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Abstract

Organic molecular composition of marine aerosol samples collected during the MA-
LINA cruise in the Arctic Ocean was investigated by gas chromatography/mass spec-
trometry. More than 110 individual organic compounds were determined in the sam-
ples and were grouped into different compound classes based on the functionality and5

sources. The concentrations of total quantified organics ranged from 7.3 to 185 ng m−3

(mean 47.6 ng m−3), accounting for 1.8–11.0 % (4.8 %) of organic carbon in the ma-
rine aerosols. Primary saccharides were found to be dominant organic compound
class, followed by secondary organic aerosol (SOA) tracers formed from the oxida-
tion of biogenic volatile organic compounds (VOCs) such as isoprene, α-pinene and10

β-caryophyllene. Mannitol, the specific tracer for airborne fungal spores, was detected
as the most abundant organic species in the samples with a concentration range of
0.052–53.3 ng m−3 (9.2 ng m−3), followed by glucose, arabitol, and the isoprene oxi-
dation products of 2-methyltetrols. Biomass burning tracers such as levoglucosan are
evident in all samples with trace levels. On the basis of the tracer-based method for the15

estimation of fungal-spore OC and biogenic secondary organic carbon (SOC), we esti-
mate that an average of 10.7 % (up to 26.2 %) of the OC in the marine aerosols was due
to the contribution of fungal spores, followed by the contribution of isoprene SOC (mean
3.8 %) and α-pinene SOC (2.9 %). In contrast, only 0.19 % of the OC was due to the
photooxidation of β-caryophyllene. This study indicates that primary organic aerosols20

from biogenic emissions, both from long-range transport of mid-latitude aerosols and
from sea-to-air emission of marine organics, as well as secondary organic aerosols
formed from the photooxidation of biogenic VOCs are important factors controlling the
organic chemical composition of marine aerosols in the Arctic Ocean.

10430

http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/9/10429/2012/bgd-9-10429-2012-print.pdf
http://www.biogeosciences-discuss.net/9/10429/2012/bgd-9-10429-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


BGD
9, 10429–10465, 2012

Organic aerosols
over the Arctic Ocean

P. Q. Fu et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

1 Introduction

Organic aerosols are ubiquitous in the marine atmosphere. Given the ocean’s exten-
sion, marine organic aerosols have received increasing attention because they con-
stitute one of the most important natural aerosol systems at a global level (O’Dowd
and de Leeuw, 2007; Langmann et al., 2008). Marine organic aerosols play major5

roles in the environmental issues related to global and regional climate, chemistry of
the atmosphere, and biogeochemical cycling of nutrients such as carbon and nitrogen
(O’Dowd and de Leeuw, 2007). For example, they influence solar irradiation directly
by backscattering solar irradiation and indirectly by forming cloud condensation nuclei
(CCN) (Meskhidze and Nenes, 2006).10

To fully understand the sources and molecular composition of marine organic
aerosols is necessary to evaluate their impacts on climate. Marine organic aerosols
comprise primary organic aerosol (POA) and secondary organic aerosol (SOA). Pri-
mary marine organic aerosols can be produced from the interaction of wind with the
ocean surface and results in the mechanical production of sea spray aerosols (Rinaldi15

et al., 2010). The best-known precursor of marine POA is dimethyl sulphide (DMS)
that is produced biogenically in the ocean. Sea spray aerosols are assumed to en-
rich in organic matter when the marine surface is characterized by high biological ac-
tivities (O’Dowd et al., 2004). A recent study (Schmitt-Kopplin et al., 2012) provides
evidence that marine surface water via bubble bursting processes can produce a sig-20

nificant fraction of primary organic aerosols that typically contain homologous series of
oxo-, hydroxy-, methoxy-, branched fatty acids and mono-, di- and tricarboxylic acids
as well as monoterpenes and sugars.

The atmospheric oxidation of volatile organic compounds (VOCs) emitted from the
ocean can form SOA (O’Dowd and de Leeuw, 2007). Traditionally, the most studied25

SOA component in the marine boundary layer (MBL) is methanesulfonic acid (MSA),
which is formed from the oxidation of DMS. Other components such as organosulfates
(sulfate esters of C9-C13 hydroxyl carboxylic acids) can be considered as marine SOA
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tracers for the oxidation of unsaturated fatty acids derived from marine algae (Claeys
et al., 2010). Meskhidze and Nenes (2006) proposed that SOA formation from the ox-
idation of phytoplankton-derived isoprene can affect the chemical composition of ma-
rine CCN and influence cloud droplet number. Laboratory experiments (Ekström et al.,
2009) have shown that 2-methyltetrols, tracers for isoprene SOA (Claeys et al., 2004),5

and related isoprene oxidation products can increase CCN levels in the pristine ma-
rine atmosphere that is limited in CCN. In addition to the oceanic emission of isoprene,
recent shipboard measurements over the Southern Atlantic Ocean have provided the
evidence for marine production of monoterpenes (Yassaa et al., 2008). However, re-
cent modeling studies suggested that the oceanic isoprene and monoterpene sources10

are not significant enough to control marine organic aerosols (Spracklen et al., 2008;
Arnold et al., 2009; Gantt et al., 2009; Anttila et al., 2010). For example, Myriokefalitakis
et al. (2010) proposed that the annual global marine SOA from isoprene and monoter-
pene oxidation was minor (0.1 Tg yr−1), compared to those from the oxidation of DMS
(4 Tg yr−1) and marine amines (1 Tg yr−1).15

