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The oceans represent a significant global source of atmospheric
aerosols. Sea spray aerosol (SSA) particles comprise sea salts and
organic species in varying proportions. In addition to size, the overall
composition of SSA particles determines how effectively they can
form cloud droplets and ice crystals. Thus, understanding the factors
controlling SSA composition is critical to predicting aerosol impacts on
clouds and climate. It is often assumed that submicrometer SSAs are
mainly formed by film drops produced from bursting bubble-cap
films, which become enriched with hydrophobic organic species
contained within the sea surface microlayer. In contrast, jet drops
formed from the base of bursting bubbles are postulated to mainly
produce larger supermicrometer particles from bulk seawater, which
comprises largely salts and water-soluble organic species. However,
here we demonstrate that jet drops produce up to 43% of total
submicrometer SSA number concentrations, and that the fraction
of SSA produced by jet drops can be modulated by marine biological
activity. We show that the chemical composition, organic volume
fraction, and ice nucleating ability of submicrometer particles from jet
drops differ from those formed from film drops. Thus, the chemical
composition of a substantial fraction of submicrometer particles will
not be controlled by the composition of the sea surface microlayer, a
major assumption in previous studies. This finding has significant
ramifications for understanding the factors controlling the mixing
state of submicrometer SSA particles and must be taken into
consideration when predicting SSA impacts on clouds and climate.

sea spray aerosol | mixing state | bubble bursting | jet drop | film drop

The oceans produce sea spray aerosol (SSA), one of the most
abundant forms of atmospheric aerosol (1–3). It has been

shown that individual SSA particles belong to one of several
chemically distinct particle types (4). Knowledge of the type and
amount of organic species in SSA is needed to predict concen-
trations of cloud condensation nuclei (CCN) and ice nuclei (IN)
(5–8). The distribution of chemical species within and between
SSA particles, generally referred to as aerosol mixing state, plays
a critical role in affecting climate-relevant properties (9, 10).
Because of the overall importance to climate, understanding the
factors that control SSA mixing state is currently a major goal of
many studies (4, 9, 10).
This study focuses on establishing a stronger foundation for

the link between the physical production mechanisms and the
chemical mixing state of submicrometer SSA particles. Here, a
nascent SSA liquid drop produced at a relative humidity (RH) of
100% is called a “drop” and a dried (and therefore solid) drop is
called a “particle.” Particles from jet drops are called “jet drop
particles” and particles from film drops are called “film drop
particles.” Most SSA particles are formed by bursting bubbles in
whitecaps, which are produced by breaking waves (2, 11). There
are two mechanisms that dominate the production of SSA in
terms of number concentrations: (i) the bursting of a bubble-cap
film, which produces film drops, and (ii) the fragmentation of a
water jet formed during the collapse of the remaining cavity,

which produces jet drops. There is a third mechanism, which
produces spume drops by the direct tearing of drops off wave
crests at high wind speeds. Spume drops are large (from tens to
hundreds of micrometers in scale) and thus quickly removed from
the atmosphere by dry deposition (2). Given the critical impor-
tance of aerosol number concentration to marine cloud formation,
in this study attention is limited to submicrometer SSA particle
production from bubble bursting, which accounts for the largest
number of SSA particles.
Due to differences in film and jet drop production, it has been

implied that film and jet drops have vastly different compositions
(5, 7). Film drops produced from bursting bubble-cap films be-
come enriched with hydrophobic organics within the sea surface
microlayer. In contrast, jet drops formed from the base of bursting
bubbles are postulated to produce particles from bulk seawater,
enriched largely in salts and water-soluble organic species. In both
the analysis of observed SSA composition and the development of
emission parameterizations of SSA for models, it is frequently
assumed that submicrometer SSA particles are derived from film
drops (2, 5, 12–16). Recent models that use the composition of
SSA to predict specific cloud and climate properties have been
greatly simplified by assuming all submicrometer SSAs are pro-
duced by the film drop production mechanism and directly reflect
the composition of the sea surface microlayer (5, 6).
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The assumption that jet drop particles do not contribute signifi-
cantly to submicrometer SSA is based on the fact that extremely
small bubbles (bubble radius Rb < 20 μm) are required to produce
jet drop particles with diameter in the submicrometer range (2).
Some studies have argued that bubbles of this size dissolve rapidly in
the surrounding water before reaching the water surface (2, 17).
However, there are a variety of bubble creation mechanisms which
produce small bubbles directly at the sea surface, such as daughter
bubble formation (18), and bubble dissolution does not limit their
concentration at the surface during their short lifetime (18).
Moreover, it has been demonstrated that very small bubbles do

