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ARTICLE INFO ABSTRACT

Editor: Pavlos Kassomenos Sea spray aerosol (SSA) particles strongly influence clouds and climate but the potential impact of ocean microbiota on SSA
fluxes is still a matter of active research. Here-by means of in situ ship-borne measurements-we explore simultaneously

KeyV_VDIﬂS-‘ ) molecular-level chemical properties of organic matter (OM) in oceans, sea ice, and the ambient PM, 5 aerosols along a tran-

Marine organic aerosol sect of 15,000 km from the western Pacific Ocean (36°13'N) to the Southern Ocean (75°15’S). By means of orbitrap mass

Shipborne measurement . - R . Lo . . PO
Latitudinal distribution spectrometry and optical characteristics, lignin-like material (24 + 5 %) and humic material (57 *= 8 %) were found to

Orbitrap mass spectrometry dominate the pelagic Pacific Ocean surface, while intermediate conditions were observed in the Pacific-Southern Ocean

Ocean-sea ice-atmosphere interaction waters. In the marine atmosphere, we found a gradient of features in the aerosol: lignin-like material (31 + 9 %) dominat-
ing coastal areas and the pelagic Pacific Ocean, whereas lipid-like (23 + 16 %) and protein-like (11 + 10 %) OM controlled
the sympagic Southern Ocean (sea ice-influence). The results of this study showed that the OM composition in the ocean,
which changes with latitude, affects the OM in aerosol compositions in the atmosphere. This study highlights the impor-
tance of the global-scale OM monitoring of the close interaction between the ocean, sea ice, and the atmosphere. Sympagic
primary marine aerosols in polar regions must be treated differently from other pelagic-type oceans.

1. Introduction

* Corresponding author. Considering that oceans cover approximately 70 % of the Earth's sur-
E-mail address: jypark@kopri.re.kr (J. Park). face, marine surfaces containing large organic carbon pools can be a
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substantial source of organic matter (OM) in aerosols, which is important in
terms of carbon circulation between the ocean and atmosphere (Quinn
etal., 2014). Marine OM in aerosols is emitted directly from the sea surface
microlayer in the form of spray particles with high OM concentrations via
the formation of a primary marine organic aerosol (Brooks and Thornton,
2018; Collins et al., 2014; O'Dowd and De Leeuw, 2007; Russell et al.,
2010; Schmitt-Kopplin et al., 2012). Moreover, OM in aerosols can be gen-
erated from gaseous precursors produced by biological substances in the
ocean (e.g., sulfuric acid, ammonia, halocarbons, isoprene, and monoter-
penes) via nucleation in the atmosphere (secondary marine organic aero-
sol) (Barbaro et al., 2017; Kourtchev et al., 2014; Safi Shalamzari et al.,
2013). Marine organic aerosols can significantly affect the global climate
both directly (e.g., by scattering solar radiation) and indirectly (e.g., by reg-
ulating cloud formation), and their effects vary depending on the chemical
properties of organic aerosols (Brooks and Thornton, 2018; Gantt et al.,
2013; O'Dowd and De Leeuw, 2007; O'Dowd et al., 2004; Russell et al.,
2010). Accordingly, the chemical properties of the OM in aerosols can
play an important role in tracking the origin of the OM and effectively mit-
igating air pollution (Gantt et al., 2013). However, considering the impor-
tance of OM in aerosols and its impact on the climate, there is still a lack
of research on the chemical properties and origins of organic aerosols. To
investigate these comprehensively, it is necessary to analyze and directly
compare the complex molecular properties of organic matter in the ocean
and atmosphere (Brooks and Thornton, 2018).

Previous studies have reported that primary and secondary marine or-
ganic aerosols in the atmosphere are influenced by OM in various oceanic
and coastal environments (Park et al., 2019; Park et al., 2022; Schmale
et al., 2013; Zorn et al., 2008). For instance, the concentration of primary
marine organic aerosols in the Korean and Arctic coastal systems, where
river water is discharged, is positively correlated with the abundance of
OM produced by marine biota (Park et al., 2019; Park et al., 2022). In addi-
tion, the concentration of OM in aerosols increases 20 times during the phy-
toplankton bloom event in the South Atlantic Ocean (Zorn et al., 2008).
Meanwhile, OM in the ocean is widely distributed and has various chemical
compositions under the influence of regional characteristics (e.g., latitude,
ocean current, and land status). For example, OM in the ocean surrounding
New Zealand is influenced by a number of major currents (Gonsior et al.,
2008; Heath, 1985), resulting in a large input of terrestrial OM (Gonsior
etal., 2011). In addition, potentially important sources of OM in the South-
ern Ocean are sea ice and land-based glacier systems (Hood et al., 2015), al-
though clear mechanism has not yet been identified. This is because the
OMs from sea ice and glacier are highly labile and bioavailable (Hood
et al., 2009; Singer et al., 2012). A number of studies previously showed
that the microbiota of sea ice and the sea ice-influenced ocean can be a
source of atmospheric primary and secondary organic nitrogen, specifically
low molecular weight alkylamines (Dall’Osto et al., 2022; Dall’Osto et al.,
2017). Indeed, these organic nitrogen compounds should be considered
when assessing secondary aerosol formation processes in Antarctica
(Brean et al., 2021). Other follow-up studies also claim that the potential
impact of the sea ice (sympagic) planktonic ecosystem on aerosol composi-
tion was overlooked in past studies, and multiple eco-regions act as distinct
aerosol sources around Antarctica (Decesari et al., 2020; Rinaldi et al.,
2020). Recently, Humphries et al. (2021) identified three main aerosol
sources in the Southern Ocean: northern (40-45°S), mid-latitude
(45-65°S), and Southern sector (65-70°S), with different mixture of conti-
nental and anthropogenic, primary, and secondary aerosols depending on
the studied region. However, most studies on OM in aerosols have focused
on specific regions and not in OM in the global ocean.

