
lable at ScienceDirect

Atmospheric Environment 130 (2016) 95e104
Contents lists avai
Atmospheric Environment

journal homepage: www.elsevier .com/locate/atmosenv
Seasonal variations of biogenic secondary organic aerosol tracers in
ambient aerosols from Alaska

Md. Mozammel Haque a, b, Kimitaka Kawamura a, *, Yongwon Kim c

a Institute of Low Temperature Science, Hokkaido University, Sapporo, Japan
b Graduate School of Environmental Science, Hokkaido University, Sapporo, Japan
c International Arctic Research Center, University of Alaska Fairbanks, USA
h i g h l i g h t s
� This study presents distinct seasonal variations of SOA tracers in Alaskan aerosols.
� BVOCs (isoprene, a-/b-pinene and b-caryophyllene) significantly contribute to SOC (14.4% of OC).
� Isoprene is a more important contributor for biogenic SOA than a-/b-pinene and b-caryophyllene in subarctic Alaska.
a r t i c l e i n f o

Article history:
Received 28 May 2015
Received in revised form
30 August 2015
Accepted 30 September 2015
Available online 9 October 2015

Keywords:
Biogenic VOCs
SOA tracers
Seasonal variation
Secondary organic carbon
Central Alaska
* Corresponding author.
E-mail address: kawamura@lowtem.hokudai.ac.jp

http://dx.doi.org/10.1016/j.atmosenv.2015.09.075
1352-2310/© 2015 Elsevier Ltd. All rights reserved.
a b s t r a c t

We investigated total suspended particles (TSP) collected from central Alaska, USA for molecular com-
positions of secondary organic aerosol (SOA) derived from the oxidation of biogenic volatile organic
compounds (BVOCs). Isoprene-, a-/b-pinene- and b-caryophyllene-SOA tracers were determined using
gas chromatography-mass spectrometry. The concentration ranges of isoprene, a-/b-pinene and b-car-
yophyllene oxidation products were 0.02e18.6 ng m�3 (ave. 4.14 ng m�3), 0.42e8.24 ng m�3

(2.01 ng m�3) and 0.10e9 ng m�3 (1.53 ng m�3), respectively. Isoprene-SOA tracers showed higher
concentrations in summer (ave. 8.77 ng m�3), whereas a-/b-pinene- and b-caryophyllene-SOA tracers
exhibited highest levels in spring (3.55 ng m�3) and winter (4.04 ng m�3), respectively. b-Caryophyllinic
acid and levoglucosan showed a positive correlation, indicating that biomass burning may be a major
source for b-caryophyllene. We found that mean contributions of isoprene oxidation products to organic
carbon (OC) and water-soluble organic (WSOC) (0.56% and 1.2%, respectively) were higher than those of
a-/b-pinene (0.31% and 0.55%) and b-caryophyllene (0.08% and 0.13%). Using a tracer-based method, we
estimated the concentrations of secondary organic carbon (SOC) produced from isoprene, a-/b-pinene
and b-caryophyllene to be 0.66e718 ngC m�3 (ave. 159 ngC m�3), 7.4e143 ngC m�3 (35 ngC m�3) and 4.5
e391 ngC m�3 (66.3 ngC m�3), respectively. Based on SOA tracers, this study suggests that isoprene is a
more important precursor for the production of biogenic SOA than a-/b-pinene and b-caryophyllene in
subarctic Alaska.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Secondary organic aerosol (SOA) is produced via the oxidation of
biogenic volatile organic compounds (BVOCs) with O3, OH and NO3
radicals (Atkinson and Arey, 1998). Vegetation can release huge
amounts of BVOCs, including isoprene, monoterpenes, sesquiter-
penes and oxygenated hydrocarbons (Goldstein and Galbally, 2007;
(K. Kawamura).
Guenther et al., 1995). Oxygenated VOCs contribute to particle
growth processes over boreal forests (Kourtchev et al., 2008a).
Biogenic emissions are the dominant source of reduced organic
gases to the atmosphere (Holzinger et al., 2005). These BVOCs play
an important role in local, regional, and global climate change. SOA
can affect the earth's radiative balance (Hoyle et al., 2009) and leads
to visibility reduction that can affect the global climate (Kleindienst
et al., 2007). Oxidation products of biogenic SOA are polar and thus
hygroscopic (Virkkula et al., 1999).

Isoprene is a significant source of organic aerosol in the at-
mosphere, with emissions estimated to be 440e660 TgC yr�1
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(Surratt et al., 2010). On a global budget, emissions of biogenic
VOCs (1150 Tg yr�1) are suggested to be one order of magnitude
higher than those of anthropogenic VOCs (Guenther et al., 2006),
whereas emission of isoprene is 44% of total emissions of BVOCs
(Ding et al., 2014). Recent study suggested that oxidation of
isoprene leads to the formation of SOA in the atmosphere via
heterogeneous reactions (Kroll et al., 2006). However, various
factors such as different oxidants (OH, O3 and NO3), heteroge-
neous reactions, NOx concentration, etc. can play a role in SOA
formation (Kroll et al., 2006). Contribution of photo-oxidation
products of isoprene is significant to boreal forest aerosols
(Kourtchev et al., 2005). Aerosol characterization studies from
different forest sites indicated that SOA compounds from the
photo-oxidation of isoprene (i.e., 2-methyltetrols and 2-
methylglyceric acid) are important constituents (Cahill et al.,
2006; Claeys et al., 2004; Edney et al., 2005; Ion et al., 2005). 2-
Methyltetrols were first identified in the Amazonian rainforest
(Claeys et al., 2004) and subsequently detected in ambient aero-
sols from many sites in the world (Clements and Seinfeld, 2007;
Ion et al., 2005; Edney et al., 2005; Chan et al., 2010).

