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Organic matter is crucial in aerosoleclimate interactions, yet the physicochemical properties and origins
of organic aerosols remain poorly understood. Here we show the seasonal characteristics of submicron
organic aerosols in Arctic Svalbard during spring and summer, emphasizing their connection to transport
patterns and particle size distribution. Microbial-derived organic matter (MOM) and terrestrial-derived
organic matter (TOM) accounted for over 90% of the total organic mass in Arctic aerosols during these
seasons, comprising carbohydrate/protein-like and lignin/tannin-like compounds, respectively. In spring,
aerosols showed high TOM and low MOM intensities due to biomass-burning influx in the central Arctic.
In contrast, summer exhibited elevated MOM intensity, attributed to the shift in predominant atmo-
spheric transport from the central Arctic to the biologically active Greenland Sea. MOM and TOM were
associated with Aitken mode particles (<100 nm diameter) and accumulation mode particles (>100 nm
diameter), respectively. This association is linked to the molecular size of biomolecules, impacting the
number concentrations of corresponding aerosol classes. These findings highlight the importance of
considering seasonal atmospheric transport patterns and organic source-dependent particle size dis-
tributions in assessing aerosol properties in the changing Arctic.
© 2024 The Authors. Published by Elsevier B.V. on behalf of Chinese Society for Environmental Sciences,
Harbin Institute of Technology, Chinese Research Academy of Environmental Sciences. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Organic aerosols (OAs) are crucial in regulating Earth's climate
by influencing aerosol direct and indirect radiative forcing [1]. In
the Arctic atmosphere, both anthropogenic and natural sources
significantly contribute to the annual OA mass, with their relative
contributions varying seasonally [2]. During the winter and early
spring months (December to March), known as the Arctic haze
season, OAs primarily originate from snow-covered icy areas [3],
sea spray [4e6], and particles transported from distant
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anthropogenic sources [7]. Consequently, OAs during this period
are highly oxygenated, containing significant fractions of alkane,
carboxylic acid, and organosulfate functional groups [7e9]. In
contrast, during summer, OAs in the Arctic atmosphere primarily
stem from marine and terrestrial biogenic sources due to
temperature-dependent biological activity and reduced Arctic haze
effects [10,11]. This biologically productive season experiences
contributions from primary and secondary aerosol sources,
including biomolecules and volatile organic compounds such as
dimethyl sulfide, isoprene, ammonia, and amines [12e17]. Notably,
summertime OAs are characterized by a predominant fraction of
hydroxyl groups [18], contributing to their high hygroscopic growth
[19,20].

The aerosol size distribution in the remote Arctic exhibits pro-
nounced seasonal variations, with primary and secondary aerosol
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Abbreviations

OAs Organic aerosols
MOM Microbial-derived organic matter
TOM Terrestrial-derived organic matter
FT-ICR MS Fourier-transform ion cyclotron resonance mass

spectrometry
CHO Compounds containing carbon, hydrogen, and

oxygen
CHON Compounds containing carbon, hydrogen, oxygen,

and nitrogen
CHOS Compounds containing carbon, hydrogen, oxygen,

and sulfur
CHONS Compounds containing carbon, hydrogen, oxygen,

nitrogen, and sulfur
AI Aromaticity index
DBE Double bond equivalent
SMPS Scanning mobility particle sizer
AMF Air-mass frequency
CWT Concentration weighted trajectory
SIC Sea-ice concentration
PIZ Packed ice zone
MIZ Marginal ice zone
PAH Polycyclic aromatic hydrocarbon
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sources changing accordingly [21e24]. During winter and early
spring, accumulation mode particles (>100 nm in diameter)
dominate aerosol size distributions due to stable atmospheric
conditions that favor the accumulation of fine aerosol precursors
such as anthropogenic sulfate and black carbon [25,26]. As summer
approaches, the prevalence of ultrafine particles (nucleation and
Aitken mode particles; <100 nm in diameter) increases exponen-
tially with heightened biological activity [10,27e29], accompanied
by enhanced wet removal of larger particles [30,31].

The seasonal variations in aerosol chemical composition and
size play a significant role in shaping the optical and hygroscopic
properties of aerosols, ultimately impacting the climate system
[32,33]. Despite their importance, our current understanding of
seasonal variations in the molecular-level characteristics of
airborne particles and their correlations with aerosol size distri-
bution remains insufficient to fully comprehend their climate
impact [34].

