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Total suspended particles collected at Alert in the Canadian
highArctic (February-June)wereanalyzedforsolventextractable
organic compounds using gas chromatography-mass
spectrometry to better understand the sources and source
apportionment of aerosol pollution that can affect the Arctic
climate. More than 100 organic species were detected in the
aerosolsandweregroupedintodifferentcompoundclassesbased
on the functional groups. Polyacids were found to be the
most abundant compound class, followed by phthalates, aromatic
acids, fatty acids, fatty alcohols, sugars/sugar alcohols, and
n-alkanes, while polycyclic aromatic hydrocarbons, sterols, and
lignin and resin acids were minor. Concentrations of total
quantified organics seemed slightly higher in dark winter aerosols
(13.2-16.6 ng m-3, average 14.5 ng m-3) than those after
polar sunrise (6.70-17.7 ng m-3, average 11.8 ng m-3). During
dark winter, fossil fuel combustion products (30-51%),
secondary oxidation products, as well as higher plant emissions
were found as major contributors to the Arctic aerosols.
However, after polar sunrise on 5 March, secondary oxidation
products (5-53%) and plasticizer-derived phthalates became
thedominantcompoundclasses, followedbyfossil fuelcombustion
and microbial/marine sources. Biomass burning emissions
were found to contribute only 0.4-6% of the total identified
organics, although they maximized in dark winter. This study
demonstrates that long-range atmospheric transport, changes
in the solar irradiance, and ambient temperature can
significantly control the chemical composition of organic
aerosols in the Arctic region.

Introduction
Arctic air pollution, known as the Arctic haze, was first
reported by pilots flying over the Canadian and Alaskan Arctic
in 1950s (1). During the polar sunrise season, the Arctic
atmosphere can serve as a unique photochemical reactor
influenced by a combination of the marine-derived particles
from the Arctic Ocean and continental particles and their
precursors that are transported from the midlatitudes in
Europe, Asia, and North America (2, 3). After polar sunrise,
ambient temperature increases and sea ice starts to melt.

Enhanced sea-to-air emission of marine organic matter from
the Arctic Ocean should influence the chemical composition
of Arctic aerosols (4). Other processes that affect the chemical
composition include inputs from boreal forest fires (5). During
the last several decades, numerous studies of Arctic aerosols
demonstrated a winter/spring maximum and a summer
minimum of the concentration of pollutants. However, most
of them were focused on heavy metals, black carbon, dust,
ammonium, sulfate, methanesulfonate, nitrate, and aerosol
optical and microphysical properties (6-9), and organic
compounds have not been intensively investigated in the
Arctic aerosols.

Organic aerosols have been recognized to account for a
significant portion of atmospheric particulate matter (10),
cause human health problems (11), and play important roles
in regulating regional and global climate (10-13). Atmo-
spheric particles enriched with organic compounds can make
the aerosol surfaces more hydrophilic or hydrophobic
depending on the composition and mixing state, leading to
alter the cloud condensation nuclei (CCN) activities of
particles. Because climate change is proceeding fastest in
the high latitudes (1), there is an increasing need for better
understanding the sources and source apportionment of
organic aerosols in the Arctic. This will provide additional
insight into the relations between physical, chemical, and
optical properties of the Arctic aerosols and allow a proper
parametrization of aerosol characteristics in radiative transfer
models (14). Attempts have been made to describe the effects
of organic aerosols on clouds in the radiative modeling of
oceanic aerosols (15). However, information with regard to
the organic aerosol compositions in the Arctic troposphere
is still limited, although water-soluble organic acids have
been studied (16).

Here we report molecular distributions and temporal
variations of various organic compound classes in the Arctic
aerosols from Alert, Canada. A significant difference in their
molecular distributions before and after polar sunrise will
be discussed in terms of the changes in source strength and
long-range atmospheric pathways.

