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[1] Foam formations at the sea surface significantly contribute to microwave brightness
temperature signatures over the ocean for moderate to high wind speeds. The thickness of
foam layers generated by breaking waves follows a specific distribution due to
unsteadiness of breaking and the large range of wave scales involved in the phenomenon.
Although the effect of a distributed thickness-parameter on the foam-induced microwave
brightness temperature may be comparable to or larger than the fractional whitecap
coverage, it is not yet included in brightness models. To fill this gap, we develop a
dynamical model for the conditional fraction of sea-surface covered by whitecaps with
given thickness, as a function of wind speed. It is an integrated function of the foam-layer
lifetime and of the distribution of the total length of breaking fronts at given scale. The
depth at which air bubbles are injected into the water column is scaled with breaking front
velocity using reported dynamical properties of unsteady breaking regions. For wind
speed less than 20 m/s, the model predicts that two thirds of the fractional whitecap
coverage is due to layers on average thinner than 60 cm and 35 cm for crest- and static-
foam formations, respectively. In unstable atmospheric conditions, an increase in wind
speed from 7 to 20 m/s corresponds to a coverage-weighted foam-layer thickening of
about 1 cm and 3.5 cm, respectively. In neutral conditions, the thickening is approximately
2 times lower. Still, this will induce doubling of foam emissivity at Ku and C
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1. Introduction

[2] Although foam generated by breaking waves typically
covers only a few percent of the sea surface, it has a profound
effect on the average microwave brightness of the ocean
surface [Rosenkranz and Staelin, 1972; Stogryn, 1972; Ross
and Cardone, 1974; Smith, 1988; Kunkee and Gasiewski,
1997; Guo et al., 2001; Monahan, 2002; Anguelova, 2002].
For surface wind speeds greater than 15 m/s, foam-induced
effects may provide as much as half of the total sea surface
signature to an orbiting microwave radiometer [Droppleman,
1970; Barber and Wu, 1997]. ,

[3] As originally proposed by Stogryn [1972], the contri-
bution of foam formations to sea surface brightness tem-
perature can be modeled as a function of wind speed as

Ty ([0, 8,U) = F(U) - Ty - i (f,p,9), (M

where f; p, and 6 are the receiving electromagnetic
frequency, polarization, and incidence angle of the measur-
ing device, respectively, F(U) is the fraction of sea surface
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area covered by whitecaps at wind speed U, T; is the
physical temperature of foam, usually assumed the same as
the bulk sea surface temperature, and ep” is the emissivity
of typical sea-foam layers. '

[4] Extensive work has been conducted over the past years
on the determination of F(U), both experimentally
[Stogryn, 1972; Ross and Cardone, 1974; Monahan and
O'Muircheartaigh, 1980; Bondur and Sharkov, 1982;
Monahan and Woolf, 1989; Xu et al., 2000] and theoretically
[Phillips, 1985; Huang et al., 1986; Wu, 1988]. Empirical
models for F(U) are most often used in equation (1) to
estimate the wind speed dependence of Tz [e.g., Tang, 1974;
Barber and Wu, 1997, Kunkee and Gasiewski, 1997]. The
microwave emissivity egf of typical sea-foam layers is
usually determined using empirical formulas that are wind
independent, and only functions of frequency f, incidence
angle 0, and polarization p [Stogiryn, 1972; Pandey and Kakar,
1982; Koepke, 1986a; Smith, 1988]. In such models for Ty,
the effect of changes in foam properties as a function of wind
speed are therefore solely seen as changes in fractional
coverage.

[5] Breaking waves at the ocean’s surface inject bubbles
and turbulence into the water column. During periods of
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rough weather, the scales and occurrence of wave breaking
will increase with increasing sea states and wind stress. An
enhanced breaking activity results in deeper and more
intense mixing of the surface waters and the localized
turbulent transport of bubbles to depth [Terrill et al.,
2001]. Both whitecaps and bubble clouds are correlated
via their dependence on wind speed. The air void fraction,
the size distribution of bubbles within foam layers and the
vertical thickness of these layers will vary greatly in space
and time as a function of the synoptic wind and wave
conditions.

[6] Experimental works [Williams, 1971; Norberg et al.,
1971, VanMelle et al., 1973; Webster et al., 1976;
Bordonskiy et al., 1978; Wilheit, 1979; Smith, 1988; Wang
et al., 1995; Asher et al, 1998] as well as theoretical
studies [Droppleman, 1970; Rosenkranz and Staelin,
1972; Dombrovskiy, 1979; Dombrovskiy and Raizer,
1992; Guo et al., 2001] have shown that these structural
features of foam layers are the major determinants of
their microwave emissivity at given frequency, incidence
angle, and polarization.

[7] In particular, variation in the vertical thickness & of
foam layers strongly alter their emissivity. For example,
laboratory measurements conducted by Williams [1971]
reveal that an increase of foam-layer thickness A§ of about
2 mm doubles the foam emissivity at X-band [see Ulaby et
al., 1986, pp. 1455]. A detailed review showing the large
impact of that parameter on foam-induced microwave
emissivity is first given in this paper. Large.effects induced
by thickness variation have also been observed or theoret-
ically predicted at differing frequency bands, with magni-
tude depending on the ratio A&/N,, where X, is the
electromagnetic wavelength. An important consequence is
that small variations of foam-layer thickness with varying
wind stress may on average have the same or even larger
impact on 7Tp, than do changes in fractional whitecap
coverage. While the associated variation in the air void
fraction and bubble size with foam depth may also strongly
affect foam emissivity, we solely focus in the present paper
on the impact of distributed foam-layer thicknesses at the
sea surface. Indeed, bubble void fractions and size distribu-
tions beneath breaking waves were shown to depend on the
scale (wavelength or speed) of the waves carrying the
breakers [Vagle and Farmer, 1992; Lamarre and Melville,
1992]. Impact of these parameters will therefore be evalu-
ated once a realistic distribution of foam-layer thicknesses is
provided as a function of wind speed and breaking wave
scale.

[s] The impact of F on the brightness temperature has
received much more attention in the past than the effects of
naturally distributed foam-layer thicknesses at the ocean
surface and their dependence with wind speed. For example,
Wilheit [1979] assumed a wind dependence for egf’ but
arbitrarily fixed an overall averaged sea foam-layer thick-
ness of 1 cm to achieve best correspondence between his
theoretical calculations of T, and experimental data. The
issue of consistency of the choice for this particular value
with pertinent hydrodynamic data was not addressed. There-
fore, whether one uses wind-dependent forms for e,§‘,’1’
(Wilheit, 1979] or wind-independent formulas [e.g.,
Stogryn, 1972; Pandey and Kakar, 1982; Smith, 1988],
the effects of change in the foam-layer thickness distribution
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as a function of wind speed is not taken into account in the
modeling of T As a vesult, it remains generally unclear
whether the differences between theoretical calculations and
experimental data should be attributed to deficiencies of the
scattering model for ¢ or to an inaccurate description of
the statistical properties of sea-foam formations.

