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The production, size, and chemical composition of sea spray aerosol
(SSA) particles strongly depend on seawater chemistry, which is
controlled by physical, chemical, and biological processes. Despite
decades of studies in marine environments, a direct relationship has
yet to be established between ocean biology and the physicochemical properties of SSA. The ability to establish such relationships is
hindered by the fact that SSA measurements are typically dominated by overwhelming background aerosol concentrations even in
remote marine environments. Herein, we describe a newly developed approach for reproducing the chemical complexity of SSA in
a laboratory setting, comprising a unique ocean-atmosphere facility
equipped with actual breaking waves. A mesocosm experiment was
performed in natural seawater, using controlled phytoplankton and
heterotrophic bacteria concentrations, which showed SSA size and
chemical mixing state are acutely sensitive to the aerosol production
mechanism, as well as to the type of biological species present. The
largest reduction in the hygroscopicity of SSA occurred as heterotrophic bacteria concentrations increased, whereas phytoplankton
and chlorophyll-a concentrations decreased, directly corresponding
to a change in mixing state in the smallest (60–180 nm) size range.
Using this newly developed approach to generate realistic SSA, systematic studies can now be performed to advance our fundamental
understanding of the impact of ocean biology on SSA chemical
mixing state, heterogeneous reactivity, and the resulting climaterelevant properties.
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from anthropogenic and marine sources even in remote marine
environments (3, 5). Global models that parameterize nascent
SSA disagree by more than two orders of magnitude in the absolute number ﬂux (global, annual average) (6–8) and require
major assumptions regarding nascent SSA size and single particle mixing state (6). Currently, accurate representation of SSA
in climate models is limited by an incomplete understanding of
the dependence of SSA properties on physical, biological, and
chemical processes occurring in the ocean (8).
Previous ﬁeld and laboratory studies have shown that SSA is
a complex mixture of sea salt (SS) and an array of organic species
with differing solubilities (4, 9, 10). Most SSA ﬁeld and laboratory
measurements focus on absolute mass concentrations and the
enrichment of organic compounds relative to salts (e.g., ref. 11),
with the assumption that salts and organic species are equally
distributed among all particles of a given size (internally mixed).
The chemical associations between species within individual SSA
particles (or chemical mixing state) is directly inﬂuenced by ocean
physics, biology, and chemistry, and ultimately control both particle hygroscopicity (12) and the number of particles that can act
as cloud condensation nuclei (CCN) and ice nuclei (IN) (13). The
few studies that focus on single particle measurements suggest that
SSA cannot be completely described as internally mixed (9, 14, 15)
but, rather, as a distribution of chemically distinct particle types
(externally mixed). The current view of SSA particle mixing state
in the size range most important for cloud formation (<200 nm) is
controversial (16). Although some studies suggest a large fraction
of salt particles below 200 nm, others report salts are nearly absent
and SSA becomes increasingly enriched with organic species at
these small sizes (e.g., ref. 11). Some suggest individual SSA
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tmospheric aerosols have a profound impact on climate by
directly interacting with incoming solar radiation, as well as by
serving as the seeds that nucleate clouds (1). Natural aerosol
sources, which include the oceans, deserts, and wildﬁres, contribute 90% (mass/mass) to atmospheric aerosols, with sea spray and
dust representing the two largest contributors. Given the vast
coverage of the Earth’s surface by the oceans, the impact of sea
spray aerosol (SSA) on the Earth’s radiation budget is a critical
area of ongoing climate investigations. The current uncertainties
associated with the total radiative forcing by anthropogenic aerosols are much larger than those for greenhouse gases (2). To
reduce these uncertainties, the impact of large natural sources,
such as sea spray, must be better understood, because the difference between the total forcing and the forcing from natural
sources will provide a critical constraint on the forcing from
anthropogenic aerosols (3). Primary SSA, formed at the air/sea
interface through bubble-mediated processes (4), dominates the
natural aerosol burden in most marine environments. However, it has become increasingly difﬁcult to unravel contributions
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Generation and Reproduction of SSA Size Distributions
In the SSA particle production process, several key interfaces
ultimately determine the surface species and morphology of
SSA. As a bubble rises through the water column, different hydrophobic molecules are attracted to the air/bubble interface,
offering the ﬁrst level of chemical selectivity (4, 23). Because
a bubble bursts at the ocean surface, the sea surface microlayer
represents a second critical interface where chemical partitioning
occurs (24). Finally, as individual droplets undergo drying under
lower relative humidity (RH) conditions, the resulting SSA
particle morphology will depend on surface interactions. Biological processes play a signiﬁcant role in forming the species
that each bubble encounters in the water column as well as those
residing in the sea surface microlayer (4, 23). Thus, each step of
the SSA production process must be properly replicated or erroneous conclusions will be drawn in any subsequent heterogeneous reactivity and water uptake studies on SSA.