Despite considerable advances in primary and secondary marine aerosol studies
during the last decade, the chemical nature of marine organic aerosols remains poorly
understood, due to their diverse sources and formation mechanisms (O’Dowd and de
Leeuw, 2007). Marine organic aerosols are influenced not only by oceanic emissions of
primary aerosols and SOA precursors, but also by continental emissions through long-20

range atmospheric transport. So far, field measurements concerning organic molecular
compositions of marine aerosols are limited (e.g., Simoneit et al., 1991, 2004b; Fu et
al., 2011). In particular, little is known about the abundances of biogenic SOA tracers
from the oxidation of isoprene (e.g., 2-methyltetrols) and α/β-pinene (e.g., pinonic and
pinic acids) in the MBL (Fu et al., 2011), especially in the Polar Regions. During the po-25

lar sunrise season, the Arctic atmosphere can serve as a unique photochemical reac-
tor influenced by marine-derived particles from the Arctic Ocean and continent-derived
particles and their precursors from the mid-latitudes in Eurasia or North America (Bar-
rie, 1986; Quinn et al., 2007). During summer, the Arctic atmosphere is isolated from
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lower latitudes by the polar front (Iziomon et al., 2006). Because climate change is
proceeding fastest in the high latitudes (Law and Stohl, 2007), and the Arctic Ocean
waters could be an important source of Arctic aerosols in summer, there is an increas-
ing demand for better understanding the molecular characteristics and the sources of
biogenic POA and SOA in the summertime Arctic atmosphere.5

The objective of this study is to investigate the chemical speciation of both POA
and SOA in the MBL over the Southern Beaufort Sea, Canadian Arctic. More than
110 organic compounds including aliphatic lipids, anhydrosugars, primary saccharides,
lignin and resin acids, aromatic acids, polyacids, sterols, as well as polar organic tracer
(e.g., 2-methyltetrols, pinic acid, and β-caryophyllinic acid) for the photooxidation of10

biogenic VOCs have been detected in the marine aerosols. Their possible sources,
formation processes, and the contributions of different organic compounds to organic
carbon (OC) are also discussed.

2 Materials and methods

2.1 Sample collection15

The France-Canada-USA joint Arctic campaign, MALINA, was conducted in the South-
ern Beaufort Sea, Canadian Arctic in summer 2009. Total suspended particulate (TSP)
samples (n = 10) were collected on a two-three day basis using a high volume air sam-
pler (Kimoto AS-810B) aboard the Icebreaker CCGS Amundsen in 3–25 August 2009.
One field blank filter was performed by placing it in the sampler for less than one minute20

without turning on the pump. All samples were collected onto pre-combusted (450 ◦C for
6 h) quartz fiber filters (20×25 cm, Pallflex 2500QAT-UP). The pump of the air sampler
was switched on/off using a wind speed (>5 m s−1) and wind sector (±60◦) controller
system to avoid any potential contamination from the ship exhaust. Before the sam-
pling, filter was placed in a pre-combusted (450 ◦C for 6 h) glass jar with a Teflon-lined25
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cap during the transport and storage. After the sampling, the filter was recovered into
the glass jar, transported to the laboratory and stored at −20 ◦C prior to analysis.

2.2 Extraction and derivatization

For each sample, a filter aliquot (ca. 25 cm2) was cut into pieces and extracted
three times with dichloromethane/methanol (2 : 1; v/v) under ultrasonication for 105

min. The solvent extracts were filtered through quartz wool packed in a Pasteur
pipette, concentrated by the use of a rotary evaporator, and then blown down to dry-
ness with pure nitrogen gas. The extracts were then reacted with 50 µl of N,O-bis-
(trimethylsilyl)trifluoroacetamide (BSTFA) with 1 % trimethylsilyl chloride and 10 µl of
pyridine at 70 ◦C for 3 h. After reaction, the derivatives were diluted by the use of 140 µl10

of n-hexane with 1.43 ng µl−1 of the internal standard (C13 n-alkane) prior to gas chro-
matography/mass spectrometry (GC/MS) injection.

2.3 Gas chromatography/mass spectrometry

GC/MS analyses were performed on a Hewlett-Packard model 6890 GC coupled to
Hewlett-Packard model 5973 mass-selective detector (MSD). The GC was equipped15

with a split/splitless injection and a DB-5MS fused silica capillary column (30 m×0.25
mm i.d., 0.25 µm film thickness) with the GC oven temperature programmed 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
isotherm hold at 300 ◦C for 16 min. Helium was used as the carrier gas at a flow rate
of 1.0 ml min−1. The sample was injected on a splitless mode with the injector tem-20

perature at 280 ◦C. The mass spectrometer was operated in the electron ionization
(EI) mode at 70 eV and scanned in the m/z range 50–650. Data were acquired and
processed with the Chemstation software. GC/MS response factors were determined
using authentic standards. For some biogenic SOA tracers whose standards are not
commercially available, their concentrations were estimated by some surrogates (Fu25

et al., 2010). Recovery experiments were performed by spiking a certain amount of
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authentic standards onto pre-combusted quartz fiber filters and were analyzed like real
samples. Recoveries of all the standards were better than 80 % expect for polyacids
and pinonic acid, whose recoveries were around 60 % (Fu et al., 2009a, 2010). The field
and the laboratory blank filters were also analyzed by the procedure described above
for quality assurance. The results showed contamination levels are less than 5 % of5

real samples for any species detected. All the data reported here were corrected for
the field blank.

2.4 Analysis for OC

Organic carbon (OC) and elemental carbon (EC) were determined using a Sunset
Lab carbon analyzer, following the Interagency Monitoring of Protected Visual Environ-10

ments (IMPROVE) thermal evolution protocol and assuming carbonate carbon in the
sample to be negligible. In brief, an aliquot (Φ14 mm) of quartz fiber filter was punched
for each sample. The punched filter was placed in a quartz boat inside the thermal
desorption chamber of the analyzer, and then stepwise heating was applied. The an-
alytical errors in triplicate analysis were within 10 % and the limits of detection (LOD)15

were 0.2 µg cm−2 for both OC and EC. The levels of EC in the samples were generally
below the LOD and thus were not reported here.

