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The paper considers the effects of wave age and air stability on the whitecap coverage at sea. This is made by
using the logarithmic mean wind velocity profile including a stability function as well as adopting a recent
wave age dependent sea surface roughness formula. The results are valid for wind waves in local equilibrium
with the steady wind. Examples of results demonstrate clear effects of wave age and air stability on the
whitecap coverage. Comparisons are also made with field measurements by Sugihara et al. [Sugihara, Y.,
et al., 2007. Variation of whitecap coverage with wave-field conditions. J. Mar. Syst. 66, 47-60], representing
unstable air stability conditions. Although the data basis is limited, the wave age independent Charnock sea
roughness based predictions capture the main features of the observed whitecap coverage, suggesting a
stronger dependence on air stability than on wave age in the data.
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1. Introduction

Breaking of wind waves plays an important role in air-sea ex-
change processes due to the enhancement of turbulence and the
entrainment of air. To quantify the occurrence of breaking wind waves
is difficult; the whitecap coverage, which is defined as the area of
whitecaps per unit sea surface, has often been used. Existing data on
whitecaps show large scatter when they are plotted versus the wind
speed only; other important factors are the stratification of the near-
surface air boundary layer and the state of development of surface
waves, see e.g. Sugihara et al. (2004, 2007). Massel (2007) gives a
review of whitecap coverage at sea considering it from a wider
perspective as wave breaking is one of the mechanisms which plays a
major role in marine aerosol production. The boundary layer flow over
the sea surface is also complicated by the sea surface roughness over
waves, which depends on air-sea interactions; see e.g. Smith et al.
(1996) and Jones and Toba (2001) for a further discussion.

For strong winds the effect of temperature stratification of the
near-surface air boundary layer is minimal due to mixing of the air.
However, for weaker and moderate winds, i.e. for wind velocities (at
the 10 m elevation) up to about 25 m/s, the presence of stratification
effects due to temperature gradients has been documented (Smith,
1980; Andersen and Lgvseth, 1995). By analyzing wind speed
observations over the Southern North Sea covering a period of about
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seven years, Coelingh et al. (1996) found that in spring the strati-
fication is mainly stable, and in autumn it is mainly unstable, since the
seawater temperature is lower (spring) and higher (autumn) than the
air temperature. These results are summarized in Table 1 showing that
stable and unstable conditions (caused by stratification) cover 85-90%
of all hours in the various seasons of the year. Spillane et al. (1986)
analyzed whitecaps observations (262 cases) with wind speed, water
temperature and thermal stability. They documented that for wind
speeds up to 18 m/s both stable, unstable and near-neutral conditions
were present in the observations, thus justifying the relevance of the
present study.

Sugihara et al. (2004) analyzed field observations of whitecap
coverage and proposed the formula

W, = [a(u, — b)]? ; (a,b) = (2.20, 0.109) (1)

where W, is the whitecap coverage given in percent, u, (m/s) is the
friction velocity equal to the square root of the vertical flux of
horizontal momentum at the sea surface. The basis for Sugihara et al.
to use Eq. (1), was the results by Phillips (1985) who found the
dissipation rate of wave energy to be proportional to u2 based on the
equilibrium spectrum of wind waves. Moreover, there is a connection
between the dissipation rate and the wave breaking; Sugihara et al.
(2004) assumed a linear relationship between W, and the dissipation
rate and found support for this assumption in the data, and the
consequence is Eq. (1). Sugihara et al. (2004) plotted W2/ versus u,
and W3 versus the mean wind speed at the 10 m elevation, Uyo. The
dependence of W/ on u, supported the validity of Eq. (1), but the
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Table 1
Percentage of atmospheric stability versus season of the year
Condition Season

Spring Summer Fall Winter Annual
Stable 40-50 30-40 10-25 20-30 30-35
Unstable 40-45 55-60 65-80 60-75 55-60
Neutral 10-15 ~10 ~10 10-15 ~10

data scatter was larger than for W}/3 versus Uyo. This was attributed to
the larger uncertainties in estimating u, than measuring Uqo. Their
data covered both near-neutral and unstable stratification, and they
found that air instability promotes wave breaking. They also
distinguished between the state of development of the waves;
whether the sea surface was in the state of developing waves or
decaying waves. This was classified on the basis of time series of the
significant wave height H,; developing waves if H; increased with
time and decaying waves if H; decreased with time. For a given value
of Uyp they found that the whitecap coverage was larger for decaying
than for developing waves. Moreover, from directional wave spectra
they divided their data into groups of pure windsea, swell-dominated
sea as well as combined sea, finding that whitecaps are mainly
produced by wind waves and suppressed by the presence of swell.
More details are given in Sugihara et al. (2004).

