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Marine aerosol generation experiments
in the High Arctic during summertime

Jessica A. Mirrielees1, Rachel M. Kirpes1, Emily J. Costa1, Grace C. E. Porter2,3,
Benjamin J. Murray2, Nurun N. Lata4, Vanessa Boschi5, Swarup China4,
Amanda M. Grannas5, Andrew P. Ault1, Patricia A. Matrai6,* , and Kerri A. Pratt1,7,*

The rapidly warming Arctic has transitioned to thinner sea ice which fractures, producing leads. Few studies
have investigated Arctic sea spray aerosol (SSA) produced from open ocean, leads, and melt ponds, which vary
in salinity and organic and microbial community composition. A marine aerosol reference tank was deployed
aboard an icebreaker to the Arctic Ocean during August–September 2018 to study SSA generated from locally
collected surface waters. Aerosol generation experiments were carried out using water collected from the
marginal ice zone, a human-made hole in sea ice near the North Pole, and both lead and melt pond water during
an ice floe drift period. Salinity, chlorophyll a, organic carbon, nitrogen, and microbial community composition
were measured. Eukaryotic plankton and bacterial abundance were elevated in experimental water from the
marginal ice zone, but the relative contributions from major eukaryotic taxonomic groups varied little across
the experiments. The chemical composition of individual SSA particles was analyzed using Raman
microspectroscopy and computer-controlled scanning electron microscopy with energy-dispersive X-ray
spectroscopy. Individual sea salt aerosol, primary organic aerosol, and mineral dust particles were
observed. Sea salt aerosol constituted 44–95% of individual submicrometer and 68–100% of
supermicrometer particles, by number, generated during each experiment. Carbon was detected in 85%, by
number, of the individual sea salt particles, with visible organic coatings. Carbohydrates were detected in
72% of particles, by number, with smaller contributions from long-chain fatty acids (13%) and siliceous
material (15%). SSA generated from melt pond water contained only long-chain fatty acids and siliceous
material. Quantification of the ice-nucleating activity showed that locally produced SSA may define the
High Arctic background ice-nucleating particle population, but cannot account for the peak atmospheric
concentrations observed. As the Arctic warms, the increasing SSA emissions have a complex dependence on
changing biological and physical processes.
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1. Introduction
Aerosol particles produced from seawater, known as sea
spray aerosol (SSA), represent the largest global aerosol

flux to the troposphere (de Leeuw et al., 2011). SSA is
produced primarily by a wave-breaking mechanism in
which bubbles rise through the water column and break
through the sea surface to release droplets into the air
(Quinn et al., 2015; Russell et al., 2023). SSA particles
consist of sea salt, organics, and often a combination
thereof (Prather et al., 2013; Quinn et al., 2015; Russell
et al., 2023). SSA particles can participate in cloud forma-
tion by acting as cloud condensation nuclei (Quinn et al.,
2015; Christiansen et al., 2020; Ickes et al., 2020) and ice-
nucleating particles (INPs; DeMott et al., 2016; Vergara-
Temprado et al., 2017; Alpert et al., 2022). Studies have
shown that SSA may be a particularly important source of
INPs in the High Arctic (Bigg and Leck, 2001; Vergara-
Temprado et al., 2017; Wex et al., 2019; Ickes et al.,
2020; Wagner et al., 2021; Creamean et al., 2022). The
component of SSA that causes ice nucleation is thought
to be organic material related to biological activity in the
ocean (Wang et al., 2015; Wilson et al., 2015; DeMott et al.,
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2016; Irish et al., 2017; McCluskey et al., 2018; Zeppenfeld
et al., 2019; Ickes et al., 2020).

Rapid warming in the Arctic (Pachauri et al., 2014;
Overland et al., 2019) is reducing sea ice cover (Johannes-
sen et al., 1999; Comiso, 2002; Overland and Wang, 2013),
with thick, multi-year ice transitioning to thinner, first-
year ice (Richter-Menge and Farrell, 2013). In the Arctic,
areas of open water known as leads are created when
fractures form in sea ice (Richter-Menge and Farrell,
2013). Leads act as a source of Arctic SSA via wind-
driven processes (Scott and Levin, 1972; Radke et al.,
1976; Nilsson et al., 2001; Leck et al., 2002; May et al.,
2016b; Kirpes et al., 2019; Chen et al., 2022), as well as
other bubble formation processes that may be important
under low wind speed conditions, such as the bursting of
gas bubbles released from melting sea ice (Nilsson et al.,
2001) and the bursting of gas bubbles emitted by marine
microbes during cellular respiration (Johnson and Wan-
gersky, 1987). The year-round production of SSA from
leads has been documented at a coastal Arctic site (May
et al., 2016b). This observation suggests the potential for
year-round SSA production across the entire Arctic region,
especially with increasing thinner, first-year ice cover that
is more prone to fracturing than multi-year ice (Qu et al.,
2021; Sumata et al., 2023). Additionally, during late spring
and summer, first-year ice is covered more extensively by
melt ponds (pools of water that form when the top layer
of the snow and sea ice melts) compared to multi-year ice
(Stroeve et al., 2014). Transition to first-year ice is thus also
expected to be increasing melt pond coverage in the Arc-
tic. The potential for melt ponds to act as a source of SSA
was investigated by Dall’Osto et al. (2017), who reported
SSA generation experiments using melted Antarctic sea
ice; however, we are not aware of any other related studies
of aerosol generation from melt ponds. With sea ice loss,
increasing open water, and increasing melt pond coverage,
a corresponding increase in SSA production is likely affect-
ing the radiative balance in the Arctic (Struthers et al.,
2011; Browse et al., 2014). These significant changes in
the Arctic Ocean make the study of SSA produced from
open water, leads, and melt ponds critical for our under-
standing of Arctic climate and its impacts on global
climate.

Numerous studies have measured the chemical
composition of SSA in the Arctic (e.g., Hara et al., 2002;
Leck et al., 2002; Bigg and Leck, 2008; Leck et al., 2013;
Frossard et al., 2014; Chi et al., 2015; Willis et al., 2018;
Kirpes et al., 2019; Zeppenfeld et al., 2023). SSA particles
are often enriched in organic carbon compared to seawa-
ter (Hoffman and Duce, 1976; Prather et al., 2013). In the
Arctic, organic coatings have been observed on individual
sea salt aerosol particles (Bigg and Leck, 2008; Hawkins
and Russell, 2010; Kirpes et al., 2019), with thicker coat-
ings measured when sea ice leads were present, compared
to open water (Kirpes et al., 2019). These coatings can
consist of polysaccharides (Kirpes et al., 2019), which pre-
vious Arctic studies show are enriched in the sea surface
microlayer and in SSA relative to the bulk seawater (Gao
et al., 2012; Zeppenfeld et al., 2023). Organic matter in
seawater can exist in the form of marine microgels, which

are polymer networks formed by cross-linking of organic
material (Chin et al., 1998; Verdugo, 2012; Orellana and
Leck, 2015). These polymer gels are a primary source of
polysaccharides in SSA (Leck et al., 2013). Fatty acids have
also been identified in Arctic SSA particles (Kirpes et al.,
2019; Siegel et al., 2021), and the enrichment of fatty
acids has been observed in both the sea surface microlayer
and SSA (van Pinxteren et al., 2023). Marine microgels are
stabilized by divalent calcium and magnesium ions (Chin
et al., 1998; Verdugo, 2012; Orellana and Leck, 2015; Xu
et al., 2016). As a result, SSA particles enriched in organics
are also often enriched in calcium (Keene et al., 2007;
Jayarathne et al., 2016) and/or magnesium (Jayarathne
et al., 2016; Mukherjee et al., 2020) relative to seawater,
as observed previously in the Arctic (Salter et al., 2016;
Kirpes et al., 2019; Chen et al., 2022). Aerosolized marine
microgels have the potential to facilitate Arctic fog and
cloud formation (Orellana et al., 2021).

SSA can be studied under controlled conditions using
a marine aerosol reference tank (MART), which consists of
a closed tank that is partially filled with seawater, leaving
a headspace above the seawater for SSA generation and
sampling (Stokes et al., 2013). The water used in a MART
experiment may be collected from a field site or produced
artificially. Comparisons of SSA generation show that the
plunging water jet and wave-breaking methods produce
particle size distributions that are the most representative
of ambient SSA (Fuentes et al., 2010; Prather et al., 2013;
Collins et al., 2014). MART experiments are often used to
study the relationship between the seawater microbiome
and the properties of nascent SSA particles (Wang et al.,
2015; Jayarathne et al., 2016; Cochran et al., 2017; Ber-
tram et al., 2018; Hasenecz et al., 2020; Mayer et al.,
2020), though few experiments have used seawater from
the Arctic Ocean (Park et al., 2019a; Christiansen et al.,
2020). The use of a MART to generate SSA provides the
opportunity to study directly the composition of nascent
SSA particles that have not undergone chemical reactions
or mixing with advected air masses.

Ten MART SSA generation experiments were carried
out during the Microbiology-Ocean-Cloud-Coupling in the
High Arctic (MOCCHA) campaign aboard the Swedish Ice-
breaker (I/B) Oden in August–September 2018. Experi-
mental waters were collected from the marginal ice
zone (MIZ), a human-made hole in the sea ice near the
North Pole, and both lead and melt pond water during an
ice floe drift period. Each locally collected water sample
was used in an aerosol generation experiment to assess
potential connections between the marine microbial com-
munity and the physicochemical properties of individual
nascent SSA.

2. Materials and methods
2.1. The MOCCHA campaign

The MOCCHA expedition began on August 1, 2018, when
the I/B Oden departed from Longyearbyen, Svalbard
(78.2�N, 15.6�E), and concluded when the Oden returned
to Longyearbyen on September 22, 2018. This period
included the end of the melt season (August 1–23),
the transition into the autumn freeze-up period
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(August 23–28), and the beginning of the autumn freeze-
up period (August 28–September 22) (Vüllers et al., 2021).
The cruise track for this expedition (Prytherch and Tjern-
ström, 2019) and sampling site locations and photographs
are shown in Figure 1. The I/B Oden passed into the MIZ,
which is the transition zone between consolidated pack
ice and the open ocean (Weeks, 2010), on August 8, 2018.
After 24 hours at the MIZ, the I/B Oden continued north-
ward until it reached a location near the North Pole (NP;
Figure 1c) on August 12, 2018, where it moored for
8 hours. An ice floe suitable for long-term mooring of the
I/B Oden was found at the location 89.605�N, 40.630�E.
The ice floe measured approximately 0.6 km � 0.3 km,
and was surrounded by leads on two sides. This ice floe
served as an ice-drift station from August 14 to September
14, 2018 (Figure 1d), when it drifted approximately
120 km southward. Although seawater samples were col-
lected at different depths, seawater was always collected

within the physical mixed layer that persisted at approx-
imately 0–20 m for most of the drift and 0–40 m toward
the end of the drift (Schanke et al., 2020). Geographical
difference, due to the southward drift, and seasonal dif-
ference (summer melt period versus fall with freeze onset;
Vüllers et al., 2021) likely may be stronger than depth-
related variability.

