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Submicron atmospheric primary marine aerosol (@PMA) were collected during four
North Atlantic Aerosol and Marine Ecosystem Study (NAAMES) research cruises
between November 2015 and March 2018. The average organic functional group
(OFG) composition of the aPMA samples was 72-85% hydroxyl group mass, 6-13%
alkane group mass, and 5-8% amine group mass, which is similar to prior observations
and to aerosol generated from Sea Sweep. The carboxylic acid group had seasonal
averages that ranged from 1% for Winter, 8% for Late Spring, and 10% for Autumn. The
carboxylic acid group mass concentration correlated with nitrate mass concentration
and weakly with photosynthetically active radiation (PAR) above 100 W m~2, suggesting
a substantial secondary organic aerosol contribution in sunnier months. The three sizes
of aPMA aerosol particles (<0.18, <0.5, and <1 wm) had the same four organic
functional groups (hydroxyl, alkane, amine, and carboxylic acid groups). The aPMA
spectra of the three sizes showed more variability (higher standard deviations of cosine
similarity) within each size than between the sizes. The ratio of organic mass (OM) to
sodium (OM/Na) of submicron generated primary marine aerosol (gPMA) was larger
for Autumn with project average of 0.93 £ 0.3 compared to 0.55 + 0.27 for Winter,
0.47 + 0.16 for Late Spring, and 0.53 4 0.24 for Early Spring. When the gPMA samples
were separated by latitude (47-60°N and 18-47°N), the median OM/Na concentration
ratio for Autumn was higher than the other seasons by more than the project standard
deviations for latitudes north of 47°N but not for those south of 47°N, indicating that
the seasonal differences are stronger at higher latitudes. However, the high variability of
day-to-day differences in aPMA and gPMA composition within each season meant that
seasonal trends in organic composition were generally not statistically distinguishable.

Keywords: aerosol, North Atlantic Aerosols and Ecosystems Study, seasonal, North Atlantic, marine aerosol
chemical composition, Fourier transform infrared spectroscopy, organic composition
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INTRODUCTION

Composition of the organic components of atmospheric marine
aerosol (aMA) particles can influence aerosol direct and indirect
effects on radiative budgets (Tsigaridis et al., 2013). This influence
makes the quantification of the organic fraction an important
property for accurately modeling aerosol effects in the marine
environment (Randles et al., 2004). Sea spray aerosol is a mixture
of water and sea salt and contains a significant fraction of organic
material (Blanchard, 1964). The composition and concentration
of the organic mass (OM) can vary between different ocean basins
and seasons (Liu et al., 2021), but observations constraining these
seasonal differences are rare (Saliba et al., 2020).

There are a few coastal sites with multiple seasons of
observations of organic aerosol mass concentrations and one
of the most studied is Mace Head, a coastal site in the
eastern North Atlantic. Three years of continuous measurements
showed that the aerosol non-refractory organic mass observed
in polar air masses arriving at Mace Head is highest in summer
(0.36 pg m~3) and reaches a minimum in winter (0.05 ng m~3)
(Ovadnevaite et al., 2014). At the same site, the organic mass
fraction of submicron marine aerosol varied from 15% during
low chlorophyll periods (winter) to 63% during high chlorophyll
periods (spring through autumn) (O’Dowd et al., 2004). Sea salt
was the largest signal, regardless of chlorophyll concentrations,
in sizes larger than 1 pm, but the organic fraction was
consistently the largest component in the smaller sizes. During
high chlorophyll periods, the organic signal was up to 80% of the
total mass for particles <0.25 pm diameter (O’Dowd et al., 2004).

Biological activity [often represented by chlorophyll-a (Chl
a) concentration] has been shown to covary with the organic
composition of seawater (Carlson et al., 1994; Gaston et al., 2011;
Collins et al., 2013; Prather et al., 2013; Rinaldi et al., 2013; Wang
etal., 2015), but the extent to which these changes are reflected in
ambient sea spray composition is an open question (Meskhidze
et al,, 2013). Actively bubbling seawater during open ocean
studies provides one technique for linking seawater properties to
emitted sea spray aerosol (Keene et al., 2007; Bates et al., 2012).
Sea Sweep (Bates et al., 2012) is a commonly deployed seawater
bubbling system and, here, we refer to aerosol particles produced
by this system as “generated primary marine aerosol” (gPMA).
Observations during previous deployments of Sea Sweep showed
that the organic functional group composition of both seawater
and gPMA were similar in the Atlantic, Arctic, and Pacific during
spring and summer (Frossard et al., 2014) and that no significant
differences exist between submicron organic mass fractions for
five separate cruises in the North Atlantic (Bates et al., 2020).
In all, while there are coastal observations that have shown
links between marine biological activity and atmospheric organic
aerosol (O’Dowd et al., 2004; Sciare et al., 2009; Mansour et al.,
2020), there are very few remote marine observations that show
a difference in the organic composition of gPMA under different
biological conditions (Facchini et al., 2008).

There is even less information about changes in the
composition of marine aerosol organic mass over the seasonal
cycle. The composition of atmospheric primary marine aerosol
(aPMA) in the Arctic, Atlantic, and coastal Pacific has been found

to be remarkably consistent, with the hydroxyl organic functional
group being the largest by mass followed by roughly equivalent
contributions of alkane and amine groups (Russell et al., 2010;
Frossard et al., 2014). Saliba et al. (2020) used the contribution
of the hydroxyl group as a marker of seawater organics in
ambient aerosol and showed a difference in the fraction of organic
components by season. Higher sea spray organic mass was
present when wind speed and sea salt concentration were higher.
However, their work did not assess the seasonal differences in
contributions of other organic functional groups.