This work is significant in that we analyzed the OM properties in seawa-
ter, sea ice, and aerosols and investigated their interactions, especially on a
global scale, at mid-high latitudes during a cruise. For this study, we simul-
taneously collected seawater, sea ice, and aerosol samples along a transect
from the western Pacific Ocean (36°13’N) to the Southern Ocean (75°15’S)
during the Korean icebreaker R/V Araon cruise. The main objectives of this
study were: 1) to study the distributions and optical and molecular compo-
sitions of OM in the open ocean, sea ice, and atmosphere; and 2) to
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investigate the OM relationship between the ocean and atmosphere by lat-
itude. In this study, we attempted a more objective comparison of charac-
teristics by exploring a wide research area along a long transect of
15,000 km from the western Pacific Ocean (36°13’N) to the Southern
Ocean (75°15’S). The molecular-level characterization of OM in aerosols
will allow us to better understand the ocean-sea ice-atmosphere interac-
tions and the direction of various climate changes on a global scale.

2. Materials and methods
2.1. Seawater and sea ice samples

2.1.1. Sample collection and pretreatment

In this study, 41 seawater samples were collected along a 15,000 km
transect from the western Pacific Ocean (36°13’N) to the Southern Ocean
(75°15’S) (Fig. 1) using the Korean Icebreaker R/V Araon. Seawater sam-
ples were collected from 20 stations in the western Pacific Ocean, excluding
exclusive economic zones (EEZ) [between October 31st to November 28th
and from December 19th to 20th, 2019, based on the Coordinated Univer-
sal Time (UTC)] (Table S1). Samples collected from stations (ST) 01-03
were classified as the west coast of Korea, whereas those collected from
the Pacific Ocean were classified into three categories according to the
nearest sea: the Philippine Sea (ST04-06), Western Equatorial Pacific
Ocean (ST07-09), Tasman Sea (ST10-13), and sub-Antarctic zone
(ST14-18 and ST45-46). From the Southern Ocean, 21 samples were col-
lected along the round track of the ship to the Korean Antarctic Jang
Bogo Station (74°37’S, 164°12’E) (from November 28th to December
19th, 2019, based on UTC) (Fig. 1). Samples collected from the Southern
Ocean were classified into two categories: the Antarctic zone (ST19-24
and ST39-44) and the Ross Sea (ST25-38). All seawater samples were col-
lected from a 7-m depth from the surface and immediately filtered using a
0.7-pm filter (47 mm Glass Fiber Filter; GFF, Whatman, USA). The samples
for orbitrap analysis were pretreated with solid-phase extraction (SPE) car-
tridges, as described in Section 2.1.3. Seawater temperature and salinity at
the sampling stations were recorded using onboard temperature and salin-
ity sensors.

Sea ice was detected in ST19 (61°30’S, 174°10’E) upon entering the
Southern Ocean, and two sea ice fragments floating in the surface seawater
of the Ross Sea were collected (74°37’S, 164°14’E). The sea ice concentra-
tion in the sampling area was approximately 45 %, according to the data-
base of the National Snow and Ice Data Center (NSIDC). The thickness of
the collected ice fragments was within 1-m with dark brown colored bot-
tom as shown in Fig. S1. The collected sea ice samples were thawed and ho-
mogenized for pretreatment and storage, and then pretreated and stored
using the same procedure as seawater for concentration, optical character-
istics, and molecular-level chemical characteristics of OM.

2.1.2. OM concentration and optical properties

The concentrations of dissolved organic carbon (DOC) were analyzed,
and chromophoric and fluorescent dissolved organic matter (CDOM and
FDOM, respectively) were measured for their optical properties. The de-
tailed methods for these analyses are described in the Supplementary Infor-
mation (Section S1).

2.1.3. Solid phase extraction (SPE)

The filtered samples (550 mL to 10 L) were concentrated into a commer-
cially available hydrophilic-lipophilic balanced (HLB) SPE cartridge (6 cc,
500 mg; Oasis-HLB, Waters, USA). The SPE pretreatment was conducted ac-
cording to a method described in a previous study (Jang et al., 2020).
Briefly, the concentrated OM in the SPE was eluted with 10 mL of methanol
(HPLC grade; J.T. Baker, USA), which was stored at — 20 °C during the ship
track. The elution arriving at Korea was transferred to the laboratory under
freezing conditions. Methanol was evaporated from the elusion under gen-
tle nitrogen gas, and then the concentrated OM in a final volume of 1 mL
was treated with a 0.2-pm pore size syringe filter (13 mm diameter;
Advantec, Japan) to remove impurities.
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Fig. 1. (A) Sampling stations for OM of seawaters, with a ship track (dashed line) across the western Pacific and Southern Oceans. The relative concentrations of sea ice sea in
NSIDC during sampling periods. (B) Sampling duration for OM in ambient aerosol along the ship track with three days air mass trajectories categorized into four main origins:
land without snow and ice, ocean, sea ice, and land with snow and ice. Black dots denote boundaries for dividing sampling durations. The colors on the map show only one
origin through which the air mass frequently passed, and the average value of all origins through which the air mass passed for three days is shown in a pie graph next to the
map. The pie charts present relative components of the origins in the coast, pelagic- and sympagic oceans.

2.2. Aerosol samples

2.2.1. Sample collection and pretreatment

A total of 13 aerosol samples with equivalent aerodynamic diameters of
<2.5 pm (PM, 5) were collected along transects from Korea to Jang Bogo
Station (Fig. 1B). A high-volume air sampler (HV-1000R, Sibata Scientific
Technology, Japan) installed at the compass deck (26-m above the bottom
of the vessel) in front of the vessel was used to collect the aerosol samples.
PMS, 5 samples were collected in quartz filters (#2500 QAT-UP, Pall Life Sci-
ences, USA), which were pre-combusted at 550 °C for 12 h to remove or-
ganic pollutants from the filters. Sampling was performed at a flow rate
of 1000 L/min every 72 h. Following sampling, the quartz filter was packed
immediately in aluminum foil and sealed completely into zipper bag, and
then stored at —20 °C until analysis. Meteorological data such as air tem-
perature, air pressure, wind speed, and wind direction were acquired
through DaDiS which is an automatic observation and a primary data man-
agement system at R/V Araon.

