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ABSTRACT

An important fraction of the atmospheric aerosols comes from the ocean spray originated by the bursting of surface bubbles. A theoretical
framework that incorporates the latest knowledge on film and jet droplets from bubble bursting is here proposed, suggesting that the ejected
droplet size in the fine and ultrafine (nanometric) spectrum constitutes the ultimate origin of primary and secondary sea aerosols through a
diversity of physicochemical routes. In contrast to the latest proposals on the mechanistic origin of that droplet size range, when bubbles of
about 10-100 um burst, they produce an extreme energy focusing and the ejection of a fast liquid spout whose size reaches the free
molecular regime of the air. Simulations show that this spout yields a jet of sub-micrometer and nanometric scale droplets whose number
and speed can be far beyond any previous estimation, overcoming by orders of magnitude other mechanisms recently proposed. The model
proposed can be ultimately reduced to a single controlling parameter to predict the global probability density function of the ocean spray.
The model fits remarkably well most published experimental measurements along five orders of magnitude of spray size, from about 5 nm to
about 0.5 mm. According to this proposal, the majority of ocean aerosols would have their extremely elusive birth in the collapsing uterus-

like shape of small bursting bubbles on the ocean surface.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0139151

I. INTRODUCTION

The basic mechanism of fine seawater fragmentation, essential for
primary ocean aerosol production, is the bursting of bubbles produced
by breaking waves (Fig. 1). From ultrafine to coarse size, the bubble
bursting (BB) spray leads to the nascent sea spray aerosols (nascent SSA
or nSSA), and primary and secondary marine aerosols (PMA and
SMA) whose composition and transport depend on the size of the initial
droplets and their bio-physicochemical route along their lifetime.' '’
These aerosols determine vital self-regulating planetary mechanisms
from the water cycle dynamics to the atmospheric optical thickness and
planetary albedo via aerosol micro-physics (cloud nucleation, chemical
reactions, and catalyzed condensations) with a dominant impact on the
radiant properties of atmosphere and global climate, among other pri-
mary effects. Current literature*>” " report the varying chemical com-
position of ocean aerosols and their dependence on their size range and
the ambient (temperature and wind speed), geographical (latitude and
longitude), or lifetime (pH and biological activity) parameters. However,
knowing with precision their ultimate origin is often a hopeless task:
their generation usually entails extremely elusive phenomena. Indeed,
one of the smallest scale, most elusive, extraordinarily fast, yet ubiqui-
tous phenomena of continuous media is the emission of droplets from
the bursting of small bubbles at the surface of water.

Incomplete or incorrect causal attributions in science are strongly
correlated with the limitations of instruments and tools able to observe
the very large or very small spatial and temporal scales," limitations
which often lead to periods of stymied progress. However, the assem-
bly of indirect evidence from multiple sources and methods'>'” is the
usual process of advancement. This work presents a thorough revision
of the physics of bursting bubbles and their associated statistics and
proposes a global statistical model to describe the size distribution of
the average ocean spray.

The average sea surface is obviously a two-dimensional planar
surface (spherical, at planetary scales), as is the surface of still water. Its
average radius of curvature is, therefore, nearly infinite (at local scales).
However, the open sea surface is a dynamical fractal object whose
actual average dimension would astound us. Moving drops, bubbles,
liquid ligaments, films, spumes, and dynamic structures of all scales
from tens of meters down to nanometers expose a very significant vol-
ume of liquid per unit surface to the air and cause the strong mass
transfer observed between air and seawater. That volume per unit sur-
face correlates with the local radius of curvature of the dynamical sea
surface, which may be from meters to around the millimetric scale at
coastal or open ocean turbulent conditions. Just as air is saturated with
vapor, long-term turbulent motions keep near-surface seawater layers
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not only saturated with air but also supersaturated at the air over-
pressure found inside the smaller, sub-millimetric bubble size range
present (in quasi-steady average conditions) in each water layer.
Those bubbles become increasingly exposed to the water—air inter-
face as the average value of the surface radius of curvature decreases,
and the surface turbulent velocity increases. In fact, they are espe-
cially present in surface drops, unsteady films, ligaments, or
spumes whose sizes are over one order of magnitude larger than
sub-millimeter and micrometer bubbles. Therefore, the surface
overexposure to which these small-scale bubbles are subjected
causes them to burst at much higher rates than those observed
under laboratory or stationary surface conditions. The complexity
of open sea conditions is exacerbated by the still unclear aggregated
influence of the temperature, presence of particles, and the wind
variable.' '’

ARTICLE scitation.org/journal/phf

FIG. 1. Marine environment from which a
continuous flow of primary aerosols is
generated, schematically indicating the
basic mechanisms of spray formation: tur-
bulent fragmentation (spume drops) and
bubble bursting (film and jet droplets). Jet
droplets from microscopic bursting could
be not only much more numerous than ini-
tially thought but also their extremely small
size, in the range of free molecular flow,
and their astonishing ejection speed could
make them the main source of aerosols in
the atmosphere. (Original photograph by
the author made at La Antilla, Huelva,
Spain, during sunset, pointing Southwest,
August 2020. The sun is illuminating the
cloud from the right, while the beach is in
twilight.)

Two basic mechanisms are responsible of droplet emission from
bubble bursting: bubble film breakup'**'*® and jet emission.”"***’
Due to their inertia and relatively short settling time, aerosols in the
supermicrometer range originating in the ocean would only be mea-
sured in marine and coastal regions.”® In contrast, the sub-micron
aerosol size range encompassing the Aitken (10-100nm) and the
accumulation (100 nm to about 1 gm) modes,”” where cloud conden-
sation nuclei (CCN) and ice nucleation particles (INP) are included, is
present everywhere in the atmosphere up to the stratospheric layers.

The origin of the sub-micron aerosol population has been histori-
cally attributed to the smallest size range of film breakup drop-
lets,”>*"*? an idea that has not been challenged until the recent work
of Wang et al."* These authors were probably the first ones quantita-
tively demonstrating that jet droplets could be more important than
previously thought. They imputed the differences found in the
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chemical composition of their collected aerosols to the potentially dif-
ferent origin of the liquid coming from either the bubble film or the
emitted jet. However, that difference could also be imputed to
the changing relative size of the smaller bursting bubbles compared to
the surface microlayer thickness.”” Indeed, bubble sizes below 10 um
at the liquid surface would make the chemical composition of either
their jet or film drops indistinguishable since both would drag liquid
from the interfacial boundary layer whose average thickness is larger
than 10 gum.” It is true that when the seawater surface relaxes (corre-
sponding to still conditions), the chemical composition varies in scales
as small as some nm from the surface (see Hardy,34 Fig. 4). However,
as their rise time is too large, most of the bubbles of about 10 pum
would only come out at the water surface if and only if-they are turbu-
lently drawn and forcedly exposed to the water surface via moving
water volumes (subject to external forces) with scales in the millimetric
and sub-millimetric ranges. Their surface conditions are obviously far
from still and relaxed, and therefore, the chemical separation hypothe-
sis of Wang et al.'* found in laboratory conditions is challenged in
open ocean ones.

In a recent work, Berny et al.”” have also pointed to jet droplets
as the potential cause of aerosols in the range down to 0.1 um with
maximum number probability density, according to these authors,
around 0.5 um. Indeed, dimensional analysis and up-to-date models
reveal that jet drops from bursting seawater bubbles with sizes from
about 15 to 40 um can yield at least tens of sub-micrometer jet drop-
lets with sizes down to about 200 nm.’* ** Moreover, Berny et al.”’
observed the ejection of secondary jet droplets, sensitive to initial con-
ditions of the bursting process, much smaller than the primary ones.

A bold proposal has been very recently published'” to explain the
sub-micrometer SSA origin from film droplets: the film flapping
mechanism."’ This mechanism aims to complement the film bursting
described by Lhuissier and Villermaux™® for the complete description
of the spray size distribution, disregarding jet droplets. To the best of
our knowledge, Jiang et al."” and Néel and Deike'' provide the most
comprehensive collection of experimental data on collective bubble
bursting so far. In particular, the data of Jiang et al.'” offer a highly
valuable statistical disaggregation of the ejected droplet size by both
bubble and droplet size variables. In addition, the recent works of
Berny et al.”>"” are probably the best sources of numerical information
on collective bubble jetting to date. However, the fact that the experi-
mental sub-micrometer measurements of Jiang et al.'” could be con-
taminated with jetting droplets cannot be ruled out. Indeed, it would
be impossible to irrefutably attribute the mechanistic origin of their
sub-micrometric measurements to either jet or film drops, as shown in
the present work.

