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Abstract Bubbles bursting at the ocean surface are an important source of ocean-spray aerosol, with
implications on radiative and cloud processes. Yet, very large uncertainties exist on the role of key physical
controlling parameters, including wind speed, sea state and water temperature. We propose a mechanistic

sea spray generation function that is based on the physics of bubble bursting. The number and mean droplet
radius of jet and film drops is described by scaling laws derived from individual bubble bursting laboratory

and numerical experiments, as a function of the bubble radius and the water physico-chemical properties
(viscosity, density and surface tension, all functions of temperature), with drops radii at production from 0.1 to
500 pm. Next, we integrate over the bubble size distribution entrained by breaking waves. Finally, the sea spray
generation function is obtained by considering the volume flux of entrained bubbles due to breaking waves in
the field constrained by the third moment of the breaking distribution (akin to the whitecap coverage). This
mechanistic approach naturally integrates the role of wind and waves via the breaking distribution and entrained
air flux, and a sensitivity to temperature via individual bubble bursting mechanisms. The resulting sea spray
generation function has not been tuned or adjusted to match any existing data sets, in terms of magnitude of sea
salt emissions and recently observed temperature dependencies. The remarkable coherence between the model
and observations of sea salt emissions therefore strongly supports the mechanistic approach and the resulting
sea spray generation function.

Plain Language Summary Very large uncertainties in sea spray aerosol predictions remain despite
long standing efforts, and play a critical role in large scale atmospheric processes, from radiative balance to
life cycle of clouds. The uncertainties are related to the large range of scales involved, and the complexity of
the original production processes, and lead to open questions on the dependencies on wind speed, ocean wave
properties and water temperature. We propose a mechanistic formulation for sea spray aerosol emissions caused
by bubble bursting at the ocean surface, by combining knowledge of individual bubble bursting processes,
bubble statistics under breaking waves, and the distribution of breaking waves forced by realistic winds. The
resulting sea spray aerosols emissions are in remarkable agreement with field observations, without being
adjusted to match any existing data sets, in terms of magnitude of sea salt emissions and size distribution. The
remarkable coherence between the model and observations of sea salt emissions therefore strongly supports
the mechanistic approach and paves the way for improved modeling of atmospheric processes controlled by
aerosols of oceanic origin.

1. Introduction

Knowledge of the size distribution of primary ocean spray aerosol particles and its dependence on meteorolog-
ical and environmental variables is necessary for modeling cloud microphysical properties and the influence
of aerosol on radiative processes (de Leeuw et al., 2011). Currently, the extent and brightness of marine low
clouds are poorly represented in Earth system models, and the response of low clouds to changes in atmospheric
greenhouse gases and aerosols remains a major source of uncertainty in earth system projections (de Leeuw
et al., 2011; Painemal et al., 2015). Biases and uncertainties in predicting sea spray aerosols are expected to be
particularly important in modeling remote regions, where perturbations by anthropogenic aerosols are limited
(DeMott et al., 2016).

Sea spray aerosols are composed of small liquid droplets formed through two main pathways following wave break-
ing. The spume drops, produced from the tearing of breaking wave crests by strong winds, consist mostly of drops
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Wind and waves constrain the Bubble size distribution entrained \

breaking wave distribution A(c); and under a breaking wave q(Ry) (fig 2c,

associated volume of air entrained V, inset) and associated ejected drops

(eq. 7, fig 3) (d)

(c.d): Droplets produced by single
bubble bursting (film and jet
drops), eq. 1, 2, 3, 4 and fig. 2a,b.

A

Drops produced by integration over all bubbles bursting
from a single breaking wave, eq. 5, 6. (fig 2c).

dl
-
Drops produced by (all) bubbles bursting under

a statistics of breaking waves, eq. 8,9, 10. (fig 3)
(forced by the wind).

Figure 1. Sketch of the modeling approach, adapted from Deike (2022). Sea spray droplet mechanisms are presented in
Section 2.1, with scaling relationships for the number and radius of ejected film and jet drops at production. The resulting sea
spray size distribution produced by a breaking wave is then obtained by integrating over the canonical bubble size distribution
in Section 2.2. Air entrainment by the wavefield forced by wind is then obtained by integration over the breaking distribution
in Section 3. The resulting sea state sea spray generation function is then analyzed globally using a spectral wave model
(Section 4).

larger than 10 um (Veron, 2015). Drops produced by bursting bubbles are known as film drops (Blanchard, 1963;
Lhuissier & Villermaux, 2012) and jet drops (Deike et al., 2018; Ghabache et al., 2014; Spiel, 1994, 1997), with
radii at formation ranging from sub-microns to hundreds of microns. These droplets may be transported to the
upper atmosphere (Richter et al., 2019), where they evaporate, and may serve as cloud condensation nuclei (de
Leeuw et al., 2011; Lewis & Schwartz, 2004). The droplets can transport dissolved gases, salts, and biological
materials, with their chemical composition affected by the production mechanisms (Bertram et al., 2018; Cochran
et al., 2017; Prather et al., 2013; Quinn et al., 2015; X. Wang et al., 2017).

Large uncertainties remain in predicting the sea spray aerosol size generation functions. Numerous parame-
terizations of sea spray production have been proposed with very large uncertainties and variability of several
orders of magnitude through the full spectrum of droplet radii (de Leeuw et al., 2011; Gong, 2003; Lewis &
Schwartz, 2004; Martensson et al., 2003; Meskhidze et al., 2013; Ovadnevaite et al., 2014; Veron, 2015). As a
consequence, predictions for the total amount of sea salt emitted over the ocean vary by a factor of 50 (de Leeuw
et al., 2011). Once implemented in atmospheric models as sources of sea spray aerosols, the particular choice
of parameterization will affect the modeled radiative budget through direct and indirect effects contributing to
uncertainties on the precise role of sea salt aerosols on atmospheric processes, as well as their potential impact
on climate (Johnson et al., 2020; Paulot et al., 2020). In particular, the sensitivity of sea spray aerosol emissions
to temperature remains uncertain and is not well characterized (Cochran et al., 2017; Forestieri et al., 2018; Liu
et al., 2021; Salter et al., 2014; Sellegri et al., 2006; J. Wang et al., 2021) which prevents a proper assessment of
the potential role of sea spray aerosol in a warming climate (Johnson et al., 2020; Paulot et al., 2020).

The lack of quantitative representation of the production processes leads to tuning of multiple empirical coeffi-
cients in order for the sea spray generation function, to match observations. In contrast, we propose a mechanistic
approach leading to a sea state dependent sea spray generation function from bubble bursting, summarized in
Figure 1. Our model combines a physical description of air entrainment and bubble size distribution under break-
ing waves, together with a statistical description of the droplets being ejected by bubble bursting at the air-sea
interface. We consider drop production by film drops and jet drops. The radius and number of drops ejected
for a given bubble size distribution is characterized based on extensive laboratory and numerical studies of the
individual bursting mechanisms, and physically accounts for variations in bubble radius, and variations in water
density, viscosity, surface tension and temperature. The breaking distribution is characterized according to the
distribution of length of breaking crest that physically accounts for the role of the sea state through the surface
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wind-wave spectrum. Our approach does not require tuning of parameters to obtain a particular wind or tempera-
ture dependence as these physically arise from the modeling steps at various scales. The obtained size distribution
is determined by the bursting mechanism with a sensitivity to temperature in terms of the radii and number of
drops produced, while the wind sensitivity arises from the dependence of the total amount of air being entrained
by breaking waves on the local wind and waves.

