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ABSTRACT: Marine aerosols play a critical role in impacting our
climate by seeding clouds over the oceans. Despite decades of research,
key questions remain regarding how ocean biological activity changes the
composition and cloud-forming ability of marine aerosols. This
uncertainty largely stems from an inability to independently determine
the cloud-forming potential of primary versus secondary marine aerosols
in complex marine environments. Here, we present results from a unique
6-day mesocosm experiment where we isolated and studied the cloud-
forming potential of primary and secondary marine aerosols over the
course of a phytoplankton bloom. The results from this controlled
laboratory approach can finally explain the long-observed changes in the
hygroscopic properties of marine aerosols observed in previous field
studies. We find that secondary marine aerosols, consisting of sulfate, ammonium, and organic species, correlate with phytoplankton
biomass (i.e., chlorophyll-a concentrations), whereas primary sea spray aerosol does not. Importantly, the measured CCN activity
(κapp = 0.59 ± 0.04) of the resulting secondary marine aerosol matches the values observed in previous field studies, suggesting
secondary marine aerosols play the dominant role in affecting marine cloud properties. Given these findings, future studies must
address the physical, chemical, and biological factors controlling the emissions of volatile organic compounds that form secondary
marine aerosol, with the goal of improving model predictions of ocean biology on atmospheric chemistry, clouds, and climate.

1. INTRODUCTION

Aerosol−cloud interactions have been identified as the single
largest source of uncertainty in estimating changes in the
Earth’s radiative budget.1,2 The concentrations of particles that
serve as cloud condensation nuclei (CCN) impact both the
number and size of cloud droplets, which in turn affect
precipitation and albedo.3−5 Oceans cover nearly three-
quarters of the Earth’s surface and represent an important
source of atmospheric aerosols. Marine aerosols can dominate
in remote regions, especially over the Southern Ocean, where
continental influences are low.6

The two major types of marine aerosol are primary sea spray
aerosol (SSA) and secondary marine aerosol (SMA). SSA is
directly introduced into the atmosphere by breaking waves. In
contrast, SMA is produced via gas-to-particle conversion of the
oxidation products of gasphase species emitted from the ocean,
including dimethyl sulfide (DMS) and other biogenic volatile
organic compounds (VOCs).7,8 These lower volatility
oxidation products (i.e., secondary species) can either
condense onto pre-existing particles or form new particles via
nucleation.9 A major focus has been placed on the oxidation of
DMS, which leads to production of SO2, among other species,
which is further oxidized to form particulate sulfate. To
distinguish from the natural seawater sulfur species in SSA,

sulfate from the secondary oxidation of DMS and other sulfur-
containing gases has traditionally been referred to as non-sea-
salt sulfate (nss-SO4

−). Many studies have shown that
secondary organic species can be internally mixed with nss-
SO4

− and represent a significant fraction of submicron marine
aerosol mass.10−13

Marine aerosols strongly influence cloud properties over
oceans. A recent climate modeling study suggested that natural
aerosols resulting from biological activity in the ocean account
for over half of the spatiotemporal variability in cloud droplet
number concentrations over the Southern Ocean.14 However,
the specific mechanisms by which biological activity in
seawater affect the composition and size of marine aerosols,
and hence their ability to form clouds, remain highly uncertain.
Several hypotheses have been proposed. Biological activity in
seawater can (1) affect SSA size and production fluxes; (2)
change the chemical composition of nascent SSA and thus its
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CCN activity, and (3) produce volatile gases that are released
into the atmosphere and undergo chemical reactions, leading
to the formation of SMA that can serve as an additional source
of CCN.
Over the past several decades, many studies have attempted

to determine which of these mechanisms is occurring in the
marine environment under different conditions. Alpert et al.
reported that seawater chemistry can significantly alter primary
SSA production flux during a mesocosm bloom.15 Forestieri et
al. also observed that the amount of SSA produced from
isolated natural seawater varies over time, most likely driven by
changes in biology.16 However, neither study reports the
chlorophyll-a (chl-a) concentrations in seawater, which are
useful for understanding the relative amount of biological
activity. Chl-a is produced by marine phytoplankton, and its
concentrations are widely used to calculate photosynthetic
rates and primary productivity in surface waters, making it an
important metric of biological activity in the oceans.17,18 Thus,
these prior studies have been unable to directly associate the
observed changes in SSA with specific changes in biological
activity under realistic ocean conditions. Collins et al.
performed numerous mesocosm blooms, measuring the
CCN activity of primary SSA, and concluded that changes in
the CCN activity of SSA show only a weak dependence on
phytoplankton biomass (i.e., chl-a).19