The size distribution of marine particles is well-documented
(Hoppel et al., 1990; Russell et al., 1996; Meskhidze et al.,
2013), but there is very limited size-dependent composition
information. The organic mass fraction has been shown to
increase with decreasing particle diameter (O’Dowd et al., 2004;
Keene et al., 2007; Facchini et al., 2008; Prather et al., 2013). One
of the few seasonal marine studies that included size resolved
information showed that water soluble organic carbon and total
carbon in fine mode particles have maximum concentrations in
early- to mid-summer, which coincides with the typical time
for high biological activity (Yoon et al., 2007). Different particle
sizes have also been shown to be chemically distinct from each
other, such as the bimodal distribution of transparent exopolymer
particles (<180 and >5,000 nm) and size-specific saccharides
(Leck et al., 2013; Aller et al., 2017).

There is very limited information on seasonal differences
in particle composition, the relationship of seawater source
to primary aerosol, or differences in organic composition
of marine aerosol particles with size, all of which have an
influence on the direct and indirect effects of aerosol particles
(Tsigaridis et al., 2013). For the current study, co-located
atmospheric and seawater measurements were conducted to
examine how ocean properties and atmospheric aerosols are
linked. Samples were collected during four research cruises
corresponding to four different seasons as part of the North
Atlantic Aerosols and Marine Ecosystems Study (NAAMES;
Behrenfeld et al., 2019). Understanding how the organic fraction
and composition of ambient and bubble-generated marine
aerosol particles change with size and season is an important
first step in assessing these linkages. This study shows the
dependence of marine organic composition on size and season
by comparing organic compositions from Fourier transform
infrared spectroscopy (FTIR) for generated and ambient aerosols
under clean marine conditions.

MATERIALS AND METHODS

North Atlantic Aerosols and Marine
Ecosystems Study

North Atlantic Aerosols and Marine Ecosystems Study was an
interdisciplinary investigation conducted in the western North
Atlantic to improve understanding of Earth’s ocean ecosystem-
aerosol-cloud system. NAAMES consisted of four 26-day cruises
on the R/V Atlantis occurring in November 2015 (NAAMES 1,
Winter), May-June 2016 (NAAMES 2, Late Spring), September
2017 (NAAMES 3, Autumn), and March-April 2018 (NAAMES
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4, Early Spring). The ship traveled from Woods Hole, MA, to
~55°N for the first three cruises and returned again to Woods
Hole (Figure 1). For the last cruise, the ship traveled from San
Juan, Puerto Rico, to ~44.5°N and finished at Woods Hole.
During each cruise, the ship occupied 5-7 multi-day sampling
stations to conduct ecological and atmospheric measurements.

Sea Sweep

Sea Sweep is a marine aerosol generator that has been used
to simulate bubble bursting at the ocean surface and identify
properties of primary marine aerosol (Bates et al., 2012). Aerosols
produced by Sea Sweep are identified here as gPMA to distinguish
them from naturally occurring sea spray. Sea Sweep consists of a
stainless-steel frame attached to two inflatable pontoon floats and
was deployed off the port bow of the R/V Atlantis. A stainless-
steel hood on top of the Sea Sweep frame maintains a laminar
flow air curtain of particle-free air (charcoal and HEPA filtered)
at the bow and stern ends of the frame (Bates et al., 2012).
Stainless steel frits, 200 jLm in size, were positioned below the sea
surface at approximately 0.75 m. The resulting particles were then
transported to a variety of instruments for analysis.

Filter Collection
Ambient and Sea Sweep (gPMA) aerosol particles were collected
through a temperature- and humidity-controlled inlet during

NAAMES. Ambient and gPMA particles were dried using
diffusion driers filled with silica gel and collected on 37 mm
Teflon filters (Pall Inc., 1 wm pore size) at a sample flow rate of
8.3 L min~! (1 pm) or 10 L min~! (0.18, 0.5, and 1.1 pm size
cut). The total <1 wm cyclone flow was 16.7 L min~!. The <0.18,
<0.5,and <1.1 wm Berner impactor total flows were 30 L min~!.
Filters were collected for 12-23 h for ambient samples (<0.18,
<0.5, and <1 pm) and 2 h for Sea Sweep samples (<0.18, <1,
and <1.1 pum), resulting in filtered air volumes of 1.0-13.8 m>.
After collection, the filters were immediately unloaded, stored in
petri dishes, and frozen for offline analysis at Scripps Institution
of Oceanography.

FTIR Spectroscopy and Algorithm

Field samples were analyzed using FTIR spectroscopy (Bruker
Tensor 27 spectrometer with a deuterated triglycine sulfate,
DTGS, detector) to measure the infrared transmission using
2 cm™ ! resolution (Takahama et al., 2013). Sea Sweep filters that
showed hydrate peaks were dehydrated in a temperature and
humidity controlled clean room (between 2 and 5 weeks) until the
hydrate signature was no longer present (Frossard and Russell,
2012). Dehydration was required for 17 Sea Sweep (gPMA)
filters from Winter, 27 from Late Spring, none for Autumn, and
10 from Early Spring. The FTIR spectrum for each filter was
analyzed using an automated fitting algorithm (Maria et al., 2002;
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FIGURE 1 | Map of the NAAMES study region with intensives sampling locations indicated with asterisks. The air mass categories are shown for each cruise with
continental air masses (black) and marine air masses [Winter (red), Late Spring (orange), Autumn (green), and Early Spring (blue)]. The Winter, Late Spring, and
Autumn cruises departed from Woods Hole, MA and the Early Spring cruise departed from San Juan, Puerto Rico.
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Russell et al., 2009b; Takahama et al., 2013). When the baselining
procedure resulted in degenerate spectra (defined as spectra that
have no discernable peaks and low signal to noise), they were
excluded from further analysis. Five organic functional groups
were quantified from these mixtures (alkane, hydroxyl, amine,
carboxylic acid, and non-acidic carbonyl) and summed together
to quantify organic mass (OM) concentration, with groups below
detection limits excluded. Organic mass group concentrations
were considered above detection if they met three criteria: (1)
the fitted peak area for the individual functional group exceeded
the minimum observable peak area (defined below), (2) the fitted
peak area for the individual functional group exceeded twice the
standard deviation of the pre-scan background area, and (3) the
alkane functional group was one of the groups that met the first
two criteria. Forty-four percent of <0.18 pm, 77% of <0.5 pum,
and 63% of <1 pm ambient samples were above the detection
limit. The low percentage of above detection limit <0.18 pm
filters is due to the low mass collected in this size range.