[9] When using current emissivity models for el [e.g.,
Dombrovskiv and Raizer, 1992; Guo el al., 2001] to
evaluate the global impact of distributed foam-layer thick-
nesses on Ty an estimate of the conditional fraction of sea
surface covered by whitecaps with average thickness & at
given wind speed U, namely F(U, 8), is thus needed. In this
framework, equation (1) is then rewritten in the more
general form

7‘/@/(071)7/') U) = / /7(U7S> ' TX ' e’/;;l ((‘)7/)7./.1 S)[/S1 (2)

where eg/'(0, p, /, 0) is the multi-parameter dependence of
foam emissivity, including foam-layer thickness impact, that
can be derived from recently developed radiative transfer
models.

[10] The primary objective of this paper is therefore to lay
down a consistent analysis to relate fractional sea surface
area covered by whitecaps to their average thickness 8. To
this end, a time-dependent foam-layer thickness model for
individual breakers 8 (£, \), where \ is the wavelength of the
underlying carrier wave, is first derived in the second
section of the paper. Using self-similarity assumptions
concerning the instantaneous geometry of breaking regions,
the model for 8 (¢, N) is based on the reported dynamics of
single whitecaps area [Kennedy and Snyder, 1983; Koepke,
1986b; Sharkov, 1995] and on the measured dynamical
scaling of bubble clouds extent underneath unsteady break-
ers [Rapp and Melville, 1990].

[11] Developments and concepts originally introduced
by Phillips [1985] are then used to provide the model
for F(U, §). Namely, we use his proposed definition for the
whitecap fractional coverage F generated by breaking
wave crests,

F(U) = /Om /4 cr A (G U)E, (3)

where ¢ is the velocity of advance of underlying waves
carrying a whitecap, the distribution function A(¢, U)dé
represents the average length per unit surface area of
breaking fronts that have velocities in the range ¢ to & +
dé at wind speed U, and 7 is the persistence time of foam
layers at the surface.

[12] Various models have been proposed for the function
A(Z, U). This function directly enters the characterization
of the expected energy losses at a given surface scale.
Consequently, the distribution A(E, U) may be expressed
through a wave spectrum definition. In a sea state at
statistical equilibrium, a model for A(Z, U) can thus be
derived using the established proportionality between dis-
sipation and wind input sources in the wave field [Phillips,
1985]. Recently, Melville and Matusov [2002] were able to
measure the distribution function A(Z, U)dZ in several
wind forcing conditions. They show that when weighted
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by Uyy', where Uy is the wind speed at 10-m height, the
A measurements collapse approximately onto a single
exponential curve. The use of incremental breaking prob-
abilities may also be considered to determine A(E, U),
such as the model for dominant breaking waves recently
developed by Makin and Kudrvavisev [2002]. In a third
section, we briefly compare these three available parame-
terizations for A(G, U )dé.

[13] Depending upon the choice for the form of the
function A, we then assess the ability of the dynamical model
of equation (3) to correctly reproduce measured whitecap
coverages as a function of wind speed. Taking the empirical
model of Melville and Matusov [2002] for A(E, U), and fixing
the relative value of the foam-layer persistence time 7 to the
active breaking events duration, the model is shown to
perform well for both the reported “dynamic foam™ coverage
associated with the breaking wave crests, and the “static
foam” coverage associated with older foam formations that
remain in the wake of a breaker.

[14] Classes of breaking fronts moving at a given speed are
further associated with classes of foam layers having a given
characteristic thickness scale § (¢), using the previously
developed model for & (£, X). The incremental fraction
dF(6, U) of sea surface covered by foam formations with
average thickness between d and 6 + dd at wind speed U is then
deduced from the incremental model of whitecap coverage
dF(c, U). A correction is finally included in the modeling to
account for the atmospheric boundary-layer stability cffects.
Results and their impact on passive microwave remote
sensing of sea surface are discussed in a last section.

2. Impact of Sea-Foam Layer Thickness on the
Microwave Emissivity

[15] Models proposed so far for calculating the emissivity
eff of sea-foam formations at various incidence angles,
microwave frequencies, and polarizations may be divided
into two types: empirical formulas [Stogryn, 1972; Wilheit,
1979; Pandey and Kakar, 1982; Smith, 1988, Barber and
Wu, 1997] and physically-based models [Droppleman, 1970;
Rosenkranz and Staelin, 1972; Dombrovskiy, 1979;
Dombrovskiy and Raizer, 1992; Guo et al., 2001]. Empirical
approaches for ez}’ consist in fitting procedures using data
from laboratory [Williams, 1971] as well as field experi-
ments [Stogryn, 1972; Wilheit, 1979; Pandey and Kakar,
1982; Smith, 1988]. Theoretical models take into account the
physical properties of foam formations at the sea surface and
propose electromagnetic solutions to determine their specific
emissivities. Between existing theoretical approaches, differ-
ences mainly lie in the way the inner structure of a typical
foam layer is described within the model, but also in the type
of eleclromagnetic scattering theory used to compute the
effective dielectric constant of that layer. Droppleman
[1970] thus modeled foam as a porous diclectric layer of
air and water mixture and used a dielectric mixing model for
heterogeneous materials. Rosenkranz and Staelin [1972],
and later Bordonskiy et al. [1978], assumed that sea foam
as probed by a microwave radiometer may be modeled as
series of plane-parallel thin water films embedded in an air
volume. They used a multi-layered approach to evaluate its
reflectivity. In more recent studies by Dombrovskiy [1979],
Dombrovskiy and Raizer [1992] and Guo et al. [2001], foam
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layers are modeled as volumes of densely distributed sticky
air bubbles coated with thin seawater coating. Dense media
radiative transfer theory is then used to calculate the bright-
ness temperatures of such layers at different microwave
frequencies.

[16] Despite these conceptual differences, both empirical
and theoretical approaches agree on the fact that at micro-
wave frequencics, the emissivity of a sca-foam layer will
mainly depend on the microstructure propertics of the layer
itself (bubble size distribution, air void fraction within the
layer, strength of adhesive forces between bubbles, ete.) and
on the foam-layer thickness, which is an important macro-
scale descriptor of the air-waler mixture.

[17] The effects of the thickness § of foam layers on their
microwave emissivities were first studied in the laboratory by
Williams [1971]. He measured emissivities in a waveguide
and found that at X-band (A, = 3.2 cm), an increase of the
foam-layer thickness from 0 to about 2 mm increases the
emissivity from about 0.4 to 0.8. Note that Williams [1971]
carried out his tank studies using fresh water with soap to
stabilize the bubbles produced. Care should therefore be
taken when one tries to extend his results to sea water without
surfactants. Radiometric measurements were also conducted
later in the laboratory by Bordonskiy et al. [1978] at electro-
magnetic wavelengths \, = 0.26, 0.86, 2.08, 8, and 18 cm in
the presence of spontancous decay of a thick foam layer (6 ~
| —1.5 em)into a thin emulsive monolayer (6 ~ 0.1 cm). They
found a simultaneous decrease Aeg} in the measured emis-
stvity of 3%, 15%, 20%, 40%, and 14% at X, = 0.26, 0.86,
2.08, 8, and 18 cm, respectively. They concluded that the
decimeter range of wavelengths (\, = 18 cm) only reacts to
layers thicker than about 2 cm. More recently, similar
experimental measurements were performed by Asher et al.
[1998] at 19 GHz (\, = 1.6 c¢cm), incidence angle of 53° in
vertical and horizontal polarization. As revealed, an increase
of about 2 cm in sea-foam-layer vertical thickness would
approximately double the emissivity.