Monoterpenes and sesquiterpenes are also believed to be
important sources of biogenic SOA. Monoterpenes are mainly
emitted from conifer forest, with annual emission of 127 Tg,
considering a-pinene as major terpene (Claeys et al., 2007).
Several studies of organic aerosol composition have focused on
monoterpene photo-oxidation products at coniferous forest sites
(Kavouras et al., 1998; Yu et al., 1999; Pio et al., 2001) and the
emissions of monoterpene are believed to be important in these
environments (Jobson et al., 1994; Lamanna and Goldstein, 1999;
Hakola et al., 2000). Monoterpene-SOA tracers have been used to
evaluate the role of monoterpene in the formation of SOA;
monoterpenes contribute about 35% of the global emissions of
BVOCs (Griffin et al., 1999a). High SOA yields from monoterpene
were also observed in laboratory experiments (Griffin et al.,
1999b). The SOA tracers are useful to estimate SOA v.s. primary
OA (Stone et al., 2012). Moreover, the compositions of SOA tracers
can give additional information on the process and sources (Ding
et al., 2014).

The boreal forest covers more than 1.2 � 107 km2 spanning
North America and Eurasia (Baumgartner, 1979; Stocks and
Lynham, 1996). Two-thirds of the boreal forest area are located in
Eurasia and the remaining is located primarily in Canada and
Alaska (Hare and Ritchie, 1972). Tundra and boreal forests are also
available in Russia, Alaska and Canada. Thus, BVOC emissions from
these ecosystems are considered to make a significant contribution
to SOA mass. High loading of natural aerosols over boreal forests
was proposed in northern Europe (Tunved et al., 2006). As a large
fraction of organic carbon (OC), water-soluble organic carbon
(WSOC) has the potential role to modify the hygroscopic properties
of particles (Saxena et al., 1995), in which WSOC is often associated
with oxygenated polar compounds and closely related to SOA for-
mation (Weber et al., 2007). Although many studies have been
conducted for the understanding the compositions, sources and
formation mechanisms of SOA for the last decade, it is still needed
to expand the knowledge on the SOA formation in the high lat-
itudinal atmosphere.

The objective of this study is to characterize the abundance and
seasonal variations of SOA tracers that are generated from atmo-
spheric oxidation of isoprene, a-/b-pinene, and b-caryophyllene in
the ambient aerosols from Fairbanks, Alaska. Contributions of SOA
tracers to organic carbon (OC), water-soluble organic carbon
(WSOC) and secondary organic carbon (SOC) are also evaluated in
the ambient aerosols over central Alaska. The current study pre-
sents for the first time one-year observation on biogenic SOA
tracers in the subarctic region.
2. Experimentals

2.1. Sample collection

Total suspended particles (TSP, n ¼ 32) were collected on the
rooftop of the International Arctic Research Centre (IARC), Univer-
sity of Alaska Fairbanks (64�510N; 147�510W), Alaska, USA during
June 2008eJune 2009 using a low-volume air sampler (NIER) at a
flow rate of 16.7 L/min. TSP were collected roughly every one week
to three weeks onto pre-combusted (450 �C for 6 h) quartz fiber
filters (47 mm, HEPA, Pall Corporation, USA). The samples were
stored in a pre-combusted glass vial (50 mL) with a Teflon-lined
screw cap in darkness at �20 �C until the analysis.

2.2. Extraction and derivatization

Filter aliquots (disk diameter of 20 mm) were extracted three
times with 7 mL of dichloromethane/methanol (2:1; v/v) under
ultrasonication. The solvent extracts were filtered through quartz
wool packed in a Pasteur pipette, concentrated using rotary evap-
orator under vacuum and then blown down to dryness with pure
nitrogen gas. The extracts were then derivatized with 50 mL of N,O-
bis-(trimethylsilyl)trifluoroacetamide (BSTFA) with 1% trime-
thylsilyl chloride and 10 mL of pyridine at 70 �C for 3 h (Fu et al.,
2009). After the reaction, the derivatives were diluted with 40 mL
of n-hexane containing the internal standard (C13 n-alkane, 1.43 ng/
mL) prior to determination by gas chromatography/mass spec-
trometry (GC/MS).

2.3. Gas chromatography-mass spectrometry (GC/MS)

GC/MS analyses of the samples were performed on a Hew-
lettePackard model 6890 GC coupled to a HewlettePackard model
5973MSD. The GCwas equipped with a split/splitless injector and a
DB-5MS fused silica capillary column (30m� 0.25mm i.d., 0.25 mm
film thickness). The mass spectrometer was operated on electron
ionizationmode at 70 eV and scanned from 50 to 650 Da. Datawere
acquired and processed with Chemstation software. Individual
compounds of TMS derivatives were identified by comparison of
mass spectra with those of authentic standards or literature data
(Fu et al., 2010).

