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ABSTRACT: Sea spray aerosol (SSA) represents the largest flux of
aerosol mass annually, impacting Earth’s climate and the hydrological
cycle by acting as cloud condensation and ice nuclei. The phase state

(viscosity, 77) of aerosol particles is important for aerosol impacts on @
climate and air quality, but the viscosity of SSA and chemical and 9
biological drivers have not been evaluated. We measured variability in @
the relative humidity (RH)-dependent phase states of SSA (with a % e

peak number-weighted aerodynamic diameter of ~0.2 ym) based on

particle bounce factors (BFs) and calculated glass transition temperatures and 7 of the organic components in SSA (ﬂorg) from online
molecular composition measurements during an induced phytoplankton bloom. The results demonstrate that the SSA BFs and 7,
vary throughout the bloom, with the bulk of the SSA number concentration as liquidlike below the deliquescence and efflorescence
RH of sea salt prior to phytoplankton growth on the basis of a measured BF of <0.2 and an estimated 7, of <102 Pa-s. In contrast,
the organic components in SSA exhibit viscous semisolid-like phase states over the same RH range during the peak of phytoplankton
growth (BF~0.8 and estimated 170rg~103 Pa's). Including the 7 of the aqueous inorganic salt, under the assumption that it is
internally and homogeneously mixed with the organic components, significantly reduces the estimated 7 of the SSA mixture. The
differences in SSA phase state across the bloom appear to be partially driven by specific biological processes in the seawater that alter
the average molecular properties of the organic compounds in SSA (e.g., molar mass and hygroscopicity) depending upon the stage
of the phytoplankton bloom. These findings have implications for aerosol processing, particularly in the biologically active coastal
marine environment, including potential influences on ice nucleation and gas—particle partitioning.
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1. INTRODUCTION

Sea spray aerosol (SSA) constitutes the largest flux of naturally
produced particles by mass annually." SSA impacts climate
directly by scattering solar radiation” and indirectly by serving
as cloud condensation nuclei (CCN)® and ice nuclei (IN).
SSA consists of internally and externally mixed inorganic (sea
salt) and organic material derived from components at the sea
surface that selectively 6partition to aerosol when waves break
and bubbles collapse.”® The chemical composition of SSA is
highly dependent on the biological activity of seawater’ and
varies with particle size,® with 45—85% of the submicron SSA
number concentration containing organic carbon when
chlorophyll a (Chl-A) concentrations peak,® a proxy for
phytoplankton primary productivity. The organic compounds
in SSA are largely composed of free saccharides, poly-
saccharides, and short- and long-chain fatty acids, which have
been shown to influence SSA physicochemical properties (e.g,
hygroscopicity).””"°

In addition to its effects on aerosol hygroscopicity, the
chemical identity of the organic material can affect the aerosol
phase state (viscosity).'' "> The phase state can in turn impact
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the CCN activity,"* IN efficiency,” and gas—particle inter-
actions,”” including heterogeneous reactivity'® and the life-
times of toxic substances in the aerosol phase.'” Although the
oceans represent a significant and continuous flux of particulate
mass to the atmosphere,'® and particles can exist with a
multitude of phase states across the atmosphere,'” the phase
states of SSA have largely been unstudied and not included in
the global modeled atmosphere. Only a few studies have
characterized, offline, the phase states and morphologies of
nascent SSA particles.zo_22 Currently, the molecular and
biological drivers of SSA phase state and the time scales over
which it might change during a phytoplankton bloom are

poorly understood. Better temporal resolution in the measured
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Figure 1. (A) Daily bounce factors measured at ~50% RH and shown as box plots, where the red line indicates the median BF, the 75th percentiles
are bounded by the boxes, and the 95th percentiles are represented by the whiskers. Concentrations of chlorophyll-A (Chl-A, green) and bacterial
cell counts (gray) are also shown. For each day of the study there were approximately >60 BF data points at a given RH. The bloom is divided into
three segments as described in the main text and labeled at the top of the figure.

phase state of SSA is needed to account for the rapid
compositional changes that SSA experiences when biological
activity' in the water and ambient relative humidity (RH)
change following ejection from the ocean surface.'® Herein we
report the transient and evolving phase states and molecular
composition of nascent SSA online over the course of a
phytoplankton bloom and as a function of RH in a controlled
wave flume experiment as part of the 2019 National Science
Foundation—Center for Aerosol Impacts on Chemistry of the
Environment (NSF-CAICE) SeaSCAPE (Sea Spray Chemistry
and Particle Evolution) experiment.”?

2. RESULTS AND DISCUSSION

2.1. SSA Particle Bounce as a Function of Biological
Activity. The phase state of SSA was evaluated in real time
during the phytoplankton bloom on the basis of particle
bounce measurements and reported here as a bounce factor
(BF) (see sections 4.1—4.3 for more details). An illustration of
the setup is provided in Figure S1. Representative normalized
size distributions of solidlike polydisperse ammonium sulfate
aerosol generated in the laboratory and measured by an
electrical low-pressure impactor (ELPI+) (Dekati Ltd.) with
smooth Al-foil plates and combined scanning electrical
mobility sizer (SEMS) (Brechtel) and aerodynamic particle
sizer (APS) (TSI Inc.) are shown in Figure S2, demonstrating
that when particles bounce the size distribution is skewed
toward smaller size bins. Comparisons between the BF method
applied here (without size selection) and other studies in Table
S1 show very good agreement using different test liquids and
solid aerosols under similar experimental conditions. In Figure
1, the BF of the nascent “primary” SSA, including all sizes in
the detectable range (aerodynamic diameters between ~0.01
and ~6 um; see Figure S2), is shown between July 28 and
August 12 over the life cycle of an induced phytoplankton
bloom. The life cycle of the bloom was evaluated by
monitoring the concentration of Chl-A (green) and bacteria