The minimum observable peak areas for the five functional
groups reported here were determined based on comparison of
peak areas fitted by the algorithm to visual determination of
which peaks could be distinguished from the noise by trained
analysts (Russell et al., 2009b). Alkenes, aromatic compounds,
and organo-sulfates were below detection limit for 90% of
the samples and, thus, are not included in our analysis.
Organic mass from this technique has an uncertainty of +20%
due to functional groups that overlap the Teflon absorption,
unquantified functional groups, and semi-volatile properties
(Maria et al., 2002; Russell, 2003; Russell et al., 2009a,b; Takahama
et al., 2013). To account for different bubbling rates, OM
concentrations from Sea Sweep samples are reported here as
normalized to Na mass concentrations from IC measurements on
synchronous samples.

Marine Air Mass Criteria

Ambient samples were divided into three main categories:
continental, mixed, and marine. A solenoid valve was used
to redirect flow from the sample filters when particle counts
exceeded thresholds set between 1,000 and 2,000 particles cm™3,
depending on proximity to the port. This conditioned sampling
was used to ensure that filters were not contaminated by local
shipboard emissions. Ambient samples were considered to be
“marine” when 90% or more of the filter sampling time met
the following criteria from Saliba et al. (2020): (1) HYSPLIT
48 hour back trajectories (Draxler and Hess, 1998) originated
from the North or tropical Atlantic and did not pass over
land during that time, (2) ammonium (NH4™") concentrations
were below 0.1 g m~3, (3) particle concentrations were below
2,000 particles cm~3, (4) the relative wind direction was within
90° of the bow, and (5) 50% or more of the filter sampling
time must not exceed a black carbon (BC) threshold of 50
ng m~>. Forty-eight hour back trajectories were used because
they provide the best tradeoff between longer time-periods with
higher uncertainty and shorter time periods showing fewer
upwind contributions (Quinn et al.,, 2019; Saliba et al., 2020).
Sampling time was defined as the time between the start and
stop time of the filtration, excluding times when filter sampling

was shut off by the solenoid valve. This resulted in categorizing
19 <1 pm filters as aMA during the four NAAMES cruises.
Continental filters were defined as times when 48 hour HYSPLIT
back trajectories originated from North America, a relative wind
direction within 90° of the bow, and sampling 10% or less
during marine periods. Fourteen <1 pm filters were categorized
as continental for the four NAAMES cruises. Eleven <1 pm
filters fell between the “marine” and ‘continental’ categories and
were thus categorized as “mixed filters.” These “mixed filters”
corresponded to sampling for 10-90% under marine conditions
and the remaining time under continental conditions. These
aMA samples include contributions from other sources present in
marine areas, such as ship emissions and transported constituents
from coastal or continental emissions (Frossard et al., 2014).

Atmospheric primary marine aerosol, a sub-category of aMA,
was defined to better isolate ocean sources of particles that
result from bubble bursting at the sea surface. aPMA filters
were defined as <1 pwm aMA filters that had cosine similarity
values >0.9 with the aPMA spectrum from Frossard et al. (2014)
(Figure 2). The aPMA sub-category represented more than half
of the aMA samples overall, including 8 of 8 samples in Winter,
none of 1 in Early Spring, 3 of 6 in Late Spring, and 3 of 6 in
Autumn. Similarity to the Frossard et al. (2014) aPMA spectra
was used as a criterion because that spectrum had a high cosine
similarity to the gPMA of that earlier study and that observed
during NAAMES. This similarity provides a strong indication
that aPMA samples are largely “primary” because they have a
composition similar to bubbled seawater previously measured
during five separate campaigns in different clean marine regions
(Frossard et al., 2014). Cosine similarity (namely the dot-product
cosine of two normalized spectra) was used to quantify spectral
similarity because it has been shown to be sensitive to small
spectral differences in FTIR (Stein and Scott, 1994; Wan et al.,
2002; Frossard et al., 2014; Liu et al., 2017). Filters for size cutoffs
smaller than 1 pm (<0.5 and <0.18 wm) were defined as aPMA
if their start and stop time was within 2 h of <1 pm aPMA
filters. There are no filters that met the aPMA criteria during
Early Spring, likely due to substantial continental influences at
the lower latitudes sampled during this cruise. A similar issue was
not encountered during the other three seasons (Figure 1).

RESULTS

aMA Composition and Seasonal

Differences

The aMA filters had variable spectra, and therefore variable
OFG composition, that may have reflected the different aerosol
transport patterns sampled during each cruise (Behrenfeld
et al, 2019). The aMA category includes aPMA filters and
other filters that fulfilled the marine airmass trajectory and
low continental tracer concentration requirements (see section
“Materials and Methods™).

Organic composition of <1 pm aMA samples for the four
cruises are summarized in Table 1. Winter aMA had the highest
average OM concentration (0.30 & 0.22 jug m~3) when average
wind speed was high and there were minimal contributions
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<1 um
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FIGURE 2 | Fourier transform infrared spectroscopy (FTIR) spectra normalized
to the alcohol group peak of the <1 wm atmospheric primary marine aerosol
(aPMA) seasonal averages (Winter in red, Late Spring in orange, and autumn
in green) and generated primary marine aerosol (gPMA) (black) averages with
the individual aPMA spectra shown in gray. The pie charts show the average
organic functional group (OFG) composition with hydroxy! (pink), alkane (blue),
amine (orange), and acid (green) groups. The spectral peak locations for the
OFG are indicated with the hydroxyl region in the shaded pink area, four
alkane peaks (vertical blue lines), carbonyl (both acidic and non-acidic, vertical
teal line), and amine (vertical orange line).

from other sources. These conditions generally corresponded
to sampling of air masses of polar origin. Winter samples had
the highest hydroxyl group mass (85 & 5%) of the four cruises
(Table 1) and had similar composition to a previous cruise in the
Arctic (ICEALOT) (Frossard et al., 2014).