produce jet drops. A recent study of bubbles bursting in fresh water
reports a theoretical bubble size lower limit (Rb = 4 μm) for jet
drop production (19), which is small enough to produce SSA in the
submicrometer size range (2). Fresh water is considered to be a
reliable proxy for bubble bursting in seawater because fresh water
and seawater have similar surface tensions and viscosities (2, 20).
This lower size limit for jet drop production from fresh water
probably applies to seawater bubbles.
Thus, in contrast to the widely held assumption, it is possible

that jet drop particles constitute a significant fraction of sub-
micrometer SSA. However, there have been no detailed studies
of the composition and properties of isolated jet drop particles
produced from sub-100-μm bubbles (Rb < 100 μm). In this study,
we present a method for determining the contribution of jet drop
particles to the total submicrometer SSA number concentration
in laboratory sea spray. Finally, we make a direct comparison of
the size distributions, chemical compositions, and IN activities of
submicrometer jet drop and film drop particles.

Results and Discussion
Jet Drop Particles Formed from Sub-100-μm Bursting Bubbles.Here we
show that sub-100-μm bubbles produce a predictable population
of jet drops whose sizes are related to their parent bubble sizes. A
distribution of hydrogen bubbles with a mean radius in the range
of 20–40 μm was produced through the electrolysis of seawater
(see SI Appendix, SI Methods and Figs. S1 and S2A). This method
provides precise control of bubble flux by adjustment of the cur-
rent through the electrodes. The results of the experiments are
shown in Fig. 1. The measured and modeled SSA particle pro-
duction flux are plotted as a function of SSA particle diameter and
the inset shows the measured and log-normal fitted electrolysis
bubble flux plotted versus bubble radius (the production rate of
hydrogen bubbles was determined using stoichiometry based on
the measured electrode current). The modeled SSA particle flux
was calculated from the electrolysis bubble flux using the 10% rule
combined with the additional assumption that each electrolysis
bubble produces exactly one drop. The so-called “10% rule” as-
serts that the diameter of the top jet drop produced by a bursting
bubble, measured at an RH of 80%, is ∼10% of the bubble radius
(2). Dry SSA particle diameter (Dp) is ∼1/2 of its value at an RH
of 80% (2), therefore it follows that Dp = 0.05Rb.
The satisfactory fit and absolute numerical reconciliation be-

tween the observed and predicted particle production flux support
the conclusion that the larger particle mode (Dp > 1 μm) observed
in the electrolysis experiments consisted of jet drop particles.
However, the 10% rule significantly underestimates the production
of particles in the submicrometer size range, which may have been
produced as secondary or tertiary drops in a series of jet drops, or
alternatively through another mechanism, such as small satellite
drops formed in between large primary jet drops (2).
Bursting bubble-cap films can be ruled out as the source of

these particles through the following arguments. First, experi-
mental studies have shown that bubbles with Rb < 500 μm do not
produce film drops when they burst (2, 12, 21–23). Second, even
assuming bursting bubbles in the electrolysis experiment size
range––on the order of 10–100-μm radius––can produce film
drops, our theoretical calculations indicate that such film drop

particles must be less than 0.1-μm dry diameter (see SI Appendix,
SI Methods), which cannot account for the majority of the par-
ticles shown in Fig. 1.
The electrolysis experiments challenge the widely held assump-