Experimental Section
Aerosol Sampling. Total suspended particulate matter (TSP)
was collected on a weekly basis using a precombusted (450
°C, 3 h) quartz fiber filter and high-volume sampler at Alert
(82.5° N, 62.3° W) in the Canadian high Arctic from February
19 to June 10, 1991. The surface air temperature (mean) during
sample collection ranged from -33.5 °C in February to -1.9
°C in June. The filters were stored individually in a precom-
busted glass jar with a Teflon-lined screw cap in darkness at
-20 °C until the analysis in 2007. Based on the comparison
of the aerosol samples collected at Alert in February and
April 2000 (Fu et al., unpublished results, 2008), we found no
significant difference in the concentrations of sugars and
other compounds, suggesting no serious microbial degrada-
tion during sample storage.

Extraction and Derivatization. Filter aliquots were ex-
tracted three times with dichloromethane/methanol (2:1; v/v)
under ultrasonication for 10 min. The solvent extracts were
filtered through quartz wool packed in a Pasteur pipet,
concentrated by using a rotary evaporator under vacuum,
and blown down to dryness with pure nitrogen gas. The
extracts were then reacted with 50 µL of N,O-bis-(trimeth-
ylsilyl)trifluoroacetamide (BSTFA) with 1% trimethylsilyl
chloride and 10 µL of pyridine at 70 °C for 3 h to derive
-COOH to TMS esters and -OH to TMS ethers. After the
reaction, derivatives were diluted with 140 µL of n-hexane
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containing the internal standard (C13 n-alkane, 1.43 ng µL-1)
prior to gas chromatography-mass spectrometry (GC-MS)
determination.

Gas Chromatography-Mass Spectrometry. The deriva-
tized total extracts were analyzed with a Hewlett-Packard
6890 GC interfaced to Hewlett-Packard 5973 MSD. The GC
separation was achieved on a DB-5 ms fused silica capillary
column (30 m × 0.25 mm i.d., 0.25 µm film thickness). Mass
spectral data were acquired and processed with the Chem-
station software. GC-MS response factors of individual
compound were determined using authentic standards.

Recovery and Blanks. Recoveries of all the standards were
better than 80% except polyacids, whose recoveries were
around 60%. Field and laboratory blank filters were treated
as the real samples for quality assurance. The blanks showed
no significant contamination except for bis(2-ethylhexyl)
phthalate, whose field blank levels were sometimes high and
thus were not used in this study. The data reported here
were corrected for the field blanks but not for the recoveries.
More details of the method and recoveries are described
elsewhere (17).

Results and Discussion
More than 100 organic species were detected in the Arctic
samples. They are grouped into 10 compound classes based
on functional groups (Table S1). Among them, polyacids was
the most abundant compound class, followed by phthalates,
aromatic acids, fatty acids, fatty alcohols, sugars/sugar
alcohols and n-alkanes. The other three compound classes,
i.e., polycyclic aromatic hydrocarbons (PAHs), sterols and
lignin/resin acids were all minor (Figure S1).

Aliphatic Lipids. n-Alkanes (C17-C34) showed weak odd/
even carbon number predominance (carbon preference
index, CPI, ranging from 1.26 to 1.96) with carbon number
maxima (Cmax) at C21-C23 (Figure 1a,b), except the summer
sample that showed Cmax at C27 (CPI ) 6.50) (Table S1). The
CPI value is close to unity in anthropogenic sources (e.g.,
petroleum), while it is around 10 in higher plant waxes. Our
results demonstrate that the Arctic aerosols studied were
heavily influenced by petroleum residues except for the early
June sample, which was affected by higher plant waxes. Air
mass trajectory analyses showed that in late May, the air
masses mainly originated from the Arctic Ocean and North
Greenland, while in early June they mainly came from the
American continent (Figure S2). Unlike midlatitudinal aero-
sols such as from China (Cmax ) C27-C31) (17), a peak at C21

to C23 has been previously reported in the Arctic aerosols
(18). The shift in the molecular distributions toward lower
molecular weight (LMW) n-alkanes can be caused by the
lower ambient temperatures in the Arctic, which alter their
gas/particle partitioning (18) to result in increasing the
concentrations of semivolatile n-alkanes in aerosol phase.

