions,
the air–sea temperature difference, the sea surface tem-
perature, the wind action duration, the fetch, the salinity,
the surfactants and probably the concentration of dis-
solved organic materials (e.g.: Toba and Koga, 1986;
Monahan and O'Muircheartaigh, 1986; Kraan et al.,
1996; Xu et al., 2000; Asher et al., 2002; Stramska and
Petelski, 2003). Among these, the fetch represents a
major factor through its influence on the development of
the wave field. Relatively few studies have been pub-
lished on the influence of the fetch on whitecap coverage
(Snyder and Kennedy, 1983; Xu et al., 2000; Piazzola
et al., 2002). Piazzola et al. (2002) showed that most of
the models for the whitecap fraction published in the
literature agree for long fetches, but disagree dramati-
cally at short fetches.

This paper presents an analysis of the whitecap
fraction, W, in coastal zones as measured during the
experimental campaign EMMA (Etat de Mer et Modé-
Fig. 1. Detailed view of the studied area. The ar
lisation de l′Aérosol) which took place on a French
Mediterranean coast in 2001. One of the objectives of
the present study is to address the evolution of the
whitecap fraction for developing wave fields. Previous
data recorded in the Mediterranean suggested a
specific variation of the breaking rate during periods
of growing wave (Lafon et al., 2004). Indeed, they
note the occurrence of a peak in the variations of the
whitecap fraction with wave age for wave age between
5 and 15. However, there were not a sufficient number
of data to investigate accurately this range of wave
age. The present results confirm the paper by Lafon
et al. (2004) and we propose a model for the whitecap
fraction for developing wave fields.

2. Field site, instrumentation and methods

The experimental data were collected during the
EMMA campaign which took place from October 24th
toNovember 22nd 2001 in the Toulon-Hyères bay (Fig. 1)
on the French Riviera. The measurement station was
located west off the Porquerolles Island. Meteorological
sensors were fixed at the top of a 10 m high mast and
recorded wind speed and direction, air temperature, rel-
ative humidity and pressure. One buoywas moored close
to the station (2 kmwest) and another one 10 km south of
the Porquerolles Island. These buoys provided wave
measurements from which the wave spectrum were
determined.

The whitecap ratio W (%) was calculated from sea
surface photographs taken from the meteorological mast.
The camera used was a Canon model EOS 500 and looks
at the horizon, slightly downwards. Determination of the
rows show the location of the two buoys.
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whitecap ratio, W, was made using an original image
processing technique developed at the laboratory (Mas-
souh and Le Calve, 1999). The method consists of a
robust and automatic processing technique based on the
image digitization and grey scale conversion. The white-
cap value is obtained using a numerical method for de-
tecting the closed contours of the whitecap areas from the
photographs (Fig. 2). The intensity threshold to separate
whitecaps from the rest of the sea surface is evaluated
from the image gradient. A simplification of the geomet-
rical transformation was developed to make corrections
for the perspective effect and to convert the image pixels
into surface units. Effect of the sun is manually corrected.

A single whitecap fraction value generally corre-
sponds to 24 pictures taken every 30 s. Error is reduced
by analyzing only the middle of each photograph. In
addition, precision of the whitecap data was statistically
considered by reducing the uncertainties of the regres-
sion models (see Section 4) using the standard deviation
of the series of the photographs in accordance with the
methodology proposed by Monahan (1971). A standard
deviation value is calculated on each mean whitecap
value. The accuracy of the mean whitecap value for a
given sequence has been estimated by dividing the stan-
dard deviation by a factor equal to the square root of one
less than the number of photographs used to determine
that data point.

The values obtained by this method represent the total
whitecap area, i.e., whitecaps of stage A and B, as de-
fined by Monahan and Woolf (1989) since the treatment
includes foam.