SSA is created when bubbles entrained by breaking waves burst
at the ocean surface (4). Two distinct mechanisms control aerosol
production: the rapid retraction and disintegration of the thin ﬂuid
ﬁlm that caps the bubble (ﬁlm drops) and the breakup of a reactionary jet (jet drops), with their relative contributions depending
on the size spectrum of the bubbles (8). Accurate representation
of these mechanisms in the laboratory is a critical requirement for
reproducing the size distribution and chemical composition of nascent SSA. However, the majority of previous laboratory studies
generated SSA using sintered glass ﬁlters and typically did not
measure bubble size distributions (25). In the experiments described
herein, SSA was generated using three different interchangeable
systems: (i) sintered glass ﬁlters (25), (ii) a pulsed-plunging waterfall, and (iii) continuous wave breaking at 0.6 Hz, all operating
within a sealed 33-m wave channel ﬁlled with natural seawater
pumped directly from the Paciﬁc Ocean (SI Text, section 1).
Prather et al.

In situ acoustic and optical measurements of bubble size distributions (dN/drB, where rB = bubble radius; Fig. 1A) show consistency between generation mechanisms up to approximately
rB = 0.7 mm but deviate above 1 mm. Aerosol production is sensitive to total foam area and the distribution of cell sizes within the
foam (26). Multiplying the bubble size distribution by the potential
to generate surface ﬁlm (roughly 2πrB2) yields a peak in the distribution at the Hinze scale, as observed in previous open ocean
studies (aH = 1.3 mm; a is the bubble radius and H stands for
Hinze, Fig. 1A) (19). Because most foam from breaking waves
comes from bubbles around this scale, the level and slope of the
bubble distribution at this scale must be reproduced by any generation mechanism used as a surrogate for natural wave breaking.
It has been reported that the vast majority of submicrometer SSA
particles that can act as CCN emanate from ﬁlm drops that are
produced by larger bubbles with sizes above 1 mm (27–29). Importantly, the measured bubble spectrum for the breaking waves
used in this study matches the shape and Hinze scale of bubble
spectra measured previously for open ocean breaking waves (19).
Previous studies using plunging jets have produced similar bubble
size distributions only up to radii of 0.57 mm (30). Thus, herein
breaking waves with bubble size distributions representative of
open ocean conditions are used to produce nascent SSA with atmospherically representative size distributions and chemical mixing states, as described below.
Nascent SSA size distribution (dN/dlogdp, where dp is particle
physical diameter) from the three production mechanisms were
measured at 15 ± 10% RH (Fig. 1B). The mode of the probability
density function of the particle number distribution is 162 ± 21 nm
(1σ) for SSA generated using breaking waves. The number distribution is broad, extending from 10 nm to 5 μm. The plunging
waterfall produces SSA with a similar size distribution to that
produced by breaking waves, which is expected, given the similar
bubble spectra produced by the two generation methods. In contrast, SSA produced using two sizes of sintered glass ﬁlters or frits
commonly used in previous experiments (25) exhibits a much
narrower size distribution, reﬂecting the different bubble size
spectrum produced by this method (compare with Fig. 1A).