Early Spring had one aMA filter above the detection limit with
an OM concentration of 0.1 g m~3 (Table 1). The number
of aMA samples during Early Spring was limited because the
majority of the ship time was sampling continental air masses
(69%) (Supplementary Table 1). Early Spring aMA filters had
a higher alkane group amount (35%) than the other campaigns,
which is likely due to the persistent continental influence in
the marine environment during this campaign (Table 1 and
Supplementary Table 1).

The Late Spring campaign coincided with the climax of the
annual phytoplankton bloom and samples collected during this
period had the second highest average OM during clean marine

periods (0.25 £ 0.17 g m~3) (Table 1). The contribution of
carboxylic acid group to aMA OM was substantially higher
during this cruise than in Winter or Early Spring (18% vs. 1 and
0%, respectively), but similar to Autumn (Table 1).

The Autumn campaign corresponded to the declining phase
of the phytoplankton bloom. Samples collected during this period
had an aMA OM average of 0.23 £ 0.17 g m~> (Table 1) and a
relatively high carboxylic acid group mass fraction of aMA OM
with an average of 15% (Table 1).

The aMA OM concentrations were not statistically different
between seasons (p > 0.01 and Supplementary Table 9), but
the maximum value was observed in Winter (0.30 & 0.22
pg m~3, n = 8) and the minimum in Early Spring (0.1 jig m™~>,
n = 1) (Table 1). Hydroxyl group concentrations were strongly
correlated (r = 0.9) with Na concentrations obtained from
thermal desorption chemical ionization mass spectrometry
(TDCIMS) (Lawler et al., 20205 Saliba et al., 2020). This finding
supports the interpretation that the hydroxyl group is from a
marine source (Bahadur et al., 2010; Russell et al., 2010, 2011;
Frossard et al., 2014). Furthermore, hydroxyl group OM for all
four campaigns did not correlate with BC (Saliba et al., 2020;
Supplementary Figure 4), providing additional evidence that
the hydroxyl group is a primary marine compound rather than
a combustion or secondary product. High wind speeds and
consistent polar air masses during the Winter campaign likely
resulted in the stronger marine signature, which was dominated
by hydroxyl group contributions (Russell et al., 2010) and less
continental mixing compared to others seasons.

There were no statistical differences in the OM mass
concentrations between the different seasons, though Winter did
have the strongest marine signal with the highest hydroxyl group
concentration. Overall, these results show that aMA filters are a
complex mixture of marine and continental components, with
the marine components comprising the majority of the signal.

aPMA Composition and Seasonal
Differences

The aPMA category is likely most representative of ocean sea
spray sources. aPMA had a broad range of OM concentrations
(0.07-0.83 g m~3), even though condensation nuclei (CN)
number concentrations were consistently below 500 cm~? for
96% of the sampling time. The average aPMA OM concentrations
for Winter, Late Spring, and Autumn were not statistically
different from each other (p > 0.01, two-sample Student’s ¢-test
(Walpole et al., 2012; Supplementary Table 9), with the Late
Spring only nominally different from Autumn (p = 0.0103)
and the other seasons indistinguishable (Winter vs Late Spring
p = 0.66, Winter vs Autumn p = 0.21, Supplementary Table 9).
Late Spring had the highest average aPMA OM concentration
at 0.37 + 0.08 ug m~>, Winter had an average aPMA OM
concentration of 0.3 & 0.22 g m~3, and Early Spring had the
lowest alPMA OM concentration of 0.12 4= 0.04 pg m~> (Table 1).

Three cruises had half or more of the aMA samples classified
as aPMA because of their similar composition, with an average
of 78 (£6)% hydroxyl, 10 (£4)% alkane, 6 (+2)% amine, and
7 (£5)% OFG (Table 1). Campaign mass averages for OFG of
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TABLE 1 | Average organic functional group composition and organic mass (OM) averages of <1 um filters from four different air mass categories during the four

NAAMES campaigns.

Winter Late Spring Autumn Early Spring
aPMA OM (ng m=3) 0.3+ 0.22 (8) 0.37 +0.08 (3) 0.12 +0.04 (3) NA
Hydroxyl Fraction (%) 85+ 5 78+ 9 72 +£20
Alkane (%) 9+3 6+4 13+5
Amine (%) 5+4 8+3 5
Acid (%) 1+4 8+7 10+ 17
Carbonyl (%) 0 0 0
aMA OM (g m—3) 0.30 £0.22 (8) 0.25 +£0.17 (5) 0.23+£0.17 (5) 0.1(1)
Hydroxyl Fraction (%) 85+5 58 £ 28 56 + 26 65
Alkane (%) 9+3 15+ 13 25 4 21 35
Amine (%) 5+4 9+8 4+6 0
Acid (%) 1+4 18+ 20 15+ 22 0
Carbonyl (%) 0 0 0 0
Mixed OM (rg m~3) 0.30 £ 0.1 (9) 0.31 £0.13(4) 0.22 £0.01 (2 0.24 +£0.05 (2
Hydroxyl Fraction (%) 56 + 42 50 + 16 72+ 1 58+9
Alkane (%) 21+18 25+10 5+1 30+4
Amine (%) 6+4 541 1M1+5 10+2
Acid (%) 17 £ 23 12+ 11 12+6 2+4
Carbony! (%) 0 8+ 16 0 0
Continental OM excluding winds abaft periods (Lg m~3) 0.42 £0.25 (6) 0.46 £ 0.48 (4) 0.68 +0.43 (1) 0.48 £ 0.45 (3)
Hydroxyl Fraction (%) 63+ 14 30 £ 27 28 60 £ 6
Alkane (%) 18+6 39 + 21 38 25+ 16
Amine (%) 6+5 4+4 5 MmM+7
Acid (%) 1+4 19+ 17 29 4+7
Carbony! (%) 12+ 14 8+ 16 0 0
gPMA OM/Na (ng m—3) 0.55 4+ 0.27 (5) 0.47 +£0.16 (6) 0.93+0.3(7) 0.583 +0.24 (4)
Hydroxyl Fraction (%) 75+9 85+ 1 87 +5 61+ 22
Alkane (%) 13+5 8+4 8+6 27 £15
Amine (%) 12+7 744 5+3 1247
Acid (%) 0 0 0 0
Carbonyl (%) 0 0 0 0

