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ABSTRACT: The Arctic is experiencing the greatest warming on Earth, as most evident by
rapid sea ice loss. Delayed sea ice freeze-up in the Alaskan Arctic is decreasing wintertime
sea ice extent and changing marine biological activity. However, the impacts of newly open
water on wintertime sea spray aerosol (SSA) production and atmospheric composition are
unknown. Herein, we identify SSA, produced locally from open sea ice fractures (leads), as
the dominant aerosol source in the coastal Alaskan Arctic during winter, highlighting the
year-round nature of Arctic SSA emissions. Nearly all of the individual SSA featured thick
organic coatings, consisting of marine saccharides, amino acids, fatty acids, and divalent
cations, consistent with exopolymeric secretions produced as cryoprotectants by sea ice
algae and bacteria. In contrast, local summertime SSA lacked these organic carbon coatings,
or featured thin coatings, with only open water nearby. The individual SSA composition was
not consistent with frost flowers or surface snow above sea ice, suggesting that neither
hypothesized frost flower aerosolization nor blowing snow sublimation resulted in the
observed SSA. These results further demonstrate the need for inclusion of lead-based SSA production in modeling of Arctic
atmospheric composition. The identified connections between changing sea ice, microbiology, and SSA point to the significance
of sea ice lead biogeochemistry in altering Arctic atmospheric composition, clouds, and climate feedbacks during winter.

■ INTRODUCTION

With rapidly declining Arctic sea ice extent and increasing
open water,1 sea spray aerosol (SSA) emissions are predicted
to be increasing.2 Notably, even wintertime coastal sea ice in
the Arctic is drastically decreasing as a result of sea ice freeze-
up delays in the Bering, Chukchi, Barents, and East Greenland
Seas.3 Thick multiyear sea ice is being replaced by thinner first-
year ice, which is more susceptible to fracturing and forming
leads, open areas of water surrounded by ice.4 During Arctic
winter, fresh (nascent) SSA comprises a significant aerosol
fraction: up to 40% and 25% of supermicron and submicron
aerosol mass,5 and up to 90% and 50% of supermicron and
submicron aerosol number, respectively.6 While wintertime
SSA was previously thought to primarily be transported long
distances to the Arctic,5 recent work showed that leads
contribute to local Arctic SSA emissions year-round.7

SSA composition reflects the surface seawater,8,9 which is
expected to be altered by changing marine productivity in the
warming Arctic.10 In the open ocean, SSA particles are
primarily generated by wave breaking processes resulting in
bubble bursting at the ocean surface, creating film and jet
drops that form SSA.11 Wind-driven wave breaking processes
also produce SSA in leads, at lower concentrations than in
open water due to the reduced fetch.7,12−14 Supermicron SSA

particles (>1 μm; 2 μm number mode) are primarily inorganic
salts but can also contain organic matter.11 These inorganic
salts are hygroscopic, with a high efficiency of forming cloud
droplets.11 Submicron SSA particles (<1 μm; ∼200 nm
number mode) can be significantly enriched in organic matter
(>50%, by mass) in comparison to bulk seawater.9,15 SSA
organic coatings can inhibit heterogeneous reactions of trace
gases, inhibiting particulate chloride depletion, and impacting
trace gas budgets and atmospheric composition.16 However,
recent work has shown that surfactant coatings on SSA can
actually enhance certain reactions.17 Laboratory studies with
ambient seawater also show suppression of SSA hygroscopicity
by certain organics, potentially altering cloud condensation
nuclei (CCN) activity.18,19 Enhanced cloud ice nucleation
efficiency is observed for Arctic seawater, suggesting a
contribution of SSA to cloud ice formation.20−22 Despite
important climate implications for cloud formation and phase,
and associated longwave radiative forcing,23 limited knowledge
exists regarding ambient SSA organic coatings and the transfer
of marine biogenic organics to the particle phase,8 particularly
for Arctic winter.
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While previous studies have primarily focused on marine
biological activity during the Arctic summer, recent work has
shown that microalgal growth is initiated prior to the spring
phytoplankton bloom period and under extremely low light
conditions under sea ice,24,25 including during sea ice covered
periods.26,27 The sea ice algae and bacteria present produce
exopolymeric substances (EPS) as a cryoprotectant,28,29 with
phytoplankton releasing it extensively.30 Production of EPS is
critical to sea ice algae survival through the winter.31,32 Indeed,
EPS have been observed in winter in both sea ice27,33 and
seawater.33 In the high Arctic, aerosols produced from
laboratory bubbling experiments in the summer pack ice
showed enrichment of EPS-derived polysaccharides relative to
the seawater surface microlayer (SML),34 with microgels and
EPS-derived compounds also observed in the ambient
aerosols.35 However, there is a critical knowledge gap in our
understanding of wintertime aerosol sources and composition
in the changing Arctic,6 particularly with increasing open
water.3 Therefore, atmospheric particles were collected near
Utqiaġvik, Alaska, in January and February 2014 for individual
particle measurements of morphology, elemental composition,
spatial distribution and quantity of organic material, and
organic functional groups associated with marine biogenic
compounds. This novel detailed characterization of individual
SSA, and associated organic material, significantly improves
our knowledge of Arctic SSA and connections to sea ice
microbiology at a time of year when few aerosol measurements
exist.