Bubble bursting (BB) is a common phenomenon of liquid phase.
However, liquids with a low viscosity and relatively large surface ten-
sion exhibit special features. Let us consider the average density, vis-
cosity, and surface tension of seawater at the average surface
temperature of ocean (15°C): p = 1026 kg m3, 1 =0.00122 Pas,
and ¢ = 0.0743 N m ", respectively. The best reference measures to
describe the physics of BB are the natural scales of distance, velocity,
and time defined as I, = */(po) = 19.5 nm, v, = pi/ = 61 m/s,
and t, = 1 /(po?) = 0.32 ns for seawater. These scales allow the
rationalization and comparison of the different extremely rapid mech-
anisms of droplet generation. Physical similarity is especially useful for
investigating droplet generation from BB, since it is, in principle

scitation.org/journal/phf

(assuming negligible dynamical effects of the environment), a concep-
tually simple biparametric dimensional problem defined by the
Laplace and Bond numbers, La = R, /I, and Bo = (R,/ lg)z, respec-
tively, where [, = (a/( pg))"/?. The alternative Ohnesorge number Oh
= La~ " s also widely used.

Using all data provided by Berny et al,”>”” Néel and Deike,"’
and Jiang et al.'” among other valuable information and data resour-
ces, jet and film droplet generation from seawater are here exhaustively
revised under current available theoretical proposals'”* and experi-
mental evidence. Disaggregated data and detailed experimental
description in Jiang et al." allow reliable statistical resolution of ambi-
guities in the origin of droplets in the micrometer and sub-micrometer
ranges.

In this work, a comprehensive physical rationale for the spray
generation from the ocean is proposed, incorporating all possible
mechanisms (film bursting, film flapping, and jetting) into a global
model. The associated statistics and physical models are reduced to
closed mathematical expressions fitted to the existing supporting data.
The expressions obtained are subsequently integrated into the general
statistical model of the ocean spray proposed. This model predicts the
number concentration [probability density function (pdf)] of the aver-
age oceanic spray size. The proposed model is compared with an
extensive collection of ocean aerosol measurements. To do so, the
measured particle size (diameter) is converted to the presumed origi-
nating droplet radius, assuming evaporation in the majority of cases,
and some degree of condensation for the smallest aerosol size ranges
(see Appendix B). The surprising agreement with experimental mea-
surements found along five orders of magnitude of droplet radii r,
would provide a strong confidence on the proposed description:
the quantitative agreement suggests that the origin of both primary
SSA and SMA would definitely be bubble jetting, with a minor
contribution—if any—of film flapping droplets."” In this regard, the
extremely small length and time scales reached in bubble jetting
around bubble collapse lead to local instantaneous rarefied conditions
in the gas phase at the collapsing cavity bottom, where Knudsen num-
bers of the order unity are overcome. This goes in the opposite direc-
tion as that demanded by the arguments of Jiang et al., who need
sufficiently high gas densities to observe the film flapping mechanism.
The latter issue is analyzed in more detail next.

Il. DROPLET STATISTICS PER BURSTING EVENT
A. Film droplets: Statistics

The generation of droplets in the micrometer-size and above
from the disintegration of the bubble cap film rims is exhaustively
described by Lhuissier and Villermaux™ and references therein. On
the other hand, the physics of the film flapping proposal for the pro-
duction of sub-micrometer droplets by Jiang et al.'” is described in
detail in that work. Their experimental results for bubbling in still lab-
oratory seawater and salt water allow a detailed disaggregated statisti-
cal analysis of droplet generation (droplet radius scaled as y; = r4/1,)
per bubble size, see Fig. 2(a). Interestingly, a very useful scaling law for
our purposes can be found from those data. Their experimental proba-
bility distributions collapse on a universal lognormal distribution for
r4 = 0.5 um, with a mean value () = (r4)/l, = 1.1 La'” and vari-
ance v = 0.5. This data collapse seems to occur for equivalent bubble
radii from R, ~ 35um up to 0.7 mm as a function of the Laplace num-
ber La = R, /I, as shown in Fig. 2(b).
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FIG. 2. (a) Probabiity density function
p(xy) as a function of the non-dimensional
droplet radius yy = ry/l,. (b) Re-scaled
probability distribution P(17) = La /°p(y4)
for the droplet radii scaled as a non-
dimensional variable 1 = y, La="®. For
appropriate fitting purposes to a lognormal
(thick dashed line), the experimental pdfs'
are multiplied by 2 to approximately compen-
sate the number contribution for sizes
n=4.
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Some caveats must be made about the use of Jiang’s laboratory
data for modeling:

(a) They use what they call the radius of curvature of the cap as
the equivalent bubble radius R,, which, according to their cal-
culations, is approximately twice the radius of a sphere with
the same volume of the bubble for small Bond numbers Bo
= pgR%/q. For bubbles larger than about 0.5 mm, they use
Toba’s correction."” Given that the bubble radius R, in the lit-
erature is that of the equivalent sphere volume,”*’* %" we
convert radii to their standard value undoing Toba’s correc-
tion made by Jiang et al."” where necessary.

(b)  The turbulent ocean surface exposes many orders of magni-
tude more volume loaded of microbubbles per unit surface
than the still surface of a laboratory tank. This fact will pro-
duce drastic differences for microbubbles, making any extrap-
olation from still laboratory tank measurements—at least—
doubtful below certain size range.

(¢)  As Néel and Deike*' have recently pointed out, there is a very
significant difference between the bulk and the surface bubble
size distribution that eventually bursts for (i) clean seawater
and bubbles around 1 mm and larger and (ii) probably when
the residence time at the surface before bursting is long
enough to allow accumulation and coalescence."

(d) Despite its crucial interest and potential value, the average
bubble size R, = 20um reported in the supplementary infor-
mation by Jiang et al. 1> (La ~ 1000, coinciding with the criti-
cal La, described in Ganan-Calvo and Lépez—Herrerasg) has
these problems: (i) the surface accumulation and aging could
explain the wide distribution of droplet sizes measured, in
line with the results of Néel and Deike,"" and (ii) the reported
optical determination of the bubble size in this size range
leads to very significant errors. Hence, considering previous
observation (b), these measurements will not be used for
open sea modeling in the present work.

(e) For La ~10° (Ry ~ 2 mm) and above, a relatively wide range
of droplet sizes are produced, as expected from film drops.
However, coalescence of bubbles at the water surface and tur-
bulent movements that promote a significant increase in
microbubbles that have not been taken into account cannot
be ruled out. These latter results are collected and displayed
together with the data of Jiang et al.'” for R, larger than
1 mm in Fig. 3.

(f)  The molecular mean free path 4, in air at atmospheric pres-
sure is about 143nm. Bubbles with R < 0.2mm (ie,
La < 10* for seawater) would produce a film thickness of less
than 10nm (< /,). Consequently, an extrapolation of the
film flapping mechanism attributed to the film-gas
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interaction at large scales, where the film thickness is compa-
rable or larger than /,, would be hardly justifiable.*’

The experimental setup and measurement equipment used in
Jiang et al."” may not allow precise determination of the numerical
concentration of droplets for radii of about ten micrometers or
larger due to impact and sedimentation, which would explain the
rapid decay of y;=350. In contrast, the direct optical measure-
ments of Néel and Deike"' reliably cover droplet sizes up to
0.4 mm. These latter authors find two types of droplets (see Fig. 3)
that can be attributed to film breakup (their collapsing data inde-
pendent of the surfactant concentration C) or jetting (their peaks
around 0.2mm), which would agree with jet droplet size predic-
tions.”*””*° With these considerations in mind, an ensemble pdf
can be constructed and fitted to the experimental data after the
appropriate scaling of the probabilities reported by Néel and
Deike."' The data are remarkably well fitted to a generalized inverse
Gaussian distribution as

PO exp (3t ) + (a2 ) 2),
(1)

with (y4) =10%, 7y =5x107°, f=2.4, and K; is the modified
Bessel function of the second kind of order 0.