A homologous series of saturated fatty acids (C8-C30) were
detected in the Arctic aerosols. Except for C9, which is an
oxidation product of oleic acid (C18:1) (19), a strong even
carbon number predominance was observed (CPI)2.03-7.87
for C20-C30) with Cmax at C16 or C8 (Table S1). Higher molecular
weight (HMW) fatty acids (gC20) are derived from terrestrial
higher plant waxes, while LMW fatty acids (eC19) have
multiple sources such as vascular plants, microbes, and
marine phytoplankton as well as kitchen emissions (20-23).
The fatty acids showed trimodal pattern with peaks at C8 or
C9, C16 or C18, and C22-C26 (Figure 1c,d), which has never
been reported in continental (17, 20, 24) and marine aerosols
(21) from midlatitudes. High abundances of LMW fatty acids
(C8-C10) in the aerosols may be caused by the shift in gas/
particle partitioning due to lower ambient temperature in
the Arctic, being similar to n-alkanes. Although alkenoic acids
(e.g., C18:1 or C16:1) were not detected, concentrations of C9,
the oxidation product of C18:1, were relatively high even before

polar sunrise (Table S1). These results strongly suggest that
the Arctic aerosols were already aged and transported long
distances from middle latitudes. Air mass trajectory analyses
suggest that the aerosols were in part originated from North
Europe or North America (Figure S2).

Normal C14-C30 fatty alcohols were detected in the
aerosols. Their distributions are characterized by even carbon
number predominance (CPI ) 2.71-12.4 for C20-C30) with
a maximum at C28 in February to April (Figure 1e,f), whereas
C16 or C18 became the dominant species afterward (Table
S1). The homologues <C20 are abundant in soil microbes
and marine biota, while the homologues >C20 are abundant
in terrestrial higher plant waxes and loess deposits (22).
Biomass burning process can also emit a large amount of
fatty alcohols and fatty acids into the atmosphere (25).

Total concentration ranges are 206-2160 pg m-3 for
n-alkanes, 690-2435 pg m-3 for fatty acids, and 464-2033
pg m-3 for fatty alcohols. Temporal variation of n-alkanes
was characterized by three peaks in late February, middle
March, and late May with the maximum in dark winter (Figure
2). Similar patterns were also observed for fatty acids, fatty
alcohols, and some other organic compound classes. The
winter maximum for these organics is reasonable, because
during winter the Arctic acts as a cold sink to receive aerosols
and their precursors emitted from the midlatitudes via long-
range transport. Under a stagnant condition, aerosol removal
rates are decreased due to a lack of solar radiation (26).

Biomass Burning Tracers. Biomass burning is a signifi-
cant source of atmospheric gases and particles in a regional
and global scale. Particles produced by biomass burning can
influence the global climate by absorbing radiation and acting
as CCN (27). Levoglucosan that is produced in large quantities
during pyrolysis of cellulose is a key tracer for biomass
burning (25). It contributes to water-soluble organic carbon
(WSOC) in aerosols and influences on the hygroscopicity of
atmospheric aerosols (27). Levoglucosan was found in the
aerosols sometimes very abundantly (up to 1076 pg m-3),
indicating a potential impact of biomass burning to the Arctic
climate. Galactosan and mannosan, the isomers of levoglu-
cosan, were also detected in the samples. These anhydro-
sugars are produced by the pyrolysis of cellulose/hemicel-
luloses during biomass burning (25). They have been often
identified in smoke particles from woods, grasses, and
agricultural wastes (28, 29).

Dehydroabietic acid, a more specific biomass burning
tracer of conifer resin, is often detected in urban, rural, and
marine aerosols (20, 24). However, this acid was detected at
only trace levels in the Arctic aerosols (2-33 pg m-3). This
suggests that fires in the boreal conifer forests are not
important during the winter-summer period, which occur
in autumn. Lignin is wood polymer and upon burning yields
phenolic acids. 4-Hydroxybenzoic acid is produced by
burning of grasses and other nonwoody vegetation, whereas
vanillic acid is produced from both softwood and hardwood.
These phenolic compounds were found in all the samples.
In contrast, syringic acid is more specific to hardwood, which
was only found in two samples in early May. Their concen-
trations (17-116 pg m-3) are 1-2 orders of magnitude lower
than those reported in marine aerosols (0.5-9.0 ng m-3) (22).