■ RESULTS AND DISCUSSION
SSA Production from Open Leads. Atmospheric

particles were collected at Utqiaġvik, Alaska, an Arctic coastal
site during January and February 2014. The sampling site was
located ∼5 km inland and ∼60 km downwind of the sea ice
leads (Figure 1). A total of 1691 individual particles (0.32−
0.56 and 1.0−1.8 μm aerodynamic diameter, da) from six
sample periods (January 24−27 and February 26−27, 2014)
were analyzed by computer-controlled scanning electron
microscopy with energy dispersive X-ray spectroscopy
(CCSEM-EDX) to determine individual particle morphology
and elemental composition. Nearly all (86% of submicron and
>99% of supermicron particles, by number) of the collected

particles were identified as SSA (Figure S1), consistent with
our previous measurements during this study.6 For the samples
herein, 75%, by number, of SSA particles were classified as
nascent, based on the presence of Na and Cl in ratios similar to
seawater.6 An additional 25%, by number, of the SSA particles
were classified as partially aged based on the simultaneous
enrichment of S and/or N and depletion of Cl, relative to
seawater, and consistent with long-range transport.6 Given
local Arctic production of nascent SSA,7 the sources and
composition of the nascent SSA are the focus of this study.
SSA production from open leads is supported by the

presence of nearby open leads on all sampling days; the closest
upwind leads were within 4 h of atmospheric transport time to
the sampling site, according to satellite and local sea ice
imagery, combined with backward air mass trajectories (Figure
1, Figure S2). In recent years, open leads have persisted
throughout the winter near Utqiaġvik.7,36−39 Consistent with
lead-based SSA production at elevated wind speeds (>4 m
s−1),7,12−14 all samples were collected during periods of wind
speeds greater than or equal to 4 m s−1 (average wind speeds
of 6−12 m s−1), and four samples were collected during
sustained periods of high wind speeds (6−17 m s−1) (Table
S1). While nascent SSA particles were observed in all samples,
the samples with the greatest number fractions of nascent SSA
relative to partially aged SSA had the greatest near-surface
(<70 m above sea level) air mass transport over the ice-
fractured Arctic Ocean.6 All samples had air mass back
trajectories influenced by the central Arctic Ocean, as shown in
previous work.6 Average elemental mole ratios of S/Na and
Cl/Na for individual sub- and supermicron SSA particles were
similar to seawater ratios (Figure 1), as discussed in the
Supporting Information.40 These elemental ratios have been
observed previously for laboratory-generated SSA9 and are
consistent with aerosol production from the nearby open
leads.7,13 Based on the low concentrations of sulfur- and
nitrogen-containing trace gases in the winter Arctic,41 nascent
SSA in the sub- and supermicron size ranges could be
transported from these leads with little influence from
multiphase aging reactions altering particle chemical compo-
sition. At high wind speeds, blowing snow and frost flowers
have also been hypothesized to result in lofted SSA.42,43