3 Results and discussion

3.1 Meteorological conditions and air-mass back trajectory analysis

During sample collection, the ambient temperatures ranged from −1.5 ◦C to 9.2 ◦C with20

an average of 3.0 ◦C. The weather conditions during the cruise were mostly cloudy and
occasionally foggy with rare sunny conditions (Table 1), while there were no rain/snow
events during the sampling period. In order to determine where tropospheric air ar-
rived to the ship during sampling periods for each aerosol sample, air-mass back tra-
jectory analyses were conducted using the NOAA Hybrid Single-Particle Lagrangian25
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Integrated Trajectory (HYSPLIT) model (http:www.arl.noaa.gov./ready/hysplit4.html).
The trajectories were calculated from the start-to-end points every 3 h of each sam-
pling period at altitudes of 50, 100, and 200 m. As shown in Fig. 1, air masses mostly
came from west and then passed over the Arctic Ocean to the ship during 3–11 August
when the samples of QFF3352, QFF3354 and QFF3355 were collected. QFF3358-5

3360 also showed similar trajectories, which were mainly from the west direction.
However, QFF3356 and QFF3357, as well as the last two samples (QFF3361 and
QFF3362) were collected when the air masses mainly originated from northeast, east
and southeast directions. This is especially true for the last sample (QFF3362), which
showed air masses were transported from northern Canada, indicating an influence of10

continental aerosols.

3.2 Organic compounds

Homologues of ten organic compound classes, i.e., n-alkanes, fatty acids, fatty al-
cohols, sugar compounds, lignin and resin acids, sterols, phthalate esters, hydroxy-
/polyacids, aromatic acids, and biogenic SOA tracers were detected in the marine15

aerosols with total concentration ranges of 7.3–185 ng m−3 (mean 47.6 ng m−3). Ta-
ble S1 presents the concentrations of more than 110 organic compounds detected in
this study. Figure 2 shows a typical GC/MS trace (Total Ion Current, TIC) for the major
resolved organic components of total aerosol extracts. Among the identified organic
compounds, sugar compounds, fatty acids and biogenic SOA tracers are the major20

compound classes, while the others are relatively minor (Fig. 3). Mannitol, a specific
tracer for air-borne fungal spores, was (on average) found to be the most abundant sin-
gle compound, followed by glucose, arabitol, and di-(2-ethylhexyl)phthalate (Table S1);
such a pattern is different from those reported in urban aerosols (Wang et al., 2006),
which were dominated by biomass burning tracers and phthalates.25

Generally, much higher levels of organics were found in the middle (13–15 August,
QFF3357) and at the end (23–25 August, QFF3362) of the campaign (Fig. 3) than other
periods. This trend is similar to the temporal variation of OC contents (Table 1). OC
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in the marine aerosols ranged from 0.11–2.93 µgC m−3 (mean 0.56 µgC m−3), being
in accordance with those (0.11–1.4 µgC m−3) reported in the northern Indian Ocean
(Neusüß et al., 2002), and those (0.06–1.7 µgC m−3, mean 0.58 µgC m−3) in marine
aerosols collected during a round the world cruise in the low- to mid-latitudes in the
Northern Hemisphere (Fu et al., 2011). The highest level of OC was found in QFF33575

(2.93 ng m−3) that was collected near the seashore (Table 1 and Fig. 1), suggesting a
terrestrial input. QFF3362 also contained a relatively high level of OC.

3.2.1 Biomass burning tracers

Biomass burning is an important source of atmospheric gases and particles in a re-
gional and global scale. In the Arctic region, biomass-burning aerosols are enhanced10

in winter-spring due to long-range atmospheric transport from mid-latitudes in Euro-
Asia and North America (Stohl et al., 2007; Fu et al., 2009a). A recent aircraft obser-
vation of forest fires in the Siberia in summer found that the fire plumes can transport
toward the Arctic (Paris et al., 2009). Levoglucosan, which is produced in large quan-
tities during pyrolysis of cellulose, is considered as a key tracer for biomass burning15

(Simoneit, 2002). In the present study, concentrations of levoglucosan ranged from
0.01 to 0.93 ng m−3 (0.37 ng m−3), representing a background level over the southern
Beaufort Sea, Canadian Arctic. These values are similar to those (0.003–1.1 ng m−3)
found in the Canadian high Arctic aerosols collected at Alert (Fu et al., 2009a), where
the level of levoglucosan was found to be higher in winter than in spring. The isomers20

of levoglucosan, galactosan and mannosan, were also detected in the samples (Ta-
ble S1). These anhydrosugars were also detected in aerosols collected over the open
oceans (Fu et al., 2011). Such a low level of levoglucosan in the marine aerosols over
the Arctic Ocean should be explained by both wet/dry depositions and atmospheric
dilution of aerosol particles during long-range transport. Further, levoglucosan may be25

possibly removed by photodegradation through the reaction with free radicals such as
OH (Hoffmann et al., 2010).
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Dehydroabietic acid, a more specific biomass burning tracer of conifer resin, is often
detected in urban, rural and marine aerosols (Simoneit et al., 2004b; Fu et al., 2011).
The concentration ranges of dehydroabietic acid were 0.02–0.65 ng m−3 with an aver-
age of 0.14 ng m−3. These values are higher than those (0.002–0.033 ng m−3) in the
high Arctic aerosols that were collected during winter-spring (Fu et al., 2009a). This5

suggests that the influence of wildfires in the boreal conifer forests in Siberia and North
America on the Arctic atmosphere may be more important during summer-autumn
than winter-srping. Lignin is wood polymer and upon burning, yields phenolic acids.
4-Hydroxybenzoic acid is produced by burning of grasses and other non-woody vege-
tation, whereas vanillic acid is produced from both softwood and hardwood (Simoneit,10

2002). 3,4-Dihydroxybenzoic acid (protocatechuic acid) is an antioxidant that contains
a polyphenolic structure. These phenolic compounds have been reported in smoke
particles and ambient aerosols (Simoneit, 2002). They were detected at trace levels
in the present study (Table S1), which are 1–2 orders of magnitude lower than those
reported in coastal marine aerosols (0.5–9.0 ng m−3) (Simoneit et al., 2004b).15

β-Sitosterol was also detected in the summertime marine aerosols over the Arctic
Ocean, ranging from 0.017 to 0.69 ng m−3 with an average of 0.15 ng m−3. It is present
in all vegetations and can be emitted into the atmosphere via biomass burning (Si-
moneit, 2002). β-Sitosterol were previously reported in marine aerosols from the west-
ern North Pacific during the 1991 El Ninõ forest fire event occurred in Indonesia (Kawa-20

mura et al., 2003). In general, relatively low levels of levoglucosan, dehydroabietic acid,
β-sitosterol and other lignin acids indicate that the contribution of biomass burning to
the summertime Arctic aerosols should be minor.