For the quantification of cis-pinonic, pinic and 3-hydroxyglutaric
acids, their GCeMS response factors were determined using
authentic standards. Owing to a lack of standards, concentrations of
2-methylglyceric acid, C5-alkene triols and 2-methyltetrols were
estimated using the response factor of meso-erythritol (Wang et al.,
2008; Kourtchev et al., 2008b). Meanwhile 3-methyl-1,2,3-
butanetricarboxylic (MBTCA) and b-caryophyllinic acids were
quantified using the response factors of pinic acid (Jaoui et al., 2007;
Ding et al., 2011), respectively. It should be noted that surrogate
standards do not represent exactly the ionization and mass frag-
mentation of target SOA tracers. Thus, the measured values of SOA
tracers that used surrogate standards may have substantial un-
certainties.We estimated the uncertainties caused by using different
surrogate standards based on the method of Stone et al. (2012). In
this study, the uncertainties of 2-methylglyceric acid, C5-alkene
triols, 2-methyltetrols, MBTCA, and b-caryophyllinic acid were
found to be 10, 85, 15, 32, and 136%, respectively. Field blank filters
(n ¼ 3) were analyzed as a real sample for quality assurance. Target
compounds were not detected in the blank filters. The authentic
standards or surrogates were spiked into precombusted quartz fil-
ters (n ¼ 3), whose recoveries were 99 ± 4.5% for meso-erythritol,
98 ± 1.6% for cis-pinonic acid, 80 ± 4.9% for pinic acid and 83 ± 5.9%
for 3-hydroxyglutaric acid. Relative standard deviations for the
target compounds in duplicate samples were generally <10%.
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2.4. Analysis for organic and elemental carbon

Organic carbon (OC) and elemental carbon (EC) were measured
using a Sunset Lab carbon analyzer (Wang et al., 2005). An aliquot
of quartz filter samples (4 14 mm) were punched and put in a
quartz tube inside the thermal desorption chamber of the analyzer
and then combusted with stepwise heating. Duplicate analysis of
filter samples showed uncertainties within 7% for OC and 5% for EC.
The reported concentrations of OC and EC were corrected for the
field blanks.

2.5. Analysis of water-soluble organic carbon (WSOC)

The filter aliquot (4 18mm) was extracted with 15mL of organic
free purewater by ultrasonication for 30 min and then filtered with
syringe filter (Millex-GV with 0.22 mm pore size, Millipore). Finally
the WSOC in water extracts was measured using a TOC analyzer
(Model TOC-Vcsh, Shimadzu, Japan). The concentrations of WSOC
reported here were corrected for the field blanks. The relative dif-
ferences for WSOC values in duplicate samples were <5%.

3. Results and discussion

3.1. OC, EC and WSOC concentrations

Concentrations of organic carbon (OC), elemental carbon (EC)
and water-soluble organic carbon (WSOC) are summarized in
Table 1. OC and EC concentrations were observed as
0.6e3.33 mg m�3 (ave. 1.73 mg m�3) and 0.22e1.01 mg m�3

(0.42 mg m�3), respectively. The concentration of WSOC ranged
from 0.33 to 1.96 mg m�3 (0.92 mg m�3). Relative abundance of
WSOC in OC is on average 53.3%.

3.2. Secondary organic aerosol (SOA) tracers

Six isoprene-SOA tracers were identified in the Alaskan aerosols,
Table 1
Average concentrations of OC, EC, WSOC (mg m�3) and biogenic SOA tracers (ng m�3) m

Species Summer Autumn

Avga Min Max Avg

OC 1.86 1.10 3.32 1.63
EC 0.31 0.22 0.40 0.54
WSOC 0.84 0.39 1.7 0.95
Isoprene SOA tracers
2-methylglyceric acid 0.5 0.11 1.2 0.06
SC5-alkene triolsb 7.7 3.1 18.5 0.16
2-methylthreitol 7.8 2.7 19.1 0.14
2-methylerythritol 21.2 7.4 46.6 0.42
Total isoprene SOA products (mean) 8.77 0.5 21.2 0.18
% of OC 1.2 0.76 1.9 0.05
% of WSOC 2.75 1.6 4.2 0.10
a-/b-pinene SOA tracers
3-hydroxyglutaric acid 0.59 0.21 1.1 0.23
cis-pinonic acid 1.34 0.17 5.2 0.65
Pinic acid 5.18 1.8 13 1.7
MBTCAc 2.65 0.95 4.8 0.38
Total a-/b-pinene SOA products (mean) 2.4 0.59 5.2 0.73
% of OC 0.31 0.11 0.61 0.14
% of WSOC 0.72 0.24 1.5 0.27
b-caryophyllene SOA tracers
b-caryophyllinic acid 0.62 0.10 1.7 2.1
% of OC 0.02 0.00 0.03 0.08
% of WSOC 0.05 0.01 0.09 0.15