Section 2 summarizes the mechanisms for droplet production by individual bubbles and the associated physical
scaling relationships derived from fundamental studies (theory and laboratory). Section 3 integrates the bursting
mechanisms into a generation function, by considering the size distribution of bubbles created by breaking waves
and the breaking wave distribution, and we discuss the resulting spectral (size) dependencies of the generation
function. Section 4 applies the formulation globally by using a spectral wave model, forced by realistic winds, and
global sea surface temperature data base, and we discuss the production of sea salt globally. Section 5 presents a
discussion on the accuracy of the proposed approach, remaining uncertainties, and potential for practical use of
sea-state dependent air-sea fluxes formulations.

2. Mechanisms of Droplet Production by Bubble Bursting

Droplets are produced by bubble bursting through a variety of mechanisms, with physical descriptions that remain
an active research topic. Two mechanisms are considered here that encompass the full range of drop production
and are described in detail below: film bursting leading to film drops, and cavity collapse leading to jet drops,
sketched in Figure 1. The drops have radii at formation ranging from sub-micron to super-micron depending on
the bubble radius. Laboratory and numerical studies provide a detailed description of the number and radius of
drops formed by a single bursting bubble for the separate mechanisms, together with the range of applicability
in terms of bubble radius and liquid properties (viscosity, surface tension). We summarize in this section and in
Figure 1 our current mechanistic knowledge of drop production by bubble bursting, based on laboratory experi-
ments and numerical simulations for jet and film drops performed on individual bubbles (see Deike, 2022, for a
recent summary).

Our discussion on the droplet production process by bubble bursting yields predictions for the drop radius at
formation (or 98% relative humidity by convention (Lewis & Schwartz, 2004)). These droplets are transported
and evaporate in the surrounding atmosphere, so that the literature reports data in terms of the droplet radius at
80% relative humidity rﬁ‘)% and the salt (dry) particle diameter D, . The conversion factor between dry solid salt
particles and droplets radius is taken as 2Dy, = 2r20% = rq (see Fitzgerald, 1975; Lewis & Schwartz, 2004).
We note the recent revision on the sea salt hygroscopicity (Zieger et al., 2017). Section 2 presents results on the
numbers n and radii 7, of drops at formation formed by bursting bubbles (consistent with the fluid dynamics liter-

ature e.g., Berny et al., 2021; Lhuissier & Villermaux, 2012). In Sections 3 and 4, we use the above conversion

80%
d

Leeuw et al., 2011; Lewis & Schwartz, 2004). Note that below D, ~ 0.1 pm, the sea spray aerosols are mainly

factor and present the results in terms of D, or r,”* (in-line with most of the literature on sea salt aerosols e.g., de
of organic composition (Bertram et al., 2018; Quinn et al., 2015), and their radii is not directly proportional to the
liquid drop radius as opposed to that for sea salt aerosols.

2.1. Number and Mean Droplet Radius Produced by Bubble Bursting
2.1.1. Jet Drops

Jet drops are produced when the bubble cavity collapses and forms a vertical upward jet that destabilizes into drops.
Berny et al. (2021) (following Berny et al. [2020]) used large ensembles of numerical simulations to describe
the statistics of jet drop ejection, characterizing the number and radius of all jet drops being produced; evaluated
against laboratory data (Brasz et al., 2018; Ghabache & Séon, 2016; Ghabache et al., 2014; Spiel, 1994, 1997),
see also Lewis and Schwartz (2004), Hayami and Toba (1958), Blanchard and Woodcock (1957), Moore and
Mason (1954), and Blanchard (1963, 1989). The data are well described by physical scaling relationships initially
derived by Gafian-Calvo (2017). Jet drops are produced by bubbles with radius R, smaller than the capillary size,
R, <?,with¢, = m , p the water density, g acceleration due to gravity, and y the air-water surface tension.
The smallest bubble able to produce a jet drop is determined by a visco-capillary balance. Experiments and simu-
lations suggest R, ;. /1, ~ 900 (Berny et al., 2020; Walls et al., 2015), with [, = u*lyp the visco-capillary length (u

b.min" “u
the water dynamic viscosity), which at 20°C corresponds to R, . close to 10 pm. While bubbles of 10 pm radius

b,min
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are able to produce (sub)micron drops, the presence of bubbles of 10 pm at the ocean surface remains uncertain.
Bubbles of radii from 10 to 50 pm have rise velocity of a few mm/s, and might fully dissolve before they reach the
surface (Lewis & Schwartz, 2004). Note that if the rise velocity is too small compared to the typical water turbu-
lent velocity fluctuations, the bubbles would act as flow tracer and never reach the surface; while any bubbles will
be slowed down by the turbulence fluctuations. The radius of the smallest bubble at the surface remains uncertain
(as no direct measurement exists in the field) but is estimated here to be R, ~ 60 pm based on dissolution (Lewis
& Schwartz, 2004) and bubble dynamics in turbulence (Aliseda & Lasheras, 2011). The mean number and radius
at ejection of jet drops follow Berny et al. (2021)

nje(Ry) = 71(Ry /1) and (ra)jer = 2l (Ry /1,)"*, (1

with y, = 145 and y, = 0.008 non dimensional coefficients adjusted to the single bursting data. Smaller bubbles
lead to more drops (due to the capillary wave selection process) and a maximum of about O(10) drops are ejected,
and the mean radius from 0.5y for a O(10 pm) bubble to 500 pm for a O(2 mm) bubble. We note that the number
and size of emitted jet drops is sensitive to temperature through the water viscosity, which has been extensively
tested experimentally and numerically (Berny et al., 2020; Brasz et al., 2018; Ghabache et al., 2014).

2.1.2. Film Drops

Film drops are generated by the rupture of the thin layer (film) of water that initially separates the bubble from
the atmosphere. The droplet radius and number are controlled by the film thickness at bursting h,. We consider
two modes of production associated with film drops, following Lhuissier and Villermaux (2012) and Jiang
et al. (2022) and using physical scaling relationships for the mean values of the number and radius of the ejected
droplets based on various data sets.