Despite the more than likely mixed contribution of the proposed
film flapping mechanism along with classical film bursting and bubble
jetting in Jiang’s experiments, its value as one of the best sources of
data currently available for modeling aerosol generation from bubble
bursting roughly in the range of La from about 10 to 10 is unques-
tionable. Hence, without challenging Jiang’s proposal and observations
neither ruling out the potential contribution of alternative mechanisms
in their measurements, one may conclude:

P(yq) =

(1) The droplet generation in the La range between 10°> and 10°,
probably due to film flapping, can be assumed to be distributed
according to a lognormal for the non-dimensional variable
n=y; La~*"°, which reflects a reasonable dependency on the
bubble size, and

(2) For La above 10°, the more “classical” film rim fragmentation™®
would prevail, yielding droplets distributed according to a gen-
eralized inverse Gaussian as (1), independently of La.

B. Jet droplets: Statistics

The phenomenon of bubble jetting can be studied in great
detail from both experimental and theoretical approaches.””"**
Figure 4(left) shows three instants of the bursting of a small, nearly
spherical bubble at the surface of a liquid: (i) right after the puncture
of the thin liquid film, (ii) when the bottom collapses into a nearly
conical shape, producing the beginning of ejection, and (iii) when the
first droplet is about to be ejected. Consider also the pattern of stream-
lines at the beginning of ejection (Fig. 4, right, from Ganan-Calvo and
Lépez-Herrera™) at the bottom of the cavity: this pattern indicates the
origin of the liquid ejected as droplets.

Experiments show that there is a critical Laplace number La, for
which the ejected liquid spout reaches a minimum size with maximum
ejection speed.”**>*"** For La numbers around La, ~ 1100 (see Fig. 4
for La=918.3 or Oh =0.033), the influence of density and viscosity
ratio with the outer gas environment may become not only noticeable
but also crucial to determine these minimum ejected droplet size and
maximum speed.”

When seawater (and liquid water in general) is involved, though,
the phenomenon is not directly observable in the La ranges around
La, due to the smallness of /,, and a direct experimental assessment of
physical models is not possible. In effect, when gas bubbles from tens
to hundreds of micrometers burst at a water free surface, a large
numerical fraction of the emitted droplets lies out of the observable
range, despite previous efforts by Lee et al,"” who showed the elusive
latest stages of jetting from a 45 um bursting bubble using x-ray
phase-contrast imaging. Even the most precise measuring instruments
have limitations concerning the size, speed, or temporal measurability
of samples from these ejections. This is because the natural scales
of seawater, distance I, = y*/(po) (about 20nm), and time £,
= 1i>/(p?c) (about 0.32 ns) are involved in the extreme ejection phe-
nomena for bubble radii R, around La./,. These scales are well beyond
current optical and imaging instruments. The complexity of the prob-
lem is aggravated because those scales are, as subsequently shown,
comparable or far below the scales of free molecular flow of the sur-
rounding atmosphere at standard conditions, and hence, the paramet-
ric dependency on the density and viscosity ratios with the
environment assuming its continuity become meaningless.

Detailed measurements on the first ejected droplet radius R as a
function of the normalized bubble radius R, are available from several
authors for an ample collection of experimental and numerical BB
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) -1.55 F 4 8 FIG. 4. (Left) Mechanism of bursting from
14 3 an initially nearly spherical bubble at the
g surface of a liquid, and (right) streamlines
(violet thin lines) of the liquid and air
AL0i ‘ | 3 flow around the point of collagse for an
{ instant about t — t(0) = 10~>t,, where

t, = (pR3/a)"/?, from Gaién-Calvo and

Lépez-Herrera.”® Oh is the Ohnesorge

- — number, related to the La})Iace number La
// = Ry/lu as Oh = La~""2 The blue thick
line is the free surface depicted in the left
i i panel. The streamline passing by the point
where the vertical velocity of the surface
is maximum is highlighted as a thick red
curve (see the text).
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measurements.” " *****9%05% The compilation is shown in Fig. 5, with the Morton number Mo = % = Bo La™. The best fitting to
where R is scaled with the natural length I, = 1#/(po) and is plotted available experiments yields kg = 0.18, with oy ~ 0.13 and o, ~ 0.19
as a function of La. Continuous lines correspond to the theoretical (see Gandn-Calvo and Lépez-Herrera,”® black continuous line).
model,”* The different initial conditions of the bursting process and the
numerical precision used in simulations may produce a significant var-
La\ /2 : La\ /2 lLa iability around the critical La number, La, =~ 1100 (corresponding to a
R/l = kgla, (_a) 1| 4o (_a) + Oleog , (2) critical Ohnesorge number Oh, =~ 0.03, see Ref. 38). Interestingly, the
‘ ‘ ¢ data series from each source can be independently and accurately
— R/l,: =0.133, La,'?=1/0.03 (G-C & L-H, 2021)
- — o/l @1=0.033, La,'2=1/0.03 Lo
. ' A Duchemin 2002(TR) e Seon 2017
10 '
. ® Ghabache 2016 Brasz(mp 195-215 um)
: Spiel 1995 Brasz(mp 20-40 pm)
= '
= E Blanchard 1989 A G-C & L-H 2021
' Garner 1954 Berny 2020
10 ® Hayami 1958
E Tedesco 1979
8 ; Sakai 1989
Free molecular air flow '
100 1000 10* 10° 106

La

FIG. 5. Radius of the first ejected droplet R as a function of the bubble radius R, made dimensionless with the viscous-capillary length /,, from experimental measurements
and numerical simulations taken from the literature (additional information in Ref. 38). The different sets of La, and o4 values (continuous lines) fit to different datasets in the
range of Laplace numbers La = R, /I, (abscissae) from the minimum one La,,;,, ~ 400 to about La ~2 x 10°. Bubbles from 8 um to 2mm cover the range of La numbers
marked by vertical red and green dashed lines for seawater properties at T = 15° C. The shaded cyan region indicates the drop size range for air bubbles in seawater for
which rarefied conditions are reached: the cyan intensity represents approximately the hyperbolic tangent of the logarithm of the Knudsen number Kn = ,/ry [ie.,
1-2/(1+ Kn’z)], where /, ~ 144 nm is the molecular mean free path of air at average ocean atmospheric conditions.
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fitted by different o; values, keeping the same kg and o,. This fitting
parameter o, which measures the relative magnitude of the surface
tension pressure to produce the initial droplet, compared to the
dynamic pressure, plays a determining role when La o~ La, [see expres-
sion (2)]. Indeed, the crucial importance of o; as a measure of the ulti-
mate energy balance taking place at the bubble collapse under critical
conditions will be evidenced in Secs. 11 B 111 B 3: the smaller the o,
the larger the mechanical energy per unit volume available at the focus
point of collapse in the initial instants of ejection, and the larger the
number of droplets with scales at or below [, that could be generated.
Also, the data in Fig. 5 correspond to the radius of the first ejected
droplet, R.

However, the emission lasts during times comparable to, or lon-
ger than the capillary time ¢, = (pR3/ 0)1/ ?, much larger than the
time of formation of the first droplet at the front of the issuing liquid
ligament t. = (pR®/c)"/? since R < R,. Thus, the high-speed liquid
ligament has long time to elongate and disintegrate into a large num-
ber of droplets with a variety of radii 7" In these conditions, the den-
sity and viscosity of the outer medium can dramatically alter the
breakup of the spout into droplets.

Atmospheric
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1. High-speed nanometric jet breakup in a rarefied
environment

The impact of the environment rarefication was demonstrated
reducing the viscosity and density of the outer environment one order
of magnitude, which keeps the high velocity of the jet front for a longer
time. Indeed, the bubble radius corresponding to La, (minimum r,) is
R, ~ 20 um. This would lead to drop radii well below the mean free
path of gas molecules of the environment (4, ~ 143.5 nm in air at
average ocean atmospheric conditions), and ejection speeds above
their average molecular speed (around 485m/s in standard condi-
tions). Hence, the values of the fitting constant o; should reflect the
very different ratios of initial surface tension to dynamic pressures as
the Knudsen number Kn = 1, /r4 varies among liquids**>> under lab-
oratory conditions.