2.2.2. OM concentration

Organic carbon (OC) concentrations were analyzed to quantitatively
evaluate the properties of organic aerosols by latitude. The detailed
methods for these analyses are described in the Supplementary Information
(Section S1).

2.2.3. Solid phase extraction (SPE)

An area of approximately 35 cm? was obtained from the filter using
a punch and used to analyze the molecular compositions of the aerosol
particles. Extraction was performed on a clean bench to minimize

contamination. The OM collected in the filter piece was dissolved in
20 mL of ultrapure water, and a bath sonicator was used for extraction.
The OM dissolved in ultrapure water was concentrated using an SPE car-
tridge (1 cc, 30 mg; Oasis-HLB, Waters, USA) and then subjected to elution,
solvent drying, and impurity removal processes such as those employed for
seawater or ice samples to complete the pretreatment.

2.3. Orbitrap analysis and data processing

The conditions for the Orbitrap analysis are listed in Table S3. Liquid
chromatography (LC)-Orbitrap-mass spectrometry (MS) was calibrated
with Pierce™ ESI positive and negative ion calibration solutions before anal-
ysis to ensure high accuracy. As a blank for seawater and ice samples, ultra-
pure water was pretreated and analyzed in the same way as seawater, while
an empty quartz filter with no samples collected was used as a blank for
aerosols. The mass per charge (m/z) and intensity for each peak from the
mass spectrum were extracted using the MATLAB routine, and information
on the formula was classified into C, H, O, N, and S. For each molecular for-
mula allocated to evaluate the unsaturation and aromaticity, aromatic
index (AI) was calculated (Koch and Dittmar, 2006). The van Krevelen dia-
grams were displayed using an FTMS Visualization package i-van Krevelen
in Python 2.7, for subsequent analysis of the ranges 0 < H/C < 2.5, and
0 < O/C < 1.5. The molecular formulas in the van Krevelen diagrams
were divided into seven categories based on previous study (Kim et al.,
2003): lipid-like (H/C = 1.7-2.2, O/C < 0.2), protein-like (H/C =
1.5-2.0, O/C = 0.2-0.6), carbohydrate-like (H/C = 1.5-2.0, O/C =
0.6-1.5), unsaturated hydrocarbon-like (H/C = 0.6-1.5, O/C =< 0.1),
lignin-like (H/C = 0.6-1.5, O/C = 0.1-0.6, AI <0.67), tannin-like
(H/C = 0.5-1.5, O/C = 0.6-1.4, Al <0.67), and condensed aromatic
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structures (H/C < 0.7, O/C < 0.4, Al =0.67). The sum of the observed
number and intensity of the assigned molecules can also be used as a
semi-quantitative analysis method, reflecting a relatively quantitative as-
pect, because all samples were extracted from the same number of filters
and analyzed under the same conditions.

2.4. Hybrid Single Particle Lagrangian Integrated Trajectory (HYSPLIT)

To determine the paths of the air mass, a back trajectory was calculated
using the HYSPLIT model over the collected time from mid-latitudes of the
Northern Hemisphere to Jang Bogo station in the high-latitude of the
Southern Hemisphere. The three-day back trajectory at 1 h intervals was
calculated at an arrival height of 10 m above the ground along the ship
track. The geographical information on ocean, land, and sea ice concentra-
tions obtained from the NSIDC was combined with air mass back trajecto-
ries to calculate the percentage of the air mass retention time over the
three terrain domains (Fig. 1B), as described by Jang et al. (2022) and
Choi et al. (2019). The 13 aerosol samples were clustered with back trajec-
tory data according to the hierarchical clustering algorithm by using the
function hclust implemented in R (ver. 4.0.2).

2.5. Statistical analysis

The samples were assessed using one-way analysis of variance
(ANOVA). In the ANOVA, the p-value indicates the regional difference for
each area; significant differences are considered to be represented by a
p-value of <0.05. One-way ANOVA and t-test for post hoc analysis were cal-
culated using SigmaPlot (Systat, USA).

3. Results and discussion

A total of 41 seawater samples were collected from seven regions of dif-
ferent part of our global oceans (i.e., west coast of Korea, Philippine Sea,
Western Equatorial Pacific Ocean, Tasman Sea, sub-Antarctic zone, Antarc-
tic zone, and Ross Sea). We categories them in three main groups: coast, pe-
lagic Pacific Ocean, and sympagic (sea ice influenced) Southern Ocean. The
distances from adjacent land for the west coast of Korea were the closest in
all sampling locations, especially for Korea (63 #+ 13 km); thus, the west
coast of Korea was separately classified as a coastal group, although it is in-
cluded in the western Pacific Ocean. Meanwhile, five ocean samples except
for the west coast of Korea are open oceans with 904 = 440 km distance
from adjacent lands: the Philippine Sea, Western Equatorial Pacific
Ocean, Tasman Sea, and sub-Antarctic zone are contained in the pelagic Pa-
cific Ocean, while the Antarctic zone and the Ross Sea are categorized as
the sympagic Southern Ocean due to the presence of sea ice.

3.1. OM composition in the ocean

3.1.1. Coast

High-resolution mass spectrum data are generally not quantitative;
however, previous studies have successfully classified the main compo-
nents of various types of natural organic matter (NOM) in the environment
using the peak position of the van Krevelen diagram (Brogi et al., 2018;
Choi et al., 2019; Kim et al., 2003; Longnecker, 2015; Stubbins et al.,
2012; Wozniak et al., 2008). Additionally, the result of van Krevelen dia-
gram analysis are consistent with those of nuclear magnetic resonance
(NMR) analysis with respect to the qualitative identification of major com-
pound classes included in the NOM samples (Kim et al., 2003). Thus, van
Krevelen diagrams can be used to evaluate the relative significance of struc-
turally related compounds and qualitatively classify them between samples
(Choi et al., 2019; Kim et al., 2003).