In addition to studies on primary SSA, other studies have
attempted to link variability in the emissions of biogenic VOCs
to variability in CCN concentrations and cloud properties.
Notably, several decades ago, Charlson et al. proposed the
well-known CLAW hypothesis that nss-SO4

− aerosol produced
from the oxidation of DMS released by phytoplankton could
exert significant control over cloud albedo and thus regulate
climate through both positive and negative feedback
mechanisms.20 Numerous field studies have established a
positive correlation between CCN concentrations and DMS
flux, a gas-phase species known to be emitted during periods of
high biological activity.21−23 However, other studies have
shown that DMS alone does not fully explain both field
observations and modeling results of CCN, suggesting there
are other sources of cloud seeds in the marine environment,
such as nascent SSA and continental aerosols.24 Using a global
aerosol microphysics model, Merikanto et al. estimated that
55% of CCN (0.2%) in the marine boundary layer is new
particles formed by nucleation processes.25 Recently, Gras and
Keywood reported that CCN concentrations over the
Southern Ocean show a strong seasonal dependence and
that during the summer months CCN are directly correlated
with biogenic sulfur compounds.26

The critical challenge involves disentangling and measuring
the properties of primary versus secondary marine aerosols
formed from the same seawater over the course of a
phytoplankton bloom. In this study, we investigate the
processes forming a marine aerosol under clean conditions in
an isolated ocean/atmosphere system, free from anthropogenic
and terrestrial influences, enabling the direct measurement of
how primary and secondary aerosols impact cloud formation
over an evolving phytoplankton bloom. We initiated the
phytoplankton bloom in Pacific Ocean seawater and generated
sea spray aerosols in a marine aerosol reference tank (MART).
Concurrently, secondary marine aerosol (SMA) was produced
by oxidizing the complete mixture of headspace gases from the
MART in an oxidative flow reactor (OFR, ∼3.3 days of
equivalent aging). While OFRs have been used extensively for

studies of anthropogenic and terrestrial aerosols, this study
represents one of the first applications of an OFR to marine
systems.27 This novel approach allows for direct determination
of how variations in biological activity affect the flux and CCN
activity of marine aerosols. By separately producing and
measuring primary and secondary marine aerosols, we
unambiguously show the strongest correlation exists between
seawater chl-a levels and the production of secondary marine
aerosols. Furthermore, the CCN activity of the secondary
marine aerosols produced at the peak of the phytoplankton
bloom is remarkably consistent with decades of field
measurements made over the oceans.

2. RESULTS AND DISCUSSION

2.1. Changes in Aerosol Production over the Course
of the Bloom. During each day of the experiment, 120 L of
seawater was transferred to a marine aerosol reference tank
(MART) for aerosol generation (Figure S1). The number
concentrations of primary SSA were calculated from the
aerosol size distributions measured during each day of the
bloom (Figure S2). The measured number concentrations are
directly proportional to the SSA flux, as the air flow rate
through the MART remained constant throughout the
experiment. The observed flux at the peak of the bloom, as
indicated by the chl-a concentration, was slightly elevated, but
after the peak, the flux exhibited a general downward trend
over time. At the peak, the maximum observed change in flux
for this bloom was approximately 16%, providing an upper
limit for changes in SSA flux during the course of a
phytoplankton bloom.
In addition to SSA, the size distributions of the OFR-

generated SMA were also measured. These size distributions
were converted from number distributions to volume
distributions assuming spherical particles (Figure 1B). The
SMPS scanned to a maximum diameter of dp = 0.43 μm, and
thus, the volume concentration estimate excludes contributions
from much larger particles, which dominate the total volume.
Submicron SSA typically dominates in terms of number
concentration and has longer lifetimes than supermicron
particles, so it is expected to have the largest influence on