A total of 10 aerosol generation experiments were car-
ried out using the MART (Stokes et al., 2013). The total
number of MART experiments was limited by the duration
of each experiment (approximately 60 hours), plus the
12–24 hours required for experimental setup and water
collection and 12 hours required for MART cleaning
between experiments. A summary of the surface water
sampling details for each of the MART experiments is
given in Table 1, with a brief description of each location
provided here. Water collection was accomplished using
a rosette with a conductivity-temperature-depth (CTD)

Figure 1. Cruise track and locations. (a) MOCCHA icebreaker cruise track from Svalbard to the ice floe station (dark
gray line), along the ice floe drift path (orange line), and return journey to Svalbard (light gray line) (Prytherch and
Tjernström, 2019). The inset provides a closer view of the ice floe drift path, including water sampling locations for the
experiments described in Table 1. Photographs of (b) the marginal ice zone (MIZ) site, (c) the North Pole (NP) site, and
(d) the sampling locations for the ice floe (IF) site (photo credit Paul Zieger), where the ice floe 1–4 (IF1–4), ice floe þ
added algae (IFþA), open lead (OL), and melt pond (MP) water samples were collected. The black arrow shows the
location of the Icebreaker Oden.
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sensor and loaded with Niskin bottles, an underwater
pump and/or single Niskin bottle, or by hand using
a bucket (with a waist rope for safety), as noted. For the
NP experiment, a hole was created in the sea ice for sea-
water sampling, as there was no naturally formed lead.
During the drift period, surface seawater for the experi-
ments was collected from the two leads located on oppo-
site sides of the ice floe. Experimental waters obtained
from the lead next to the icebreaker are labeled for the
ice floe (IF1, IF2, IF3, IF4, and IFþA), and the experimental
water obtained from the opposite lead is labeled for the
open lead (OL). While the NP, IF1–4, and OL experiments
consisted of surface seawater from within the pack ice,
these experiments were given separate labels in order to
acknowledge the differences in sampling locations and
methods. The IF water collected on September 3 was inoc-
ulated with loose ice algal aggregates, obtained through
an access hole cut in the sea ice, to perform a perturbation
experiment to show the effects of ice algal material dom-
inated by the diatom Melosira arctica on SSA (experiment
IFþA). The IF waters collected on September 12 and 13
were filtered (0.2 mm Whatman high flow filter cartridge)
to characterize SSA generated from filtered seawater (FS);
they were pooled and used in the FS experiment. Surface
water was also collected from a melt pond (MP) on the ice
floe surface on August 30. The melt pond was approxi-
mately 1 m deep at its center, 4 m wide at its widest point,
and was not connected to the ocean at the bottom. It was
filled with clear water, turquoise in color, and devoid of
visible aggregates.

2.2. MART with plunging jet

The experiments were carried out using a MART (Stokes
et al., 2013) with dimensions of 92 cm � 46 cm � 51 cm

(Figure S1). The total volume of the MART is 210 L, and it
was filled with 100 L of collected surface water during
each experiment, leaving a headspace of 110 L. Prior to
the MOCCHA expedition, bubble size spectra were mea-
sured within the MART, using cold seawater from the Gulf
of Maine during a set of SSA generation experiments in
January 2018 (Mirrielees et al., 2022), and optimized to
spectra previously determined for wave breaking in cold
seawater (Brooks et al., 2009; Norris et al., 2011). The
MART was sequentially rinsed with milli-Q water and sam-
ple water between experiments. Aerosol particles were
generated using a waterfall cycle (4 seconds on, 4 seconds
off), with 4.5 minutes per cycle and 0.5 minutes between
cycles (AMT pump 368000180). In order to maintain a low
water temperature representative of the surface seawater,
the water in the tank was continuously cycled through
chilling coils, and the MART itself was located outdoors
on the deck of the ship to take advantage of the low
ambient air temperature. Before the MART waterfall was
started for each experiment, the tank was purged with
particle-free air until the aerosol number concentration
fell below 10 cm�3.

2.3. Surface water measurements

Salinity and concentrations of chlorophyll a, dissolved
organic carbon (DOC), and dissolved organic nitrogen
(DON) were measured for each of the 10 MART experi-
ments. Measurements of particulate organic carbon (POC),
particulate nitrogen (PN), and abundances of eutrophic
pico-nanoplankton, heterotrophic nanoplankton, and
bacteria were carried out for all but the FS experiment.
DOC and total dissolved nitrogen (TDN) were analyzed
using a Shimadzu TOC-L system equipped with TNM-L
(total nitrogen measurement with chemiluminescence

Table 1. Summary of MART experiments, corresponding surface water sampling details and initial water
temperature for each experiment

Experiment
Collection
Date

Latitude
(˚N)

Longitude
(˚E)

Sampling
Method

Depth
(m)

MART Water
Temperaturea (˚C)

Marginal ice zone (MIZ) Aug 2 82.2 9.9 CTD 3 6 ± 2

North Pole (NP) Aug 12 89.9 38.1 CTD 5 2.7 ± 0.5

Ice floe exp 1 (IF1) Aug 17 89.5 30.6 Niskin bottle 5 5 ± 2

Ice floe exp 2 (IF2) Aug 22 89.5 7.5 Niskin bottle 8 3.3 ± 0.8

Ice floe exp 3 (IF3) Sep 7 88.9 45.6 Niskin bottle, pump 8 1.1 ± 0.5

Ice floe exp 4 (IF4) Sep 10 88.7 46.2 CTD 8 1.2 ± 0.3

Ice floe þ algae (IFþA) Sep 3 89.8 54.1 Niskin bottle, pump 8 0.8 ± 0.4

Open lead (OL) Aug 26 89.6 27.0 Bucket 0.6 –0.1 ± 0.2

Melt pond (MP) Aug 30 89.5 65.8 Bucket 0.6 3 ± 1

Filtered seawater below
ice floe (FS)b

Sep 12 88.5 42.9 CTD 10 2 ± 2

Sep 13 88.5 39.0 CTD 10

aThis temperature is the temperature of the surface water measured in the marine aerosol reference tank (MART) during the aerosol
generation experiments, not the temperature at the time of collection.
bThe FS experiment consisted of two water samples that were combined.
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detection), following a previously described method
(Dickson et al., 2007) with calibration reference material
provided by the Hansell Consensus Reference Material
program (Hansell, 2005). The measured TDN mostly con-
sisted of DON (Schanke et al., 2020) and is hereon
denoted as DON. For each experiment, measurements of
DOC and DON concentration were conducted for 2–4
subsamples drawn from a 60 mL water sample, and the
means and standard deviations were calculated from the
replicates. Chlorophyll a samples were collected on What-
man filters (GF/F grade, 0.7 mm), extracted in 90% ace-
tone, and analyzed using standard fluorometric methods
(Holm-Hansen et al., 1965; Welschmeyer, 1994). POC and
PN samples were filtered on precombusted (450�C, 4 h)
Whatman GF/F filters and frozen prior to analysis on
a Costech Analytical Technologies ECS 4010 elemental
analyzer (Steinberg et al., 2001). For each experiment,
measurements of chlorophyll a, POC, and PN were con-
ducted for 2–3 subsamples, and the means and standard
deviations were calculated from the replicates. Practical
salinity was determined from a calibrated Sea-Bird SBE 9
CTD (Bellevue, Washington) with a 24-bottle rosette on
board the I/B Oden. Data from the down-casts were pro-
cessed using the Seasave software (version 7.26.7.107). A
hand-held (practical) salinity meter (Oakton, model SALT
6þ) was used for discrete samples.

Samples were collected for 16S and 18S rRNA gene
analysis on 0.2 mm Nucleopore membrane filters. Follow-
ing collection, these samples were immediately frozen in
liquid nitrogen and stored at �80�C until DNA extraction.
Samples were extracted and purified with DNeasy1

PowerWater1 (Qiagen), and sent to the Integrated Micro-
biome Resource (IMR) at Dalhousie University (Halifax,
Canada) for gene amplification, sequencing, and commu-
nity composition assignments (Comeau and Kwawukume,
2023). Taxonomic classification was assigned using the
Microbiome Helper pipeline (https://github.com/
LangilleLab/microbiome_helper/wiki), based on QIIME2,
that uses amplicon sequence variants (ASVs), specifically
the universal V4–V5 amplicon sequencing primers (e.g.,
515FB forward, 926R reverse primers for 16S sequences),
created with Deblur (Comeau et al., 2017). Operational
taxonomic units (OTUs) were then grouped mostly at the
phylum level, following the National Center for Biotech-
nology Information (NCBI) Taxonomy Browser (https://
www.ncbi.nlm.nih.gov/).

The abundance of phytoplankton was also quantified
for each experiment via flow cytometry at the Bigelow
Center for Aquatic Cytometry (CAC, East Boothbay, ME,
USA), using a BD FACS Jazz/Influx Mariner (Brussaard,
2004; Marie et al., 2005). Samples were preserved with
10% paraformaldehyde and stored at�80�C until analysis
(Vaulot et al., 1989; Poulton, 2023). Bacterial cells were
stained using the DNA stain SYBR Green I (Thermofisher
Scientific) prior to analysis. Flow cytometry was used to
enumerate eutrophic nanoplankton (cells 2–20 mm diam-
eter) and picoplankton (cells 0.2–2 mm diameter), as well
as heterotrophic nanoplankton (cells 2–20 mm diameter;
Christaki et al., 2011) and bacteria (Vaulot et al., 1989;
Durand and Olson, 1996; Lomas et al., 2010).

2.4. MART aerosol particle collection and analysis

The size distribution of the generated aerosol particles was
measured every 5 minutes, and aerosol particles were
sampled for subsequent analysis, for a duration of 6 hours
for each experiment. After this 6-hour period, aerosol par-
ticles were sampled using cascade impactors for 48 hours
(data not shown herein), followed by 0.5-hour sampling
for final aerosol size distribution measurements, and then
by a 0.5-hour bioaerosol sampling period (data not shown
herein). MART experimental air was passed through two
diffusion driers to maintain an aerosol flow relative
humidity (RH) of approximately 15%. MART aerosol size
distributions were measured with a scanning mobility par-
ticle sizer (SMPS model 3938, TSI Inc., sample flow rate
0.35 LPM, sheath flow rate 3.0 LPM, 14.1–736.5 nm dm,
mobility diameter) and an aerodynamic particle sizer (APS,
model 3321, TSI Inc., sample flow rate 1.0 LPM, sheath
flow rate 4.0 LPM, 0.523–19.81 mm da, aerodynamic diam-
eter). The size distributions from the SMPS and the APS
were merged, with an assumed shape factor of 1 and
particle density of 2.0 g cm�3 (Khlystov et al., 2004).