The measured size distribution peaks at the lower end of the
accumulation mode (∼162 nm) as observed in previous studies in
marine environments (6, 8). This distribution shows only a small
contribution from particles in the smaller Aitken mode in the sub–
100-nm size range. This distribution is in contrast to previous
marine ﬁeld studies, including those that used frits to produce
SSA, which show another mode below 100 nm (8, 25, 31–33). As
described, it is extremely difﬁcult to separate out contributions

Fig. 1. (A) Bubble radius distributions for breaking waves (gray squares),
plunging waterfall (blue circles), and sintered glass ﬁlters (red line). [Reproduced with permission from ref. 19 (Copyright 2002, Macmillan Publishers)]. (B)
Probability density function of the resulting SSA number distributions (dN/
dlogdp, with the dp at 15 ± 10% RH) produced by these three methods. The
SSA distribution recovered from the plunging waterfall is consistent with that
produced by breaking waves, whereas the SSA distribution by the sintered
glass ﬁlters (red triangles) is considerably narrower.
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particles may be even more complex and composed of organized
structures formed by the complexation of inorganic salts with organic species produced by biological processes (17, 18). Even
though climate impacts of SSA are expected to depend on particle
composition as a function of size, no study to date has probed
how SSA mixing state changes as a function of seawater conditions, a major focus of this investigation.
The goal of this study is to develop a unique approach that will
allow us to bridge results from laboratory and ﬁeld studies of SSA
by accurately reproducing the chemical complexity and associations
(i.e., mixing state) of real-world SSA for controlled studies of reactivity, water uptake, and climate-relevant properties. Here, we
describe a newly developed approach that brings the chemical
complexity of the ocean-atmosphere system into the laboratory
(Fig. S1). Simultaneous measurements of seawater, SSA size distributions, and size-resolved single particle chemical composition
are made in an enclosed ocean-atmosphere wave channel equipped
with breaking waves and natural seawater. This facility permits
studies of the impact of seawater composition on SSA properties
under controlled and well-characterized biological conditions (19).
This paper is divided into three sections, each detailing the progression of advances: (i) measurements of nascent SSA produced
by breaking waves in a laboratory setting, demonstrating the extreme sensitivity of the SSA size distribution to the bubble size
distribution, and hence the SSA production mechanism; (ii) sizeresolved associations between inorganic and organic species within
individual SSA particles (i.e., chemical mixing state), covering two
orders of magnitude in size from 30 nm to 3 μm, by integrating the
results from several single particle techniques, including aerosol
TOF mass spectrometry (ATOFMS), scanning tunneling X-ray
microscopy (STXM), and transmission electron microscopy (TEM);
and (iii) a mesocosm seawater experiment to explore the dependence of SSA chemical mixing state and physicochemical
properties on ocean biology over a range of conditions representative of the open ocean, by adding well-characterized phytoplankton and bacteria mixtures and allowing the chemistry to
evolve over a 5-d period (20–22).

from background aerosols and other secondary particle formation processes that have been shown to occur in marine
environments (3, 5, 34). The ability to produce and measure an
extremely stable nascent SSA size distribution over a broad
range of biological conditions demonstrates the advantage of
performing these experiments in a laboratory setting, where
contributions from other sources and secondary processes can
be eliminated. Thus, future studies will probe the effects of
seawater temperature, wind, and biological conditions to determine if the Aitken mode can be produced under different
conditions (i.e., phytoplankton bloom) or whether it is entirely
attributable to background and secondary processes.
The motivation for the development of this unique oceanatmosphere facility is to be able to perform systematic control
studies that help provide a better understanding of the large
observed variability in SSA size and composition distributions
measured over the ocean, as well as associated variations in
cloud properties (6). Thus, it is critical to use a production
process that replicates the full bubble size distributions, including larger sizes, to generate SSA with a realistic distribution
of particle sizes and compositions.