A brief inspection of the values attained for the sizes and speeds
of these droplets around a critical value La, ~ 1100 (e.g., Refs. 37, 38,
and 55) for seawater shows that they are, indeed, in the range of ultra-
fine aerosols, with sizes well below the molecular mean free path
(around 70 nm in air at standard conditions) and velocities exceeding
by far the average molecular speed of the surrounding gas (around

Rarefied (0.1 atm.)

FIG. 6. The shape of the axisymmetric col-
lapsing free surface at the bottom of the
bursting bubble, at 15 successive instants
around the time of collapse t, with constant
time intervals At = 10, = 1.9245
%1072, for Oh=0.03. Density and vis-
cosity ratios are @ = py/ p = 0.001 and
1 = ptg/n = 0.01, respectively, and (b)
¢ =0.0001,  =0.001 (rarefied gas
f conditions, 0.1 atmospheres). Numerical
simulations from Ganan-Calvo and Lépez-
Herrera® made with Basilisk™® using level
15 (simulations made by Lépez-Herrera).
Observe the shape of the collapse neck:
while the minimum radius is located at a
certain distance from the bottom of the cav-
ity for standard gas densities (in the contin-
uum hypothesis), it is nearly at that bottom
in the rarefied conditions.

0.02 0.04
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290 m/s). In these extreme cases, the consideration of a stochastic,
extremely rarefied environment would be the most realistic assump-
tion. No one has ever simulated this complex phenomenon, let alone
directly observed it, completely beyond the capabilities of current mea-
surement techniques, and its direct visualization or assessment is
impossible.

The evolution of high-speed nanometric jets in vacuum using
molecular simulations has been reported in the literature.”” These sim-
ulations show the rapid action of surface tension, even under a non-
continuous approach, in terms of equivalent local Weber and
Ohnesorge numbers We = pv2d; /¢ and Oh = y/ (padj)l/ %, respec-
tively, where d; (much smaller than 1) is the local diameter of the lig-
uid ligament. To achieve a high ejection velocity bypassing the action
of viscous forces at these extremely small scales, a huge energy density
much larger than 12/ (pdjz) should be locally applied (Fig. 6). For sea-
water and d; around 5nm, the energy density involved should be
greater than about 5 x 107 Pa.

In this regard, we observe that the collapse of the neck occurs
much closer to the bottom (i.e., the gas volume of the trapped bubble
is significantly reduced) under rarefied conditions, which produces an
enhanced kinetic energy focusing at the instant of collapse and a sig-
nificant excess of ejection velocity compared to the speed of sound at
atmospheric conditions. This is a key consideration that also applies to
other similar jetting processes like flow focusing or electrospray " that
can lead to the formation of nanometer-sized droplets.”” Once the jet
is ballistically ejected, the local action of surface tension immediately
promotes the fragmentation of the ligament and the production of
droplets”” if the dynamical effect of the environment is negligible (e.g.,
rarefied gas or vacuum).

In contrast, the numerical simulations of BB made so far
assume the continuum hypothesis,”® which excludes the possibility of
a rarefied or vacuum environment and the early action of surface ten-
sion observed in real conditions. However, even under continuum
assumptions, a reduction of the outer density fosters the early spout

37,38,43
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breakup, too. An illustration of the onset of an extreme emission event
(very small sizes and large ejection velocities) with a reduced density
and viscosity gas-liquid ratios (¢ = p,/p and 7 = u,/ i, respectively)
is given in Fig. 7. It shows a sequence of up to six extremely small ini-
tial droplets ejected consistently with previous statistical analysis**" if
the number of ejected droplets n, is sufficiently large. Indeed, from the
values of the two subsequent times here considered, the initial fre-
quency of droplet ejection is extremely high, about 4 x 10°#,!. In
addition, in Gandn-Calvo and Lépez-Herrera,”® we report the ejection
of droplets as small as two times the viscous-capillary length [, for
La=1000 using numerical simulation. This corresponds to droplets
with radii of 40 nm, or to 10 nm dry particle radius using seawater.

I propose that the ejected droplets can reach radii as small as
4nm and below at the bottom of the cavity collapse corresponding to
La=1000 using seawater with air at atmospheric conditions. This is
possible because these atmospheric conditions can statistically allow
instantaneous vacuum conditions, for the extremely short final col-
lapsing times: the local length scales yield Kn values above 1 since the
front radius of curvature of the ejected spout can reach sizes below
0.2 times , (Fig. 2 in Gafdn-Calvo and Lépez-Herrera™). The small-
est experimentally reported particle radii are about 1.5nm,”"** corre-
sponding to about 6 nm droplet radii. Based on these arguments,
although obtaining direct evidence for the origin of these particles is
impossible, the bubble jetting phenomenon is a well-justified candidate
for primary SSA and pristine ocean aerosols in this range.

Thus, the central spout ejected by small collapsing bubbles in sea-
water could yield much more numerous droplets, their size could be
much smaller, and their ballistic speed much larger than previously
expected. Numerical simulations show™® that their size, production
frequency, and speed can reach values well beyond the natural
scales of seawater at the average temperature of the ocean (15°C), i.e.,
I, = 19.5 nm, t;l =3.11 x 10°s"! ns, and v, = 61 m/s, respectively.
The size, frequency, and velocity of the ejected droplets in simulations
can be, respectively, 10-20nm (depending on temperature and

t —t(0) = 7.0 x 1075¢,

1590 , :
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1600F .
e (0]
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FIG. 7. Two successive instants of the ballistic ejection of the first six droplets for La = 1111 (Oh = 0.03) in rarefied conditions (¢ = 0.0001, = 0.001) at average sea level
and temperature™ (simulations made by Lopez-Herrera). The resulting radii are about 7.5 nm for seawater.
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salinity), around the GHz frequency, and 300-600 m/s (Ref. 38, i.e.,
beyond the thermal speed of molecules of the surrounding gas air).
Consequently, they can reach distances well beyond any previous
considerations.

Although a systematic analysis and direct quantification of the
rarefaction effect proposed here do not yet exist due to its extraordi-
nary difficulty and elusive nature, the evidence described here is suffi-
cient to consider it of interest. In particular, this work proposes a
global framework in which the number of droplets generated can be
quantitatively linked by a single parameter to that precise physical fea-
ture (rarefaction effect) in the bubble breakup process. If such a frame-
work shows the ability to reproduce the global characteristics of the
measured aerosols, it would definitely merit consideration. That
framework and its capability are described in detail and challenged
throughout Secs. II B2 and 1T B 3.

2. Earlier evidences of the role of ultrafine jet drops

Regarding the chemical composition of the measured spray,
Wang et al.'” made a fundamental insight to determine differences
that could be ultimately assigned to either film or jet drops. In fact,
the film droplets are richer in species of the molecular layers closer
to the surface. In contrast, despite the presence of a recirculating
region (see Fig. 4), the streamline pattern indicates that the material
ejected as jet droplets should be a sample from the liquid bulk,”” not
the surface, consistently with the results from Wang et al.'” The
results of Wang et al. raised a crucial issue in the field. However, as
the bubble size decreases down to the micrometric scale, the liquid
sample in the droplets should be increasingly dominated by the sea
surface microlayer composition,” even for jet droplets. In addition,
given the extremely small size of the liquid relics, their acidity and
consequent reactivity could reach high levels,” together with their
capability to immediately nucleate or react with volatile organic
components (VOC) present in the surrounding atmosphere.” Thus,
below certain sub-micrometer droplet size, to observe distinctions
of kinematic origin from the physicochemical nature of the eventual
seawater aerosol becomes impossible with current equipment and
experimental setups. Nonetheless, the findings by Wang et al,'” the
analyses of Berny et al.”>"” and Berny et al.,”” and previous consid-
erations would point to the jet droplets as a potential origin of at
least a major fraction of sub-micrometer SSA and SMA present in
the atmosphere.