[18] These experimental results are consistent with
Droppleman’s [1970] model and the radiative transfer
calculations of Guo et al [2001] at 20 and 19 GHz,
respectively. Both models predict an increase of approxi-
mately 50% in foam emissivity if Ad ~ +2 cm. Guo et al.’s
[2001] model moreover reveals that the polarization and
frequency dependencies of foam emissivity are also strongly
thickness dependent. Saturation, i.e., foam radiations tend-
ing to a black body, thus occurs at thinner foam layers for
37 GHz than 19 GHz and depends on the polarization. In
addition, Zhou et al. [2002] also observed emissivity satu-
ration as the foam-layer thickness increases. They found that
the four Stokes parameters level off to constant values once a
threshold thickness value is reached.

[19] The main results from these studies are summarized
in Figure 1, where the measured or predicted relative change
in foam emissivity is plotted as a function of the ratio
between foam-thickness variation and electromagnetic
wavelength. A large dispersion is observed in the data,
probably due to either different incidence angle and polar-
ization conditions, or to differences in the inner structure
(air void fraction, mean bubble diameters) of the foam
layers considered. Nevertheless, two key points are illus-
trated: (1) for small variations in sea-foam thickness less
than about 2X\,, changes in emissivity always larger than
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Figure 1. Relative variation Aeg? of foam emissivity as a

function of variation in the thickness of foam layer A§ with
respect to electromagnetic wavelength X\, (\, = 0.26, 0.806,
2.08, 8, and 18 cm for Bordonskiy et al. [1978]; N, = 3.2 cm
for Williams [1971], N, = 1.6 cm for Asher et al. [1998], and
Droppleman [1970]).

14% are observed for a wide range of electromagnetic
frequencies (they can occasionally reach 55%), and (2) for
thickness variations large compare to electromagnetic wave-
length (A& >> 2)\,), saturation occurs and the increase in
foam-induced emissivity is reduced.

[20] According to Monahan and Woolf'[1989], fractional
whitecap coverage F(U) increases from about 0 to 0.12 if
wind speed increases from 0 to 20 m s™'. In this wind speed
range, foam coverage variations therefore induce changes in
foam emissivity that are always smaller than 12% (e.g., see
equation ). As already noticed by Smith [1988] and
illustrated here, small variation in the averaged foam thick-
ness parameter with wind stress may therefore have the
same or even larger incremental effect on 7Ty, as does the
fractional coverage F. '

3. Dynamical Model of Whitecap Thickness for
an Individual Breaker

[21] Owing to the strong unsteadiness of the breaking
phenomenon and the large range of surface scales involved
at sea, little is known about the dynamics of the foaming
process and, consequently, about the associated vertical
thickness of whitecaps. However, the dynamics of such a
process have been carefully studied both in the laboratory
and theoretically for the so-called quasi-steady breakers
(waves produced by ships or hydrofoils moving at constant
speed). For unsteady breaking waves of open seas, dynamics
of associated foam layers have been mainly characterized by
the evolution of the foaming patch at the surface and the
mixing depth of the turbulent diphasic flows generated
underneath the interface.

3.1. Quasi-Steady Breaking

[22] Longuet-Higgins and Turner [1974] conducted a
theoretical analysis of the turbulent breaking region grow-
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ing on the forward face of an individual spilling breaker. By
using approximate cquations of motion, combined with
some related experimental dala on air entrainment in free-
surface flow, they were able to predict the acceleration of
the front of the breaker and some aspects of the shape of the
breaking region, both as a function of the wave’s phase
speed ¢ and the slope 0 of the forward face. Under the
assumptions that the flow is steady in time and that the
forward slope of the carrying wave remains constant, these
authors show that the thickness of the whitecap & is
proportional to the distance measured from the crest of
the wave.

[23] Since the laboratory measurements of [Duncan,
19811 on quasi-stecady breaking waves (generated by a
hydrofoil towed at a constant speed), it is further widely
recognized that the overall geomelry of quasi-steady spilling
breaking waves may be assumed to be statistically self-
similar. On average, the larger breakers are magnified
copies of the smaller ones. The breaking region itself is a
fixed fraction 4 of the cross-sectional area of the wave and
is also statistically sclf-similar.

[24] The geometry for the whitecap as given by Duncan
[1981] is described in Figure 2. It is very similar to the
representation of whitecaps as “prism located on wave
slope,” as depicted by [Bortkovskii, 1987). Duncan [1981]
derived scaling laws for the following parameters describing
a quasi-steady spilling breaker: the average length L, the
average thickness , the area 4 =~ 1,0 of the breaking region
in the main direction of propagation of the carrying wave,
and the length of the breaking wave X\. He found that for
quasi-steady breakers, (1) all the waves have breaking
regions with the same aspect ratio A2 ~ 0.1; that is, the
breaking region average vertical thickness divided by its
length is a constant; and (2) the ratio between the length of
the breaking region and the length of the breaking wave is
the same for all conditions, L,/X\ =~ 30%. Accordingly, the
following similarity law for the average whitecap thickness
will apply:

SN b N, 4)

Figure 2. Sketch showing the features of a quasi-steady
spilling breaker. The wave is moving from left to right and
has a whitecap on its forward face.




REUL AND CHAPRON: A SEA-FOAM THICKNESS MODEL

where b is an empirical constant estimated by Duncan
[1981] to be b =~ 0.03 for quasi-steady breaking waves.

3.2. Transient Breaking Events

[25] For transient breaking events, the similarity law
(equalion (4)) is expected o be violated. Since the foam-
layer dynamics is basically unsteady, one has in general
& (N, 1) % 6 (\). Bubbles and turbulence are injected into the
water column down to a depth which evolves significantly
during a complete unsteady event since the process is driven
by a transient source of motion at the surface.

[26] The growth and decay rate of unsteady whitecaps
were studied by several authors in terms of the temporal
evolution of the area covered at the surface by individual
whitecaps [Monahan, 1971, Kennedy and Snyder, 1983;
Koepke, 1984; Monahan and Woolf, 1989; Walker, 1994;
Sharkov, 1995]. In these studies, reported temporal varia-
tion in whitecaps area is observed to peak rapidly during
active breaking with a slower exponential decay after
formation. Monahan [1988] suggested the terms “Stage A”
and “Stage B” (o classify these visual signatures of break-
ers. Stage A features are due lo actively breaking waves,
while stage B features consist of the “fossil foam”™ or
“foam rafts” that remained in the wake of a stage A
breaker. Works by Kennedy and Snyder [1983] and Koepke
[1984] give support to a monotonic increase of the whitecap
size during stage A. The exponential character of foam field
decay (stage B) was clearly measured by Sharkov [1995]
from analysis of time patterns of individual foam spot
dissipation.

[27] Subsurface characterization of the foam layers was
given by Rapp and Melville [1990], who measured the time
evolution of the depth down to which turbulent patches
generated under unsteady breaking waves do mix. Their
subsurface measurements show that the turbulent region
generated beneath the interface by a breaking wave with
carrier wavenumber & mixes down to a depth D, with kD =~
0.5—1 after four wave periods. They found that the initial
deepening of the layer is very rapid during the first period
after breaking, such that £D =~ 0.3, 0.5 within half a wave
period for spilling and plunging waves, respectively. They
further show that this layer 1s subsequcnlly reaching an
asymptotic dependence D o M, after one to two wave
periods.