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SSA Chemical Mixing State
Our ﬁrst experiments used natural seawater drawn directly from
Paciﬁc coastal waters into the wave channel. Over the course of
10 d, after adding multiple varieties of phytoplankton cultures
and ﬁlling the tank on different days with natural seawater, very
little change was observed in the overall SSA composition or
hygroscopicity. To explore the inﬂuence of ocean biological and
chemical complexity on emitted SSA properties, a 5-d mesocosm
experiment was then conducted wherein natural seawater was
doped sequentially with well-characterized ZoBell growth medium, bacteria (Alteromonas spp. and Pseudoalteromonas atlantica), and phytoplankton (Dunaliella tertiolecta) cultures (Table
S1). The time series for heterotrophic bacteria, phytoplankton,
chlorophyll-a, and total organic carbon (TOC) concentrations
are shown in Fig. 2. The primary objective of these experiments
was not to simulate large-scale oceanic phytoplankton blooms
that occur in limited regions of the ocean (11) but, instead, to
detail how variations in and interactions between biological
species alter SSA properties under conditions generally representative of the mean ocean state [i.e., TOC = 60–70 μM (20),
bacteria concentrations of 5 × 105–3 × 106 cells·mL−1 (21),
chlorophyll-a concentrations of 0.15–1 mg·m−3 (22)]. SSA was
produced using continuous wave breaking, where measurements
of background particle levels within the wave channel indicate
that contamination from background aerosol contributed ∼10%
on average (up to 20% for short isolated periods) to the measured
particle number concentrations (Fig. S2). Both SSA number
concentrations and size distributions were exceptionally stable

Fig. 2. Concentrations of seawater TOC (green circles), chlorophyll-a (orange line), heterotrophic bacteria (blue squares), and photosynthetic eukaryotic phytoplankton (black triangles) measured over the 5-d mesocosm
experiment. Times for the four major additions of growth medium (GM),
heterotrophic bacteria (HB), and phytoplankton (PH) are noted (A1–A4) with
green arrows (SI Text, section 2.1 and Table S1). Dashed boxes mark two
sampling regions (R1 and R2).
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[Ntotal = 145 ± 20 particles·cm−3 and dp (mode) = 162 ± 21 nm
(1σ)] across the entire 5-d mesocosm experiment (Figs. S2 and S3)
and showed very little variation even as bacteria, phytoplankton,
chlorophyll-a, and TOC concentrations changed (Fig. 2).
The mixing state of nascent SSA during the mesocosm experiment was examined using a combination of particle morphology and chemical heterogeneity measurements of individual
particles, determining the size-resolved number fractions of
chemically distinct particle types. Integration of microscopy and
MS data of individual SSA particles reveals four predominant
SSAs that persist throughout all experiments conducted (Fig.
3A), although the size-dependent relative number fractions vary
over time (Fig. 4 A and B). The four individual particle types
were deﬁned based on both physical shape and chemical signatures (SI Text, section 4). They can be categorized as inorganic
salts (types 1 and 2), biological (type 3), and organic (type 4)
particles (Table S2), where the labels reﬂect the most dominant
signals in the individual particles. A minor fraction of particles
composed of unique signatures, each in negligible (<1%)
abundance, and background aerosols were also detected. These
particles were grouped together as a separate category referred
to as Other (gray; Fig. 3A and SI Text, section 4.3.3). The relative fractions of the four major particle types show a strong
size dependence [aerodynamic diameter (da) = 30–3,000 nm],
with externally mixed particle populations spanning from inorganic salts dominating the largest sizes to mostly organic particles at the smallest sizes (Fig. 3A). It is important to note that
all particle measurements discussed here describe nascent SSA,
sampled less than 30 s following production, thus eliminating
subsequent chemical and atmospheric processing of these particles, which are processes that have been shown to make major
contributions in ﬁeld observations to the composition of marine
aerosols (35).
