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a b s t r a c t

Secondary organic aerosol (SOA) substantially contributes to particulate organic matter affecting the
regional and global air quality and the climate. Total suspended particle (TSP) samples were collected in
October 2009 to February 2012 on a weekly basis at Cape Hedo, Okinawa, Japan in the western North
Pacific Rim, an outflow region of Asian aerosols and precursors. The TSP samples were analyzed for SOA
tracers derived from biogenic volatile organic compounds (BVOCs). Total isoprene-SOA tracers showed a
maximum in summer (2.12 ± 2.02 ng m�3) and minimum in winter (1.16 ± 0.92 ng m�3). This sea-
sonality is mainly controlled by isoprene emission from the local subtropical forest, followed by
regional scale emission of isoprene from the surrounding seas and long-range transported air masses.
Total monoterpene-SOA tracers peaked in March (3.38 ± 2.03 ng m�3) followed by October
(2.95 ± 1.62 ng m�3). In contrast, sesquiterpene-SOA tracer, b-caryophyllinic acid, showed winter
maximum (1.63 ± 1.18 ng m�3) and summer minimum (0.20 ± 0.46 ng m�3). The variations of the
monoterpene- and sesquiterpene-SOA tracers are likely related to the continental outflow of oxidation
products of BVOC. Using a tracer-based method, we estimated the total biogenic SOC of 0.25
e157 ng m�3 (mean 35.8 ng m�3) that accounts for 0.01e9.8% (mean 2.7%) of aerosol organic carbon.
Our study suggests that SOA formation in the western North Pacific Rim is involved with not only local
but also regional emissions followed by long-range atmospheric transport.

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

Organic aerosols (OA), which are composed of numerous com-
pounds derived from both natural and anthropogenic sources,
could be categorized into primary organic aerosols (POA) and sec-
ondary organic aerosols (SOA). POA is directly emitted from
biomass burning, soil dust re-suspension, plant debris and fungal
spore, as well as fossil fuel combustion (Aiken et al., 2008). In
contrast, SOA is formed through photochemical oxidation of vola-
tile organic compounds (VOCs) by oxidants such as hydroxyl radical
(K. Kawamura).
(OH), ozone (O3), and nitrate radical (NO3), followed by partitioning
in gas and particle phases (Atkinson and Arey, 2003). Oxidation of
POA in particle phase also contributes to SOA formation (Zhang
et al., 2007). SOA accounts for a substantial fraction of organic
aerosol, depending on regions and landscapes with varying source
strengths of anthropogenic and biogenic VOC (BVOC) and oxidizing
processes (Ait-Helal et al., 2014).

Biogenic emissions account for ~90% of non-methane hydro-
carbons globally, while anthropogenic VOCs deserve more atten-
tion in highly populated regions (Atkinson and Arey, 2003;
Goldstein and Galbally, 2007). Being emitted mainly from terres-
trial ecosystems and partly from ocean, isoprene (C5H8) is the
largest source of VOCs (~50% of total) with global emission of
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309e706 Tg C yr�1 (Acosta Navarro et al., 2014; Guenther et al.,
2006). However, the importance of isoprene in its contribution to
SOA formation did not draw attention in the community until the
discovery of its oxidation products, 2-methyltetrols, being first
identified in aerosols from the Amazon forest (Claeys et al., 2004).
Subsequent studies revealed that the oxidizing pathways of
isoprene depend on the NOx levels, while low NOx conditions favor
the isoprene epoxydiols (IEPOX) pathway (causing aerosol phase
products of 2-methyltetrols) and high NOx conditions favor the
methacrylic acid epoxide (MAE) pathway (causing aerosol phase
product of 2-methylglyceric acid), leading to an SOA yield of 1e29%
(Kroll et al., 2006; Surratt et al., 2006; Worton et al., 2013).