Figure 1. (a) Daily aerosol volume concentrations (dp < 0.43 um) for
OFR-aged SMA and nascent SSA. (b) OFR-generated SMA volume
size distribution over the course of the bloom.
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CCN numbers.28 In addition, larger particles are primarily
composed of sea salt, while smaller particles generally have
increased fractions of organic compounds.11,29 Thus, by
focusing on variability in the small particles, we isolate those
particles most likely to be influenced by changes in seawater
composition as well as affect cloud properties. For simplicity,
we refer to the measured particles as submicron particles. Over
the duration of the mesocosm bloom, the aged submicron
aerosol volume concentrations after the OFR were 3 to 14
times higher than those of primary SSA (Figure 1A), indicating
that nascent SSA only accounts for a small fraction of the total
submicron aerosol volume concentration. Thus, secondary
species dominate the submicron aerosol produced from the
OFR, and the properties of the measured aerosol largely reflect
the properties of SMA. The volume concentration of SMA
specifically was determined by taking the difference between
the total volume concentration (SMA + SSA) and that for the
SSA alone.
The submicron SMA volume concentrations showed a

strong linear relationship with chl-a (r2 = 0.78), whereas the
primary SSA concentrations remained relatively constant over
the course of the bloom (r2 = 0.33) (Figure 2). Moreover, the

absolute changes in the SMA volume concentrations were
much greater than those for SSA. At the peak of the bloom (9/
1), the SMA concentration was 6 times higher than at the end
of the bloom (9/5). The specific relationship between SMA
volume concentration and chl-a varied somewhat over time,
with notable differences during the growth and death stages.
This reflects time dependent differences in the gas-phase

emissions resulting from changes in the microbe communities
and biological processing of organic species in the seawater.
These results show that biological activity in seawater has a
much larger effect on the emission of gases that lead to SMA
production, rather than changes in SSA flux. Thus, we
conclude that under these conditions, SMA would play a
more important role than SSA in seeding marine clouds.
Similar to the volume concentrations, the particle number

concentrations for SMA were also correlated with chl-a.
However, nucleation is strongly favored over condensation in
the OFR, due to the high OH concentrations and fast
oxidation rates. While the OFR system can provide an estimate
of secondary aerosol mass yield,30 these experiments do not
directly establish the extent to which new particle formation
will compete with the condensation of oxidized vapors in the
marine atmosphere. Indeed, the size distributions of the
secondary aerosol indicate that the partitioning of gas-phase
compounds into the particle phase was occurring primarily via
new particle formation, with a much smaller contribution from
coating pre-existing primary SSA particles (Figure S3).
Nonetheless, these data clearly show that overall, SMA
production exhibits a stronger link with chl-a than SSA.

2.2. Chemical Composition of Secondary Marine
Aerosol. To better understand the relationship between
bloom growth and aerosol properties, we measured the
chemical composition of SMA using an HR-ToF-AMS. The
secondary aerosol formed during these experiments was
primarily composed of sulfate, ammonium, and organic
compounds, with a small amount of nitrate (Figure 3, CE =

0.6). Sulfate made the largest contribution to the secondary
aerosol mass (53−71%). We hypothesize that most of this
sulfate was formed from dimethyl sulfide (DMS) oxidation.
DMS is the most abundant biogenic sulfur-containing gas in
the marine atmosphere, with annual emissions from the oceans
of ∼28.1 (17.6−34.4) Tg S yr−1.31 Other methylated sulfur
gases, such as methanethiol (MeSH) and dimethyl disulfide
(DMDS) are also emitted from the oceans; however, the flux
of these compounds is believed to be significantly lower than
that of DMS, and the role they play in secondary aerosol
formation remains largely unexplored.32 DMS is produced
from the enzymatic cleavage of dimethylsulfoniopropionate

Figure 2. (a) Correlation between chl-a concentrations and total
aerosol volume concentrations for OFR-generated SMA (R2 = 0.78).
(b) Correlation of chl-a with primary SSA total aerosol volume (R2 =
0.37) during the bloom.