The first mode of production (mode I in the following) is associated with a centrifuge process ejecting the film
after bursting. Such film drops are produced by bubbles with radius R, > 0.2¢, corresponding to 0.6—10 mm in
salt water, leading to drops with radii at formation ranging from 0.5 pm to several hundreds of pm (Blanchard &
Syzdek, 1988; Cipriano & Blanchard, 1981; Lhuissier & Villermaux, 2012; Resch & Afeti, 1991). Lhuissier and
Villermaux (2012) proposed a set of scaling relationships for the mean number and radius at ejection

nsimi (Ro) = 15(Ro /1) (Rs /1) "* and (ra) rums = 2R}/ * 1", @

with y; = 0.04 and y, = 0.5, and h, the mean film thickness at rupture, which varies from 0.1 to about 50 pm
for bubbles from 1 to 10 mm, leading to drops in the same range of sizes. Lhuissier and Villermaux (2012) and
Poulain et al. (2018) proposed that the film thickness at rupture is controlled by Marangoni stresses, originating
from fluctuations in temperature and contamination at the water surface. These theoretical arguments lead to a
dependency in a local Sc number, with Sc¢ = v/D a Schmidt number describing the diffusion of contaminant on
the bubble surface, where D is the diffusivity of contaminant in the film (which can be obtained by Einstein's
formula, D = kyT/(6unr,), where kj is Boltzman constant, T the seawater temperature, and 7, the typical contam-
inant size). We note that the nature of contaminant is not considered here, and that surface elasticity effects that
might reduce evaporation are neglected. This leads the semi-empirical scaling for film thickness at bursting,

hy = ysSc™'2R? /1. (Poulain et al., 2018; Shaw & Deike, 2022), with y = 0.04. At relative humidity of 80%, the

80%
d

thickness at bursting has received some experimental confirmation (Poulain et al., 2018; Shaw & Deike, 2022),

smallest mean film drop radius is ~ rZO ~ 0.5um (using " = 0.5r,). The sensitivity to temperature for the film
however the sensitivity of the size and number of film drops (Equation 2) to temperature remains to be fully
validated experimentally.

Separately, numerous measurements have reported solid dry particles (sea salt aerosols) with diameters as small
as 0.01 pm attributed to film drops (Cipriano & Blanchard, 1981; Martensson et al., 2003; Resch & Afeti, 1991;
Sellegri et al., 2006; X. Wang et al., 2017), as summarized in Lewis and Schwartz (2004). These submicron film
drops have recently been attributed to a flapping mechanism (Jiang et al., 2022) that applies for bubbles from
about 100 pm to 1.2 mm in salt water. Combining the recent data from Jiang et al. (2022) and those summarized
by Lewis and Schwartz (2004), we propose a set of empirical scaling relationships, leading to

Hrimir(Ry) = x6Sc™ (R /1.)* and {rg) pitmir = Z7SC_I/Z(Rb/lc)I/3, 3)
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Figure 2. Summary of number n(R,) (a) and mean radius (r,) (b) of ejected liquid droplets, as a function of the bursting bubble radius R, for jet drops (dotted lines),
and film drops separated into two sub-processes (mode I, dashed lines and II, solid lines). For bubbles from 0.1 to 1 mm, film drops (mode II) produce up to O(100)
droplets, with mean radius at formation around 0.1 um. For bubbles above 1 mm, larger film drops (mode I) are produced (from 1 to 100 pm). Jet drops are produced
from bubbles of O(20 pm) to a few mm, leading to radii from O(1 pm) to O(100 pm). Lines (dot, dash and solid) are the semi-empirical relationships at 20°C proposed
to describe the data (Equations 1-3). Symbols are single bursting data. Black for jet drops, dark gray for film I, light gray film II. Black crosses (Berny et al., 2021);
black diamonds (Spiel, 1998); black stars (Ghabache, 2015). Gray crosses (Lhuissier & Villermaux, 2012); Gray squares, compilation from Lewis and Schwartz (2004);

bubble size distribution (¢(R,), show in inset). The droplet distribution Ny (

80
r(l

gray dots and triangles (Jiang et al., 2022); Down gray triangles (Shaw & Deike, 2022). (c) Resulting droplet size distribution (Equation 5), after integration over the

) is expressed in terms if the radius at 80% relative humidity, for film (mode I, dashed

lines; and mode II solid lines) and jet drops (dotted lines). A bubble cut-off of 60 pm is considered (see text). Temperature is color coded from cold (blue) to warm (red)
temperature.

water, with values of 1, 5, 10, 20, and 30°C. Temperature sensitivity is described by the scaling relationships (Equations 1-3). More drops are produced for colder water
for jet drops and large film drops, while the opposite trend appears for small film drops. The radius of the peak of production shifts to larger values with increasing

DEIKE ET AL.

with y, = 3.6 X 10® and y, = 5 X 107>. The scaling follows the dependence on bubble radius suggested by the data
from Jiang et al. (2022) and historical data summarized by Lewis and Schwartz (2004), with a reasonable agree-

ment as shown in Figure 2. We note that the temperature dependency in terms of the Sc number is suggested from

These drops will be called film drop mode 11, or flap drops.

the scaling proposed in Jiang et al. (2022) and Poulain et al. (2018) and remains to be validated experimentally.

Figure 2 summarizes the mean drop radius and mean number of ejected drops, together with data from the litera-
ture (Berny et al., 2021; Blanchard & Syzdek, 1988; Cipriano & Blanchard, 1981; Ghabache & Séon, 2016; Jiang
et al., 2022; Lewis & Schwartz, 2004; Lhuissier & Villermaux, 2012; Resch & Afeti, 1991; Shaw & Deike, 2022;
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Spiel, 1998), with the colored lines corresponding to temperature increasing from 1 (blue) to 30°C (red). The
coefficients in the various scaling relationships (y,) are obtained from least squares fits to the experimental data.
Uncertainties on the jet drop numbers are evaluated to be of less than a factor of 2 (Berny et al., 2021; X.
Wang et al., 2017) and on the size of the drop of less than 30% (Berny et al., 2020, 2021; Gaiian-Calvo, 2017).
Uncertainties for film drops are larger due to the statistical variability in the bubble life time, which controls the
film thickness at bursting. The film thickness itself controls the number and size of ejected drops (as visible in
Figure 2a), such that the uncertainty is evaluated to be between a factor of 2—4.

For each of these three modes of production, the distribution of drop size production by bubble bursting is then
be modeled by a Gamma distribution (Villermaux, 2020), a two-parameter function controlled by the mean drop
radius (r,) and its order m,

m =l rd
P (ra/{ra)) = %(&—%) e, “

The values of the order m considered here will be m = 11 for both film and jet drops (the order of the Gamma
function will only affect the shape at the tail and peak of the distribution, with the cut-off length being the most
important parameter). The adequacy of the Gamma distribution to describe film and jet drops distributions is
discussed in Lhuissier and Villermaux (2012) (single bursting experiments on film drops), Berny et al. (2021)
(numerical simulations on jet drops) and Neel et al. (2022) (collective bursting experiments on film and jet drops).

2.2. Bubble Size Distribution Under a Breaking Wave and Associated Sea Spray Droplet Distribution

We now construct the associated sea spray generation function due to bubble bursting. We assume a represent-
ative size distribution of bubbles entrained by breaking waves, based on laboratory and numerical studies. We
assume that the associated bubbles that burst at the surface follow the same distribution (neglecting coales-
cence at the surface), and that the bursting process is well captured by the scaling relationships described in
Section 2 (Equations 1-4). These assumptions could be modified by considering the bubble plume evolution and
measurements of the surface bubble size distribution actually bursting, as discussed in Néel and Deike (2021) and
Neel et al. (2022) on surface dynamics of an ensemble of bubbles and possible collective effects.