However, the measured sub- and supermicron SSA elemental

Figure 1. Observations of open leads and wintertime SSA composition. (a) MODIS satellite imagery from February 26, 2014 (NASA Worldview)
shows open leads near Utqiaġvik, Alaska. Locations of the town, NOAA Observatory, and aerosol sampling location are shown. The black line
shows 8 h of a NOAA HYSPLIT backward air mass trajectory (February 26, 2014 20:00 AKST; 50 m altitude at the sampling site) passing over the
closest open leads before arriving at the site. The air mass traveled ∼60 km from open leads to the northeast. (b) CCSEM-EDX average individual
sub- and supermicron SSA particle elemental mole ratios compared to literature values for seawater.40 Error bars denote 95% confidence intervals.
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ratios are not consistent with simultaneously measured sea ice
surface snow or previous measurements of frost flowers (Table
S3),44 as discussed in the Supporting Information. Particles
produced by sublimation of blowing snow or aerosolization of
frost flowers are suggested to be distinguished from nascent
SSA based on chemical composition, characterized by sulfur
depletion compared to seawater, due to mirabilite precipitation
impacting brine migration through frost flowers and snow
above sea ice.44−46 However, during this study, there was no
dependence of individual SSA S/Na mole ratios on wind speed
(Figure S3), a trend which would be expected for a wind-
dependent blowing snow or frost flower source. This is
consistent with recent work demonstrating that frost flowers
are unlikely to produce aerosol under high wind con-
ditions.47,48

Overall, the measured individual SSA particles were closest
in composition to seawater and the measured tundra surface
snow (Table S3), as discussed in the Supporting Information.
This is in part due to the high variability in the measured
values of the tundra surface snow (Table S3), but it is also
consistent with SSA deposition to the tundra snowpack
following transport from the upwind sea ice region containing
leads. The submicron SSA particles showed calcium and
magnesium enrichment above the seawater ratio (Figure 1 and
Table S3), consistent with the presence of EPS as assembled
gels bound by divalent cations (Ca2+; Mg2+).49,50 As discussed
in the following sections, the observed organic coatings, size-
dependent trends in C/Na ratios, and organic composition
further support the presence of EPS and a wave-breaking
seawater source for the observed SSA. Overall, the measured
nascent SSA composition is consistent with SSA production
from local open sea ice leads, rather than blowing snow, as
previously observed through multiyear bulk aerosol measure-
ments at Utqiaġvik from fall−spring.7 Our observation herein
further highlights the year-round nature of SSA emissions in
the Alaskan Arctic from open water, including leads.
Abundance of Organic Material in SSA. Carbon was

observed in over 98% of the nascent SSA particles, by number,
and was typically observed as a coating on the salt particles
(Figure 2a,b). Individual SSA particles with similar morphol-
ogy and organic coatings were previously observed during
spring in the Norwegian Sea.51 Previous bulk aerosol
measurements at Utqiaġvik also showed organic mass to be
correlated with sea salt during winter.52 We demonstrate
through single-particle analyses that these organics are present
as sea salt coatings. The individual nascent SSA particles
contained substantial amounts of carbon, with average atomic
percentages of carbon of 15 ± 8% and 6 ± 5% for submicron
and supermicron SSA, respectively. These particles were also
significantly enriched in carbon relative to seawater, with C/Na
ratios of 0.52 ± 0.07 and 0.30 ± 0.05 for submicron and
supermicron SSA, respectively, compared to 0.01 for seawater
(Figure 1).40 Significant supermicron SSA C/Na enrichments
(0.8 ± 0.3) have also previously been observed in the Antarctic
during winter.53 Analysis of 150 SSA particles by scanning
transmission X-ray microscopy with near edge X-ray
absorption fine structure spectroscopy (STXM-NEXAFS)
showed over 90%, by number, contained organic carbon
(detected as the −COOH functional group), consistent with
the CCSEM-EDX results (Table S2). Notably, no organic gel-
like particles54 without inorganic salts were observed. For all
particles measured here (>100 nm), all submicron organic
carbon was either coating SSA particles (Figures S1 and S4),

consistent with midlatitude SSA studies,9 or internally mixed
with anthropogenic secondary sulfate.6 Given the calcium
enrichment in the wintertime submicron SSA and thick organic
coatings, these results are consistent with assembled gel
coatings surrounding inorganic sea salt cores.
The average individual SSA organic volume fractions for