[28] Assuming that the breaking region geometry in
unsteady breaking waves is also self-similar, we postulate
that the respective dynamics of the foam-layer thickness and
surface area are similar, so that § (X, #) can be approximated
by the following process:

SN 0) = BN for0 <t <,

[ =, (5)
; > fort >,
T

E(X’ ’) = 8-um.\‘(x) exp <~—

where B(\) is the temporal rate of increase of the air-water
mixture thickness duri ing stage A, 7, the mean duration of the
active breaking event, 7' is an ¢ '1pplop1 iate exponential time
constant and 9,,,.(\) is the maximum thickness a foam layer
generated by a breaking wave with length X\ may reach.

[20] Mean duration of active breaking events T, was

inferred from high-frequency radar measurements by
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Phillips et al. {2001, Figure 4] . They found a fairly clear
linear proportionality between the mean duration of the
breaking event 7% and the event speed, consistent with the
relation v# =5 (c¢/g) ~ 0.8 T}, whete 7), is the breaking wave
period. As noticed by Phillips et al. [2001], Rapp and
Melville [1990] also found that this expression summarized
well their laboratory measurements. I we further define the
“wavelength™ of the breaker ag \ = 2m2/q using the
dispersion lclatlonslnp for gravity waves in deep water,
then 7# a2 0.64\""?

[30] To deleumne the temporal rate 8 of increase of an
individual foam-layer thickness during stage 4, we postulate
that at the end of the active stage (approximately after T* =~
80% of the wave period), the laycr thickens down to a
maximum depth & §,,,(\) = 0.4, in accordance with Rapp
and Melville’s [1990] measurements. Therefore the rate of
vertical growth for the foam layer during stage A might be
expressed as

0.4
kqﬁ:Qmeﬂwﬁ‘ (6)

BON) =~

[31] The last parameter to be determined in equation (5) is
the exponential time 7. This parameter is the lifetime of
(single) surface bubbles, and it differs for fresh and salt
water samples. Monahan and Zietlow [1969] report 7 is
2.54 s for fresh water whitecaps and 3.85 s for salt water
whitecaps. Zheng et al. [1983] show that the bubble lifetime
follows a Rayleigh distribution. The mean lifetime is a
function of the bubble size with average lifetimes of
nominally 2.24, 2.98, and 3.89 s, reported of tap water,
Delaware bay water, and Atlantic Ocean water, respectively.
Accordingly, these measurements suggest T = 2.5 s for
fresh water and ' == 3.8 s for salt water. Note that these
durations are not only due to how long the fresh- and salt-
water bubbles persist once they reach the surface, but they
also reflect the fact that these bubbles rise to the surface
from the sub-surface bubble plume with different effective
rise velocities, due in large measure to their different
characteristic radii.

[32] Time evolution of the average vertical thickness of
foam layers as a function of the breaker wavelength as
predicted by the model (equation (5)) is illustrated in
Figure 3. According to such a model, foam layers generated
by breaking waves thicker than 5 cm only occur for
underlying carrier wavelength greater than ~1 m. Although
our approach is an oversimplification of the actual unsteady
flow, the most important physical features of transient
breaking waves in the field should be included.

4. Models for the Incremental Breaking
Statistics A(C)
4.1. A(¢): Definition

[33] The definition of the average length A(¢) of breaking
fronts per unit area per unit speed interval has been
originally introduced by Phillips [1985]. When a single
breaking event starts, a turbulent foam patch is generally
initiated at some point on the wave crest, and during the
active breaking period, the patch spreads both laterally,
along the direction of travel of the wave, and down into
the water column. Although the foam patch area is turbulent




REUL AND CHAPRON:

X [meters]

<]

-

Foamiayer thickness (1) [m]

0.5

0 5 10 15 20 25
Time [sec)

Figure 3. Evolution of the foam-layer thickness as a
function of time for several breaking carrier wavelengths
(number in meters) and for salt water (7' = 3.8 s).

and therefore exhibits intermittent boundaries during a
complete breaking process, at any instant in time, its lateral
dimension can always be represented by a main axis having
the shape of an arc segment. The length of the breaking
front A, at that particular time, is a measure of the length of
this lateral arc segment (see Figure 2). As the wind blows
over the water surface, at any instant, the fronts of the
breaking waves therefore define a distribution of isolated
lines or arc segments. The scales of the breaking waves
cover a very wide range, from short gravity waves (15—
30 cm or so) generating a very short-life turbulent patch
with low air content, to actual whitecaps in which the
breaking and the generation of turbulence is so vigorous
that extensive patches of foam are generated.

[34] There is clearly some tight association of the foam
patch initial dynamics and some characteristic scales of
the canying wave. Phillips [1985] proposed to use the
velocity ¢ of the breaking fronts to pa1ameteuze their
length. He introduced the distribution A(¢) [m™ s], such
that A(¢)dé represents the average total length per unit
surface area of breaking fronts that have velocities in the
range ¢ to & + dc. The total length of breaking fronts per
unit area is then

[35] In unit time, the fraction of sea-surface area traversed
by breaking fronts with velocities between ¢ and ¢ + d2 is
c\(@)d@, so that the fraction of total surface area turned over
per unit time, or the turnover rate, is

R= / /_ eh @ (8)

[36] This quantity also cxpresses the total number of
breaking waves of all scales passing a given point per unit
time; the distribution ¢A(¢)dc specifies the expected num-
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ber per unit time passing a fixed point with velocities in the
interval @ to ¢ + dc.

4.2. Model for A(©) in a Sea State a
Statistical Equilibrium

[37] The energy loss by an individual wave breaker was
also quantified by [Duncan, 1981] during his experiments
on quasi-steady breakers. The tangential force exerted per
unit length by the wcq,ht of the breaking zone was found to
be proportional to ¢*/g with a proportionality factor equal to
the previously introduced constant b, equation (4). The rate
of energy loss D, per unit surface in a breaker moving
with the phase speed ¢ can therefore be expressed as

D,’,,,/(C) == /?(Cs/g) (9)

Duncan’s result is for quasi-steady breaking. Melville
[1994] showed that similar scaling applies to unsteady
breaking with a modified proportionality factor 5’ ~ (3—
16)-1073. The average value for unsteady breaker b’ ~
9.1072 is used further throughout the model calculations.

[38] On the basis of this formulation for the energy loss of
an individual breaking wave, Phillips [1985] expressed the
average rate of energy loss per unit area by breakers with
speeds between ¢ and ¢ + dc as

e(é)de = b'g™' S A (©)de. (10)

[39] This average rate of energy loss by breakers per unit
area, €, can further be related in f-space to the spectral rate
of dissipation of wave action, namely the dissipation source
term Sy, in the wave action balance equation,

3 (E) dk = WSy (/T) d/:’,',

where w is the intrinsic frequency of the wave component
with wavenumber in the range & to & + dk. Thus, providing
(1) a model for the dissipation source term Sy and (2) a
relationship between breaker lengths and velocities, equa-
tions (10) and (11) allow us to evaluate the total length of
breaking fronts per unit area A(C).