tion that most submicrometer SSA particles come from film drops.
If breaking ocean waves generate sufficiently high concentrations of
sub-100-μm bubbles that burst on the sea surface, generated jet
drops could contribute significantly to submicrometer SSA particles.
Indirect evidence for the formation of bubbles in the required size
range is provided by the observation that breaking waves radiate
underwater noise up to 250 kHz (24), associated with the formation
of bubbles of radius 13 μm (25).
Previous studies of SSA produced using a weir or a frit with a

very fine pore size have reported SSA production from sub-
100-μm bubbles (16, 26). Unlike electrolysis, these methods also
generate bubbles with Rb > 500 μm, which can produce significant
numbers of submicrometer film drops. For example, a bubble with
Rb = 1,000 μm can produce more than 100 film drops (21), and
indeed, these studies have reported a dominant particle mode that
peaked at about 100-nm dry diameter, which was attributed to film
drop particles. Sellegri et al. found another aerosol mode that
peaks at ∼300 nm in addition to the dominant 100-nm film drop
particle mode (16). The presence of this larger 300-nm aerosol
mode was attributed to the impaction of film drops onto other film
caps, forcefully breaking the film and leading to the formation of
larger film drops. However, our findings suggest that this larger
aerosol mode may be simply due to the jet drop production from
bursting of the sub-100-μm bubbles.

Significant Contributions of Jet Drops to Submicrometer SSA from a
Breaking Wave Analog. Motivated by the discovery that sub-
micrometer SSA can be produced from jet drops, we conducted
a series of experiments to quantify the relative contributions of
jet and film drops to total submicrometer SSA.
We developed a technique for discriminating between jet and

film drops based on their differences in electrical mobility. It is well
known that SSA particles are electrically charged, and that the
charge distribution of jet drops and film drops differ, with jet drops
often carrying more electrical charge than film drops (11, 14). This

Fig. 1. Submicrometer jet drop particle production from electrolysis bub-
bles: measured (black circles) and calculated (red line) SSA particle size dis-
tributions. The size distributions were measured with a scanning mobility
particle sizer and an aerodynamic particle sizer. (Inset) Observed (black
squares) and fitted (red line) electrolysis bubble size distributions. dF/dlogDp

and df/dlogRb are production fluxes (number of particles/bubbles per sec-
ond) of submicrometer SSA particles and sub-100-μm bubbles, respectively.
Error bars represent 1 SD.
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difference can be used to distinguish jet and film drops by measuring
each drop’s electrical mobility (denotedZp), which is a function of the
ratio of particle charge to diameter (SI Appendix, SI Methods). We
measured the electrical mobility distributions (EMDs) of positively
and negatively charged submicrometer particles (EMD+, EMD−) in
populations of jet drops produced from sub-100-μm radius bubbles
and film drops produced from 0.6–2-mm-radius bubbles.
Jet drops from electrolysis bubbles are not suitable for EMD

analysis because of the potential for electrolysis to alter the elec-
trical mobility of SSA particles. A “nucleation bubbler,” which
produces bubbles ∼15 μm in radius (SI Appendix, Figs. S2B and S3),
was developed as an alternative to electrolysis for producing jet
drops (SI Appendix, SI Methods and Fig. S1). Any supermicrometer
particles produced by the nucleation bubbles were removed using
an in-line impactor with a size cut at 0.8 μm. As the measured size
distribution shows (SI Appendix, Fig. S3), the nucleation bubbles
produced SSA particles in the submicrometer size range that were
consistent with the electrolysis experiments and previous calcula-
tions showing that bubbles larger than 4-μm radius in water will
produce jet drops (19).
Film drops were produced from 0.6–2-mm radius bubbles gener-

