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Abstract We present an estimate of the total volume of entrained air by breaking waves in the open
ocean, based on a model for a single breaking wave and the statistics of breaking waves measured in the
field and described by the average length of breaking crests moving with speeds in the range (c, ¢ + dc)
per unit area of ocean surface, A(c)dc, introduced by Phillips (1985). By extending the single breaking wave
model to the open ocean, we show that the volume flux of air entrained by breaking waves, V, (volume per
unit ocean area per unit time, a velocity), is given by the third moment of A(c), modulated by a function

of the wave slope. Using field measurements of the distribution A(c) and the wave spectrum, we obtain

an estimate of the total volume flux of air entrained by breaking for a wide range of wind and wave
conditions. These results pave the way for accurate remote sensing of the air entrained by breaking waves
and subsequent estimates of the associated gas transfer.

Plain Language Summary Processes at the ocean-atmosphere interface control the transfer of
gas and have a profound effect on weather and climate. Among these processes, breaking waves play an
important role by entraining bubbles into the ocean. The dynamics and statistics of breaking waves in a
particular location of the ocean are complex and depend mainly on the local sea state and not only the wind
speed. However, current parameterizations of air-sea gas transfer rely solely on the wind speed, which leads
to large uncertainties in the air-sea exchange budget of gases key to the climate system. In this paper, we
present a theoretical model to estimate the volume of air entrained in the ocean by breaking waves. Using
our model and field measurements of the wave and wave breaking statistics, we obtain an estimate of the
total volume of air entrained by breaking for a wide range of wind and wave conditions. These results pave
the way for accurate remote sensing of the air entrained by breaking waves and estimates of the associated
gas transfer, which will lead to improvements in current climate models.

1. Introduction

Processes at the ocean-atmosphere interface control the transfer of gas and have therefore a profound effect
on weather and climate [Melville, 1996; de Leeuw et al., 2011; Garbe et al., 2014; Veron, 2015]. Among these pro-
cesses, deep water breaking waves play an important role by entraining bubbles into the ocean. The dynamics
and statistics of breaking waves in a particular location of the ocean are complex and depend primarily on
the local sea state not the wind speed.

However, current parameterizations of air-sea gas transfer rely solely on the wind speed. Recent gas transfer
measurements in the ocean, using eddy covariance techniques, have shown large scatter in the gas transfer
velocity, when analyzed as a function of wind speed only, for gases key to the climate system, such as O,,
CO,, and dimethyl sulfide [Garbe et al., 2014]. This demonstrates the failure of wind speed parameterization
at moderate to high wind speeds where it is expected that the role of bubble-mediated gas transfer due to
air entrainment by breaking waves will become more important.

The role of bubbles in air-sea gas transfer has been the subject of numerous studies, demonstrating their
importance [Wallace and Wirick, 1992; Keeling, 1993; Liang et al., 2012, 2013], separating the contribution to
the total flux into the transfer of gas due to bubbles entrained by breaking waves and the diffusive transfer at
an unbroken interface. However, the complex nature of breaking and air entrainment, a two-phase turbulent
process, has made a priori quantification of the bubble statistics a challenging task. Recently, combining lab-
oratory data and novel numerical simulations, Deike et al. [2016] proposed a consistent and predictive model
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for the amount of air entrained by breaking and the associated bubble statistics, as a function of the input
wave variables. It showed a linear relation between air entrainment and mechanical energy dissipated by
breaking waves. Combining this model with recent measurements of the breaking statistics, we propose a
formulation for the volume flux of air entrained in the ocean by breaking waves. This represents a first step
in improving and rationalizing the role of bubbles entrained by breaking waves in the total gas transfer from
the atmosphere to the ocean.

