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H I G H L I G H T S

• Biogenic organic aerosols in Antarctica
were studied with observations and
modeling.

• Seasonality of molecular markers for
fungal spores and biogenic SOA were
analyzed.

• Sugar alcohols and biogenic SOA tracers
weremore abundant in summer than in
winter.

• Concentrations of biogenic SOA were
higher in East Antarctica than West
Antarctica.

• Marine emissions impact on biogenic
organic aerosols in Antarctica.
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Biogenic organic aerosols are important components of atmospheric organic aerosols and play vital roles in atmo-
spheric chemistry, global climate, and biogeochemical cycles of carbon. However, studies on biogenic organic
aerosols in the vast regions of the Southern Ocean and over the coastal waters of the Antarctic, especially Antarc-
tic Peninsula, are still extremely limited. To understand the concentrations, molecular composition and season-
ality of biogenic organic aerosols in Antarctica, atmospheric aerosols were collected at the Palmer Station on
the west Antarctic Peninsula experiencing dramatic climate warming. Molecular marker compounds of fungal
spores and secondary organic aerosols formed from the photooxidation of isoprene and monoterpene were an-
alyzed using gas chromatography/mass spectrometry. Concentrations of sugar alcohols and biogenic SOA tracers
both presented seasonal patterns with higher average concentrations in summer (90.7 and 122 pgm−3) than in
winter (8.88 and 57.2 pgm−3). Sugar alcohols and biogenic SOA tracerswere predominated bymannitol and iso-
prene oxidation products. Relative contributions of fungal-spore organic carbon (OC), isoprene-derived second-
ary OC (SOC) andmonoterpene-derived SOC estimatedwith tracer-basedmethods were 26.2%, 55.6% and 18.2%,
respectively. The observed seasonality of total biogenic SOA and some molecular species at the Antarctic Penin-
sulawas further supported by the results from the globalmodel CESM/IMPACT.Model results also suggest higher
biogenic SOA in East Antarctica than that inWest Antarctica, which is attributed to the influence of vertical atmo-
spheric circulation. Our results of air-mass trajectory indicate the potential influence of marine emissions on the
biogenic organic aerosols over the Antarctic Peninsula.
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1. Introduction

Organic aerosols accounting for 20–90% of ambient aerosols are
present throughout the troposphere and of significant influences on at-
mospheric chemistry, global climate, and biogeochemical cycles of car-
bon (Kanakidou et al., 2005; de Gouw and Jimenez, 2009; Jimenez et al.,
2009; Zhu and Penner, 2019). Biogenic organic aerosols, including bio-
genic primary organic aerosols (POA) and secondary organic aerosols
(SOA), are important components of the total organic aerosols in the
ambient air. In general, biogenic POA include fungal spores, bacterial, vi-
ruses, microbial fragments, pollens and plant debris and are ubiquitous
particles directly emitted from the biosphere to the atmosphere
(Perrino and Marcovecchio, 2016; Amato et al., 2017; Wéry et al.,
2017; Zhai et al., 2018; Hu et al., 2020). Previous studies reported that
biogenic POA may exert significant impacts on the total mass of
coarse-mode aerosols (Amato et al., 2017; Yue et al., 2017; Samaké
et al., 2019). Taking fungal spores as examples, they are abundant in
land and marine regimes and their global emission rates into the atmo-
sphere are estimated in the range of 8–186 Tg year−1 (Elbert et al.,
2007; Heald and Spracklen, 2009; Jacobson and Streets, 2009; Hoose
et al., 2010; Sesartic and Dallafior, 2011; Després et al., 2012).

Biogenic SOA, by contrast, are produced by the oxidation of biogenic
volatile organic compounds (BVOCs), and they are also major compo-
nents of ambient particulate matter (Hallquist et al., 2009; Tsigaridis
et al., 2014). On a global scale, the contribution of BVOCs to the biogenic
SOA production (9–910 TgC yr−1) is one order of magnitude greater
than that of anthropogenic VOCs (Tsigaridis et al., 2014). BVOCs, such
as isoprene, monoterpenes, sesquiterpenes, and oxygenated hydrocar-
bons, are major gaseous hydrocarbons in the atmosphere (Guenther
et al., 2006; Sindelarova et al., 2014). BVOCs can easily form extremely
low volatile to nonvolatile organics in the presence of atmospheric oxi-
dants, such as OH, O3 and NO3, which can nucleate to produce new par-
ticles, especially in pristine areas (Claeys et al., 2004; Pöschl et al., 2010;
Zhu and Penner, 2019). In addition to the terrestrial vegetations, the
phytoplankton and seaweeds at the sea surface also emit a certain
amount of isoprene, monoterpene and other BVOCs, which may be im-
portant precursors of biogenic SOA in themarine atmospheric boundary
layer (Broadgate et al., 1997; Arnold et al., 2009; Luo and Yu, 2010;
Shaw et al., 2010).

Because of the complex sources and composition of the emitted
BVOCs, the variation in ambient oxidation capacity, and the changing
meteorology, the molecular composition of biogenic organic aerosols
varies tremendously in the troposphere depending upon geographical
situations (de Gouw and Jimenez, 2009; Fu et al., 2009, 2011, 2014,
2016a, 2016b; Fröhlich-Nowoisky et al., 2012; Ding et al., 2014; Kang
et al., 2018). Such variations in biogenic organic aerosols certainly con-
tribute to the spatiotemporal diversity of climatic and health effects of
biogenic organic aerosols. Currently these important biogenic organic
aerosols are largely unexplored in the vast regions of the Southern
Ocean and over the coastal waters of the Antarctic (Shaw, 1988; Hu
et al., 2013; Barbaro et al., 2015; Jung et al., 2020). Particularly little in-
formation on biogenic organic aerosols is available for the Antarctic Pen-
insula, where dramatic climate changes have been occurringwith rising
temperature during the past half century (Vaughan et al., 2003; Cook
et al., 2016), affecting the regional ecosystems (Lee et al., 2017).