The bubble size distribution entrained by a breaking wave has received extensive scrutiny (Deike, 2022). Based
on laboratory (Blenkinsopp & Chaplin, 2010; Deane & Stokes, 2002; Loewen & Melville, 1994; Rojas &
Loewen, 2007) and numerical (Deike et al., 2016; Mostert et al., 2022; Riviére et al., 2021, 2022; Z. Wang
et al., 2016) work, the size distribution can be described as following two power laws, above and below a critical
length scale, the Hinze scale R, (Hinze, 1955). The Hinze scale is the scale at which surface tension prevents
fragmentation by turbulence and in ocean conditions, R, & 1 mm (Deane & Stokes, 2002). The size distribution
q(R,) of bubbles entrained under a breaking waves, and defined as the number of bubbles per bin size, per unit
volume, follows g(Rj) o Rb_m/ 3 for bubbles R, > R,;, while g(R;) R;S/ % for R, < R, (Deane & Stokes, 2002;
Mostert et al., 2022; Riviere et al., 2021, 2022; Z. Wang et al., 2016). The total number of entrained bubbles is
constrained by the breaker geometry (wave slope and wave speed) and a balance between buoyancy and turbu-
lence forces (Deike et al., 2016, 2017; Mostert et al., 2022). Uncertainties of the total number of bubbles entrained
is evaluated to be of a factor of 2 (Deane & Stokes, 2002; Deike, 2022; Mostert et al., 2022). Field measurements
of the bubble size distribution under breaking waves close to the water surface remain limited due to significant
technical challenges (Czerski et al., 2022a, 2022b).

The size distribution of drops produced by bubble bursting entrained by a breaking wave can then be obtained by
integration over all bubble radii (Berny et al., 2021; Deike, 2022; Lhuissier & Villermaux, 2012),

R
_ [ q(Ry) n(Ry)
Na(rq) = /R —<rd> R, p(ra/{ra), Rp) dRy, (@)

bmin

where n(R,), (r,) are respectively the number and mean radius of drops resulting from one of the mode of produc-
b,min and Rb,max
upper bound of production of drops through the considered mechanism. The product g(R,)n(R,)dR, gives the

tion (jet, film mode I or mode II, subscripts have been omitted for simplicity), R are the lower and
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number of drops generated by bubbles with radii between R, and R, + dR,. The total size distribution of drops
will then be obtained by summing over the three modes of production.

Defining & and f such that g(Ry) n(R;) R%, (ra) « Rﬁ, and ¢ = (@ — 1) /f, Equation 5 integrates to (Berny
et al., 2021; Lhuissier & Villermaux, 2012)

Nu(ra) = Ar}' ™ [Cine(m + &, mra [ Famax) = Tine(m + &.mra /Tamin)| . (6)

where I is the incomplete Gamma function, 7, .. = (") (R, 105 Tumin = () Ry min)> and A is the combined
pre-factor of the various algebraic laws.

For film drops (mode I), following Lhuissier and Villermaux (2012) we consider R, ,;, z,, ~ 0.6 mm and
Ry o i & 10 mm, so that film drops are mostly produced by super-Hinze scale bubbles with g (Rp) « R;m/ ’,
hence { = 3/4 so that Ny(ra) i1,y r;7/ *. For film drops (mode II), following Jiang et al. (2022) we have mainly
sub-Hinze bubbles (ranging from 0.1 to 1.2 mm), with g(R;) Rb_3/2, hence { = —3/2 so that Ny(ra) fiymi; & r;/z.
For jet drops, following Berny et al. (2021), we consider R, .. i, # [, & 2.7 mm, so that jet drops are mainly

produced by sub-Hinze bubbles, with g(R}) o R;3/2, hence ¢ = 2/3 so that J\/‘d(rd)je, x rd_m.

The coefficients .4 for each mechanism can be obtained by numerical integration of Equation 5 (with appropriate

bounds and values of £). We obtain for jet drops, A, = Ay R;ﬁ, with A = 6.4 - 10°(l,/ Rir)*"?; for film drops
(mode 1), Agiims = Ars R}/, with A, = 1.6 x 108Sc"5; and for film drops (mode II), A imir = Ar.11R;, ", with
Apy=63x 10125¢716,

The resulting droplet size distribution for the three modes of production are shown in Figure 2c, considering
the canonical bubble size distribution (in number of bubbles per unit volume) under a breaking wave (shown
in inset of Figure 2c). The bubble radius cut-off for drop production is chosen to be 60 pm, corresponding to
bubbles rising at a few mm/s (Aliseda & Lasheras, 2011). We assume that bubbles with smaller rise velocity will
be prevented from moving to the surface by turbulence fluctuations, similar to assumptions made when consid-
ering bubble dissolution (Deike, 2022; Thorpe, 1982; Woolf & Thorpe, 1991). The ejected droplet distribution
is presented in terms of the radius at 80% humidity, rio for consistency with the literature. The distributions for
temperature increasing from 1 to 30°C (blue to red) are shown, and illustrate the role of temperature on the radius
and total number of drops being ejected for the three modes of production. The number of film drops (mode
II) is increasing with temperature, while the film drops mode I and jet drops number decrease with increasing
temperature. For all modes of production, an increase in temperature leads to an increase in the diameter at which
the distribution peaks. The film drops (mode I) coming from larger bubbles contribute to drops from 1 to several
hundreds microns but are less numerous than the jet drops over the same range of conditions. For film mode I and
jet drops, the asymptotic scaling r;7/ *and « r;S/ }
too narrow and appears mostly as a single peak or mode of production. The film-flap drops are the main source

are observed, while the film-flap drop range of production is

of sub-microns sea spray aerosols. We note that the smallest jet drops are highly sensitive to the cut-off chosen
for the smallest bubble present in the system, here considered to be about 20 pm. If a different cut-off is chosen,
for example, 10 um (respectively 100 um), then the smallest rgo obtained would be 0.5 um (respectively 5 um).
This discussion highlights the importance of the choice of the bubble size distribution in the present framework,
and we caution that direct measurements of the surface bubble size distribution in the field do not exist so that our
understanding is entirely based on theoretical considerations and laboratory measurements.

3. A Sea State Dependent Sea Spray Source Function

In the open ocean, surface waves are primarily generated by the wind. At the onset of wind, the sea-state develops
and the wind-sea wave age increases as a function of the time and distance (fetch) that the winds force the waves.
Waves of longer wavelengths are energized through non-linear processes that transfer energy from shorter waves
into much longer waves (wavelengths up to several hundreds of meters). These long waves, or ocean swell waves,
then propagate freely through the open ocean, capable of transmitting energy to distant coasts. At a given time
in the ocean, the local sea-state therefore reflects the combination of the locally generated waves that are highly
correlated to the local wind, and remotely generated swell waves that are mostly independent of the local wind.
A parameterization for the sea spray source function that is formed using only the wind speed cannot explicitly
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capture the sea state dependent variability of local wave properties due to the remotely generated swells. We now
describe a more comprehensive approach to capture the sea spray source function variability that considers the
full wave spectrum.