Aerosol particles were sampled from the MART (for all
experiments, except the FS experiment) using a 10-stage
rotating micro-orifice uniform deposit impactor (MOUDI,
model 120R, MSP Corp.). The total flow rate to the MOUDI
(30 LPM) consisted of 3.5 LPM of air sampled from the
MART headspace and an additional 26.5 LPM of particle-
free air (filtered with a 1.2 mm pore size HEPA capsule, Pall
Life Sciences). The MOUDI collected particles on transmis-
sion electron microscopy (TEM) grids, silicon, and quartz
(Ted Pella, Inc.) on four stages (<0.056 mm da, 0.10–
0.18 mm da, 0.32–0.56 mm da, and 1.0–1.8 mm da) for
subsequent offline single-particle analysis (see Sections
2.4.1 and 2.4.2). Following particle collection, the TEM
grid, silicon, and quartz samples were stored in the dark
at room temperature (Laskina et al., 2015). For several
MART experiments, six of the remaining MOUDI stages
(0.056–0.10 mm da, 0.18–0.32 mm da, 0.56–1.0 mm da,
1.8–3.2 mm da, 3.2–5.6 mm da, and 5.6–10 mm da) were
loaded with polycarbonate filters (0.4 mm pore size,
Nucleopore Track-Etched Membrane) for determination
of the INP concentrations (see Section 2.4.3). The polycar-
bonate samples were stored at 4�C prior to INP analysis,
which took place within 1–4 days of atmospheric particle
collection.

2.4.1. Scanning electron microscopy with

energy-dispersive X-ray spectroscopy

Computer-controlled scanning electron microscopy with
energy-dispersive X-ray spectroscopy (CCSEM-EDX) was
used to analyze individual particles from all MART experi-
ments, with the exception of the FS experiment. The par-
ticles analyzed using CCSEM-EDX were collected onto TEM
grids and silicon, on the MOUDI stages corresponding
with the da ranges of 0.1–0.18 mm, 0.32–0.56 mm, and
1.0–1.8 mm. Analysis of particles collected on TEM grids is
optimal for determination of elemental composition due
to low background signal from the substrate, while the
silicon substrate enables better quantitation of carbon.
CCSEM-EDX analysis was carried out on 39,953 particles
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collected on TEM grids, and 12,674 particles collected on
silicon (Figure S2). Particle types were quantified as the
fraction of the total number analyzed and its error
(¼ p[F(1�F)/N]).

An FEI Quanta environmental scanning electron
microscope (SEM) with a field emission gun operating at
an accelerating voltage of 20 kV and beam current
0.48 nA was used for the CCSEM-EDX analysis. A scanning
transmission electron microscopy high angle annular dark
field (STEM HAADF) detector was used to analyze particles
collected on TEM grids, while a secondary electron detec-
tor (Everhart-Thornley) was used to analyze particles col-
lected on silicon wafers. An EDX spectrometer (EDAX, Inc.)
was used to collect X-ray spectra and quantify the relative
atomic abundance of the elements C, N, O, Na, Mg, Al, Si,
P, S, Cl, K, Ca, Ti, V, Fe, Ni, and Zn for particles collected on
TEM grids, with all elements except Si analyzed for the
particles collected on silicon wafers.

K-means clustering was used to group the 39,953
individual particle (TEM grid) EDX spectra into 20 clusters
based on similarities in elemental composition, based on
the established method described by Ault et al. (2012).
This number of clusters was chosen to account for poten-
tial small variations in elemental composition, as the error
analysis of the clusters showed that only 5 clusters were
required. These clusters were subsequently combined into
three particle types which have previously been observed
in SSA: sea salt particles dominated by sodium and chlo-
rine (Ault et al., 2013a; Ault et al., 2013b; Prather et al.,
2013; Wang et al., 2015), organic aerosol particles contain-
ing only carbon and oxygen (Prather et al., 2013; Wang
et al., 2015), and mineral dust particles dominated by
oxygen, as well as aluminum and/or silicon (Cornwell
et al., 2020). As indicated by organic coatings and carbon
content (for particles collected on silicon), the particles
classified as sea salt were primarily mixtures of sea salt
and organics. Particles containing both sea salt and min-
eral dust were not observed in this study.

2.4.2. Raman microspectroscopy

Atmospheric particles collected on quartz were analyzed
using a Horiba LabRAM HR Evolution spectrometer cou-
pled with a confocal optical microscope (100� N.A. 0.9
Olympus objective), Nd:YAG laser (50 mW, 532 nm), and
CCD detector using a 600 groove/mm diffraction grating.
Raman spectra were collected over the 500–4000 cm�1

range with spectral resolution of approximately 1.8 cm�1.
The acquisition time for each Raman spectrum was 30
seconds, with three accumulations and a 20 second delay.
In addition to manual Raman spectral data collection, an
automated method for collecting Raman spectra, called
computer-controlled Raman microspectroscopy (Craig
et al., 2017), was used to increase throughput and to
decrease user bias in the selection of individual particles.
For each experiment, Raman spectra were collected for
�10 individual particles each from two MOUDI stages
(1.0–1.8 mm da and 0.32–0.56 mm da), for a total of 313
particles analyzed using Raman microspectroscopy. A w2

error analysis was carried out for the individual particle
Raman spectra, in which each particle spectrum was

matched to one standard spectrum from a library of 64
Raman spectra collected from various saccharides, long-
chain fatty acids, short-chain fatty acids, and amino acids/
proteins (Cochran et al., 2017; Kirpes et al., 2019; Mirrie-
lees et al., 2022). Each particle may have contained more
than one class of organic compounds. The compound class
matched to each particle represents its dominant com-
pound class, and less prevalent components are not
reported. The following analysis includes only individual
particles with Raman spectra containing modes character-
istic of organic compounds. While the goal of this analysis
was the identification of classes of organic compounds in
sea salt particles, sea salt particles (with organic compo-
nents) cannot be differentiated from purely organic
particles with high confidence using this technique, as
sodium chloride is not Raman-active. However, as dis-
cussed in Section 3.4, a larger fraction of the generated
atmospheric particles were identified as sea salt rather
than organic-only.

2.4.3. Ice nucleation measurements (droplet freezing

experiments)

Size segregated samples (0.056–0.10 mm da, 0.18–0.32 mm
da, 0.56–1.0 mm da, 1.8–3.2 mm da, 3.2–5.6 mm da, and
5.6–10 mm da) collected using the MOUDI (Section 2.4)
were analyzed using the mL-NIPI (Nucleation by immersed
particle instrument; Whale et al., 2015), the same tech-
nique that was employed for determining the INP content
of ambient air samples during the MOCCHA expedition
(Porter et al., 2022). The droplet freezing assays were done
in a dedicated mobile laboratory (the IcePod) onboard the
I/B Oden as soon as practically feasible after sampling
(1–4 days). Prior to analysis the samples were stored in
a refrigerator atþ4�C. Briefly, the droplet freezing analysis
involved placing the substrates in 5 mL of Milli-Q water
(Millipore Alpha-Q, with a resistivity of 18 MO cm at 25�C)
and mechanically agitating the sample using a vortex
mixer in order to release the particles into suspension.
These particle suspensions were then pipetted to make
an array of about 40 droplets on a silanized glass slide
(Hampton research) that was positioned on top of a cold
stage. The cold stage was then cooled at a rate of 1�C
minute�1 until all of the droplets had frozen. The cumu-
lative fraction of droplets frozen as a function of temper-
ature was then used to produce the INP concentration per
unit volume of water of suspension and also per unit
volume of air according to the equations set out in O’Sul-
livan et al. (2018). Blank experiments were run in which
Milli-Q water that had not been exposed to particle-laden
substrates was put through the same process as the sam-
ples. These blank experiments were performed on August
17, 22, and 24 and September 7 and 11 and were previ-
ously reported (Zinke et al., 2021).

3. Results and discussion
3.1. Surface water characterization

The salinity, concentrations of chlorophyll a, DOC, DON,
POC, PN, and abundances of eutrophic pico-nanoplankton,
heterotrophic nanoplankton, and bacteria in the water
collected at each location were measured to provide
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context for the corresponding generated SSA. The surface
water results are summarized in Figure 2. The measured
chlorophyll a and DOC concentrations agree with pre-
vious summertime High Arctic Ocean measurements of
�1.5 mg L�1 (Ardyna et al., 2013; Creamean et al., 2022)
and 34.4–225 mM (Wheeler et al., 1997; Bussmann and
Kattner, 2000), respectively. However, the DON concentra-
tions (average, standard deviation) measured in the MIZ
(10 ± 2 mM, n ¼ 2 subsamples), NP (15.8 ± 0.3 mM, n ¼ 2
subsamples), IF1 (9.6 ± 0.6 mM, n ¼ 2 subsamples), and
IF2 (10 ± 2 mM, n ¼ 2 subsamples) experimental waters
were higher than previous summertime High Arctic Ocean
measurements of approximately 5–7 mM (Letscher et al.,
2013). The POC and PN concentrations in the current
study (0.075–0.5 mg L�1 and 0.011–0.049 mg L�1, respec-
tively) are within the ranges previously reported for
seawater in the High Arctic Ocean (approximately
0.01–10 mg L�1 and approximately 0.001–1 mg L�1,
respectively) from February to July (Huang et al., 2018).
The MIZ water was characterized by high salinity, chloro-
phyll a, POC, and PN concentrations, as well as the largest
abundances of eutrophic pico-nanoplankton and bacteria
of all the experimental waters. DOC and particularly DON
concentrations were elevated in the NP water, a sample

that represents the northernmost newly broken sea ice
encountered, rather than a naturally formed lead. The
potential release of dissolved organic material (DOM) from
sea ice biological processes within the newly opened brine
channels could make a biogeochemical difference in the
quantity and quality of DOM available for the formation of
nascent aerosols. The surface water measurements were
relatively consistent for the four IF samples, although ele-
vated DOC and DON concentrations were measured dur-
ing IF1 and IF2, and a greater abundance of heterotrophic
nanoplankton was measured during IF3. A higher DON
concentration in the NP sample was observed compared
to the IF1–4 experimental waters, while the DOC (and POC
and PN) concentrations were similar between the NP and
IF1–4 experimental waters. The addition of ice algae to IF
water for the IFþA experiment resulted in decreased
salinity, increased concentrations of chlorophyll a, POC,
and PN, and increased abundances of eutrophic pico-
nanoplankton and heterotrophic nanoplankton compared
to IF1–4. The OL water was less saline (28.4) than the IF
experimental waters (31.7–32.1), likely due to the contribu-
tion of freshwater from the melting sea ice. The OL water
was otherwise similar to the IF water, including with an
elevated abundance of heterotrophic nanoplankton, similar