Supermicrometer particles are dominated by SS particles, with
one type containing the typical inorganic salts dominated by
NaCl (SS, type 1) and a second type (type 2) in which SS is mixed
with organic carbon (SS-OC; Fig. S4). Individual SS-containing
particles display spatial heterogeneity, with clear structural differences in the surface vs. inner regions of the particles. Larger
type 1 particles show a cubic NaCl structure in microscopy
analysis, and many type 2 (SS-OC) particles have an additional
visible ring of Mg2+ on their surface, which becomes more
common in smaller submicrometer particles (Fig. S5). One explanation for these rings is that they form when more soluble
species, such as magnesium chloride, dehydrate last under vacuum in the electron microscope; however, this layered structure
is also observed in the ATOFMS, which does not completely dry
out the particles. We hypothesize that these rings serve as indicators of surface interactions between organic species and inorganic cations, as shown previously in laboratory studies of
model inorganic/organic systems (36). A unique ﬁnding in this
study is the presence of two distinct populations of nascent SS
particles, supermicrometer particles dominated by NaCl showing
cubic structures and smaller submicrometer salt particles relatively
enriched in Mg2+ and organic species. This ﬁnding has signiﬁcant ramiﬁcations for heterogeneous reactivity and water uptake
studies. Additionally, a notable fraction of supermicrometer particles (type 3) had common biological markers, including organicnitrogen species and phosphate in the negative ion mass spectra,
coupled with Mg2+ and oftentimes transition metals in the positive
ion mass spectra (37). Type 3 particles are likely biological
particles, possibly bacteria, which have been shown to become
enriched in the bubble bursting process (4, 23). These represented up to 17% of the supermicrometer particles, similar to
the abundances previously reported for biological particles in
marine environments (38).
Submicrometer SSA particles were composed of two externally
mixed particle types, SS-OC (type 2) and organic dominated particles with no detectable chloride (type 4), as determined by
TEM energy-dispersive X-ray analysis. Further details on the
mixing state of organic and inorganic species within smaller type 4
Prather et al.

submicrometer individual particles were obtained with STXM
(Fig. 3B). These particles were composed of homogeneously mixed
organic species (e.g., carboxylate) combined with Na+, Ca2+, sulfur,
and Mg2+ but distinctly lacking chloride. These type 4 particles
represent the most abundant type below 180 nm, consistent with
previous observations showing an increase in insoluble organic
species at the smallest sizes (39), and are believed to be hydrophobic colloidal or gel particles (40). Particles composed primarily of insoluble organic compounds have been hypothesized
to form when long-chain polymeric bioorganic species, such as
carbohydrates, proteins, and lipids, bridge with divalent ions, including Ca2+ and Mg2+ , to form stable collapsed structures (40).
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Chemical Biology Impacts on SSA Chemical Mixing State
During the ﬁrst 2 d of the mesocosm experiment, an increase
occurred in the relative fraction of type 4 OC-dominated particles in the 60–180 nm (da) range (Fig. 4A; 0.26–0.85). Such
a dramatic shift illustrates the inﬂuence of ocean biology on the
chemical composition of particles in the size window most critical for aerosol–cloud interactions. Notably, this major shift occurred at modest TOC, chlorophyll-a, and phytoplankton levels
(< 0.3 mg·m−3 and <7 × 103 cells·mL−1). The transition was
anticorrelated with chlorophyll-a and phytoplankton concentrations, and it was correlated with the onset of increasing bacteria concentrations (4 × 106 cells·mL−1). In contrast, the
chemical mixing state of SSA in larger sizes (180–320 nm) (Fig.
4B) showed less sensitivity to changes in bacteria, phytoplankton,
and TOC concentrations. This result highlights the size-dependent
response of SSA chemical composition and mixing state to
changes in the distribution of and interactions between biological
species in seawater. It also suggests that commonly used metrics
for biological productivity in global atmospheric models and
SSA parameterizations, such as ocean color and/or chlorophyll-a
concentration, may not always represent adequate indicators of
changes in SSA chemical composition and the associated climaterelevant properties that could be occurring under more typical
ocean conditions (41, 42).
Impact of SSA Mixing State on Particle Hygroscopicity
Hygroscopicity measurements under both sub- and supersaturated conditions were performed during the mesocosm experiment. These measurement techniques probe water uptake of
particles in different size ranges in the submicrometer mode. The
Prather et al.