3.1. Air Entrainment and Bubble Production by Breaking Waves

The classic approach to go from sea spray production by individual bubble bursting to ocean conditions has been
to use the whitecap coverage as a proxy for the total amount of bubbles present at the ocean surface (de Leeuw
et al., 2011; Lewis & Schwartz, 2004). The lack of a quantitative link between the whitecap coverage and the
number of bubbles has then required some arbitrary fitting parameter, while the scatter in the whitecap coverage
data adds to the overall uncertainty in the global constraints on the number of bubbles. Phillips (1985) introduced
the length of breaking crest A(c) moving at speed between ¢ and ¢ + dc as a way to quantify the breaking dynam-
ics and the associated air-sea fluxes of mass, momentum and energy. The whitecap coverage can be related to the
second moment of A(c), W « Jc2A(c)dc, as demonstrated by Kleiss and Melville (2010) using field measurements
and Romero (2019) using spectral wave modeling.

In order to construct our sea spray generation function, we aim to consider a quantity directly related to the
number of bubbles and integrate the canonical bubble size distribution under a breaking wave g(R,) for a given
sea state and wind. Deike et al. (2017) showed that the bubble flux entrained is provided by the third moment of
A(c) for a given sea state and wind speed (and used in Deike and Melville [2018] to propose a sea state depend-
ent bubble mediated gas transfer model). The volume of air entrained is constrained by laboratory experiments
and direct numerical simulations (Deane & Stokes, 2002; Deike et al., 2016, 2017; Lamarre & Melville, 1991;
Mostert et al., 2022) and Deike et al. (2017) defines the rate of entrainment of air per unit area of ocean surface,
V, (dimensions of a volume per area per time),

Vi = / Bs(k)3/2§A(c)dc, )

where s(k) is the wave slope, and B=0.1 isaconstant (Deike et al., 2016). The wave slope within acomplex wavefield
can be estimated from the wave spectrum ¢(k), with k the wave number, linked to the wave speed by ¢ = /g/k,

and (following Romero et al. [2012] and Romero [2019]) we consider b/ hk = s(k)*? = Ar ( VK3 p(k) — \/B_T>3/2
using the same constants A, and B, as for energy dissipation (Drazen et al., 2008; Romero et al., 2012). The volume
flux V, entrained by breaking waves is the volumetric analog of the whitecap coverage (Deike & Melville, 2018;
Deike et al., 2017).

3.2. Air Entrainment From a Spectral Model

We evaluate the sea state dependent sea spray generation function by using a global spectral wave model (such
as WAVEWATCH 1II, WW3, WW3DG, 2016), able to simulate the growth and propagation of wave energy in
the wave spectrum ¢(k) from atmospheric forcing (e.g., Ardhuin et al., 2010; Chawla et al., 2013; Janssen &
Janssen, 2004; Komen et al., 1996). We utilize the breaking statistics model from Romero (2019) that relates
the wave spectrum ¢(k) to the breaking distribution A(c). The wave properties in terms of wave spectrum peak
period, significant wave height and wave spectrum shape have been extensively validated (Chawla et al., 2013).
The breaking statistics model from Romero (2019) has been shown to be compatible with field measurements
of A(c) (from Sutherland and Melville [2013] and Zappa et al. [2012]): it retrieves the A(c) & ¢~ scaling from
Phillips (1985), and leads to accurate energy dissipation by breaking, as well as classic whitecap coverage rela-
tionships (Romero, 2019).

We perform global WW3 simulations forced by the Japanese Meteorological Society Reanalysis product
(JRA55-do), which provides ten-m wind vectors (U,,) at approximately half-degree resolution every 3 hours
(Kobayashi et al., 2015; Tsujino et al., 2018). This approach follows closely to Reichl and Deike (2020), but
extends the wave model spectral grid to match Romero (2019). We employ the wave model physics package ST4,
which combines the wind-input source term consistent with Ardhuin et al. (2010) with the dissipation source
term from Romero (2019). Inputs to the wave model include the three-hourly wind vectors and daily varying
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sea-ice from a separate ocean sea-ice simulation (following Adcroft et al. [2019]). The methodology and resulting
wavefield are consistent with previous results for modeling the gas transfer velocity (Deike & Melville, 2018;
Reichl & Deike, 2020).

Snapshots of the wave and wind fields demonstrate significant spatial and temporal variability associated with
atmospheric weather events (50-100 km of horizontal scale) that dominates instantaneous wind, wave, and air
entrainment patterns, as discussed in Reichl and Deike (2020) and shown in Figures 3a (wind), 3b (significant
wave height), and 3c (volume of air entrained V,). The monthly means of these fields in January 2008 and July
2008, as representative example are shown in Supporting Information S1 and demonstrate how these events
correspond to global wind and wave patterns and thus to the air entrainment and eventually sea spray emissions.
Strong air entrainment is visible in regions of high wind and wave activities, namely higher latitude and winter
seasons; which will correspond to the highest emission of sea spray. Importantly, the fact that the air entrainment
needs both a strong wind and an active wavefield to reach high values leads to a more pronounce zonal variation,
which will be of importance when considering annual budget of sea spray.

The whitecap coverage (W) can be estimated from the wave model following Romero (2019). A typical snap-
shot of the whitecap coverage output is shown in Figure 3d (small gray dots) and is compatible with existing
recent data sets (within the spread of the observational data, and with similar trends with wind speed), also
shown in Figure 3d (Bell et al., 2017; Brumer et al., 2017; A. Callaghan et al., 2008; Kleiss & Melville, 2010;
Schwendeman & Thomson, 2015). As discussed in the literature, the mean of W for each data set can be described
as a power of wind speed at 10 m, or some mixed wave-wind variable, but require empirical fitting of the coef-
ficients (de Leeuw et al., 2011; Gong, 2003; Lewis & Schwartz, 2004; Martensson et al., 2003; Meskhidze
et al., 2013; Ovadnevaite et al., 2014; Veron, 2015). Some of the variability in the whitecap coverage data at a
given wind speed comes from variability in the sea state which is explicitly accounted in our approach, using a
wave spectral model.

The sea state variability in air entrainment at a given wind speed is illustrated in Figure 3e which shows V, computed
using Equation 7 from a mechanistic understanding of the sea state as a function of wind speed. At each wind
speed, a significant scatter is observed, corresponding to the variations in wave state (various wave history, fetch,
etc). The volume of entrained air can be described on average by a power law of the wind speed in Figure 3e, anal-
ogous to the various scalings proposed for the whitecap coverage, setting (V) = 1.8 - 1077 (U} — 5)*° (with the
prefactors having the appropriate dimensions). However, significant sea state induced variability from the mean
at a given wind speed is visible, which again is similar to the scatter in the whitecap coverage data. The whitecap
coverage and the air entrained are directly linked as V, is computed from the third moment of A(c), while W is
computed from the second moment (Romero, 2019) leading to an empirical relationship, (V,) = 4 x 1073 W*?
(shown in Supporting Information S1). As such the present framework could be applied using whitecap coverage
data and translating the relationship with wind speed for V,. We note that the exponent on wind speed is within
the range of recent observation (see Figure 3d) but significantly smaller than the one originally proposed by
Monahan and Muircheartaigh (1980) and used in several global models.