�-Sitosterol was detected in the Arctic aerosols. It can
also be used as a general biomass burning tracer, which is
present in all vegetations (25). High concentrations of
�-sitosterol were reported in marine aerosols from the
western North Pacific during the 1991 El Ninõ forest fire
event that occurred in Indonesia (21) and other Asian
countries (17, 24). Levoglucosan, dehydroabietic acid and
�-sitosterol showed similar temporal trends with higher
concentrations before polar sunrise (Figure S3), indicating
more contribution of biomass burning products during
winter. However, the patterns of vanillic and 4-hydroxy-
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FIGURE 1. Concentrations (pg m-3) and molecular distributions of different organic compound classes before (Feb. 19-25, left) and
after polar sunrise (Apr. 1-8, right).
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benzoic acids were different from other biomass burning
tracers discussed above, suggesting that they may be emitted
from some other sources.

Sugars/Sugar Alcohols. Primary saccharides consisting
of glucose, fructose, sucrose, and trehalose were detected in
the Arctic aerosols, as well as some sugar alcohols including
glycerol, arabitol, mannitol, and inositol. Their concentrations
ranged from 53 to 1672 pg m-3 (average 646 pg m-3). Primary
saccharides are derived from innumerous sources including
microorganisms, plants, and animals (30). They have been
used as tracers for primary biological aerosol particles (31)
and resuspension of surface soil and unpaved road dust (30).
Positive correlations between primary saccharides and
n-alkanes were found, especially for petroleum-derived
n-alkanes (R2 ) 0.74, Figure S4a), suggesting that they were
transported from similar source regions to the Arctic.

To further specify the sources of sugars (including
anhydrosugars and primary saccharides), principal compo-
nent analysis was conducted based on their correlation matrix
with a varimax rotation of the eigenvectors. Two principal
components were set by the scree tests (Table S2); they
account for 58.5% (component 1) and 25.3% (component 2),
respectively. Levoglucosan, galactosan, mannosan, arabitol,

sucrose, and trehalose showed loadings of >0.90 in com-
ponent 1, which are mainly contributed by the emissions of
biomass burning. Fructose and mannitol also showed
loadings of 0.76 and 0.78 in component 1, respectively, thus
they are associated with biomass burning as well.

On the other hand, concentrations of glycerol, glucose,
and inositol showed high loadings of >0.85 in component
2. Fructose also showed a loading of 0.49 in component 2.
Glycerol is a fungal metabolic product in soil (30). Glucose
is an important carbon source for soil microorganisms and
the most common monosaccharide present in vascular plants
(32). Graham et al. (31) reported higher concentrations for
glucose, fructose and sucrose in daytime, explaining it by
the release of pollen, fern spores, and other “giant” bio-
aerosols. The direct release of pollen and microorganisms
can contribute to sugars in the Arctic aerosols via long-range
transport. Thus, the compounds in component 2 may be
involved with suspended soil dust, microorganism, and
pollens, especially after polar sunrise (Figure 1h) when the
molecular distribution of sugars showed the dominance of
glucose (Figure 1g). Jaenicke (33) reported that bioaerosols

FIGURE 2. Temporal variations in the concentrations (pg m-3) of the 10 organic compound classes detected in the Alert aerosols.

FIGURE 3. Pie diagrams showing the source strengths of organic matter in lower tropospheric aerosols at Alert, Canadian high
Arctic.
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account for 5-50% of the atmospheric aerosol mass.
However, their contribution to the Arctic aerosols is not very
high.

Phthalates. Phthalates (phthalate esters) are manufac-
tured worldwide as plasticizers and also used in cosmetics,
lubricants, and other products (34). Health and environ-
mental hazards of the esters have been the subject of scientific
discussion and public concern (35). Dimethyl (DMP), diethyl
(DEP), diisobutyl (DiBP), di-n-butyl (DnBP), and benzylbutyl
(BBP) phthalates were detected in the Arctic aerosols (Figure
1i,j). Their total concentrations were 284-11765 pg m-3

(average 2902 pg m-3). These values are higher than those
reported in the North Sea to the high Arctic atmosphere
(383-1020 pg m-3) during the summer in 2004 (35), but they
are equivalent to or lower than those reported in the Swedish
atmosphere (0.5-127 ng m-3) in 1984-1985 (34).