Analyzing specific biomarker compounds can help estimate the
origin of airborne particles in pristine environments [35]. For
example, multi-year studies of methanesulfonic acid have shown a
strong correlation between marine biota and aerosol particles over
the Arctic and Antarctic bloom periods [36e38]. Additionally, tar-
geted analyses of polycyclic aromatic hydrocarbons and black carbon
have been used to assess the contribution of fossil fuel combustion
to the Arctic aerosol burden [25,39]. Recently, long-term observa-
tions of airborne levoglucosan have highlighted the warming-
induced increase in biomass burning and its impact on radiative
forcing in the Arctic environment [40]. However, airborne organic
substances are composed of hundreds to thousands of molecules,
making targeted analysis of airborne particles limited in assessing
the overall chemical properties due to the complex nature of aerosol
emission and transport processes [41]. Thus, a more comprehensive
characterization of airborne particles using advanced analytical tools
is necessary to overcome these limitations [42].

In this study, we aimed to examine the molecular-level char-
acteristics of Arctic fine aerosols collected at Svalbard during
AprileAugust 2017. We employed non-target screening with
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ultrahigh-resolution 15 T Fourier-transform ion cyclotron reso-
nance mass spectrometry (FT-ICR MS) for a detailed molecular
analysis of OAs. Such non-target screening allows for profiling
processes affecting the organic characteristics of airborne particles
in a pristine marine environment [43,44]. Using FT-ICR MS results,
we investigated the organic composition of Arctic aerosols con-
cerning seasonal atmospheric transport patterns and their associ-
ation with aerosol size distribution. Our findings could offer
valuable insights into the complex nature of Arctic OAs, providing
crucial information for understanding future aerosoleclimate
interactions.

2. Materials and methods

2.1. Aerosol measurements

We investigated the chemical properties of Arctic aerosols by
analyzing fine aerosols (PM2.5; particles with an aerodynamic
equivalent diameter of <2.5 mm) collected at the rooftop of Gru-
vebadet Observatory, situated in Arctic Svalbard (78.5� N, 11.8� E,
~50 m above sea level; Fig. 1a), from April to August 2017. PM2.5

particles were collected on a pre-baked quartz filter
(203 � 254 mm; manufacturer-specified collection
efficiency ¼ 99.99%) using a high-volume air sampler (HV-RW,
Sibata Scientific Technology, Inc.) equipped with a PM2.5 impactor.
PM2.5 collections were performed at three-day intervals at a flow
rate of 1000 L min�1 under ambient weather conditions, resulting
in a total air volume of approximately 4320 m3 per sample. A new
round of PM2.5 collection was initiated within an hour after the
completion of the previous one, following the filter change process.
A total of 52 samples were collected during the observation period.
Each PM2.5 sample was immediately stored at �20 �C to prevent
chemical transformation of the collected particulate matter.

We overlapped a quarter of each sample in pairs following
chronological order for molecular analysis. Organics were then
extracted using 20 mL of methanol in a sonication bath for 1 h at
room temperature to minimize thermal degradation of the organic
matters. Sonication is commonly used to maximize the extraction
efficiency for PM from filters, with extraction efficiencies for
organic matter typically ranging from 60% to 90% [45,46]. Insoluble
materials, such as quartz filter debris, were removed by filtering the
methanolic extracts through a 0.45-mm polytetrafluoroethylene
syringe filter and dried under a gentle nitrogen stream. The dried
filtrates were dissolved in 50% aqueous methanol with 7% ammo-
nium hydroxide for FT-ICR MS analysis in negative ion mode [47].
Such drying and reconstituting procedures were performed to
uniformly concentrate the eluates [48,49]. The concentrated
methanolic extracts were directly injected into the mass spec-
trometer at a flow rate of 2 mL min�1 using a highly precise syringe
pump. We utilized a 15 T FT-ICR MS (SolariX XR™ System, Bruker
Daltonics, Billerica, MA, USA), equipped with a standard electro-
spray ionization interface, to obtain ultrahigh-resolution mass
spectra (mass-to-charge values ranging from 150 to 1000) of the
extracted organics for each sample. Molecular formulas were
retrieved from the dataset acquired using Bruker Compass Data-
Analysis 4.2 and Sierra Analytics Composer software. Before
analyzing the samples, the instrument was calibrated using an
arginine solution (10 mg mL�1 in methanol). Molecular structures
with assignment errors >0.3 ppm and those from the extract of a
blank filter were excluded to minimize analytical errors.