In the west coast of Korea, the content of lignin-like OM was dominant
(29 = 3 %), followed by lipid-like (16 = 2 %), protein-like (11 * 3 %),
condensed aromatic structures (CAS)-like (11 * 4 %), unsaturated
hydrocarbons (UH)-like (6 * 1 %), tannin-like (5 * 3 %), and
carbohydrate-like OM (4 *+ 4 %) (Fig. 2). Previous studies have reported

Science of the Total Environment 878 (2023) 162969

that lignin provide clear evidence of the terrestrial origin of OM (Hernes,
2003; Meyers-Schulte and Hedges, 1986), suggesting that OM in the west
coast of Korea is largely influenced by land-derived OM. Moreover, in this
study, terrestrial marker OMs, such as DOC concentrations, CAS-like, and
tannin-like OMs, were higher in this region than in other seas, although
the difference was not significant (p > 0.05) (Table S1) (Hodgkins et al.,
2014). The west coast of Korea is very close to land (Korea, Japan, and
China; Table S1) and is considered to be an area affected by OM originating
from land. Fig. 3 showed that the west coast of Korea is completely different
with other oceans included in the pelagic Pacific Ocean and the sympagic
Southern Ocean. The low salinity (especially 31.8 PSU at ST01) and high
CDOM values (Fig. 3) indicate the influence of terrestrial sources. In addi-
tion, FDOM is one of the footprints for OM origins, and peak A, which rep-
resents terrestrial humic substances originating from terrestrial sources
(Coble, 1996), was higher than that of the other seas (Fig. 3). Therefore,
it seems that the OM in the west coast of Korea is of terrestrial-origin.

3.1.2. Pelagic Pacific Ocean

Lipid-like OM was the most abundant in both the Philippine Sea and the
Western Equatorial Pacific Ocean (28 = 9 % and 29 *+ 9 %, respectively),
followed by lignin-like (18-32 %), protein-like (10-14 %), UH-like
(5-8 %), CAS-like (2-8 %), tannin-like (2-5 %), and carbohydrate-like
OM (0-3 %) (Fig. 2; see Table S4 for content details). Lipid-like OM is gen-
erally of algal and/or microbial origins (Bhatia et al., 2010; Chen et al.,
2003; Coble, 2007; Grannas et al., 2004; Pautler et al., 2011; Rontani
et al., 2014; Schmidt et al., 2009), suggesting an increase in OM derived
from marine plankton organisms and bacterial activity in these oceans.
These OM characteristics are consistent with significantly higher protein
characteristics of optical OM (peaks B and T) in the pelagic Pacific Ocean
than in the sympagic Southern Ocean (Fig. 3). The peaks B and T are related
to microbial activity, suggesting that OM in the pelagic Pacific Ocean is
more affected by microorganisms than other oceanic regions studied.
Owing to the North Equatorial Current heading west of the pelagic Pacific
Ocean, the Philippine Sea and the Western Equatorial Pacific Ocean may
be more affected by oceanic OM originating from the pelagic Pacific
Ocean than by terrestrial OM originating from western lands. In the case
of lignin-like OM, the content was 24 + 7 % in the Philippine Sea and
22 *+ 3 % in the Western Equatorial Pacific Ocean. In a previous study,
the amount observed in the pelagic Pacific Ocean at similar latitudes
(18°47'N-12°19'S; (6.0-14.2 ng L™ 1) was 2.6 times lower than that ob-
served in the Atlantic Ocean (24.9-28.5 ng L™H (Opsahl and Benner,
1997). This was reported to be related to river discharge into the pelagic Pa-
cific Ocean, which was 3.6 times lower than that of the Atlantic Ocean
(Opsahl and Benner, 1997). Moreover, in this study, the sampling stations
in the Philippine Sea and the Western Equatorial Pacific Ocean were far
from lands up to 32 times compared to the distance between the west
coast of Korea and adjacent land (Table S1). Another possibility for a
lower lignin-like OM is photooxidation at surface seawaters. Previously, it
has reported that photooxidation is the dominant factor influencing the
composition and concentration of lignin, where salinity is above 25 PSU
(Hernes, 2003). Moreover, the sampling depth in this study was within 7—-
m from surface which is included in the photic zone. Thus, we could suggest
that relatively lower lignin content in the Philippine Sea and the Western
Equatorial Pacific Ocean than the contents in the west coast of Korea
(29 + 3 %) may be due to increased photooxidation near the equator. Over-
all, the amount of lipid-like OM was 1.1-2.7 times higher and that of lignin-
like OM was 1.0-1.7 times lower in the Philippine Sea and the Western
Equatorial Pacific Ocean than those of the west coast of Korea. This is prob-
ably due to geological and chemical reasons such as ocean current, rela-
tively low river discharge, far distance from terrestrial sources, and
photooxidation.