Numbers in parentheses after the OM average concentrations indicate the number of samples available for each average.

aPMA were within one standard deviation of each other, but
we note here that the acid group standard deviation was high
relative to the average (Winter: 1 &= 4%, Late Spring: 8 £ 7%,
and Autumn: 10 £ 17%). The aPMA and aMA filters have high
acid group mass concentration in Late Spring and Autumn,
whereas Winter and Early Spring (aMA only) showed little to
no acid group mass concentration (Table 1). Since the Early
Spring aMA category included only one sample, this result is not
assumed to be representative of the entire season. The aPMA
composition is generally comparable to measurements from prior
North Atlantic and Arctic sampling (Russell et al., 2010), with
the hydroxyl group mass ranging from 70 to 85% followed
by alkane group masses ranging from roughly 5 to 10%, and
amine groups ranging from 5 to 8% (Table 1). More specifically,
the NAAMES aPMA filters were slightly more enriched in
hydroxyl groups and slightly more depleted in alkane groups
in comparison to values reported for ocean cruises in Frossard
et al. (2014) (Western Atlantic in 2012, North Atlantic and
Arctic in 2008, and the Eastern Pacific in 2010 and 2011), which
had an average hydroxyl mass of 65 & 12% and alkane mass
of 21 £ 9%.

The spectral averages of aPMA for each NAAMES cruise are
similar to each other with cosine similarity values ranging from

0.89 to 0.94 (Supplementary Table 6). Winter had consistent
spectra with the highest cosine similarities and low standard
deviation (0.97 %+ 0.02), whereas Autumn was more similar
to other seasons (0.9 =+ 0.08) than to itself (0.82 + 0.1,
Supplementary Table 6). These high cosine similarities result
from the spectral characteristics of the <1 pm filters, which were
similar for all seasons. The NAAMES aPMA seasonal averages
show a persistent maximum hydroxyl peak at 3,380 cm™!
(Figure 2), which is consistent with the aPMA hydroxyl peak
location identified previously (Frossard et al., 2014). C-H alkane
absorption was present for all seasons, with the 2,925 cm™! peak
consistently being the sharpest peak throughout the alkane region
(Figure 2). As expected given the aPMA selection criteria, the
aPMA spectra had a cosine similarity >0.9 for <1 pm filters
(thus OFG mass fractions from different seasons were within one
standard deviation of each other) (Supplementary Table 6). This
result is somewhat surprising given that the biological conditions
corresponding to the aPMA filters were highly variable between
seasons and that chlorophyll concentrations ranged from 0.2 in
Autumn to 5.3 mg C m™? in Late Spring (Behrenfeld et al., 2019;
Fox et al., 2020).

The relative invariability between seasons of aPMA
composition (Figure 2) is consistent with the hypothesis
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that the organic fraction of aPMA is influenced more by
dissolved organic carbon (DOC) than particulate organic carbon
(POC) (Quinn et al., 2014; Kieber et al., 2016; Bates et al., 2020),
as DOC is a larger and less variable fraction of ocean carbon than
is POC (Hansell et al., 2009).

gPMA Composition and Seasonal

Differences

Average <1 pm OM concentrations of gPMA normalized to Na
showed a maximum during Autumn (0.93 = 0.3) and a minimum
in Late Spring (0.47 £ 0.16) (Supplementary Table 5). gPMA
composition was relatively constant, with the hydroxyl group
having the largest amount of OM relative to the quantified OM
for all four seasons. Autumn had the highest average gPMA
hydroxyl organic functional group mass (87 £ 5%) and Early
Spring had the lowest (61 £ 22%) (Supplementary Table 5).
The average gPMA alkane group mass varied from 8 to 27% of
the quantified OM, with a maximum in Early Spring. Average
amine group mass varied from 5 to 12% for gPMA. The <1 and
<1.1 pm gPMA had the highest hydroxyl contribution to masses
in Autumn (87 and 86%, respectively) and the highest alkane
group contributions to masses in Early Spring (27 and 22%,
respectively). The <0.18 pm filters also had the highest OM
contribution during Autumn (0.85 % 0.71). The highest hydroxyl
group concentration for <0.18 pm gPMA filters (83 £ 5%) was
observed during Early Spring (Supplementary Table 5).

Campaign average values of OM/Na for <1.I pm gPMA
(Supplementary Table 5) showed that Autumn was statistically
different from the other seasons (p < 0.01, Supplementary
Table 9). Less than 0.18 wm gPMA filters had no seasons that
were statistically different and only Late Spring compared to
Autumn was statistically different for <1 pm gPMA filters
(p < 0.01, Supplementary Table 9). While these differences were
statistically significant, within-campaign standard deviations for
each size class were greater than observed between-campaign
(i.e., seasonal) differences. Additionally, gPMA number size
distributions and cloud condensation nuclei (CCN) activity
exhibited campaign averages varied less between seasons than
within seasons (Bates et al., 2020). However, the low number
of samples with OFG above detection during each season
(Supplementary Table 5) means that such averages may not be
statistically representative of each season.