Assigned molecular structures were categorized into four sub-
groups based on their elemental composition: compounds con-
taining carbon, hydrogen, and oxygen (CHO); compounds
containing carbon, hydrogen, oxygen, and nitrogen (CHON); com-
pounds containing carbon, hydrogen, oxygen, and sulfur (CHOS);



Fig. 1. a, Map indicating the location of Svalbard (white star symbol; 78.5� N, 11.8� E) and surrounding chlorophyll-a concentration from the MODIS-Aqua sensor in June 2017. bec,
Temporal variations in elemental (b) and biomolecular (c) compositions of Arctic aerosols derived from 15 T FT-ICR MS analysis during the observation period. d, aerosol size
distributions within the range of 10e400 nm in diameter estimated from SMPS during the observation period. CHO: compounds containing carbon, hydrogen, and oxygen; CHON:
compounds containing carbon, hydrogen, oxygen, and nitrogen; CHOS: compounds containing carbon, hydrogen, oxygen, and sulfur; CHONS; compounds containing carbon,
hydrogen, oxygen, nitrogen, and sulfur.
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and compounds containing carbon, hydrogen, oxygen, nitrogen,
and sulfur (CHONS). Each identified molecular structure was
further categorized into one of seven groups, including lignins,
tannins, carbohydrates, proteins, lipids, unsaturated hydrocarbons,
and condensed aromatic-like compounds, using predefined
chemical metrics as illustrated in the van Krevelen diagram (Fig. 1b
and c; Supplementary Material Fig. S1). In this study, the intensity
of assigned molecules, indicating the signal strength of assigned
molecules derived from FT-ICR MS analysis, was used to quantita-
tively analyze biomolecules in each PM2.5 sample [43,50e52].
Additionally, we calculated the aromaticity index (AI) and double
bond equivalent (DBE) for each biomolecule to interpret its
chemical structure [53,54]. More comprehensive analytical
methods for 15 T FT-ICR MS, encompassing data processing and
molecular assignments, have been described in previous studies
[43,47,55].

A 47-mm diameter punched disk filter was sonicated in Milli-Q
water for 1 h to extract major soluble ions in the sampled aerosol.
Ion chromatography (Dionex AQUION with a CS12A IonPac column
for cations and Dionex ICS-1100 with an AS19 column for anions,
Thermo Fisher Scientific, Inc.) was used to determine the mass
concentrations of the analytes. As a tracer of biomass burning, the
mass concentrations of non-sea salt potassium (nss-Kþ) were
calculated using the following equation: [nss-
Kþ] ¼ [Kþ]total � 0.037 � [Naþ], where 0.037 is the mass ratio of Kþ

to Naþ in seawater [56].
Aerosol particle size distribution (within the range of

10e487 nm in mobility equivalent diameter) was measured at the
Gruvebadet Observatory in Arctic Svalbard during AprileAugust
2017, using a scanning mobility particle sizer (SMPS; TSI SMPS
3034). Each scan over the particle size range took 10 min, and we
used 1-h averages in this study. As reported in previous studies, the
measurement accuracy for sizing and counting with the SMPS was
within ±10% [57,58]. The number concentrations of Aitken
(25e100 nm diameter) and accumulation (100e400 nm diameter)
mode particles were obtained from the SMPS datasets (Fig. 1d).
3

2.2. Trajectory outputs

Five-day air-mass back trajectories were generated using the
HYbrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT)
model for AprileAugust 2017. Meteorological fields with a resolu-
tion of 0.5� � 0.5� were obtained from the global data assimilation
system archive [59]. Meteorological data, such as ambient tem-
perature, rainfall rate, and air-mass transport speed, were obtained
over five-day air-mass transport pathways and averaged for each
PM2.5 sampling period. During the transition from spring to sum-
mer, both ambient temperature (from �13.8 ± 3.9 to 0.7 ± 2.5 �C)
and rainfall rate (from 0.012 ± 0.008 to 0.022 ± 0.015 mm h�1)
increased significantly, while the seasonal difference in air-mass
transport speed (from 18.1 ± 4.0 to 18.0 ± 4.7 km h�1) was com-
parable (Supplementary Material Fig. S2). In addition, cluster
analysis of the 5-day air-mass back trajectories was performed to
identify major air-mass transport pathways during the observation
period. The optimal number of clusters was determined based on
changes in total spatial variations [59].