Lignin-like and lipid-like OM contents were dominant in the Tasman
Sea (23 *= 2 % and 22 + 8 %, respectively), followed by protein-like,
UH-like, CAS-like, tannin-like, and carbohydrate-like OM (Fig. 2; see
Table S4 for each content). Although lipid-like OM was lesser, protein-
like OM was higher than those in the Philippine Sea and the Western
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Fig. 2. (A) OM molecular composition on representative van Krevelen diagrams for seawater, and (B) the seven molecular compositions with relative abundances (%) of
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Equatorial Pacific Ocean. Lipids and proteins have been reported as micro-
bial origin-OM (Bhatia et al., 2010; Chen et al., 2003; Coble, 2007; Grannas
et al., 2004; Pautler et al., 2011; Rontani et al., 2014; Schmidt et al., 2009),
and marine phytoplankton have been reported to release polysaccharide-
rich OM (e.g., heteropolysaccharides) and to accumulate them in the sur-
face seawater as a result of metabolic resistance (Aluwihare and Repeta,
1999). Peaks B and T also differed from the sympagic Southern Ocean
(Fig. 3), indicating that autochthonous and microbial OM is more actively
generated in the pelagic Pacific Ocean than in the sympagic Southern
Ocean. Interestingly, although the distance between sampling stations
and adjacent lands was not significantly different between the Philippine
Sea and the Western Equatorial Pacific Ocean, the contents of lignin-like
OM, CDOM, and peak A in the Tasman Sea were similar and/or slightly
lower than those of the Philippine Sea and the Western Equatorial Pacific
Ocean (Figs. 2 and S1). These results are also shown in the optical proper-
ties in which terrestrial-origin OM markers, such as high CDOM and peak
A values, were not detected (Fig. 3). Terrestrial OM characteristics such
as the content of lignin-like OM, CDOM, and peak A in the Tasman Sea
were lower than those in the west coast of Korea, where we found that
the distance from land was significantly greater in the Tasman Sea than
in the west coast of Korea (p < 0.05). Hernes and Benner (2002) reported
that lignin measurements in the pelagic Pacific Ocean could serve as a gen-
eral tracer of river discharge and terrestrial OM in water masses. This was
because the OM in the Tasman Sea was affected by terrestrial OM with
the East Australia Current, which flows down the east coast of Australia
and up the west coast of New Zealand (Hernes and Benner, 2002). In this
study, we observed a consistent increase in lignin and tannin-like OM con-
tents from ST10 to ST13 (sum of lignin-like and tannin-like OM contents:
23 % (ST10) — 23 % (ST11) — 26 % (ST12) — 28 % (ST13), Table S4).
Therefore, both microbial activity and ocean currents seem to have a com-
plex effect on OM composition in the Tasman Sea.

In the sub-Antarctic zone, lignin-like OM was the highest (24 + 5 %),
followed by lipid-like, protein-like, UH-like, CAS-like, tannin-like, and
carbohydrate-like OM (Fig. 2; see Table S4 for each content). Interestingly,
both molecular-level and optical properties showed boundary characteris-
tics between the Tasman Sea and the Southern Ocean as shown in Figs. 2
and 3. The sub-Antarctic zone is a region where colder Antarctic seawater
meets the relatively warmer seawater. Accordingly, the OM characteristics
in the sub-Antarctic zone were likely affected by the OM derived from both
pelagic and sympagic oceans.

3.1.3. Sympagic Southern Ocean

In both the Antarctic zone and the Ross Sea, lignin-like OM was the most
dominant (27 + 6 %), followed by lipid-like (14 = 9 %) and protein-like
OM (17 = 2 %) (Fig. 2). Lignin has been reported to be transported by
fronts and currents (Sarmiento and Quéré, 1996; Zangrando et al., 2019).
The Southern Ocean changes from warm subtropical waters to cold polar
waters through a variety of fronts and currents (e.g., subtropical front, sub-
antarctic front, Antarctic polar front, and southern boundary of the Antarc-
tic circular current) (Belkin and Gordon, 1996; Budillon and Rintoul, 2003;
Honjo, 2004). For instance, there has been a large inflow of terrestrial OM
into the western coast of New Zealand owing to a combination of intensive
rainfall and dense rainforests (Gonsior et al., 2008). A substantial amount of
OM was transported to the southeastern and eastern coasts of New Zealand
along the ocean currents (Gonsior et al., 2011). Although the inflow and
seasonal transport of land-derived OM to the ocean remain unclear, the in-
flow and transport of lignin-like OM to the Southern Ocean may have oc-
curred in this study. Particularly, in Antarctica, OM, including lignin, has
been reported to be transported and lifted to surface seawater by modified
circulations and currents (e.g., the Antarctic circular current) (Sarmiento
and Quéré, 1996; Zangrando et al., 2019). However, the higher content
of lignin-like OM can be interpreted more effectively by FDOM results in
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Fig. 3. Physical characteristics of seawaters: (A) sea surface temperature (SST), (B) sea surface salinity (SSS), (C) chromophoric OM (CDOM) absorption coefficient, and (D-H)
relative fluorescence OM (FDOM) of surface seawater. Peaks A and C are generally classified as OM of terrestrial origin, peak M is known to be OM derived from marine humic
or biological activity, and peaks B and T are classified as protein-like OMs derived from marine plankton organisms or bacteria (see Supplementary Information for details).

The error bars refer to the standard deviation. Dashed-line presents the average.

the sympagic Southern Ocean (Fig. 3). Peak M is known to be humic OM of
marine origin (Coble, 1996; Kopczynska et al., 2001). Peak C is generally
classified as humic of terrestrial origin; however, it has also been found in
the oceans and is thus expected to be humic OM of marine origin (Coble,
1996; Coble et al., 1998; Stedmon and Markager, 2005). On the other
hand, peaks B and T were reduced compared to other seas, suggesting
that in the sympagic Southern Ocean, there was more marine humic-like
OM and less protein-like OM than in the pelagic Pacific Ocean. Accordingly,
since this study is based on qualitative analysis, it seems that the high con-
tent of lignin-like OM is a phenomenon caused by relatively few OM com-
ponents due to low biological activities. Concisely, the OM in the
sympagic Southern Ocean seems to have been more influenced by marine
humic substances and biological reasons than by terrestrial sources.