3.2.2 Aliphatic lipids

n-Alkanes (C18-C34) showed carbon number maxima (Cmax) at C27 with weak odd/even25

carbon number predominance (carbon preference index, CPI, ranging from 1.5 to 2.3),
except the last sample (QFF3362) that showed CPI up to 7.0 (Table S1). CPI value
is close to unity in anthropogenic sources (e.g., petroleum), while it is around 10 in
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terrestrial higher plant waxes. Our results demonstrate that the marine aerosols studied
were mainly influenced by fossil fuel combustion except for the last sample, which was
more likely affected by higher plant waxes. However, polycyclic aromatic hydrocarbons
(PAHs) and hopanes, which are specific tracers for fossil fuel combustion, were not
detectable in this study. Concentrations of n-alkanes (C18-C34) ranged from 0.14 to5

4.5 ng m−3. High molecular weight (HMW) n-alkanes (C25-C34) were up to 3.4 ng m−3 in
QFF3357, followed by QFF3362 (0.80 ng m−3), suggesting an input of terrestrial higher
plant leaf waxes (Eglinton and Hamilton, 1967).

A homologous series of saturated fatty acids (C8-C32) were detected in the sam-
ples. Except for C9, which is an oxidation product of oleic acid (C18:1) (Kawamura10

and Gagosian, 1987a), a strong even carbon number predominance was observed
(CPI=1.9–8.0 for C20-C32) with Cmax at C16 (Table S1). HMW fatty acids (≥C24) are
derived from terrestrial higher plant waxes, while low molecular weight (LMW) fatty
acids (≤C23) have multiple sources such as vascular plants, microbes and marine
phytoplankton (Simoneit and Mazurek, 1982; Rogge et al., 1993; Kawamura et al.,15

2003). For example, during the MALINA campaign, Rontani et al. (2012) found that
the total lipid extracts of sinking particles collected across the Canadian Beaufort Shelf
exhibited a distribution of even-carbon number dominated fatty acids ranging from C14
to C24. The abundances of LMW fatty acids down to C8 were found in the present
study, being similar to those found in the Canadian high Arctic aerosols at Alert (Fu et20

al., 2009a). Such a pattern should be caused by the shift in gas/particle partitioning of
LMW fatty acids due to lower ambient temperature in the Arctic than in warmer regions.

In a previous study, Fu et al. (2009a) found that alkenoic acids (e.g., C18:1) were not
detected in the high Arctic aerosols in winter-spring. They suggested that the Arctic
aerosols were already aged during long-range atmospheric transport from middle lati-25

tudes to the Arctic. Interestingly, unsaturated fatty acids (C18:1 and C18:2) were detected
in all the marine aerosols over the Arctic Ocean in summer. They are major constituents
of cell membranes in marine phytoplankton and terrestrial plants, and can emit into the
atmosphere directly from leaf surfaces of plants as well as wood combustion (Fine et
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al., 2001). Oleic (C18:1) and linoleic (C18:2) acids are unstable and undergo photochemi-
cal degradation in the marine atmosphere (Kawamura and Gagosian, 1987b), and thus
have not frequently been detected in remote marine aerosols (Simoneit, 1977; Kawa-
mura and Gagosian, 1987b; Bendle et al., 2007). Bendle et al. (2007) proposed that
the ratio of the unsaturated/saturated C18 fatty acids (C18:n / C18:0) could be a qualita-5

tive guide to the relative freshness of the organic matter in marine aerosol samples.
Higher ratios of C18:n / C18:0 were found in samples associated with proximal terrestrial
inputs (QFF3362 and QFF3357, Fig. 4), while lower ratios were recorded in samples
(QFF3354 and QFF3355) with air masses mainly originated from the Arctic Ocean,
suggesting that the lipid compounds in the remote Arctic aerosols had longer atmo-10

spheric residence times. Such an observation was in agreement with those in marine
aerosols collected in the western North Pacific and Southern Ocean (Bendle et al.,
2007). In addition, concentrations of linoleic acid were about ten times lower than those
of oleic acid (Table S1), indicating that C18:2 degrades more quickly than C18:1 because
polyunsaturated fatty acids are more reactive toward OH, NO3 radicals and ozone.15

Normal C12-C30 fatty alcohols were detected in the marine aerosols with a maximum
at C14 or C16. Their distributions are characterized by even carbon number predomi-
nance (CPI=2.9–17.8 for C20-C30). Among the HMW species, C28 was the dominant
species (Table S1). The homologues <C20 are abundant in soil microbes and ma-
rine biota, while the homologues >C24 are abundant in terrestrial higher plant waxes20

and loess deposits. Biomass burning process can also emit a large amount of fatty
alcohols and fatty acids into the atmosphere (Simoneit, 2002). Total concentrations
ranges of HMW n-alcohols (C24-C30) are 0.11–3.1 ng m−3 (Table 1), with maximum in
QFF3357 and QFF3362. Similar patterns were also observed for HMW fatty acids and
HMW n-alkanes (Table 1).25