cell counts (gray); the latter indicates the onset of
phytoplankton decay. For simplicity, the bloom can be
categorized into three segments: prebloom, peak-bloom, and
postbloom, as indicated along the top of Figure 1.** Here we
have plotted the median and quartile BFs for each day of the
study measured at ~50% RH. During the prebloom phase
(July 28—August 2), BF median values were relatively low
between ~0.1 and ~0.2, indicative of liquidlike or low-viscosity
semisolid particles.”> This stage of the bloom is characterized
by low biological activity given the relatively low Chl-A and
bacterial cell counts. During the peak bloom phase (August 2—
S), we observed a significant increase in median BF up to ~0.8
at ~50% RH, indicative of highly viscous phase states of SSA
particles in which most of the particles that were sampled
bounced. We note that the missing data on July 31, August 1,
and August 3 resulted from instrument maintenance, and
therefore, we could not extrapolate how the BF evolved on
those days. As the phytoplankton concentration decreased
during the postbloom phase (August 5—12), the BF also
decreased. Observations on August 9 and 11 are not included
because the conditions of the wave flume were altered on those
days. The maximum BF during peak Chl-A, minimum BF
during the prebloom stage, and decrease in BF during
postbloom were generally consistent with an independent
mesocosm study using a marine aerosol reference tank
(MART),***” which we conducted prior to SeaSCAPE using
seawater collected from the same location (Figure S3).

2.2. Relative Humidity Dependence of SSA Particle
Bounce. The changes in BF during the phytoplankton bloom
indicate transitions between liquid and solidlike SSA particles
that are dependent on the stage of the phytoplankton bloom
and total biomass in the seawater. Because water can act as a
plasticizer to decrease the viscosity of aerosol at high
RH,'>'**7%Y we examined the effects of varying RH on the
SSA phase state by systematically varying the sample RH from
~75% to ~20%, covering a wide range of relevant atmospheric
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RH as well as the deliquescence RH (DRH) (~75%) and
efflorescence RH (ERH) (~44%) of NaCL®' Some studies
have shown that the phase and morphology of particles depend
on their atmospheric conditioning history, i.e., the number of
drying and humidification cycles and the drying rate.””** In
our system, all of the SSA sampled from the headspace of the
wave flume was first equilibrated to ~20% RH through a
diffusion dryer and then rehumidified to a targeted RH prior to
measuring the particle bounce. While there is no indication
that the SSA sampled from the wave flume effloresced during
this step, as noted by the liquidlike phase state of the prebloom
SSA, and previously SSA was shown to not exhibit the initial
stages of efflorescence until <20% RH,** it is important to note
this difference compared with the ambient marine atmosphere,
in which SSA is initially exposed to high RH near the ocean
surface and then gradually dehydrates at lower RH as the SSA
is lofted to higher altitudes. Figure 2 shows how the BF of SSA
generally changed with RH under these conditions, segmented
by stage of the bloom. The data used in the box plots
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Figure 2. Box plots of bounce factor as a function of a range of
relative humidity categorized by phase of the bloom, where the red
line indicates the median bounce factor, the 75th percentiles are
bounded by the boxes, and the 95th percentiles are represented by the
whiskers. (A) Prebloom (July 28—August 2), (B) peak-bloom
(August 2—S5), and (C) postbloom (August S—12). Shading indicates
potential phase states of SSA based on their measured bounce factor:
liquidlike (BF < 0.2), semisolid-like (0.2 < BF < 0.8), and solidlike
(BF > 0.8) phase states.”?3%36

presented in Figure 2 are provided in Figure S4, separated out
by day and RH cycle, and show that BF is less dependent on
RH and more dependent on the stage of the phytoplankton
bloom. Representative median size distributions of SSA
measured by the ELPI+ and combined SEMS+APS for each
RH range and stage of the bloom are provided in Figure SS.
These size distributions demonstrate that when particles do
not bounce or remain liquid, there is insufficient buildup of
current (i.e., particles) in the bottom stages of the impactor,
leading to a large discrepancy in the size distribution measured
by the ELPI+ compared to that from the SEMS+APS, as
observed in the prebloom stage in Figure SSA. This was due to
the low number concentration of SSA in this study, which was
below the theoretical minimum particle number concentration
required for detection in the ELPI+ stages with 50% cutoff
diameters smaller than ~0.1 ym.

The median BF during prebloom (Figure 2A) was <0.2
across all RH, which previous work suggests are mostly liquid
particles, even at 20% < RH < 35%, below the ERH of
NaClL***>*® Further increasing RH above the DRH of NaCl
did not significantly decrease the BF of these already liquid
particles. If SSA were entirely sea salt (NaCl), the particles
would always bounce (remain solid or crystalline) in our
system up until the DRH of NaCl (~75%), at which point the
particles would deliquesce and become liquid.'>*" This was
not the case during the prebloom stage. To confirm the pure
sea salt aerosol bounces at low RH using our method, in a
separate analysis we measured the BF of SSA produced from
artificial seawater in a MART in the absence of organic matter.
The results shown in Table S2 indicate that pure sea salt
particles bounce with a BF of ~0.9 when effloresced (~20%
RH). In contrast, organic components that are abundant in
SSA prior to phytoplankton bloom growth (monosaccharides
and short-chain fatty acids)’” such as glucose and oleic acid
have significantly smaller BFs of <0.1 at the same RH, as
shown in Table S2. Over the S days of measurements during
the prebloom stage, the median organic mass fractions ( forg) of
submicron SSA measured concurrently with BF by a high-
resolution aerosol mass spectrometer (HR-AMS) as shown in
Figure S6 varied between ~0.6 and ~0.8. These relatively large
organic mass fractions suggest that the SSA phase state would
be more impacted by the organic material than dissolved
inorganic salts during the prebloom stage, but this depends on
the molecular properties of the organic material and its
hygroscopicity.