3.2. OM composition in sea ice

Sea ice had a very different OM composition than the ocean, indicating
a different origin. The molecular-level OM analysis of sea ice showed signif-
icant abundance of lipid-like OM (40 = 14 %), which was the most prom-
inent difference between sea ice and the ocean in terms of composition
(Fig. 4). This result is consistent with the study that found significant

correlation between fatty acids and sea ice concentration in a sub-
Antarctic Ice Core (King et al., 2019). In addition, protein-like OM (peak
B + T = 58 + 5 %) was higher in sea ice than in oceans in terms of optical
properties. These results coincide with previous study reported lipid and
protein as the main organic compounds in Antarctic ice (D'Andrilli et al.,
2010). Accordingly, based on the optical- and molecular-level OM results,
the OM origins over the sea ice zone are estimated as follows: 1) microor-
ganisms, 2) krill shrimp, and 3) atmospheric deposition. First, the dominant
lipid content (O/C < 0.6 and H/C > 1.7) is consistent with the OM charac-
teristics when green algae and/or microbes are actively present in sea ice
(Bhatia et al., 2010; Grannas et al., 2004; Rontani et al., 2014; Schmidt
et al., 2009). Specifically, Pusceddu et al. (1999) measured a lipid content
of up to 68 % in the biopolymer carbon flow collected from sediment
cores under the ice pack of Terra Nova Bay in late summer. Moreover, the
Ross Sea is the most biologically active region in Antarctica (D'Andrilli
et al., 2010). Next, krill shrimp is a species that lives in the Southern
Ocean, consumes plankton, and stores it in the form of lipids. Krill lipids
are reported to increase by up to 10 times between summer and early win-
ter (Pusceddu et al., 1999); therefore, the lipid content in sea ice is assumed
to originate from krill lipids. Finally, it is possible that the lipids are the re-
sult of atmospheric deposition. Previous studies on the geological
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Fig. 4. (A) OM molecular composition on representative van Krevelen diagrams for sea ice (SI), and (B) the seven molecular compositions with relative abundances (%) of sea

ice. The relative abundances in each station are shown in Table S4.

distribution of terrestrial plants in the Pacific have demonstrated that OM
from terrestrial plants is easily transported over long distances, from neigh-
boring continents to distant sea environments (Bendle et al., 2006; Ericson
et al., 2018; Fang et al., 2002; Kawamura, 1995).

3.3. OM composition in ambient aerosol

In aerosol, lignin-like (31 + 10 %) organic aerosols were dominant
throughout the sampling stations, followed by lipid-like (14 + 8 %),
CAS-like (14 = 5 %), protein-like (8 + 4 %), tannin-like (7 * 4 %),
UH-like (6 = 2 %), and carbohydrate-like (3 + 2 %) organic aerosols (Ta-
ble S4). To understand the molecular characteristics of OM in aerosols de-
pending on the origin and pathway of air masses, three-day back
trajectories were determined. We found that most air masses, except for
those on the west coast of Korea and the Ross Sea, predominantly origi-
nated from oceans, with particularly higher ocean-originating air masses
in the Philippine Sea, Western Equatorial Pacific Ocean, Tasman Sea, and
sub-Antarctic zone (>90 %) (Fig. 1). Nevertheless, some differences were
observed in the ocean-originating air masses by latitude. For example, the
Western Equatorial Pacific Ocean may have been affected by oceanic air
masses for over three days; however, it is possible that these air masses
were transported from the Indo-Pacific Islands for a rather short period be-
fore three days. Conversely, the air mass in the sub-Antarctic zone seemed
to have originated from the ocean even before three days, and it was ex-
pected that the air masses would have entire oceanic aerosol properties.
The west coast of Korea was categorized with the Philippine Sea, Western
Equatorial Pacific Ocean, Tasman Sea, and sub-Antarctic zone in the air
mass origin cluster with a high fraction of ocean-derived air mass (78 %),
although 22 % of the air mass was originated from land (Fig. 5). Mean-
while, the Antarctic zone and the Ross Sea have been categorized as derived
from similar air mass origin (i.e., sea ice) (Fig. 5). The air mass originated
from sea ice (70 %) and Antarctica (28 %) in the case of the Ross Sea
(Fig. 1), while in the Antarctic zone, a lesser fraction of air mass was derived
from sea ice (52 %).

The relative abundance of lignin-like organic aerosols was dominant
from the west coast of Korea to the Antarctic zone (Fig. 6). In particular,
the lignin-like organic aerosol content (49 %) was the highest in the west
coast of Korea. It indicates that this region was affected by land, which is

evident from its relatively closer distance to land (63 + 13 km to Korea)
and land-originating air mass being 15-50 times higher in this region
than in other regions (except for the Ross Sea) (Fig. 1B). Moreover, higher
OC concentrations were detected in the west coast of Korea (3.50 pg/ms)
than in other sea areas (1.20 + 2.47 pg/m3) (Table S2). In previous studies,
lignin-like organic aerosols have been reported as a proxy originating from
land as a major residual component of decomposed vascular plants (Fang
et al., 2002; Kawamura, 1995; Ohkouchi et al., 1997; Opsahl and Benner,
1997). For instance, the lignin concentration was 10 times higher in the
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The relative abundances in each station are shown in Table S5.

Arctic Ocean (100-300 km away from land), — which is generally affected
by the Arctic River with 25 Tg of terrestrial OM per year, than in the Atlan-
tic and Pacific Oceans (>3000 km away from land) (Kalbitz et al., 2006;
Ohkouchi et al., 1997). Meanwhile, lignin-like organic aerosol content
(19-41 %) dominated in the Philippine Sea, Western Equatorial Pacific
Ocean, Tasman Sea, sub-Antarctic zone, and Antarctic zone, where the air
masses mainly originated from the ocean (92 + 14 %). The reason for
lignin-like organic aerosols also being high in the Philippine Sea, Western
Equatorial Pacific Ocean, Tasman Sea, sub-Antarctic zone, and Antarctic
zone seems to be the hydrophobicity of lignin (Mitra et al., 2000). It is
well-known that more hydrophobic particles become aerosolized better
owing to their chemical selectivity (Dilling and Kaiser, 2002; Prather
et al., 2013; Wang et al., 2017). In other words, hydrophobic particles in
water are attracted to the air (bubble) and divided into an air-water inter-
face (Dilling and Kaiser, 2002; Prather et al., 2013; Wang et al., 2017).