Analysis of both the meteorological and the sea state
conditions is important to evaluate the state of devel-
opment of the wave field. Fetch-limited conditions cor-
respond to a steady wave field, where wave parameters
depend on both the wind speed and the fetch length.
Fig. 2. The numerical method for detecting the closed co
Duration-limited conditions correspond to stationary
meteorological conditions and unstationary wave field
conditions. To ensure the conditions of equilibrium of
the sea state, we used the criterion which defines dura-
tion-limited conditions of the wave field (e.g., Hsu,
1986) reported in Section 4 (see Eq. (7)). In the latter
case, wave parameters depend on both the wind speed
and the fetch but also on the wind duration. According to
Young (1999) duration-limited conditions correspond to
the development of the wave field over a calm sea for a
spatially homogeneous wind constant in intensity and
direction. These conditions are rarely met in an oceanic
environment (Young, 1999). In the coastal zone, the
wind direction represents an important parameter which
directly influences both the production and the disper-
sion of the particles through the influence of fetch
(Piazzola andDespiau, 1997). In the present study, winds
blowing from Northwest to Northeast correspond to
short fetches (less than 30 km), while the Southwest to
Southeast directions correspond to longer fetches. By
considering the data recorded during episodes of wind
speeds larger than 5 m/s only, the dominant winds were
blowing from the Northwest–West directions. These
winds correspond to the northwest winds, namely called
Mistral. Mistral is a cold and dry wind that gustly blows
during several days and which is associated with un-
clouded weather. Mistral is often associated with Tra-
montane, which designates winds blowing from West
(Mayençon, 1992).

3. Previous models for the whitecap fraction

One of the objectives of the present study is to provide
an expression for the whitecap fraction for partially de-
veloped wave fields. The occurrence of whitecapping is
directly related to the mechanical transfer of momentum
ntours of the whitecap areas from the photograph.
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from the wind to the sea surface through the wind stress
s ¼ −q

P
uVwV(where u′ and w′ are the horizontal and the

vertical fluctuations of the wind speed, respectively) that
generates waves. Although the first models were only
wind speed dependent (e.g., Monahan and O'Muirch-
eartaigh, 1980), a parameterisation of W versus the
friction velocity u⁎ which includes turbulence effects
and the atmospheric stability (Monahan and O'Muirch-
eartaigh, 1986; Monahan and Woolf, 1989) was also
proposed. The wind speed dependent model generally
used is (Monahan and O'Muircheartaigh, 1980):

W ð%Þ ¼ 2:95 10−4U 3:52
10 ð1Þ

Under the assumption of equilibrium of the wave
field, Wu (1988) proposed:

W ð%Þ ¼ 20 u3⁎ ð2Þ

On the basis of tank data and dimensional arguments,
Toba and Koga (1986) proposed an alternative expres-
sion for the whitecap fraction which also involves an
explicit dependence to the sea state through the wave
peak frequency fp This model has been recently mod-
ified by Zhao and Toba (2001) who proposed:

W ð%Þ ¼ 3:88 10−5ðRBÞ1:09 ð3Þ

where RB=u⁎
2 /2πνfp is a dimensionless parameter ob-

tained by combining the dimensionless friction velocity
u⁎⁎=u⁎

3 /gν (where g is the gravity acceleration and ν is the
kinematic viscosity of sea water) and the dimensionless
peak frequency ( fp⁎=u⁎fp /g).

The wave age represents a convenient parameter to
characterize wave growth under a constant wind speed. It
is then used in a large number of parameterisations of the
wind drag coefficient, CD, the roughness length, z0, and
the momentum flux over wind waves (e.g., Geernaert
et al., 1987; Maat et al., 1991; Toba and Ebuchi, 1991;
Lin et al., 2002; Drennan et al., 2003). The general
definition of the wave age is the ratio between the phase
velocity of the dominant wave, cp, and the wind speed:
ζ=cp /U10 cos θ, where θ is the angle between the wind
and the wave direction. Generally, one considers that
θ≈0 The wave age can also be written in terms of
wind stress, i.e., ζ⁎=cp /u⁎. Young waves occur as the
wind starts to blow over a calm sea. They are
characterized by a high peak frequency, and in turn, a
rather small phase velocity. As the wind is blowing, the
wave age increases until an equilibrium is reached which
corresponds to fetch-limited or fully-developed sea state
conditions for large fetches. For young waves, i.e., ζb1
and 5bζ⁎b15 (e.g., Janssen, 1994; Young, 1999), the
energy balance is dominated by the momentum transfer
from the wind to the wave field. This corresponds to a
period of enhancement of the wave energy. In contrast,
for mature waves, i.e., ζ≈1 and 25≤ζ⁎≤30, the energy
input from the wind to the waves is balanced by
dissipation process through wave breaking and the wave
energy remains constant. Large wave ages correspond to
weakening wind waves and/or the occurrence of long
swell, whereas small wave ages correspond to active
wind waves in a growing phase (Geernaert et al., 1987).
Toba et al. (1990) suggest a realistic interval of wave
ages for wind waves: 0.003≤cp /U10≤1.0. Kraan et al.
(1996) showed that the active part of the whitecap
coverage can be modelled by:

W ¼ 96ðf⁎Þ−2:08 ð4Þ

On the basis of the data collected during the FETCH
experiment (Hauser et al., 2003), Lafon et al. (2004)
showed that for larger wave ages i.e., ζ⁎≥15, the varia-
tion of the whitecap fraction is in accordance with the
predictions of Eq. (4).

On the basis of the model of Snyder and Kennedy
(1983), Xu et al. (2000) proposed a fetch dependent
model for W an expression that relates the whitecap
coverage to the dimensionless fetch length X

∼
:

W ð%Þ ¼ 1−Uð0:29∼X 0:25Þ
UðzÞ ¼ 1ffiffiffiffiffiffi

2k
p

Z z

−l
expð−y2=2Þdy: ð5Þ

where X
∼

is the nondimensional fetch, i.e., gX /U10
2 with

X the geometrical fetch.

4. Results

The EMMA campaign allowed for an extensive series
of photographs resulting in 29 significant values of
whitecap percentage (Table 1). The wave parameters
were continuously recorded near the meteorological
station where photographs of the sea surface were
collected. The values of the friction velocity, u⁎, reported
in Table 1 were obtained using a linear wind speed
dependent expression of the wind drag coefficient spe-
cifically established in a coastal North Mediterranean
area during FETCH experiment as (Dupuis et al., 2003):

CDN ¼ 0:56þ 0:063U10 for 6bU10b19ms−1 ð6Þ

where CDN is the wind drag coefficient in neutral air
stratification conditions.



Fig. 3. Variation of the whitecap data measured during the EMMA
experiments versus wind speed measured at 10 m height, U10 The
black circles show the data points recorded during steady conditions of
the wave field, while the white ones deal with unsteady conditions of
the wave field. The full line shows the regression calculated only for
the steady data, while the dash–dot line represents the regression plot
on the whole data set. The dashed line plots the model byMonahan and
O'Muircheartaigh (1980).

Fig. 4. Variation of the whitecap data measured during the EMMA
experiments versus wind friction velocity, u⁎. The black circles show
the data points recorded during steady conditions of the wave field,
while the white ones deal with unsteady conditions of the wave field.
The full line shows the regression calculated only for the steady data,
while the dash–dot line represents the regression plot on the whole
data set. The dashed line plots the model by Wu (1988).

Table 1
Values of the whitecap percentage encountered during the EMMA
campaign and the measured parameters, i.e., wind speed, friction
velocity; wave peak frequency and significant wave height

Day/time U10 (m/s) u⁎ (m/s) fp (Hz) HS (m) W (%)