Breaking statistics in the field are described by the distribution of the average breaker front length, A(c), per
unit area of sea surface per unit increment of breaking front velocity c, first introduced by Phillips [1985]. The
moments of A(c) have important physical interpretations [Phillips, 1985]. The first and second moments are
related to the frequency of breaking and whitecap coverage, i.e., the fraction of ocean surface area turned
over by breaking fronts. The fourth moment is related to the momentum flux from the wavefield to the upper
oceanF, = (p/9) f bec3 A(c)de, where g is gravity, p is the water density, and b is the nondimensional break-
ing strength. The fifth moment gives the total gravity wave energy dissipated by breaking waves per unit area
of ocean surface Sy = (p/9) / bc® A(c)dc. Extensive laboratory measurement of unsteady breaking waves
has shown that the breaking strength, b, varies with the wave slope. Drazen et al. [2008] proposed an inertial
scaling argument based on a classical turbulence result of Taylor [1935] that relates b to the slope at breaking
S = hk, b « $°/2, where h is a measure of the height of the breaking wave and k the characteristic wave num-
ber. Introducing a breaking threshold, Romero et al. [2012] showed that to leading order, b = 0.4(S — 0.08)5/2
described all available laboratory data, from incipient to plunging breakers. Recent numerical and experi-
mental work has further confirmed [Grare et al., 2013; Deike et al., 2015, 2016; Derakhti and Kirby, 2016] and
extended these results to parasitic capillaries [Melville and Fedorov, 2015; Deike et al., 2015]. Romero et al. [2012]
used the inertial model to develop a semiempirical spectral model of the breaking parameter b and breaking
dissipation in the field. By measuring the dissipation in the ocean surface layer using acoustic Doppler and
infrared sensors, Sutherland and Melville [2013, 2015] managed to close the wave breaking energy budget
using the fifth moment of A(c) and the formulation from Romero et al. [2012]. This demonstrates the ability to
measure properties of the upper ocean, such as energy dissipation due to breaking, through remote sensing
of the wavefield and the breaking statistics.

Here we follow a similar strategy to estimate the amount of air entrained by breaking waves. By extending to
the open ocean the model for a single breaking wave presented in Deike et al. [2016], we show that the third
moment of A(c), modulated by a function of the wave slope, gives the volume of entrained air by breaking
waves, per unit time, per unit area of ocean surface, V,,. Using this formulation, we estimate the volume flux of
air entrained by breaking waves, V,, using field measurements of the wave and breaking statistics, previously
described in the literature [Kleiss and Melville, 2010; Romero and Melville, 2010; Sutherland and Melville, 2013;
Lenain and Melville, 20171, and discuss its relationship to meteorological and wave state variables.

2. A Model for the Entrainment of Air by Breaking Waves in the Field

We recall the model from Deike et al. [2016] for a single breaking wave and extend this formulation to the open
ocean, described by the statistics of breaking given by A(c) and the statistics of the waves described by the
wave spectrum.

2.1. Air Entrainment by a Single Breaking Wave

In Deike et al. [2016], we presented a model to describe the air entrained and the bubble statistics by a sin-
gle breaking wave, based on the geometry of the entrained bubble cloud, a balance between buoyancy
forces and viscous dissipation when entraining the bubbles, and turbulent fragmentation. The model, based
on physical arguments, describes correctly the limited available laboratory data [Lamarre and Melville, 1991;
Duncan, 1981; Deane and Stokes, 2002; Lim et al., 2015] and our direct numerical simulations (DNSs) [Deike
etal., 2016] of air entrainment and bubble statistics entrained by breaking waves.

The bubble size distribution, N(r, t), over the total volume of breaking, V, = AL, = xh?/4L,, where h is the
height of the breaker and L, the length of breaking crest, is given by [Deike et al., 2016]

& E(t - AT) r_10/3r;)2/3’

N(r,t) = B
=B g

m

where (.) denotes spatial averaging and e(t) = (e(x,t)) is the time dependent but spatially averaged dis-
sipation rate, Az is the time lag between the beginning of the air injection (wave impact) and the time of
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Figure 1. (a) An example of the time evolution (time normalized by the wave period t/T) of the volume of air entrained normalized by its maximum, V(t)/V,, and
the normalized turbulent dissipation rate, pAe(t — A7) /¢, under a breaking wave in our numerical simulation [see Deike et al., 2016, Figure 7] (main figure). Az is
the time lag between the impact of the plunging jet and the maximum dissipation. The breaking time 7, is indicated and corresponds to the time when V(t) is
just 10% of its maximum value. Figure 1a (inset) shows normalized breaking time, or bubble plume time 7, as a function of wave slope, for the simulations of
Deike et al. [2016] (triangles) and laboratory experiments from Callaghan et al. [2013] (squares) and Lamarre and Melville [1991] (diamond). The weighted velocity
in the experiments has been estimated following Deike et al. [2016]. A linear trend 7, Wk = a(hk) (dashed line) is observed, with a = 1 a nondimensional constant.
(b) Normalized time-averaged bubble size distribution, following equation (2). Color symbols are DNS data for various slopes, and black diamonds are the
laboratory data from Deane and Stokes [2002] [see Deike et al., 2016, Figure 13].