This study aims to investigate the abundances, molecular composi-
tion, and seasonality of biogenic organic aerosols over theAntarctic Pen-
insula through field aerosol measurements at the US Palmer Station,
Antarctica. We focus on the identification of sugar alcohols (arabitol
and mannitol, tracers for airborne fungal spores) and biogenic SOA
tracers derived from atmospheric oxidation of isoprene and monoter-
penes in the Antarctic atmosphere. We also evaluate the relative contri-
butions of each organic species to organic carbon (OC) in these aerosol
samples and characterize the seasonal distributions of biogenic SOA
over the Antarctic Peninsula and surrounding areas. These new results
fill in the data gap on biogenic organic aerosols in this region and

provide insights into the current status of marine aerosols potentially
impacted by regional warming.

2. Materials and methods

2.1. Aerosol sampling

Three field campaigns including one in austral winter (April–August
2016) and two in austral summer (December 2015–January 2016 and
December 2016–January 2017) were conducted at the Palmer Station
(Gao et al., 2020), located at 64.46° S, 64.03° W, on Anvers Island off
the Antarctica Peninsula (Fig. 1). In order to support aerosol sampling,
a 3.1 m high platform with surface working area of ~4.5 m2 was built
on a rocky hill (~20meter above sea level) between the station and gla-
ciers (approximately 300 m from the station center). Total suspended
particulate (TSP) samples were collected using a high-volume air sam-
pler Model TE-5170V (Tisch Environmental, Inc., Cleves, OH, USA)
with a flow rate of ~1m3min−1. Acid-washedWhatman grade 41 cellu-
lose filter papers (8″ × 10″) (Whatman, Kent, UK) were utilized as the
sampling media. The sampling durations were 3–12 days to obtain
enough materials for potential analysis. During sample collection, all
loading and unloading of the sample filters were conducted in a high-
efficiency particulate air (HEPA)-filtered laminar flow Class 100 clean-
room flow bench in a dedicated laboratory space at the Palmer Station,
and the same approach was applied to field blank collection. For this
study, a total of 7, 5 and 8 samples were collected during the 1st sum-
mer, the winter between two summers, and the 2nd summer, respec-
tively. To avoid contamination from the research station's operations
(such as ventilation from kitchen and possible local dust due to
human activities), a wind sector system (Campbell Scientific, Logan,
Utah, USA) was installed on the same platform and used to control the
sampler. Aerosol sampling was on only for the periods when the wind
direction was outside the sector ±60° from the direction of the station
from the sampling platform (270°) and wind speed was of >2 m s−1

that persisted for at least three continuous minutes. After sampling, fil-
ter samples were stored at −20 °C refrigerator in the Palmer lab and
shipped on dry-ice out from Antarctica. Brief sampling information
and major meteorological parameters are summarized in Table S1. Po-
tential originations and transport pathways of air masses arriving at
the Palmer Station during the sampling campaigns were characterized
by the five-day backward trajectories reaching 500 m on basis of the
HYSPLIT model (Stein et al., 2015). Backward trajectories were

Fig. 1. Location of the Palmer Station in Antarctica.
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calculated every hour using the Global Data Assimilation System
(GDAS) reanalysis meteorological dataset with a spatial resolution of
1° latitude × 1° longitude and temporal resolution of 6 h (available at:
ftp://arlftp.arlhq.noaa.gov/pub/archives/gdas1).

2.2. Organic species analysis

A portion (30 mm × 40 mm) of each filter sample was punched and
ultrasonically extracted three times with a 10-mL dichloromethane and
methanol mixture (2:1; v/v) for 10 min. A Pasteur pipet with quartz
wool packed in it was used to filter the solvent extracts. The filtered ex-
tracts were then concentrated by a rotary evaporator and dried with
pure nitrogen gas. Derivatization was performed when the extracts
were reacted with 30 μL of N,O-bis-(trimethylsilyl) trifluoroacetamide
(BSTFA) containing 1% trimethylsilyl chloride and 10 μL of pyridine at
70 °C for 3 h to convert the polar groups (e.g. OH and COOH) into
trimethylsilyl (TMS) ethers and esters. 20 μL of n-hexane with
1.43 ng μL−1 of C13 n-alkane internal standard was then added into
the derivatives to dilute them before injection into gas
chromatography–mass spectrometry (GC–MS).

Organic molecular compositions including sugar alcohols and bio-
genic SOA tracers, such as C5-alkene triols, pinic acid, and pinonic acid,
were analyzed on an Agilent 7890A GC coupled to a 5975C mass selec-
tive detector (MSD) (Zhu et al., 2015; Kang et al., 2018; Fan et al., 2020).
Separation was conducted on a fused silica capillary column (DB-5MS:
30 m × 0.25 mm i.d., 0.25 μm film thickness) according to the GC oven
temperature program from 50 °C (2 min) to 120 °C at 15 °C min−1,
and then to 300 °C at 5 °C min−1, with a final hold at 300 °C for
16 min. Helium was adopted as a carrier gas. The mass spectrometer
was conducted in electron ionization (EI) mode at 70 eV, scanning in
them/z range between 50 and 650 Da. Each target compoundwas iden-
tified by comparing the mass spectra with the authentic standard. Data
processing was performed with the ChemStation software. For quality
assurance and quality control, blank filters were treated as real samples
to check the quality of data. All target compounds were not detected in
the blanks. Recoveries for authentic standards or surrogates were
mostly larger than 80%. The detection limit levels of organic compounds
in the study were in the range of 2.79–6.70 pg μL−1. The concentrations
of all organic compounds in the vial were much higher than the detec-
tion limit levels.