The gPMA samples had a large range of average OFG fractions
and OM/Na values and, statistically, the 1.1 pm Autumn OM/Na
was significantly different than the other campaigns (p < 0.01).
However, the variations within each campaign were larger, on
average, than the differences between seasons for all sizes.

DISCUSSION

Here we discuss the seasonal carboxylic acid group contribution
in aMA and aPMA filters and their possible sources, compare
the composition of different sized aPMA samples, and investigate
the effect of latitude on organic functional group composition.
Finally, we compare and contrast gPMA and aPMA composition

to identify the extent to which gPMA accounts for the
composition of aPMA.

aPMA and aMA Carboxylic Acid Group

Contribution
Carboxylic acid groups were only present in 1 of 8 aMA filters in
Winter and 0 of 1 in Early Spring, but they were present in 5 of 5
aMA filters in Late Spring and 2 of 5 in Autumn. This difference
between seasons was also present in the aPMA filters, where only
1 of 8 filters in Winter contained acid groups, whereas 3 of 3
in Late Spring and 1 of 3 in Autumn had detectable acid group
mass. The average aPMA acid group concentration for Winter
(0.002 jLg m~3) was an order of magnitude less than the Late
Spring average (0.027 jug m~?), and the average acid group mass
concentration in Autumn was 0.014 g m~>. There is a large
standard deviation in the average acid group mass fraction for
the <1 pm aPMA and aMA filters in Late spring and Autumn
(Table 1). While some carboxylic acids are measured in seawater
(Gagosian and Stuermer, 1977), seawater concentrations (relative
to Na) that have been reported are much lower than what could be
measured by FTIR for either ambient or Sea Sweep. This finding
suggests that the measured acid groups have an atmospheric
source. The lack of carboxylic acid groups in gPMA and presence
of a substantial acid group fraction in aMA and aPMA for Late
Spring and Autumn both support a secondary source. A strong
correlation with the carboxylic acid group fraction of OM and
photosynthetically active radiation (PAR) above 100 Wm™2
was found in a previous study, indicating recent formation of
secondary organic aerosol (SOA) (Frossard et al., 2014). The
carboxylic acid group concentration for aMA from NAAMES
had a weak (r = 0.26) correlation with PAR above 100 W m™2
(Supplementary Figure 1). This weak correlation to sunlight
may have been caused by conditions during NAAMES being less
homogeneous regionally than during previously reported studies
(Frossard et al., 2014). In addition, there could have been a longer
or variable time lag between photooxidation and acid group mass
concentrations that would have prevented a correlation (Gantt
et al., 2011). NAAMES also had a large range of locations, sea
surface temperature, biological activity, and other variables that
could have confounded an acid-group-to-PAR relationship.
Black carbon (BC) can be a useful anthropogenic tracer
since it is a combustion product that has no natural ocean
source. The range of correlations between BC and carboxylic acid
group mass concentration varies from no correlation (r = —0.01)
in Early Spring to moderate correlation (r = 0.58) in Late
Spring (Supplementary Figure 4). The inconsistency of this
correlation could indicate that the acid group is associated with
local ship emissions in Late Spring but not in Early Spring
or Autumn, or it could suggest a greater contribution from
transported continental emissions. Marine and mixed filters had
high correlations of acid group mass concentration with nitrate
mass concentration (marine filters r = 0.80, mixed filters r = 0.71),
but continental filters had only weak correlations (r = 0.20)
(Supplementary Figure 8). The clean marine atmosphere has
few sources of nitrate (Prospero et al., 1995; Jickells et al., 2003),
making it likely that the nitrates are from continental sources or
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ship emissions. Gaseous nitrate radicals could be contributing
to the acid group concentrations present in the aPMA filters
by oxidizing larger unsaturated hydrocarbons or fatty acids
(Kawamura and Gagosian, 1987; Monks, 2005). It is interesting
that the acid group is negligible in the continental air masses
in both Winter and Early Spring, but the acid group fraction is
present in all ambient filter categories (aPMA, aMA, mixed, and
continental) for both the Late Spring and Autumn (Table 1). The
acid group mass concentration weakly correlates with PAR and
strongly correlates with nitrate concentration (Supplementary
Figures 1, 8). Since nitrate likely has continental sources that are
co-located with continental VOCs, this correlation is consistent
with SOA with some contribution from continental sources.
Together, these results show that the carboxylic acid group is
likely SOA resulting from continental VOCs reacting in the
marine atmosphere during sunny seasons.

aPMA and gPMA Size Differences

Three different sizes of ambient aerosol particles (<0.18, <0.5,
and <1 pm) were collected simultaneously and analyzed during
the NAAMES campaigns. The aPMA subset was classified based
on back-trajectory restrictions and high spectral similarity with
the Frossard et al. (2014) aPMA cluster of <1 wm filters. The

<0.18 and <0.5 pm samples were identified as aPMA if they
were concurrent with <1 pwm aPMA filters, where we defined
concurrent as start and stop times within 2 h. There were eight
aPMA filters in Winter for <1 pm, but only two of those had
times in which all sizes were sampled. The other seasons had
the same number of <1 pm and smaller size aPMA samples.
All three size filters generally have the same four OFG: hydroxyl,
alkane, amine, and acid groups, but in varying relative amounts.
For paired sets of samples, the <0.18 and <0.5 wm filters often
have sharp double-peaked alkane group absorbances, but the
hydroxyl group absorbance was frequently below detection for
the <0.18 pwm filters.