Recently Sugihara et al. (2007) followed up the analysis presented in
Sugihara et al. (2004) by also including a second data set collected during
another period at the same location. By introducing the second data set
the fit of Eq. (1) to data gave slightly different coefficients, i.e. (a, b)=
(212, 0.074). However, by considering the scatter in the data, the
different values of a and b are not significant; therefore Eq. (1) is used
with the original values of a and b to serve the purpose of demonstrating
the qualitative effects of wave age and air stability on whitecaps.
Sugihara et al. (2007) also extended the analysis by including the wave
age; they found that the whitecap coverage increases with the wave age
for the same wind speed conditions. Further details are given in Sugihara
et al. (2007). Lafon et al. (2007) also analyzed field observations and
studied the whitecap coverage for steady and unsteady wave field
conditions in the coastal zone of the Meditteranean Sea. They proposed a
wave age dependent model for the whitecap coverage with a peak of the
whitecap coverage for intermediate wave ages; the formula reflects the
characteristics of the different sea state conditions taking into account
the influence of both wind and waves.

Another quantity of interest is the breaking frequency fi. Phillips
(1985) used the whitecap residence time to determine fy,,. By assuming
the residence time to be constant and denoting it as tgisrupe (as the
whitecaps is understood as disruption of the surface), the breaking
frequency is given as (Eifler, 2005)

ﬂ 3 tdisrupt =0.5s (2)

This value of tgisrupe is based on Snyder et al.'s (1983) results from
open-ocean measurements, although other investigations have
indicated somewhat lower values (~0.3 s). More details, as well as a
review of the topic, are given in Eifler (2005).

The purpose of the present paper is to investigate the effects of
wave age and air stability on the whitecap coverage at sea. This is
achieved by using Eq. (1) and to determine u+ by using the logarithmic
mean wind velocity profile including a stability function according to
Kraus and Businger (1994) accounting for the air stability, as well as
adopting a recent sea surface roughness formulation including the
wave age according to Volkov (2001). The wave age independent
Charnock (1955) roughness formula is also used as a reference. The
results are valid for the development of wind waves which are in local
equilibrium with the wind, and for a given steady wind speed that
starts to blow over flat water without waves until the waves are fully

developed. Thus, the approach does not cover situations with un-
steady wind, or for wind over the sea surface in sea states of
developing or decaying waves as defined by Sugihara et al. (2004).
Comparisons are also made with field measurements by Sugihara et al.
(2007) which fulfil these conditions, representing unstable air
stability. Although the data basis is limited, the wave age independent
Charnock sea roughness based predictions capture the main features
of the observed whitecap coverage, suggesting a stronger dependence
on air stability than on wave age in the data.

2. Theoretical background
2.1. Sea surface shear stress

The effect of air stability on the sea surface boundary layer
structure usually scales with the dimensionless stability parameter
¢{=z/L. Here z is the height above the sea surface and L is the buoyancy
length scale known as the Monin-Obukhov length defined as L=
-3 To/gKkQo (Arya, 1982); k is the von Karman's constant (=0.4), Ty is
the sea surface temperature, Qo is the sea surface kinematic heat flux
taken as positive upwards from the sea surface, which can be
parameterized as Qo=-CrU1o(T19—To) where Cr is the sea surface
temperature coefficient, and Tyq is the air temperature at the 10 m
elevation. Physically ¢ expresses the ratio between the potential
energy required at a particular level to mix the density gradient
(caused by the potential temperature gradient) and the turbulent
kinetic energy supplied by the wind shear at the level. For <0, {=0,
¢>0 the stratification is referred to as unstable, neutral and stable,
respectively. For large values of |L|, turbulent mixing dominates
buoyancy in the boundary layer. In general |¢|<1 close to the surface,
regardless of the magnitude of |L|.