In contrast, during the peak of the bloom (Figure 2B), SSA
exhibited more viscous semisolid-like phase states at low RH
given the larger median BF~0.6. The median BF remained
relatively stagnant but exhibited a slight decrease at RH = 65—
75%, near the DRH of sea salt, though the difference is not
statistically significant given the large interquartile ranges. The
measured larger BF of SSA during this stage of the bloom is
consistent with observations in a previous wave flume
phytoplankton bloom study during IMPACTS (Investigation
into Marine Particle Chemistry and Transfer Science),”” which
showed from offline measurements that the organic shell of
submicron SSA at 60% RH during the prebloom stage
exhibited liquid/semisolid phase states but transitioned to
entirely semisolid during the peak of the bloom. In that study,
the more viscous phase state of SSA during the peak bloom
stage was attributed to a larger volume fraction of organic
material in the particles analyzed. As shown in Figure S6,
however, HR-AMS measurements indicated that f,, was
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Figure 3. Daily averaged particle chemical properties and estimated 7 of SSA. (A) Box plots of SSA molar mass and O:C determined from EESI-
TOF mass spectra. Median values are indicated by the red bar. (B) Median BF for each day of the bloom, with uncertainties shown as 1 standard
deviation from the mean BF at ~50% RH. (C) Estimated # of the organic components in SSA (#,,,) (blue) and the mixed aqueous organic and
inorganic salt components in SSA (#,,,) (black). Shaded regions in Norg and 7], are uncertainties propagated from the interquartile of the molar
mass, O:C, and k. The color bar indicates the approximate transition in # from semisolid to liquid, defined as 10* Pa-s as discussed in the text. (D)
Approximate range of 7 of common household items for comparison. Values on August 2 are missing because of instrument maintenance on that

day without compositional data.

variable during peak bloom and lower than the prebloom stage,
ranging from ~0.3 to ~0.6, although the measured organic ion
mass concentrations on 8/3 and 8/5 were only 20 above the
detection limit (see Figure S6).

As the bloom progressed to the postbloom stage, the
measured lower BF compared to peak-bloom indicates that the
SSA particles returned to a more liquidlike state, although the
median BF of >0.2 in the RH range of 20—35% suggests that
the particles may be semisolid-like at this low RH. While
increasing RH caused the median BF of SSA to decrease from
>0.2 at the lowest RH to a minimum median BF of ~0.1
(liquidlike) in the RH range of S0—65%, the large interquartile
ranges suggest that the decrease is insignificant.

2.3. Estimated SSA Viscosity from Molecular Compo-
sition. Currently, direct measurements of the viscosity (#7) of
aerosol particles with diameters in the size range of SSA are not
achievable and require indirect measurements, e.g., via light
scattering, shape relaxation, scanning electron microscopy
(SEM) imaging, and particle rebound (particle bounce),*® as
done here. To better understand the mechanisms and
molecular drivers of the BF and phase state of SSA over the
phytoplankton bloom, we analyzed bulk compositional proper-
ties of the SSA online, including particle molar mass (M) and
O:C ratio of the organic compounds in SSA by extractive
electrospray ionization high-resolution mass spectrometry
(EESI-TOF) (see section 4.4), organic and inorganic ion
mass concentrations by HR-AMS, and the hygroscopicity
parameter (k) using a CCN counter.’”*’ We first discuss how
these variables evolved during the phytoplankton bloom and
then apply them to estimate the liquid-water-dependent glass
transition temperature (T,oy,) and 5 of the organic
components in SSA (7,,) and contrast with the n value

obtained assuming that the organic components are internally
and homogeneously mixed with aqueous inorganic salt (#,,;)-

The HR-AMS-derived f,,, values shown in Figure S6
indicate that the submicron portion of SSA was enriched
with organic material during the prebloom and postbloom
stages, with median f,,, ranging from ~0.6 to ~0.8. In contrast,
on August 3 and S, corresponding to the peak bloom stage, f,
was ~0.4 and ~0.3, respectively. The f,,, data were used to
estimate the hygroscopicity parameter of the organic material
in SSA (K,,,) on the basis of the measured k and the volume
mixing rule,® as discussed in the Supporting Information.
Here, k was measured continuously and calculated on the basis
of the measured critical supersaturation of dry 60 nm SSA
particles after the supersaturation was scanned from 0.05 to
0.7."" Daily averaged k values (+10) are shown in Table S3.
The x values observed across the bloom ranged from ~0.9
(lower bound; —16) to ~1.5 (upper bound; + 16) with a daily
averaged observed x between ~1.0 and ~1.3 across the bloom.
Similar k values for primary SSA particles during an induced
phytoplankton bloom were measured by Collins et al.*' The
hygroscopicity parameter of the inorganic portion of SSA
(Kinorg) Was applied as K;po,y = 1.51 for NaCl,** which is close to
the upper bound in the observed k. Given the relatively larger
organic fractions and high x values measured during the
prebloom and postbloom stages, k,,, was large and estimated
to vary between ~0.7 and ~1.0 during these stages of the
phytoplankton bloom upon application of the volume mixing
rule. While the drivers of this high k,, are not clearly known,
another study showed that hygroscopic growth factors of SSA
remain unchanged even with relatively high organic volume
fractions, possibly because of surface tension suppression by
surface-active organic molecules in SSA.”> The presence of
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highly water-soluble organic compounds could also contribute
to this relatively high . Marsh et al.** found that glycine, a

Org'
major fraction of the amino acids in SSA,** had k., ~ 0.7. In

contrast, for days with low f,,, (peak-bloom), Korg wags ~0.5 on
August 3 and ~0.3 on August S, in closer agreement with the
previously measured values for organic aerosol species.’”