Figure 2. Characteristics of experimental water in the MART. Measurements of (a) salinity; average concentrations
of (b) chlorophyll a, (c) dissolved organic carbon (DOC), (d) dissolved organic nitrogen (DON), (e) particulate organic
carbon (POC), (f) particulate nitrogen (PN); and abundances of (g) eutrophic pico-nanoplankton (Eu. PNP),
(h) heterotrophic nanoplankton (Het. NP), and (i) bacteria in water from each of the experiments, described in
Table 1. No measurements (NM) were made for the filtered seawater (FS) experiment due to the removal of
particulate matter. The error bars in (b)–(f) represent the standard deviations of 2–3 replicates (chlorophyll a, POC,
PN) or 2 replicates (DOC, DON). The DON measurements presented here reflect the concentration of total dissolved
nitrogen, which mostly consisted of DON (Schanke et al., 2020) and is hereon denoted DON.
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to the IF3 experimental water. Salinity, DOC, and DON
concentrations were similar between the FS experiment
and the MIZ, NP, and IF1–4 experiments.

The MP water was characterized by the lowest salinity,
as well as the lowest concentrations of chlorophyll a, DOC,
and DON, of the collected experimental waters. The salin-
ity measured at the MP site is consistent with salinity
measurements from other melt ponds (Kim et al., 2018;
Park et al., 2019b; Xu et al., 2020). The concentrations of
chlorophyll a and DOC generally agree with those from
prior studies on melt ponds (Galgani et al., 2016; Park
et al., 2019b; Xu et al., 2020). Notably, the abundance of
eutrophic pico-nanoplankton was lowest for the MP water,
yet similar abundances of heterotrophic nanoplankton
and bacteria were measured in the MP water and several
of the IF waters.

The results of the 18S rRNA gene analyses are shown
in Figure 3a. Seven major taxonomic groups were iden-
tified among the eukaryotes: Chlorophyta, Haptophyta,
Bacillariophyta (including diatoms), Holozoa, Dinoflagel-
lata, Ciliophora, and Cercozoa. Dinoflagellata was the
dominant group observed with relative sequence abun-
dances of 39–82%, with particularly high contributions
to the IF1 and MP experiments of 82% and 79%, respec-
tively. An analysis of phytoplankton pigments measured
during the MOCCHA expedition found that photosyn-
thetic dinoflagellates consistently accounted for <5%
of the community (Schanke et al., 2020), which suggests
that the dinoflagellates identified by the 18S rRNA gene
analysis could be predominately heterotrophic. The dif-
ference in possible dinoflagellate dominance between
the two methods could also be due to the high 18S rRNA
gene copy number in dinoflagellates (Lin, 2011; Wiseca-
ver and Hackett, 2011) biasing toward a high estimate of
relative abundance.

The relative sequence abundances of several groups
peaked for individual experimental waters, including Hap-
tophyta in MIZ (23%) and IF3 (20%), Chlorophyta in OL
(17%), and Bacillariophyta in NP (17%) and IFþA (20%).
Bacillariophyta is a group that includes diatoms which
have been found to dominate ice algal communities (Pou-
lin et al., 2011; Assmy et al., 2013; Szymanski and Gradin-
ger, 2016). These contributions by ice diatoms can be
explained by the NP water being sampled from an open-
ing made in sea ice by the research team, and by algae
collected from loose sea ice algal mats being added for the
IFþA water. The most abundant eukaryotic OTUs for each
experiment, summarized in Table S1, showed little vari-
ance across the experiments. The results of the 18S anal-
yses were used to calculate the Shannon-Wiener diversity
index H (Table S2).

Prokaryotes were classified into three major taxonomic
groups according to the 16S sequencing results: Bacteroi-
dia, Alphaproteobacteria, and Gammaproteobacteria
(Figure 3b). For the NP and IF1–4 experiments, no single
taxonomic group accounted for a majority of the
sequenced DNA; they were comprised of 24–42% Bacter-
oidia, 20–36% Alphaproteobacteria, and 26–34%
Gammaproteobacteria. Bacteroidia was the dominant pro-
karyotic group in the remaining experiments, comprising
54–62% of the relative sequence abundance in the MIZ,
IFþA, and OL experimental waters and 88% of the relative
sequence abundance in the MP water. While Alphaproteo-
bacteria accounted for 10–15% of the relative sequence
abundances in the MIZ, IFþA, and OL experiments, only
a negligible fraction (<0.2%) of Alphaproteobacteria was
identified in the MP water. This lack of Alphaproteobac-
teria shows that the prokaryotic portion of the microbial
community was distinct in the MP water compared to the
seawater experiments. The dominant OTUs identified

Figure 3. Plankton community composition in water from the MART experiments. Relative 16S or 18S rRNA gene
sequence abundances of (a) eukaryotic and (b) prokaryotic taxa from the MART experiments, as described in Table 1.
The group “Other” consists of additional taxonomic groups which were identified but accounted for less than 5%
relative abundance across the nine unfiltered experimental waters.
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within the prokaryotic taxonomic groups during each
experiment are summarized in Table S3.

3.2. Aerosol particle size distributions

The aerosol particle size distributions were similar for
most of the MART experiments, each featuring two modes
in the ranges of 83–131 nm and 1–2 mm (Figures 4 and
S2). Previous SSA generation experiments carried out
using plunging jets (Hultin et al., 2010; Prather et al.,
2013; Collins et al., 2014; Salter et al., 2015; May et al.,
2016a; Schwier et al., 2017; Christiansen et al., 2019; Bates
et al., 2020; Mirrielees et al., 2022) and breaking waves
(Prather et al., 2013; Sauer et al., 2022) have resulted in
SSA size distributions with modes of 90–200 nm. The
aerosol particle size distribution from the NP experiment
was characterized by the largest submicrometer mode
(131 ± 1 nm, standard deviation of the lognormal fit to
the data) of the MART experiments. The salinity, chloro-
phyll a concentration, POC and PN concentrations, abun-
dances of eutrophic pico-nanoplankton, heterotrophic
nanoplankton, and bacteria, and relative abundance of
taxonomic groups from the 16S and 18S sequence analy-
ses were similar between the NP experiment and the other

experiments, which suggests that these factors do not
explain the disparity in submicrometer mode among the
MART experiments. Conversely, the concentration of DON
in the NP experiment was markedly higher (by a factor of
1.6–6.2) compared to the other experiments. The highest
total aerosol particle concentrations were measured dur-
ing the NP (2100 ± 300 cm�3, standard deviation, n ¼ 72)
and MIZ (2100 ± 200 cm�3, standard deviation, n ¼ 80)
experiments. A two-sample Kolmogorov-Smirnov test
showed no significant difference between the NP and MIZ
aerosol size distributions.

The submicrometer SSA mode diameters for the MIZ,
IF1–4, and IFþA experiments fell within a narrow range
(105–111 nm; Figure 4). The submicrometer mode for the
OL water (96 ± 1 nm, standard deviation of the lognormal
fit to the data) was similar to that for the FS water. Similar
submicrometer modes have been observed previously in
SSA generated from unfiltered seawater and filtered sea-
water, despite greater particle concentration from the
unfiltered seawater (Tyree et al., 2007). The total aerosol
particle concentration was higher for the OL experiment
(1400 ± 200 cm�3, mean and standard deviation, n ¼ 74)
than the FS experiment (900 ± 100 cm�3, mean and

Figure 4. Average aerosol size distributions for the MART experiments.More details on each of the marine aerosol
reference tank (MART) experiments indicated in the inset legend are provided in Table 1. The plotted distributions
show aerosol particle concentrations measured by the scanning mobility particle sizer for particles in the range
13.6–737 nm dm, and by the aerodynamic particle sizer in the range 0.777–20.0 mm dm. The inset plot shows the
mode diameter and total measured aerosol concentration for each experiment. The error bars represent the standard
deviation for each location. Aerosol size distributions were measured every 5 minutes across 6 hours of each
experiment; standard deviations across each size bin for each experiment are shown in Figure S3.
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standard deviation, n ¼ 75). Kolmogorov-Smirnov tests
determined that the aerosol particle distributions mea-
sured during the IF1, IF3, and IFþA experiments could
have arisen from the same underlying distribution
(p > 0.10); the same conclusion was drawn for SSA gener-
ated during the IF2 and OL experiments (p ¼ 0.54), and
the IF4 and FS experiments (p ¼ 0.30).

The lowest total aerosol particle concentration
(750 ± 70 cm�3; mean and standard deviation, n ¼ 73)
and smallest submicrometer mode diameter (83 ± 1 nm,
standard deviation of the lognormal fit to the data) were
measured for the MP experiment. The MP water had the
lowest salinity (1.40) compared to the seawater experi-
ments (28.4–32.84). The p-values calculated from
Kolmogorov-Smirnov tests comparing the aerosol size dis-
tributions from the MP experiment with those from the
IF4 (p ¼ 0.06) and FS (p ¼ 0.08) experiments are nearly
low enough to consider the size distribution from the MP
distinct from that of the other MART experiments. Note
that the aerosol size distribution from the lower-salinity
MP surface water is distinctly different from that of aero-
sol generated from Lake Michigan freshwater (May et al.,
2016a), which was characterized by two modes (46 ± 6
and 180 ± 20 nm) not observed in the MP SSA particle
size distribution.