each sample ranged from 0.41 to 0.47 (Table S2), with little
variation across the time periods and particle size ranges
analyzed. As shown in Figure 2, the majority of SSA particles
(71%, by number) had organic volume fractions between 0.3
and 0.5, consistent with organic volume fractions (0.2−0.5)
observed for SSA produced in midlatitude algal bloom
mesocosm experiments.18,55 Notably, 26% of the SSA particles
analyzed by STXM-NEXAFS had organic volume fractions of
0.5 or greater. Particles with lower organic volume fractions
(<0.2) were inorganic salts with thin organic coatings, whereas
particles with higher organic volume fractions (>0.2) had thick
organic coatings around inorganic salt cores (Figure 2). Based
on the average individual SSA particle measured organic
volume fraction of 0.45, the average coating thickness was
calculated to be ∼0.04 and ∼0.13 μm for the median
submicron (0.44 μm) and supermicron (1.4 μm) particle
aerodynamic diameters analyzed, respectively.
For comparison to the wintertime SSA described herein,

SSA particles were also collected at the same site near
Utqiaġvik during September 2015, when the nearest sea ice
was >400 km upwind. Meteorological conditions, including
wind speeds, were similar during the winter (Table S1) and
summer56 studies. To compare the enrichment of organics in
SSA between winter and summer, individual SSA particle
carbon/sodium (C/Na) ratios were determined by SEM-EDX
for ∼150 particles. Overall, the winter SSA particles had

Figure 2. Organic coatings observed on wintertime sea spray aerosol
(SSA) particles. (a) SEM image with a 3 μm scale bar shown and (b)
EDX spectra of a representative SSA particle with a cubic salt core
(blue) and organic coating (green). *Al and Si signal contributions
are from the sampler holder and substrate, respectively. (c) Average
relative elemental (mole) fractions for all 773 submicron and 918
supermicron nascent SSA particles (CCSEM-EDX). (d) Representa-
tive STXM-NEXAFS image showing organic volume fraction spatial
distribution within individual SSA particles, with a 5 μm scale bar
shown. (e) Histogram of 150 individual SSA particle organic volume
fractions (STXM-NEXAFS).
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statistically greater C/Na ratios (range 0.2−1.2; median 0.6)
compared to the summer SSA particles (range 0.1−0.3;
median 0.2) (Figure 3a). The higher carbon content observed

in the winter SSA is consistent with the measured ratios of
organic coating thickness relative to the salt core diameter, as
determined by SEM-EDX, which showed statistically thicker
coatings for winter compared to the summer SSA particles
(Figure 3b). The coating thickness to salt core diameter
analysis of the winter SSA is in agreement with the thick
organic coatings observed by STXM-NEXAFS (Figure 2d,e).
78% of winter SSA particles had coating to core ratios greater
than 0.4, compared to the summer SSA samples, which showed
57%, by number, to have coating to core ratios of 0.1 or less
(Figure 3b). Together these measurements show that the
organic coatings of winter SSA particles, sampled near
Utqiaġvik, Alaska, were much thicker than the organic coatings

on the summer SSA particles, indicating an important unique
source of SSA organic content during winter. This is consistent
with previous work, showing through bulk measurements that
organic mass was higher in the winter near Utqiaġvik and
correlated with sea salt aerosol.52 Given the lack of nearby sea
ice in the summer near Utqiaġvik, we suggest that sea ice algae,
bacteria, and phytoplankton contribute to the thick SSA
organic coatings observed in winter when these micro-
organisms use EPS in great quantities as a cryoprotectant.27−31

Therefore, the molecular composition of the winter SSA
organic content was investigated to probe this hypothesis.

Molecular Characterization of SSA Organic Content.
To determine the chemical composition of the SSA organic
coatings, 88 submicron and 212 supermicron individual SSA
particles were analyzed with Raman microspectroscopy. Similar
organic composition was observed for the sub- and super-
micron SSA particles, and for all sampling periods. The organic
compound classes present included saccharides (monosacchar-
ides, polysaccharides, and lipopolysaccharides), short-chain
fatty acids (and dicarboxylic acids), surfactant long-chain fatty
acids (and lipids and phospholipids), and amino acids, with
representative individual SSA spectra shown in Figure 4a.
Raman peak assignments and χ2 fitting with SML standards are
given in the Supporting Information (Table S4 and Figure
S7).19 Fluorescence microscopy confirmed the presence of
fluorescing biological organic material57 in the individual
wintertime SSA particles (Figure S5).
Saccharides and short-chain fatty acids were the most