Measurements by EESI-TOF enabled online detection of a
range of molecular ions extractable from SSA. EESI-TOF mass
spectra from the prebloom and peak-bloom stages and raw
background and sample ion intensities of one organic
component (C;;H,,0,7, possibly undecanoic acid) measured
in SSA are provided in Figure S7, highlighting the sensitivity of
the technique. Concentrations of unsaturated fatty acids in
SSA have been measured to be on the order of 20—100 ng
m™3,” although their concentrations in this study are unknown
and may change depending on how much total SSA mass was
generated. However, the measured detection limit of organic
compounds in SSA, based on external calibrations performed
in the lab, was conservatively around tens of nanograms per
cubic meter, approximately an order of magnitude less than the
concentrations of several organic compounds identified in SSA
in previous studies,” although those below the detection limit
or not extractable by the EESI droplets would not have been
measured. Here we report how molecular properties (M and
O:C for CH and CHO compounds only) of SSA evolved daily
throughout the phytoplankton bloom, as shown in Figure 3A.
During SeaSCAPE, M was at a minimum during the prebloom
stage, with the lowest median value of ~200 g mol™" on July
31. M of SSA was maximum (~380 g mol™") between August 4
and August 6, corresponding to the peak-bloom stage and the
start of the postbloom stage. O:C did not vary significantly
throughout the bloom on a daily time scale, with median
values between ~0.3 and ~0.4. This range of M for SSA is
comparable to that measured previously for SSA generated in a
wave flume mesocosm (between ~160 and ~300 g mol™"),
although there are two important differences between the two
studies. The previous analysis was conducted offline from
aerosol filter samples using high-performance liquid chroma-
tography tandem mass spectrometry, and the average molar
mass was weighted by the ion intensity. In Figure 3A, the
molar mass of SSA is reported as an unweighted median.
Figure S8 shows the difference between the unweighted and
weighted median molar masses of SSA. They exhibit a similar
trend across the bloom, with the weighted molar mass about
15% less, on average, than the unweighted molar mass.
Therefore, it is possible that the relatively larger M in our study
compared with that reported by Cochran et al.” results from
incorporating peaks that have lower overall ion intensity in the
higher mass range yet remain statistically significant above the
background.

Materials with 7 > 10'? Pa-s are considered to be solidlike,
those with # = 10°~10"* Pa-s have been defined as semisolid,
and those with # < 10? Pa-s have been defined as liquid.'* We
first estimated 7, (blue curve in Figure 3C) for each day of
the study at 50% RH (the same RH at which the BF data
shown in Figures 1 and 3B were measured) on the basis of the
trends observed in M, O:C, and k,, Details of the 7,
calculations are provided in the Supporting Information and
eqs S1—S7. The viscosity of the aqueous salt solution at 50%
RH was calculated separately and then combined with 7,,, to
estimate the viscosity of the aqueous SSA mixture, 7,,;, (black
curve in Figure 3C) for each day of the bloom. Details of the
calculation of #,,;, are provided in the Supporting Information

and eqs S8 and S9. The estimated 7,,; was lower during the
prebloom stage and increased during the peak bloom stage,
consistent with the increase in BF observed between these two
stages of the bloom. During the prebloom stage, we estimate
that 7,,, was in the range of ~10°—107 Pa-s, similar to those of
other liquid materials, including ketchup and honey. 7,
increased during the peak bloom to on average ~10° Pa-s,
with propagated uncertainties in 7,,, between ~10" and 107 Pa-
s. Like the observed BF, 7, decreased into the postbloom
stage following the peak of the phytoplankton bloom.
Assuming that the SSA was a homogeneous internal mixture
of aqueous salt and organic material, we estimate that 7.,
would be significantly less than 7, During the prebloom
stage, 7/ix Was ~0.005 Pa-s, and then it increased to ~10' Pa-s
during peak bloom. Like the observed BF, both 7, and 7,
increased significantly during the peak bloom stage, followed
by a decrease during the postbloom stage. Since it remains
unclear whether the SSA particles sampled here were
homogeneous internal mixtures of aqueous inorganic salt and
organic carbon, with some studies indicating that SSA in the
submicron range can be phase-separated core—shell-type
particleszz'47 or external mixtures of homogeneous 0r§anic
carbon/inorganic salt and phase-separated particles,”” we
caution that 7, is applicable only to the homogeneously
mixed SSA. As a result of the development of a crystalline
inorganic phase and the salting out of less water-soluble
organic species with increasing salt mole fraction during phase
separation,”® one would expect ;7 of these particles to be closer
to or greater than 7, compared to 7. Thus, 77,; may be
viewed as a lower limit of the true 7 of SSA. The factors driving
the increase in #,, during the peak-bloom stage are the
increase in M and decrease in K, consistent with that
observed for ambient aerosol particles sampled in a forested
environment, which were more liquidlike with lower M and
higher k,,, and more solidlike with higher M and lower Korg.29
In addition, the estimated increase in 7 during the peak-bloom
stage is comparable to one previous offline measurement of
SSA phase state during an induced phytoplankton bloom,
whereby a shift in the phase state of SSA occurred from liquid
and semisolid states during the prebloom phase to entirely
semisolids at 60% RH during the peak of the bloom.”” Other
mechanisms not taken into account here may also play a role in
the observed trends in particle bounce and estimated viscosity.
For example, previous work has shown that divalent cations
(e.g, Ca’ and Mg**) can cross-link oligosaccharides, which
increases molecular aggregation in SSA to create gel-like
phases.””*” More recently, this molecular aggregation has been
shown to decrease the rate of HNO, uptake in SSA.>'
However, further work is needed to confirm how such
aggregation can impact the phase state and observed BF of
SSA. In addition, deriving numerical relationships between BF
and 7 from such field data remains controversial,””** so we do
not maintain that the estimated 7, and 7, here directly
translate to BF. The viscosity estimation from M and O:C also
does not consider heteroatom-containing organic compounds
such as organic nitrates and organic sulfates but includes only
CH and CHO compounds. Previous work has shown that, e.g,,
organic nitrate aerosol is viscous and can slow gas partitioning
at the aerosol interface and diffusion of semivolatile organic
compounds into the aerosol phase.””*>** Organic sulfates are
associated with oligomer formation and thus larger average
aerosol M and T, potentially increasing the viscosity.””> ">
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Figure 4. Calculated T,/T as a function of the molar mass of single-component organic aerosol particles (Glu, glucose; LA, lauric acid; PA, palmitic