Studies on the effect of seawater temperature on SSA
concentration have led to mixed results, with some experi-
ments reporting a positive (Liu et al., 2021) or negative
relationship between the two (Zábori et al., 2012a; Salter
et al., 2014; Nielsen and Bilde, 2020), while others found
that the two metrics were unrelated (Forestieri et al.,
2018) or that the relationship between the two was com-
plex (Mårtensson et al., 2003; Christiansen et al., 2019).
No correlation was found between MART water tempera-
ture and total SSA concentration or mode diameter in this
study. Some previous studies have reported that an
increase in salinity results in an increase in SSA concen-
tration (Rocchi et al., 2024) and mode diameter (Mårtens-
son et al., 2003; Tyree et al., 2007; Zábori et al., 2012b;
Zinke et al., 2021). In contrast, other studies reported
a decrease (Hultin et al., 2010; May et al., 2016a) or lack
of change (Park et al., 2019a) in the mode diameter when
salinity was increased. Here, the smallest SSA distribution
mode diameter was observed during the MP experiment.
However, the size distribution of SSA generated from the
OL water was similar to the distributions observed in the
other seawater experiments, despite a slightly lower salin-
ity (28.4). Furthermore, while the lowest surface water
salinity and lowest SSA concentration were both observed
during the MP experiment, the SSA concentration was also
low (<1000 cm�3) during the IF4 (salinity ¼ 32.1) and FS
(salinity ¼ 31.8) experiments, which suggests that salinity
was not the dominant factor in determining the total
aerosol particle number concentration.

No statistically significant correlations were found
between concentrations of chlorophyll a, POC, or PN, or
the abundances of heterotrophic nanoplankton or bacte-
ria and the total aerosol particle concentration or submic-
rometer mode diameter. However, total aerosol particle
concentration correlated positively with both DON

concentration (r2 ¼ 0.64, p < 0.01) and abundance of
eutrophic pico-nanoplankton (r2 ¼ 0.41, p ¼ 0.065), while
the SSA submicrometer mode diameter correlated posi-
tively with DOC concentration (r2 ¼ 0.44, p ¼ 0.037) and
DON concentration (r2 ¼ 0.85, p < 0.01). An increased
concentration of dissolved organic compounds in seawa-
ter has been shown to result in increased SSA concentra-
tions (Lv et al., 2020), and higher concentrations of
dissolved glucose have been correlated with the concen-
tration of <200 nm SSA (Rocchi et al., 2024). However,
overall, the effects of marine bacteria and phytoplankton
on SSA concentrations are not well resolved (Prather et al.,
2013; Alpert et al., 2015; Park et al., 2019a; Dall’Osto et al.,
2022). The lack of a clear relationship between the biolog-
ical measurements and SSA concentrations likely stems
from the complex nature of the microbial communities
and their varying levels of extracellular release of DOM
(Vernet et al., 2021) which also impacts SSA chemical
composition, as described below.

3.3. Atmospheric single-particle elemental

composition (CCSEM-EDX)

A total of 39,933 atmospheric particles collected on TEM
grids using the MOUDI (<0.056 mm da, 0.10–0.18 mm da,
0.32–0.56 mm da, and 1.0–1.8 mm da) were analyzed using
CCSEM-EDX. The number of particles that were generated
during each experiment and analyzed using CCSEM-EDX is
shown in Figure S3. The elemental composition of the
individual particles showed that sea salt particles, organic
particles, and mineral dust particles were generated from
the collected surface waters (Figure 5a–c). The dominant
atmospheric particle type was sea salt (28,200 particles),
which mostly consisted of sodium and chlorine, with sul-
fur, magnesium, and potassium present in small amounts.
As shown from the particle analysis on silicon substrates,
organics were present in many of the particles classified as
sea salt. The inorganic portion of sea salt consists of com-
mon seawater ions (including sodium, chloride, magne-
sium, calcium, potassium, and sulfate), which are found
throughout the ocean in consistent ratios (Millero et al.,
2008). Sea salt particles accounted for 44–95%, by num-
ber, of the submicrometer (0.1–1.0 mm projected area
diameter) particles and 68–100% of supermicrometer
(1.0–8.7 mm projected area diameter) particles across the
MART experiments. Previous studies of ambient (O’Dowd
et al., 2004; Facchini et al., 2008; Gantt et al., 2011;
O’Dowd et al., 2015; Kirpes et al., 2018; Kirpes et al.,
2020) and laboratory-generated SSA (Facchini et al.,
2008; Prather et al., 2013; Collins et al., 2014; Mirrielees
et al., 2022) have also shown sea salt particles to dominate
the supermicrometer SSA, while most organic particles are
submicrometer. As expected based on the short residence
time inside the MART headspace (Stokes et al., 2013), the
sea salt particles showed no evidence of either chlorine
depletion or sulfur and/or nitrogen enrichment indicative
of secondary reactions (Laskin et al., 2002; Chi et al., 2015;
Kirpes et al., 2018).

To assess SSA particle elemental composition, 12,674
sea salt particles collected on silicon (0.10–0.18 mm da,
0.32–0.56 mm da, and 1.0–1.8 mm da) were analyzed using
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CCSEM-EDX (Figure S3). An SEM image of several SSA
particles (mostly sea salt particles) collected on a silicon
wafer is shown in Figure S4. Carbon was detected in 81%,
by number, of the submicrometer sea salt particles and
97%, by number, of the supermicrometer sea salt particles
collected on silicon. These results further indicate that the
particles classified as sea salt were primarily mixtures of
sea salt and organics. The EDX spectra of sea salt particles
collected on silicon were used to calculate the elemental
mole ratios of each individual particle, including C/Na,
Ca/Na, and Mg/Na (Figure 6), and Cl/Na, S/Na, and
N/Na (Figure S5). Individual sea salt particles were
enriched in organics relative to seawater, as indicated by
elevated C/Na ratios (Figure 6a). For all experiments,
greater carbon enrichment was measured in submicrom-
eter sea salt particles (C/Na ¼ 0.27–0.41) compared to
supermicrometer sea salt particles (C/Na ¼ 0.061–0.14),
in agreement with previous measurements of Arctic sea
salt aerosol particles (Kirpes et al., 2019). The highest C/Na

ratios (0.50–0.58) were observed during the IF1, IF2, and
MP experiments, while the lowest C/Na ratios (0.25–0.30)
were measured during the MIZ, IF3, and OL experiments.
The measured C/Na ratios did not correlate with the con-
centrations of chlorophyll a, DOC, DON, POC, or PN or
with the abundances of eukaryotic pico-nanoplankton,
heterotrophic nanoplankton, or bacteria (Figure 2), which
suggests that the enrichment of carbon in sea salt particles
is influenced by additional factors beyond the quantity of
carbon and nitrogen in the seawater, or the abundance of
cells capable of producing organic exudates.

The Ca/Na and Mg/Na ratios were larger for submic-
rometer sea salt particles than supermicrometer sea salt
particles (Figure 6). Calcium enrichment was greater in
individual submicrometer sea salt particles (Ca/Na ¼
0.16–0.36) than supermicrometer sea salt particles
(Ca/Na ¼ 0.029–0.1), but both were enriched compared
to the seawater ratio of 0.02 (Pilson, 2013). Calcium
enrichment (elevated Ca/Na relative to seawater) has been

Figure 5. Characteristics of individual aerosol particles across all experiments. Representative scanning electron
microscopy images and energy-dispersive X-ray (EDX) spectra of observed individual particle types including (a) sea
salt aerosol, (b) organic aerosol, and (c) mineral dust particles. In (a), the sea salt particle was collected on silicon (peak
removed for clarity) which allows for the quantification of organics (carbon and oxygen) in a particle. In the spectra of
panels (b) and (c), particles were collected on transmission electron microscopy (TEM) grids, which contribute to the
carbon, oxygen, and copper signals measured (*). The EDX detector also contributes to the silicon signal measured.
Many of the EDX spectra from organic particles collected on TEM grids contain silicon peaks (Figure 5b), which are
likely due to a minor silicon signal from the detector rather than the particle itself (Fraund et al., 2017). (d) Number
fractions are shown for each observed individual particle type in the submicrometer (Sub) and supermicrometer
(Super) projected area diameter ranges for each marine aerosol reference tank (MART) experiment.
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observed previously (Keene et al., 2007), with greater
enrichment in smaller SSA particles (Cochran et al.,
2016; Salter et al., 2016; Kirpes et al., 2019). Mg/Na ratios
for individual submicrometer sea salt particles fell in the
range of 0.27–0.41, also indicating magnesium enrich-
ment relative to the seawater ratio of 0.11 (Pilson,
2013). Previous studies have shown slight (Kirpes et al.,
2019) or negligible (Cochran et al., 2016; Salter et al.,
2016) magnesium enrichment in submicrometer sea salt
particles relative to seawater. In contrast, the Mg/Na ratios
of supermicrometer sea salt particles generated from the
MIZ, IF1, IF2, IF4, and MP experimental waters were sim-
ilar to seawater. Further, supermicrometer sea salt parti-
cles generated from NP, IF3, IFþA, and OL experimental
waters were depleted in magnesium relative to seawater:

0.07 ± 0.01 (n ¼ 720), 0.062 ± 0.006 (n ¼ 146), 0.061 ±
0.006 (n ¼ 190), and 0.08 ± 0.02 (n ¼ 310), respectively
(95% confidence intervals). Previously reported Mg/Na
ratios in supermicrometer SSA have been generally con-
sistent with the seawater ratio (Salter et al., 2016; Kirpes
et al., 2019), though some depletion has also been
observed (Cochran et al., 2016). As discussed in the Intro-
duction, Ca2þ ions (and Mg2þ ions to a lesser degree)
stabilize polymer gels in seawater (Verdugo, 2012). The
formation of complexes between organic material and
these divalent cations provides a route for the aerosoliza-
tion of sea salt aerosol particles enriched in carbon,
calcium, and magnesium relative to seawater. The obser-
vation of larger C/Na, Ca/Na, and Mg/Na ratios in the
individual submicrometer particles compared to the

Figure 6. Mean elemental molar ratios of individual aerosol particles for each experiment. Mean (a) C/Na,
(b) Ca/Na, and (c) Mg/Na molar ratios of individual sea salt particles (collected on silicon) for each marine aerosol
reference tank (MART) experiment. Details of each MART experiment are provided in Table 1. Supermicrometer and
submicrometer bins were based on projected area diameter, where each bin contains a minimum of 20 particles. Error
bars represent the 95% confidence intervals for each mean. The horizontal lines indicate the elemental molar ratios
for Ca/Na and Mg/Na in seawater (Pilson, 2013).
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individual supermicrometer particles in the current study
(Figure 6) is consistent with the presence of organic gels
stabilized by divalent cations. Greater enrichment in cal-
cium compared to magnesium (Figure 6) is also consis-
tent with previous SSA studies (Cochran et al., 2016;
Salter et al., 2016; Kirpes et al., 2019). Discussion of the
sea salt aerosol Cl/Na, S/Na, and N/Na ratios can be
found in Text S1.