[40] There are several proposed forms for the dissipation
source term S{,‘(k) [Hasselmann, 1974; Komen et al., 1984,
Phillips, 1985; Donelan and Pierson, 1987]. They were
reviewed in detail by Donelan and Yuan in the work by
Komen et al. [1994]. The modeling of the dissipation source
function is the least understood aspect of the physics of
wave evolution. Consequently, attempts to determine A(Z)
from other and better known source functions, like the wind
input source, seem preferable.

[41] Following Phillips [1985], a statistical equilibrium in
the spectral gravity range will imply proportionality
between all sources in the wave action balance. If S, (k)
describes the wind input source function, in a sea state at
statistical equilibrium, equation (11) can be rewritten [see
Phillips, 1985, p. 522],

(11)

E(/;) dlk o< wSi (/?) dk. (12)
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The input source function follows the standard def-

() =9 3)

with [3(/:") being the wind input growth rate, and N(/'c') the
wave spectral action. From a survey of field and laboratory
experiments, Plant [1982] suggests that the wind-induced
wave growth rate is given by

o(8) =m (") coston

where m = (0.04 £ 0.02), u, is the wind friction velocity
and 0 the angle between the wmd and the wave component
k. With the action spectral density defined as N(k) gF (k)/
w, where F(/c) is the directional wavenumber spectrum of
the sea surface, the average rate of energy loss by breakers
per unit area, £ becomes

£ <E> dk =ni'g <L~[z~> ’ cos(0)wF (/?) dF.

[43] In order to establish a model for A(Z), it is now
necessary to relate breaker wavelengths to their speed. The
use of the dispersion relation for deep water gravity waves w=
(gk)'"? is valid only for waves free of any Doppler-shifting
effects due to advection by the orbital velocities of longer
waves. Phillips [1985] argued that Doppler shifting is insig-
nificant for the components whose phase speeds ¢ > (27s)C,,,
where C,, is the phase speed of the dominant wave and s =
\/E/X,, is the “significant slope,” defined as the ratio of the
mean-square surface displacement in the wave field associ-
ated with the dominant wave to the wavelength at the peak of
the surface wave spectrum. While care will be taken, we
neglect Doppler-shifling effects for waves carrying white-
caps at a speed less than this threshold phase speed and apply
the dispersion relationship even for the smaller breakers.
However, we only consider waves longer than X,,,;, = 20 cm
(with corresponding wavenumber k,,,c = 27/ N\,;;,), since
waves shorter than this length generate capillaries rather than
break to dissipate their energy [Ku(l/yavlsev et al., 1999].
Under these simplified assumptions, k= g/c” % and, an elemem
of area dk on the wavenumber plane can therefore be related
to the element dZ on the velocity plane by

[42] 7

inition,

(13)

(14)

(15)

a2
dk = -~ —C~()~(/a (16)
[44] Combining equations (10), (15), and (16) yields the
following expression for the distribution A(¢) for a sea-state
at statistical equilibrium,

(17)

where a faclor 2 is arising since the direction of & is taken (o
lie between —7 and %, while that of /\ an;:,w ovu = {o w.

[45] If the b[)(,b(ld] model of | F(k) o
cos 2Oy~ "2k"* is chosen, /\(c) x cos"“())qu(

[see P/H//Ips, 1985, equation (6.7)]. In the present work,
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Figure 4. Omni-directional distribution of the Iength of
breaking fronts at sevc1al wind speeds V'llues ranging from
Up=5to 19 ms™' (by steps of 2 m s™"). Thick lines:
model for a sea state at statistical equilibrium; thin dotted
lines: empirical model of Melville and Matusov [2002]; thin
solid lines: model of Makin and Kudryavisev [2002] for
dominant breaking waves.

we use for F(E) the empirically derived unified spectral
model of Elfouhaily et al. [1997] because it reproduces
well significant wave height for developing seas and
measured mean square slopes. Finally, the evolution of
the omni-directional distribution of breaking front length
can be written

(18)

and is shown in Figure 4 for different wind speeds using
the unified spectral model for fully developed seas (inverse
wave age is set to 0.8).

4.3. Empirical Model of A(Z)

[46] Recently, Melville and Matusov [2002] were able to
measure the distribution function A(Z)d¢ from video images
acquired from a light aircraft. Using a particle imaging
velocimetry technique (PIV), they could measure the
velocity of the local boundary of individual whitecaps,
giving A(G)dé. Data collected at three avcngcd 10-m wind
speeds (Ujg = 7.2, 9.8 and 13.6 m s~ " for well-developed
sea-states (wind-wave fetch was in the range 100-150 km)
shows that when weighted by U 10”3, the measurements of
A(c) collapse approximately onto a single exponential
curve,

Aemp(€) = (Uyo/10)* 3.3 x 10747004 (19)

[47] Figure 4 compares the results from Melville and
Matusov’s [2002] empirical fit to the previous model for a
fully developed sea state at statistical equilibrium. As
noticed by Melville and Matusov [2002], their empirical
results are consistent with Phullips’ [1985] equilibrium
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subrange for larger ¢ values where A(c) o ¢ locally in
both cases. However, at small ¢ values, the model of A(¢)
for a fully developed sea state at statistical equilibrium
predicts a much higher density of small breakers than the
one measured by Melville and Matusov [2002].

4.4. Statistical Model of A(Z) for Dominant Waves

[48] Models for ocean wave breaking statistics usually
share the common hypotheses that wave breaking occurs
when some random variable describing the wave field
exceeds a critical value. Among the various physical param-
eters describing the field, the variables most often associ-
ated with wave breaking criteria are the surface elevation
[Longuet-Higgins, 1969; Huang et al., 1986], the horizontal
velocity [Banner and Phillips, 1974; Liv and Yan, 1995], the
vertical acceleration [Kennedy and Snyder, 1983,
Srokosz, 1986], and the surface slope [Ochi and Tsai, 1983;
Longuet-Higgins, 1987; Banner et al., 2000].

[49] Makin and Kudryavisev [2002] proposed a model of
A(@) for dominant waves that is based on a statistical concepl
ofa threshold level for surface elevation. They used a general
expression for the mean length of a contour represented by
the intersection of the wavy surface by a plane of a constant
height ¢ = (o = const per unit area, as derived by Longuet-
Higgins [1957] for a narrow band process. When the surface
level ( exceeds the threshold level (g, waves are assumed to
break. The average total length per unit surface area of
breaking fronts can then be found from the length of contours
at that level. .

[50] Assuming the dominant wave spectrum to be narrow,
Makin and Kudryavisev [2002] proposed the following form
for A(¢) which should only be valid in the wavenumber range
k < 2k,, where k, is the spectral peak wavenumber:

.
) (20)

where €, = 2k, img0"" is the dominant wave steepness, £, =
(mzo/mooll/ que'ﬁnes the mean wavenumber, and 1, = j
k"k"F(k)dk are the spectral moments of order mn. In
equation (20), e7= v2(ok,, is a tuning constant. Using 7=
0.24, Makin and Kudryavisev [2002] found good agreement
between their model and measurements by Banner et al.
[2000]. This value is used for the model calculations.