2.3. Biogenic SOA modeling

Since the quantity of aerosol sampleswas limited in each period dur-
ing this study, SOA simulations were conducted using a global model to
derive monthly-average concentrations of SOA over the Antarctica and
surrounding seas. The modeling results were used to compare with ob-
servation and examine the seasonal variation in SOA and its composi-
tion over Antarctica in this study. Community Earth System Model
(CESM) version 1.2.2 coupled with the University of Michigan IMPACT
(i.e., Integrated Massively Parallel Atmospheric Chemical Transport)
aerosol model with resolution of 1.9° × 2.5° was employed to simulate
the spatial and temporal variations in SOA and five other aerosol types
(non-sea-salt sulfate, soot from biomass burning, soot from fossil fuel
and biofuel burning, dust and sea salt). The detailed model description
and setup can be found in Zhu et al. (2017, 2019). The emissions of
BVOCs are predicted based on MEGAN 2.1 (Model of Emissions of
Gases and Aerosols from Nature, version 2.1) (Guenther et al., 2012).
Global anthropogenic sulfur and soot from fossil fuel adopted from
Community Emission Data System (CEDS) (Hoesly et al., 2018) were
used in the model. Biomass burning emissions were estimated based
on van Marle et al. (2017). These emissions are same with as the emis-
sions datasets used for the CMIP6 simulations. An explicit gas phase
chemical mechanism for the formation of semi-volatile organic prod-
ucts, including the oxidation of isoprene, α-pinene, limonene and aro-
matics is included as described in Ito et al. (2017), Lin et al. (2012)

and Zhu et al. (2017). Lower volatility compounds like oligomers form
when semi-volatile organics are incorporated into the aerosol phase.
The SOA formation from aqueous phase reactions of glyoxal and
methylglyoxal and the kinetic uptake of IEPOX, glyoxal, and
methylglyoxal were included as described for case 1 in Lin et al.
(2014). SOA formed by these gaseous and aqueous phase reactions are
distributed to pre-existing aerosols resulting in SOA being internally
mixed with the other five aerosol types (Zhu et al., 2017). The model
was run with the winds nudged towards ECMWF reanalysis data
using a nudging time of 6 h from June 2015 to November 2016 (Zhang
et al., 2014). The data since December 2015 were used for comparison
with the observation in this study. The pinic acid and pinonic acid
from monoterpene oxidation as well as C5-alkene triols from isoprene
oxidation simulated in the model were evaluated by the observation.

3. Results and discussion

3.1. General concentration levels and seasonal patterns

Concentrations of sugar alcohols and biogenic SOA tracersmeasured
in aerosol samples collected at the Palmer Station are summarized in
Table 1. Atmospheric levels of sugar alcohols and biogenic SOA tracers
were 0.08–396 pg m−3 (70.3 ± 98.9 pg m−3 in average) and
2.26–303 pg m−3 (106 ± 68.5 pg m−3 in average), respectively. They
exhibited obvious seasonal variations with much higher loadings in
the ambient air in summer than those inwinter. Five-day backward tra-
jectories of airmasses reaching the Palmer Station (Fig. S1) indicate that
during thewhole sampling period,most of the airmasseswere from the
oceans to the west of Antarctica and around coastal Antarctic Peninsula
and only a few originated from or passed through the other continent,
indicating the significant impact of the emissions from the open ocean
and coastal seas of Antarctica and relatively weak influence of long-
range transport from other continents.

3.2. Sugar alcohols as biogenic POA tracers

Sugars alcohols as water-soluble organic carbon are important or-
ganic constituents in aerosol particles and have been reported as tracers
for biogenic primary organic aerosols comprising fungal spores, bacte-
ria, viruses, plant, and animal debris (Medeiros et al., 2006; Bauer
et al., 2008; Burshtein et al., 2011; Samaké et al., 2019). Sugar alcohols
detected in aerosol samples in this study include arabitol and mannitol,
which are two well-known soluble carbohydrates in fungi and have
been identified as indicators of airborne microorganisms and generally
linked with fungal spores (Lewis and Smith, 1967; Bauer et al., 2008;
Samaké et al., 2019). In addition, they are also found in the green
algae and lower plants (Di Filippo et al., 2013; Gosselin et al., 2016).
The abundances of arabitol and mannitol are widely employed to esti-
mate contributions of biogenic POAs to total organic aerosols (Fu et al.,
2011, 2016b; Kang et al., 2018; Li et al., 2018).

Concentrations of sugar alcohols are shown in Table 1 and Fig. 2. The
arabitol concentrations were in the range of 0–163 pg m−3

(28.2 pg m−3 in average). By comparison, the mannitol concentrations
were in the range of 0.08–233 pg m−3 (42.1 pg m−3 in average)
(Table 1). These atmospheric levels of arabitol and mannitol were
higher than those reported for Antarctic aerosols (0–53 pg m−3 for
arabitol and 0–18 pgm−3 for mannitol) collected at theMario Zucchelli
Station (74°41′S, 164°06′E) located at Terra Nova Bay, Antarctica
(Barbaro et al., 2015). However, these values were two to three orders
of magnitude lower than those found in urban (Li et al., 2018), moun-
tain (Zhao et al., 2020), marine (Fu et al., 2013; Kang et al., 2018) and
forest (Medeiros et al., 2006; Zhu et al., 2015) aerosols, suggesting
that the impact of sources for such biogenic POAs in this region was
not as strong as those in urban, continental biosphere and other marine
environments. The concentration ratio of arabitol to mannitol provides
some information on the evolution of their emission processes
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(Gosselin et al., 2016). The average (±standard deviation) arabitol/
mannitol ratio was 0.55 ± 0.54, within the range of those reported for
aerosols at various urban, rural background and forest sites (Bauer
et al., 2008; Yttri et al., 2011; Gosselin et al., 2016). The strong positive
correlation (R2 = 0.931, P< 0.001) between arabitol andmannitol sug-
gests that the two sugar alcohols in the Antarctic aerosols were derived
mainly from the same sources, such as biological emissions from terres-
trial fungal spores of fungi in free-ice soil ecosystem areas (<2% of the
Antarctic continent) in Antarctica (Arenz and Blanchette, 2011), espe-
cially during the austral summer season. Marine fungi and algae over
the surrounding oceans could also contribute to arabitol and mannitol
in the Antarctic aerosols since they can release fungal spores via bubble
bursting processes at the sea surface (Burshtein et al., 2011; Barbaro
et al., 2015). In addition, long range atmospheric transport was another
possible source of sugar alcohols in the Antarctic aerosols (Barbaro et al.,
2015). Fig. 2a–b present the temporal variations in sugar alcohol