To identify major seasonal atmospheric transport patterns, we
calculated the air-mass frequency (AMF) by summing the number
of hourly endpoints in each grid cell and dividing it by the total
number of hourly endpoints. Grid areas with an AMF exceeding 5%
were designated as major seasonal atmospheric transport path-
ways. A concentration weighted trajectory (CWT) analysis was
performed using the intensity of biomolecules assigned from the
15 T FT-ICR MS analysis. This analysis aimed to identify potential
source regions and assess source intensity around Svalbard. CWT
values in the i-, j-th grid cell (CWTi,j) were calculated using the
following equation [60]:

CWTi;j ¼

Pn
k¼1

Ckti;j;k
Pn

k¼1ti;j;k

where n is the total number of backward trajectories; Ck is the total
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intensity of the biomolecules measured at the starting time of
trajectory k; and ti,j,k is the hourly endpoint number of trajectory k
in the i-, j-th grid cell.

To minimize the analytical biases in the CWT analysis for the
grid cells with an extremely low number of hourly endpoints,
CWTi,j was multiplied by an arbitrary weight function in the i-, j-th
grid cell (Wi,j), as defined by Dimitriou et al. [61]. This can be
expressed as follows:

Wi;j ¼

8>>><
>>>:

1:0
�
3:0nave � ni;j

�
0:7

�
1:5nave � ni;j <3:0nave

�
0:4

�
nave � ni;j <1:5nave

�
0:2

�
ni;j <nave
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where nave is the mean number of hourly endpoints for the entire
grid cells, and ni,j is the number of hourly endpoints in i-, j-th grid
cell. In this study, the major atmospheric transport patterns and
source regions of the biomolecules were defined by the regions
with the AMFs and CWT values of biomolecules above the third
quartile, respectively.
2.3. Satellite-based outputs

We utilized daily sea-ice concentration (SIC) data from the Na-
tional Snow and Ice Data Center to delineate geographical features
in the vicinity of the Arctic Svalbard, including ocean (SIC <15%),
marginal ice zone (15% � SIC <80%), packed ice zone (SIC �80%),
and land [62]. Monthly chlorophyll-a concentration data, obtained
from the Moderate Resolution Imaging Spectroradiometer on the
Aqua sensor (MODIS-Aqua), were used as a proxy for marine bio-
logical activity in the ocean surrounding the Arctic Svalbard
(Fig. 1a). SIC and chlorophyll-a concentrations were averaged for
the spring (AprileMay) and summer (JuneeAugust) of 2017 and re-
gridded to a resolution of 0.5� to match the spatial resolution of the
trajectory outputs.
3. Results and discussion

3.1. Seasonal characteristics of Arctic OAs

Throughout the observation period, significant variations in the
chemical compositions of Arctic aerosols were observed between
spring (AprileMay) and summer (JuneeAugust) (Fig. 1b and c).
During summer, the total number and intensity of assigned mole-
cules increased by 40% and 70%, respectively, compared to spring
(Fig. 2a and b). In spring, CHO compounds were predominant,
making up 39% of the total intensity. In contrast, CHON compounds
became dominant during summer, contributing 39% of the total
intensity (Fig. 2c).

The intensities of CHO and CHON compounds exhibited strong
correlations with lignin/tannin-like compounds (r¼ 0.96, p < 0.001,
and n ¼ 26 and r ¼ 0.92, p < 0.001, and n ¼ 26, respectively) and
carbohydrate/protein-like compounds (r ¼ 0.86, p < 0.001, and
n ¼ 26 and r ¼ 0.77, p < 0.001, and n ¼ 26, respectively)
(Supplementary Material Fig. S3). Lignin, tannin, carbohydrate, and
protein-like compounds were identified as key biomolecules,
contributing to more than 90% of the total assigned organic content
of Arctic aerosols (Fig. 2b). Lignin/tannin-like compounds are pri-
marily derived from terrestrial plants (terrestrial-derived organic
matter, TOM), while carbohydrate/protein-like compounds are
predominantly associated with microbial processes (microbial-
derived organic matter, MOM) [63,64].