24/10 12 h22 10.5 0.35 0.168 1.4 0.93
24/10 13 h02 11.2 0.39 0.210 1.5 1.73
24/10 14 h00 12.2 0.44 0.180 1.6 1.88
24/10 15 h00 12.5 0.47 0.161 1.8 1.45
24/10 16 h00 11.6 0.41 0.152 1.9 0.81
04/11 14 h13 10.0 0.33 0.298 0.7 0.84
04/11 15 h12 10.1 0.33 0.261 0.7 0.41
05/11 14 h10 10.9 0.37 0.249 1.0 0.34
05/11 15 h11 11.1 0.39 0.260 0.9 0.37
06/11 10 h51 14.8 0.57 0.198 1.3 0.055
07/11 08 h33 15.7 0.65 0.141 2.1 2.08
07/11 09 h36 15.0 0.61 0.139 2.3 2.54
07/11 10 h40 16.1 0.68 0.130 2.5 2.11
07/11 11 h39 16.2 0.69 0.138 2.4 4.68
07/11 12 h45 17.9 0.80 0.132 2.3 4.09
07/11 13 h42 14.2 0.56 0.150 2.4 3.24
07/11 14 h41 14.1 0.56 0.138 2.5 1.97
08/11 08 h45 12.1 0.44 0.157 1.9 0.47
08/11 09 h45 11.4 0.40 0.140 1.9 0.43
08/11 10 h45 13.2 0.51 0.141 2.3 1.23
08/11 11 h46 14.7 0.59 0.138 2.4 3.84
08/11 12 h45 14.9 0.61 0.140 2.4 2.99
08/11 13 h45 15.7 0.66 0.148 2.2 3.32
08/11 14 h45 16.1 0.68 0.142 2.3 4.01
09/11 08 h41 11.2 0.39 0.140 1.6 0.4
09/11 09 h41 14.1 0.56 0.142 1.9 1.76
09/11 10 h41 14.1 0.56 0.149 1.9 2.16
09/11 11 h41 14.1 0.56 0.141 1.8 2.7
09/11 12 h41 11.2 0.39 0.160 1.7 1.73
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Measurements of the whitecap fraction W were per-
formed during Mistral episodes. In Figs. 3–7 the var-
iation of the whitecap fraction versus the different
available parameters i.e., U10, u⁎, RB, cp /U10 and cp /u⁎
are reported. First, our analysis will focus on data mea-
sured during steady events. Next section will deal with
the whole dataset. The steadiness of the wave field was
estimated using the following criterion for duration-
limited growth as expressed by Hsu, 1986:

gt=U10 ¼ 68:8∼X 0:667 ð7Þ

where t is the minimum duration for the waves to be in
equilibrium with the wind.

4.1. Whitecap coverage for steady wave field conditions

Most of the models for the whitecap fraction W pub-
lished in the literature, as those reported in Eqs. (1)–(5),
refer to equilibrium conditions of the wave field. Figs. 3–7
allow for comparison of the whitecap fraction measured
during steady events of the EMMA campaign to these
models, except for the fetch dependent model reported in
Eq. (5) that we have not plotted. The discrepancies
observed between the EMMA data and such a fetch de-
pendent model are explained by the difficulty of knowing
the exact value of the effective fetch for certain wind



Fig. 6. Variation of the whitecap data measured during the EMMA
experiments versus wave age, ζ=cp /U10. The black circles show the
data points recorded during steady conditions of the wave field, while
the white ones deal with unsteady conditions of the wave field.

Fig. 7. Variation of the whitecap data measured during the EMMA
experiments versus wave age, ζ⁎=cp /u⁎. The black circles show the
data points recorded during steady conditions of the wave field, while
the white ones deal with unsteady conditions of the wave field.

Fig. 5. Variation of the whitecap data measured during the EMMA
experiments versus RB=u⁎

2 /2πνfp (see in the text). The black circles
show the data points recorded during steady conditions of the wave
field, while the white ones deal with unsteady conditions of the wave
field. The full line shows the regression calculated only for the steady
data, while the dash–dot line represents the regression plot on the
whole data set. The dashed line plots the model by Zhao and Toba
(2001).
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conditions, due to the complexity of the coastline in the
region. This difficulty to estimate the real fetch did not
allow us to test our data against a fetch dependent para-
meterisation as this proposed by Xu et al. (2000). Using
Figs. 3–6, the empirical relationships between W and
some of the different parameters are given by:

W ð%Þ ¼ 8:1� 10−5U 3:88
10 ð8Þ

W ð%Þ ¼ 10:2� u2:534 ð9Þ
W ð%Þ ¼ 3:7� 10−5ðRBÞ1:10 ð10Þ
W ð%Þ ¼ 0:54� ðfÞ−5:75 ð11Þ

The corresponding correlation coefficients are r=
0.823, r=0.823, r=0.8, r=0.844, respectively.