The content of lipid-like organic aerosol ranged from 2 % to 34 %, with
slightly higher in the Philippine Sea, Western Equatorial Pacific Ocean, Tas-
man Sea, and sub-Antarctic zone (up to 23 %) than in the west coast of
Korea (2 %). Most of the ocean-derived air masses (99 = 1 %) originated
from the region between the Philippine Sea and the sub-Antarctic zone.
This seems to be due to the structural function of lipid, which is amphiphilic
(both hydrophilic and hydrophobic properties) (Aller et al., 2005; Mitra
et al., 2000). Accordingly, lipids have the potential to be aerosolized, al-
though not as much as lignin. Interestingly, in the Ross Sea, unlike in
other seas, the lipid-like organic aerosol was dominant (34 %), indicating
that the ambient aerosol in the sympagic Southern Ocean is more affected
by protein-like and lipid-like OM. The air mass mainly originated from
sea ice (73 %) (Fig. 1B); therefore, it is assumed that sea ice is important
in controlling the ambient aerosol chemical composition in the sympagic
environment.

CAS-like organic aerosol distributed from 9 % to 25 % and was 2.6 times
higher in the Philippine Sea, Western Equatorial Pacific Ocean, Tasman
Sea, sub-Antarctic zone, and Antarctic zone than in the west coast of
Korea and the Ross Sea. CAS has been reported to be derived mainly from
anthropogenic sources (Wang et al., 2014) or land plants (Antony et al.,
2014), and contributes to secondary organic aerosols (Wang et al., 2014).
Accordingly, it is questionable why the content of CAS-like organic aerosols
was the lowest in the west coast of Korea, where 22 % of air mass came
from land. From the Philippine Sea to the Antarctic zone, where the air
masses were predominantly derived from the ocean, CAS-like organic aero-
sols may have been transported for >72 h from anthropogenic sources or
land. Indeed, a previous study reported that Antarctic aerosols containing
CAS were related to black carbon travelling long distances for 10 days
from South America, where active vegetation fires occurred (Antony
et al, 2014; Gurganus et al., 2015). Meanwhile, protein-like,
carbohydrate-like, UH-like, and tannin-like organic aerosols had very low
average contents of approximately 10 % in each sea, and there was no sig-
nificant difference among the seas.

3.4. Implication of the linkage between the ocean, sea ice, and the atmosphere in
different regions

The contents of the OM components in both the ocean and aerosols
were compared for each sea (Fig. 7A). Lignin-like OM was clearly dominant
in both seawater and aerosol of both the west coast of Korea and the Antarc-
tic zone. In particular, in the west coast of Korea, seawater and aerosol had
higher lignin-like OM content than other oceans, suggesting that certainly
much more terrestrial OM affect to chemical composition of the atmo-
sphere when airmass was relatively more came from lands. In the
Philippine Sea, Western Equatorial Pacific Ocean, and Tasman Sea, lipid-
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like OM was slightly higher than lignin-like OM in the ocean, whereas
lignin-like organic aerosol was dominant in the atmosphere. This suggests
that lignin-like OM could be more aerosolized compared to lipid-like OM
in the ocean. This is because lignin is more hydrophobic than lipids,
which have amphiphilic properties (Aller et al., 2005; Mitra et al., 2000).
Indeed, research on plant extracts has shown that the hydrophobicity of lig-
nin is 5.4 times higher than that of lipids in terms of hydrophobic solvent
sorption and octanol-water partitioning coefficients (Chen and Schnoor,
2009). Remarkably, in the Ross Sea, the lipid-like organic aerosol content
was predominant in the atmosphere, even though the lignin-like OM com-
ponent was more dominant in the ocean. Accordingly, to determine the in-
fluence of sea ice on aerosol, a comparison between the OM content in sea
ice and aerosol was performed (Fig. 7B). The highest contents of lipid-like
OM in both sea ice and aerosol suggest that the OM characteristics of aero-
sol in the Ross Sea would have been influenced by OM in sea ice. Indeed,
35 + 29 % of the seawater surface in the Ross Sea was covered with sea
ice (Fig. 1A), and the air mass mainly originated from sea ice, unlike
other seas. A higher portion of lipid-like organic aerosol of the Ross Sea
may have been 1) aerosolized by sea ice-related processes (e.g., the atmo-
spheric oxidation of lipids or wind-blown effect) or 2) melted into the
ocean and then aerosolized directly from the ocean into the atmosphere
via the bubble bursting process. In the former case, a high abundance of
lipid substances (e.g., carboxyl acid) was released into the Arctic atmo-
sphere with sea ice contributions (Feltracco et al., 2021). For instance,
Feltracco et al. (2021) showed that high concentrations of long-chain car-
boxyl acids (e.g., adipic and pimelic acids), which are oxidized forms of
lipids, were accompanied by relatively high bromine and iodine concentra-
tions. Moreover, long-chain carboxyl acids were regulated by emissions
linked to sub-ice algal populations (Kawamura et al., 1996). Although no
mechanism for lipid aerosolization from sea ice has been clearly identified,
we hypothesized that the lipid components released by sea ice may be oxi-
dized to produce lipid-like organic aerosol in the atmosphere of the Ross
Sea site. In addition to the atmospheric oxidation of lipids, results for aero-
solizing sea salt by wind blowing have been reported for sea ice (Jones
et al., 2009; Lieb-Lappen and Obbard, 2015; May et al., 2016; Russell
etal., 2010; Yang et al., 2019; Yang et al., 2008). Previous studies have re-
ported that the aerosolization of sea salt or bromine compounds on sea ice
or snow was related to a wind speed of 4-10 m/s (Jones et al., 2009; Lieb-
Lappen and Obbard, 2015; May et al., 2016; Yang et al., 2019; Yang et al.,
2008). In this study, the wind speed was 1.3-11.7 (3.8 * 2.8) m/s during
sampling in the Ross Sea (Table S2), which may have led to sufficient
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particles or OM on the sea ice surface to aerosolize. Thus, we speculated
the possibility that lipid-like OM was aerosolized directly on the sea ice sur-
face by wind, although more research is required due to the differences of
aerosol size between this study (<0.45 pm) and previous studies (0.4 to
12 pm) (Jones et al., 2009; Lieb-Lappen and Obbard, 2015; May et al.,
2016; Yang et al., 2019; Yang et al., 2008). Moreover, Rhodes et al. (2017)
reported simulation results that only the amount of aerosol generated in
the ocean was insufficient compared to observations, thus suggesting that
aerosol generated from sea ice should be considered. In the latter case,
lipid-containing aerosol is expected to be transported from the ocean to
the atmosphere (Ceburnis et al., 2016; Decesari et al., 2020; Liu et al.,
2018). However, lignin-like OM was dominant in the seawater of the Ross
Sea, indicating that the effect of lipids from melting sea ice would not
have been significant. The salinity (34 = 0.3 PSU) of the Ross Sea did not
decrease substantially during the sampling period of this study (i.e., late
November to early December), implying that seawater in the Ross Sea was
not considerably affected by the meltwater from sea ice. A previous study re-
ported that salinity lower than 34.0 PSU was observed when affected by
meltwater on the coast of Antarctica (Alderkamp et al., 2015). Therefore,
this study focused on the possibility of the former case, in which lipid-like or-
ganic aerosols were aerosolized from sea ice into the atmosphere due to the
atmospheric oxidation of lipids or the wind-blown effect. Further studies are
necessary to better understand sea ice-related processes.