3.2.3 Primary saccharides

Primary saccharides consisting of glucose, fructose, sucrose, maltose and trehalose,
as well as some sugar alcohols including glycerol, erythritol, arabitol, mannitol and
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inositol, were detected in the aerosols over the Arctic Ocean (Table S1). Their concen-
trations ranged from 0.91 to 112 ng m−3 (mean 24.5 ng m−3). They are derived from
innumerous sources including microorganisms, plants and animals (Simoneit et al.,
2004a). They have been used as tracers for primary biological aerosol particles (Gra-
ham et al., 2003) and resuspension of surface soil and unpaved road dust (Simoneit et5

al., 2004a). For example, arabitol and mannitol are tracers for airborne fungal spores
(Lewis and Smith, 1967; Bauer et al., 2008). The maximum concentrations of mannitol
were observed in QFF3357 and QFF3362 (Table 1). As discussed earlier, these two
samples were heavily influenced by air masses from inland. In fact, mannitol was one of
the most abundant compounds among all the measured organic species in the marine10

aerosol samples (Table S1 and Fig. 2), indicating an important contribution of terrestrial
fungal spores to the summertime aerosols over the Arctic Ocean. This is reasonable
because the majority of fungi have terrestrial habitats, in soils or dead plant matter,
while ocean is generally a weak source of spores (Burshtain et al., 2011; Fröhlich-
Nowoisky et al., 2012), although fungal spores have been reported in marine aerosols15

near Antarctica (Fröhlich-Nowoisky et al., 2012).
A good correlation was found between mannitol and inositol (R2 = 0.87, p<0.01) in

the marine aerosols, suggesting a similar source. Ergosterol, which is a primary fun-
gal membrane sterol and an specific biomarker for fungi (Lau et al., 2006), correlated
well with mannitol (R2 = 0.96, p<0.01). Arabitol and mannitol are both considered as20

specific tracers for fungi, while no strong correlation (R2 = 0.48, p<0.01) was observed
between them. This may imply a high diversity of fungal spores in marine aerosols
collected in different locations, because different fungal species may contain different
levels of arabitol and mannitol (Bauer et al., 2008).

The concentrations of trehalose ranged from 0.01 to 8.7 ng m−3, which were higher25

than those (below 0.1 ng m−3) reported in the high Arctic aerosols collected in winter-
spring (Fu et al., 2009a). Trehalose is present in a variety of microorganisms (fungi,
bacteria and yeast), and a few higher plants and invertebrates (Medeiros et al., 2006).
In the present study, the highest level of trehalose was found in QFF3362, which is
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in accordance with that of C18:n / C18:0, indicating a fresh biogenic source. Sucrose,
fructose and glucose originate from plant materials such as pollen, fruits, and their
fragments (Speranza et al., 1997; Baker et al., 1998; Pacini, 2000). It should be noted
that surface seawater also contains a large amount of organics, ranging from small
organic acids, sugars to large molecular weight proteins, which can be emitted into the5

MBL through bubble bursting processes in remote oceans (Leck and Bigg, 2005; Fac-
chini et al., 2008; Sempéré et al., 2008; Hawkins and Russell, 2010; Schmitt-Kopplin
et al., 2012). Although the Beaufort Sea was oligotrophic in summer with low levels of
biological activities during the MALINA cruise, which was characterized with low levels
of Chl a (Table 1).10

3.2.4 Phthalate esters

Phthalate esters (phthalates) are manufactured worldwide as plasticizers and also
used in cosmetics, lubricants, and other products (Thuren and Larsson, 1990).
Dimethyl (DMP), diethyl (DEP), diisobutyl (DiBP), di-n-butyl (DnBP) and di-(2-
ethylhexyl) (DEHP) phthalates were detected in the marine aerosols (Table S1). Their15

total concentrations were 0.79–12.4 ng m−3 (2.6 ng m−3), which were higher than those
reported in the North Sea to high Arctic atmosphere (0.38–1.02 ng m−3) during summer
in 2004 (Xie et al., 2007). The dominant species is DEHP. This is reasonable because
Xie et al. (2007) reported the particle-bound fractions of phthalates in the Arctic region
during summertime increased with an increase in the molecular weight. In addition, the20

predominance of DEHP has also been reported in urban and rural aerosols in China
(Wang et al., 2006). The possible source of phthalates in the Arctic troposphere may
be associated with a long-range transport from mid-latitudes and the subsequent de-
position on the snow/ice sheet. The high Arctic can act as a cold sink during winter.
The deposited phthalates onto snow and ice can be released into the atmosphere with25

an increase in ambient temperature during spring–summer.
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3.2.5 Isoprene, monoterpene, and sesquiterpene SOA tracers

Six compounds were identified as isoprene SOA tracers in the aerosol samples,
including 2-methylglyceric acid, three C5-alkene triols, and two 2-methyltetrols (2-
methylthreitol and 2-methylerythritol). Concentration ranges of 2-methylthreitol and
2-methylerythritol were 0.034–9.4 ng m−3 (mean 1.1 ng m−3) and 0.026–19.0 ng m−3

5

(2.1 ng m−3), respectively. These values are 1–3 orders of magnitude lower than those
reported in urban and forest aerosols in low- to mid-latitudes (Wang et al., 2005;
Kleindienst et al., 2007; Fu et al., 2010). However, they are higher than those (mean
0.074 ng m−3) reported in Canadian High Arctic aerosols collected during winter–spring
(Fu et al., 2009b), suggesting an enhanced emission of isoprene followed by photooox-10

idation in summer. C5-alkene triols, which are recently reported as photooxidation prod-
ucts of isoprene (Wang et al., 2005), were detected in all samples. 2-Methylglyceric
acid is possibly formed by further oxidation of methacrolein and methacrylic acid.
The concentration range of 2-methylglyceric acid in the marine aerosols was 0.064–
1.8 ng m−3 (0.41 ng m−3) (Table S1).15

The detected monoterpene oxidation products include pinonic acid, pinic acid, 3-
hydroxyglutaric acid (3-HGA), 3-(2-hydroxyethyl)-2,2-dimethylcyclobutane carboxylic
acid (HDCCA), 3-acetylglutaric acid, 3-acetyladipic acid, 3-isopropylglutaric acid, and
3-methyl-1,2,3-butanetricarboxylic acid (MBTCA). Total concentrations of monoterpene
SOA tracers ranged from 0.44 to 24.1 ng m−3 (4.8 ng m−3) with the predominance of 3-20

acetyladipic acid (mean 1.5 ng m−3). The formation of MBTCA can be explained by
further reaction of cis-pinonic acid with OH radical (Szmigielski et al., 2007), thus
it has been considered as a higher-generation product. However, MBTCA (mean
0.007 ng m−3) was found to be a minor species among the monoterpene SOA trac-
ers. Such a phenomenon was previously reported in aerosols over the remote Pacific25

and Atlantic Oceans, where MBTCA was also found to be less significant than those
in the coastal aerosols (Fu et al., 2011), suggesting a relatively short atmospheric life-
time of MBTCA. β-Caryophyllinic acid, formed either by ozonolysis or photo-oxidation
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of β-caryophyllene (Jaoui et al., 2007), was identified in all the samples, ranging from
0.005 to 0.048 ng m−3 (0.017 ng m−3).