During summer, the intensity of MOM (i.e., levels of
carbohydrate/protein-like compounds) more than doubled
4

compared to that in spring, whereas TOM (i.e., lignin/tannin-like
compounds) showed no significant seasonal variation (Fig. 2a and
b). Other biomolecules, such as lipids, unsaturated hydrocarbons,
and condensed aromatic-like compounds, constituted minor
organic components (<10% contribution) in Arctic aerosols during
both spring and summer (Fig. 2a and b). The intensities of these
minor components decreased from spring to summer by 29%, 32%,
and 46%, respectively (Fig. 2b).

Notably, the intensities of unsaturated hydrocarbons and
condensed aromatic-like compounds were positively correlated
with the intensity of the remainder group, which could not be
classified into any of the four elemental classes (r ¼ 0.88, p < 0.001,
and n ¼ 26 and r ¼ 0.63, p < 0.001, and n ¼ 26, respectively)
(SupplementaryMaterial Fig. S3). Previous studies conducted at the
same location in 2015 suggested that this remainder group was
closely associatedwith anthropogenic sources, such as black carbon
[43]. Therefore, reducing these organics during summer may
weaken localized and long-range transported anthropogenic inputs
from spring to summer.

3.2. Source region-dependent biomolecular compositions of Arctic
aerosols

The Svalbard Archipelago, situated in the pan-Arctic region,
undergoes dynamic seasonal changes in air-mass transport pat-
terns throughout the year [65,66]. To elucidate the sourceereceptor
relationships of key biomolecules (i.e., TOM and MOM), we
employed the AMFand CWTmodel based on five-day air-mass back
trajectories. As depicted in Fig. 3a, significant seasonal differences
were observed in the major atmospheric transport pathway (areas
with AMF >5%) during spring and summer, aligning with annual
climatological patterns (Supplementary Material Fig. S4). In spring,
air masses primarily originated from the central Arctic, predomi-
nantly comprising the consolidated packed ice zone (PIZ) (72% PIZ,
12% marginal ice zone (MIZ), 10% ocean, and 6% land). Conversely,
during summer, increased intrusion of air masses originating from
the Greenland Sea led to a notable increase in advection over the
ocean (45%) andMIZ (34%) compared to that during spring (Fig. 3a).
This phenomenon is primarily attributed to the atmospheric pres-
sure field around the Svalbard Archipelago, particularly the
increased intrusion of southern air masses during summer. This is
due to the frequent development of anticyclones around the
eastern part of Svalbard, accompanied by the Icelandic low [67].

As the major atmospheric transport pathways shifted from PIZ
in spring to ocean and MIZ in summer, the mean chlorophyll-a
concentration during summer (0.58 ± 0.51 mg m�3) over the major
atmospheric transport pathwaywas over six times higher than that
in spring (0.09 ± 0.29 mg m�3) (Fig. 3b; Supplementary Material
Fig. S5). Dissolved organic matter in the Arctic Ocean typically in-
creases during summer due to the reduction of ice-covered areas
and activation of marine biological processes [68]. This results in a
significant fraction of biogenic organics in the sea surface micro-
layer, thereby affecting submicron aerosols in the Arctic atmo-
sphere [11,69,70]. The observed increase in MOM contents in Arctic
aerosols during summer could be attributed to rising sea spray
emissions enriched with organic matter in biologically active
source regions. Consequently, the summertime shift of atmospheric
transport patterns into biologically active source regions could lead
to a synergistic enhancement of MOM contents in the fine aerosols
of the Arctic. Otherwise, along the major atmospheric transport
pathways based on 5-day air-mass back trajectories, direct terres-
trial organic sources were lacking during spring and summer
(Fig. 3a). Consequently, external inputs of TOM could significantly
influence these periods. Typically, TOM contents in Arctic aerosols
peak during winter due to increased biomass-burning emissions