commonly observed marine biogenic organic compound
classes present in the SSA particles, with 49% of individual
SSA particle Raman spectra containing at least one saccharide
(Figure 4b). Saccharides observed, particularly xylose, fucose,
and glucose, are major components of EPS.34,51,54 The
monosaccharides observed are similar to that of the SML, as
well as bulk ambient aerosol and aerosols produced from
laboratory bubbling experiments in the summer high Arctic
pack ice.34,35 In prior studies during spring over the Norwegian
Sea, individual SSA particles with organic coatings were

Figure 3. Comparison of SSA organic coatings observed in winter and
summer. (a) Box and whisker plot (90th/10th percentiles, 75th/25th
percentiles, and medians) of C/Na ratios determined for individual
SSA particles in winter and summer. C/Na distributions for winter
and summer SSA particles were significantly different (Kolmogorov−
Smirnov test, p = 2.0010 × 10−27). (b) Histogram of measured
organic coating to salt core diameter ratios determined from SEM
images for winter (77 particles) and summer (82 particles) SSA
particles on aluminum foil substrates. A two-sample Kolmogorov−
Smirnov test showed that the two distributions were not from the
same underlying population (p = 5.28 × 10−14).

Figure 4. Marine-derived organic compound types observed in individual wintertime SSA particles. (a) Raman spectra of four representative
individual SSA particles matching marine-derived saccharides (χ2 = 0.013), amino acids (χ2 = 0.011), short-chain fatty acids (χ2 = 0.003), and long-
chain fatty acids (χ2 = 0.0005), respectively. (b) Number fractions (and associated standard errors) of 300 individual SSA particles containing
saccharides, amino acids, short-chain fatty acids, and/or long-chain fatty acids. Each SSA particle Raman spectrum was allowed to be fitted to up to
two organic compound types, following the method of Cochran et al.19
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characterized by STXM-NEXAFS as having a prominent
carboxylic acid peak (as observed here), which was attributed
to polysaccharides from the SML.51 Saccharides have also
previously been observed in bulk Arctic aerosol samples during
spring over the Norwegian Sea,58,59 summer in the Canadian60

and high35 Arctic, and winter near Utqiaġvik.52

Similar to saccharides, long-chain fatty acid surfactants and
amino acids were also commonly observed in the winter SSA
coatings. 32% of individual SSA particle Raman spectra
contained at least one short-chain fatty acid, while long-chain
fatty acids and amino acids were present in 21% and 9% of SSA
particles, by number, respectively (Figure 4). Amino acids and
fatty acids have previously been observed in the SML of open
leads in the summer high Arctic61,62 and in bulk ambient
aerosols during spring−summer in the Canadian Arctic60,63

and during spring−fall at Svalbard.64,65 Notably, all SSA
particles containing amino acids also contained saccharides,
and most particles (75%, by number) containing one short-
chain fatty acid also contained a saccharide signature. Only
33% of particles matching saccharides did not contain any
other organic type. For the particles containing surfactants,
including long-chain fatty acids, 40% matched only long-chain
fatty acids, while the other 60% also contained short-chain fatty
acids or saccharides. Since saccharides, amino acids, and fatty
acids are EPS components,34,51,54 the presence of these
compounds together in the individual SSA organic coatings
is consistent with incorporation during the bubble bursting
aerosol formation process due to enrichment in the SML of sea
ice leads.
Atmospheric Implications. In this study, we identified