maximum dissipation, W is a dissipation-weighted vertical velocity that describes the buoyant rise of the bub-
ble plume, r is the bubble radius, r,, is the maximum bubble radius, and B is the dimensionless bubble cloud
constant. Note that the linear relationship between the bubble size distribution and A = zh?/4 the cross
sectional comes from the observation that the bubble cloud scales geometrically with h?, i.e., both the pene-
tration depth and the horizontal extent of the bubble cloud scale with h. The relationship equation (1) shows
that the time evolution of the air entrained by the bubble plume is, to a good approximation, fully described
by the time evolution of the dissipation rate.

The breaking time, or bubble plume time 7, is defined in Figure 1a, as the time for the plume to decay from its
maximum value to 10% of it. The bubble time can also be defined as the characteristic exponential decay time
of the volume [Lamarre and Melville, 1991], which gives a similar result. This definition appears consistent with
the one used in Callaghan et al. [2013]. We find a relationship between the breaking time, 7, the wave height
at breaking, h, and the dissipation-weighted velocity, W, 7, W « h, for both the laboratory data from Callaghan
etal. [2013] and Lamarre and Melville [1991] and our numerical data [Deike et al., 2016] (inset of Figure 1a).

Averaging N(r, t) over the breaking time 7,, we have

= 1 L -10/3,-2/3
N(r) = B— ==L ,710/3, N 2
(r) 37 oWg m )
with ¢, = pAEg the dissipation rate per unit length of breaking crest, p the density, and & the space and
time-averaged dissipation rate over the active breaking event. The rescaled bubble size distribution N(r) for
available laboratory and numerical data is shown in Figure 1b, providing an estimate of the bubble cloud
constant, B = 0.1 + 0.05.

The total volume of entrained air during the breaking process is obtained by integrating the bubble size
distribution over all radii. The time-dependent volume is

zhL, e(t — At) 3)
W

V() = / m(47r/3)r3N(r, tydr=8
0

Wg

and the time-averaged volume is (with the dissipation rate per unit length of breaking crest being ¢, = bpc®/g)
- m _ L Lc’

V= / (4n/3)r*N(r)dr = B €17 _ gp—< 5. (4)
0 pWg Wg

Recall that the breaking strength b is physically related to the wave slope hk by b « (hk)*/2, and by including
a breaking threshold, Romero et al. [2012] showed that the dissipation by breaking for all available laboratory
data can be described by b = 0.4(5 — 0.08)>/2.
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2.2. Upscaling to the Open Ocean Using the Measured Breaking Statistics A(c)

We now define the volume flux of entrained air per unit area of ocean surface, per unit time, V,, which has
units of volume per unit area per unit time, i.e., velocity. Note that while V, has dimensions of velocity, it should
not be confused with the gas transfer velocity, since all bubbles do not fully dissolve in the water column.
Following the framework of Phillips [1985], we compute V, by integrating the volume of air, per unit length
of breaking crest, entrained by breakers moving at a velocity between c and ¢ + dc, denoted by v/(c), over all
breaking events, described by the distribution of length of breaking crest A(c):

Vy= / vi(OA(0)dc. (5)
By definition, v,(c) is related to the volume described in equation (4), 7, by
vi(c) = V/(Lch), (6)

where 7, defined previously for a single breaking wave, is the active breaking time or plume time.