Fig. 2. aeb, The total number (a) and total intensity (b) of the Arctic aerosols during the spring and summer. c, The relative intensity of assigned element classes (i.e., CHO, CHON,
CHOS, CHONS, and remainder) and molecular compositions (i.e., lignins, tannins, carbohydrates, proteins, lipids, condensed aromatics, and unsaturated hydrocarbon-like com-
pounds) of the Arctic aerosols during the spring and summer. The error bar represents one standard deviation from the mean value. CHO: compounds containing carbon, hydrogen,
and oxygen; CHON: compounds containing carbon, hydrogen, oxygen, and nitrogen; CHOS: compounds containing carbon, hydrogen, oxygen, and sulfur; CHONS; compounds
containing carbon, hydrogen, oxygen, nitrogen, and sulfur.
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[11,71,72]. These biomass-burning aerosols are readily deposited on
the Arctic surface via atmospheric transport, as evidenced by high
seasonal TOM and polycyclic aromatic hydrocarbon (PAH) con-
centrations in winter snow reported by Grannas et al. [73] and
Vecchiato et al. [74], respectively. Therefore, elevated TOM levels in
Arctic aerosols during spring may originate from blowing snow
accumulated through snow deposition over the PIZ and from long-
range transport across the central Arctic. Additionally, nss-Kþ, a
prominent tracer compound from biomass burning, exhibited a
significant correlation with TOM intensity (r ¼ 0.83, p < 0.01, and
n ¼ 9) during this period, suggesting a biomass-burning origin for
springtime TOM (Supplementary Material Fig. S6a). Comparable
TOM concentrations were observed in Arctic aerosols during
summer (Fig. 2), coinciding with air masses originating from the
ocean and MIZ (Fig. 3a). However, the tight correlation between
TOM and nss-Kþ was not evident during summer (r¼ 0.47, p¼ 0.10,
and n ¼ 14) (Supplementary Material Fig. S6b). Previous studies
indicate that soil organic matter transported via river discharge is a
major contributor to Arctic Ocean organic matter during summer
[43,75e78]. Hence, the lack of correlation betweenTOM and nss-Kþ

in summer could be attributed to substantial TOM input from
terrestrial sources and its subsequent release into the Arctic Ocean
through river discharge. The CWT algorithm is a valuable
sourceereceptor model for tracking the intensities of target com-
pounds near observation sites [11,23,61]. Consistent spatial distri-
butions of CWT values for different target compounds suggest their
origin from identical source regions [61]. During the
springesummer period, the CWT values for MOM (MOMCWT) and
TOM (TOMCWT) portrayed a positive correlation with each other
(r ¼ 0.79, p < 0.001) (Fig. 4), indicating the direct release of both
organics into the Arctic atmosphere from common source regions
via primary processes (e.g., bubble bursting and blowing snow).

Overall, these results imply that seasonal variations in the
5

organic characteristics of submicron aerosols collected at Arctic
Svalbard are intricately linked to changes in atmospheric transport
patterns. During spring, predominant air masses originating from
the central Arctic, enriched with biomass-burning sources, yield
high levels of TOM but low MOM contents in Arctic OAs.
Conversely, in summer, the shift of air-mass source regions
toward biologically active areas, such as the ocean and MIZ, results
in high MOM and TOM contents in Arctic OAs. These components
originate from marine biological processes and river discharge,
respectively. Such dynamics can also influence the seasonal shifts
typically observed in aerosol inorganic compositions in the
Arctic atmosphere, characterized by anthropogenic sources (i.e.,
anthropogenic-SO4

2e, NOx, inorganic halogens, and trace metals)
during spring and biogenic sources (i.e., biogenic-SO4

2e and NH4
þ,

iodic acid) during summer [11,23]. These findings align with the
conclusions of Pernov et al. [79], who suggested that changing at-
mospheric transport patterns significantly impact the type of
aerosols in the Arctic atmosphere and highlight the significance of
considering seasonal atmospheric transport patterns and associ-
ated source regions in identifying molecular characteristics of
Arctic OAs.
3.3. Association of biomolecules with aerosol size distributions

Biomolecules exhibit various molecular sizes due to their
diverse structures and three-dimensional conformations. Proteins
and carbohydrates (i.e., MOM), composed of smaller building
blocks like amino acids and monosaccharides, typically range from
1 to 100 nm in diameter [80]. This size range is attributed to their
diverse physiological functions, serving as catalytic enzymes, hor-
mones, signaling molecules, and energy sources. These multifac-
eted roles necessitate specific and compact chemical structures
tailored to their functions [81]. In contrast, lignin and tannin (i.e.,



Fig. 3. a, Map portraying air-mass frequency (AMF) overlain with the three main clusters of the five-day air-mass back trajectory (red arrow line) during the spring and summer in
2017. Pie charts indicate geographical information, including the ocean (blue), marginal ice zone (red), packed ice zone (yellow), and land (purple), along the major atmospheric
transport pathway (area with AMF >5 %). b, Map portraying chlorophyll-a concentrations during the spring and summer of 2017; the shaded area represents the areas with AMF
>5 %.