8

acid; SA, stearic acid; Lam, laminarin) generated via atomization in the lab. The points are colored by their measured BF values, and the marker
sizes reflect the estimated viscosities. For comparison, prebloom (pre), peak-bloom (peak), and postbloom (post) median T,/T values are shown.
The dashed line represents the fitted T,/T incorporating a median O:C of 0.3 for the organic compounds in SSA. Error bars reflect the

uncertainties in the fitting parameters used to calculate T .

The data used for the lab-generated aerosol are provided in Table S2.
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Figure S. (A) Predicted viscosity of the organic material in SSA for each stage of the phytoplankton bloom as a function of relative humidity. (B)
Estimated changes in viscosity with altitude over the ocean under cloud-free conditions. Temperature and RH profiles are provided in Figure S9.

Further work is warranted to understand their impacts on SSA
viscosity.

3. CONCLUSIONS AND ATMOSPHERIC
IMPLICATIONS

Our results demonstrate that the RH-dependent BF and
estimated # of SSA changes during a phytoplankton bloom
corresponding to changes in the biological activity of seawater,
inferred from concentrations of Chl-A. An independent
mesocosm study showed this to be reproducible. The phase
states of SSA particles generated from seawater with low
biological activity, as in the prebloom phase, are mostly liquid
and marked by organic compounds with relatively low M and
predicted high K, which may be mixed free saccharides,
short-chain fatty acids, and amino acids such as glycine.*”**~*
Independent measurements of the BF of glucose, a
representative monosaccharide, and oleic acid, a representative
short-chain fatty acid, show these to be potential drivers of the
lower M, calculated 7,, and measured BF during the
prebloom stage. As the bloom progressed into the peak-
bloom stage, higher-molecular-weight organic compounds
were detected in SSA; previous studies showed these to be
polysaccharides from transparent exopolymers (TEPs) and
long-chain fatty acids.””*®” In Figure 4, we show the
measured BF, calculated T,/T, and estimated phase states of
several representative SSA organic compounds of different

molecular sizes (a free saccharide, saturated fatty acids with
different chain lengths, and a polysaccharide) in comparison
with the median T, /T during the three stages of the
phytoplankton bloom.

One such polysaccharide, laminarin (CgH3;,0,5; M = 504.4
g mol™"), had a measured upper-bound BF of ~0.3, which is
greater than that measured for the free saccharide glucose
(C¢H;,06 M = 180.2 g mol™") (BF < 0.1), illustrating the
potential role of representative individual organic molecules in
the phase state of SSA and increase in SSA viscosity between
the prebloom and peak-bloom stages of phytoplankton growth.
As illustrated in Figure 4, increasing the molecular size (chain
length) of the saturated fatty acid led to higher predicted
viscosities and larger BFs. Shorter-chain lauric acid (LA)
(C,H,4,05; M =200.3 g mol ™) had a BF of ~0.5 (+0.2) and a
calculated Ty/T of 0.77 (+0.21/-0.20), indicating a liquid/
semisolid phase state (estimated viscosity between 10* and 10°
Pa-s under the conditions of the measurement). In contrast,
longer-chain palmitic acid (PA) (C;H3,Op M = 2564 ¢
mol™") and stearic acid (SA) (C,sH;50,; M = 284.5 g mol™")
aerosols produced BFs of ~0.9 (+0.1) and >1.0 and Ty/T
values of 0.89 (£0.25) and 0.94 (+0.27/—0.28), respectively,
indicating solid/semisolid phase states. The estimated
viscosities for the PA and SA aerosols generated in the lab
were ~10° and ~10° Pas, respectively, near the Norg UPPEr
bound of ~10” Pa-s during peak bloom in this study. As the
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phytoplankton are digested and degraded by bacteria in the
postbloom phase,”® we expect on the basis of previous
observations”’ that hydrophobic intracellular material, includ-
ing lipids, long-chain fatty acids and TEP are also released and
degraded enzymatically.”” Such degradation may lyse higher-
molecular-weight polysaccharides and fatty acids, creating free
saccharides and shorter-chain fatty acids that contribute to the
decrease in M and increase in K, observed in this study during
postbloom, as « is roughly inversely proportional to M.

The observed changes in BF and # depending on stage of
the bloom have important implications for several aerosol
processes, including changes in the diffusion rates of gases and
molecules in the particle phase. In Figure SA, 7, is shown as a
function of RH from 0% to 100%. The values were obtained by
applying the Gordon—Taylor approximation (eqs S1—SS)
using the median M and O:C of SSA for each stage of the
phytoplankton bloom. We estimate that during the prebloom
stage, characterized by low phytoplankton primary productiv-
ity, the organic material in nascent SSA particles are low-
viscosity semisolids but transition to liquids at ~40% RH (1 ~
10% Pa's). Under these conditions during this stage of the
bloom, SSA would have a short mixing time (nanoseconds for
100 nm particles), potentially leading to rapid diffusion of
semivolatile compounds and reactive gases into the particle
bulk.”*®" On the other hand, we predict that during the peak-
bloom stage, SSA organic material is primarily in a viscous
semisolid phase state and transitions to liquids at ~55% RH.
During this stage of the bloom, the equilibrium mixing times
for 100 nm particles would be on the order of seconds to
several minutes and for larﬁer, supermicrometer particles may
be up to an hour or longer."” Diffusion rates are crucial, as they
control the potential for gaseous pollutant transport and the
atmospheric lifetime of organic compounds in the aerosol
phase.