Close to the surface Kraus and Businger (1994) give the mean wind
velocity profile

Us z p
UG =" mZ (o) o)
where () is often referred to as the stability function taking into
account stratification effects, and z, is the sea surface roughness
which generally depends on u, and will be discussed later. Following
Kraus and Businger (1994), the stability function is parameterized as

2 2
w:ln(] +X )8(1 +X)

—2 arc tgx+g‘ x=(1-160)"4; unstable({<0) (4)
W = —5(; stable({>0) (5)

One should note that Eqs. (4) and (5) are derived from observations
over land, but a number of indirect results suggest that these
equations are also valid over water (Kraus and Businger, 1994).
According to Panofsky and Dutton (1984), Eq. (4) is the most widely
used parameterization for unstable air, although other parameteriza-
tions exist. For stable air all measurements suggest Eq. (5), with
estimates of the constant in the range 4.7-5.2 (instead of using 5);
more details are given in Panofsky and Dutton (1984). However, one
should note that a recent analysis of Norwegian coastal wind
measurements gave slightly different values of the stability function
(Heggem, 1997); i.e. Eq. (4) with x=(1-17)'* and =-3.6{ for
unstable and stable conditions, respectively, while the Charnock
constant was found to be 0.0172 (see the next section). The shape of
the atmospheric boundary layer by using Egs. (3)-(5) for different
values of L is shown in e.g. Young (1998, Fig. 1).

For z=z10=10 m, Eq. (3) can be rearranged to

xUqo

Ug = ————
g
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Volkov (2001) provided the following expression for the sea
surface roughness:

©)

where zg =gzo/u? is the dimensionless roughness, X=Cpfu, is the wave

age, and c,, is the phase speed associated with wind waves with
spectral peak frequency oy, Eq. (9) is obtained as a fit to existing data

(see Fig. 10.6, Volkov, 2001). The non-dimensional roughness has a

maximum value at c,/u, around 10 (see Fig. 1.15, Jones et al.,, 2001),
and for c,/u,>35 (which can also represent light wind over swell) the
non-dimensional roughness is near 0.01. Volkov's formula is based on
the state of knowledge at that time. It should be noted that Eq. (9) is
valid for steady wind and wind waves in local equilibrium with the
wind in a laterally homogeneous flow; further background and details
are given in Volkov (2001) and Jones et al. (2001). Moreover, the
influence of unsteady wind speed on the wave response is discussed in
e.g. Toba and Jones (2001).

Here the Volkov (2001) model will be used to serve the purpose of
taking into account the effect of wave age, and the wave age
independent Charnock (1955) formula will be used as a reference;
the latter formula is given by

z5=p; p=0.0185

(10)

where the given (3-value is the Charnock constant. It should be
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Fig. 1. Whitecap coverage W, for neutral stability versus wave age c,/U;o for Ujo=5, 10,
15, 20 m/s for Volkov (curved lines) and Charnock (horizontal lines).

where z; depends on u,. Now u, can be determined from Eq. (6) by
iteration for given values of Ujg and L by substituting an appropriate
model of zy (see below), and the sea surface drag coefficient can be
expressed as

o= (5) ™

The sea surface drag coefficient for neutral stability, Cpy, is then
given from Eqs. (6) and (7) as

(8)

2.2. Sea surface roughness parameter

The roughness of the sea surface depends on air-sea interaction
conditions and is difficult to estimate; no consistent theory exists on
the relation between z and the roughness of the sea surface. Since
Charnock (1955) proposed his well-known formula from a dimen-
sional argument, many different formulas have been proposed, see e.g.
Smith et al. (1996). Essentially it is a discussion of to what extent
laboratory and ocean-wave systems actually involve precisely the
same physics, i.e. if extrapolation of the laboratory data to the field
using non-dimensional quantities such as wave age or dimensionless
fetch is feasible. Hopefully, fundamental studies in the laboratory (see

e.g. Banner and Peirson, 1998) together with field investigations will
contribute to clarify the matter.