In Fig. 5, the relative abundance of isoprene SOA tracers showed that 2-methyltetrols
were found as the major species in the marine aerosol samples, followed by 2-
methylglyceric acid and C5-alkene triols, being similar to those in marine aerosols5

collected during a round-the-world cruise (Fu et al., 2011). Chamber experiments
demonstrate that 2-methylglyceric acid is formed under high-NOx conditions, while
the 2-methyltetrols are mainly generated under low-NOx conditions (Surratt et al.,
2006). Paulot et al. (2009) reported that gas-phase isoprene epoxydiols (IEPOX) that
formed from the oxidation of isoprene hydroxyhydroperoxides (ISOPOOH) are likely10

to be key intermediates for isoprene SOA under low-NOx conditions. Recent studies
(Surratt et al., 2010; Lin et al., 2012) have shown that IEPOX reactively uptakes onto
sulfate aerosols to yield 2-methyltetrols, C5-alkene triols, dimers, and IEPOX-derived
organosulfates.

In a previous study, the concentration ratios of C5-alkene triols to 2-methyltetrols15

were found to be <0.10 in marine aerosols over the open oceans (Fu et al., 2011),
while they were much higher ratios (up to 0.66) in coastal aerosols such as off the
California Coast, in the Indian Ocean near India, as well as the South China Sea. The
lower ratios in the pristine open oceans are in agreement with the low ratios (<0.10)
obtained in laboratory experiments for the isoprene photooxidation in the absence of20

NOx (Kleindienst et al., 2009). The low ratios obtained in remote marine aerosols and
the presence of C=C bond in the structure of C5-alkene triols may suggest a significant
chemical decomposition during long-range transport. In the present study, a large vari-
ation of the concentration ratios of C5-alkene triols to 2-methyltetrols (0.02–1.3) was
observed with the largest value of QFF3357 (Fig. 6). Surratt et al. (2010) reported that25

relative humidity can affect the concentration ratio of C5-alkene triols to 2-methyltetrols
in the absence of NOx. Although both QFF3357 and QFF3362 were collected during
humid and foggy days with high levels of isoprene SOA tracer, a very low ratio was
obtained for the latter sample (Fig. 6).
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Two diastereoisomeric 2-methyltetrols (2-methylthreitol and 2-methylerythritol) were
first identified as oxidation products of isoprene in the Amazonian forest aerosols
(Claeys et al., 2004). Since then, these organic marker compounds have been detected
in ambient aerosols from different locations in the world (Hallquist et al., 2009 and refer-
ences therein). Concentrations of 2-methylerythritol are generally 1.5–2.5 times more5

abundant than that of 2-methylthreitol in ambient aerosols (Claeys et al., 2004; Cahill
et al., 2006; Fu et al., 2010). Interestingly, rather lower ratios of 2-methylerythritol to 2-
methylthreitol (0.76) were observed in the summertime marine aerosols over the Arctic
Ocean, ranging from 0.76–2.1 (Fig. 6). Such a variation indicates that the formation
processes and/or the sources of the two isomers varied with time and location; this10

also indicates that one of the isomers may have a larger preference to atmospheric
oxidative aging (i.e., heterogeneous reaction with hydroxyl radicals) during long-range
transport. In addition, Nozière et al. (2011) recently reported that 2-methyltetrols could
be of biogenic origin at a certain level. A good correlation between 2-methyltetorls
and sugar compounds was also reported by Cahill et al. (2006), who proposed that15

2-methyltetrols may arise directly from a similar biological source as sugars in addition
to the well documented photochemical pathway. Further, from Fig. 6 we can obtain an
intriguing negative correlation (R2 = 0.41, p<0.01, n = 10) between the concentration
ratios of 2-methylerythritol to 2-methylthreitiol and C5-alkene triols to 2-methyltetrols,
which warrants a further study.20

3.2.6 Other polar organic acids

Seven aromatic acids were detected in the marine aerosols, including three phthalic
acids and four hydroxybenzoic acids (Table S1). Their total concentrations ranged
from 0.056 to 1.8 ng m−3 (0.37 ng m−3). Phthalic acids have been proposed as a sur-
rogate for the contributions of secondary oxidation to organic aerosols, although pri-25

mary sources such as biomass burning and fossil fuel combustion cannot be excluded
(Kawamura and Yasui, 2005; Kundu et al., 2010). Their isomeric composition was
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characterized by a predominance of phthalic acid (Table S1), being consistent with
those reported in continental aerosols (Wang et al., 2006).

Other hydroxy/polyacids including glycolic (hydroxyacetic acid), lactic, glyceric, malic,
and tricarballylic acids were detected in the Arctic Ocean aerosols with the predomi-
nance of malic acid (Table S1). Glycolic acid is the smallest α-hydroxy acid. It is hy-5

groscopic and highly water-soluble. The concentration range of glycolic acid was 0.12–
1.5 ng m−3 (0.65 ng m−3), which was lower than those (0.34–4.3 ng m−3, 2.0 ng m−3) in
wintertime arctic aerosols (Fu et al., 2009b). Polyacids such as malic acid are also
considered as secondary oxidation products of precursor organic compounds. In ad-
dition, biomass burning can emit malic acid and other dicarboxylic acids and/or their10

precursors into the atmosphere (Kundu et al., 2010).