[51] Using the unified spectral model to calculate the
spectral moments gy and mng, we plot in Figure 4 the
omni-directional distribution of breaking front lengths for
dominant waves as given by Makin and Kudryavtsev's
[2002] model. It is calculated only for breaking fronts with
speeds ranging from c¢p, the speed at the peak of the wave
spectrum, to ¢ = /2g/k,. For all breaking front speeds
within this range, Makin and Kudryavisev’s [2002] model
exhibits a significantly larger average length of breaking
fronts than both the empirical model and the one for sea
state at statistical equilibrium.

B N!\(;L}

%)

{
/\(Imn (Z) dé = —f exp (__
27

5. Total Whitecap Coverages
5.1. Model for the Time of Persistence of the

Foam Layers
[52] The persistence time 7 of a foam layer, once gener-
ated, can be defined as the time at which its thickness
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becomes infinitesimal. According to our dynamical model
for & (\, 1), this limil depends on the scale of the underlying
carrier wave (see Figure 3). Therefore, for an individual
breaker, the persistence time of the generated foam layer is
proportional to the period of the underlying carrier wave: T=
a-Ty, = a-2wclg, where a is a constant of proportionality. If
the foam-layer persistence time 7 is chosen to be less than
the active breaking event duration 7, = 0.8-7}, i.e, if a <
0.8, only “dynamic-foam”-type formations (Stage A break-
ers) are taken into account for the whitecap coverage
deduced from equation (3). For @ > 0.8, only static-foam-
type is included in the coverage model.

5.2. Comparison With Semi-Empirical Fits

[53] With T = a2wc/g, equation (3) can be rewritten as a
function of the omni-directional distribution of breaking
fronts length A{c,U) as follows:

2 "
FUy =22 / A A (e, U)de, 1)

8 Jewin
where the integration is restricted to waves faster than ¢, =
(gk,,,,»,,/?_r\)'/2 and slower than the phase speed at the peak of
the wave spectrum c,,.

[s4] To validate our dynamical model for F, numerical
results given by equation (21) using previously described
models for A(c, U) can be compared to the most popular
reported semi-empirical algorithms. It is commonplace to fit
the wind-speed-dependent whitecap coverage to the power-
law, such as

I = Uy, (22)
where o and (3 are constants and Uy is the wind speed at the
reference height 10 m. On the basis of photographic images
collected from low-altitude ship platforms, Monahan and
O 'Muircheartaigh [1980] proposed

F =384 x 107U}, (23)
Bondur and Sharkov [1982] used airborne platform high-
resolution photographic imagery to separate and quantify
the two following phenomena:(1) fresh dense foam patches
from breaking waves and (2) low-reflectance residual foam
layers. On the basis of the shape and brightness of whitecap
images, they divide the whitecap formations into crests of
dynamic foam and striplike or patchy structure of static
foam with lifetimes on the order of a few seconds to many
seconds, respectively. The first stage (Stage A according to
Monahan classification) is most closely associated with the
spilling breaker (a-plume) which forms a small but highly
reflective foam patch and the second stage (resp. Stage B) is
associated with the evolving foam layer (transient entrained
bubbles and surface-bubble decay: f3, y-plumes). Bondur
and Sharkov [1982] proposed

F=65x%10"? [l +4.76 % 1072(Uyp — 5)2] (static foam)

F=15x%x10" [l +2.2 % 107(Uyo — 5)3] (crest foam).
(24)
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Figure 5. Comparison between empirical fits of whitecap
coverage as a function of wind speed for dynamic and static
foam and the dynamical model. (a) Persistence time of foam
T is chosen equal to active breaking event durations T,.
(b) Here 7 is chosen equal to 5 times the underlying carrier
wave petriods.

The static-foam law (equation (24)) is used in the emissivity
model developed by Kunkee and Gasiewski [1997].

[s5s] These properties were also quantified in a similar
way by Monahan and Woolf [1989]. They processed video
images using brightness discrimination level and proposed

F = 1.95 x 1073U%% exp(0.0861 AT) (static foam)
(25)

F=292x 107707 exp(0.198 AT)  (crest foam).

These correlations include departures from thermal equili-
brium, AT = T, — T, (deg C). Their conclusions agree
with those of Bondur and Sharkov [1982]. Whitecap
coverage by the post wave-breaking foam layer represents
80—-85% of the total whitecap coverage in the visible. .
[s6] Asillustrated in Figure 5, if @ is taken equal to 0.8 with
the empirical model of Melville and Matusov [2002] for the
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distribution function A(c), the whitecap coverage model
given by equation (21) agrees very well with the empirical
laws of “crest-foam™ coverage. The curve predicted by the
model fits closely Bondur and Sharkov’s [1982] law and lies
at a slightly higher level than Monahan and Woolf”s [1989]
fit if a value of A7'= 3°C is chosen (the significance of this
parameter will be discussed further). If the model A, (c) for
sea states at statistical equilibrium is used in cquation (21)
with a = 0.8, the modeled foam coverage dependence with
wind speed is significantly higher than the reported whitecap
coverage for static foam. Since for ¢ < 0.8, only crest-foam
formations should be accounted for, the model clearly over-
estimates the whitecap coverage. When the model A,,,,(c) is
used, the foam coverage is also found to correctly reproduce
the reported foam-crest coverages.

[s7] Good agreement is also found between the model
using Ag,,(c) in equation (21) and the empirical data for
static-foam coverage with ¢ ~ 5. This numerical value
reflects the fact that reported total static-foam coverage
should correspond to the sum of individual sea surface area
swept by each breaking front during approximately five wave
periods.

[58] For that particular value of @, Agy(c) and Agp(c) are,
respectively, overestimating and underestimating the
reported foam coverages. However, the model for Ay,,.(c)
indicates that a significant fraction of the sea surface covered
by static foam is generated by dominant breaking waves.

6. Conditional Whitecap Coverages

[s9] To determine the conditional sea surface area cov-
ered by Foam layers having a given thickness §, the
dynamical model for individual whitecap thickness & (X, )
and the model for overall whitecap coverage F(U) must be
connected. The idea is to associate a given class of breaking
fronts moving at speed between ¢ and ¢ + de with a
characteristic foam-layer thickness. Given the distribution
N, U), there is equiprobability for individual foam layers
to be in any configuration between incipient growth and the
end stages of the foaming process. A characteristic whitecap
thickness scale for the class of breaking fronts moving at
speed between ¢ and ¢ + dc can thus be defined as

b.(c) = (8(c)), == / ’ (1) - S0\, £)dt, (26)

where I1() = 1 for 0 < ¢ < 7 is the probability for a whitecap
to be at a particular stage of evolution during the foam-layer
persistence duration 7. The characteristic thickness scale
d.(c) represents the most probable time-averaged thickness
of foam layers generated by breakers moving at speed
between ¢ and ¢ + dc, during the period of observation T.

6.1. Thickness Distribution for the
Crest-Foam Coverage

[60] According to equations (26), (5), and (6), the char-
acteristic thickness of dynamic-foam patches (a = 0.8)
generated by breakers moving at speed between ¢ and ¢ +
dc is given by

27
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Figure 6. Characteristic foam-layer thickness scale as a
function of the carrier breaking wave velocity. Thin line:
crest-foam characteristic thickness (see equation (27)); thick
line: static foam characteristic thickness (see equation (30))
if a=25.