Fig. 2. Whitecap coverage W, versus air stability z,o/L for Ujo=5, 10,
Charnock.

noted that this B-value is not considered conclusive as the values of
3 are given within a range of 0.015 to 0.025 (Toba et al., 1990). By
using the dispersion relationship for linear waves in deep water, the
phase speed associated with waves with spectral peak period

100 T T T T T T T T T
Uy=5mls ——
U= 10m/s
Ug=15mis
U,=20m/s
10 | .
-\'\.
\
A
3
\
A
\_“
ik
\
s A .
\
_— b
----- . \
S |
& ., .
R e N
© s
v . \
‘\ N -\,
\‘ N N \
0.1 F N . -
Y Ny
\ \
‘\ L
‘\\ \‘\
\ \
Ay b
\ . N
‘\‘ '.‘ ‘_\
\ * '\.
0.01 -
\\
‘l
‘\
\
l\
\
‘\
8
\
0.001 L L L L L L L L
-5 -4 -3 -2 -1 0 1 2 3 4 5
210 /L

15, 20 m/s for



962

T,=2m/o, is given by c,=gT,/2m, and thus the wave age can be
expressed as (g/2m)(Ty/u.). An alternative expression for the wave
age is cp/Uqo; found by replacing u, by Uyo. Realistic wave age limits
representing wind waves are often taken as 0.03 <¢,/U;0<1.0 (Toba
et al., 1990).

3. Results and discussion

The effects of wave age and air stability on the whitecap coverage are
exemplified for weak to moderate wind speeds, covering realistic
conditions at sea valid for wind waves in local equilibrium with the steady
wind. Comparisons with field observations of whitecap coverage for pure
windsea conditions given by Sugihara et al. (2007) are also presented.

3.1. Parameter study of whitecap coverage
Fig. 1 shows W, for neutral stability versus the wave age c,/Ujo=

gT,[2nUyo in the range 0.03 to 1.0 for Uyp=5, 10, 15 and 20 m/s
according to the wave age dependent Volkov model of zg and for the

0.6
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wave age independent Charnock model of z. First, it is noted that W,
increases as Ui increases for a given wave age; the increase is
significant, covering a range of four decades from 1073 to 10 for these
values of U;o. Moreover, for a given value of Uyq it appears that W,
increases as the wave age increases for young waves; then W,
reaches a maximum at a wave age in the intermediate range 0.25 to
0.4 depending on Uyo, before W, decreases and approaches values
close to the Charnock results for fully developed waves.

As areference case W, versus the air stability z,o/L for U;p=5, 10,15
and 20 m/s using the wave age independent Charnock roughness is
shown in Fig. 2. For a given wind speed Uy, it appears that: W,
decreases as the air stability zio/L increases, because air stability
suppresses wave breaking. Furthermore, W, increases as the flow
becomes more unstable, i.e. as |z;0/L| increases for z1o/L<0, because air
instability enhances wave breaking. The latter is consistent with the
results of field data analysis conducted by Sugihara et al. (2004).

Fig. 3 a to d shows contour plots of W, versus the air stability z;o/L
and the wave age c,/Uyo for Uyp=5, 10, 15 and 20 m/s by using the
wave age dependent Volkov roughness. First, the strong effect of Ujo

i
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Fig. 3. Contour plots of whitecap coverage W, versus air stability z1o/L and wave age cp/Uyg for (a) Ujg=5 m/s; (b) Ujo=10 m/s; (c) Uyo=15 m/s; (d) Uyo=20 m/s.
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Fig. 4. Contour plots of Re=u,zo/v=0.17 versus air stability z;o/L and wave age c,/Uo for
Uy0=5 m/s (lower full curve) and U;o=10 m/s (upper broken curve); note that the flow
is smooth turbulent within the regions above these curves, respectively, and that v=
14107 m?/s is used.

on W, for a given wave age and air stability is noted; similar to that
observed in Fig. 1. Second, for a given wave age and wind speed, the
dependence on air stability is qualitatively the same as those by using
the wave age independent Charnock results in Fig. 2. That is, air stability
and air instability suppresses and enhances wave breaking as compared
with neutral flow, respectively. Third, for a given U;g and air stability for
unstable conditions (z10/L<0), W, increases as c,/U;o increases for lower
to moderate wave ages, while W, decreases as c,/Uyo increases towards
fully developed waves. This behaviour agrees qualitatively with that
observed for neutral flow based on the Volkov results in Fig. 1. Moreover,
for given Uy and air stability for stable conditions (z1o/L>0), the effect of
wave age on W, is small, see e.g. the results for U;o=20 m/s (Fig. 3d).
Overall, Fig. 3 shows that the W.-dependence on the air stability is
generally an order of magnitude larger than the dependence on the
wave age. This is particularly evident for stable conditions (z1o/L>0) in
Fig. 3, where the results only vary slightly with wave age.