Figure 3. Time series of the chemical composition of SMA generated
in the OFR measured with the HR-ToF-AMS (CE = 0.6). The
seawater chlorophyll-a concentration is shown for reference. Error
bars represent ±1σ.
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(DMSP), an osmolyte produced by many species of marine
phytoplankton.33

The flux of DMS from biologically active surface waters can
be as high as 14 μmol m−2 day−1,34 resulting in mixing ratios of
up to ∼1 ppbv in the marine atmosphere.35 DMS is readily
oxidized by OH radicals, producing several products including,
ultimately, sulfuric acid and methanesulfonic acid (MSA).36

MSA is frequently used in field measurements to distinguish
between biogenic and anthropogenic sulfate aerosols.37,38 We
observed an ion at m/z 78.99 (CH3SO2

+) in the AMS
spectrum (Figure S5), which is a known fragment ion of
methanesulfonic acid in the AMS.39 The observation of MSA
in the secondary marine aerosol during this experiment serves
as direct evidence of DMS oxidation in the OFR.
Although the absolute concentrations of both sulfate and

ammonium changed significantly during the bloom, the molar
ratio of ammonium to sulfate remained relatively constant
throughout the experiment ([NH4]/[SO4] = 1.31 ± 0.03,
Figure S6). Notably, the mass fraction of organic compounds
( forg) decreased during the peak of the bloom and increased
during the death phase ( forg ≈ 0.10−0.30). This variability in
the ratio of organic compounds to inorganic species (sulfate,
ammonium, and nitrate) represented the largest overall change
in the SMA chemical composition during bloom (Figure S6).
The average mass−concentration weighted AMS spectrum for
secondary organic species in SMA is shown in Figure S5. Most
of the organic ion signals were from oxygen-containing and
sulfur-containing organic fragment ions. The CO+ (m/z = 28)
and CO2

+ (m/z = 44) peaks dominated the spectrum,
indicating that carboxylic acids were likely a major organic
component of the secondary aerosol.40 The observed O:C
elemental ratio values for the secondary organic aerosol ranged
from 0.7 to 1.2, and the H:C elemental ratios ranged from 1.0
to 1.9 (Figure S7). Both elemental ratios changed throughout
the bloom. Changes in the organic aerosol composition reflect
changes in the gas-phase VOCs being emitted from the
seawater over the course of the bloom. Specifically, this
suggests that non-DMS VOCs can be important contributors
to SMA formation and the overall chemical composition and
thus CCN activity. The variability in the forg and organic
composition can be explained by the phytoplankton releasing
different VOCs during different stages of their life cycle41 as
well as the production of VOCs by heterotrophic bacteria,
which increase and become extremely active during the death
phase of phytoplankton blooms.42

2.3. CCN Activity of Nascent SSA. The CCN activity,
characterized by the hygroscopicity parameter, of nascent SSA
(Dd = 50 nm) is relatively constant over the course of the
bloom (κapp = 1.02 ± 0.02, Figure 4). This result is consistent
with previous measurements of MART-generated SSA.19,43

Collins and co-workers measured an average value of κapp =
0.95 ± 0.15 for SSA sampled from numerous mesocosm
experiments, with even less intraexperiment variability
observed during individual mesocosms.19 The number of
CCN that will activate at a supersaturation of 0.2% was
calculated from the measured size distributions using the
measured κapp and assumed to be the same for particles of all
sizes. The number concentrations of CCN(0.2%) for SSA
exhibited only modest changes during the bloom, with
CCN(0.2%) = 251 ± 18 #·cm−3 (Figure S2). Most of the
variation can be explained by small changes in the flux of SSA,
rather than changes in composition and hygroscopicity. While
the flux and CCN activity of primary SSA may be sensitive to

variability in ocean composition, these observations suggest
that chl-a, specifically, is a weak predictor of both.