abundant wintertime SSA thickly coated by marine biogenic
organic carbon, with signatures consistent with EPS produced
as a cryoprotectant by sea ice algae and bacteria. This study
was conducted soon after polar sunrise, in line with recent
unexpected evidence of sea ice biological activity under low
light conditions in the Arctic.24,32,66 The measured SSA
chemical composition is consistent with Arctic lead-based
aerosol production, illustrating the connections between sea
ice fracturing, marine biological activity, EPS, and SSA
production in the winter Arctic. This finding further highlights
the year-round nature of Arctic SSA emissions and identifies a
need for further studies of wintertime sea ice microbiology in
the Alaskan Arctic. The observed SSA particles were similar in
composition to seawater and demonstrated a size dependence
in organic enrichment and coatings, as previously observed for
particles produced via bubble bursting at the ocean surface.
Open sea ice leads enriched in EPS are identified as leading to
organic enrichment in wintertime SSA. Alternative hypotheses
for SSA production, including blowing snow and frost
flowers,42,43 were determined to be unlikely sources, based
on the individual particle composition, and the consistency of
the observed size-dependent trends and composition to those
in lower latitude SSA.8,9 To our knowledge, Arctic chemical
transport modeling has not yet included leads as a possible
SSA source, but our findings, combined with those from the
summertime High Arctic pack ice,12,13 demonstrate the need
for consideration of lead-based SSA production in future
modeling studies.
The Arctic is currently changing at an unprecedented rate,1

with winter warming events rapidly increasing.23 Resulting sea
ice loss is expanding first year sea ice,1 which is prone to
fracturing and expected to result in increasing SSA emissions.2

Notably, delayed sea ice freeze-up in the Bering, Chukchi,

Barents, and East Greenland Seas is dramatically decreasing sea
ice extent in these regions3 and increasing marine biological
activity,10,25,32 impacting SSA emissions and organic content.
SSA organic coatings can reduce reactivity toward trace gases,
such as nitric acid, thereby impacting atmospheric composi-
tion16 and Arctic haze formation.67 Organic coatings can also
reduce SSA hygroscopicity19 and CCN efficiency18 and may
contribute to cloud ice nucleation,20 which impacts cloud
formation in the often CCN-limited Arctic.68 Cloud-aerosol
feedbacks are especially important in the Arctic winter when
there is little to no direct solar radiation; clouds trap longwave
radiation near the surface and contribute to warming, with
increasing sensitivity to clouds projected for the fall−
winter.23,69 Therefore, additional studies are critical to quantify
and upscale the details of, and connections between, changing
Arctic microbiology, EPS production, SSA production,
atmospheric composition, and cloud feedbacks in the winter.

■ METHODS
Atmospheric particles were collected near Utqiaġvik (Barrow),
AK during January 24−27 and February 26−27, 2014, at a
tundra site ∼5 km inland (71.17° N, 156.38°W), at a sampling
height ∼1.5 m above ground level. Sample collection times and
meteorological parameters, measured at the NOAA Barrow
Observatory located 5 km upwind across flat tundra, are
provided in the Supporting Information (Table S1). Particles
were collected using a 10-stage rotating micro-orifice uniform
deposit impactor (MOUDI, model 110, MSP Corp.) sampling
at 30 L min−1 through a 10 μm cut point cyclone (URG-2000-
30EA). Particles were impacted on silicon substrates (Ted
Pella, Inc.) and aluminum foil substrates (MSP Corp.) for
analysis by SEM-EDX, quartz substrates (Ted Pella, Inc.) for
analysis by Raman microspectroscopy, and transmission
electron microscopy (TEM) grids (Carbon Type-B Formvar
film copper grids, Ted Pella, Inc.) for analysis by STXM-
NEXAFS. Samples were stored frozen at −15 °C prior to
analysis. Particles collected on two MOUDI stages with 50%
size cuts of 1.8 and 0.56 μm da, respectively, were analyzed in
this work.
For comparison to the winter SSA SEM-EDX analysis,

atmospheric particles were collected at the same location
during September 15−16 and 23−24, 2015. Samples were
collected for ∼8 h each using a three-stage microanalysis
particle sampler (MPS, California Measurements, Inc.) with
aluminum foil substrates (MSP Corp.) on stages 1 and 2 (2.8−
5.0 and 0.50−2.8 μm, respectively) and TEM grids (Carbon
Type-B Formvar film copper grids, Ted Pella, Inc.) on stage 3
(0.07−0.40 μm). Additional sampling details are described by
Gunsch et al.56

Individual particle analysis by computer-controlled SEM-
EDX (CCSEM-EDX) was conducted using an FEI Nova 200
nanolab SEM/FIB operating at 15 kV accelerating voltage with
a secondary electron detector. X-ray spectra from elements
with atomic numbers greater than Be (Z > 4) were detected
with an EDX detector (EDAX, Inc.). For each substrate
collected during the six winter sample periods, ∼75−150
particles were analyzed by CCSEM-EDX to measure individual
particle morphology (particle projected area, average diameter,
and perimeter) and relative abundance of the following
elements: C, N, O, Na, Mg, S, Cl, K, Ca, Ti, Fe, and Zn.70