DEP was generally a dominant species before polar
sunrise, followed by DnBP, DiBP, and DMP (Figure 1i).
However, DnBP became dominant after polar sunrise (Figure
1j and Table S1). Xie et al. (35) reported the particle-bound
fractions (Φ) of phthalates in the Arctic region during
summertime. They showed that the Φ values increased with
an increase in the molecular weight: 3% (DMP), 5% (DEP),
17% (DiBP), 33% (DnBP), and 44% (BBP). In the present study,
a shift of dominant phthalate was found from lower (DEP)
to higher MW phthalate (DnBP) toward summer. The increase
in ambient temperature may cause the temporal increases
in the concentrations of phthalates as shown in Figure 2f.
This was supported by a strong correlation between the total
concentrations of phthalates and the averaged air temper-
ature during sampling (Figure S4b). Thurén and Larsson (34)
reported that the concentrations of phthalates in the Swedish
atmosphere increased gradually from winter to summer.
Studies in China also showed higher concentrations of
phthalates in summer than in winter (24) and at daytime
than at nighttime (17). Concentrations of DiBP and DnBP
showed a strong linear correlation (R2 ) 0.89) (Figure S4c),
suggesting that they are commonly used plasticizers and
emitted into the atmosphere by evaporation.

Phthalates in the Arctic troposphere may be associated
with a long-range transport from midlatitudes and the
subsequent deposition on the snow/ice sheet. The high Arctic
can act as a cold sink to result in the accumulation of
phthalates onto snow and ice (35). With an increase in
ambient temperature in spring and summer, snow/ice-to-
air emission of phthalates may be enhanced.

Secondary Oxidation Products. Polyacids including glyc-
eric, malic, tartaric, and citric acids were detected in the
samples, accounting for 0.16-0.97% of WSOC in the Arctic
aerosols (Table S1). Before polar sunrise, glyceric acid was
the dominant species of this group. However, malic acid
became the most abundant after polar sunrise (Figure 1k,l).
Polyacids are secondary oxidation products of precursor
organic compounds. For example, malic acid can be pro-
duced by the photochemical oxidation of succinic acid in
the atmosphere (36). Figure 2g shows the temporal variation
of polyacids, which is totally different from those of aliphatic
lipids or sugar compounds. The increase of polyacids in late
March to early May strongly supports an enhanced photo-
chemical activity in the Arctic.

Benzoic acid has been proposed as a primary pollutant
in motor exhausts and a secondary product from photo-
chemical degradation of alkyl benzenes (e.g., toluene) emitted
by automobiles (37). Phthalic acids (68-3620 pg m-3, average
1631 pg m-3) maximized at polar sunrise. Their isomeric
composition was characterized by a predominance of ph-
thalic acid (Figure 1m,n), being consistent with those reported
in continental aerosols (17). Phthalic acids have been
proposed as a surrogate for the contributions of secondary
oxidation to organic aerosols. Interestingly, a strong negative

correlation was found between phthalic acids and phthalates
(R2 ) 0.84, p < 0.01). Similar results was observed in the
aerosols collected at Mt. Tai, Northeast China (17).

Temporal variation in the concentrations of aromatic acids
(Figure 2h) shows a decrease from February toward mid-
March. After polar sunrise, their concentrations increased
rapidly and remained high till mid-April. In May, they
decreased significantly toward summer. High concentrations
of aromatic acids before polar sunrise suggest that they should
be produced by photochemical processes in the midlatitudes
and transported long distances to the Arctic. The increased
concentrations in late March to April also demonstrate that
aromatic acids are produced in situ by photochemical
oxidation of precursors such as toluene, xylenes, and
naphthalenes (38).

PAHs. Seventeen PAHs (three- to seven-rings) ranging
from phenanthrene to coronene were detected in the samples
as minor components. Their total concentrations were
1-1031 pg m-3 (average 160 pg m-3) with a winter-
time maximum (Figure 2j), which are consistent with those
(190-470 pg m-3) measured at Alert (39), less than those
(0.48-4.49 ng m-3) reported at Cheeka Peak Observatory,
Washington state (40), and much lower than those (20-83
ng m-3) reported in the Mediterranean Sea (41). The
dominant PAHs are fluoranthene, phenanthrene, and pyrene
(Figure 1o,p).