Figure 3f shows the annual mean in air entrainment, which highlights regions of strong wind and wave activities,
where sea spray emissions will be important. We define the sea state induced variability by computing on each
point (and at each time step) the difference between the local value and its mean value at the given wind speed,
6V, =V, — (V,). Figure 3g shows the annual mean variability induced by the sea state and demonstrates up to
30% added variability in mid to high latitude, corresponding to storm track location, similar to the discussion in
Reichl and Deike (2020). Similar results are observed when considering seasonal averages (as shown in Support-
ing Information S1).

Lewis and Schwartz (2004) discuss the possible role of water temperature on air entrainment and whitecap cover-
age. A re-analysis of whitecap coverage measurements for temperature ranging from cold (below 4°C), inter-
mediate (between 4 and 17°C) and warm (above 17°C) is presented with a weak increase in whitecap coverage
within the noise of the data, concluding that no clear effect could be established. A. H. Callaghan et al. (2014)
presents a similarly weak effect in a laboratory breaking-wave analog experiment. Here, we present a reanalysis
of the data collected by Brumer et al. (2017) and Bell et al. (2017) during field campaigns in the North Atlantic,
with systematic measurements of the whitecap coverage for water temperature varying from 4 to 20°C. Figure 3d
shows the whitecap coverage color-coded by the sea surface temperature. We confirm the conclusion from Lewis
and Schwartz (2004) that there is no noticeable effect of temperature on air entrainment by breaking waves in
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Figure 3. Global evaluation of entrained air V, and the role of wind speed and sea state. First row: (a) Snapshot of wind speed, (b) significant wave height, and (c)
entrained air V,. Second row: (d): Whitecap coverage (W, a classic proxy for air entrainment) showing a general increase with wind speed, and significant scatter in the
data. Sea surface temperature is color coded for some of the data and no clear influence is visible, so that W can be considered independent of temperature. Data with
SST information are from Brumer et al. (2017) (dots) and Bell et al. (2017) (diamond), while gray markers are from Kleiss and Melville (2010) (crosses), A. Callaghan
et al. (2008) (gray squares), and Schwendeman and Thomson (2015) (gray diamonds). Lines are fits with wind from Brumer et al. (2017) (gray dashed), A. Callaghan
et al. (2008) (black dotted) Schwendeman and Thomson (2015) (gray dotted) and the historical fit from Monahan and Muircheartaigh (1980) (solid black line). Black
dots are modeling from Romero (2019) and light gray dots are single snapshot data from our run. (e) Instantaneous V,, computed from a snapshot as a function of wind
speed. The mean trend can be fitted by V4 = 1.5 - 10~7(Uyo — 2.5)>° (red line, while blue markers are bin-averages); similar to the type of fits performed on the whitecap
coverage. Third row: (f): annual average of V, and (g) shows sea state induced variability.
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the field. The role of sea-surface temperature on other aspects of the sea spray production by bursting will be
summarized in Section 4.

3.3. Integration Over Breaking Statistics and Sea State Dependent Sea Spray Source Function

The distribution flux of bubbles under breaking waves is defined as the number per unit ocean surface area per
unit time per unit bin size, Q(R,), related to the air volume flux V, by V4 = I O (Ry)4r/ 3Ri dR;. We use the
distribution flux of bubbles to formulate a sea state dependent sea-spray source function resulting from bubble
bursting, as proposed by Deike (2022), adapting the ideas proposed for bubble mediated gas transfer (Deike &
Melville, 2018).

The sea-spray source function F, resulting from one of the bursting mechanisms and defined as number of drops
per unit surface ocean area per unit time, the same dimensions as Q(R,), is given by

n(Ry)
F, R dR
u(ra) = [ O(Ry) ———— ) (Ry) p ((m)) b- (8)

The sea-spray generation function for each bursting mechanism can then be written in terms of the third moment
of A(c), the canonical bubble size distribution under a breaking wave g(R,) discussed in Section 2 (Figure 2),
introducing a dimensional constant assuring volume consistency, Caq (Ry) = Q (R»). This leads to the sea spray
generation function, written as a double integral (over ¢ and R,) or the product of the volume flux and the drop
production function,

k Ry) _n(R
Fy(rq) = 23;[5( )g A(c)dc / q(CAb) <r:l§ (;{)b) < - )

®
Fd(rd) = -A 1= [ mc(m'*'é”m ld ) _rirrc<m+§,m Id >] 5

¥d max Fd min

with C, insuring the volume is constrained by the third moment and dimensional consistency, while values of A,
¢, m, and the bounds r, . and r, . determined for each mode of production (given in Section 2, and in Support-
ing Information S1).

The total sea spray generation function is then the sum of the three mechanisms, writing
F(ra)y=Y Fu(ra). (10)

The formulation explicitly considers the sea state effects through the A(c) distribution and the slope spectrum
s(k), controlling the number flux of bubbles Q(R,) and the air entrainment V,, as illustrated in Figures 3 and 4.
Physico-chemical variables, such as temperature and viscosity, control the droplet production mechanism and are
included within the drop production functions (which in the end results in the coefficients .4, { and the bounds
of production). Rearrangements of bubbles at the surface due to coalescence and other collective bubble effects
are not considered here, and we assume that the volume of air entrained and its associated size distribution will
on average lead to production of drops following the individual mechanisms. Finally, there are uncertainties on
each step of the model construction, but the scaling laws proposed and the coefficients used correspond to the
best of our knowledge at this point. The proposed model leads to a consistent physics based formulation of sea
spray aerosols.

4. Sea State Dependent Sea Spray Generation Function
4.1. Sea State Variability in a Single Storm

We now consider a typical winter storm in the Southern Ocean in Figure 4 (lat. 46° S, long. 318° E), as repre-
sentative of storm high wind and wave conditions, which is used to illustrate the sea state effect on the sea spray
emission. The wind speed over these 24 hr is shown (Figure 4a) together with the entrained air V, (Figure 4b)
and the sea spray emission function (Figure 4c). The wind increases from 5 to over 20 m/s in a few hours, with
significant wave height going from 3 to 7 m (the resulting wave spectrum ¢ (k) and breaking statistics A(c) are
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Figure 4. Sea spray generation function (SSGF) (Equation 8) during one storm in the Southern Ocean, simulated by WW3.
SST is 10°C. (a) Wind speed as a function of time during the 24 hr period, increasing from 5 to 20 m/s over 10 hr, and then
setting down. (b) Entrained air V, computed using Equation 7 over the storm duration. A clear hysteresis cycle is observed
with more air entrained during storm intensification, due to the local wavefield. The blue and red diamonds indicate times
when wind speed reaches 18 m/s before and after the storm peak, respectively. (c) Resulting Sea Spray Generation Function
from Equation 8. The lines correspond to the sum of the three components. Peaks around 100 nm correspond to the film

drop mode II, slightly below 1 pm film drop mode I, and a peak around 2 pm corresponding to jet drop. The drop radius at
equilibrium at 80% relative humidity is related to the radius at formation, r%° = 0.5r,. More drops are ejected during the storm

d

intensification, corresponding to more intense breaking events, with the blue thick line being higher than the red thick line.
Light green area indicate typical SSGF summarized by Veron (2015) at 15 m/s. The Sea Spray Generation Function at 18 m/s
from Lewis and Schwartz (2004) (gray dash-dot line), Jaeglé et al. (2011) (gray solid line), Grythe et al. (2014) (light gray
dotted line), and Martensson et al. (2003) (black dashed line). Our mechanistic sea state dependent formulation falls within
the uncertainties of previous empirical data, and explains some of the variability previously reported.
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shown in Supporting Information S1). The corresponding entrained air is shown, with a strong peak when the
wind speed is maximum and the wave activity peaks.