As shown in Fig. S5, there was no significant correlation for most of the
OM components, except for carbohydrate-like (* = 0.56, p < 0.1) and UH-
like OM (* = 0.34, p < 0.05), suggesting that the effect of OM in the ocean
on OM in aerosol does not correlate with latitude. Nevertheless, Fig. S6
clearly showed that lipid-like and protein-like OM were very high in the
Ross Sea aerosol, emphasizing that lipid and protein are important compo-
sitions that regulate the organic aerosol components of the Ross Sea.
Carbohydrate-like OM showed no significant correlation with other oceans,
except for the west coast of Korea, where an unusually high carbohydrate-
like OM content was detected in both the ocean and aerosols. Although the
overall carbohydrate content in the aerosols was lower than 6 %, that in the
pelagic Pacific Ocean was higher than that in the sympagic Southern
Ocean. The UH-like OM component showed a negative correlation between
seawater and aerosols; however, this observation was inconsistent with lat-
itude, suggesting that the correlation between UH-like OM components of
the ocean and atmosphere may be independent of latitude. Thus, these re-
sults indicate that the specific chemical composition of OM may affect the
relationship between the ocean and atmosphere.
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4. Conclusions

The results of this study suggested the ocean-atmosphere interactions
by providing the molecular properties of OM in the ocean, sea ice, and at-
mosphere based on data obtained from a cruise of a 15,000 km transect
from the western Pacific Ocean to the Southern Ocean. Except for the
Ross Sea, lignin-like OM was dominant in the atmosphere, suggesting that
OM in aerosols can be controlled by OM in the ocean. In contrast, the air
mass mainly originated from sea ice in the Ross Sea, and the relationship
between sea ice and aerosol was found by compositional similarity domi-
nated by lipid-like OM.

This study highlights the global importance of the lignin-like and lipid-
like OM. Lignin-like OM is an important component of the open ocean. Pre-
vious studies on various oceans, including the Pacific Ocean, have reported
carboxylic-rich alicyclic molecules containing lignin-like OM are the most
dominant OM (40-65 %) (Chen et al., 2014; Kellerman et al., 2018;
Schmidt et al., 2017). In addition, OMs are released directly from surface
seawater to the atmosphere through bubble bursting (Brooks and
Thornton, 2018; O'Dowd and De Leeuw, 2007; Schmitt-Kopplin et al.,
2012), and in particular, lignin-like OM can be released more than other
OM types owing to its higher hydrophobicity. Considering that the ocean
accounts for 70 % of the Earth's surface, the amount and effect of lignin-
like OM in the ocean on the atmosphere should not be ignored. Addition-
ally, lignin in aerosol has been shown to produce colored organic species
by reacting with OH radicals in a model study (Hoffer et al., 2004). These
species play an important role in the atmospheric absorption of solar radia-
tion because they have a stronger absorption capacity in the lower range
than UV (Hoffer et al., 2004). In this study, we provided significant results
on ocean-atmosphere interactions by latitude through ratios of chemical
characteristics, not quantitative results. Accordingly, more research is re-
quired to determine the amount of lignin-like OM transported from the
ocean to the atmosphere and how it affects the atmosphere.

In Antarctic ocean, lipid-like organic aerosols are expected to decrease
by the sea ice OM properties in the case of the reduction of the Antarctic
sea ice area. Indeed, the Antarctic sea ice area has been declining since
2016, reaching its lowest point in 2022, which is equivalent to 30 years
of Arctic sea ice loss (Eayrs et al., 2021; Raphael and Handcock, 2022). Ac-
cordingly, in the future, it is hypothesized that the characteristics of OM in
aerosols in the Antarctic atmosphere may more accurately reflect the OM
characteristics of the ocean (i.e., lignin-like OM) than those of sea ice
(i.e., lipid-like OM). These changes in OM in aerosol characteristics can
play an important role in climate change on both regional and global scales.
Therefore, research should continue to explore the OM distribution in
oceans globally, including the Arctic and Antarctic regions, where sea ice
exists, as well as to understand the impact on OM in aerosols.
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