For a wave field in equilibrium, our whitecap data are
well correlated to any of wind/wave parameter consid-
ered. It is clear that the whitecap coverage depends on the
wind speed, but the coefficients obtained for theW–U10

relationships in the present paper are different from those
obtained by Monahan and O'Muircheartaigh (1980) and
those obtained in previous results in the Mediterranean
published by Lafon et al. (2004). Seasonal variation of
the sea surface temperature may also play a role on the
whitecap coverage through its influence on bubble
distributions (e.g., Walsh and Mulhearn, 1987), the rate
of the viscous dissipation processes (Donelan and
Pierson, 1987) and the exponential decay time of a
single whitecap (e.g., Monahan, 1985; Pounder, 1986).
For comparison, the model reported in Eq. (1) was
established on the basis of data recorded in warm waters
with a temperature larger than 25 °C, while the present
data correspond to a sea surface temperature around
14 °C. This can also explain the differences in the
whitecap coverage measured with our data and Eq. (1).
Differences are also observed for the coefficients in the
W–u⁎ relationship (Eq. (9)) while Eq. (10) shows a good
agreement for the W–RB relationship between our data
and the model proposed by Zhao and Toba (2001). In
addition, Fig. 6 shows that the whitecap ratio W dec-
reases with the wave age as suggested by Kraan et al.
(1996).
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4.2. Influence of sea state conditions

Analysis of the complete data set, including unsteady
state conditions of the wave field, allowed observation
of the influence of the sea state development on the
evolution of the whitecap ratio (see Figs. 3–7). For both
the wind speed and the friction velocity, the empirical
relationships corresponding to the data fit leads to:

W ð%Þ ¼ 1:90� 10−4U3:51
10 ð12Þ

W ð%Þ ¼ 7:78� u2:294 ð13Þ

The correlation coefficients for Eqs. (12) and (13) are
r=0.571 for both.

In accordance with observations in Figs. 3 and 4, the
coefficients of the data fit are different compared to those
reported in the previous section. This confirms that the
wind speed dependency differs for the unsteady events.
Fig. 6 shows the variation of the whitecap fraction W
with the wave age cp /U10 We note a peak for a wave age
around 0.7. Below 0.7, the whitecap coverage tends to
increase with ζ=cp /U10, while it decreases for higher
wave ages. The empirical relationships calculated on the
data fit in Fig. 5 are expressed by:

W ð%Þ ¼ 70� f8:5 for fV0:69
0:65� f−4:1 for fN0:69

:

�
ð14Þ

The correlation coefficients are r=0.878 and r=0.8,
respectively.

Fig. 7 shows the variation of W versus the wave age
calculated using the friction velocity.We note a peakwhich
occurs for a ζ⁎ between 16 and 18. However, this value can
vary slightly since it depends on the wind drag coefficient
used to determine the friction velocity. A similar peak
using direct measurements of u⁎, was observed around 15
in the FETCH data (Lafon et al., 2004). As noted, calcu-
lations of the wind friction velocity u⁎were obtained using
the wind drag coefficient reported in Eq. (6), which was
established on the basis of the Mediterranean FETCH
experiment by Hauser et al. (2003). For comparison, cal-
culations were made using four different expressions for
the wind drag coefficient and show that the peak is always
located between 16 and 19 (Lafon, 2004).

Figs. 6 and 7 then confirm the results obtained in the
previous study made on theMediterranean area by Lafon
et al. (2004) which suggested a peak in the variation of
the whitecap fraction versus the wave age. In addition,
the two distinct portions which occur in Figs. 6 and 7 are
consistent with the results reported in the literature for
the variation of both the wind stress and the whitecap
ratio with respect to the development of the wave field.
The peak in the wind stress–wave wage plot reported in
recent studies (e.g.: Nordeng, 1991; Donelan et al., 1993;
Makin and Kudryavtsev, 2002) occurs generally in the
range between 5 and 15. In addition, the variation with
wave age of the growth wave parameter, which is defined
as the ratio between the energy flux and the energy of the
waves (e.g., Townsend, 1972) shows a peak at a wave
age around 15. This is in accordance with the data of
Kraan et al. (1996), who also observed whitecap values
for wave age smaller than 15.