2.4. CCN Activity of Secondary Marine Aerosol. To
assess the degree to which SMA could influence cloud
formation, the hygroscopicity of OFR-aged particles was also
measured. Given that the number concentration of SMA is
much larger than that of SSA at 50 nm for these experiments,
the properties of the OFR-aged marine aerosol are
representative of SMA. The mean SMA hygroscopicity
parameter was κapp = 0.59 ± 0.04 (1σ) during the bloom,
with values ranging from κapp = 0.52−0.64 (Figure 4). The
SMA hygroscopicity parameters were significantly lower than
those of nascent SSA (κapp = 1.02 ± 0.02) and overall exhibited
slightly greater variability across the bloom, suggesting that the
CCN activity of SMA is more sensitive to biologically
mediated changes in seawater chemistry than SSA. Impor-
tantly, the range of OFR-generated SMA hygroscopicity
parameters (κapp = 0.52−0.64) is consistent with real-world
field measurements of marine aerosol, particularly in remote
marine environments. Swietlicki and co-workers compiled the
results of several field studies that measured the hygroscopicity
of aerosols in marine environments using hygroscopic tandem
differential mobility analyzer (HTDMA).44 The hygroscopicity
parameter can be calculated from the growth factor (gf) as

κ
=

−
− −( )

RH

exp

gf 1
gf (1 )A

D gf

3

3

d (1)

The authors identified a class of particles, referred to as
more-hygroscopic (MH) that was ubiquitous and distinct from
sea salt. For particles with a dry diameter of 50 nm, the
reported growth factors of these MH particles ranged from gf =
1.50−1.71, which corresponds to values of κ = 0.43−0.77.
Asmi et al. reported HTDMA measurements of aerosols from
the coast of Antarctica with back-trajectories originating over
the Southern Ocean.10 They found an average growth factor of
gf = 1.67 for 50 nm particles, which corresponds to a single
hygroscopicity parameter of κ = 0.70. Measurements of aerosol
composition showed that it was mainly composed of

Figure 4. Daily hygroscopicity parameters (κ) measured for nascent
SSA and OFR-generated SMA during phytoplankton bloom. Values of
κ calculated for SMA based on the composition model are also shown.
The range of κ for lab-generated SSA,19 field measurements of marine
aerosols,44 and typical values of organic compounds45 are shown in
the background for reference.
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ammonium sulfate, un-neutralized sulfuric acid, and organic
compounds, which is consistent with the composition of SMA
measured in this study.
2.5. κ-Closure Model. To investigate whether the

observed changes in aerosol composition quantitatively explain
the changes in SMA hygroscopicity, we calculated the
theoretical values of κ using the compositional data measured
by the AMS. The predicted κ value is derived from the volume
mixing eq 2, where κi and εi are the hygroscopicity parameter
and volume ratio of the ith component of the aerosol,
respectively.45

∑κ ε κ=
i

i i
(2)

This equation does not account for the potential effects of
organics on the aerosol surface tension, which was assumed to
be that of pure water for this study (σ = 0.072 J m). Since there
was an excess of sulfate, we assumed that all the NH4

+ was in
the form of ammonium sulfate (κ = 0.61) and ammonium
nitrate (κ = 0.67) and that the remaining sulfate signal arose
from sulfuric acid (κ = 0.70).46 Due to the complexity of
organic species contributing to SMA, it was not feasible to
calculate the relative contribution from each species, so this
value was estimated using parametrizations based on the AMS
elemental ratios.47,48 The values obtained from this para-
metrization ranged from κorg = 0.15−0.24 during the
experiment, which is consistent with values of pure organic
compounds.31 The calculated κ values agree well with the
observed values of κapp (Figure 4). This agreement indicates
that changes in SMA hygroscopicity during the bloom are
being driven primarily by changes in aerosol composition,
which is influenced by VOCs produced by biological activity in
seawater.