Fig. 4 shows contour plots of the critical Reynolds number, Re=0.17,
versus Zyo/L and cp/Uyo for U;jp=5 and 10 m/s. Here Re=u.zo/v, where
v is the kinematic viscosity of the air. Eq. (3) is strictly only valid for
rough turbulent flow (Re>2.3), but it might also be used in the
transitional smooth to rough turbulent flow regime (0.17<Re<2.3)
(Schlichting, 1979). This means that the flow is smooth turbulent
within the regions above the curves in Fig. 4. Thus the results in Fig. 3a
(for Ujp=5 m/s) are valid in the region below the full curve in Fig. 4.
Similarly, the results in Fig. 3b (for Ujp=10 m/s) are valid in the region
below the broken curve in Fig. 4. However, the results for U;o=15 (Fig.
3c) and 20 m/s (Fig. 3d) are not affected by these restrictions for the
given parameter range of zyo/L and cp/Uyo, since the flow is rough
turbulent (or smooth to rough turbulent) in the whole region.

3.2. Comparison with field measurements

Here comparisons are made with the Sugihara et al. (2007) data
referred to in Section 1. The data used here represent the “pure windsea”
conditions given in Table 1 of their paper, representing 24 time series; 11
time series from observation A and 13 time series from observation B; all
represent unstable conditions and contain wave age effects. These data
satisfy the steady wind conditions as described in Section 2.2. By using
the results in Section 2.1, the Monin-Obukhov length L can be evaluated
as L=U3T0/gKCTU]0(T10_TQ). The values of Uqo, AT=T1o—Tp, U,, Tp and W

are given in Sugihara et al. (2007, Table 1), while Ty is not specified. Thus
the stability parameter takes the form

@:Z1ogKCTU10AT (ll)
L uiTo

Here the sea surface temperature To=>5 °C is chosen, and the sea
surface temperature coefficient is taken as Cy=0.0012 (Kraus and
Businger, 1994).

Now the predicted results are obtained by using Eq. (11) for z1/L in
Eq. (6) together with Eq. (9) (Volkov) or Eq. (10) (Charnock) for zg, as well
as Egs. (4) and (5) for the stability function. This means that zyo/L is part
of the iteration scheme determining u,, which is different from the
calculation in Section 3.1, where z;o/L was taken as a given (independent)
variable.

Fig. 5 shows the predicted versus the measured values of u~ and it
appears that the predictions based on the Charnock roughness agree
slightly better with the data than the predictions based on the Volkov
roughness. Except for the two data points of u, with values close to 0.8
representing the Volkov based predictions, the predicted to measured
ratios for both Charnock and Volkov are within a range of approxi-
mately 0.75 to 1.6.

Fig. 6 shows the predicted versus the measured values of W, and it
appears that the wave age independent Charnock based predictions
(Fig. 6a) agree better with the measurements than the wave age
dependent Volkov based predictions (Fig. 6b), which is consistent
with the results in Fig. 5. Here, and in the remaining figures, the data
are divided into the following three groups based on the wind speed
Uqo; 4-7 m/s, 7-10 m/s and 10-13 m/s. Fig. 6 shows that the whitecap
coverage increases with wind speed, as expected. The fact that W, is
best predicted by using the Charnock formula suggests that the W.-
dependence on wave age is small. This will be discussed further in the
following.

Fig. 7 shows W, versus wave age; the measurements (Fig. 7a), and
the Charnock (Fig. 7b) and the Volkov (Fig. 7c) based predictions. The
measurements (Fig. 7a) do not reveal any clear dependence of W, on
wave age for given values of U, although the data for 7 m/s<
U10<10 m/s show a weak tendency of W, to increase with increasing
wave age. Sugihara et al. (2007) analysed these pure windsea data in a
slightly different way by using the wave age x=c,/u, defined in
Section 2.2. They divided the data into two groups based on this wave
age and found that W, increases with wave age for a given wind speed,

] T T T T
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02 2 _
0 1 1 1 1
0 0.2 0.4 0.6 0.8 1

Measured u. (m/s)

Fig. 5. Predicted versus measured values of the friction velocity u+; the predictions are
based on the Charnock and Volkov roughnesses; the measurements represent pure
windsea from Sugihara et al. (2007, Table 1).
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Fig. 6. Predicted versus measured values of whitecap coverage W, for three groups of
the wind speed Ujq; 4-7 m/s, 7-10 m/s, 10-13 m/s. The measurements represent pure
windsea from Sugihara et al. (2007). Predictions based on: (a) Charnock roughness;
(b) Volkov roughness.

which is consistent with the observation for 7 m/s<U;p<10 m/s. It is
also noted that the wave age independent Charnock based predictions
(Fig. 7b) are qualitatively similar to the wave age dependent Volkov
based predictions (Fig. 7c), which supports the interpretation of the
results in Fig. 6 that the W.-dependence on wave age is small.