Interestingly, Wang et al.'” specified R, = 13 and 4 um as the
bubble size responsible of the highest measured sound frequency from
breaking waves’** and the minimum bubble size capable of produc-
ing jet drops,” respectively, without resorting to any physical descrip-
tion of the bubble breakup mechanism. In reality, the two bubble sizes
R, = 13 and 4 um aforementioned approximately correspond to the
two key values of the Laplace numbers La, = 1111 and La,,;, = 343,
respectively, reported in the literature (ie., Oh,=0.03 and
Oh, . = 0.054, respectively,‘v"m"“’4(’ 4859 These Laplace numbers
correspond to:

i) The minimum radius of the first ejected droplet for the
whole spectrum of jet emitting bubbles, and

(ii) The minimum bubble radius R, ,,;; for which jet droplets
are ejected.

scitation.org/journal/phf

3. The probability density function of jet droplet size

Given the difficulty of direct measurements of jet droplet statis-
tics, researchers have relied on numerical simulation. Deike and coau-
thors™” studied the variability of data sizes along the whole transient
jet emission event, an essential ingredient of any statistical global
model. These authors offer a very ample set of data under “noisy initial
conditions” for all-drops ejected droplet radii r,; from simulations,
with La numbers spanning close to three orders of magnitude. A best
fitting statistics of these data to a Gamma distribution,””

o

p(xai) = %xﬁ;l exp (—oxq,), (3)

yields a shape factor « dependent with La approximately as o« = 0.65
La'"®. Here, y;; = 4,/ (ra), and ry is, for each bursting event, a statis-
tical variable where its average (r;) is a function of La with the same
form as (2) but a different o, value (i.e., a different ratio of surface ten-
sion to kinetic energy at the front of the spout) than the one of the first
droplet R: in general, R # (ry). Note the appearance of the power 1/5
affecting La in the jet droplet like in the film flapping droplets statistics,
whose analysis is beyond present study.

The fitting used a modified Anderson-Darling test as follows.
The data are represented in Fig. 8 as the cumulative distribution value
F; for each i-droplet of radius r4; divided by (1 — F;) vs the theoretical
values corresponding to a Gamma distribution, ie, I'ru(74;)/
(1 = Tra(yq;))> where T'ro(yq) = I'(2, 0, 04) /T (2) is the normal-
ized cumulative Gamma distribution function. We observe a reason-
able global statistical goodness-of-fit for the whole range of La
numbers explored (about three orders of magnitude). This guarantees
a sufficient confidence on the assumption that the breakup of the
time-evolving ejected liquid ligament approximately follows a Gamma
distribution as predicted by Ref. 60, with a La-dependent shape factor
o = 0.65La'".

C. The number of ejected droplets per bursting event
1. Film drops

Jiang et al."” give very useful experimental values of the number
of droplets ejected per bursting event in their Figs. 3(b) and S6. Their
collection of data from other authors is especially useful too. These
data are gathered in Fig. 9, where the two mechanisms, film bursting
and flapping, are separately considered according to their characteris-
tic number production.

A particularly notable finding of Jiang et al."” is their explanation
of the Blanchard-Syzdek paradox™ around Lags ~ 7 x 10* for seawa-
ter (R, ~ 1.4 for T = 15° C to 2.3 mm for T = 5° C), where the film
flapping mechanism dominates for La < Lags, while the film bursting
does so for La > Lags. Since Jiang et al. consider R, as twice that of the
equivalent spherical volume radius, their own data do not appear to
collapse well with those of the other authors. However, taking R, as
the equivalent spherical radius assumed by the other authors, the col-
lapse of Jiang’s data with the rest of authors is evident.

Despite one observes certain degree of overlapping between the
film breakup mechanisms due to the complexity of the collective
bursting process and its critical dependency on different factors (tem-
perature, pH, presence of surfactants, particles, and organic com-
pounds), there is a relatively clear statistical separation between them.
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FIG. 8. Statistical test of data from Berny et al.”* against a Gamma function. The test follows a modified Anderson-Darling approach, see text. The right labels are the La num-

bers of each data series. The blue dashed lines indicate a 0.5 deviation.
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FIG. 9. The average number of droplets ejected per bursting event, (ny). Data gathered from Ref. 35. The continuous lines correspond to the theoretical model (8), for different
o4 values and Mo calculated for seawater at 15 °C. Observe that the size range of bubbles effectively shooting jet droplets is from about 6 to 7 um (La ~ 350) to about 2 mm

(La ~ 105). A direct measurement, visualization, or simulation of ejections for seawater around La, is impossible: only an indirect assessment is viable.
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For the purposes of global modeling, one could separately fit the num-
ber of droplets produced by each mechanism by the expressions

La wlagg
= N, — 4
4B 5 oL exp ( Ia ) (4)

for the film bursting droplets, with Np >~ 40, and

o
ngr = Np (E) (1 - i), (valid for La < Lags) (5)

LaBs Lags

for the film flapping droplets, with Nr ~ 600 and o ~ 2.75. The
overlapping is reflected by the factor @ ~ 1.57 affecting the value of
Lags in (4). These fittings are plotted in Fig. 9.

The number of film bursting droplets tends to scale with La for
La — oo since their number would be proportional to the radius of
the equivalent volume sphere due to mass conservation: the fragment-
ing film rim has a length commensurate with the bubble radius, while
the film thickness becomes nearly independent of La. However, the
marginal dependence of the film flapping droplet number ngp for
decreasing La with the power o, between the bubble surface (ap ~ 2)
and volume (oz ~ 3), could be related to the decreasing effect of the
gas in the bubble and its surroundings by rarefaction (i.e., when Kn
increases) as the bubble size and, consequently, the sub-micrometer
droplet sizes decrease. The fundamental effect of the bubble gas is well
documented by Jiang et al.'” On the other hand, flapping droplets
seem to cease abruptly at the Blanchard-Syzdek transition value Lagg.

2. Jet drops

The number of ejected droplets is one of the main claims of this
work: for seawater, this number can be orders of magnitude larger
than any previous estimation based on experiments with other liquids
in air or numerical simulation assuming a continuum gas atmosphere.
In the bubble size range from about 10 to 100 um, seawater produces
ejections with associated Knudsen numbers above unity and velocities
beyond the thermal speed of air. These two facts would lead to much
larger droplet fragmentation frequencies (and total ejected droplet
number) than previously thought.

A Duchemin 2002(TR)

® Ghabache 2016

A G-C&L-H2021
Berny 2020
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The main cause of the extremely large velocity of the issued liquid
spout is the radial collapse of an axisymmetric capillary wave at the
axis,”>*”° producing a singularity’® and the trapping of a tiny bubble
at the bottom of the cavity (see Fig. 6, and Fig. 5 in Ref. 38). The radial
collapse elicits a subsequent ejection in the axial direction of an ini-
tially quasi-infinitesimal spout of liquid at an extremely large velocity:
we observe that the initial droplet ejection velocity in Fig. 7 above can
be about 10° x V,, where V, = (6/(pR,))"/? is the characteristic
velocity of the bursting process driven by capillary forces.

The ejection velocity of the first droplet V has been investigated
in Refs. 37, 38, 43, 46, 48, 55, and 65, among other works. Fitting the
speed of emission is trickier than the droplet size, given the depen-
dency of the former on the point at which it is measured and the
inherent variability of the liquid spout velocity. If that point is set
approximately at the point where the droplet is released, the recent
model proposed by Ref. 38 yields

2
La\'/? La\"? La
V/V‘u = kV <(]_wac> —1 + oy (E) + “ZMOE
(6)

This model is compared with the experimentally measured V in
Fig. 10. In general, the scale of the ejection velocity v(f) co-evolves with
the radial scale of the ejection (t) as 7(t) ~ v(¢) > along the process
(see Ref. 38). This trend is consistent with the valuable data provided
by Berny et al.”’ for the five first ejected droplets (see Figs. 6 and 7 in
Ref. 37). However, while the prefactor ky, is a constant, the best fitting
to the experimentally measured and reported V demands that ky (of
order unity) should be slightly dependent on La (Oh) and Bo as ky
= 0.39f,( La,Bo ). The fitting function f, proposed by Ref. 38 was f,
= (14 k1Bo + k,Oh) ™" with k; = 2.27 and k, = —16. A better fit-
ting is here obtained with f, = (1 + k;Bo — La”) (1 — (Lay/
La)”),withy, = —0.125and y, = 0.8.