Fig. 4. (A) Single particle chemical mixing state for particles with a diameter
between 60 and 180 nm for sampling regions indicated in Fig. 2 and Table S3
(the full dataset in these regions is discussed in SI Text, section 6). Num. fraction,
number fraction. (B) Same as A, but for the next largest size regime (180 < dp <
320 nm). (C) GF at 92% RH for the hygroscopic fraction of SSA (GFact. frac. = dwet/
ddry, act. frac. refers to the active fraction that took up water, GF >1.2), (D) dact
measured at 0.2% supersaturation for cloud droplet formation, and (E) IN
concentrations (Conc.) at −32 °C as a function of seawater TOC levels. The
shaded regions are provided as a visual guide. The data represent mean values,
and the vertical error bars for GF and IN are 2σ. For CCN, the lower error bars
are 2σ, whereas the upper bars account for potential errors in the counting
mechanism used (SI Text, section 5.1). The horizontal error bars represent 1σ.
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Fig. 3. (A) Size-resolved chemical mixing state for R1 (Fig. 2). Integration of
two single particle analysis methods [TEM with energy-dispersive X-ray (EDX)
analysis < 562 nm and ATOFMS > 562 nm] shows the existence of four major
particle types. (B) STXM chemical spatial maps of the two most dominant
submicrometer particle types (types 2 and 4) highlight the differences in the
inorganic-to-organic ratios (Left), abundance of chloride (Center), and carboxylates (Right).

ability of an individual particle to scatter radiation and/or serve
as CCN depends on size, the degree of supersaturation, and the
overall ability of a particle to uptake water, which depends on the
single particle chemical mixing state. In general, particles composed mostly of water-soluble or hygroscopic salts will activate
into cloud drops at relatively small sizes. As less soluble organic
species are added to hygroscopic salt particles, the overall hygroscopicity decreases and the size at which the particles can
activate increases. Particles that are composed of purely hydrophobic organic species will activate at even larger sizes (13). In
previous marine cloud studies, the mixing state in the cloudactive size range (60–200 nm) has not been directly measured as
a function of biological conditions. Bulk measurements of collections of SSA particles force one to assume all particles are internal mixtures of all seawater components in equal proportions,
which suggests all SSA particles will have the same afﬁnity for
water. It is important to note that this will certainly not be the case
for the different populations of nascent SSA particles described
herein (12). The question we address here is as follows: How do
biologically induced changes in the relative proportions of the two
distinct submicrometer particle types (SS-OC and insoluble OC)
affect hygroscopic properties?
Before adding bacteria and/or phytoplankton to the natural
seawater, the measured mean activation diameter (dact) at which
particles began to serve as CCN was 63 nm (+18 nm, −4 nm;
supersaturation of 0.2%), consistent with previous measurements for low biological activity seawater and the resulting
hygroscopic SSA (12). Following a ﬁvefold increase in bacteria
concentrations that occurred ∼24 h after the initial addition
of bacteria and ZoBell growth medium, the mean dact nearly
doubled to 118 ± 13 nm (Fig. 4D), corresponding to a factor
of six decrease in the overall CCN-derived hygroscopicity (SI
Text, section 5.2). Given the observed size distribution and
relative fractions of inorganic and insoluble organic particles,
this change in dact values would result in a 32% decrease in the
number of SSA particles that would activate as cloud droplets
at 0.2% supersaturation. Because the size distribution showed
very little change, the observed increase in dact (Fig. 4D) directly
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corresponds to a change in SSA chemical composition. More
speciﬁcally, based on TEM analysis, the contributions from the
two externally mixed particle types in the smallest <180-nm size
range change with the relative fraction of type 4 insoluble OC
particles increasing (Fig. 4A; 0.26–0.85) and replacing mixed SSOC (type 2) particles. Notably, this observed decrease in hygroscopicity, which occurred under modest changes in bacteria,
phytoplankton, TOC, and chlorophyll-a concentrations within
the range of typical open ocean conditions, is signiﬁcantly larger
than in laboratory studies of nascent sea spray on the addition of
biogenic material in the form of a variety of phytoplankton
exudates (12). This large decrease in hygroscopicity occurred as
the levels of two traditional indicators of high biological activity,
phytoplankton and chlorophyll-a, were decreasing (6, 41). Little
additional change occurred in CCN activity (Table S3) after
phytoplankton were added when concentrations of chlorophylla (>5.5 mg·m−3) exceeded the levels observed during most
oceanic blooms (>2 mg·m−3) (43). This result highlights the fact
that bacteria and the full complexity of interactions between
all biological species (e.g., phytoplankton, bacteria) must be
included when probing seawater composition impacts on the
concentration and composition of ocean-derived organic matter
in SSA. The mesocosm experiment serves as an example of how
this newly developed ocean-atmosphere wave ﬂume approach
will be used to determine cause-and-effect relationships between
changing seawater composition and SSA mixing state.