The dispersion relation for deep water gravity waves is ¢ = \/ﬁ and the breaking time z,, as shown in
Figure 1,is W = h/z,, leading to

V, = / BL éA(c)dc. (7)

(hk) g

The volume flux of air entrained by breaking waves is therefore given by the third moment of A(c), modulated
by a factor that depends on the breaking strength and the associated dissipation, as well as the ratio of work
done by buoyancy forces and mechanical dissipation, represented by the constant B = 0.1. The inertial scaling
argument from Drazen et al. [2008] gives b = y(hk)*/?, where y is an order 1 nondimensional constant (the
threshold will be introduced later). This leads to

Vy= / B;((hk)3/2§A(c)dc. (8)

Therefore, to estimate V,, we need field measurements of the breaking statistics A(c), together with mea-
surements of the wave spectrum and the associated wave slope to compute b/hk = y(hk)*/2. Note that
equation (8) is a general formula that can be used for any wave state, in the presence of swell and wind waves,
since it is based on a general representation of the wave and wave breaking statistics.

2.3. Estimating v,(c) Using Field Measurements of Surface Waves and Wave Breaking

Romero et al. [2012], followed by Sutherland and Melville [2013, 2015], showed that to properly close the wave
breaking energy budget in the ocean, we need to consider spectral properties of the wavefield and com-
pute a spectral breaking parameter b(c), using the wave spectrum (and wave slope spectrum), measured by
high-resolution wave data. This was shown by comparing a measure of the dissipation using the fifth moment
of A(c), using wave spectral measurements for b(c), to measurements of the subsurface turbulence created
by breaking, [Sutherland and Melville, 2013, 2015]. We follow this path to perform a spectral estimate of the
quantity b/hk. Following Romero et al. [2012], the spatially integrated omnidirectional wave spectrum, ¢(k),
is measured in the field and the saturation spectrum is defined as B(k) = ¢(k)k>. Figure 2a shows an example
of a wave spectrum ¢(k) measured during the HIRES 2010 experiment, from an aircraft, using a topographic
lidar as described in Lenain and Melville [2017], together with the associated saturation spectrum, B(k), both
extrapolated at higher frequencies (following Romero et al. [2012] and consistent with recent observations
from Melville et al. [2016]). The spectrum shows a ¢ (k) « k2> power law at low wave numbers, before a tran-
sition to saturation, ¢(k) « k=3, at higher wave numbers (see Melville et al. [2016] for a complete discussion
on the transition from equilibrium to saturation spectra).

We now perform a “spectral estimate” of b/hk = y(hk)*/2, from the wave spectrum data. The spectral break-
ing parameter, as defined by Romero et al. [2012], is given by b(k) = A,(B(k)'/? — B1T/2)5/2, with By and A,
coefficients computed by Romero et al. [2012] to balance wind input and dissipation by breaking in a spectral
wave model, consistent with the laboratory experiments and numerical simulations of breaking waves, and
used in Sutherland and Melville [2013, 2015]. The spectral slope is given by hk = B(k)'/2. We consider

b/hk = A, (B(K)'/? - B}/%)*/2 ©)

Figure 2b shows the distribution of length of breaking crests, A(c), obtained from airborne visible imagery.
The distribution reaches its maximum around 2 m/s, and rolls off for smaller velocities. It follows a trend close
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Figure 2. (a) Measured omnidirectional wave spectrum ¢(k) from airborne data, with the extrapolated tail of the saturation spectrum (main figure). Figure 2a
shows corresponding saturation spectrum B(k) (inset). The spectral slope and the spectral breaking parameter are estimated from B(k). (b) A(c) for the same data

from airborne video imagery (main figure). Figure 2b shows integrand of the volume flux of air, v;(c) = B

b é

0 g A(c), as a function of the speed of the breaking

crest ¢ (inset). It corresponds to the third moment of A(c), modulated by b/hk, estimated spectrally using equation (9).

to ¢~ from 2 to 10 m/s, as described in earlier work [Kleiss and Melville, 2010; Sutherland and Melville, 2013]
and predicted by Phillips [1985]. The third moment of A(c), modulated by b/hk, i.e., v,(c), is shown as an inset
in Figure 2b. It corresponds to an estimate of the volume of entrained air for breakers with speeds between
¢ and ¢ + dc. The maximum contribution to the air entrainment is around ¢ = 3-4 m/s, corresponding to
wavelengths of approximately 6 to 10 m. Parameterization of A(c) is challenging [Sutherland and Melville,
2013], which makes measurements of A(c) very valuable to estimate the role of breaking waves in upper
ocean processes; therefore, in the following, we use the measured data of A(c) to compute the entrained air
rather than a model.