The remaining particles collected on TEM grids were
classified as organic particles consisting of carbon and
oxygen (11,246 particles), or as mineral dust particles
consisting of aluminum and/or silicon, as well as oxygen
(507 particles) (Figure 5). Organic particles accounted for
5–54%, by number, of the measured submicrometer par-
ticles and 0–32%, by number, of supermicrometer parti-
cles across the experiments. Previous studies have shown
that the majority of organic particles produced by sea
spray fall within the submicrometer range (Ault et al.,
2013b; Prather et al., 2013; Kirpes et al., 2018), with which
our results are consistent. Mineral dust accounted for
0–4%, by number, of the measured submicrometer parti-
cles and 0–1%, by number, of supermicrometer particles.
The transfer of mineral dust particles from seawater to the
aerosol phase via bubble bursting has been observed dur-
ing previous seawater aerosol generation experiments
(Cornwell et al., 2020). The origin of this dust within the
seawater may be from suspended sediment from riverine
sources (Ahmed et al., 2020) or sediment released from
melting sea ice (Reimnitz et al., 1993; Nürnberg et al.,
1994; Eicken et al., 1997; Measures, 1999; Darby et al.,
2009; Darby et al., 2011; Klunder et al., 2012), and/or dust
deposited at the ocean surface from atmospheric trans-
port from high-latitude sources (Sanchez-Marroquin
et al., 2020; Meinander et al., 2022; Barr et al., 2023).

Number fractions of particle types (sea salt, organic,
and mineral dust) were generally consistent among the
experiments (Figure 5d). However, larger number frac-
tions of submicrometer sea salt particles were observed
during the MIZ (81.4% ± 0.6%, n ¼ 4356; as defined in
Section 2.4.1) and NP (95.0% ± 0.3%, n ¼ 6269) experi-
ments, compared to the IF1–4 (43.6–58%), IFþA (65.8%
± 0.8%, n ¼ 3459), OL (66% ± 1%, n ¼ 1912), and MP
(60.4% ± 0.9%, n ¼ 3011) experiments. These observa-
tional differences are notable for three reasons. First, the
surface water sampled from the MIZ was more biologically
active than the surface waters collected at the IF site
(IF1–4). The MIZ water was characterized by elevated
chlorophyll a concentrations and greater abundances of
eutrophic pico-nanoplankton and bacteria, compared to
the IF1–4 experimental waters, as described in Section
3.1. Further, the NP and the IF1–4 experimental waters
contained similar concentrations of chlorophyll a, POC,
and PN, and similar abundances of eutrophic pico-
nanoplankton, heterotrophic nanoplankton, and bacteria.
Note that the lowest submicrometer and supermicrometer
number fractions of organic particles were measured in
the NP experiment, despite the relatively high DOC con-
centration in the NP water, which was only exceeded by
the DOC concentration of the IF1 water. Lastly, the size
distribution mode diameter was larger for the NP

experiment compared to the other MART experiments.
The greater fraction of submicrometer SSA classified as
sea salt in the NP experiment may explain this difference,
as sea salt particles are generally larger than seawater-
derived organic aerosol particles (Quinn et al., 2015).

The number fractions of supermicrometer sea salt
aerosol were similar between the OL experiment
(97.1% ± 0.6%) and the IF1, IF2, and IF4 experiments
(92–97.8%), while the number fraction of submicrometer
sea salt aerosol was higher in the OL experiment (66% ±
1%) compared to the IF1, IF2, and IF4 experiments
(43.6–53%). The number fraction of submicrometer sea
salt aerosol was also elevated in the IF3 experiment (58%
± 1%) compared to the other IF experiments, but the
number fraction of supermicrometer sea salt aerosol was
much lower in the IF3 (68% ± 2%) experiment compared
to the other IF experiments, as well as the OL experiment.
The number fraction of supermicrometer organic aerosol
measured during the IF3 experiment (32% ± 2%) was
much higher than that measured during the IF1, IF2,
IF4 (2.2–8%) and OL experiment (2.9% ± 0.6%). The
increased number fraction of supermicrometer organic
particles measured during the IF3 experiment may be
explained by the higher abundance of heterotrophic nano-
plankton in the IF3 water (1316 cells mL�1) compared to
the IF1, IF2, and IF4 experimental waters (285–387 cells
mL�1; Figure 2). Also notable is that the fraction of hap-
tophytes was higher for the IF3 compared to the other IF
experimental waters (Figure 3). This IF3 result points to
the likely connection between the microbial community
and marine organic aerosol generation.

Similar particle number fractions of sea salt were
observed during the IFþA perturbation experiment
(supermicrometer 97.1% ± 0.6%, n ¼ 658; submicrom-
eter 66% ± 1%, n ¼ 3459) and the OL (supermicrometer
88% ± 2%, n ¼ 516; submicrometer 66% ± 1%, n ¼
1912) and IF4 experiments (supermicrometer 97.6% ±
0.6%, n ¼ 651; submicrometer 65.8% ± 0.8%, n ¼
2355). As discussed in Section 3.2, the SSA size distribu-
tion for the IFþA experiment was also similar to that of
IF1 and IF3 (though the mode diameter was slightly smal-
ler). The ice algal aggregates added to the IF water for this
experiment resulted in lower salinity and larger concen-
trations of chlorophyll a, POC, PN, and greater abundances
of eutrophic pico-nanoplankton and heterotrophic nano-
plankton compared to the four IF experiments. However,
these differences did not translate into a greater number
fraction of organic particles in the generated SSA. This
result is in agreement with our recent study that showed
little change in the number fractions of organic and sea
salt particles (0.12–7.05 mm dpa) generated from Gulf of
Maine seawater when the DOC concentration was increased
from 95 mM to 400 mM (Mirrielees et al., 2022). Other
studies have shown a direct relationship (O’Dowd et al.,
2004), or a lack of relationship (Quinn et al., 2014),
between biological activity and the organic aerosol mass
fraction, or a complex relationship in which community
dynamics impact the composition of organics in aerosol
particles (Wang et al., 2015). The complex relationship
between SSA composition and the concentration of DOC
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and chlorophyll a, as well as the abundance of bacteria and
phytoplankton, must be elucidated through further study.

The distribution of particle types generated from MP
water was similar to that from the IF1, IF2, IF4, and OL
experiments (Figure 5), despite large differences in the
salinity, chlorophyll a, DOC (Figure 2), the composition of
the microbial community (Figure 3), and the SSA size
distribution (Figure 4) between these experiments.
Recently, Zeppenfeld et al. (2023) measured aerosol-
relevant marine carbohydrates in various Arctic Ocean
water samples and noted the variability across melt ponds.
Overall, future studies on the composition and potential
generation mechanism of melt pond aerosol are critical to
assess this potential High Arctic aerosol source.

3.4. Composition of organic compounds in SSA

Raman spectral analysis was used to classify the organic
material in 313 individual SSA particles collected during
the MART experiments using MOUDI stages correspond-
ing to 0.32–0.56 mm da and 1.0–1.8 mm da (i.e., submic-
rometer and supermicrometer particles, respectively).
These Raman spectra were classified as carbohydrates,
long-chain fatty acids (>C10), or organic “siliceous materi-
al,” using the approach developed by Cochran et al.
(2017). These assignments are described in Text S2 and
Tables S4, S5, and S6; inorganic spectra assignments are
included in Table S7. Representative Raman spectra of
each type are shown in Figure 7a. Average Raman spectra
for submicrometer and supermicrometer particles col-
lected during each MART experiment are shown in
Figure S6. Neither amino acids nor proteins were identi-
fied among the collected Raman spectra.

Carbohydrates accounted for the majority of the
assigned single-particle Raman spectra (225 out of 313
particles), as shown in Figures 7b and S7. Each of these
spectra was matched with the CARB (carbohydrate) library
spectrum that was collected from SSA in a previous study
(Cochran et al., 2017). For most of the experiments and
SSA particle size ranges, carbohydrates accounted for 81–
100%, by number, of the single-particle Raman spectra.
The outliers were submicrometer particles generated dur-
ing IF2 (8% ± 8% carbohydrates, n ¼ 12), submicrometer
particles generated during IFþA (50% ± 10% carbohy-
drates, n ¼ 15), and both submicrometer and supermic-
rometer particles generated during MP (0% carbohydrates
for both particle size ranges).

The carbohydrate Raman spectrum of this study is
similar to Raman spectra collected from ambient SSA par-
ticles in the summertime Antarctic air (Eom et al., 2016),
as well as SSA generated in mesocosm tanks using seawa-
ter collected from the California coast and the Gulf of
Maine (Mirrielees et al., 2022). The observation of this
Raman spectrum in ambient and laboratory-generated
SSA from diverse locations, and during different years,
indicates that these carbohydrates are widely distributed
throughout the ocean’s surface. Most (70–95%) of the
DOM in the ocean is refractory, with a lifetime of approx-
imately 16,000 years (Davis and Benner, 2005; Hansell,
2013). A smaller fraction (6–30%) is semi-labile, with a life-
time of approximately 1.5 years and only a small fraction

(0.03–5%) that is considered to be labile, or freshly
generated, with a lifetime of hours or days (Davis and
Benner, 2005; Hansell, 2013). Refractory DOM can be
transported from the ocean into the aerosol phase
(Beaupré et al., 2019; Lawler et al., 2020) via bubble burst-
ing at the surface of the ocean, which is facilitated by the
presence of surface-active organic matter (Kieber et al.,
2016). Previous studies suggest that the organic compo-
nent of SSA is dominated by a background pool of DOM
rather than fresh organic compounds produced by the
local biological community (Quinn et al., 2014; Bates
et al., 2020; Santander et al., 2022). The widespread obser-
vance of carbohydrates in SSA may indicate that this
“carbohydrate” Raman spectrum is representative of
refractory DOM. Polysaccharides (Hawkins and Russell,
2010; Chang et al., 2011; Gao et al., 2012; Fu et al.,
2013; Leck et al., 2013; Choi et al., 2019) are commonly
identified organic components of Arctic SSA. Additionally,
carboxyl-rich alicyclic molecules have been identified as
a major component of refractory DOM (Hertkorn et al.,
2006). While no Raman spectrum of carboxyl-rich alicyclic
molecules has been published at this time, these mole-
cules would be expected to contain C-C, C-O, C¼O, C-H,
and O-H bonds, which were detected in the carbohydrate
Raman spectrum in our study (Table S4).