compounds with higher concentrations in summer (37.2 and
53.7 pg m−3) than those in winter (1.78 and 7.10 pg m−3). The emis-
sions of wet fungal spores were associated with precipitation and rela-
tive humidity (Elbert et al., 2007). The increased levels of the sugar
polyols in summer are likely due to the more active microbial activities
led bywarmer temperature, higher relative humidity and stronger light
intensity. By contrast, the suspension of air over limited exposed sur-
faces is probably the only main source of fungal spores in winter,
which are largely suppressed by the dry and cold air (Liang et al.,
2013; Samaké et al., 2019).

3.3. Biogenic SOA tracers

Isoprene is themost abundant nonmethane hydrocarbon emitted to
the atmosphere by plants and considered as the dominant precursor in
driving SOA formation processes in the global atmosphere (Guenther

Table 1
Concentrations (pg m−3) of sugar alcohols and biogenic SOA tracers measured in aerosols collected at the Palmer Station, Antarctica.

Organic compounds Total Summer 1st summer 2nd summer Winter

Range Mean Range Mean Range Mean Range Mean Range Mean

Sugar alcohol
Arabitol 0–163 28.2 0–163 37.2 0–86.7 26.3 0–163 46.4 0–7.63 1.78
Mannitol 0.08–233 42.1 3.20–233 53.7 3.20–116 46.7 4.60–233 59.8 0.08–26.5 7.10
Subtotal 0.08–396 70.3 3.20–396 90.7 3.20–203 73.0 4.60–396 106 0.08–34.2 8.88

Isoprene SOA tracers
2-Methylthreitol 0.50–77.1 16.0 6.31–77.1 19.3 6.31–77.1 24.6 9.14–21.1 14.6 0.50–20.1 6.15
2-Methylerythritol 1.32–122 27.1 9.75–122 32.9 9.75–122 40.7 14.8–36.6 26.0 1.32–25.5 9.93
2-Methyltetrols 1.83–200 43.1 16.1–200 52.2 16.1–200 65.3 24.0–57.7 40.6 1.83–45.7 16.1
C5-Alkene triols 0.27–26.2 6.93 2.82–26.2 7.95 3.34–26.2 11.8 2.82–6.07 4.56 0.27–6.00 3.85
2-MGA 0–36.0 20.3 10.7–36.0 23.7 10.7–36.0 20.5 21.5–34.9 26.5 0–25.9 10.0
Subtotal 2.09–262 70.3 30.1–262 83.8 30.1–262 77.7 48.4–88.9 71.7 2.09–77.1 29.9

Monoterpene SOA tracers
Pinic acid 0–36.8 11.8 0–33.8 12.3 0–19.4 7.41 6.44–33.8 16.7 0–36.8 10.2
Pinonic acid 0–21.7 4.73 0–10.5 4.04 1.03–7.92 4.03 0–10.5 4.05 0–21.7 6.79
3-HGA 0.17–50.6 19.0 7.04–50.6 21.9 7.83–27.5 18.5 7.04–50.6 24.9 0.17–48.0 10.3
Subtotal 0.17–107 35.5 11.0–94.9 38.3 11.0–48.6 29.9 16.5–94.9 45.6 0.17–107 27.3
Sum of SOA tracers 2.26–303 106 51.1–303 122 51.1–303 128 84.6–171 117 2.26–184 57.2

Fig. 2. Temporal variations in atmospheric sugar alcohols, isoprene SOA, and monoterpene SOA over the Antarctic Peninsula.
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et al., 2006; Sharkey et al., 2008; Fabbri et al., 2009). Emissions of iso-
prene (500–750 Tg yr−1) are much higher than that of both biogenic
terpene and anthropogenic hydrocarbons on a global scale (Guenther
et al., 2006). In the atmosphere, isoprene can be oxidized by oxidants
such as OH, O3 and NO3 due to its reactive double bonds. In this study,
six isoprene SOA tracers were quantified, including 2-methylglyceric
acid (2-MGA), three C5-alkene triols (cis-2-methyl-1,3,4-trihydroxy-1-
butene, 3-methyl-2,3,4-trihydroxy-1-butene, and trans-2-methyl-
1,3,4-trihydroxy-1-butene), and two 2-methyltetrols (MTLs) (2-
methylthreitol and 2-methylerythritol) (Table 1).