3. Ocean Estimate of V, Using Wave and Breaking Statistics

We now use equation (8) to estimate the volume flux of air entrained by breaking waves in the open ocean,
using field measurements of the spectral estimate of b/hk (equation (9)), and the distribution of length of
breaking crests, A(c), from video and infrared imagery. We use data sets collected previously and described
in earlier publications: airborne data from the GOTEX 2004 experiment [Kleiss and Melville, 2010; Romero and
Melville, 2010; Romero et al., 2012] and the HIRES 2010 experiment [Lenain and Melville, 20171, as well as video
data taken from R/P FLIP during the RaDyo 2009, SoCal 2010, and HIRES 2010 experiments [Sutherland and
Melville, 2013, 2015].

For the data taken from R/P FLIP, we use measurements of A(c) both from visible and infrared cameras. We
consider breaking waves that entrain air, only keeping speeds above 2 m/s. Infrared cameras also measure
the temperature signatures of breaking waves that do not entrain air (typically with speeds below 1-2 m/s);
therefore, we only consider the “visible” part of the A(c) distribution for our analysis, since we are interested in
an estimate of the air entrainment. This is done by applying a threshold, A, (c): any value of A(c) above A, (c)
is replaced by A, (c). The threshold is chosen to be A, (¢c) = 2 - 1073 s/m?, corresponding to an average of the
observed maximum values of A(c) from the visible measurements of Kleiss and Melville [2010], Zappa et al.
[2012], Sutherland and Melville [2013], and Gemmrrich et al. [2013] and chosen to minimize the differences in
the estimated V, from visible and infrared data when both measurements are available at the same time (i.e.,
for some data from Sutherland and Melville [2013]). Changing this threshold obviously changes the estimate
of the volume, and the variability to the procedure is included in the error bars presented below, and is the
largest source of uncertainty in our procedure. The other main source of uncertainty regards the measurement
of A(c) itself which is challenging to perform, both from airborne or research vessels and platforms. As pointed
out earlier, we use the measured data of A(c) to compute the volume flux V,. The error in the measurements
of the wave spectrum should be negligible compared to the one for A(c) when computing V.

Combining the spectral estimate of the wave slope term and the A(c) distribution provides a scale-by-scale
estimate of the strength and occurrence of breaking waves. Therefore, it provides the required representation

DEIKE ET AL.

AIR ENTRAINMENT BY BREAKING WAVES 3783



@AG U Geophysical Research Letters

10.1002/2017GL072883

0.3

1073 03
(a)
e
107 9%)—.‘ oY 0.25 0.25
Vs o e ao
7 . 2 i
@ =2 T
LT :s. 02 E’ E 02 ¢
< =y < < <
> > [ ad g > o g
® o g GOTEX 2004 (V) § f%-
5 SoCal 2010 (V)
10 % 4 HIRES 2010 (V) e 0.1
o e ® Socal 2010 (IR)
° = RaDyO 2009 (IR)
A HIRES 2010 (IR)
107 0.1 7 0.1
107 1078 1072 10" 0% 10° 102 10"  10°
| cA(c)dc (1/s) [ c2A(c)dc (m/s 2)
1073 03
1078 0.3
(d)
0.25 “ . A{], o
107 L R 10 rim § 0.25 o2
Q) S @ ooi? @0 -
= 0.2 ;lf £ 1075 d'... ¢ 0.2 g
B 2 > e 2
1O~5 o Q Ke]
n [ ) »
0.15 1076 .‘} 0.15
107 0.1 1077 0.1
107 10°° 1072 10" 0 10 20 30
WCC U10 (m/s)

Figure 3. Total volume flux of air entrained by breaking waves, V, (equation (8)) as a function of oceanographic and meteorological parameters. (a, b) V, as a
function of the integrated first (Figure 3a) and second (Figure 3b) moments of A(c). The solid black lineis V, = ¢ f c2A(c)dc a linear least squares fit for

V4 >1076 m/s, with ¢ =3 +1-1073 1/s. (c) V, as a function of the active whitecap coverage Wcc. The solid black line is V4 = 1; W¢, and the dashed line is