The intensification and set down are asymmetric in terms of air entrainment. The asymmetry is related to a higher
entrainment of air for young waves, leading to substantive difference in the breaking dynamics during the storm
intensification compared to the set down of the wavefield. The resolution of such wave history effects obtained
through direct computation of V, via the wave spectrum further motivate the use of our sea state dependent
formulation, compared to wind only formulation as it leads to variations in air entrainment (and thus droplet
production). The hysteresis is illustrated in Figure 4b which shows the entrainment associated with a 18 m/s wind
speed before (blue) and after (red) the storm peaks differ by about a factor of 4.

Figure 4c shows the integration of Equation 8 summing the three modes of production described in Section 2:
film drop (mode I and mode II) and jet drops. Film drops (mode II) dominate the production of sub-micron
aerosols, while jet drops dominate the overall drop production above 2 pm. As in Figure 1c, a cut-off of 60
pm has been chosen for droplet production of jet drops which affect this discussion. The resulting sea spray
source function is fully compatible with typical functions used in the literature and reviewed in Lewis and
Schwartz (2004), Veron (2015), de Leeuw et al. (2011), and more specifically those proposed by Martensson
et al. (2003), Gong (2003), Jaeglé et al. (2011), and Grythe et al. (2014) indicated on the figure for the same wind
of 18 m/s. We stress that our approach is mechanistic with the dependency in temperature, wind speed and sea
state based on physical modeling, and that the final function is not fit to data, contrary to most approaches. For
all three drop production mechanism, the production is higher (blue line) during the storm intensification than
during the set-down (red line), for the same wind speed (here 18 m/s). This result follows the pattern observed on
the intensity of the wave spectrum and breaking distribution that controls the volume flux of air. The observed
differences at the same wind speed controlled by the sea state rationalizes some of the natural variability reported
in existing field measurements.

We note an apparent underestimation of our formulation for r8° < 0.05um. That size range corresponds to mostly
organic aerosol particles which are not accounted in our model (while they are indirectly considered in empiri-
cally based formulation which lump all types of aerosols). We also reiterate that our formulation does not account
for spume drops, which are expected to contribute to the distribution for 5 > 300um.

4.2. Global Application of the Sea State Dependent Generation Function and Sea Salt Emissions

We now consider a global WW3 simulation and estimate the distribution of sea salt aerosols emissions, using our
new formulation. We obtain the sea state fields and entrained air flux V, over a representative year (2008, with
results qualitatively consistent for other years) and discuss the resulting sea salt aerosol production.

The emission of sea salt is estimated following de Leeuw et al. (2011) and Lewis and Schwartz (2004). The salt

mass is given by mr, = pys4/3m(ri /2)3, with p = 1.22 g/cm? the sea salt density. Temperature is estimated
using the skin SST provided by the daily NOAA OI-SST product (Reynolds et al., 2007), which is used to
compute the viscosity, density and surface tension of salt-water from tabulated relationships.

Figure 5a shows the annual emitted sea salt aerosols with diameter below 10 pm. Emissions peak in the North
Atlantic and Southern Ocean due to high wind and wave activities. This pattern is similar to other parameteri-
zations such as that of Grythe et al. (2014) (Figure 5b). Peaks of production are of a few hundreds of g/m?/yr in
high wind (and wave) regions. Integrating globally over the full year yields sea salt emissions of 15 Pg/yr, which
is comparable to the estimate proposed by Grythe et al. (2014) (about 10 Pg/yr, while reviewing values for the
literature ranging from 3 to 70 Pg/yr) and in the upper range of emissions summarized by de Leeuw et al. (2011)
(from 2 to 22 Pg/yr, when ignoring the outliner at 118 Pg/yr). Our emitted mass below 10 um is dominated by the
emission of jet drops, given the shape of the distribution (see Figures 2 and 3).

The monthly mean maps in January and July show high productivity of salt is observed in the North Atlantic,
North Pacific and the Southern Ocean corresponding to high wind and wave activity in winter time (shown in
Supporting Information S1). We observe a strong seasonality in sea spray aerosol production in the Northern
hemisphere storm track regions, contrasting the more persistent high production in the Southern hemisphere
storm track regions.
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Figure 5. Annual mean distribution of sea salt emissions for D, < 10 pm (first row) and D, < 1 um (second row) estimated from this study (panels a and d) and from
the parameterization of Grythe et al. (2014) (panels b and e). Note that different color bar ranges are used in the different panels to highlight the regional patterns. The
meridional distribution of annual sea salt emissions for each size range is summarized in panels (c and f) for our formulation for the same cut-offs, compared to Jaeglé
et al. (2011), Grythe et al. (2014), and Gong (2003).

Figure 5d shows the emissions of sea salt emissions in the accumulation model (diameter smaller than 1 um).
Global emissions are of about 60 Tg/yr, similar to the value obtained using the empirical SSGF from Jaeglé
etal. (2011) and Grythe et al. (2014) and discussed by Bian et al. (2019). It is remarkable that we obtain a value
similar to previous estimates with our mechanistic approach. We comment again that our formulation tends to
have more coarse mode relative to other parameterizations. Overall, these numbers are within the range discussed
in de Leeuw et al. (2011) and Lewis and Schwartz (2004), and compatible with a more recent empirical formula-
tion including sea state (Ovadnevaite et al., 2014).

Figures 5c and 5f show the normalized meridional distribution of sea spray emission with D, < 10 pm and
D, <1 pm, respectively. The spatial pattern generated by our formulation is very similar to that produced by the
widely used Gong (2003) parameterization. This is in spite of the stronger dependency in wind speed assumed
by Gong (2003) (based on Monahan and Muircheartaigh [1980] and reflects the impact of the sea state in our
parameterization). In contrast, the Grythe et al. (2014) parameterization exhibits higher emissions in the tropics
and lower emissions at high latitude. This reflects the strong modulation of the sea spray source function by SST
derived from field observations (see also Jaeglé et al., 2011).

We comment that the spray of various sizes have different temperature sensitivity in our formulation (see Figure 2
which illustrates the sensitivity to temperature for each mechanism). In any of these cases, the temperature sensi-
tivity coming from the proposed scalings is weaker than the one empirically derived by Jaeglé et al. (2011),
yielding the zonal profiles in Figures 5c¢ and 5f. This might suggest that some temperature dependent physics is
missing in our formulation, and could come in a bursting efficiency parameter.