The connections between biological activity in seawater and
the phase state of the organic material in SSA have important
implications for atmospheric composition and chemistry and
the hydrological cycle. In Figure 5B, viscosity is calculated as a
function of altitude on the basis of vertical profile data of
temperature and RH over the marine environment for cloud-
free conditions (Figure S9). Because of the high RH between
the ocean surface and ~0.5 km (>80%), SSA organic material
is predicted to be in a liquid state regardless of the stage of the
phytoplankton bloom on the basis of our viscosity estimates.
At higher altitudes, the RH decreases, and we therefore predict
that SSA organic material during peak bloom can become
semisolid (>10® Pa-'s) above ~12 km in the simulation.
Prebloom SSA organic material is expected to transition to
semisolids at higher altitudes (~1.7 km). Greater divergence in
the estimated viscosities between prebloom and peak bloom
occurs at even higher altitudes. In the case of a cloud-topped
marine boundary layer, supersaturated conditions would likely
drive all SSA organic material to the liquid phase state near the
cloud, resulting in a sharp decrease in viscosity near cloud
level, unlike the estimated profile shown in Figure SB.
Furthermore, a stronger temperature inversion at the cloud
top may decrease the extent of vertical mixing of SSA to the
free troposphere. These results have important implications for
processes such as ice nucleation. For example, viscous (glassy)
aerosol particles more efficiently act as depositional ice-
nucleating particles, potentially altering the formation and
properties of cirrus clouds.”"% In an earlier study, addition of
saccharides to simulated sea salt aerosol formed a glassy matrix,

which led to more efficient heterogeneous IN.°° Changes in
the population and abundance of oceanic phytoplankton may
affect the mass fraction and composition of the organic carbon
emitted as SSA and thus the viscosity.”” "% In view of the
prolonged decrease in overall global concentrations of
phytoplankton in oceanic environments, such as along the
lower latitudes of the North and South Atlantic and Pacific
oceans,” the potential modulations in SSA viscosity would
have important global implications in terms of coastal pollutant
propagation and impacts on the hydrological cycle via changes
in IN efficiency. It is important to note as well that this study
considers the changes in phase state of only the organic
portion of nascent SSA produced from a phytoplankton bloom
induced from seawater collected off the coast of southern
California. Changes in nutrient availability in different
locations around the world, heterogeneous reactions with
SSA,” and secondary marine aerosol may potentially impact
the chemical composition and phase states of aerosol in the
ambient marine atmosphere different from what was observed
in this study. Future studies aimed at measuring the SSA phase
state in the ambient marine atmosphere would therefore be
highly valuable to fully understand their impacts on
atmospheric chemistry and composition and the hydrological
cycle.

4. EXPERIMENTAL DESCRIPTION AND SAMPLING
METHODS

4.1. SeaSCAPE Experimental Description. The NSF-
CAICE SeaSCAPE study was conducted at the Scripps
Institution of Oceanography Hydraulics Lab in La Jolla, CA,
during the summer of 2019 (July 3—August 14). Details of the
wave flume experiment, including operation of the wave flume
and the resulting bubble and SSA size distributions, can be
accessed from previous studies.””’ Briefly, seawater was
collected from Scripps Pier (La Jolla, CA; 32° S1’' 56.8" N;
117° 15’ 38.48” W) and filtered (50 pm Nitex mesh) to
remove grazing zooplankton before the introduction of /2
growth nutrients to the wave flume.'”***” Fluorescent lights
were attached to the walls of the wave flume and operated on
timers to simulate diurnal light cycles for phytoplankton
growth (lights on 7 AM—9 PM), although the SSA phase state
measurements were carried out overnight in the absence of
light. The growth and activity of the phytoplankton population
were approximated by the concentration of Chl-A in the wave
flume, a common measure of algal biomass,”" and used in this
study to associate the measured BF with biological activity in
the water.

4.2. Nascent Sea Spray Sampling Apparatus. Nascent
SSA was sampled at a flow rate of S liters per minute (Ipm),
first through a home-built Carulite denuder (Ozone Solutions)
to scrub ozone (15 + S ppb on average in the wave flume
headspace as measured using a 2B Technologies O; monitor)
and volatile organic compounds (VOCs) (2 + 1 ppb as
measured by a Tofwerk Vocus proton transfer reaction mass
spectrometer (PTR-TOF)) and then through a home-built
silica diffusion dryer to equilibrate the RH to ~20%. All of the
tubing was stainless steel to maximize particle transmission
through the sampling lines and minimize offgassing of
adsorbed semivolatile species. On the basis of particle
transmission efficiency measurements, aerosol particle losses
in our apparatus were insignificant (<5%) after correction for
dilution. The sample was diluted with different ratios of dry
and water-saturated zero air mixtures at a fixed flow rate of ~7
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Ipm to vary RH. Saturated air was generated by bubbling zero
air from a zero-air generator (AADCO) through ultrahigh-
purity Milli-Q water (deionized; resistivity = 18.2 MQ/cm) by
calibrated mass flow controllers (Alicat Scientific). The RH
and temperature of the sample flow were continuously
monitored with an RH/temperature sensor (Sensirion AG)
placed in line with the sample tubing, and the RH was
controlled between ~20% and ~80%. The sample flow was
split four ways with a flow splitter (Brechtel, Inc., '/,” i.d.) to
the SEMS sampling at 0.3 Ipm, the EESI-TOF at 1.7 Ipm, the
APS at 0.5 Ipm, and the ELPI+ at 10 Ipm as depicted in the
experimental apparatus shown in Figure S1.