Vy = 1,Wcc, from least squares linear fits to the two data sets, with 1; =3+ 1-1073 m/sand 1, = 8 + 3 - 1073 m/s. (d) V, as a function of the wind speed at 10 m.
No clear relationship is visible. Color code is the global wave slope gHs/clz). Open symbols correspond to measurements of A(c) with visible imagery: circles for
GOTEX 2004, diamonds for SoCal 2010, and triangles for HIRES 2010. Filled symbols correspond to measurements of A(c) with infrared imagery, cut to keep only
the visible part of the distribution: circles for SoCal 2010, triangles for HIRES 2010, and squares for RaDyO 2009.

of the ocean-wave state, motivating a discussion of the estimate of the volume V, of air entrained by breaking
waves as a function of lower moments of A(c), and various oceanographic parameters.

Figures 3a and 3b show V, as a function of the first (a) and second (b) moments of A(c). In both cases, a corre-
lation is observed between the quantities, which can be expected since the distribution A(c) approximately
follows a A(c) « ¢° relationship for some ranges of larger c. Scatter between the different data sets is visi-
ble between the first moment and V,, while a relatively good linear relation is observed between the second
moment and V,, for volumes of air above a certain threshold (between 107¢ and 10> m/s depending on the
data set). The data below this threshold correspond to wave states with weak air entrainment and small global
wave slope gHS/c;, where H, is the significant wave height and ¢, the phase speed at the peak of the wave
spectrum (or the weighted phase speed in the presence of swell) [see Sutherland and Melville, 2013, 2015].
Note that some studies on ocean-atmosphere interactions have used the wind speed peak velocity when
defining the wave age [Toba et al., 2006; Zhao et al., 2006]. Note also that the values of V, between 103 and
10~° m/s appear compatible with measurements of the void fraction just below the surface [Terrill et al., 2001].

Figure 3c shows the volume flux of air, V,, as a function of the active whitecap coverage W, defined as the
percentage area of sea surface covered by actively breaking whitecaps (see Kleiss and Melville [2010, 2011],
Lenain and Melville [2017], and Melville et al. [2016] for details on how W is computed). For each data set, a
reasonable linear correlation is visible. This is the first rational model that demonstrates a relationship between
the active whitecap coverage and the air entrainment. The differences between the data sets are probably
related to the differences in defining and computing W, for different field and light conditions. Therefore, the
particular values of the fitted constants should be considered carefully. Note that we observe more scatter in
the correlation between V, and the whitecap coverage W, than between V, and the second moment of A(c).
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Figure 4. (a) V4 /¢, as a function of wave age, ¢, /u,.. The solid black line is a least squares fit, V4 = r; (cp/u*)‘51 ,with y; =23+3-1073 and & = 1.9 + 0.3 fitted
nondimensional coefficients. The black crosses are bin-averaged data. (b) V4/c, as a function of the ratio of the friction velocity to the ballistic velocity, u*/\/g_Hs.
The solid black line is a least squares fit, V /¢, = xz(u*/\/g_Hs)‘fZ, with y; =5.4+5-107% and &, = 2 + 0.3 fitted nondimensional coefficients. The black crosses
are bin-averaged data. Color code is the wave slope, and symbol key is the same as in Figure 3.

Both quantities are related to the active area of breaking waves, but the intrinsic definition of A(c) permits a
more consistent comparison between data sets.

Figure 3d shows the volume flux of air, V,, as a function of wind speed at 10 m, U,,, and no clear relationship
can be observed. This result is of considerable importance since most of the current gas transfer parame-
terizations are based on the wind speed with no dependance on the wave state nor breaking. Our results
show clearly that the wind speed alone does not describe the entrainment of air. For the same wind speed,
we get differences of more than 2 orders of magnitude in the amount of air entrained, depending on the
wave conditions. Furthermore, wind speeds varying by more than a factor 4 can give the same volume of
entrained air.