a Avg: average.
b C5-alkene triols: cis-2-methyl-1,3,4-trihydroxy-1-butene, trans-2-methyl-1,3,4-trihy
c MBTCA; 3-methyl-1,2,3-butanetricarboxylic acid.
including 2-methylglyceric acid, three C5-alkene triols, and two
methyltetrols (2-methylthreitol and 2-methylerythritol) (Table 1).
The uncertainties in the measurements of isoprene-SOA tracer
derivatives were 10e85% for using surrogate standards. Average
concentrations of 2-methylthreitol and 2-methylerythritol were
3.78 and 9.86 ngm�3, respectively. The levels of 2-methyltetrols are
higher than those reported from the Canadian High Arctic (Fu et al.,
2009), but lower than those reported in other sites of USA (Ding
et al., 2008; Lewandowski et al., 2007). The average concentration
of 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) were 3.63 ng m�3. The average concentra-
tion of 2-methylglyceric acid was 0.28 ngm�3, which is higher than
that reported in the Canadian High Arctic (Fu et al., 2009) but lower
than other previous studies from different sites of USA (Cahill et al.,
2006; Lewandowski et al., 2007). The measured amounts of
isoprene-SOA tracers in present study are different than other sites
might be due to different emission rates and meteorological con-
ditions (temperature, intensity of solar radiation, relative humidity
(RH) and the height of mixing layer, etc).

Four a-/b-pinene oxidation products were detected; cis-pinonic
acid (PNA), pinic acid (PA), 3-hydroxyglutaric acid (HGA) and 3-
methyl-1,2,3-butanetricarboxylic acid (MBTCA). The uncertainty
of the quantification of MBTCA was calculated to be 32%. The
average concentrations of PNA and PA in this study were 2.16 and
3.96 ng m�3, respectively. The levels of HGA and MBTCA were 0.41
and 1.52 ng m�3, respectively. Ding et al. (2014) pointed that
MBTCA to HGA ratio of a-pinene-SOA is higher than those of b-
pinene- or d-limonene-SOA. Thus, the ratio of HGA toMBTCA (HGA/
MBTCA) can be used to determine the major precursors (a-pinene,
b-pinene, etc.) formonoterpene-SOA. The value of HGA/MBTCAwas
lower in the southeastern U.S (~1.0) than California (1.8e3.6),
indicating a major contribution from a-pinene to monoterpene-
SOA in the southeastern U.S (Lewandowski et al., 2013). a-Pinene
was the major precursor in Hefei and Qianyanzhou, while the HGA/
MBTCA ratios were 1.16 and 0.75, respectively (Ding et al., 2014).
easured in the Alaska aerosols.

Winter Spring

Min Max Avg Min Max Avg Min Max

0.76 2.77 1.87 0.95 2.96 1.49 0.60 3.33
0.30 1.01 0.54 0.30 0.85 0.40 0.22 0.70
0.37 2.0 1.13 0.58 1.7 0.90 0.33 1.8

0.04 0.08 0.09 0.04 0.20 0.23 0.04 0.73
0.01 0.73 0.02 0.01 0.03 2.13 0.01 10.2
0.00 0.59 0.04 0.01 0.14 2.7 0.01 10.3
0.02 2.1 0.04 0.02 0.10 5.2 0.02 21.1
0.05 0.42 0.04 0.01 0.09 2.41 0.22 5.2
0.00 0.21 0.01 0.00 0.01 0.25 0.01 0.84
0.00 0.49 0.01 0.01 0.01 0.45 0.01 1.5

0.15 0.31 0.23 0.14 0.54 0.37 0.11 1.2
0.23 1.3 0.68 0.31 1.1 6.26 1.7 25.3
0.7 3.7 1.3 0.48 1.8 5.97 1.3 16.6
0.1 1.3 0.1 0.06 0.15 1.6 0.21 6.7
0.21 1.7 0.56 0.1 1.2 3.55 0.37 6.3
0.04 0.29 0.08 0.04 0.19 0.63 0.27 2.1
0.06 0.68 0.14 0.08 0.31 0.89 0.38 2.1

0.62 3.3 4.04 2.0 9.0 0.85 0.18 1.3
0.04 0.12 0.15 0.08 0.29 0.05 0.01 0.12
0.09 0.22 0.23 0.14 0.37 0.09 0.01 0.16

droxy-1-butene and 3-methyl-2,3,4-trihydroxy-1-butene.



Fig. 1. Temporal variations of (a) EC, (b) OC, and (c) WSOC in the Alaskan aerosols.
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The lower ratio of HGA to MBTCA (0.93) was obtained in present
study, suggesting that a-pinene was the major contributor for
monoterpene-SOA.

Sesquiterpenes have been the least studied BVOCs due to their
high reactivity and relatively low vapor pressure (Duhl et al., 2008).
b-Caryophyllene is one of the most abundant species among the
sesquiterpenes, whose oxidation products are also frequently re-
ported (Duhl et al., 2008). b-Caryophyllinic acid can be formed by
ozonolysis or photo-oxidation of b-caryophyllene (Jaoui et al.,
2007), which was detected in the Alaskan samples with average
concentration of 1.53 ng m�3. This value is also higher than that of
the Canadian High Arctic aerosols (Fu et al., 2009). Large uncer-
tainty (136%) was observed for b-caryophyllinic acid due to varied
degree of similarity between surrogate standard and b-car-
yophyllinic acid structures.