Long-chain fatty acids (LCFA, mostly C12–C22) were
identified in SSA during several of the experiments
(Figures 7b and S7). LCFA are ubiquitous in marine
environments and have previously been identified in
Arctic sea ice (Kohlbach et al., 2016; Kohlbach et al.,
2020) and SSA (Fu et al., 2013; Kirpes et al., 2019). LCFA
are known to be produced by Arctic diatoms (Falk-
Petersen et al., 1998; Henderson et al., 1998) and dinofla-
gellates (Falk-Petersen et al., 1998). LCFA were identified
in 40 of the 313 individual particles analyzed. The number
fraction of submicrometer particles containing fatty acids
(�10%) was generally similar to the number fraction of
supermicrometer particles containing fatty acids (�9%)
for the MIZ, NP, IF1–4, IFþA, and OL experiments. This
similarity contrasts with a previous study in which larger
number fractions of individual particles containing fatty
acids were observed in submicrometer SSA compared to
supermicrometer SSA (Cochran et al., 2017). Larger num-
ber fractions of individual particles containing LCFA were
observed during the MP experiment, for which LCFA
accounted for 96% ± 4% of submicrometer SSA (n ¼
28) and 25% ± 8% of supermicrometer SSA (n ¼ 28). A
recent lab study found that SSA concentration is sup-
pressed by fatty acids and enhanced by dissolved sacchar-
ides (Xu et al., 2024). Together with the lower salinity of
the MP water, the relatively low total aerosol particle
concentration measured for the MP experiment com-
pared to the other MART experiments is consistent with
this recent finding.

The relatively low fractions of LCFA in eight of the
MART experiments, compared with the larger fractions
of LCFA in the MP experiment, may be due to the lability
of fatty acids (Mochida et al., 2002), which are produced
by phytoplankton and consumed readily by heterotrophic
bacteria (Wang et al., 2015; Cochran et al., 2017). In
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contrast with the seawater locations from which the
MIZ, NP, IF1–4, IFþA, and OL experimental waters were
collected, melt ponds are short-lived ecosystems (Sørensen
et al., 2017). The melt pond in the current study would
have formed recently due to melting of snow on the
surface of the ice floe. The relatively “fresh” MP water
may have contained a greater concentration of LCFA
(compared to carbohydrates) due to production of labile
fatty acids by autotrophic species, and a lack of an
established heterotrophic community that would

normally consume them. The concentrations of dis-
solved and particulate carbohydrates increase with melt
pond age (Zeppenfeld et al., 2023), which further sug-
gests that the MP water was collected from a relatively
young melt pond. The lack of carbohydrates in the MP
SSA, and their prevalence throughout the other eight
MART experiments in which surface water was sampled
from the relatively “older” Arctic seawater, provides fur-
ther support for the carbohydrate Raman spectrum
representing refractory DOM.

Figure 7. Organic composition of individual aerosol particles. (a) Raman spectra of three representative individual
particles with organic compounds identified as carbohydrates, organic siliceous material (which contains organic
functional groups), and long-chain fatty acids. These spectra were obtained from a supermicrometer IF4 particle,
a supermicrometer MP particle, and a submicrometer MP particle, respectively. (b) Number fractions of individual
submicrometer (Sub) and supermicrometer (Super) particles corresponding to each observed organic composition
type.
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Overall, 48 of the 313 particles analyzed using Raman
microspectroscopy were identified as organic “siliceous
material.” The individual particle Raman spectrum charac-
terized as organic siliceous material in Figure 7a is nearly
identical to the organic siliceous material identified in SSA
generated from coastal California seawater (Cochran et al.,
2017). This siliceous material Raman spectrum is nearly
identical to the Raman spectrum of polydimethylsiloxane
(Kammer et al., 2010; Kim et al., 2017), a polymer with
many applications (Ariati et al., 2021; Ribeiro and Lima,
2022). Note that Raman spectra collected from diatoms
(Kammer et al., 2010; Pinzaru et al., 2016; Rüger et al.,
2016; De Tommasi et al., 2018; Ahmmed et al., 2021; Akse
et al., 2021) differ from the siliceous material in the cur-
rent study. In particular, modes associated with SiO4 sym-
metric stretching (768–850 cm�1; De Tommasi et al.,
2018; Akse et al., 2021), Si-OH stretching (900–1050
cm�1; De Tommasi et al., 2018; Akse et al., 2021), carote-
noids (1014 cm�1, 1162 cm�1, 1180 cm�1, 1528 cm�1;
Pinzaru et al., 2016; Rüger et al., 2016), and chlorophyll
a (986 cm�1, 1224 cm�1, 1328 cm�1; Rüger et al., 2016)
were not detected in the siliceous material. The origin of
the siliceous material in the particles generated from the
surface waters is unknown. Number fractions of siliceous
material (Figures 7b and S7) were elevated in certain
experiments with no discernible patterns, accounting for
40% ± 10% (n ¼ 11) of the supermicrometer IF1 SSA
particles, 92% ± 8% (n ¼ 12) of the submicrometer IF2
SSA particles, 75% ± 8% (n¼ 28) of the supermicrometer
MP SSA particles in the range 1.0–1.8 mm da, and 50% ±
10% (n ¼ 15) of the submicrometer IFþA SSA particles,
with fractions of 0–9% observed in all other samples.

Note that amino acids were not detected in any of the
analyzed particles. Amino acids have been detected previ-
ously in aerosol particles, including from sea spray, in the
High Arctic (Scalabrin et al., 2012; Fu et al., 2015), and
elsewhere in the Arctic (Hawkins and Russell, 2010;
Logvinova et al., 2016; Kirpes et al., 2019). Previous studies
have observed amino acid enrichment in SSA generated
via plunging jet (Kuznetsova et al., 2005; Triesch et al.,
2021) and in ambient SSA (van Pinxteren et al., 2023).
However, other studies have found that MART-generated
SSA may be depleted in amino acids (Decesari et al., 2020)
or be characterized by a different amino acid signature
(Santander et al., 2021) compared to the seawater from
which it was generated. The experimental waters collected
during the current study may have contained amino acids
or proteins that were not transferred to the aerosol phase.
Some of the generated particles may also have contained
amino acids, but in such a small quantity that they could
not be clearly identified from the collected Raman spectra.

3.5. Ice-nucleating particle measurements

We present in Figure S8 the size-resolved cumulative INP
concentration spectra (INP concentration per volume of
suspension, as a function of activation temperature) for
the air in the headspace above the MART tank. Compari-
son of the INP spectra for the MART samples with those
for the blanks reveals that there is no discernible differ-
ence between the two in the majority of the samples.

Hence, the INP spectra reported here represent upper
limits to the INP concentrations; that is, the INP concen-
tration was lower than the quoted limiting values. The one
exception is the MP MART experiment, for which some
weak measurable activity appears above the baseline in all
size bins apart from the largest (5.6–10 mm da). Aerosol
particles generated from the MP water were rich in ali-
phatic hydrocarbons (Section 3.4), which have been iden-
tified as being important for marine sources of INPs in
wave tank experiments (Wang et al., 2015). Another study
found that the concentration of free glucose correlated
positively with the ice nucleation activity of bulk seawater
and the sea surface microlayer (Zeppenfeld et al., 2019),
which is inconsistent with the higher INP concentrations
measured during the MP experiment (organics dominated
by fatty acids) compared to the MIZ, NP, IF1–4, IFþA, and
OL experiments (organics dominated by carbohydrates).
However, the general result, particularly for the seawater
MART experiments, is that the ice-nucleating activity of
the aerosol generated in the MART was not strong enough
to be above the background.

In order to compare the MART INP concentrations to
the ambient INP concentrations from the whole air inlet
during MOCCHA (Porter et al., 2022), we derived the INP
concentration from the sample volume and wash volume
(see Methods) and normalized to the median campaign
ambient aerosol concentration (74 cm�3; Karlsson and
Zieger, 2020) as the aerosol concentrations in the MART
were greater than in the ambient atmosphere. The result is
shown in Figure 8. If all aerosol particles in the Arctic
boundary layer that we sampled via the whole air inlet
were derived from local SSA production, then the maxi-
mum INP concentration we would expect from this source
is represented by the normalized MART INP concentra-
tions in Figure 8. Clear from this plot is that local SSA
cannot account for the relatively high ice-nucleating activ-
ity of the aerosol observed on many days during the MOC-
CHA campaign when concentrations at �15�C sometimes
were as high as 2 L�1 (Porter et al., 2022). However, the
MP experimental water produced some INPs at around
�20�C, and the total INP concentration (summed across
the six size bins) is approximately 0.1 L�1. This value,
though still substantially lower than the observed atmo-
spheric INP concentrations on many days, does indicate
the need for further work in characterizing INPs produced
from a range of high-latitude marine sources, including
melt ponds.

Based on backward air mass trajectory analysis, Porter
et al. (2022) concluded that the ambient samples with
high ice-nucleating activities corresponded to air masses
traveling from near the Russian coast. In contrast, the ice-
nucleating activities of ambient samples were much lower
on days when the air circulated around the pack ice. These
pack ice trajectory INP spectra from Porter et al. (2022) are
consistent with the MART results in Figure 8. Bearing in
mind that the MART INP concentrations are upper limits,
local SSA may have been an important source of INPs on
these days.

Alpert et al. (2022) suggest that all SSA can serve as
INPs, regardless of whether they are derived from seawater
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with a high or low level of microbial activity (within uncer-
tainty). Some previous authors have suggested open leads,
melt ponds, and the pack ice as sources of INPs (Hartmann
et al., 2020; Creamean et al., 2022), and previous work has
shown that open leads, melt ponds, and seawater harbor
biological ice-nucleating entities (Wilson et al., 2015;
DeMott et al., 2016; Irish et al., 2017; Zeppenfeld et al.,
2019). The transfer of this material into the atmosphere
through SSA production typically defines a relatively
low background INP concentration (Vergara-Temprado
et al., 2017; Ickes et al., 2020), ranging from 10�3 L�1 to
0.1 L�1 at �20�C (DeMott et al., 2016; McCluskey et al.,
2018). INP concentrations measured in our MART experi-
mental waters (Figure 8) are consistent with these previ-
ously reported low concentrations. Hence, in previous
campaigns (Hartmann et al., 2020; Creamean et al.,
2022), the dominant sources of INPs may have been local
marine sources, rather than sporadic input from further
afield. The concept of SSA providing a steady background

INP concentration, with periods of days where more
distant sources dominate, is also relevant for the Southern
Ocean where sea spray sources are thought to control the
very low INP concentrations on most days, with sporadic
dust input from terrestrial locations dominating on some
days (Vergara-Temprado et al., 2017).

4. Summary and conclusions
As the Arctic continues to warm nearly four times as
quickly as the rest of the Earth (Rantanen et al., 2022),
elucidating the factors that control the concentration and
composition of SSA from open water, leads, and poten-
tially melt ponds in the Arctic is important. Ten SSA gen-
eration experiments were carried out using a MART with
locally collected water during the MOCCHA expedition to
the High Arctic pack ice during August–September 2018.
Experimental waters were collected from various sites,
including the MIZ, a human-made sea ice hole near the
North Pole, leads next to an ice floe, and a melt pond.