3. ATMOSPHERIC IMPLICATIONS
This study clearly shows a strong correlation between
chlorophyll-a concentrations in seawater and secondary marine
aerosols produced via OH radical oxidation (Figure 2A). In
contrast, only a weak correlation is observed between nascent
SSA volume and chl-a (Figure 2B). The SMA volume
concentrations exhibited much larger changes over the course
of the bloom than SSA, indicating that gas-phase VOCs, the
SMA precursors, are more sensitive to biological activity in
seawater than the factors controlling primary SSA flux.
Through the use of a unique ocean-atmosphere laboratory
approach, we have isolated the influence of biology from other
environmental factors such as wind speed and temperature,
which may affect marine aerosol production. These results
suggest that the observed correlations between cloud proper-
ties and biological activity in the oceans is primarily driven by
the emission of gas-phase VOCs and subsequent formation of
secondary aerosols, as opposed to changes in the concentration
and composition of nascent SSA.19

This study demonstrates that during periods of high
biological activity, gas-phase precursors are emitted from
seawater, leading to the formation of significant quantities of
secondary marine aerosol.49 While the SMA concentration
produced in these experiments greatly exceeds the SSA
concentration, the balance between the emission of VOCs
versus SSA in marine environments will additionally depend on
atmospheric conditions such as wind speeds and temperature.
Nonetheless, the oxidation of gases produces products that can
condense onto pre-existing particles or, potentially, nucleate

new particles, producing SMA. Here, sulfate, sulfur-containing
organic species, ammonium, and other secondary organic
species are the main chemical constituents of the SMA formed.
The molar ratio between sulfate and ammonium was relatively
constant over the bloom, while the ratio of sulfate to organic
species varied significantly (Figure S6). This suggests that the
organic components of secondary marine aerosol are playing
an important role in controlling aerosol composition and the
resulting CCN activity. We hypothesize that SMA properties
may be quite sensitive to the presence of non-DMS species and
more generally nonsulfur-containing SOA precursors such as
isoprene and monoterpenes, which may be produced in
different regions of the ocean.50 In addition, organosulfur
compounds such as methanesulfonic acid appear to be an
important component of SMA under the conditions of these
experiments.
This study shows a weak relationship between chl-a

concentrations in seawater and both the production flux and
hygroscopicity parameter of primary SSA, consistent with
previous studies.19 Our findings support the growing body of
evidence that correlations between CCN concentrations and
biological activity in seawater are largely driven by the emission
of biogenic VOCs that ultimately lead to secondary aerosol
production.51−53 This is supported by the measured
hygroscopicity parameter for the SMA in this study, which is
consistent with measurements in previous marine field studies.
By separating primary and secondary marine aerosols, the
results here strongly suggest that under realistic phytoplankton
bloom conditions secondary, not primary, marine aerosols are
controlling cloud properties in marine environments. Future
work will expand the range of biological conditions to study
the impact on the types and concentrations of VOCs produced
over the course of a bloom to directly determine how much
ocean biology contributes to the variability in SMA
composition and the resulting cloud properties in marine
environments.

4. METHODS

4.1. Aerosol Generation. A phytoplankton bloom was
grown outdoors in a 2400 L tank filled with natural seawater
from the Pacific Ocean, collected at Scripps Pier (32.86 N,
−117.25 W). The bloom was initiated by adding algae growth
media54 (concentration: f/50) to the tank, which was placed
outside under direct sunlight. The chl-a concentration was
measured daily using a hand-held fluorometer (AquaFluor,
Turner Designs). During the bloom, the chl-a concentration
ranged from 0.5 to 8 μg/L, which is within the typical range of
oceanic bloom conditions.55 During each day of the experi-
ment, 120 L of seawater was transferred to a marine aerosol
reference tank (MART) for aerosol generation (Figure S1).
Importantly, by introducing new water samples each day from
a larger reservoir, material physically degraded through SSA
production does not build up over time. The MART produces
SSA by using an intermittent plunging waterfall to generate
bubbles with a size distribution that is similar to that produced
by breaking waves in the ocean.56 The MART was equipped
with 5700 K fluorescent lights (Full Spectrum Solutions,
Model 205457) to provide light during the indoor sampling
periods.57 The headspace air, including SSA, was sampled into
a potential aerosol mass oxidation flow reactor (PAM-OFR) by
pushing a stream of 5 L per minute (LPM) air from a zero air
generator (Sabio, Model 1001) through the MART. After the
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aerosol measurements were completed each day, the seawater
was transferred back to the large outdoor tank.
The PAM-OFR uses UV lamps with wavelengths of λ = 185