3.3. Temporal variations

Temporal variations of OC, EC and WSOC were characterized by
two major peaks in late autumn to early winter and late spring to
early summer (Fig. 1aec). Fig. 2 presents temporal variations of the
secondary oxidation products. All the isoprene-SOA tracers such as
2-methylglyceric acid, C5-alkene triols, 2-methylthreitol and 2-
methylerythritol exhibited very similar temporal trends to each
other (Fig. 2aed). The chamber experiment proposed that 2-
methylglyceric acid is mainly formed under high-NOx condition
whereas 2-methyltetrols are derived under low NOx (or NOx free)
condition (Surratt et al., 2010). Thus, the ratio of 2-methylglyceric
acid to 2-methyltetrols (MGA/MTLs) revealed the impact of NOx
on isoprene-SOA formation. The MGA/MTLs were found to be
0.02e5.2 (ave. 1.0) in this study, which is higher than those re-
ported from different sites of southeastern U.S. (0.13e0.35) and
California (0.89) (Lewandowski et al., 2013). Seasonal impacts of
NOx in central Alaska are discussed in Section 3.4. Moreover, RH can
also influence the formation of MGA andMTLs (Ding et al., 2013). 2-
Methyltetrols showed strong correlation with C5-alkene triols
(r ¼ 0.93, p < 0.001, Fig. 3a) due to their similar formation process
(Kourtchev et al., 2008a). Surratt et al. (2010) proposed different
formation pathways for MTLs andMGA. A good correlationwas also
found between MTLs and MGA (r ¼ 0.88, p < 0.001, Fig. 3b), indi-
cating that their sources may be similar. We found a significant
correlation between isoprene oxidation products andmonoterpene
oxidation products (r ¼ 0.47, p < 0.05, Fig. 3c), suggesting that their
major portion might be emitted from same sources or source re-
gions. It should be noted that excluding the outlier as shown in
Fig. 3c, isoprene SOA tracers showed stronger correlation with
monoterpene-SOA tracers (r ¼ 0.69, p < 0.001).

a-/b-Pinene-SOA tracers such as cis-pinonic, pinic, 3-
hydroxyglutaric acids and MBTCA showed different temporal
trends with isoprene oxidation products (Fig. 2eeh). Fu et al. (2010)
also pointed out different temporal variation between isoprene and
a-/b-pinene products from Mt. Tai, Central East China. PNA and PA
are the first generation products of monoterpene-SOA, which can
be further photodegraded to high-generation products, e.g.,
MBTCA, HGA (Ding et al., 2014). The ratio of PNA plus PN to MBTCA
(P/M) can be used to understand the aging of monoterpene-SOA,
whereas high P/M ratio and low P/M ratio indicates relatively
fresh and aged monoterpene-SOA, respectively (Gomez-Gonzalez
et al., 2012; Ding et al., 2014). Ding et al. (2014) reported that the
monoterpene-SOA was relatively fresh over China when P/M ratios
were 0.89e21.0 (7.00 ± 6.02). The ratios of P/M from fresh chamber
experiment were observed as 1.51e3.21 (Offenberg et al., 2007). In
this study, we found P/M ratios from 0.82 to 131 (ave. 12.9), sug-
gesting that monoterpene-SOA was relatively fresh in central
Alaska.
Temporal variations of b-caryophyllene oxidation products, b-
caryophyllinic acid, exhibited different trends with isoprene and
a-/b-pinene oxidation products (Fig. 2i). Akagi et al. (2011) reported
that BVOCs could be emitted from biomass burning. In this study, b-
caryophyllinic acid was dominantly observed in winter, showing
similar temporal trends and significant positive correlation with
levoglucosan (r ¼ 0.65, p < 0.001, Fig. 3d), suggesting that these
products are associated with biomass burning (Fu et al., 2010).
During wintertime maximum air masses come from the Arctic
Ocean (Fig. 4) and there is no forest fire in this time. During this
period, levoglucosan, EC and b-caryophyllinic acid showed higher
concentrations, suggesting that b-caryophyllinic acid was more
associated with local biomass burning probably from domestic
stoves. However, little is known about the source of sesquiterpene
including b-caryophyllene from wheat straws, crop, other species,
etc. (Duhl et al., 2008; Fu et al., 2010). Due to low volatility of
sesquiterpenes, they could be accumulated in leaves and woods
and abundantly emitted by biomass burning (Ciccioli et al., 2014).
However, to our knowledge there is no report on b-caryophyllinic
acid fromwood burning during cold season. Yttri et al. (2014) noted



Fig. 2. Temporal variations of biogenic SOA tracers measured in the Alaskan aerosols.
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that the Arctic bordering countries, i.e., Scandinavian countries,
Canada, USA, and Russia, are familiar with usages of substantial
amounts of wood for residential heating. Thus, the burning of wood
or agricultural wastes could be a source of sesquiterpenes such as b-
caryophyllene to produce b-caryophyllinic acid. In contrast, no
correlations were observed between levoglucosan and isoprene-
SOA tracers (r ¼ �0.18, p ¼ 0.32) or a-/b-pinene-SOA tracers
(r ¼ �0.42, p ¼ 0.02), indicating that their emission sources are not
similar and emissions of isoprene/monoterpene from forest fire are
not important.