3.3 Source strength of organic aerosols

Based on previously studied emission profiles of organic compounds (Schauer et al.,
1996; Simoneit et al., 2004b) and the above discussion, organic compound classes
quantified in the marine aerosols from the Arctic Ocean can be roughly apportioned15

to five emission sources and one photooxidation product group as follows: (a) “ter-
restrial natural background” characterized by higher plant wax n-alkanes, HMW fatty
acids and fatty alcohols; (b) “marine natural background” mainly reflected from LMW
fatty acids, LMW fatty alcohols, and cholesterol; (c) “biomass burning” characterized
by levoglucosan and its isomers, β-sitosterol, 4-hydroxybenzoic acid, and lignin/resin20

acids; (d) “primary biological origin” characterized by primary saccharides and reduced
sugars as well as ergosterol; and (f) “Photooxidation” reflected by biogenic SOA trac-
ers, aromatic acids, and hydroxy-/polyacids. LMW dicarboxylic acids that are also of
photochemical origin and abundant in atmospheric aerosols, were not included in this
study. As shown in Fig. 7, the most abundant group was primary biological origin25

(9.9–66 %, mean 46 %), followed by photooxidation (9.6–40.2 %, 21.6 %), marine natu-
ral background (8.3–34.0 %, 16.3 %), plastic emission (1.9–12.7 %, 8.3 %), biomass
burning (1.1–12.8 %, 4.3 %), and terrestrial natural background (2.2–6.3 %, 3.6 %).
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Interestingly, QFF3354 obtained the highest contribution to marine natural emissions;
this sample was collected during the period when the biological activity was higher than
other sampling periods as seen from Chl a (Table 1).

In order to obtain further information on the relative abundances of organic aerosols
from primary and secondary sources, some tracer-based methods were used to esti-5

mate their contributions to aerosol OC. Here, the measured concentrations of mannitol
were used to calculate the contributions of fungal spores to OC (Bauer et al., 2008).
The measured biogenic SOA tracers were used to estimate the secondary organic
carbon (SOC) formed from the oxidation of isoprene, α-pinene and β-caryophyllene
using a tracer-based method (Kleindienst et al., 2007). It should be noted that such10

estimation might suffer from a large uncertainty; a point that has been discussed in
details by Yttri et al. (2011a, b) and El Haddad et al. (2011). As shown in Table 2,
fungal-spore-derived OC, ranging from 0.40 to 407 ngC m−3, was by far the dominant
source, which accounts for 0.11–26.2 % (10.7 %) of aerosol OC. For biogenic SOC, the
isoprene-derived SOC (0.80–193 ngC m−3, mean 23.0 ngC m−3) was comparable with15

those of α-pinene-derived SOC (1.9–104 ngC m−3, 20.8 ngC m−3). β-Caryophyllene-
derived SOC was rather minor (0.22–2.1 ngC m−3, 0.73 ngC m−3), only accounting for
0.07–0.51 % (0.19 %) of OC. In total, these biogenic primary emission source and sec-
ondary aerosol formation can contribute 1.4–64.5 % of OC with an average of 17.6 %.
Such a low percentage suggests that the major portion of marine organic aerosols in20

the Arctic Ocean is still not specified at a molecular level. The unknown portion may
include oligmers, organosulfates, organic nitrates, amino acids, humic-like substances,
HMW organics such as proteins as well as other bioaerosols that are either from the
ocean surface water through bubble bursting or from long-range atmospheric transport.

4 Conclusions25

Ten organic compound classes were measured in marine aerosols collected in the
southern Beaufort Sea, Canadian Arctic. The identified organics (7.3–185 ng m−3,
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47.6 ng m−3) were more abundant in the samples that were influenced by air masses
from North Canada. Distributions of biogenic SOA tracers in the marine aerosols were
characterized by a predominance of isoprene and α-pinene oxidation products, while
β-caryophyllene oxidation was a minor contributor. Total measured organic species
accounted for 1.8–11 % (4.1 %) of OC, among which sugar compounds were the main5

contributor. By using a tracer-based method, biogenic SOC can account for 1.1–46.1 %
(6.9 %) of aerosol OC. This is still lower than the contribution of fungal-spore-derived
OC, which on average accounted for 10.7 % of aerosol OC, highlighting the impor-
tance of primary biological aerosols in the MBL over the Arctic Ocean in summer. Sim-
ilarly, the results of source apportionment show that the identified organics in the MBL10

over the Arctic Ocean are mainly of primary biological origin, followed by secondary
aerosol formation. In addition, the large variation of organic chemical composition of
both primary and secondary organic aerosol tracers in different samples implies a very
complex nature of marine aerosols over the Arctic Ocean. Further study is needed
to characterize the seasonal variation and size distribution of organic aerosols and to15

better evaluate the impact of primary bioaerosols and biogenic VOCs on the aerosol
chemistry in the Polar Regions.
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L., and Sempéré, R.: Intense photooxidative degradation of planktonic and bacterial lipids5

in sinking particles collected with sediment traps across the Canadian Beaufort Shelf (Arctic
Ocean), Biogeosciences Discuss., 9, 7743–7781, doi:10.5194/bgd-9-7743-2012, 2012.

Schauer, J. J., Rogge, W. F., Hildemann, L. M., Mazurek, M. A., and Cass, G. R.: Source
apportionment of airborne particulate matter using organic compounds as tracers, Atmos.
Environ., 30, 3837–3855, 1996.10

Schmitt-Kopplin, P., Liger-Belair, G., Koch, B. P., Flerus, R., Kattner, G., Harir, M., Kanawati,
B., Lucio, M., Tziotis, D., Hertkorn, N., and Gebefügi, I.: Dissolved organic matter in sea
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Table 1. Bulk and organic molecular data for marine aerosol samples collected during the
MALINA cruise in 2009. Concentrations for organic species are present in ng m−3.

n-Alkanes n-Fatty acids n-Alcohols

Sample Sample ID Sample Cloud Chl a OC LMW HMW CPIb LMW HMW C18:n / C18:0 LMW HMW
No. periods covera (µg l−1) (µg m−3) (C18−24) (C25−34) (C8−23) (C24−32) (C12−23) (C24−30) Levoc Mannitold 2-MTe