Total abundances of the detected isoprene SOA tracers ranged from
2.09 to 262 pgm−3, with an average of 70.3± 53.5 pgm−3 whichwere
lower than those over the global oceans (0.11–22 ng m−3) (Fu et al.,
2011). The atmospheric levels of isoprene SOA tracers at the Palmer Sta-
tion were about one twentieth to one fourth of the values reported for
aerosols collected on a cruise around coastal Antarctica (Hu et al.,
2013) and in the high-latitude Arctic (Fu et al., 2009; Ding et al.,
2013), and they were at least one to two orders of magnitude lower
than those reported for aerosols in urban (Feng et al., 2013; Ding
et al., 2014; Fu et al., 2016a; Li et al., 2018; Fan et al., 2020), marine
(Fu et al., 2013; Kang et al., 2018), mountain (Fu et al., 2010, 2014)
and forest regions (Cahill et al., 2006; Kourtchev et al., 2008; Wang
et al., 2008; Miyazaki et al., 2012; Zhu et al., 2016) in low to mid-
latitudes. Due to the lack of higher plants, the local emission of isoprene
and the consequent formation of isoprene-SOA tracers are extremely
limited in the Antarctic continent. Isoprene-SOA tracers could be
formed over surrounding oceans from ocean-emitted isoprene and
then transported to Antarctica. Besides, ocean-emitted isoprene from
surrounding ocean could be transported to Antarctica through short-
range (evenmedium-range) transport, and then it was further oxidated
to SOA tracers in the Antarctic continent. In addition, although hap-
pened less, SOA tracers formed in the adjacent continents from
terrestrial-emitted isoprene could also reach West Antarctica under
some atmospheric circulation (Fig. S1) (Hu et al., 2013). However, due
to the short atmospheric lifetime of isoprene (only a few hours),
terrestrial-emitted isoprene from other continents could hardly arrived
in Antarctica through long-range transport (Bonsang et al., 1992).

The temporal patterns of all the detected isoprene oxidation prod-
uctswere characterized by an obvious increase in summer, as presented
in Fig. 2c–e and Table 1. The average concentration of total isoprene SOA
tracers was 83.8 pgm−3 (30.1–262 pg m−3) in summer, which was 2.8
times higher than that from wintertime samples with a value of
29.9 pg m−3 (2.09–77.1 pg m−3). The biogenic emissions dropped re-
markably in the cold season, largely because of defoliation and the de-
crease of temperature and solar radiation. In addition to local
emissions from the Antarctic continent, the higher summertime level
was resulted from local and/or regional emissions of isoprene from
the surrounding oceans followed by photooxidation (Hu et al., 2013).
The biologically active waters of the coastal seas surrounding
Antarctica may be an important sources of isoprene SOA in summer,
since marine algae, phytoplankton and seaweed can emit isoprene
(Bonsang et al., 1992; Broadgate et al., 1997; Yokouchi et al., 1999;
Meskhidze and Nenes, 2006; Shaw et al., 2010). This can be supported
by the remarkably increase in summertime methanesulfonic acid
(MSA) (Fig. S2), which is a photooxidation product of dimethyl sulfide
(DMS) of marine algal origin (Andreae, 1983). The positive correlation
(R2 = 0.37, P < 0.005) between MSA and the sum of isoprene SOA
tracers indicate the contributions from the oceans to isoprene SOA
tracers in Antarctica.

The variations in molecular markers of isoprene SOA tracers among
the Antarctic aerosols exhibited obviously different patterns (Fig. 2c–e),
implying the distinct formation mechanisms and/or atmospheric fates
of the isoprene oxidation products. Previous reports have illuminated
that C5-alkene triols and MTLs are higher generation products formed
from the photooxidation of epoxydiols of isoprene (IEPOX = β-IEPOX
+ α-IEPOX) under low-NOX (NOX = NO + NO2) or NOX-free

conditions, while 2-MGA is a further oxidation product due to isoprene
photooxidation under high-NOX conditions (Surratt et al., 2006, 2010;
Lin et al., 2013). 2-MGA is a C4-dihydroxycarboxylic acid and possibly
formed by further oxidation of the twomajor gas-phase oxidation prod-
ucts of isoprene (i.e. methacrolein and methacrylic acid) (Claeys et al.,
2004; Edney et al., 2005; Fu et al., 2009, 2013). The relative abundance
of isoprene SOA tracers (Fig. 3a) suggested that the low-NOX products
MTLs were the dominant tracers (43.1 ± 41.8 pg m−3) among the de-
tected isoprene oxidation products, followed successively by 2-MGA
(20.3 ± 9.76 pg m−3) and C5-alkene triols (6.93 ± 5.95 pg m−3). Such
a composition in the Antarctic organic aerosols was similar to that in
most marine aerosols collected during the round-the-world cruise (Fu
et al., 2011), Arctic-Antarctic cruise (Hu et al., 2013) and the France–
Canada–USA joint Arctic cruise MALINA (i.e., Mackenzie Light and Car-
bon) (Fu et al., 2013), again implying the significant influence of marine
emission from the surrounding seas. The two diastereoisomeric MTLs
exhibited extremely similar temporal trends, with higher concentra-
tions in summer than winter (Fig. S3). There was a strong positive cor-
relation (R2 = 0.99, P < 0.001) between 2-methylerythritol and its
isomer 2-methylthreitol, with the abundance of 2-methylerythritol 1.9
times more than that of 2-methylthreitol. Such a ratio of 2-
methylerythritol to 2-methylthreitol in this work is similar to those re-
ported for the marine and rural environment (Cahill et al., 2006; Fu
et al., 2010; Kang et al., 2018).