3.4. Seasonal variations

Concentrations of isoprene-SOA tracers ranged from 0.02 to
16.6 ng m�3 (ave. 4.14 ng m�3) whereas highest level was observed
in summer (8.77 ng m�3) followed by spring (2.41 ng m�3), autumn
(0.18 ng m�3) and winter (0.04 ng m�3) (Fig. 5a). The MGA/MTLs
ratios showed clear seasonal trend with winter maximum (3.0) and
summer minimum (0.03), suggesting impact of NOx in the forma-
tion of isoprene-SOA in Alaskan aerosol. Among these isoprene-
SOA products, 2-methyltetrols (sum of 2-methylthreitol and 2-
methylerythritol) were most abundant in all seasons, except for
winter (Table 1). Previous studies also proposed that the low NOx
product, MTLs are dominant among isoprene-SOA tracers in most
cases, especially in summer period (Ding et al., 2013; Fu et al., 2010;
Lewandowski et al., 2007). 2-Methyltetrols showed the highest
value in summer (14.5 ng m�3) while MGA/MTLs ratio was lowest
in summer. On the other hand, 2-methylglyceric acid exhibited
higher value than 2-methyltetrols and C5-alkene triols in winter
(Table 1), whereas MGA/MTLs ratio was highest in winter, sug-
gesting high NOx condition due to the more burning activities.

Higher SOA yields from isoprene also indicate low NOx condi-
tions in summertime (Kroll et al., 2006). However, low concentra-
tions were observed for isoprene-SOA tracers in wintertime due to
the less emission of isoprene. As shown in Fig. 5b, the isoprene
oxidation products exhibited significant seasonal difference. All the
isoprene SOA-tracers showed higher concentrations in summer
than any other seasons. The seasonal variations of isoprene-SOA
tracers might be affected by several factors such as emission, re-
action rates and meteorological conditions including NOx



Fig. 3. Relations between (a) C5-alkene triols and 2-methyltetrols, (b) 2-methylglyceric acid and 2-methyltetrols, (c) monoterpene SOA products and isoprene SOA products, and (d)
becaryophyllinic acid and levoglucosan.
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concentration, temperature, solar radiation, relative humidity, etc.
The higher emission of isoprene from surrounding boreal black
spruce forest in summer, when light intensity and ambient tem-
perature are enhanced, supports an intensive production of
isoprene-SOA tracers in the boreal atmosphere (Ding et al., 2012).
Concentrations of a-/b-pinene-SOA tracers ranged from 0.42 to
8.24 ng m�3 (ave. 2.01 ng m�3). Highest concentration of a-/b-
pinene-SOA tracers was found in spring (3.55 ng m�3) followed by
summer (2.40 ng m�3), autumn (0.73 ng m�3) and winter
(0.56 ng m�3) (Fig. 5a). Kim (2001) proposed that due to the in-
fluence of bud formation and elongation, emission rates for ter-
penes could be the highest in spring than other seasons in the
southeastern U.S. During spring, cis-pinonic acid was the dominant
species (ave. 6.26 ng m�3) among all of a-/b-pinene-SOA tracers,
followed by pinic acid (5.97 ng m�3), MBTCA (1.60 ng m�3) and 3-
hydroxyglutaric acid (0.37 ng m�3). Ding et al. (2008) also reported
high level of cis-pinonic acid in early spring from Alabama, south-
eastern United States. On the other hand, pinic acid was the
abundant compound (ave. 5.18 ng m�3) in summer, followed by
MBTCA (2.65 ng m�3), cis-pinonic acid (1.34 ng m�3) and 3-
hydroxyglutaric acid (0.59 ng m�3). The emission and reaction
rates of a-/b-pinene should be also significant in summer due to
high temperature and intense solar radiation (Zheng et al., 2010). 3-
Hydroxyglutaric acid exhibited lower concentration in all seasons
without any significant seasonal variation (Fig. 5c). The P/M ratios
were higher in spring (ave. 28.4) and winter (21.0) compared to
autumn (9.9) and summer (3.3), indicating that monoterpene-SOA
were more fresh in spring and winter.
Interestingly, b-caryophyllene-SOA tracer (e.g., b-caryophyllinic
acid) showed different seasonal variations than isoprene- and a-/b-
pinene-SOA tracers (Fig. 5a). b-Caryophyllinic acid exhibited the
highest value in winter (ave. 4.04 ng m�3), followed by autumn
(2.10 ng m�3), spring (0.85 ng m�3) and summer (0.62 ng m�3). As
already mentioned in Section 3.3, b-caryophyllinic acid showed
similar trend with levoglucosan, suggesting that it may be associ-
ated with emissions of biomass burning products.