Figure 8. Ice-nucleating particles (INPs) derived from the MART experiments. Upper limits to the INP
concentrations derived from the marine aerosol reference tank (MART) experiments compared to atmospheric INP
concentrations from the same cruise (Porter et al., 2022). The range of “typical marine” INP concentrations reported by
DeMott et al. (2016), as shown in McCluskey et al. (2018), have also been included for comparison. The MART INP
concentrations are quoted as upper limits because in most cases no enhanced freezing was observed above the pure
water handling blanks (Figure S7). The MART INP concentrations were normalized to the median campaign ambient
aerosol concentration (74 cm�3 for particles 10–921 nm dm; Karlsson and Zieger, 2020) in order to compare the INP
concentrations with ambient values.

Mirrielees et al: Marine aerosol generation experiments in the High Arctic during summertime Art. 12(1) page 17 of 30
D

ow
nloaded from

 http://online.ucpress.edu/elem
enta/article-pdf/12/1/00134/839052/elem

enta.2023.00134.pdf by guest on 20 N
ovem

ber 2024



The connections between the chemical and biologi-
cal characteristics of the surface experimental waters
and the physical and chemical properties of the SSA
generated are complex. No statistically significant cor-
relations were found between the concentrations of
chlorophyll a, POC, or PN or the abundances of hetero-
trophic nanoplankton or bacteria and total aerosol par-
ticle concentration or submicrometer mode diameter.
Yet, both total aerosol particle concentration and sub-
micrometer mode diameter correlated positively with
DON concentration. An increased concentration of dis-
solved organic compounds in seawater has previously
been shown to result in increased SSA concentration (Lv
et al., 2020). The lack of a clear relationship between
the biological measurements and SSA concentration
may stem from the complex nature of microbial com-
munities and their varying levels of extracellular release
of DOM (Vernet et al., 2021) which also impact SSA
chemical composition. The filtered seawater experiment
produced a similar SSA mode diameter but lower con-
centration compared to unfiltered seawater, also point-
ing to the role of particulate matter in the water in
contributing to SSA production. The lowest total aerosol
particle concentration and the smallest mode diameter
were observed for the melt pond water aerosol, consis-
tent with the lowest water salinity.

Sea salt aerosol constituted 44–95% of individual
submicrometer and 68–100% of supermicrometer parti-
cles, by number, generated across the experiments. As
evidenced by visible organic coatings, carbon was
detected in >80%, by number, of these sea salt particles.
Greater carbon enrichment, as well as divalent cation
enrichment, was measured in submicrometer sea salt
particles (C/Na ¼ 0.27–0.41) compared to supermicrom-
eter sea salt particles (C/Na ¼ 0.06–0.14), in agreement
with previous measurements of exopolymer gels coating
Arctic sea salt aerosol particles when sea ice was nearby
(Facchini et al., 2008; Kirpes et al., 2019). The measured
C/Na ratios are not correlated with the concentrations of
chlorophyll a, DOC, DON, POC, or PN or with the abun-
dances of eukaryotic pico-nanoplankton, heterotrophic
nanoplankton, or bacteria, which suggests that the
enrichment of carbon in sea salt particles is influenced
by additional factors beyond the quantity of carbon and
nitrogen in the seawater, or the abundance of cells capa-
ble of producing organic exudates. In agreement with
previous studies (Ault et al., 2013b; Prather et al., 2013;
Kirpes et al., 2018), the majority of organic (non-sea salt)
particles produced by sea spray fell within the submic-
rometer range. Carbohydrates were the dominant
organic compound class identified in the individual SSA
particles in all but the MP experiment, when the submic-
rometer particles were purely long-chain fatty acids and
the supermicrometer particles were dominated by sili-
ceous material. The prevalence of carbohydrates in sea-
water compared to the relatively “young” melt pond
water suggests that the SSA generated from the experi-
mental seawaters contained refractory DOM, which con-
stitutes the majority of DOM in the ocean (Davis and
Benner, 2005; Hansell, 2013).

As the Arctic warms, SSA production from leads in the
Arctic Ocean is expected to increase as older, thicker sea
ice is replaced by younger, thinner ice prone to fracturing
(Richter-Menge and Farrell, 2013). The period of open
water SSA production in the Arctic is lengthening as sea
ice melt starts earlier in the spring (Stroeve et al., 2012)
and freeze-up moves later in the fall (Serreze and Stroeve,
2015). Further, the local production of SSA in the Arctic
has been observed year-round (May et al., 2016b). Clear
from this study and others is the complex dependence of
SSA concentration and composition on sea ice algae, phy-
toplankton, and other microbiota and the need for more
studies to further investigate the details of these connec-
tions, especially given the logistical field limitations of the
current work. This need is particularly important given
increasing biological primary production and earlier grow-
ing seasons with declining Arctic sea ice (Tedesco et al.,
2019; Lannuzel et al., 2020). SSA concentrations and com-
position are important for climate feedbacks, including
cloud formation and properties (Quinn et al., 2015; Abbatt
et al., 2019; Russell et al., 2023). Quantification of the ice-
nucleating activity of the generated SSA in this study
showed that locally produced SSA may define the High
Arctic background INP population (Porter et al., 2022).
Finally, our data suggest that melt ponds might provide
a source of more active INP than seawater, which may
be due to the greater fraction of long-chain fatty acids
in aerosol particles generated from the melt pond
water compared to the experimental seawaters. Clearly
more research is needed to understand how changes in
the biogeochemical properties of the Arctic surface are
controlling SSA concentration, composition, and cli-
mate feedbacks.

Data accessibility statement
The 16S DNA sequences can be found in the NCBI.NLM.-
NIH BioProject database (http://www.ncbi.nlm.nih.gov/
bioproject/1084073). The Arctic Ocean expedition cruise
track data can be found in the Bolin database at https://
bolin.su.se/data/oden-ao-2018-expedition-1. The surface
water measurement data, 16S/18S DNA distribution data,
aerosol size distribution data, particle number type distri-
bution data, SSA mole ratio data, representative Raman
spectra for carbohydrates, siliceous material, and long-
chain fatty acids, and organic component distribution data
can be found at the NSF Arctic Data Center at https://
arcticdata.io/catalog/view/doi%3A10.18739%2FA2Q
Z22J9F. The ice-nucleating particle data from the MART
experiments are available via the Bolin database at
https://doi.org/10.17043/oden-ao-2018-mart-aerosol-
inp-1.

Supplemental files
The supplemental files for this article can be found as
follows:

Text S1. Individual SSA particle elemental ratios.
Text S2. Analysis of Raman spectra collected from indi-

vidual SSA particles.
Table S1. Eukaryotic plankton community composition.
Table S2. Eukaryotic plankton diversity.
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Table S4. Carbohydrate assignments of individual sea

salt particles.
Table S5. Fatty acids assignments of individual sea salt

particles.
Table S6. Siliceous assignments of individual sea salt

particles.
Table S7. Inorganic chemical species assignments of

individual sea salt particles.
Figure S1. Marine aerosol reference tank (MART).
Figure S2. Number and size of aerosol particles

analyzed by CCSEM-EDX per MART experiment.
Figure S3. Experimental aerosol size distributions.
Figure S4. Sea spray aerosol particles from North Pole

MART experiment.
Figure S5. Experimental aerosol molar ratios.
Figure S6. Experimental aerosol Raman spectra.
Figure S7. Experimental aerosol chemical composition.
Figure S8. Experimental ice nucleating particle

concentrations.

Acknowledgments
We are indebted to Carlton D. Rauschenberg for cruise
organization, sample acquisition, and overall field work
coordination (Bigelow Laboratory for Ocean Sciences).
We thank Allison Remenapp (Villanova University) for
field work and acquisition of samples and data. Yao
Xiao (University of Michigan) contributed to Raman
data collection and analysis. We thank Vicki Grassian
(University of California, San Diego) for providing the
Raman library of standard organic compounds
(Cochran et al., 2017). CCSEM-EDX analyses were per-
formed at the Environmental Molecular Sciences Labo-
ratory (EMSL), a national scientific user facility located
at the Pacific Northwest National Laboratory (PNNL)
and sponsored by the Office of Biological and Environ-
mental Research of the U.S. Department of Energy. We
thank the Hansell Laboratory (University of Miami) for
measurements of DOC and DON, the Integrated Micro-
biome Resource (Dalhousie University) for the DNA
analysis, and the Center for Aquatic Cytometry (Bige-
low Laboratory for Ocean Sciences) for the flow cyto-
metry analysis. We thank the Swedish Polar Research
Secretariat and the crew of the I/B Oden for logistical
support.

Funding
This work was supported by the National Science
Foundation (OPP-1724585, 1724651, and 1724642). A
portion of this research was performed on a project
award 60327 from the Pacific Northwest National Lab-
oratory Environmental Molecular Sciences Laboratory,
a DOE Office of Science User Facility sponsored by the
Biological and Environmental Research program under
Contract No. DE-AC05-76RL01830. The INP measure-
ments were supported by the European Research
Council (ERC, Marinelce 648661). Lastly, we thank the
University of Michigan and the Department of Chemis-
try for additional support.

Competing interests
The contact authors have declared that none of the
authors has any competing interests.

Author contributions
Contributed to conception and design: PAM, KAP, AMG,
APA.
Contributed to acquisition of samples and data: RMK,
PAM, GCEP.
Contributed to analysis of samples and/or data: EJC, SC,
RMK, NNL, JAM, GCEP.
Contributed to analysis and interpretation of data: JAM,
EJC, RMK, BJM, PAM, KAP, APA, VB, AMG.
Drafted and/or revised the article: JAM, PAM, KAP, BJM,
APA, EJC, VB, AMG, SC, NNL, RMK, GCEP.
Approved the submitted version for publication: All
coauthors.

References
Abbatt, JPD, Leaitch, WR, Aliabadi, AA, Bertram, AK,

Blanchet, J-P, Boivin-Rioux, A, Bozem, H, Bur-
kart, J, Chang, RYW, Charette, J, Chaubey, JP,
Christensen, RJ, Cirisan, A, Collins, DB, Croft,
B, Dionne, J, Evans, GJ, Fletcher, CG, Galı́, M,
Ghahreman, R, Girard, E, Gong, W, Gosselin, M,
Gourdal, M, Hanna, SJ, Hayashida, H, Herber,
AB, Hesaraki, S, Hoor, P, Huang, L, Hussherr, R,
Irish, VE, Keita, SA, Kodros, JK, Köllner, F, Kolon-
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