4.3. Model of the whitecap fraction W for coastal areas

The data recorded during the EMMA campaign
showed that the influence of the wind on the whitecap
fraction varies with respect to the equilibrium state of the
wave field. In particular, the highly unsteady event is not
accurately represented by most of the parameterisations of
W. In addition, the values of the coefficients exhibited in
the relationships used for comparison differ from those
obtained in a nearby Mediterranean coastal zone during
the FETCH campaign (Lafon et al., 2004). These dif-
ferences of the coefficient values are in accordance with
the variety of the results published in the literature and is
probably related to the variety of the local conditions of the
data set considered for the different studies. This shows
that the wind speed dependence in the whitecap modeling
is probably not sufficient to account for all the wind–wave
coupling processes involved with the whitecapping. For
example, the Monahan and O'Muircheartaigh (1980)
model globally overestimates the present data. This can be
explained by the fact thatW is quite difficult to model for
unsteady conditions by classical variables such as wind
speed. Indeed, for unsteady conditions, the whitecap
coverage can then be small even for high wind speeds,
while it can be large for lowwind speeds during a period of
wave decay. This is one of the reasons why Stramska and
Petelski (2003), by using data recorded in polar North
Atlantic, proposed different relationships between the
whitecap fractionW and the wind speed U10 according to
the state of development of the wave field, i.e., for
developed seas and undeveloped seas.

By using the inertio-dissipative method to estimate
the friction velocity, Lafon et al. (2004) showed that the
W–u⁎

3 relationship predicts well the variation of the
whitecap fraction even when the wave field equilibrium
is not reached. However, Stramska and Petelski (2003)
showed that the scatter of the whitecap coverage data
was not improved when u⁎ is used instead of U10 When
the friction velocity u⁎ cannot be measured, as for the
present study, it is difficult to know which expression to
take for the wind drag coefficient CD. In this case, the
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parameterisation function of U will be preferred. In par-
ticular, for parameterisation using the wave age, ζwould
be rather used than ζ⁎. Indeed, to model the whitecap
ratio for highly unsteady conditions of the wave field, the
wave age represents a relevant parameter. The Mediter-
ranean data show that the W–ζ relationship takes into
account all the situations encountered, and is indepen-
dent of the u⁎ uncertainties. In the case of a complex sea
state, the coupling between ocean and atmosphere is well
taken into account with ζ (see discussion).

5. Discussion and conclusion

This paper presents an analysis of the whitecap frac-
tion, W, measured in a Mediterranean coastal zone. We
note a least correlation between the whitecap data
recorded during unsteady state conditions of the wave
field and both the wind speed and the friction velocity
(Eqs. (8) and (9) compared to the whole dataset which
includes data recorded for unsteady conditions of the
wave field (Eqs. (12) and (13)). Unsteady conditions
correspond to periods of amplification (or attenuation) of
the wave energy before an equilibrium is reached between
the wave field and the wind input, as already noted pre-
viously (Lafon et al., 2004). In this case, the whitecap
coverage can be small even at highwind speeds before the
equilibriumbetweenwaves andwind is reached,while the
whitecap coverage can be large for low wind speeds
during a period ofwave attenuation (Lafon et al., 2004). In
addition, these kinds of conditions often correspond to the
case of a wind blowing over a complex wave field. This
induces a lower reliability for the fetch dependent model
for the whitecap fraction since in many cases the effective
fetch generating the wave field does not correspond to the
distance to the coastline in the wind direction. For
example, Sugihara et al. (2005) note that the presence of
swell contaminates the fetch-dependence of whitecap.
The present results (Eqs. (12) and (13)) show that thewind
speed and the friction velocity dependent models lose
accuracy for unsteady conditions of the wave field. A
quite good description of such developingwave fields can
be provided by a study of the air–sea interaction processes
using the wave age parameter, which characterizes well
the development of the wave field.

The results presented in this paper confirm the occur-
rence of a peak in the variation of the whitecap fraction
with the wave age as suggested by Lafon et al. (2004).
This shows a similar behaviour of the variation of the
whitecap ratio with respect to the wave age for both the
wind stress (e.g., Nordeng) and the wave growth rate
(Townsend, 1972; Belcher and Hunt, 1998). The present
results allow determination of a newwave age dependent
model for the whitecap coverage (Eq. 14). The variations
of W in the decreasing phase appear more clearly as in
the increasing one, for which the dispersion of the data is
much larger. That can be explained by the fact that some
of the wave fields corresponding to very small wave age
(especially for wave ages lower than the peak value) are
characteristic of highly unsteady conditions. In that case,
situations of cross seas that correspond to young waves
(since wave age is calculated using the wind sea peak
frequency) can exist. The whitecap cover could then be
due to the breaking of wind waves, but also to
interactions with the residual swell.
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