3.5. Contributions of isoprene, a-/b-pinene- and b-caryophyllene-
SOA tracers to OC and WSOC

We first took the carbon concentrations of SOA tracers and then
calculated the contributions of SOA tracers to OC and WSOC. Con-
tributions of isoprene-SOA tracers to OC (0.003e1.9%, ave. 0.56%)
andWSOC (0.005e4.2%,1.2%) are higher than those of a-/b-pinene-
(0.04e2.1%, 0.31% and 0.01e2.1%, 0.55%, respectively) and b-car-
yophyllene-SOA tracer (0.003e0.29%, 0.06% and 0.01e0.37%, 0.11%,
respectively). The contributions of isoprene oxidation products to
OC were found to be highest in summer (1.2%) followed by spring
(0.25%), autumn (0.05%) and winter (0.01%) (Fig. 6a). In contrast,
contributions of a-/b-pinene oxidation products to OC showed
highest value in spring (0.63%) followed by summer (0.31%),
autumn (0.14%) and winter (0.08%) (Fig. 6a). On the other hand,
those of b-caryophyllene-SOA tracer exhibited highest level in
winter (0.15%), followed by autumn (0.08%), spring (0.05%) and
summer (0.02%).

In addition, contributions of the SOA tracers to WSOC showed



Fig. 4. 7 day backward air mass trajectories at 500 m above the ground level during June 2008eMay 2009.
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seasonal variation similar to the contribution of SOA tracers to OC
(Table 1, Fig. 6b).
3.6. Contributions of isoprene, a-/b-pinene and b-caryophyllene to
secondary organic carbon (SOC)

Contributions of BVOCs to SOC were estimated using a tracer-
based method proposed by Kleindienst et al. (2007). Based on
chamber experiments, the aerosol mass fraction (fsoa) is defined as

fsoa ¼

P

i
½tri�

½SOA�

where [tri] is the concentration of the tracer, i, in ng m�3 and [SOA]
is the mass concentration of SOA. Using the measured concentra-
tions of SOA tracers in this study and the laboratory-derived tracer
mass fraction (fsoc) factors of 0.155 ± 0.039 for isoprene,
0.231 ± 0.111 for a-pinene and 0.0230 ± 0.0046 for b-caryophyllene
(Kleindienst et al., 2007), we calculated the contributions of SOA
products to SOC (Table 2). Kleindienst et al. (2007) proposed
standard deviations for the laboratory-generated mass fraction,
25% for isoprene, 48% for a-pinene and 22% for b-caryophyllene.
However, other systematic error also may be present in the study
(Kleindienst et al., 2007). The main systematic error is probably
caused from the different conditions (relative humidity, precursor
concentrations and particulate matter concentration) of chamber
experiments compared to those in the ambient atmosphere.
Further, the mass fractions of SOA generated from the chamber
experiments might be different from the ambient aerosols. The
time of chamber processing is also different (usually less) than that
occurring in the ambient atmosphere. There is some uncertainty
associated for the estimation of SOC by using SOA-tracer method
due to the surrogate standards. Though, the tracer-based method is
widely used to estimate SOC (Stone et al., 2009; Lewandowski et al.,
2013).

The contributions of BVOCs (isoprene, a-/b-pinene and b-car-
yophyllene) to SOC were estimated 55e844 ngC m�3 (ave.
261 ngC m�3), accounting for 4.7e33.6% (14.4%) of OC, in which
isoprene is the dominant contributor (159 ngC m�3; 8.0%) followed
by a-/b-pinene (35 ngC m�3; 2.3%) and b-caryophyllene
(66.3 ngC m�3; 4.1%) (Fig. 7a). The unexplained OC might come
from other primary sources including biomass burning tracers and
other organic compounds. The isoprene SOC showed the highest
value in summer (338 ngC m�3) followed by spring (93 ngC m�3),
autumn (6.87 ngC m�3) and winter (1.46 ngC m�3). The contribu-
tions of isoprene-SOC to OC were obtained to be 11e27.3% (17.4%)
for summer, 0.09e12.1% (3.7%) for spring, 0.04e3.1% (0.66%) for
autumn and 0.05e0.15% (0.08%) for winter (Fig. 7b). In contrast, a-/
b-pinene-SOC exhibited the largest value in spring (ave.
61.7 ngC m�3) followed by summer (42.4 ngC m�3), autumn
(12.6 ngCm�3) and winter (9.8 ngCm�3) whereas b-caryophyllene-



Fig. 5. Seasonal variations of (a) isoprene, a-/b-pinene and b-caryophyllene SOA
tracers, (b) isoprene SOA tracers, and (c) a-/b-pinene SOA tracers.

Fig. 6. Contributions (%) of biogenic SOA tracers to (a) OC and (b) WSOC.
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SOC showed the maximum in winter (175 ngC m�3) followed by
autumn (91.2 ngC m�3), spring (36.8 ngC m�3) and summer
(26.8 ngC m�3). Contributions of a-/b-pinene and b-caryophyllene
SOC to OC were calculated to be 0.98e4.7% (2.5%) and 0.23e2.3%
(1.4%) in summer, 0.31e2.3% (1.1%) and 2.6e7.6% (5.6%) in autumn,
0.34e1.4% (0.63%) and 5.5e19.5% (9.6%) in winter, 2.0e14.1% (4.5%)
and 0.79e7.7% (3.5%) in spring, respectively.