To obtain complementary measurements of water uptake by
larger submicrometer particles, subsaturated hygroscopic growth
measurements of 175 to 225-nm dry diameter particles were made.
Hygroscopic growth factor (GFact. frac. = dwet/ddry) for the hygroscopic particle fraction (GF > 1.2) ranged from 2.2–2.4 at 92%
RH, in the same range as SS (12). The GFs appeared to be independent of seawater composition (Fig. 4C and Fig. S6A).
However, not all particles within this size range were hygroscopic,
with 18 ± 4% displaying GF < 1.2, corresponding to 15-fold lower
hygroscopicity compared with the highly hygroscopic particles (SI
Text and Fig. S6A). The fraction of “nonhygroscopic” particles
agrees well with the fraction of type 4 (OC) particles (0.25%)
detected by TEM in the same size range (Fig. 4B), suggesting
these are indeed hydrophobic (insoluble) organic particles as described by Facchini et al. (39). Additionally, despite the clear
changes to the mean hygroscopicity of the smallest particles (dp <
dact), no change occurred in the mean optically weighted GFs for
all measured submicrometer particles measured using a cavity
ring-down aerosol extinction spectrometer (Fig. S6B). This is
consistent with the ﬁnding that the mean composition of the
submicrometer SSA in the size range most relevant for light
scattering and the direct aerosol effect on climate (300–1,000
nm) showed little dependence on changes in seawater composition (Fig. 4B). Our results suggest that under certain conditions,
such as those simulated in these experiments, which are dominated by heterotrophic bacteria, a dichotomy of climate impacts
can exist wherein certain changes in ocean composition due to
biology can have a minimal inﬂuence on the optical properties of
submicrometer SSA, although having a substantial impact on the
indirect effect through modiﬁcation of the hygroscopicity of particles with dp < dact, and hence cloud properties.
The ﬁnal climate-relevant property probed as part of these
studies of nascent SSA particles involves their ability to form IN.
IN are rare; on average, only 1 in 105 particles serves as an ice
nucleus below −22 °C (44). Some laboratory experiments and
global aerosol modeling studies have investigated marine bacteria
as potential sources of IN (45, 46), although our understanding
of the actual chemical species inﬂuencing ice formation in SSA
remains extremely limited. Observations of IN over marine
regions show broadly distributed average IN concentrations of
10–20 per cubic meter active at −15 °C (47), increasing an order of
magnitude per 5 °C drop in temperature, consistent with values
measured in these experiments at −32 °C. Oceanic regions with
higher IN concentrations have been suggested to be associated
with higher biological activity, as indicated by chlorophyll-a or
7554 | www.pnas.org/cgi/doi/10.1073/pnas.1300262110

phytoplankton levels (46), but no deﬁnitive identiﬁcation has been
made of the speciﬁc sources of IN in marine environments. In this
study, the dependence of IN concentrations on seawater conditions showed less variability than the CCN concentrations over
the same range of conditions. The IN concentrations initially
showed a small increase as bacteria concentrations increased but
ultimately decreased at higher TOC levels above 100 μM (Fig.
4E). It is possible the high TOC levels created a sea surface ﬁlm
that inhibited the initial release of particles serving as IN. Our
measurements showing the highest IN concentrations at the lowest
TOC levels commonly observed in natural seawater suggest marine sources should be considered as a possible source of IN even
outside of biologically active environments. However, further
studies are needed to identify the sources leading to the modest
yet globally signiﬁcant marine IN source inferred from our studies
and measured over a large fraction of the oceans.