The evolution of 6,,(c) with ¢ is plotted in Figure 6. Using
equation (27), an increment of foam-layer thickness 0,
can be related to an increment of breaking front velocity de.
The incremental crest-foam coverage associated with foam
layers having thicknesses between b, and &., + db,, is
therefore the one associated with breaking front velocities
between ¢ and ¢ + de,
dF, (U, 6”> = l'gﬂc2 A (e, U)de. (28)
[61] For the empirical expression A, the incremental
crest-foam fractional coverage due to foam layers with
thickness between &, and &, + db., is expressed as
follows:

ch(U.O,ST*> ~2.9x 107503, \/ie_4~48 \/‘: ds,. (29

[62] In Figure 7, we plot the integration of dF (U |0,6- )
from the lower characteristic thickness limit 5, =~ 7 mm
(which couesponds to the minimum breaking front velocity:
Spin = 0. 4c,,,,,,/2g) to a varying upper limit §,,,. The model
predicts that at least two thirds of the sea surface covered by
crest foam in fully developed seas is due to air-water mixture
patches thinner than 60 cm, whatever wind speed conditions.

6.2. Thickness Distribution for the
Static-Foam Coverage

[63] To evaluate the thickness distribution for the static-
foam coverage, the persistence time T of foam layers needs
to be set at larger values than the breaking event duration
T+, 1.e., a > 0.8. In this case, the characteristic thickness of
static-foam patches generated by breakers moving at speed
between ¢ and ¢ + dc can be derived from equations (26),
(5), and (6),

= 0.4c y - (2ma—>5)
c I —e .
bele) = 2ma [Zg_’ T < ¢’ ) (30)
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This model for §,(c) is compared to the characteristic
thickness scale for crest-foam layers in Figure 6. As
expected from our assumptions, foam layers are always
thicker on average during the active stage of breaking.
[64] The incremental static-foam coverage associated
with foam layers having thicknesses between &, and 6, +
db, is the coverage associated with breaking fronts with
velocities between ¢ and ¢ + de after a duration T,

2ar ,
g

dF(U,§;) = (¢, U)de. (31

It can be numerically evc\]ualed with the empirical expres-
sion A, and with a = 5. In Figure 8, we plot the
integration of dF(U,o, §,) from the Iowm characteristic
thickness limit §,,, = | mm to a varying upper limit §,,.
The model predicts that at least two thirds of the sea
surface covered by static foam in fully developed seas is
due to air-water mixture patches thinner than 35 cm,
whatever wind speed conditions. According to the model,
approximately all the coverage is due to layers thinner
than 1 m.

6.3. Effects of the Atmospheric
Boundary-Layer Stability

[65] As shown in Figure 9, if the temperature difference
between air and water increases from 0°C to 10°C, the
empirical laws derived by Monahan and Woolf [1989]
reveal that the fractional coverage due to crest foam
increases by about a factor of 8. A weaker thermal effect
was found by Monahan and Woolf [1989] on the fractional
coverage of static-foam formations. Still, an increase of
10°C in AT approximately corresponds to an increase of
the static-foam coverage by 3 (see Figure 10b).
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Figure 7. Fractional surface coverage of crest foam
associated with layers thinner than a threshold value §,,
given numerically in centimeters above each curve. The
thick line with triangles is the total crest-foam fractional
coverage deduced from the model with A = A, and a =
0.8. The dashed lines represents two thirds of that
coverage.
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Figure 8. Fractional surface coverage of static foam
associated with layers thinner than a threshold value 5,
given numerically in centimeters above each curve. The
thick line with triangles is the total static-foam fractional
coverage deduced from the model A = A,,,, and a = 5. The
dashed lines represents two thirds of that coverage.

[66] This important effect is not dynamically taken into
account in our model. An empirical correction factor ‘for
atmospheric stability impact is therefore introduced as
follows:

Py =24% [ / RN U)(/c} x eOAT=M (32)

min

where the parameters o and 3 of the thermal correction
factor are determined for both crest foam and static foam by
best fitting the model to Monahan and Woolf’s [1989]
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Figure 9. Effects of the boundary-layer stability parameter
AT on the crest-foam coverage as reported by Monahan and
Woolf [1989].
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empirical laws (equation (25)). Using a least-square method,
the determined numerical values for oo and {3 are

o = 0.198
for crest-foam coverage and,
A, = 0.91
(33)
oy = 0.0861
for static-foam coverage.
3, = 0.38

[67] Efficiency of the added empirical correction factors
is illustrated in Figure 10. The model correctly reproduces
the wind speed dependence for crest-foam coverage as a
function of AT. For the static-foam coverage, differences
are, however, generated by the use of a power 3 dependence
with the wind speed U)q in the model for A,,,,, in contrast to
a power 2.55 dependence in Monahan and Woolf’s [1989]
empirical laws (equation (25)).
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Figure 10. Effects of the thermal stability correction

factors on (a) the crest-foam coverage model and (b) the
static-foam coverage model.
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Figure 11. Coverage-weighted average foam-layer thick-
ness.

[6s] The previously determined incremental crest-foam
and static-foam coverages associated with foam layers
having thicknesses between 8, and &, + 6, can now be
simply corrected for the thermal effects by respectively
multiplying equations (29) and (31) by the correction
factors e(®27=8) and el®AT5),

6.4. Average Thickness as a Function of Wind Speed
[69] An interesting parameter in the context of the present
model is the foam-layer thickness weighted by the
corresponding conditional surface foam coverage and aver-
aged over all breaking wave scales for a given wind speed,

v,
' ST '(/F(Um,ST).
o i

8:(Uig) = (34)

[70] It is plotted as a function of Ujq for crest foam and
static foam in Figure 11. It can be seen that the globally
averaged foam-layer thickness weighted by the coverage is
less than 3.5 cm for static foam and less than 1 cm for crest
foam. As expected, the stronger the wind speed, the thicker
the layers on average. Although crest-foam layers associated
with a given scale of breaking waves are thicker than the
subsequent static patches, 6 is smaller for crest-foam than for
static-foam formations due to smaller fractional coverage.
This parameter is directly related to the overall impact of the
Foam thickness on the microwave brightness signatures as a
function of wind speed.

7. Conclusions and Discussion

[71] A bibliographical survey on the microwave emissiv-
ity of sea-foam formations was conducted and highlighted
the fact that small variations in the thickness of individual
foam layers strongly influence the amount of emitted
microwave radiations. The thickness of foam layers gencr-
ated by breaking waves is naturally distributed due to the
large range of surface wave scales involved in the breaking
process at sea and because of the basic unsteadiness of the
phendmenon. The overall microwave brightness due to
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foam formations in a given sea surface arca is thercfore
the sum of individual contributions from several foam
patches with varying thicknesses. Although the effects of
a distributed (hickness parameler on the foam-induced
brightness temperature may have an intensity comparable
to, and even in some cases larger than, the fractional
whitecap coverage, it is not yect included in brightness
temperature models. To fill this gap, we developed

dynamical model for the conditional fraction of seca surface
cavered by foam layers with thicknesses between 6 and § +
db, as a function of the wind speed at 10-m height U),,.