The <1 pm filters have higher cosine similarity values within
each season (0.82, 0.94, 0.97 from Supplementary Table 8)
and lower standard deviations (<0.1) than do the filters in
the smaller sizes, which had lower cosine similarity values for
Late Spring and Autumn (<0.8, Supplementary Table 8). Not
surprisingly, cosine similarity values were below 0.9 for six of
the seven comparisons between different size cuts (Figure 3 and
Supplementary Table 8). There is a lot of variability within
the individual seasons of <0.18 and <0.5 pwm spectra with
lower cosine similarity values and higher standard deviations
(Supplementary Table 8). The smaller size cut filters were more

3500 3000 2500 2000 1500 3500 3000 2500 2000 1500

FIGURE 3 | Fourier transform infrared spectroscopy (FTIR) spectra normalized by volume of concurrently sampled filters in three size ranges: <1 um (green),

<0.5 um (black), and <0.18 um (purple) during clean marine periods. The spectral peak locations for the OFG are indicated with the hydroxyl region in the shaded
pink area, four alkane peaks (vertical blue lines), carbonyl (both acidic and non-acidic, vertical teal line), and amine (vertical orange line). The times of sampling are as
follows: (A) 11/12/15 10:00-11/13/15 8:00, (B) 11/24/15 22:00-11/25/15 8:00, (C) 5/15/16 10:00-5/17/16 8:00, (D) 6/1/16 10:50-6/2/16 9:00, (E) 9/9/17

8:00-9/10/17 7:00, and (F) 9/17/17 8:00-9/18/17 7:00.
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FIGURE 4 | Less than 1 um gPMA OM, normalized by Na, hydroxyl group percentage, amine group percentage, and alkane group percentage divided by hydroxyl
group percentage (top to bottom) from each campaign (W, Winter; ES, Early Spring; LS, Late Spring; and A, Autumn): above 47°N, 47°N or below, and with no
latitudinal separation (left to right). There were no filters above 47°N for Early Spring. The data are presented as box-whisker plots. The solid red line is the median
and boxes cover the 25-75% percentile in the data. Red circle datapoints (individual measurements) are shown on top of box plots.

similar with higher cosine similarities (>0.9) during Late Spring.
The low cosine similarity values of the smaller samples indicates
that the OFG composition is more varied filter-to-filter than
the <1 pm filters, which is likely due to a more dynamic
mixture of sources including sea spray, long-range transport, and
local ship emissions.

Ocean biogenic sources from a variety of campaigns included
high relative amounts of oxidized functional groups, with
hydroxyl being the largest functional group by relative mass
(typically >50% of quantified OM being hydroxyl group mass)
(Russell et al., 2011). The similarity in composition among the
gPMA filters in which the OFG fraction averages are within one
standard deviation of each other, regardless of size (except for the
<0.18 wm Winter filter, Supplementary Table 5), suggests that
there is not a clear size-related difference in gPMA composition
when the particles are initially emitted, although the OM/Na
ratio is generally lower for <0.18 pm relative to <1 and
<1.1 pm size cuts.

Differences in composition between the simultaneously
collected filters at different sizes may be due to sizes smaller
than 1 wm being disproportionately affected by sources other
than sea spray. Higher variability in cosine similarity values
for the <0.5 and <0.18 wm aPMA filters indicates that the
smaller particles may be more influenced by a mix of sea spray,
long-range transport, and regional ship emissions than by more
homogeneous ocean sea spray sources.

Latitudinal Dependence

To investigate whether regional effects, such as weather
and phytoplankton bloom dynamics, could be influencing
composition, samples from individual days were binned by low
and high latitude with a cutoft of 47°N latitude (Bolafos et al.,
2020; Fox et al., 2020). The 47°N latitude cutoff was chosen
because it was close to the average latitude (47.5°N) of the
Winter, Late Spring, and Autumn cruises (Early Spring was
excluded from this average since it started at a much lower
average latitude). The median <1 pm gPMA OM/Na above 47°N
showed a maximum during Autumn and a minimum during
Winter (Figure 4). However, the low latitude gPMA showed little
to no change between seasons, with less variability within each
campaign (Figure 4). The median value of OM/Na in Autumn is
higher than the standard deviation of the other seasons for high
latitudes, but this difference is not seen in the low or combined
latitudes. The higher variability and fewer seasonal differences
at low latitudes means that the differences at high latitudes
are dampened in the combined average. Additionally, there
are more samples below 47°N than above, which also weights
the combined average toward the low latitude results of no
seasonal differences. In addition to OM/Na, three other variables
were separated by latitude to investigate seasonal differences:
hydroxyl group mass (%), amine group mass (%), and the ratio
of alkane group mass to hydroxyl group mass. Unlike OM/Na,
there is no seasonal difference in these other variables at the
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high latitudes, as all medians fall within the standard deviations
of the other seasons (Figure 4). Some minor differences with
latitude are evident, although the variability within the campaigns
may be masked by the project averages. The differences in
OM/Na medians between high and low latitudes persist when
the campaigns are separated by project median latitude rather
than 47°N, indicating that the lack of seasonality in the combined
average is not a result of the higher number of low-latitude
samples (Supplementary Figure 2).

The aPMA and aMA OM seasonal medians were all
within their standard deviations when separated by latitude
(Supplementary Tables 6, 7). The lack of difference in ambient
samples could reflect the more direct relationship between
seawater properties and aerosol composition in gPMA, whereas
aPMA and aMA filters are not produced where sampling occurs,

leading to a less direct relationship to seawater properties.
Differences between gPMA results at low and high latitudes
suggests that the ocean properties at these different latitudes (SST,
phytoplankton composition, etc.) could drive some differences in
sea spray composition, but more localized sampling for longer
time periods would be needed to substantiate those trends.

gPMA and aPMA Comparison

The <1 pm NAAMES gPMA and aPMA filters have cosine
similarity >0.85 within each cruise (Supplementary Table 7).
The similarity of gPMA and aPMA to each other supports the
idea that aPMA mass is largely sea spray aerosol during these
seasons. The <1 wm gPMA and aPMA have similar spectral
shapes, with a prominent hydroxyl peak at 3,380 cm~! (Figure 2)
and most of the quantified organic mass being attributed to

<0.18 ym

2]
o
1
T

gPMA
OFG Mass (%)
8

N
o
1
T

100 ¢ 2 i
801
<
<L|5 607
=2
R
©| o 40f
6
201
o [ [

100 ] 4 3 4
801 80
60
40
20+

<1 pm

100 +
80 T
60 T
40 -
20

100 T

Winter ! Early

Spring Spring

no complementary <0.5 um gPMA.