EDX has previously been shown to quantitatively reproduce
SSA elemental ratios.9 Carbon was below the detection limit
on the Si wafer without particles, indicating that substrate
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contamination from C was not present in the particle spectra
(Figure S6). EDX can be slightly less sensitive to C, N, and O,
compared to heavier elements, such that the C, N, and O
percentages reported here represent lower limits.70 Particle
types present were determined by k-means clustering of the
EDX spectra using a previously established method.71

SEM images of particles collected on aluminum foil
substrates were used to measure individual SSA particle
coating to core ratios for 77 winter particles from January 24,
2014, as well as 82 summer SSA particles collected at the same
sampling location on September 16, 2015.56 SEM images of
each sample were analyzed using ImageJ to determine the
inorganic (bright core) and organic (dark coating) areas of
each individual SSA particle (Figure S8). The coating
(primarily organic) to core (primarily inorganic) ratio was
calculated by dividing the inorganic core area by the organic
coating area.
Individual particles were analyzed by Raman microspectro-

scopy using a Horiba Scientific Labram HR Evolution
spectrometer coupled with a confocal optical microscope
(100× numerical aperture (N.A.) 0.9 Olympus objective),
Nd:YAG laser (50 mW, 532 nm), and CCD detector using a
600 groove mm−1 diffraction grating. Individual particle Raman
spectra were collected over the 550−4000 cm−1 range, with a
spectral resolution of ∼1.8 cm−1, according to a previously
established method.72 Raman spectra of 88 submicron (0.32−
0.56 μm da stage) and 212 supermicron (1.0−1.8 μm da stage)
sampled SSA particles, identified based on morphology using
the optical microscope, were compared to Raman spectra of
∼50 standard organic compounds (Table S4), including
saccharides, short-chain fatty acids, long-chain fatty acids,
and amino acids representative of species present in the marine
SML.19 Linear combinations of up to two model Raman
spectra (e.g., 69% galactose + 31% succinic acid) were fitted to
ambient SSA Raman spectra following the method of Cochran
et al.19 Therefore, each particle spectrum could match to up to
two organic compound types, for example, sucrose + fucose
(saccharide + saccharide) or galactose + succinic acid
(saccharide + short-chain fatty acid). Model linear combina-
tions and ambient SSA spectra were compared by calculating
χ2 values over the 800−1800 and 2600−3600 cm−1 ranges.
This analysis provides a value between zero (spectra are
identical) and one (spectra have no correlation). Particle
spectra matching each organic compound type were
characterized by unique peaks corresponding to specific
organic functional groups in the 850−1650 and 2700−3500
cm−1 regions (Table S5).53 Further discussion of peak
assignments and χ2 best fit analysis is included in the
Supporting Information. The organic compounds correspond-
ing to the best χ2 fit (smallest value) between model linear
combinations and the ambient SSA spectrum are reported.
STXM-NEXAFS analysis was conducted on approximately

150 particles total from the 1.0−1.8 and 0.32−0.56 μm size
ranges from two periods (January 26 11:00−17:15 AKST and
February 26−27 19:45−8:30 AKST). Beamline 5.3.2.2 at the
Advanced Light Source at Lawrence Berkeley National
Laboratory (Berkeley, CA) was used for STXM-NEXAFS
analysis in a He filled chamber (∼200 Torr) of individual
particles over the carbon K-edge (278−320 eV), following the
method of Moffet et al.73 The pre- and postedge optical
densities at the carbon K-edge were used to determine the
inorganic and organic portions of particles.73 X-ray absorption
at 288.6 eV, corresponding to the −COOH functional group,

served as an indicator of organic carbon.73 The thicknesses of
inorganic (NaCl) and organic portions were determined using
the optical densities, calculated atomic cross sections for
organic (adipic acid) and inorganic (sodium chloride)
components, and assumed densities (ρOC = 1.35 g cm−3,
ρNaCl = 2.16 g cm−3).18 The organic volume fraction for each
particle was calculated as the thickness of the organic portion
over the total thickness of organic and inorganic portions.18,55
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