ated with a glass frit (SI Appendix, SI Methods and Figs. S1 and S4),
as bubbles in this size range are known to produce predominately
film drops (2). The size distribution of SSA particles from the film
drops is shown in SI Appendix, Fig. S4C. According to the 10% rule,
SSA particles from jet drops produced by 0.6–2-mm-radius bubbles
have diameters ranging from ∼30–100 μm, which were removed
from the SSA by the same in-line impactor used for the nucleation
bubble SSA analysis.
The positive and negative EMDs for submicrometer SSA

particles from film drops are shown in Fig. 2A. The two EMDs
have similar shapes and magnitudes (EMD+ ∼ EMD− for sub-
micrometer film drop particles). In contrast, the EMDs of neg-
atively and positively charged submicrometer jet drop particles
(Fig. 2B) are distinct (EMD+ ≠ EMD− for submicrometer jet

drop particles). Additionally, submicrometer jet drop particles
tend to have higher electrical mobilities than film drop particles.
Interestingly, as shown in SI Appendix, Fig. S5, the organic spe-
cies present in seawater significantly alter the shapes of the
EMDs of submicrometer jet drop particles (but not film drop
particles) and also the relative abundance of negatively and
positively charged jet drop particles.
We have quantified the relative abundance of jet drop and film

drop particles when produced by a source that generates both drop
types simultaneously. The source consisted of an intermittent
plunging water sheet in a marine aerosol reference tank (MART),
which serves as a proxy for a breaking wave (27). The particle size
distribution of submicrometer SSA from the MART is shown in SI
Appendix, Fig. S6, which does not show any obvious evidence of
distinct film drop and jet drop modes. To separate out the pro-
duction modes, we have used the differences between film and jet
drop particle EMDs. Fig. 2C shows the EMD+ and EMD− of
submicrometer SSA from a typical MART experiment. The positive
and negative EMDs each contain two log-normal modes, re-
spectively designated POS1, POS2 in EMD+, and NEG1, NEG2 in
EMD− (Fig. 2C).
The mode amplitudes, means, and SDs were estimated for

POS1, POS2 and NEG1, NEG2 using a least-mean-squares, log-
normal mode fit to the positive and negative EMDs (Fig. 2D).
Note that the EMDs of jet drop particles from the nucleation
bubbles may contain more than one log-normal mode (Fig. 2B).
It is important to note that the nucleation bubbler is an artificial
source of jet drops that was convenient to unambiguously illus-
trate the differences in electrical mobility between jet and film
drops, but is not representative of wave breaking. Our final
analysis of electrical mobility (Fig. 2 C and D) was used to de-
termine the relative contributions of jet versus film drops in
natural SSA. Submicrometer SSA was generated by a plunging
waterfall in an MART, which has been calibrated against actual
laboratory breaking waves and determined to be a good proxy for

Fig. 2. Contribution of jet drops to submicrometer SSA particles: EMDs of negatively (EMD−, black squares) and positively (EMD+, red dots) charged sub-
micrometer particles. (A) Film drop particles produced from frit-sized (0.6∼2-mm radius) bubbles in natural seawater. (B) Jet drop particles produced from sub-
100-μm nucleation bubbles in natural seawater. (C) Electrical mobility distributions of negatively (EMD−) and positively (EMD+) charged submicrometer SSA
produced from a plunging waterfall in an MART. The gray lines are fitted results (sum of POS1 + POS2 and sum of NEG1 + NEG2). (D) Results of peak fitting
for the curves (EMD− and EMD+) shown in C. Error bars represent the SD of the data.
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the physical and chemical properties of sea spray from a breaking
wave (27). We find that the EMDs from the mixed population of
film and jet drop particles generated by the MART are fit well
using four log-normal modes (two for the EMD+ and two for the
EMD−) with a very low residual. That is, the EMD distributions
relevant to the ocean are well-represented by log-normal modes.
We performed a decomposition (SI Appendix, Fig. S7) of the