4.3. Online SSA Phase State Analysis. Our analysis of
particle phase state is complementary to the methods outlined
in an earlier study based on measurements of particle
bounce,”” with important updates discussed here. Aerosol
size distributions were measured with an electrical low-
pressure impactor (Dekati Ltd.), which electrically detects
aerosol and separates aerosol particles on the basis of their
aerodynamic diameters between 6 nm and 10 ym at 1 Hz.
Aerosols at the ELPI+ inlet are first unipolarly charged with a
corona charger followed by impaction onto smooth, cleaned
(wiped with methanol and Milli-Q water using a Kimwipe)
aluminum-foil plates on each impactor stage to promote
particle bounce as done previously.”> A scanning electrical
mobility sizer (Brecthel Inc.) measured submicron SSA size
distributions between S and 850 nm at a resolution of 100 bins
with a total scan time of 2 min, and an aerodynamic particle
sizer (TSI Inc.) measured supermicrometer SSA size
distributions between 0.5 and 20 ym in 54 bins with a scan
time of 1 min. We then compared the current detected in each
stage of the ELPI+ with the equivalent theoretical currents
calculated from the size distributions measured by the SEMS
and APS binned by the same size ranges of the ELPI+, after the
SEMS and APS size distribution data were passed through the
ELPI+ kernel function to account for charging efficiency and
particle losses as a function of size through each impactor
stage.”””> Particles that bounce produce a size distribution that
is biased toward smaller-diameter particles in the ELPI+, as
demonstrated in Figure S1 for lab-generated ammonium
sulfate particles. The reduction in pressure in the ELPI+
from atmospheric pressure at the inlet to 40 mbar at the filter
stage is expected to significantly decrease the RH in the
impactor, which may cause the particles to dry during sampling
and promote bouncing in the ELPI+. However, whether the
lower RH in the impactor influences the phase state of the
aerosol and observed BF depends on the particle size, the time
scales for equilibration of water in the particles with the RH at
each stage of the impactor, and the particle residence time at
each stage. Koop et al.'” reported that the condensed-phase
diffusion coefficient of water, Dy , is typically between 107"
and 1072 cm? s7' at room temperature. Assuming a mean
number-weighted particle diameter of ~200 nm during these
measurements and a Dy o value of ~107"% cm? 57! yields an e-

folding time of ~10 s for equilibration of water in the particles,
which is 2 orders of magnitude longer than the approximate
residence time of ~100 ms in the ELPI+. On the other hand,
the e-folding time could be as short as 100 ms, assuming Dy ¢

~ 107" cm? s7! with shorter times for smaller particles, but
significantly longer than the residence time in each stage of the
impactor (~5—10 ms). Thus, particles likely are in their native
state during impaction in the ELPI+, as has been addressed

previously by Slade et al.,*” who showed that the BF and phase
state of ambient secondary organic aerosol (SOA) particles
sampled in a forest environment are comparable to the phase
state measurements performed offline using atomic force
microscopy (AFM) at atmospheric pressure and the same RH
as sampled at the inlet of the ELPI+.

To evaluate changes in the particle phase state of SSA, we
calculated particle bounce factors via the difference in current
measured in the ELPI+ (Igpy(,) from that determined from
the SEMS and APS at the equivalent ELPI+ stage (1) and
normalized to the total ideal current determined by the SEMS
and APS (Igea(n)), as shown in eq 1:

12 ELPI>Ideal-1.5 _ ELPI>Ideal-1.5

Ietpi(n) Ideal(n)
BF = Z IELPISIdeal-l.S

Tdeal(n) (1)

n=1

The current associated with bounced particles in the ELPI+
was taken as that which was more than 150% of the equivalent
current observed by the SEMS or APS in the same size bin.
This threshold was chosen to ensure greater than 3 standard
deviations difference between the measured ELPI+ current and
the calculated ideal currents accounting for the uncertainties in
the kernel function. The uncertainties applied here were
derived from that for dioctyl sebacate aerosol particles reported
by Jarvinen et al,,”* which includes a 5% uncertainty for the cut
points, 10.8% for the charging efliciency, 1% for the electric
current, 3% for the particle concentration, and 1% for the flow
measurement. This results in a root-sum-of-squares uncertainty
of 12% for particles larger than 40 nm (20% for the smallest
particles). However, the uncertainty is likely greater in our
measurement because of differences in charge transfer,
chemical composition, and shape of the particles compared
with those reported by Jarvinen et al.”> We further analyzed
the size distributions of atomized polystyrene latex (PSL)
aerosol (mean diameter of 100 nm) measured by our ELPI+
(using coated sintered plates to reduce particle bounce) and
our SEMS as a reference instrument. While the calculated
geometric mean diameters and size distributions measured by
the two instruments agreed, the ELPI+ measured an
approximately 30% lower total number concentration relative
to the SEMS. This has been observed in similar instrument
intercomparisons with the ELPI using PSL and TiO,
aerosol.”®”” Considering these differences, we estimate that
the overall uncertainty may be as large as 50%.