and 254 nm (OFR185 mode) to produce a high concentration
of OH radicals.58 The OH exposure in the OFR was
determined by introducing SO2 (initial concentration ≈ 30
ppb) to the OFR at the same air flow rate and relative
humidity used during the MART-OFR experiments. The
change in SO2 concentration yielded the OH exposure versus
light intensity relationship using the known SO2 + OH rate
coefficient (kOH+SO2 ≈ 9.4 × 10−13 cm3 molec−1 s−1). The
residence time of gases in the OFR was 2.67 min. The
experiments here used a single OH exposure of 4.3(±1.3) ×
1011 molecules sec/cm3, which is equivalent to ∼3.3(±0.5)
days of equivalent aging under typical tropospheric conditions
([OH] = 1.5 × 106 molec cm−3). Notably, the plunging
waterfall was also active during this experiment, introducing
SSA to the OFR that can act as seed particles for secondary
aerosol formation.59 While these operating conditions were
used to approximate the marine atmosphere, which contains
both primary SSA and secondary marine aerosol, the high OH
concentrations in the PAM-OFR favor nucleation over
condensation.
4.2. Aerosol Sampling. All aerosols were dried using silica

diffusion dryers before measurement. Aerosol size distributions
were measured using a Scanning Mobility Particle Sizer (SMPS
3398, TSI Inc.) and an Aerodynamic Particle Sizer (APS 3321,
TSI Inc.). Aerosol composition was measured using an
Aerodyne high-resolution time-of-flight aerosol mass spec-
trometer (HR-ToF-AMS), which characterizes nonrefractory
submicron aerosol components.60 A capture vaporizer was
used in the AMS, and its temperature was set to 650 °C to
vaporize the nonrefractory aerosol species.
The hygroscopicity of size-selected aerosol particles was

characterized using a continuous flow stream-wise thermal
gradient cloud condensation nuclei counter (CCN-100,
Droplet Measurement Technologies, Inc.). Dry particles with
mobility diameters of 50 nm were size-selected using a
differential mobility analyzer (DMA 3081, TSI Inc.), and the
flow was split isokinetically between the CCN counter and a
condensation particle counter (W-CPC 3787, TSI Inc.). The
CCN counter scanned through supersaturations (Sc) over the
range of 0.1−1.0%. The effective hygroscopicity parameter (κ)
for the dry, monodisperse aerosols was calculated from κ-
Köhler theory, using eq 345

κ
σ

=
A

D S

4

27 lnapp

3
s/a
3

d
3 2

c (3)

where A is a constant, σs/a is the surface tension of the surface−
air interface, Dd is the dry particle mobility diameter, and Sc is
the critical supersaturation. The surface tension was assumed
to be the same as that of pure water, σs/a = 0.072 J m. The
critical supersaturation (scrit) was determined by fitting a
sigmoidal curve to a plot of the fraction of particles that
activated versus the instrument supersaturations. The scrit is the
point where 50% of the particles had activated.
4.3. κ-Closure Model. The density and hygroscopicity

parameters for the organic fraction of SMA were calculated
from the AMS composition data for each day of the bloom.
The density of the organic components was estimated from the
O:C and H:C ratios measured by the AMS using the method
described by Kuwata et al. and ranged from 1.3 to 1.9 g/cm3

during the experiment.46 This density was used to convert the
AMS organic mass fraction to a volume fraction. The
hygroscopicity parameters of the organic fraction were
calculated from the O:C ratios using the linear parametrization
from Lambe et al. for pure SOA produced in an OFR, where
κorg = (0.18 ± 0.04) × O:C + 0.03.47 The resulting values of
κorg ranged from 0.15 to 0.24.
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