EMDs shown in Fig. 2C from the MART source with six log-
normal modes (three for the EMD+ and three for the EMD−) to
see if adding an additional mode significantly affected the
analysis. We found an insignificant shift (1%) in our final esti-
mate of jet versus film drops (described below), confirming that
two log-normal modes for each EMD were sufficient.
The log-normal mode fits to the EMDs can be interpreted in

terms of jet and film drop production. The left tails (for Zp < ∼3 ×
10−7 m2V-1·s−1) of EMD+ and EMD− overlay, and consequently
the POS1 and NEG1 modes have the same shape and magnitude.
Symmetrical positive and negative distributions are consistent with
the EMDs of film drop particles. In contrast, the shape and am-
plitude of the POS2 and NEG2 modes differ, consistent with the
asymmetric EMDs of jet drop particles (Fig. 2B). The fact that the
POS1 and NEG1 modes have lower electrical mobilities than
the POS2 and NEG2 modes is also consistent with the conclusion
that POS1 and NEG1 consist of film drop particles whereas
POS2 and NEG2 are jet drop particles. Fig. 2 A and B shows that
the EMDs of jet drop particles peak at a higher electrical mobility
than the EMDs of film drop particles.
The fraction of SSA consisting of jet drop particles was esti-

mated from the fitted EMD modes. The integral of POS2 and
NEG2 yields the number concentration of jet drop particles.
Dividing the estimated jet drop particle concentration by the
total SSA submicrometer particle concentration (measured with
a scanning mobility particle sizer––SI Appendix, SI Methods)
yields an estimate for the fraction of SSA produced by the jet
drop production mechanism.
To investigate the effect of seawater biological conditions on

SSA production mechanisms, a phytoplankton bloom was in-
duced in natural seawater in an MART (SI Appendix, SI Meth-
ods). SI Appendix, Fig. S8A shows chlorophyll-a concentrations
during the experiment, indicating the progression of the bloom.
Eight EMDs (1 per day) were measured over the course of the
experiment (SI Appendix, Fig. S8B), and were used to calculate
the contributions of jet drop production to total submicrometer
SSA concentrations.
We note that a significant fraction of SSA can be attributed to jet

drops, the estimate ranging from a low of ∼20% in natural seawater,
increasing over the course of the bloom to a high of ∼43%. The
systematic increase in the fraction of jet drops occurred during the
bloom growth phase and remained high but variable after the peak
in chlorophyll-a concentrations (SI Appendix, Figs. S8A and S9).
Given the time-dependent nature of the fraction of jet drop parti-
cles in SSA observed over the course of the phytoplankton bloom,
we conclude that changes in seawater chemistry affected the pro-
duction mechanism and hence the relative proportion of sub-
micrometer SSA particles produced by jet versus film drops (28).
This represents a major finding, demonstrating that oceanic bio-
logical conditions can influence the mechanisms producing SSA.

Major Differences in the Compositions of Submicrometer Film and Jet
Drop Particles.Because a significant fraction of SSA is produced by
the jet drop mechanism (up to 43% depending on seawater
chemistry), it is important to understand the differences in
chemical composition and climate-relevant properties of SSA
particles produced by these two production pathways from natural
seawater. Because there is currently no way to physically separate
film and jet drop particles in an MART, we have based our
measurements on the same film and jet drop sources used to study
the EMDs: Submicrometer film drop particles were produced by

the glass frit whereas submicrometer jet drop particles were pro-
duced by the nucleation bubbler (SI Appendix, SI Methods).
The chemical compositions of submicrometer film and jet

drop particles were characterized with a high-resolution aerosol
mass spectrometer (SI Appendix). The organic species in the
mass spectra of submicrometer particles produced by film and jet
drop particles are clearly distinct (Fig. 3 A and C): Film drop
particles contain a higher fraction of aliphatic (i.e., hydrophobic)
organic species (Fig. 3A), whereas jet drop particles contain a
larger fraction of oxygen-containing (i.e., more water-soluble)
organic species (Fig. 3C). This is consistent with our previous
study, which also shows that the organic species in super-
micrometer SSA have higher oxygen-to-carbon ratios (13).
The morphologies of film and jet drop particles and their organic