Fig. 4. aeb, Maps portraying the concentration weighted trajectory (CWT) values for the total intensity of terrestrial-derived organic matter (TOMCWT; lignin and tannin, a) and
microbial-derived organic matter (MOMCWT; carbohydrate and protein, b) during the observation period. c, The relationship between the TOMCWT and MOMCWT during the period.
The solid line indicates the best fit.
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TOM), complex phenolic compounds, have larger molecular sizes
exceeding 100 nm in diameter [82,83]. This is due to their highly
branched and polymerized chemical structures, which provide
structural support, rigidity, and protection to plant cell walls [84].
Our study observed higher values of AI (indicating the degree of
aromaticity) and DBE (representing the number of double and tri-
ple bonds) for TOM (0.003e0.060 and 6.69e8.63, respectively) than
those for MOM (0 and 3.2e4.0, respectively) (Supplementary
Material Fig. S7). These characteristics of biomolecules may
significantly influence aerosol particle size distribution.

To investigate the relationship between each biomolecule group
and aerosol size distribution, we compared MOM and TOM in-
tensities with the number concentration of Aitken (CNAitken;
25e100 nm in diameter) and accumulation (CNAccum; 100e400 nm
in diameter) mode particles. MOM intensity exhibited a strong
correlation with Aitken mode particles (r ¼ 0.68, p < 0.01, and
n¼ 26) (Fig. 5a), underscoring the importance of microbial organics
from marine biota as a crucial source of particles smaller than
100 nm. Moreover, a close correlation was observed between TOM
and accumulation mode particles (r ¼ 0.61, p < 0.01, and n ¼ 20)
(Fig. 5b), indicating terrestrial organics as a predominant source of
larger particles. The analysis excluded periods with rainfall rates
exceeding 0.03 mm h�1 along the air-mass transport pathway, as
rainfall significantly influences aerosol size distribution via scav-
enging (i.e., wet deposition) (Fig. 5b). To better understand the
Fig. 5. a, Relationship between the total intensity of microbial-derived organic matter (M
mode particles (CNAitken; 25e100 nm in diameter). b, Relationship between the total intens
number concentration of accumulation mode particles (CNAccum; 100e400 nm in diameter).
air-mass transport pathway), presumably affected by wet deposition. In the regression plo
between particle number concentration (PNC) within the range of 25e400 nm with the inte
strongly correlated with the MOM and TOM intensities.
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linkage between key biomolecules and aerosol particle size distri-
bution, we estimated the relationship between particle size-
resolved number concentration in the 25e400 nm range and
MOM and TOM intensities (Fig. 5c and d). Importantly, MOM
exhibited a strong correlation with aerosol particles within the
range of 32.3e71.8 nm in diameter (peak diameter ¼ 54.2 nm;
r ¼ 0.72) (Fig. 5c). In contrast, MOM did not exhibit a statistically
significant correlation with accumulation mode particles.
Conversely, TOM displayed a robust correlation with smaller
accumulation mode particles within the diameter range of
119.4e184.6 nm (peak diameter ¼ 148.6 nm; r ¼ 0.70), whereas no
statistically significant correlation was observed with Aitken mode
particles (Fig. 5d). To reinforce this discovery, we conducted a
comparison between aerosol particle size distribution and the
values of DBE and AI for all identified biomolecules. Notably, a
robust correlation emerged between DBE values and smaller
accumulation mode particles within the diameter range of
132.7e202.9 nm (peak diameter ¼ 160.5 nm; r ¼ 0.69)
(Supplementary Material Fig. S8a). Considering the significant
correlation observed between aerosol particle size distribution,
TOM intensity, and DBE value within an overlapping particle size
range (Fig. 5d; Supplementary Material Fig. S8a), it is plausible that
TOM comprises a substantial number of pi-bonds and rings in its
molecular structure. Consequently, this could form relatively larger
aerosol particles than those associated with MOM. Furthermore, AI
OM; carbohydrate and protein-like compounds) and number concentration of Aitken
ity of terrestrial-derived organic matter (TOM; lignin and tannin-like compounds) and
Unfilled gray circles indicate the cases with high rainfall rates >0.03 mm h�1 (along the
ts, the solid lines indicate the best fit. ced, The size-resolved correlation coefficients
nsity of MOM (c) and TOM (d). The shaded areas highlight the particle diameter range
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values demonstrated an increasing correlation with larger accu-
mulation mode particles (Supplementary Material Fig. S8b), sug-
gesting that biomolecules exhibiting higher AI values may be more
closely associated with larger aerosol particles. However, this study
did not explore the relationship between AI values and particles
larger than 400 nm. These findings underscore the distinct influ-
ence of molecular structure-dependent sizes of MOM and TOM on
aerosol size distribution, withMOMpredominantly associatedwith
Aitken mode particles and TOMwith accumulation mode particles.
Consequently, during summer, the number concentration of Aitken
mode particles was two-fold greater than during spring, whereas
the difference in the accumulation mode particle concentration
was comparable, reflecting a parallel seasonal trend observed for
TOM and MOM (Supplementary Material Fig. S9).