The extremely large initial velocity of the incipient spout rapidly
decays as the mean radius of the ejected spout increases along the ejec-
tion process. According to high precision numerical simulations™®’
assuming seawater and air at atmospheric conditions, it decays about

~1/2

FIG. 10. The measured ejection velocity V
of the first drop, corrected with the factor
f, and compared with the proposed model.
The curves correspond to the velocity of
the first droplet (black line), as fitted in
Ref. 38, and the alternative fitting here
proposed for the average (vy) (blue line).
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an order of magnitude before the first drop is released. Interestingly,
the speed of the first droplet V is comparable to or larger than the
capillary-viscous or natural velocity v, = ¢/ for La in the range from
Layuin = 400 to about 4 x 10° (see Fig. 10), the range where the maxi-
mum ejection velocities and minimum jet droplet radius are reached,
where the bottom microbubble trapping is prevalent.

For the critical La, = 1100 values where V peaks (where f, is
about 0.52), V can reach values as high as one order of magnitude
above vu.js In contrast to the rest of the domain, which shows robust-
ness to initial perturbations,” the parametrical region around La, is
highly sensitive to effects like the gas conditions, as previously
explained. In Ref. 38 (see Fig. 2 in that work), we showed that the
transversal size of the ejected spout is inversely proportional to its
velocity for times smaller than the natural one ¢, from the instant of
collapse. Hence, the sooner the ballistic jet starts ejecting droplets, the
smaller, faster, and more numerous those droplets will be. In that ini-
tial time interval, the velocity of ejection in the simulations (assuming
incompressibility) can be as high as 20 times the natural velocity v,
(about 61 m/s for seawater), with spout sizes about 0.1-0.2 times [,
~ 19.5 nm. In the absence of interactions with the environment, or in
conditions of minimized interactions, that initial velocity can over-
come the speed of sound in sea air, and—consistently—the emitted
droplets can be orders of magnitude smaller than the molecular mean
free path of air in standard conditions.

According to Ref. 68 and in the absence of any interaction with
the environment, the most unstable wavelength / for a viscous liquid
column of radius r; is equal to 4 = 2mjr;/k, with k ~ 0.697 and  a
function of Ohé =u/ (porj)l/ > very approximately equal to
=1+ ZOhj)l/ . Given that the environment surrounding the
ejected ligament is a high-speed gas jet (see Fig. 4) co-flowing along-
side with that, one can assume that the liquid is moving with a compa-
rable velocity to that of the environment, and its dynamical effect can
be, in first approximation, neglected. Thus, the conservation of mass
on breakup leads to

3 1/3 1/6
rafri={= (ﬁ) (1 + 2(5/%4)1/2) : (7)

where y; = r4/1,. This is a transcendental function for { whose solu-
tion can be very approximately resolved for a given y, using the fixed
point method with initial value { = 1 in the right hand side of (7). A
couple of iterations (that can be explicitly expressed) yield the solution
with maximum errors below 0.1%. The relationship (7) is expected to
hold even close to the molecular scale, as demonstrated by Moseler
and Landman®’ and Zhao, Lockerby, and Sprittles” via molecular
simulations of nanojets.

Next, the instantaneous ejection flow rate is proportional to vdrjz.
Obviously, there is an inherent variability of the ejected droplet radius
and velocity along a single bursting, implying the consideration of the two
stochastic variables r; and v, in the calculations. However, one has that:

(1) There is a strict limitation for the time along which the ejection
is active, given by t, = (pR3/ O’)l/ 2

(2) As previously seen, both stochastic variables y; and vy = v/v,
have well defined statistics in a single bursting event, with aver-
age (y,) and (vs) depending on La and Mo only. These average
values should be (universally) proportional to both R/I, and
V /v, in a single bursting event.

ARTICLE scitation.org/journal/phf

Thus, the conservation of total mass along a single ejection
event within a continuous bursting of bubbles of different sizes
demands

2
(D) P =k 2
Ta \"d (ra) (xa)
where both (y,;) and (v;) are given by the expressions (2) and (6),
with fitting constants kg y and o, that can be different from the origi-
nal ones for R and V, summarized by the constant k.. This is justified
since (i) o; measures the relative weight of surface tension energy to
form the droplet at the front of the issuing liquid spout,” which can
vary along the bursting event, and (ii) the prefactors kg y should obvi-
ously reflect the overall change of both r, and v, along the bursting,
too.

Hence, one can calculate the single-event averaged number of
ejected droplets using (8) as a function of La and Mo alone. Recently,
Berny et al.”” sought for a scaling law as (114) ~ La~">. They directly
measured the size of ejected droplets using numerical simulations with
fixed density and viscosity ratios with the environment. However, our
simulations point to the appearance of an enormously larger number
of ejected droplets as one decreases those ratios (see Fig. 7) or at those
small scales where the gas environment becomes rarefied (close or
beyond the molecular mean free path scale), which may apply to the
case of water in air for La around La,.

Indeed, we observe that the fitting constant o4 in (2) and (6)
strongly determines both the minimum droplet radius and the maxi-
mum ejection speed for the whole La-span and, therefore, determines
the total number of droplets ejected, as shown in Fig. 9.

Fitting the number of droplets ejected per bursting event n, for
seawater to the dataset gathered by Berny et al.” for La >10* approxi-
mately yields k. = 1. However, the average number of droplets gener-
ated could deviate very significantly from Berny’s assumption (i.e.,
ng ~ La~'?) for La <10* assuming rarefied gas conditions, which
entails using different o; values. The new approach correctly predicts
no ejection (ie, (ng) — 0) as La approaches the two extreme values
already mentioned in the literature.”””’

D. The bubble statistics

There is an ample literature on the subject of bubble genera-
tion in the ocean and its qualitative analysis (e.g., Refs. 16, 22, 63,
70, and 71). The data from Deane and Stokes'® and Blenkinsopp
and Chaplin’’ have been established as a reliable source of experi-
mental measurements of bubble plumes and swarms produced by
breaking waves. Figure 11 plots both datasets, where both the sub-
(~x73/?) and super-Hinze (~x"'%/) scales'® are clearly visible.
The bubble radius R, is made dimensionless with the average bub-
ble radius (R,) obtained from the best fitting continuous probabil-
ity distribution to the datasets from Deane and Stokes'® and
Blenkinsopp and Chaplin,”’ which yields (R,) ~ 0.25 mm. From
the fundamental theoretical considerations on the bubble dynam-
ics made by Clarke et al.'” and Quinn et al.”’ showing the existence
of two clearly defined power-law ranges and a drastic decay below
a certain R,, the use of an analytic extended Singh-Maddala prob-
ability density distribution (p.d.f.) g(x) is proposed in this work as
follows:
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with b = —3/2."7*" Constants A and X can be analytically obtained
from the condition that the s-moments distribution, given by,

a+sb—c —1+a—ba+d+s
d > d’ d ’ d ’

x\4 x\4

G- w
are equal to 1 for both s=0 and 1, ie, making
F(x — 00,5 =0) = F(x — 00,5 = 1) = 1. F; stands for the first of
the Appell hypergeometric series. Moreover, x = R,/(R,) = La
Lu/(Ro), X = Laginzel,/(Ro)> and & = Layin/ Laginze where Lagg,,, is
the value of La for the Hinze bubble radius, about 2mm,"” ie.,
Laging ~ 1.5 x 10°.

Alternatively, g can be expressed as a p.d.f. for the stochastic vari-
able La as g(x) = ( La )0(La), where the first moment of 0( La )
(s=1)is ( La ). Regarding the values of d and the exponents a and c,
the following considerations apply:

F(x,s) = Ax""F, (

(1) At La = Lag;.,., the probability distribution abruptly changes
the power-law dependence to a new exponent theoretically
equal to —10/3." Fitting the power-law to the data, the local
shape factor d should be around 3, and the exponent ¢ approxi-
mately equals to —4 (close but different from —10/3 for
R,/(R,) =40, see Fig. 11). Interestingly, one has that La;,,.. is
very close to Lagy, = 2 x 10°, the maximum value of La for
which jet droplets are ejected, and therefore, the exponent ¢
plays a secondary role in the global aerosol distribution since
film droplets are much smaller than jet droplets in this size
range.