In this study, excess current was observed in both the
bottom stages of the impactor (from bouncing of submicron
SSA) and the upper stages of the impactor (from bouncing of
supermicrometer SSA), which was not observed in previous
studies that focused primarily on bounce measurements of
submicrometer SOA particles.”””*”*~*" Thus, the BF from eq
1 is defined explicitly as the fraction of the total aerosol current
associated with the aerosol that bounces upon impaction in the
ELPI+ and includes both sub- and supermicrometer SSA. It is
important to note, however, that because of the low total SSA
number concentration in this study, it is possible that the
number concentration in the bottom stages of the ELPI+ was
below the nominal minimum number of particles needed for
detection. This would lead to artificially lower number
concentrations measured by the ELPI+ in the bottom impactor
stages compared with that measured by the SEMS, as was the
case for the prebloom period shown in Figure SSA. This
approach of measuring particle bounce in an impactor has been
used previously to evaluate aerosol phase states from field
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measurements in terrestrial environments*”>> and laboratory
studies”””>””"! and corroborated by offline particle phase and
morphology measurements employing AFM.”” As discussed in
the Supporting Information and shown in Table S1, we
demonstrate very good agreement between the BF measured
by this method and other studies employing test liquid oleic
acid particles and solidlike ammonium sulfate. Table S2 further
demonstrates that solid (crystalline) sea salt particles generated
in the MART exhibit a BF of ~0.9, whereas low-viscosity
semisolid/liquid glucose aerosol generated from a commercial
atomizer and measured at 50% RH exhibits a BF of ~0.1. As
suggested from earlier studies of organic-dominated aerosol, a
BF of >0.8 indicates the presence of mostly solidlike particles,
intermediate BF values (0.2 < BF < 0.8) indicate the presence
of mostly semisolids, and low BF values (BF < 0.2) represent
mostly liquidlike particles.””**** However, since sub- and
supermicrometer SSA can both be internally and externally
mixed with organic matter, sea salt, and biological material,>*’
it is possible that different phase states exist within each size
mode. Our BF measurement is dependent on the current
measurement, which is driven by the particle number
concentration and charge on the particle. We applied charge
corrections to all particles and note that the dominant number-
weighted particle size of SSA and driver of the changes in BF in
this study are particles with an aerodynamic diameter of ~0.2
um, though some supermicrometer particles contributed to the
measured BF. While further work is warranted to isolate the BF
of size-resolved SSA, it is not yet possible using our method
without use of a monodisperse aerosol generator.

Measurements of BF took place overnight (in the absence of
artificial light) for approximately 8 h on each day of the study.
Sample RH was adjusted hourly across a range of RH as
described in section 4.2. This RH cycle was repeated to
provide two or three replicates at each RH value per day. One
20 min cycle (S min at each RH set point) of BF
measurements was conducted while the SSA sample was
passed first through two HEPA filters as a “blank” measure-
ment to account for any excess current measured by the ELPI+
in the absence of particles (e.g., residual ions in air).*’ This
current was subtracted from the sample current prior to
calculation of the BF. The first and last 15 min of collected
data were discarded for each RH set point to allow for
equilibration inside the sampling manifold. All stages were
checked for statistical outliers that strayed beyond 3 standard
deviations from the mean of the following 10 min before the
BF was calculated.

4.4. Extractive Electrospray lonization High-Resolu-
tion Time-of-Flight Mass Spectrometry (EESI-TOF).
EESI-TOF was used for real-time and online aerosol
composition analysis.”"***> Sampling was done overnight
over the same sampling period as for the BF measurements
with 1 s averaging (i.e, 1 s time resolution), with blanks taken
before and after the nighttime sampling time. Nascent SSA was
sampled at a flow rate of 1.7 Ipm and was passed through a
graphite-extruded denuder to remove gas-phase species and
reduce background. The HrTOF-MS resolution, m/Am, was
~3000 at m/z 64 (CH;CNNa*) in positive mode and 59
(CH;COO™) in negative mode. Both negative and positive
modes were used in the experiment to expand the range of
compounds detected by the instrument. Generally, while both
modes are sensitive to most organic molecules in SOA,
negative mode tends to be more sensitive to acidic moieties
and has been employed in the analysis of metabolites in

aerosols emitted from humans and plants.**™*" This study
represents the first time EESI-TOF has been applied in the
analysis of SSA composition. In positive mode, the electrospray
was a 50/50 acetonitrile (>99%, Sigma-Aldrich)/water (Milli-
Q) solution doped with 100 ppm Nal (>99%, Sigma-Aldrich)
to produce Na* and CH;CNNa" clusters. In negative mode,
the electrospray was a 50/50 acetonitrile (>99%, Sigma-
Aldrich) /water (Milli-Q) solution doped with 100 ppm
KCH,;COOH (>99%, Sigma-Aldrich), which led to deproto-
nation of the sample molecules and clusters with acetate ions.
The electrospray solution was pressurized to 350 mbar and
charged at +2500/—2500 kV. This solution was passed
through a fused-silica column with an i.d. of 50 ym (IDEX)
to create the electrospray at an angle to intercept sampled
aerosol. The coalesced droplets then went through a capillary
heated to 250 °C. The signal intensity reported is normalized
to the charged acetonitrile signal using eq 2 in order to better
compare positive and negative modes:

X Isample - Ibackground
Slgnal =

Iacetonitrile (2)

The spectra were averaged every 10 s. Peaks were identified
using high-resolution peak fitting and then by iterative peak
analysis using Tofware 3.2.0 (Tofwerk AG, Thun, Switzer-
land).*® About 350 peaks were identified each day as
statistically significantly above the measured intensity of the
background (Ibackgmund), defined here as the mass-to-charge
ratios (m/z) with signals greater than 30h,gouma after
background subtraction. We report the median molar mass
and O:C for each day of the study based on the molecular
formulas according to their exact masses measured by the
EESI-TOF.

4.5. High-Resolution Time-of-Flight Aerosol Mass
Spectrometry (HR-AMS). The chemical composition of
submicrometer nonrefractory aerosol, including bulk chemical
speciation and organic mass fractions, was determined by high-
resolution time-of-flight aerosol mass spectrometry (HrTOF-
AMS; Aerodyne, Inc.).*””° The HrTOF-AMS was operated in
V-mode with standard MS mode (S s open, S s closed) and
PTOF (10 s) with S min sampling averages. The 1 min
detection limit for organic aerosol was 0.082 ug m™>, as
determined from filter periods throughout the experiment.
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