The concentrations of MTLs in aerosols observed during this study
were lower than and of the same order as those detected in Canadian
highArctic aerosols (74 pgm−3) (Fu et al., 2009). However, these values
were one to three orders of magnitude lower than those in urban, ma-
rine and forest aerosols in low to mid-latitudes (Claeys et al., 2004;
Cahill et al., 2006; Fu et al., 2010, 2011, 2013; Miyazaki et al., 2012;
Ding et al., 2014; Kang et al., 2018; Li et al., 2018). MTLs were well cor-
related with another low-NOX products C5-alkene triols in aerosols dur-
ing this study (R2 = 0.75, P< 0.001), suggesting their common sources
or similar formation mechanisms. However, the mass concentration ra-
tios of MTLs to C5-alkene triols (MTLs/C5-alkene triols) variedwith time
(Fig. 3b), implying their different formation pathways (Surratt et al.,
2006), consistent with previous reports (Fu et al., 2010; Kang et al.,
2018). In summer, the concentrations of MTLs (52.2 pg m−3) were
about 6.5 times higher than those of C5-alkene triols (7.95 pg m−3).
However, MTLs (16.1 pgm−3) in winter were 4.1 times more abundant
than C5-alkene triols (3.85 pg m−3). The higher concentration ratios of
MTLs to C5-alkene triols in summer might be resulted from the photo-
chemical aging and decomposition of C5-alkene triols during the trans-
port, because they are easily oxidized by the atmospheric oxidants due
to the presence of a double bond in the structure. The average concen-
tration of 2-MGA was 23.7 pg m−3 in summer, about 2.4 times higher
than that (10.0 pg m−3) in winter. The concentration ratios of 2-MGA
to MTL (2-MGA/MTL) ranged from 0 to 1.53 (0.60) (Fig. 3b), again sug-
gesting that isoprene SOA tracers were predominantly formed over
oceans due to the low-NOX environment.

Monoterpenes represent a remarkable fraction of the global emis-
sions of BVOCs and can be oxidized in the atmosphere to formbiogenic
SOA (Guenther et al., 1995; Griffin et al., 1999; Seinfeld and Pankow,
2003; Sharkey et al., 2008). In this study, oxidation products of mono-
terpenes, including 3-hydroxyglutaric acid (3-HGA), pinic acid, and
pinonic acid, were detected in our samples (Table 1). Their total abun-
danceswere 38.3±21.6 pgm−3 in summer and 27.3±44.6 pgm−3 in
winter, with an average of 35.5 ± 28.0 pg m−3. The level of monoter-
pene SOA tracers in aerosols collected at the Palmer Stationwas about
half of that in aerosols collected during the Bohai Sea-Arctic cruise
(Miyazaki et al., 2012), while it was one to two orders of magnitude
less than that derived from aerosols collected on a cruise around
coastal Antarctica (Hu et al., 2013) and Canadian high Arctic aerosols
(Fu et al., 2009). Compared to continental sites in low to mid-
latitudes, the sum ofmonoterpene SOA tracers over the Antarctic Pen-
insula was two to three orders of magnitude lower (Cahill et al., 2006;
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Kourtchev et al., 2008; Wang et al., 2008; Fu et al., 2010, 2013, 2014,
2016a; Miyazaki et al., 2012; Feng et al., 2013; Li et al., 2013; Ding
et al., 2014; Zhu et al., 2015; Zhu et al., 2016; Kang et al., 2018; Li
et al., 2018; Fan et al., 2020). Total detected isoprene-SOA tracers
were more abundant by a factor of approximately two than total de-
tected monoterpene-SOA tracers, indicating that biogenic SOA tracers
over the Antarctic Peninsula during the sampling period were pre-
dominantly originated more from isoprene rather than monoter-
penes. This is consistent with the observations in the round-the-
world cruise (Fu et al., 2011), Arctic-Antarctic cruise (Hu et al., 2013)
and Bohai Sea-Arctic cruise (Ding et al., 2013), but different from the
measurements in the Arctic (Fu et al., 2009).

Among the three tracers, 3-HGA was the dominant species
(19.0 ± 15.3 pg m−3), followed by pinic acid (11.8 ± 11.1 pg m−3),
and pinonic acid (4.73 ± 4.83 pg m−3) (Fig. 2f–h). Pinic acid and
pinonic acid are first-generation products formed from the oxidation
of α/β-pinene by OH and O3 (Larsen et al., 2001; Iinuma et al., 2004;
Hallquist et al., 2009). Concentrations of pinonic and pinic acids
were about one order of magnitude lower than those in Canadian
high Arctic aerosols (69 and 514 pg m−3) (Fu et al., 2009). Besides,
pinic acid was much (~2.5 times) more abundant than pinonic acid,
which is consistent with previous studies (Fu et al., 2009, 2011;
Kang et al., 2018). Such phenomenon that pinic acid had a higher frac-
tion in the aerosols is likely because pinic acid can saturate and readily
nucleate due to its higher (about two orders of magnitude) vapor
pressure compared to pinonic acid (Bhat and Fraser, 2007). 3-HGA is
identified as higher-generation photooxidation product compared
with pinonic and pinic acids (Hallquist et al., 2009; Jimenez et al.,
2009; Kourtchev et al., 2009). The concentration of 3-HGA was re-
markably (more than one order of magnitude) lower than that mea-
sured in Canadian high Arctic aerosols (471 pg m−3) (Fu et al.,
2009). The concentration ratios of 3-HGA to pinic acid plus pinonic
acid (3-HGA/(pinic+pinonic)) were mostly one order of magnitude
higher in summer (3.32) than that in winter (0.29), implying that
aged aerosols are more abundant in summer.