volume fractions were measured by atomic force microscopy
(AFM) (SI Appendix, SI Methods). In this set of experiments, the frit
and nucleation bubbler were run simultaneously in the same vol-
ume of seawater (SI Appendix, Fig. S1E). Particles were collected
on silicon wafer chips using a Micro-Orifice Uniform Deposit Im-
pactor (MOUDI). This experimental design rules out any possible
effect of different organic depletion rates in the two bubbler systems
(bubbles from the nucleation bubbler collectively have a much
smaller gas flow rate than bubbles from the frit). Film drop particles
from large bubbles and jet drop particles from nucleation bubbles
were differentiated based upon dry particle sizes (SI Appendix, Fig.
S10). Fig. 3 B and D shows typical AFM phase images of repre-
sentative film and jet drop particles. Both particles have a core–shell
structure typical of dry SSA particles: a salt core and an organic-rich
shell. The organic volume fraction was determined by analyzing
AFM phase and topography images (29). Fig. 3E shows the organic
volume fraction for individual SSA film and jet drop particles. The
separation between the organic volume fractions of the two pop-
ulations illustrates that the organic contribution to jet drop particles
from nucleation bubbles is significantly smaller than that in film
drop particles produced by frit bubbles.
The question exists as to how the observed differences in com-

position between jet and film drop particles impact the cloud-
relevant properties of SSA. Recent studies report that SSA particles
can be a major source of ice nucleating particles (INPs) in the
marine atmosphere (7, 30, 31). Fig. 3F shows the temperature-
dependent fraction of INPs in film and jet drop populations pro-
duced from natural seawater (SI Appendix). We have shown that
submicrometer jet drop particles have much higher INP activities
and freeze at much warmer temperatures than film drop particles.
It is important to note that the size distribution of jet drop

particles studied here is significantly different from that of the film
drop particles (SI Appendix, Figs. S3 and S4). Thus, the observed
differences in INP activity could possibly be explained by the in-
crease in either total surface area or volume associated with jet
drop particle populations. If the IN active entities are transported
on the drop surface, then one would expect their presence within
drops to scale with the surface area of the drop population. If
carried within the drop liquid core, then the IN active entities
should scale with the volume of the drop population. Surface area
and volume scaling laws have been applied to the film drop INP
activity curve in Fig. 2F. Neither scaled curve approaches the jet
drop INP activity curve (SI Appendix, Fig. S11), implying some
concentration mechanism for INP active substances during jet
drop production well beyond anything that can be explained by
simple surface area or volume scaling of the smaller film drops.

Atmospheric Implications. The jet versus film drop laboratory exper-
iments have a number of climate-relevant consequences for aerosol
modeling: (i) a significant fraction of submicrometer SSAs is com-
posed of jet drop particles (20∼43%); (ii) the fraction of jet drops
depends on seawater chemistry and changes over the course of a
phytoplankton bloom; (iii) the chemical compositions of jet and
film drop particles are distinct and introduce selective pathways
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for the transport of soluble (jet) and insoluble (film) organic
species; and (iv) composition differences result in jet drop
particles being more IN active at warmer temperatures than film
drop particles.
Differences in the organic composition and the organic/salt

ratio of jet and film drop particles result in externally mixed
populations of submicrometer SSA (Fig. 4). Film drops
transport aliphatic-rich hydrophobic organic species concen-
trated in the sea surface microlayer and jet drops transport
more soluble organic species with higher oxygen/carbon ratios
from the underlying seawater (5, 13). A quantitative understanding
of these distinct transport pathways for organic species will allow
their impacts on aerosol chemistry to be included in models that
calculate the organic fraction of submicrometer SSA and the as-
sociated climate-relevant properties, such as INP and CCN activ-
ities. For example, in a recent study of marine IN aerosols, Wilson
et al. assume that the relative number of ice nucleating entities
(INE) per gram of total organic carbon is the same in the aerosol
phase and the sea surface microlayer (7). Our results suggest that
this assumption will only be valid for a limited fraction of sub-
micrometer SSA particles.
The IN characterization study of jet drop particles shows that