1 QFF3352 3–5 Aug MC-O 0.40±0.23 0.30 0.05 0.17 1.9 0.87 0.16 0.5 0.27 0.16 0.67 3.2 0.18
2 QFF3354 5–8 Aug MC-O, fog 1.97±3.74 0.36 0.17 0.47 1.6 2.3 0.33 0.2 1.1 0.28 0.93 0.05 0.31
3 QFF3355 8–11 Aug MC-O 0.09±0.035 0.36 0.19 0.33 1.7 1.5 0.19 0.1 0.76 0.18 0.67 0.13 0.21
4 QFF3356 11–13 Aug MC-O 1.46±1.34 0.25 0.15 0.29 2.3 2.8 0.13 1.4 2.9 0.70 0.14 1.7 0.57
5 QFF3357 13–15 Aug MC-O, fog 1.64±1.33 2.93 1.1 3.4 1.5 10.7 1.2 1.8 5.3 3.1 0.33 53.3 1.22
6 QFF3358 15–17 Aug PC-O 0.98±1.00 0.11 0.07 0.06 1.7 0.86 0.03 0.9 1.1 0.11 0.06 0.29 0.20
7 QFF3359 17–19 Aug O 0.075±0.003 0.23 0.04 0.14 1.7 0.89 0.05 1.3 0.33 0.19 0.01 4.0 0.15
8 QFF3360 19–21 Aug MC-O 0.072±0.02 0.20 0.06 0.08 1.8 1.4 0.06 0.8 0.46 0.73 0.02 5.0 0.06
9 QFF3361 21–23 Aug C-O – 0.25 0.07 0.17 2.1 2.0 0.11 0.6 0.55 0.99 0.03 8.6 0.37
10 QFF3362 23–25 Aug O, fog 0.11±0.04 0.65 0.34 0.80 7.0 9.4 0.95 3.9 4.0 3.0 0.80 15.5 28.4

a C: clear (>0 to 5 %); PC: partly cloudy (5 to 50 %); MC: mostly cloudy (50 to 95 %); O: overcast (95–100 %).
b CPI, carbon preference index: (C21+C23+C25+C27+C29+C31+C33)/(C22+C24+C26+C28+C30+C32+C34) for n-alkanes.
c Levo: levoglucosan, a biomass-burning tracer (Simoneit, 2002).
d Mannitol: a fungal-spore tracer (Bauer et al., 2008).
e 2-MT: 2-methyltetrols, the sum of 2-methylthreitol and 2-methylerythritol, which are isoprene SOA tracers
(Claeys et al., 2004).
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Table 2. Summary of organic carbon concentrations (µgC m−3) from biogenic primary emis-
sion (fungal-spore OC) and photochemical formation (biogenic SOC) and their contributions in
aerosol OC (%) in the marine aerosol samples.

Components range mean std

Concentration (ngC m−3)

Fungal spore OC 0.40–407 70.1 124
Isoprene SOC 0.80–193 23.0 59.8
α-Pinene SOC 1.9–104 20.8 38.3
β-Caryophyllene SOC 0.22–2.1 0.73 0.64
Sum of SOC 3.7–298 44.6 94.3
Subtotal 5.1–510 115 186

Percentage in aerosol OC (%)

Fungal spore OC 0.11–26.2 10.7 8.9
Isoprene SOC 0.41–29.8 3.8 9.1
α-Pinene SOC 0.57–16.1 2.9 4.7
β-Caryophyllene SOC 0.07–0.51 0.19 0.13
Sum of SOC in OC 1.1–46.1 6.9 13.8
Subtotal 1.4–64.5 17.6 18.7
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 769 
 770 

Figure 1. Five-day air mass back trajectories for each sample collected in the Southern 771 

Beaufort Sea, Canadian Arctic during the MALINA campaign are shown in the left side; 772 

cruise tracks are present in red. Enlarged cruise tracks for each sample are shown in the right 773 

side. 774 

775 

Fig. 1. Five-day air mass back trajectories for each sample collected in the Southern Beaufort
Sea, Canadian Arctic during the MALINA campaign are shown in the left side; cruise tracks are
present in red. Enlarged cruise tracks for each sample are shown in the right side.
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 775 

 776 

Figure 2. A typical GC/MS trace (total ion current, TIC) for a total extract (TMS derivatized) 777 

of the aerosol sample (QFF3362) collected in the Arctic Ocean. For abbreviations, see Table 778 

S1. 779 
780 

Fig. 2. A typical GC/MS trace (total ion current, TIC) for a total extract (TMS derivatized) of the
aerosol sample (QFF3362) collected in the Arctic Ocean. For abbreviations, see Table S1.
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 780 
 781 

Figure 3. Chemical compositions of organic compounds in the summertime marine aerosols 782 

collected during the MALINA campaign. 783 

784 

Fig. 3. Chemical compositions of organic compounds in the summertime marine aerosols col-
lected during the MALINA campaign.
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 785 

 786 

Figure 4. Variations of high molecular weight fatty acids (HMW FA) and low molecular 787 

weight fatty acids (LMW FA) in the marine aerosols collected during the MALINA cruise. 788 

Ratios of C18:n/C18:0 are present in circles. 789 

790 

Fig. 4. Variations of high molecular weight fatty acids (HMW FA) and low molecular weight
fatty acids (LMW FA) in the marine aerosols collected during the MALINA cruise. Ratios of
C18:n / C18:0 are present in circles.
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 791 

Figure 5. Relative abundances of isoprene SOA tracers detected in the marine aerosols. 792 

793 

Fig. 5. Relative abundances of isoprene SOA tracers detected in the marine aerosols.
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 794 

Figure 6. Concentration ratios of isoprene SOA tracers measured in the summertime marine 795 

aerosols collected during the MALINA cruise in the Arctic Ocean. 796 

797 

Fig. 6. Concentration ratios of isoprene SOA tracers measured in the summertime marine
aerosols collected during the MALINA cruise in the Arctic Ocean.
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 798 

Figure 7. Source strengths of organic species measured in the marine aerosols collected 799 

during the MALINA campaign. 800 

Fig. 7. Source strengths of organic species measured in the marine aerosols collected during
the MALINA campaign.
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