3.4. Tracer-based OC estimation

To evaluate the relative abundances of organic aerosols from pri-
mary and secondary sources, their contributions to aerosol OC were
roughly estimated on the basis of tracer-based methods (Fu et al.,
2013; Kang et al., 2018). The measured concentrations of mannitol are
utilized to calculate the abundance of fungal-spore-derived OC in the
Antarctic samples with the values of 1.7 pg mannitol per spore and
13 pg OC per spore (Bauer et al., 2008). The measured biogenic SOA
tracers are used to estimate the secondary organic carbon (SOC) in the
formation of aerosols through the oxidation of isoprene and monoter-
pene, using a tracer-based method with the laboratory derived mass
fraction factors of 0.155 ± 0.039 for isoprene and 0.231 ± 0.111 for
monoterpene in the chamber study reported by Kleindienst et al.
(2007). The results of the tracer-based methods are presented in
Table 2. Fungal-spore-derived OC for Antarctic aerosols ranged from
0.57 to 1780 pgC m−3, with an average of 322 pgC m−3. The fungal-
spore OC in the Antarctic aerosols was about three orders of magnitude
lower than the global average 1 μg m−3 (Elbert et al., 2007; Després
et al., 2012). The fungal-spore OC was much higher in summer (411
pgCm−3) than in winter (54.3 pgCm−3). For biogenic SOA, the concen-
trations of isoprene and monoterpene SOC in aerosols over Antarctic
Peninsula were 194–1690 pgC m−3 (541 pgC m−3) and 47.8–411 pgC

Fig. 3. Temporal variations in (a) relative abundances of isoprene SOA tracers, (b) concentration ratios of MTLs to C5-alkene triols and 2-MGA to MTLs, and (c) accumulative primary and
secondary OC and relative contributions of primary and secondary OC in each sampling season in aerosols over the Antarctic Peninsula.

Table 2
Organic carbon concentrations (pgC m−3) from biogenic primary emission (fungal-spore
OC) and secondary formation (biogenic SOC) in the aerosols over Antarctic Peninsula.

Compounds Total Summer Winter

Range Mean Range Mean Range Mean

Fungal spore OC 0.57–1780 322 24.5–1780 411 0.57–203 54.3
Isoprene SOC 13.5–1690 454 194–1690 541 13.5–497 193
Monoterpene SOC 0.74–461 154 47.8–411 166 0.74–461 118
Sum of biogenic SOC 14.2–1870 608 285–1870 707 14.2–959 311
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m−3 (166 pgC m−3) in summer and 13.5–497 pgC m−3 (193 pgCm−3)
and 0.74–461 pgC m−3 (118 pgC m−3) in winter, respectively. The sum
of isoprene and monoterpene SOC in the aerosols over the Antarctic
Peninsula ranged from 14.2 to 1870 pgC m−3, with an average of 608
pgC m−3, much lower than that in urban, forest, marine and mountain
aerosols (Fu et al., 2010; Hu et al., 2013; Kang et al., 2018; Li et al., 2018).

Fig. 3c shows that the total amounts of all the estimated OC were
18.5–2750 pgC m−3 (929 pgC m−3). The contributions of fungal-spore
OC, isoprene SOC and monoterpene SOC to the total calculated OC
were 32.0%, 56.4% and 11.6% in the 1st summer campaign, 14.9%,
52.8% and 32.3% in the winter campaign, and 40.9%, 41.4% and 17.7%
in the 2nd summer campaign, respectively. The relative contribution
of biogenic SOC to total calculated OC inwinter (85.1%) was remarkably
larger than that in summer (63.2%). Abundance of biogenic SOCwas ap-
proximately twice that of fungal-spore OC, suggesting that secondary
formation of biogenic precursors was a dominant contributor among
the calculated OC species in the marine atmosphere over the Antarctic
Peninsula. For the whole periods, relative contributions of fungal-
spore OC, isoprene SOC, and monoterpene SOC were 0.50–74.0%
(26.2%), 23.0–83.9% (55.6%), and 3.0–39.7% (18.2%). The estimation of
SOC provides the in-depth understanding of the contribution of BVOCs
to biogenic organic compounds in the Antarctic aerosol even though
the values in the chamber experiments are not equivalent to those in
the atmosphere.

3.5. Biogenic SOA modeling

The CESM/IMPACT model was adopted to simulate the global distri-
bution of SOA in the period from December 2015 to November 2016.
The modeling results were compared with trace-based methods and
with the observations made during that period at Palmer Station. The
simulated annual average concentration of total biogenic SOC at the
Palmer station was 1040 ± 453 pgC m−3 (Fig. 4a), which was higher
by a factor of 1.7 than the average biogenic SOC obtained by the
tracer-based method. The simulated biogenic SOA accounted for 92%
of the total SOA. The range of simulated biogenic SOA was 489–1860
pgC m−3, which was within the range of biogenic SOC by tracer-based
method (14.2–1870 pgC m−3). The model may not be able to simulate

well the extremely clean environments, resulting in a higher simulated
average SOC concentration compared to the calculated SOC concentra-
tion from observations. One feature in the model simulation is that all
SOA over Antarctica are advected from remote continents (i.e. South
Africa and Australia) due to the lack of emission data on Antarctica
and surrounding ocean. The concentration of biogenic SOA over
Antarctica peaks in the upper troposphere around 200 hPa in both win-
ter and summer (Fig. 5). The convergence of the wind field at 200 hPa
indicates the advection of SOA from remote regions (Fig. S4). The SOA
in the upper troposphere can be transported to the surface in East
Antarctica with downward wind (Fig. 5), leading to the high surface
concentration of biogenic SOA in East Antarctica (Fig. 6a–b). In compar-
ison, the vertical wind is upward in the middle and upper troposphere
over West Antarctica, resulting in a low surface concentration of bio-
genic SOA in the Antarctica Peninsula, which may explain low concen-
trations of biogenic SOA tracers observed at Palmer Station during this
study. The concentration of biogenic SOA over Antarctica ismuchhigher
in the austral summer than the austral winter that resulted from the
large emission of BVOC in the South America and Australia in the austral
summer. The seasonal variation agrees with the observation we shown
above.