[72] The thickness of an individual foam layer was
defined here as the depth at which air bubbles and turbu-
lence are injected into the water column. In the available
electromagnetic emissivity models for foam [e.g., Ulaby et
al., 1986; Dombrovskiy and Raizer, 1992; Guo et al., 2001},
sea-foam layers are often described as layers of air-water
mixture with clearly defined lower boundaries between the
foam media and the underlying water masses. The basic
assumption in these models is that the whitecap can be
regarded as a distinct turbulent flow that traps enough air
bubbles for the resulting air-water mixture to be lighter than
the water below. If the density difference inhibits mixing
with the wavy water interface, the foam layer might be
assumed to ride on the top of the water surface. As shown
by Longuet-Higgins and Turner [1974], such a model of
“above the surface foam” is relevant to quasi-steady
breaking for which the foam layer retains its overall identity
during the process.

[73] However, underwater measurements of the evolution
of turbulent bubbles clouds generated just underneath
unsteady breakers [{e.g., Rapp and Melville, 1990] reveal
that the vertical downward extent of the foam-layer is
basically unsteady. In particular, Rapp and Melville’s
[1990] measurements show that the depth of injection of
the turbulent air-water patches into the water column is
driven by the scale of the carrier wave within breaking wave
groups, and the depth exhibits a fast monotonic growth
during the active stage of breaking. Similarly, reported
temporal evolutions of visual surface signatures of individ-
ual unsteady whitecaps also show a fast monotonic growth
of whitecap boundaries during the active stage of breaking
followed by a slower exponential decay. Assuming a self-
similarity between the foam-layer dynamics in the horizontal
and vertical planes, we combined these existing experimen-
tal results to provide a consistent time-dependent model d(X,
1) for the thickness of foam layers generated by individual
breaking waves with length scale X. In the context of foam-
emissivity modeling, it is important to stress that the vertical
distribution v(z, X, £) of the air void fraction within a foam
layer with thickness described by &\, f) is certainly not
constant at any instant £. At the air/foam interface, air void
fraction is indeed [ and the lower boundary of the layer is by
definition located at a depth at which air void fraction is zero.
Although it is out of the scope of the present paper, a model
for the void fraction vertical dlstnbulxon within foam
layers as a function of the scale of breaking waves v(z, ¢
N) = v(z/6(N), £) is also needed.

[74] A key par’unctcrizqtion in our dynamical model of
foam coverage is the distribution A( &)d¢ of the total lcngth
of breaking fronts moving with speed between ¢ and & + dc.
The modeled function A,,(¢) derived from Phillips’ [1985]
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analysis for sea slates at statistical equilibrium provides a
direct relationship between the average total length of
breaking fronts of a given scale and the corresponding
wave-height spectral level (sce equation (17)). 1t is beyond
the scope of the present paper to discuss whether a given
scale of breaking wave (velocity, wavenumber) is uniquely
associated with the spectral level at that same scale. How-
ever, it has long been pointed out that dynamical and
statistical characteristics of wave breaking events, as local-
ized discontinuities, will imply signatures over a wide
spectral range [Rapp and Melville, 1990; Meza et al.,
2000]. Consequently, it may be understood that A, (¢, U)
is somehow overestimated for the shortest scales. [t is also
expected that A.(¢, U) will not apply for the dominant
scales near the spectral peak. For this region a statistical
model as derived by Makin and Kudiyavisey [2002] is
certainly more pertinent. However, the most consistent
parameterizations for the whitecap coverage are obtained
when considering the experimentally derived form for
Nenp(€, U') proposed by Melville and Matusov [2002].
Using their proposed distribution, a mean persistence time
T =~ 0.87, for foam layers, consistent with reported active
breaking event durations, well reproduces the empirical
laws of crest-foam coverage. Considering large persistence
time, our model predictions also match the empirical laws of
static-foam coverage when a proportionality factor of 5 is
chosen between persistence time and breaking wave peri-
ods. This duration is slightly longer than the one reported by
Rapp and Melville [1990], who found a maximum depth of
bubble injection after four wave periods. However, the
greater numerical value we found in order to match empir-
ical fits can be understood since static-foam formations are

not solely generated by breaking waves but also by Lang- .

muir circulation (e.g., foam streaks), and this is not included
in our model. Moreover, when the persistence time T is
artificially set at larger values than the active breaking time
in our modeling, motion is attributed to the whitecap after
the wave had stopped breaking. Common observation
suggests that the foam clouds progressively loose their
advection velocity after the active breaking period: Conse-
quently, our whitecap coverage model for static foam
provides an approximate description of the real long-lived
foam clouds.

[7s] Following this development, a conditional foam
coverage F(U, §) of foam formations with thickness & was
consistently determined. Empirical corrections to account
for atmospheric boundary-layer stability were also added.
As expected, our model predicts that foam layers are on
average thicker with wind speed. When air-sea temperature
difference is about 10°C, we found that foam-layer thick-
nesses reach maximum averaged value at U = 20 m/s of
about 4 cm and | cm for static- and crest-foam formations,
respectively. These values are approximately divided by two
in neutral conditions. To our knowledge, there is no
available experimental data to validate the model results.
However, they are consistent with Wilheit’s [1979] estimate
of an overall averaged sea foam-layer thickness of 1 cm.
Indced, the apparent microwave brightness temperature of
the sea surface due to foam has long been known to be
dominantly determined by spilling wave crests (or stage A
whitecaps) and not static foam [see e.g., Wang et al., 1995;
Monahan, 2002]. The numerical value deduced by Wilheit

19 - 13

[1979] from data collected by satellite-borne microwave
radiometers is therefore consistent with our model predic-
tions for crest foam,

[76] According to emissivily models and measurements,
saturation in foam emissivity, i.c., foam radiations lending
to that of a black body, occurs only if sca-foam thickness is
larger than about 2 times the electromagnetic wavelength.
Our mode! predicts that no saturation should be observed
on average for microwave frequencies from Ku-Band (1.7-
2.5 cm) to L-band (15-30 cm) at wind speeds smaller than
20 m/s. Saturation might, however, appear for smaller
wavelengths such as the Ka-Band (0.75-1.2 cm) cither
when the wind speed is greater than about 14 m/s and the
air-sea lemperature difference is about 10°C, or for U >
18 m/s in neutral stability conditions. According to our
model, under neutral conditions, an increase in wind speed
from 0 to 20 nV/s induces a 2-cm increase for the average sea-
foam thickness. This will approximately induce doubling of
foam emissivity at Ku and C bands measurements according
to theoretical calculations by either Bordonskiy et al. [1978],
Droppleman [1970], or Guo et al. [2001].

[77] Since bubble void fractions and size distributions
beneath breaking waves also depend on the breaking wave
scales, the present model can also be extended to estimate
the integrated evolution of these parameters with wind
speed. In the near future, the proposed set of parameter-
izations will then be used, in conjunction with emissivity
models, to better assess the impact of breaking waves on the
measured brightness temperature. As foreseen, this will
facilitate the development of a consistent inversion of sea
surface characteristics (wind stress, gas transfer coefficient,
etc.) and breaking wave statistics [see, e.g., Anguelova,
2002] from passive microwave measurements at differing
frequencies.
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