the jet drop production of SSA is a more efficient transport
pathway for INEs. There are several plausible reasons that can
account for this. Organic particles may be adsorbed onto the
boundary of a bubble as it rises through the seawater. Boundary
layer flow around the rising bubble may concentrate particulate
INEs at the base of the bubble. Because jet drops are made from
the water at the base of a bubble (2), they may be enriched in
INEs compared with film drops because of this scavenging and
concentration process.
Variation in the fraction of jet drop particles observed over the

course of a phytoplankton bloom shows that environmental factors

(e.g., seawater chemistry; SI Appendix, Fig. S9) can significantly
alter the contribution of jet drops to the total submicrometer
SSA population. Because film and jet drop production mech-
anisms provide distinct and selective transport pathways for
organic species with different properties, modulation of their
relative contributions could drive the mixing state of SSA, with

Fig. 4. Schematic diagram linking the origin of the submicrometer SSA
mixing state to film and jet drop production mechanisms.

Fig. 3. Differences in chemical composition between submicrometer film drop and jet drop particles: AMS mass spectra for submicrometer (A) film and (C) jet
drop particles. Typical AFM phase images for submicrometer (B) film drop particles and (D) jet drop particles. (Scale bars: B, 100 nm long; D, 500 nm long.) (E)
Organic volume fractions for submicrometer particles produced by film and jet drops (determined from AFM images). (F) Number fraction of INPs in film and
jet drop particles. Error bars represent 1 SD.
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important implications for the concentration of CCN and IN in
the marine boundary layer (9, 10).
Finally, we note that many previous SSA studies used frit

bubblers to produce SSA (15, 16, 32). Our findings suggest that
studies of SSA from frits will lack an important component of jet
drop particles produced by sub-100-μm bubble bursting. Con-
tinuous bubbling through a frit can generate a persistent layer of
foam to which sub-100-μm bubbles may be lost through coalescence.
For example, a widely used SSA production flux parameterization
(15) is based upon experiments using a glass frit for bubble gener-
ation. Thus, climate models using SSA parameterizations obtained
from frit experiments will miss the contribution of jet drop particles
to submicrometer SSA, leading to errors in SSA number flux and
chemical composition.

Methods
Definition Used for SSA Size. SSA size changes with RH. In this study, SSA
particles were dried (RH < 20%) before any measurement. Thus, all sizes
reported in this paper are SSA dry diameter (Dp) in nanometers or micro-
meters. A commonly used set of relations for particle size is

Dp = 0.5D80% = r80% =0.25Ddrop = 0.5rdrop,

where D is particle diameter, r is particle radius, and the subscripts p, 80%,
and drop mean equilibrium size at RH <20%, 80%, and 100%, respectively.

SSA Production and Characterization. In this study, submicrometer SSA par-
ticles were produced through a variety of methods for different purposes.
Isolated jet drop particles were produced via bursting of sub-100-μm
bubbles generated from either electrolysis of seawater or bubble nucle-
ation. Isolated film drop particles were produced via bursting of 0.6–
2-mm-radius bubbles generated from a glass frit. Natural SSA, a mixture of
jet drop and film drop particles, was produced using an intermittent
plunging water sheet in an MART, which serves as a proxy for a breaking
wave (27). The physical and chemical properties of SSA particles were
characterized. The electrical mobility distributions of SSA were measured
using a differential mobility analyzer followed by a condensational par-
ticle counter. Their size distributions were measured with a scanning
mobility particle sizer and an aerodynamic particle sizer, whereas organic
compositions were measured using an aerosol mass spectrometer (AMS).
Particle morphology and organic volume fractions were derived using
AFM, and IN activities were measured using an automatic ice spectrome-
ter. More detailed descriptions of these techniques and their data analysis
procedures can be found in SI Appendix.
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