Fig. 6 also shows the simulated spatial and seasonal distributions of
molecularmarkers of isoprene SOA (C5-alkene triols) andmonoterpene
SOA (pinic and pinonic acid). Similar with total SOA, both C5-alkene tri-
ols (Fig. 6c–d) and pinic acid (Fig. 6e–f) exhibited decrease patterns
from east to west over Antarctica in summer and winter, due to the dif-
ference in the vertical transport between East and West Antarctica
(Fig. 5). However, unlike C5-alkene triols and pinic acid, pinonic acid
(Fig. 6g–h) showed spatial distributions with higher surface concentra-
tions in west Antarctica. In addition, pinonic acid loadings over
Antarcticawere lower in summer than those inwinter. The distinct spa-
tiotemporal patterns of pinonic acid may be due to its strong summer-
time photolysis in the CESM/IMPACT model. Fig. 4b–c presents the
simulated monthly variations in the molecular markers of biogenic
SOA at the Palmer Station. Results from the CESM/IMPACT model sug-
gest the twomonoterpene SOA tracers exhibited different trends except
in the cold season,whichmay also be resulted from the photodecompo-
sition of pinonic acid in the simulation. The chemical mechanism of

Fig. 4. Monthly variations in mass concentrations of (a) biogenic SOC, (b) pinic and pinonic acid, and (c) C5-alkene triols at the Palmer Station simulated by the CESM/IMPACT model.
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organic species formation in the model has a large influence on its dis-
tribution over Antarctica. The simulated pinic acid was more abundant
in summer (3.6 pg m−3) than winter (2.3 pg m−3), while pinonic acid
concentration was higher in winter (1.5 pg m−3) compared to summer
(0.1 pg m−3). The simulated seasonal trends of the monoterpene SOA
tracers were in accordance with field measurements. Much larger dif-
ference in the concentration of pinonic acid between summer and win-
ter compared to the observation suggests the possible overestimation of

photodecomposition of pinonic acid in the summer. For the isoprene
SOA tracer C5-alkene triols, the simulated trend failed to reproduce
the observed one. That is probably because of the incorrect chemical
mechanism of C5-alkene triols formation over the Antarctica applied
in the model. For all three biogenic SOA tracers, there are still large dis-
crepancies between the simulated and measured concentrations. The
model biasesmay attribute tomissing or large uncertainties in emission
inventories of BVOCs, missing physical and chemical formation

Fig. 5. Simulated zonal average concentration of biogenic SOA and wind over Antarctica (60°S–90°S) in the austral summer (a) and winter (b).

Fig. 6. Spatial distributions of mass concentrations (pg m−3) of biogenic SOA, C5-alkene triols, pinic acid, and pinonic acid in summer (top) and winter (down) simulated by the CESM/
IMPACT model.
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mechanisms contributing to biogenic SOA in the model, and imperfect
reaction constants described in the model (Carlton et al., 2009; Pierce
and Adams, 2009; Tsigaridis et al., 2014; Chen et al., 2017; Shrivastava
et al., 2017). The backward air masses during the campaigns implied
the significant contribution from theoceans. However, BVOCs emissions
from the oceans are not included in our model as well as a lot of other
global models since the global emission of BVOC from the ocean is
much less than that from the land. The lack of marine BVOC emission
partly explains the underestimation of the organic species in our
model compared to the observation.

The simulation of biogenic secondary organic compounds still has
large uncertainty in the globalmodel. The uncertainty on the explicit or-
ganic species with very low concentrations is particularly large because
small perturbation of other chemical species and/or changes in related
chemical reactions aswell as its reaction coefficientmay cause relatively
large changes in the species' concentrations and distributions. The
mechanisms of organics formation and removal in the Antarctic atmo-
sphere are needed to be explored through comprehensivefield observa-
tions in the future. At present, wide observations are lack in the polar
regions and remote marine regions. Therefore, it is still difficult to eval-
uate the spatial distributions of most of the organic species frommodel
results for Antarctica and surrounding areas, especially for the molecu-
lar markers of biogenic SOA. However, our model is able to reproduce
the observed seasonal variation of total biogenic SOA and some organic
species observed at the Antarctic Peninsula. More observations should
be carried out to investigate the sources and sinks of simulated organics
to help improve themodel reproducibility. It is worthy pointing out that
themissing sources of primary biogenic aerosols as well as BVOCs from
the oceans should be accurately estimated and implemented in the
global model to improve the capability of the models in simulating bio-
genic organic aerosols in the remote marine environments.

4. Conclusions

In this work, aerosols collected at the west Antarctic Peninsula from
late 2015 to early 2017 were analyzed with GC/MS to investigate the
abundance,molecular compositions, and seasonal variations in biogenic
organic aerosols in Antarctica. The spatiotemporal distributions of SOA
over Antarctica and surrounding seas were simulated with the global
model CESM/IMPACT. Results present seasonal patterns in concentra-
tions of sugar alcohols and biogenic SOA tracers with higher averages
in summer (90.7 and 122 pg m−3) than in winter (8.88 and
57.2 pg m−3). The average concentrations of sugar alcohols and bio-
genic SOA tracers during the field campaigns were 70.3 pg m−3 and
106 pg m−3, respectively. Mannitol was the dominant sugar alcohol,
and biogenic SOA tracers were characterized by a predominance of iso-
prene oxidation products. The low-NOX products MTLs were the domi-
nant isoprene oxidation products, and the higher generation oxidation
products 3-HGA were the dominant species in monoterpene SOA
tracers. Based on the tracer-based methods, total amount of OC was es-
timated as 929 pgC m−3, with the relative contributions of 26.2%, 55.6%
and 18.2% from fungal-spore OC, isoprene-derived SOC and
monoterpene-derived SOC, respectively. Simulation results of the
CESM/IMPACT model confirm the observed seasonal variations in total
biogenic SOA and some molecular species at the Antarctic Peninsula.
The spatial distributions of biogenic SOA simulated by the global
model also demonstrate that influencing by vertical atmospheric trans-
port, biogenic SOA were more abundant in East Antarctica than West
Antarctica.
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