Late IAutumn

FIGURE 5 | Comparison of two sizes, <0.18 and <1 um, and two different sampling methods—ambient (@PMA) and generated (gPMA) throughout the four
seasons. The average composition percentage is shown with the following functional groups: hydroxy! (pink), alkane (blue), amine (orange), and acid (green) groups.
Less than 0.18 wm aPMA filters have a larger alkane group fraction than the gPMA filters whereas <1 wm filters have similar alkane group fractions in both aPMA
and gPMA. Numbers above each bar indicate the number of samples available for each average. Less than 0.5 pm aPMA filters are not included because there are

Early Late IAutumn
Spring Spring

Winter !

Frontiers in Marine Science | www.frontiersin.org

10

September 2021 | Volume 8 | Article 720208


https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Lewis et al.

Seasonal Marine Aerosol Organic Composition

the hydroxyl group (72-87%, Table 1 and Supplementary
Table 5). The <0.18 pm gPMA filters also have the largest mass
contribution from the hydroxyl group (60-83%, Supplementary
Table 5). The alkane group peaks in the <0.18 pm gPMA filters
are visually sharper than in the <1 pm gPMA filters, but in
both cases the alkane group mass contributions are substantially
smaller than the hydroxyl group mass when the former is above
the detection limit. There are only three <0.18 pm aPMA filters
that are above the OM detection limit and those three filters have
hydroxyl groups as the largest OFG by mass as well (Figure 5).
The <0.18 pm gPMA and aPMA have high cosine similarity
during Late Spring (>0.8), but lower values during Autumn
(<0.7) (Supplementary Table 7). This is reflected in the <1 pm
gPMA and aPMA comparison as well, although the Autumn
difference is not as pronounced.

When comparing gPMA and aPMA, the gPMA for sizes
<0.18 and <1 pm shows a more consistent composition of three
functional groups (hydroxyl, alkane, and amine groups), with
hydroxyl group mass comprising over 75% of the quantified OM
for the majority of samples (Figure 5). There were more samples
in the gPMA category than the aPMA category due to the limited
sampling of clean air masses. The aPMA subset showed more
variability in composition than the gPMA filters, including the
consistent presence of four functional groups (hydroxyl, alkane,
amine, and acid groups), with hydroxyl groups ranging from
30 to 85% of the quantified mass for the <0.18 wm samples
(Figure 5). The <1 pwm aPMA and gPMA hydroxyl group
mass fraction throughout the seasons are within 10% of each
other, whereas the average hydroxyl group mass fractions are
20% different between the <0.18 pm gPMA and aPMA (81
and 61%, Figure 5). The similarity in composition between the
<1 pm aPMA and gPMA samples indicates the aPMA is often
representative of freshly emitted sea spray. The <0.18 pm aPMA
and gPMA were similar, but not as consistent as the <1 pm
pairing, further supporting the interpretation that <0.18 pum
aPMA variability reflects a mixture of sea spray and transported
continental components.

CONCLUSION

Three seasons of <1 um aPMA OM in the North Atlantic had
similar composition: the hydroxyl group was consistently the
largest by mass at 78 (£6)% of the quantified organic mass,
followed by 10 (£4)% for the alkane group, 6 (£2)% for the
amine group, and 7 (£5)% for the carboxylic acid group. The
aPMA OFG mass fractions were within the standard deviation of
each other for all seasons, as expected given the selection criteria.
OM concentrations of aMA and aPMA were not significantly
different from each other (p > 0.01), suggesting that there are
not strong seasonal differences in the organic mass contribution
to aPMA in the North Atlantic. The aMA filters showed a wider
range of OFG composition than aPMA, reflecting contributions
from more non-marine sources.

The different sizes for the aPMA filters (<0.18, <0.5, and
<1 pm) yielded samples with similar composition, where the
majority of organic mass consisted of hydroxyl groups, followed

by alkane, amine, and carboxylic acid groups. The <0.18 and
<0.5 pm filters showed more variability within the filters in
those size cuts than between different sizes. The variability in
spectra during marine periods for <0.18 and <0.5 pm filters
was larger than for the <1 pum filters, suggesting that these
two smaller size cuts were likely a mixture of combustion and
marine sources. This is consistent with the fact that the <0.18
and <0.5 pwm particles are smaller and have longer lifetimes,
making them more likely to have contributions from a variety of
sources. Characterizing seasonal changes in organic composition
for different sizes in the remote marine environment would
require additional observations to quantify how the composition
of the smaller sizes of aPMA and gPMA differ from that of the
<1 pm size fraction.

Average gPMA composition was consistent across the four
seasons when all latitudes were included, however there was a
large range of OM/Na concentrations during each season. When
the gPMA samples were separated by latitude, low latitudes
(<47°N) showed negligible differences in OM/Na between
seasons, but high latitudes (>47°N) showed a maximum in
Autumn, with a median value that exceeded the medians of the
other seasons by more than one standard deviation. The lack
of change at lower latitudes in the North Atlantic is consistent
with the smaller seasonal changes in sea surface temperatures
and Chl a at these latitudes. The seasonal difference for high
latitudes provides some caution against combining both high and
low latitude regions, as this may hide the more northerly seasonal
dependence. Regardless, a longer latitude-constrained time
series would be needed to unravel such process-based regional
differences in this dynamic area of the North Atlantic Ocean.
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