Implications for Future Aerosol-Chemistry-Climate Studies
The development of this unique ocean-atmosphere facility sets the
stage for future studies focused on improving our understanding of
ocean–SSA–climate interactions. A number of key ﬁndings have
emanated from the studies reported herein. First, the production
rate and size distribution of SSA are extremely sensitive to the
production mechanism, where bubbles with radii at and above the
Hinze scale (aH = 1.3 mm) are critical for SSA production, size,
and composition. It is suggested that future studies aimed at
producing SSA include measurements of bubble size distributions
of the chosen production method to determine whether they fully
emulate breaking waves, and that they include larger bubble sizes.
Second, over a broad range of conditions, the mixing state of SSA
is composed of varying fractions of four major externally mixed
particle types, the number fractions of which are sensitive to ocean
biology, and particularly the presence of heterotrophic bacteria,
which have been shown to play a key role in consuming and
transforming dissolved organic matter (48). Using this controlled
approach, changes in the relative proportion of two externally
mixed particle types (SS-OC and a second type dominated by insoluble organic species) occur, directly resulting in a change in the
cloud formation potential of SSA. Interestingly, under the conditions of this experiment, the chemical composition and mixing
state of particles larger than 180 nm did not demonstrate the same
sensitivity to changes in seawater composition. This ﬁnding
shows the importance of taking into account the size-resolved
particle mixing state when predicting cloud properties in marine
environments. Similar to the submicrometer hygroscopicity and
optical property measurements, methods that measure bulk submicrometer mass of different chemical species will also be most
strongly affected by the composition of larger, more massive particles at the upper end (>500 nm) of the submicrometer size mode
(49), and thus relatively insensitive to changes in the number of
particles in the size range most important for cloud formation (13).
The results of this study demonstrate the critical importance of
using both the proper physical production mechanism that replicates breaking waves as well as a complete suite of biological
species, including bacteria, phytoplankton, and viruses (48), to
study factors controlling the concentration and composition of
ocean-derived organic matter in SSA (40). Using the newly developed approach, studies will begin to study the coupling of
ocean physical, biological, and chemical processes systematically,
with the ultimate goal of linking seawater composition with SSA
mixing state and cloud properties. This study represents a critical
ﬁrst step in producing and characterizing nascent SSA. Future
studies will now focus on probing how rapidly these nascent SSA
particles evolve by controlling a variety of atmospheric parameters, including photochemistry, aqueous phase processes, and
heterogeneous chemistry with reactive trace gases. Finally, this
ocean-atmosphere facility can be used to simulate how future
changes in oceanic and atmospheric conditions may inﬂuence
the chemical, physical, and climate-relevant properties of SSA.
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mental procedures for measuring the bubble and aerosol size distributions,
and analytical methods used for single particle measurements (including
classiﬁcation of particle types, supersaturated and subsaturated hygroscopicity
measurements, and ice nucleation determinations) are provided in SI Text.

To produce SSA particles with the identical size and composition of those in the
atmosphere in a low-background environment, a unique ocean-atmosphere
facility was developed that involved retroﬁtting a 33 × 0.5 × 1-m wave channel
housed at the Hydraulics Laboratory at the Scripps Institution of Oceanography. A signiﬁcant effort was dedicated to reducing background particle concentrations (5,000–10,000 cm−3) to low enough values (<20 cm−3) so that
individual SSA particles, produced in very low numbers (50–150 cm−3) by each
breaking wave, could be detected. SSA, generated from natural seawater, was
sampled by multiple instruments within 30 s of being produced. Fig. S1 shows
the wave channel with a multitude of gas and particle instruments probing
SSA size, chemical mixing state, optical properties, hygroscopicity, and IN activity. Full details on the 5-d mesocosm experiment, including the source of the
seawater, the methods used for seawater analyses, a discussion of the modiﬁcations to the existing wave channel that made it possible to detect low SSA
concentrations, details of each of the particle generation methods, experi-
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