(2) The uncertainty of measurements at the Aitken mode range or
the sheer absence of data makes a precise determination of the
shape of the distribution function and the calculation of the
exponent a challenging for R,/(R,) < 0.1, if not useless. This is
marked as a dotted line in Fig. 11. Since no droplets are ejected
for La < La,,;,, the choice of La,,;, as the turning point where
the bubble size distribution decays, at least from the droplet
generation side, is consistent. The calculations for the global

— Singh—-Maddala distr.

scitation.org/journal/phf

® Deane & Stokes 2002, (1)
Blenkinsopp & Chaplin 2010

FIG. 11. Probability distribution of the bub-
ble radius R, produced by breaking
waves, made dimensionless with the aver-
age bubble radius (R,) of the best fitting
continuous probability distribution to the
datasets from Deane and Stokes'® and
Blenkinsopp and Chaplin” (see the text).

x7103 Jaw

aerosol distribution are insensitive to a values as long as the
decay exponent a is steeper than 3 for R,/(R,) — 0.

An important question raised by Néel and Deike"' is whether the
actual probability distribution of bubbles popping at the surface of sea-
water is reproduced by the probability distribution measured in the
bulk, given by (9). While a one-to-one correspondence was assumed
in Berny et al.”” and in Jiang et al,,'” given the very different raising
velocities of the bubble size spectrum and the stages of development of
the breaking wave, that assumption is called into question. However, it
can be sustained as the most statistically consistent one for the pur-
poses of this study since the global ensemble distribution of ejected
droplet radii must consider the presence of bubbles, transient cavities,
liquid ligaments, films, and spumes necessarily making liquid—gas sur-
faces present at all scales in the turbulent motion, from about R, ~ 1,
to about several centimeters (i.e., more than six orders of magnitude).
Thus, bulk bubbles capable of generating jet droplets are actually
exposed to liquid surfaces in a turbulent ocean much more frequently
than the tranquil raising of bubbles in a laboratory tank.

E. Ensemble droplet size statistics

Once the droplet size statistics, the number of ejected droplets
per bursting for each droplet generation mechanism, and the statistics
of bubbles are quantitatively described, one can easily calculate the the-
oretical ensemble probability P(y;) of a given ejected droplet size
sa =1/ lu

The non-dimensional ensemble probability can be understood
as the expectancy of the number of droplets n, as a function of La
= R,/ under the combined probability of the variable La (the non-
dimensional bubble radius) given by 6( La ) and the probability of y,
for the average droplet radius () ;) = (r4)/l,» which is a function of
La as well,”*”

P(za) = Jw 9<La>1%</’;jf’nd dLa = [x 9@@%@ dLa,
(11)

where p(y = y4/(x4)) is the Gamma distribution and 0( La ) is the
p.d.f. of the bubble radius in the liquid bulk beneath the average posi-
tion of the turbulent liquid free surface. The global average jet droplet

radius ((74)) = ((ra)) /L. is simply
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() = joc 1aP(U)da. (12)

The average () of the stochastic variable y, in a single bursting event
is a function of La and Mo only, given by the same expression (2) as
that for the value of y, for the first ejected droplet (i.e., R/1,), but with
o; as a free parameter depending on the environment. This free
parameter should be universal for seawater in air at average ocean
atmospheric conditions (pressure and temperature).

Observe that the integration of (11) is performed on the complete
La domain, and the kernel vanishes at both La — 0 and oo. In con-
trast, the kernel of the aggregated distribution in Berny et al.” diverges
for La — 0: the shape of the aggregated distribution is, therefore,
strongly determined by the limits of integration in that work.

lll. RESULTS AND DISCUSSION

An inventory of well established datasets of the aerosol concentra-
tion spectra from the extensive literature reporting atmospheric aerosol
measurements from the ocean is selected, including ultrafine particles in
the Aitken and accumulation modes,”” CCN, and INP. Selection of
measurements is made at or around the marine boundary layer (MBL),
approximately at the average ocean temperature (15°C), or in labora-
tory measurements where the described conditions reasonably repro-
duce the open ocean ones. 217107275 Also, for completeness, the

numerical simulation data from Berny et al.”” for bubble swarms are

ARTICLE scitation.org/journal/phf

included. Given the width of the aerosol size range (about five orders of
magnitude), the ranges of validity of the measurement instruments, the
physical effects influencing their performance or the aerosol concentra-
tions measured, and the treatment of samples should be appropriately
addressed to build a reasonable overall experimental p.d.f. Obviously,
the number concentrations provided by published measurements
should be scaled to obtain probability measures. In effect, the collected
experimental data from the literature"'>'****>°1>727>7% are scaled
according to the procedures described in Appendix B to build an experi-
mental probability density function (pdf) P(y; = r4/l,). The matching
of the experimental pdf shape at the overlapping ranges among the dif-
ferent datasets provides a good measure of reliability.

The calculations include an approximate reconstruction of the
spray radii from which the given aerosol sizes originate. Given the
focus of this work on CCN and INP, their size range is used as
the main overlapping range among the different datasets to re-scale
the number concentrations and to establish a reasonably continuous
pdf. The upper envelope of the experimental datasets is the reference
line reducible to a probability distribution. The result is plotted in Fig.
12. Obviously, the requirement of P(y;) being a probability distribu-
tion determines the scaling of the different experimental datasets.

A remarkable overall fitting to the proposed model is achieved
for o = 1073, with ((r;)) ~ 0.4 um, corresponding to a nascent SSA
of average diameter ((D,)) = 200 nm. The sensitivity of the model to

® Rose et al. 2021 (ocean)

0.01

Berny et al. 2021 (numerical simul.)
-| A Clarke et al 2003, 2006 (ocean)
Hoppel et al 2002 (model, ocean)
Martensson et al. 2003 (15 C, lab.)
¢ Keene et al 2007 (lab)
@ Sofiev et al 2011 (ocean)
- @ Gras & Keywood 2017, 18-24 m/s (ocean)
© Gras & Keywood 2017, 12-18 m/s
Gras & Keywood 2017, 5-25 m/s (Aitken acc/mode gap)
@ Hartery et al 2020 (ocean)
A Wang et al 2017 (MART, lab)
@ Erinin et al 2019 (lab)
2 O'Dowd et al. 1997 (ocean)
Salter et al 2015 (lab)

A Bates et al. 2012 (SS10, ocean-lab)

1074
E
L
10-¢
10-8
10—10
I Eil H I I
0.1 1 10 100 1000
Xxa=Tall,

|
4 s
10 10° 4 Bates et al. 2012 (SS6, ocean-lab)
B Kremser et al 2021 (ocean)

A Longetal. 2014 (WACS S1, ocean)

FIG. 12. The probability distribution function P(4) for the radius y4 = ry/l, of the total ensemble of ejected droplets from the sea at an average temperature of T = 15° C
compared to measurements of SSA and OA from different authors. We also note where the measurements were performed for each dataset. The pdf P(x) and the resulting
overall average droplet radius ((ry)) ~ 0.4 1 m are calculated with oy = 0.001. The finest aerosol size range described by O'dowd et al.°" could be due to the smallest relics

of jet nano-droplets on which VOCs and other vapors condensate.
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the main parameter o is given in Appendix C. The result of the model
fitting points to an extremely large droplet generation in the nanomet-
ric range. This implies the disintegration of extremely thin,
nanometric-sized liquid ligaments ejected at enormous speeds (four to
five times the average one of air molecules at standard atmospheric
conditions) from bursting bubbles from about 5 to 30 um into several
thousands of droplets in the range from about 5 to 20 nm per bubble.
This fits reasonably well the extreme ultrafine SSA size spectrum of
O’dowd et al.®" for typical maritime North East Atlantic measured
number distribution using SMPS. This measured SSA ranged from
about 4 to 15nm would originate from seawater droplets with radii
around 0.4-1.2 times the natural length [, (19.5nm for seawater at
15 °C), the size range where the liquid jet acquires its maximum speeds
of 4-15 times the natural velocity v, (see Ref. 38, p. A12-A17, Fig. 2).
To indicate the gas flow regimes, red dashed vertical lines in Fig. 12
indicate the ordinate y, values for Kn =1 and 0.1; between these lines,
one has rarefied flow of droplets in the air. At the left of Kn=1, one
has free molecular flow regime.