Hierarchical Cluster Analysis (HCA). In order to get a
general view on the sources of organics detected in the Arctic
aerosols, HCA was applied to the data set using the squared
Euclidean distance as a grouping criterion. As shown in Figure
S5, three clusters (a, b, and c) could be distinguished. Cluster
a is composed of aliphatic lipids, sugars/sugar alcohols, lignin,
and resin acids, together with sterols and PAHs. These
compound classes all showed higher concentrations in dark
winter. They should be in principle transported to the Arctic
from the same source regions in midlatitudes via long-range
atmospheric transport, although the sea-to-air emission in
the Arctic Ocean can be enhanced after polar sunrise (4).

Cluster b contains phthalates, suggesting the emission of
plastic materials existing on the Earth’s ground surface, which
is strongly affected by the ambient temperature. Cluster c
contains aromatic acids and polyacids, mainly reflecting
photochemical production which tends to be stronger after
polar sunrise. However, the sources and atmospheric fates
of these organics may be different. As mentioned above,
phthalic acids are supposed to be produced by the oxidation
of naphthalene and other PAHs (38), while production of
malic acid may be associated with oxidation of succinic acid
initiated by OH radicals (36). It should also be noted that the
concentrations of aromatic acids were high even in dark
winter, indicating that they were produced under the weak
solar radiation condition on the transport pathway from the
midlatitudes to the Arctic. This was further supported by
the positive correlation (R2 ) 0.59, Figure S4d) between the
concentrations of aromatic acids and vanadium (V); the latter
is considered as a powerful tracer of combustion of fossil
fuel, although it is in part emitted from natural source such
as wind blown dust (42).

Source Apportionment of Organic Aerosols. On the basis
of the above discussion and previously studied emission
profiles of organic compounds (22, 43), organic compound
classes quantified in the Arctic aerosols, including unresolved
complex mixture (UCM) of hydrocarbons (see Table S1), can
be roughly apportioned to six emission sources and one
secondary oxidation products as follows: (a) plant emission
characterized by higher plant wax n-alkanes, HMW fatty acids,
and fatty alcohols; (b) microbial lipids or marine input mainly
reflected from LMW fatty acids and fatty alcohols (<C20),
cholesterol, and glycerol; (c) biomass burning characterized
by levoglucosan and its isomers, �-sitosterol, and lignin and
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resin products; (d) fossil fuel combustion characterized by
petroleum-derived n-alkanes, UCM, and PAHs; (e) soil
resuspension characterized by primary saccharides and
reduced sugars; (f) plasticizers (phthalates); and (g) secondary
oxidation products characterized by aromatic acids and
polyacids (Table S3).

The source strengths are apportioned based on organic
tracers for selected samples, as shown in Figure 3. The
diagrams for all the samples are given in Figure S6. LMW
dicarboxylic acids that are also of photochemical origin and
abundant in atmospheric aerosols were not included in this
study. Before polar sunrise, the most abundant group was
fossil fuel combustion products (30-51%), followed by
secondary oxidation products, higher plant waxes, microbial/
marine sources, and biomass burning emission. After polar
sunrise, secondary oxidation products were the most abun-
dant group and reached a maximum in mid-April. From mid-
May to early June when the ambient temperature increased,
plasticizer-derived phthalates became dominant, accounting
for 46-61% of the total identified organics, followed by fossil
fuel combustion, secondary oxidation products, and micro-
bial/marine sources.

In summary, aliphatic lipids, biomass burning tracers,
sugar compounds, sterols, and PAHs in the Arctic aerosols
are more abundant in Arctic winter than in sunlit spring.
This is in agreement with the origins of Arctic haze, which
is associated with long-range atmospheric transport under
synoptic meteorological conditions. Water-soluble organic
compounds account for 4.3-50.3% (average 31.2%) of total
quantified organics and 0.48-1.76% (average 1.23%) of WSOC
(Table S1) in the Arctic aerosols. Long-range atmospheric
transport and sudden change in the solar irradiance are the
major factors controlling the chemical composition of organic
aerosols in the Arctic during winter-spring season. Moreover,
a sharp increase in ambient temperature from winter to spring
significantly affects the gas/particle partitioning of semiv-
olatile organic compounds in the Arctic atmosphere.
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