5. Discussion

We have presented a theoretical framework for sea spray aerosol production, building in recent advances in our
understanding and modeling of sea spray production by bubble bursting, bubble entrainment by breaking waves,
and breaking statistics. The final sea spray source function depends on temperature, through the role of water
viscosity on production. The modes of production are described as scaling laws depending on the bubble bursting
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radius and physical properties of water, based on physical arguments and evaluated against experiments on single
bubble bursting, and include jet and film drops (film drops being decomposed into two modes of production).
By convoluting these scaling laws with the typical bubble size distribution under a breaking wave, we obtain the
sea spray production by bubble bursting, composed of the sum of the three modes of production. The peaks of
production are radius (at 80% relative humidity) close to 100 nm and slightly below 1 pm for film drops, and
about 2 pm for jet drops, with the radius increasing with water temperature. Next, the drop size distributions by
bubble bursting are upscaled by considering the breaking statistics (represented by the length of breaking crest)
and associated air entrained by breaking waves. The obtained volume of air entrained is an analog to the whitecap
coverage and depends on wind speed and sea state, with increase of the entrained air at the same wind speed of
up to a factor of 4 due to wave history. Our approach assumes proportionality between the number of entrained
bubbles and the bubbles bursting efficiently and describe the processes in the mean sense, keeping in mind that
each process presents an inherent statistical variability. We test the physics based sea spray generation function
using output from a global wave model forced by realistic winds and results compare well with existing formula-
tions in terms of wind speed dependency (see Figure 4), size distribution, and total amount of emitted sea salt in
various size ranges. We also demonstrate the effect of the wave history in modulating the sea spray production,
with variation in number of drops of up to a factor of 4 at a given wind speed.

We have presented an ocean spray emission function due to bubble bursting. To compare with volumetric aero-
sol size distribution in the atmosphere, we would need to consider the size dependent transport of the aerosols.
The distribution of aerosols at a certain height in the atmosphere will depend on the residence time and settling
velocity, which will be function of relative humidity, temperature and turbulence and affect the shape of the size
distribution.

The present approach presents similarities with the classic bubble method (see Lewis & Schwartz, 2004; J.
Wu, 1992), with two main conceptual differences. First, we have a direct estimate of air entrainment via the
breaking statistics (following Deike et al. [2017]) and the volume flux of bubbles is obtained from wave mode-
ling, while the bubble method relies on whitecap coverage with an empirical pre-factor tuned to a particular
data set. We note that the volume flux of bubbles being entrained is not adjusted (and is consistent with work
on bubble mediated gas transfer [see Deike & Melville, 2018]). Second, the quantification of aerosols differs
when estimated as an ensemble of bubbles bursting. We consider scaling relationships describing the number
and sizes of aerosols from individual bubble bursting experiments and integrate over the bubble size distribution
measured under breaking waves to obtain the aerosol size distribution from bubble bursting (with the assumption
that bubbles burst collectively as they would individually). In contrast, the bubble method uses the aerosol size
distribution emitted in laboratory experiments where a particular bubble size distribution is generated to mimic
bubbles entrained under a breaking wave.

An overall uncertainty in our proposed theoretical approach can be evaluated by considering the uncertainties
on the various scaling relationships. The number of drops emitted by individual bubble bursting events can be
considered known within a factor of 2, similarly to the total volume of entrained air by breaking waves in labo-
ratory experiments. Air entrainment in the field would present uncertainties (similarly to the uncertainties in the
whitecap coverage), but the sensitivity of the wave model to its numerical parameters (including grid resolution,
frequency resolution, wind product, sensitivity to source terms in the spectral model) is smaller than the uncer-
tainty in the above mentioned scaling relationships. Testing sensitivity to the range of uncertainties leads a global
uncertainty of a factor of 3—5 on the final sea spray generation function. As stated above, we demonstrate that
wave history can induce variations of up to a factor of 4 in the sea spray emissions, which explains some of the
scatter reported in observational data set. Improving our ability to quantify wind wave effects can allow to focus
the influence of other physical parameters. In particular, there are open questions on hygroscopic growth when
going from size at emission to size of the resulting sea salt particles, as well as assumptions on collective effects
and the role of temperature.

Large uncertainties remain on the role of temperature on sea spray aerosol production. Our scaling description
of the mechanisms of production show a sensitivity to temperature on the number and radius of drops emitted
by bursting, with each process affected in different ways (see Figure 1). Jet drop production is mainly modulated
by temperature through its influence on viscosity, which controls the focusing of capillary waves that leads to an
ascending jet. This results in larger drops at higher temperature, and overall fewer drops at higher temperature.
Film drop production is also modulated by the effect of temperature through viscosity and Marangoni effect by
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controlling the typical film thickness at bursting &,, which itself controls the size and number of drops (with
different relationships for mode I and mode II). This leads to larger drops with increasing temperature in all cases
as the films tend to be thicker. The number of drops for film drop mode II (in the sub-micron regime, the newly
proposed flapping mechanism) is expected to increase with temperature as it also scales with film thickness
(while the number of supermicron film drop mode I is expected to decrease with temperature). As mentioned
earlier, we do not account for the role of temperature on collective bursting, or bursting efficiency which remain
to be assessed. Such effects might explain why our sensitivity to temperature is weaker than those empirically
derived from observational data (Grythe et al., 2014; Saliba et al., 2019).

The prediction of smaller drops in colder water is in qualitative agreement with various field measurements (Saliba
et al., 2019; Salter et al., 2015) and laboratory measurements (Martensson et al., 2003; Sellegri et al., 2006). The
role of temperature on the total number of emitted sea spray aerosol is largely debated (Christiansen et al., 2019;
Forestieri et al., 2018; Salter et al., 2014). Experiments with a plunging jet falling in water show an increase
in surface bubble population with decreasing temperature leading to an increase in droplet population (Salter
et al., 2014); while in other bubble production setup, the opposite effect was observed (Forestieri et al., 2018;
Sellegri et al., 2006); but we have seen that air entrainment in the field does not seem sensitive to temperature
(see Figure 2, as well as earlier discussion by Lewis and Schwartz [2004]). Recent field measurements tend to
show an increase in the sea spray aerosol concentration with temperature (Grythe et al., 2014; Saliba et al., 2019),
which would be consistent with the scaling proposed for the number of sub-micron aerosols. However, describing
an increase in supermicron number of particles would require a modification in the production scaling. Such
modification could come from collective effects controlled by temperature, and more generally an efficiency of
bursting modulated by temperature that remain to be properly assessed. Similarly, the effect of surface contami-
nation could be included in such efficiency factor. The production of organic aerosol could be modeled within the
present framework, leveraging the separation of the different modes of production.

We conclude by emphasizing the applicability of the proposed physics-based formulation for sea spray aerosol
emissions using wave models. This approach is in synergy with current efforts by several modeling centers to
develop coupled oceanic and atmospheric wave models (e.g., Couvelard et al., 2020; Li et al., 2016; L. Wu
et al., 2019), moving toward coupled wave-atmosphere-ocean Earth system models.
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