Figure 4a shows the total volume flux of air entrained, rescaled by the peak velocity, V,/c,, as a function of
wave age, ¢,/u,, where u, is the friction velocity. The volume of entrained air decreases with the wave age,
which corresponds to younger seas presenting more and stronger breaking events and therefore entraining
more air. The bin-averaged data clearly show this decreasing trend, close to a power law. While some scatter
remains between the different data sets, we observe a power law trend, V, = z,(c,/u,)~*. The fitted nondi-
mensional coefficients are the exponent, &, = 1.9+0.3, and the coefficient y; = 2.3+3-1073. Figure 4b shows
V4 /¢, as a function of the friction velocity rescaled by the ballistic velocity \/g_Hs [Drazen et al., 2008]. The vol-
ume increases with u*/\/g_Hs as expected, and we observe a similar power law trend on the bin-averaged
data. The data are described by V, /¢, = xz(u*/\/g_HS)'fZ, with again some scatter between the various data
sets. The fitted exponent for the power law is &, = 2 + 0.3, and the coefficient y; = 5.4 + 5 - 107*. Note that
the two exponents for the power laws, &; ~ &,, are consistent with the fetch-limited relationship ¢, « \/g_Hs

Note that the increased scatter visible for older wave ages (large ¢, /u,), or small u,./4/gH,, is explained by the
fact that fewer breaking events are present, leading to a smaller sampling size when measuring the breaking
statistics A(c) and therefore leading to more scatter in the data.

While some scatter between the data sets is still present, these rescaled plots show that a combination of wind
and wave variables permits a better description of the volume of entrained air, with an overall scatter in the
data significantly reduced compared to the relationship where the wind only was considered. The remaining
scatter in the data is of the same order of magnitude as that when rescaling A(c) alone in Sutherland and
Melville [2013].

4. Discussion

We have presented a rational model to estimate the volume flux of air entrained by breaking waves in the
ocean. We have shown that the volume flux of air V, entrained by breaking waves (volume per unit area per
unit time: the air entrainment velocity) is described by the third moment A(c), modulated by a function of
the wave slope, which extends the work of Phillips [1985], by completing the physical interpretation of the
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moments of A(c) from the first to the fifth. Our formulation is general and is not limited to any particular wave
state. We obtain air entrainment velocities, V,, between 106 and 10=* m/s, which appear compatible with
existing limited measurements of the void fraction below the surface. From V,, we can estimate the total sur-
face area of bubbles entrained by breaking waves from the bubble size distribution, by assuming minimum
and maximum bubble sizes. The obtained increase in the exchange area due to the entrained bubbles is at
least 10% and up to 50% (this number is sensitive to the chosen boundaries of the bubble size distribution
and of course to the error bars on V,). These numbers are very significant, showing that even if breaking is
intermittent in space and time, it is an essential ingredient for air-sea interaction, in particular for gas trans-
fer. Moreover, the pressure acting on the bubbles entrained in the water column is increased by hydrostatic
pressure and surface tension. Because of this compression effect, gas is forced into solution, leading to a large
increase in the transfer and saturation of gases. Clean bubbles may eventually fully dissolve in the water [Woolf
and Thorpe, 1991; Keeling, 1993; Liang et al., 2012, 2013].

The volume flux of air, V,, presents a strong linear correlation with the second moment of the breaking statis-
tics, f c2A(c). A reasonable linear correlation between V, and the active whitecap coverage is also observed,
and we believe that some of the observed scatter is due to the nonuniformity in the way the whitecap cover-
age is measured. No clear relationship between the wind speed at 10 m, U,,, and V,, is observed, which can be
easily explained by the fact that a given wind speed does not correspond to a unique wave state, except per-
haps in the asymptotic case of “fully developed” waves, but that is the exception [Hanley et al., 2010]. Better
correlations are observed with parameters depending both on the wave conditions and the wind, such as
the wave age ¢, /u,, or the friction velocity rescaled by the ballistic velocity u*/\/g_Hs. A similar discussion
has recently been presented independently by Liang et al. [2017]. Inspired by these results, we find the fol-
lowing relationships, V,/c, = x;(c,/u,)™®, and V,/c, = ;(2(u*/\/g_f-ls)'52, with & ~ & ~ 1.9 + 0.3, and
71 =23+3-1073, y, = 5.4+ 5-107* fitted nondimensional constants. More field measurements are needed
to reduce the error bars and clarify wether the observed scatter comes from differences in measurements and
data processing or if other wave and meteorological parameters have to be considered to properly rescale
the data.

To conclude, we believe that these relationships could serve as the basis for future gas transfer parameteriza-
tions and that this work opens the way for physical parameterization of gas transfer due to bubbles entrained
by breaking waves.
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