In the pristine Arctic atmosphere, Aitken mode particles
constitute a significant portion of particle number concentration
and play a critical role in cloud condensation nuclei activation,
thereby influencing radiative forcing [14,32,85,86]. The dominant
source of Aitken mode particles in the Arctic atmosphere is the
formation of new particles with diameters <10 nm via gas-to-
particle conversion [29,68,87,88]. The robust correlation between
MOM and particles <100 nm suggests that protein and carbohy-
drate compounds produced via marine biogenic primary sources
may significantly influence the formation of climate-relevant
Aitken mode particles. This influence is evident in their ability to
elucidate ~50% of the variance in the number concentration of
Aitkenmode particles during spring to summer (Fig. 5a), coinciding
with drastic changes in atmospheric transport patterns and bio-
logical activity affecting aerosol physiochemical properties. These
findings underscore the significance of seasonal characteristics of
Arctic OAs in understanding aerosol size distribution in the region.

4. Conclusions

With the ongoing Arctic warming [89], the counteracting effects
of biogenic OAs have garnered significant attention in recent de-
cades. Numerous studies have endeavored to elucidate the poten-
tial anthropogenic and biogenic organic sources, their seasonal
transitions, and their impact on the chemical properties of Arctic
OAs [9,11,69,90,91]. Recently, a limited number of field observations
have delved into the molecular composition of aerosol particles in
the Arctic and Antarctic atmosphere utilizing high-resolution mass
spectrometry. These investigations have unveiled hundreds to
thousands of individual aerosol constituents in pristine marine
environments [43,44]. However, studies examining
aerosoleclimate interactions, particularly those analyzing the bio-
molecular characteristics of Arctic OAs and their correlations with
aerosol size distribution, are limited. In this study, we demonstrate
that the molecular characteristics of biomolecules, depending on
their origin, are directly linked to the size distribution of aerosol
particles. Specifically, MOM and TOM closely connect with Aitken
and accumulation mode particles, respectively. Furthermore, our
findings emphasize the significant impact of seasonal atmospheric
transport patterns on the biomolecular composition of Arctic OAs.
These findings were facilitated by combining seasonal variations of
non-target screening molecular complex analysis results with size
number distribution datasets and various satellite estimates.

In recent decades, warming-induced sea-ice decline has
precipitated substantial concurrent changes in both marine and
terrestrial ecosystems, including drastic decadal increases in bio-
logical activity in the Arctic Ocean and the greening of the Arctic
tundra [92e95]. Collectively, the ongoing increase in riverine input
and wind-wave extremes in the Arctic Ocean [96,97], along with
the frequent intrusion of warm and moist air masses from Eastern
Europe into the Arctic Ocean [98,99], potentially contribute to the
8

augmentation of atmospheric MOM and TOM levels, thereby
significantly impacting the abundance of Arctic aerosols measuring
tens to hundreds of nanometers in diameter. Therefore, it is crucial
to understand future changes in atmospheric transport patterns
and the source region-dependent compositions and intensities of
OA precursors to accurately assess future aerosoleclimate in-
teractions in the Arctic atmosphere. However, this study did not
address the influence of secondary aerosol formation processes and
the effects of chemical transformations on aerosol size distribution
owing to limited field measurements of atmospheric aerosol pre-
cursors such as sulfuric and iodic acids, ammonia, and amines. For a
more comprehensive understanding of aerosoleclimate in-
teractions in the Arctic, unified monitoring of the physicochemical
properties of aerosols and various precursor compounds must be
conducted in areas vulnerable to climate change.
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