IV. CONCLUSIONS

The main conclusions and prospectives from this work, on the
basis of available evidence, are:

(1) When constructing an ensemble probability density function of
the measured oceanic aerosol sizes, film droplet production
alone, including the very recently proposed film flapping mech-
anism,'” appears to fall orders of magnitude short of explaining
the actual numerical concentration of measured aerosols in the
sub-micrometer range. First, the energy densities entailed in the
liquid film dynamics are insufficient to reach scales comparable
or below the natural length scale of seawater, I, = p*/(po)
= 19.5 nm. Second, the number of droplets produced by the
film bursting mechanisms decreases drastically as the bubble
radius R, decreases below 200 um.

(2) In contrast, not only the bubble size distribution strongly favors
bubble sizes between 5 and 200 um, but also this bubble size
range would generate a large number of jet droplets in the sub-
micrometer range per bursting event. In effect, the astonishing
concentration of kinetic energy per unit volume at the point of
collapse for bubble sizes around tens of microns is sufficient to
foster jetting at scales much smaller than [,,.

(3) Microbubbles (specifically, those between 5 and 200 um) face
significant challenges to effectively reach the air-water surface
due to low rise speed and dissolution.”” However, unlike what
would occur in bubbling experiments in still (or nearly still)
water in a laboratory tank, the actual turbulent sea surface
water would be saturated, or even supersaturated with air, from
a relatively moderate wind and breaking wave activity. In real-
ity, the turbulent surface of the open sea is a dynamic fractal
object whose mean radius of curvature may be below the centi-
meter or even millimeter scales. This would make always-
present millimeter-sized droplets, ligaments, and foams perfect
mobile platforms for the bursting of microbubbles, which
would increase the volume of water per unit area loaded with
those microbubbles exposed to the water—air surface by many
orders of magnitude. Although a precise quantification of this
mechanism is not yet available and is not the subject of the

scitation.org/journal/phf

present work, it would provide a sound basis for the main pro-
posal here made.

These observations would imply a complete reconsideration of
the physical pathways of aerosol production from the ocean: the vast
majority of these aerosols would have their elusive birth in the uterus-
like nano-shape (Fig. 6) of a bursting microbubble in the last instants
of collapse. This would have fundamental implications for the under-
standing of oceanic aerosols and their origin. Naturally, the statistical
agreement shown is a necessary but not sufficient condition for an
irrefutable attribution to the described mechanisms. However, no
other mechanisms with this level of precision have been described so
far to explain the origin of sub-micrometer and nanometer scale pri-
mary and secondary oceanic aerosols (cloud condensation nuclei, ice
particles, volatile organic compound nuclei, and micro- and nano-
plastics), and to also explain their high diffusivity from the ocean sur-
face. More importantly, the accuracy of this model is such that it pro-
vides an optimal component for ocean aerosol fluxes in global climate
models, in the absence of a better solution.
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APPENDIX A: EXPERIMENTAL DATA RELIABILITY
AND SPECTRAL LIMITS

The spray (primary marine aerosol) size spectra measured in the
collection of selected datasets span five orders of magnitude, from
ultrafine to coarse particles. This demands the use of measuring instru-
ments based on different technologies: different authors'>'”'*7*7*
have used ultrafine condensation particle counters (e.g, TSI3760,
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cally adjusted in each plot. Plot markers
correspond to those of Fig. 12, main text.
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TSI3787, and TSI3010), mobility analyzers (e.g, TSI3081 and
TSI3790), aerodynamic particle sizers (e.g., TSI3321), automated static
thermal gradient cloud chamber, or active scattering aerosol spectrom-
eter probe (ASASP-X), each of them with a relatively narrow measur-
ing range capability compared to the whole marine spray size span.
Consequently, open ocean measurements using these instruments tend

to underestimate significantly the actual content of the spray spectra in
the air layers in contact with the sea surface, since the size spectrum
beyond the accumulation mode tends to settle. The only data correctly
representing the actual spray size contents in that region are those
from Berny et al.,”” with a direct account—drop by drop—from simu-
lations, and from Erinin et al.””
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APPENDIX B: DATA TREATMENT

The particle size measured under the conditions described in
each publication has been carefully converted to droplet radius for
each relevant dataset,"'»!072077010272 75777980 Mot authors
report the values of dry aerosols (obtained with a variety of drying
conditions: temperatures from ambient ones, with RH from 80% to
20%, to about 300°C), except Erinin et al’”” and Berny et al.””
reporting droplet sizes. The remaining humidity in the final state of
the measured particle has been considered. The water content of
the particle is estimated based on an evaporative model with resi-
dues at the corresponding RH of the environment.”” The converted
SSA particle sizes to corresponding droplet radii are scaled with the
length scale [, = 19.5 nm, measured at the average ocean tempera-
ture of 15°C. In addition, while some authors’”°""*”° report the
droplet or aerosol radius, the rest give the diameter. The reconstruc-
tion of the corresponding droplet size from dry residues is made
using a standard 3.5% salt concentration in the ocean.

Either the concentration N per unit volume or the flux spectra
reported by the authors, which are strongly dependent on the actual
local conditions of measurements (fundamentally wind and wave
amplitude'”'* %), are scaled to represent a true p.d.f. under the
hypothesis that each reported concentration (their ordinates N) cor-
rectly describes at least a fraction of the complete number density
spectrum. The following procedure is followed:

* The ordinate values N of the distributions disclosed by the differ-
ent authors are averaged in the interval for Kn € {0.4,1} (ie.,
rq € {24, 2.52,}), where the most interesting jet droplets features
from bubble bursting phenomena begin to occur (rarefied condi-
tions). To do so, an interpolation function f;(y,;) for each dataset
is integrated in the interval y, € {1,/lu,2.5/,/1,}, so that

E; = [250 i) i

e For a given value of o, the ordinate values of each dataset are
divided by F; and multiplied by the averaged value (say Py) of the
theoretical p.d.f. in the interval y,; € {Aa/In,2.54,/1,}, ie,

:2.524/1,
PK - J/la/llt/ " P(Xd)dXd-

* The resulting scaled values of the experimental distributions are
compared to the theoretical distribution in the whole interval
(see Figs. 12 and 13). In some cases (e.g., Ref. 75), the experimen-
tal interval of r; values disclosed does not cover the rarefied con-
ditions. In this case, the experimental p.d.f. is scaled to match the
theoretical p.d.f. at the center of the interval of interest.

APPENDIX C: MODEL SENSITIVITY TO THE FREE
PARAMETER o

Figure 13 shows the fitting of the model given by Eq. (11),
main text, to the datasets, under different hypotheses:

(1) Figure 13(a): The model uses the fittings constants published in
Gandn-Calvo  and  Lépez-Herrera™ (¢ = 0.133  and
Oh, = 0.03, or La, = 1111), obtained from available data on
individual BB using several different liquids, which, in the range
of Laplace numbers, yield measurable ejections. Naturally, these
ejections happen in air at atmospheric conditions, and their
characteristic speeds are sufficiently smaller than the speed of

ARTICLE scitation.org/journal/phf

sound to assume incompressibility throughout the whole burst-
ing and ejection events. The model perfectly fits the numerical
simulation data from Ref. 35, which were made under these
hypotheses (see Fig. 5, main text). The contribution of the flap-
ping droplets'” would be maximum in the range of CCN
marked for this value of the free parameter (o; = 0.133).

Figure 13(b): This intermediate model prediction uses an inter-
mediate fitting (a; = 0.02) between those which fits the numer-
ical simulations of Berny et al.”’” (o = 0.032) and from Gafidn-
Calvo and Lépez—Herrera“S (0; = 0.003), see Fig. 5, main text.
With some caveats, o; = 0.02 would fit nearly all datasets,
except the extreme ultrafine spectrum measured by O’Dowd
et al.”' The contribution of flapping droplets would completely
vanish compared to that of jet droplets for this o, value.

2

~

The bubbles producing the size range predicted in Fig. 10,
main text, should be present in surface seawater fully saturated (or
supersaturated) with air. These conditions are, indeed, met under
continuous wave breaking:*'” due to their large internal air pres-
sure, they should diffuse air into the surrounding water very effec-
tively. In addition, each bursting bubble in the range from 10 to
500 um can generate tiny bubbles that get trapped at the bottom of
the cavity in the liquid,”**** which increases the air supersatura-
tion at the surface microlayer.
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