Among these tracers, estimated SOC from different precursors
demonstrates that over 81% of the estimated SOC were from
isoprene precursor in summer whereas a-/b-pinene and b-car-
yophyllene revealed highest contribution in spring (39%) and
winter (92%), respectively. Fu et al. (2009) reported that isoprene
was the largest SOC contributor in the Canadian High Arctic aero-
sols in early June when the air masses mainly come from North
America. Kleindienst et al. (2007) also proposed that isoprene was
the dominant contributor in the summer aerosols collected at
Research Triangle Park, NC. Same set of isoprene-SOA tracers and b-
caryophyllinic acid, whereas only four among the nine
monoterpene-SOA tracers reported by Kleindienst et al. (2007)
were used for SOC and SOA estimations in this study. Thus, the
current result for monoterpene-SOC should underestimate due to
the mismatch of tracer compositions. Wang et al. (2013) also pro-
posed significant underestimation of monoterpene-SOC caused by
using mismatch tracer compositions.
4. Summary and conclusions

In the present study, biogenic SOA tracers of isoprene (2-
methylglyceric acid, C5-alkene triols and 2-methyltetrols), a-/b-
pinene (cis-pinonic acid, pinic acid, 3-hydroxyglutaric acid and
MBTCA) and b-caryophyllene (b-caryophyllinic acid) were
measured in the aerosols from central Alaska, USA. Isoprene
oxidation products exhibited much higher concentrations in sum-
mer (ave. 8.77 ng m�3), whereas a-/b-pinene and b-caryophyllene
oxidation products showed the highest values in spring
(3.55 ng m�3) and winter (4.04 ng m�3), respectively. Their total



Table 2
Contributions of SOA precursors to SOC estimated using a tracer-based method (Kleindienst et al., 2007).

Species Summer Autumn Winter Spring

Avga Min Max Avg Min Max Avg Min Max Avg Min Max

Isoprene SOA tracers
SOC (ngC m�3) 338 128 718 6.87 0.74 31.9 1.46 0.66 3.1 93 0.69 402
% of SOC 81 61.4 89.3 8.5 0.54 38.5 0.81 0.59 1.3 24.4 0.96 71.6
% of OC 17.4 11 27.3 0.66 0.04 3.1 0.08 0.05 0.15 3.7 0.09 12.1
a-/b-pinene SOA tracers
SOC (ngC m�3) 42.4 21.6 88.7 12.6 7.4 24 9.8 7.8 13.1 61.7 14.6 143.2
% of SOC 11.8 5.5 25.9 13.7 5.4 29 6.8 2.3 11.9 39.1 18.3 82.8
% of OC 2.5 0.98 4.7 1.1 0.31 2.3 0.63 0.34 1.4 4.5 2 14.1
b-caryophyllene SOA tracers
SOC (ngC m�3) 26.8 4.5 74.6 91.2 26.9 144 175 87.8 391 36.8 8 57
% of SOC 7.2 1.4 13.1 77.8 32.5 94.1 92.4 87.5 96.9 36.6 4.6 78.9
% of OC 1.4 0.23 2.3 5.6 2.6 7.6 9.6 5.5 19.4 3.5 0.79 7.7

a Avg: average.
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concentrations account for 0.13e2.5% (0.92%) of organic carbon
(OC) and 0.17e5.6% (1.9%) of water-soluble organic carbon (WSOC)
during the sampling period. Isoprene- and a-/b-pinene-SOA tracers
showed higher levels in summer and spring while b-caryophyllene-
SOA tracer revealed higher level in winter. Interestingly, b-car-
yophyllinic acid exhibited a temporal pattern similar to that of
levoglucosan whereas highest level of b-caryophyllinic acid was
observed in winter. b-Caryophyllinic acid could originate from
wood burning (e.g., residential heating). Higher contributions of
isoprene oxidation products to SOA formation in summer may be
due to the larger isoprene emissions and relatively high levels of
oxidants (e.g., OH).
Fig. 7. (a) Carbon concentrations of isoprene-, a-/b-pinene- and b-caryophyllene-
derived SOC and (b) contributions (%) of SOC to ambient OC.
The contributions of isoprene, a-/b-pinene and b-caryophyllene
to SOC formation were estimated using tracer-based method. The
estimated isoprene-derived SOC is about 5 times higher than a-/b-
pinene-derived SOC and 2 times higher than b-caryophyllene-SOC.
From air mass back trajectory, we observed mixed air masses in all
seasons (Fig. 4), suggesting that boreal black spruce forest and
tundra could be the major sources of isoprene and a-/b-pinene-
SOA. We found that estimated concentrations of b-caryophyllene-
derived SOC maximized in winter and b-caryophyllene-SOC to OC
ratio also peaked in winter. Local biomass burning from residential
heating with wood stoves in winter and b-caryophyllene-SOC may
be the main source of b-caryophyllinic acid. This study in general
demonstrates that isoprene is an important contributor for
biogenic SOA than a-/b-pinene and b-caryophyllene in subarctic
Alaska, but emphasizes that sesquiterpene derived from residential
biomass burning largely contributes to the SOA formation inwinter.
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