Fig. 8 shows W, versus air stability represented by AT; the
measurements (Fig. 8a), and the Charnock (Fig. 8b) and the Volkov
(Fig. 8c) based predictions. Although the data are scattered, they show
a weak tendency of W, to increase as |AT| increases; i.e. as the air
instability increases, for given values of Ujo. This trend is clearest
observed in the measurements (Fig. 8a). These features are consistent
with the predictions shown in Fig. 2, in the sense that the Charnock
based predictions for unstable conditions (z10/L<0), show an increase
of W, as |zyo/L| increases for given values of Uj. It is also noted that
the Charnock based predictions of the field data (Fig. 8b) are
qualitatively similar to the corresponding Volkov based predictions
(Fig. 8c), which supports the previous results of weak W,.-dependence
on wave age, and a stronger dependence on air stability. Moreover, the
Charnock (Fig. 8b) and Volkov (Fig. 8c) based predictions show a

tendency of W, to increase as |AT| increases for 7 m/s<U;p<10 m/s.
Sugihara et al. (2004) analysed their data from observation A in a
slightly different way by dividing the data into two groups based on
AT, and found that W, increases with increasing air instability for a
given wind speed, which is overall consistent with the observations in
Fig. 8.

Overall, the stronger W.-dependence on air stability than on wave
age for given values of Uyg as suggested by the results in Figs. 6-8, is
consistent with the theoretical predictions in Section 3.1; see the
discussion of the results in Fig. 3.

Fig. 9 shows the predicted versus the measured values of z;o/L
givenin Eq. (11), i.e. based on the calculated and observed values of u,,
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Fig. 7. Whitecap coverage W, versus wave age cp/Uyo for the three groups of Ujg as in
Fig. 6: (a) measurements representing pure windsea from Sugihara et al. (2007);
(b) Charnock based predictions; (c) Volkov based predictions.
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Fig. 8. Whitecap coverage W, versus air stability represented by AT for the three groups
of Uy (the symbols have the same meaning as in Fig. 7): (a) measurements representing
pure windsea from Sugihara et al. (2007); (b) Charnock based predictions; (c) Volkov
based predictions.

respectively. A significant scatter is observed; for the Charnock based
predictions (Fig. 9a) the predicted to measured ratio is in the range
0.25 to 2, while it is in the range 0.1 to 2.5 for the Volkov based
predictions (Fig. 9b).

Finally, it should be noted that the flow is in the rough turbulent re-
gime. By using the Charnock roughness in Eq. (10) and v=1.4-10"°> m?/s,
the Reynolds number, Re=u.zg/v, is found to be larger than 2.5 for the
observed data, i.e. the flow is rough turbulent.

Although the data basis used for comparison is limited, it appears
that the main features of the observed whitecap coverage are best
captured by the wave age independent Charnock based predictions.

4. Summary

For wind waves which are in local equilibrium with the wind,
examples of results covering a wide parameter range typical for field
conditions have demonstrated:

1. Clear effects of wave age and air stability on the whitecap coverage.

2. For a given air stability, the whitecap coverage reaches a maximum
for intermediate wave age.

3. The whitecap coverage dependence on air stability is generally an
order of magnitude larger than the dependence on wave age.

4. Air stability and air instability suppresses and enhances wave
breaking as compared to neutral flow, respectively; the latter
agrees qualitatively with the results in Sugihara et al. (2004).

Predicted whitecap coverage has been compared with field
measurements by Sugihara et al. (2007) representing unstable air
stability over pure windsea. Although the data basis is limited, it
appears that the main features of the observed whitecap coverage are
best captured by the wave age independent Charnock based
predictions, suggesting a stronger dependence on air stability than
on wave age in the data.
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Fig. 9. Predicted versus measured values of air stability z;o/L for the three groups of Ujo
as in Fig. 6: predictions based on (a) Charnock roughness; (b) Volkov roughness; the
measurements represent pure windsea from Sugihara et al. (2007).
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