Monoterpenes (C10H16, ~10% of total VOCs) are another group of
important SOA precursors (Ziemann and Atkinson, 2012). In the
atmosphere, monoterpenes can be oxidized by OH/O3 in daytime
and by NO3 in nighttime (Hallquist et al., 2009; Kristensen et al.,
2014), whose products with lower vapor pressure undergo gas-
to-particle conversion, causing SOA formation (Kroll and Seinfeld,
2008). Although being less reported than isoprene and mono-
terpenes, sesquiterpenes (C15H24) constitute an appreciable portion
of BVOC (Helmig et al., 2006). Laboratory studies indicated that
sesquiterpenes were readily ozonlyzed to form SOA (Tang et al.,
2012). The most common sesquiterpene detected in boreal forests
is b-caryophyllene (Tarvainen et al., 2005). In PM2.5 samples
collected in North Carolina, USA, b-caryophyllinic acid was identi-
fied as an SOA tracer of b-caryophyllene, raising the importance to
quantify the SOA fraction from sesquiterpene oxidation (Jaoui et al.,
2007).

Due to the high reactivity, contributions of BVOCs to SOA and/or
secondary organic carbon (SOC) had been mostly studied in labo-
ratory oxidation experiments (e.g., Surratt et al., 2010). Site obser-
vation of SOA compound is meaningful for better understanding OA
chemical properties and its implications to air quality and future
climate. Okinawa is located in the western North Pacific Rim in the
outflow region of the Asian continent. Previous studies suggested
that Okinawa aerosols are contributed by continental outflow of
emissions from fossil fuel combustion (Takami et al., 2007) and
biomass burning (Zhu et al., 2015a). Our recent study indicated that
emissions of primary biological aerosol particles from local vege-
tation contribute to a notable fraction of TSP (Zhu et al., 2015b).
Emissions of BVOC from the local vegetation and the Asian conti-
nent could contribute to SOA in Okinawa aerosols. In this work, we
report the abundances and the seasonal variations of biogenic SOA
tracers in Okinawa aerosols. We also estimate the biogenic SOC
masses and their contributions to OC.

2. Experimental section

2.1. Sample collection

Aerosol samples were collected at the Cape Hedo Atmosphere
and Aerosol Monitoring Station (CHAAMS) (26.9�N, 128.2�E) in the
northern edge of Okinawa Island, Japan. The region close to
CHAAMS is characterized by a maritime subtropical climate. In a
meteorological station (Oku, ~6 km to CHAAMS, maintained by
Japan Metrological Agency, JMA), the monthly mean temperatures
ranged from 17.3 �C in January to 30.3 �C in August in 2010, with the
annual mean temperature of 20.7 �C. The total precipitation was
3500.5 mm in 2010. Okinawa is frequently affected by typhoon in
July to October. The northern part of the island is mostly covered
with subtropical evergreen broadleaf forest. Around the sampling
site, the dominant species of vegetation are Castanopsis sieboldii
and Schima wallichii (Enoki, 2003).

From October 2009 to February 2012, total suspended particu-
late (TSP) samples were collected on a weekly basis (n ¼ 112) using
baked (450 �C, > 3 h) quartz filters (Pallflex 2500QAT-UP,
20 cm � 25 cm) and a highevolume air sampler (Kimoto AS-810B)
at a flow rate of 50e60 m3 h�1. Each of the samples was kept in a
baked (450 �C, >3 h) glass jar with a Teflonelined screw cap and
stored in darkness at �20 �C. Filters were placed in a desiccator for
24e72 h until constant weight was obtained before weighing and
analysis. Two field blanks were collected on November 2009 and
March 2011, following all the collection procedures except for the
operation of sampling pump.

2.2. Extraction and derivatization

Aliquots of the filters (ca. 10 cm2) were extracted three times
with dichloromethane/methanol (2:1, v/v) under ultrasonication
for 10 min (~7 ml � 3). The extracts were concentrated using a
rotary evaporator under vacuum and blown down to dryness with
pure nitrogen gas. The extracts were then derivatized by 50 ml of
N,O-bis-(trimethylsilyl)trifluoroacetamide containing 1% trime-
thylsilyl chloride and 10 ml of pyridine for 3 h at 70 �C to convert OH
groups to trimethylsilyl ethers and COOH groups to esters
(Simoneit et al., 2004). Internal standard (C13 n-alkane) was added
to each derivative to quantify compounds before gas
chromatography-mass spectrometry quantification.

2.3. Gas chromatography-mass spectrometry

Organic compounds were quantified by gas chromatography/
mass spectrometry (GC/MS) analyses of the derivatized total ex-
tracts using an Agilent 7890A GC equipped with HP-5 ms capillary
column (30 m � 0.25 mm � 0.25 mm) coupled to Agilent 5975C
mass-selective detector. The GC oven temperature was pro-
grammed from 50 (2 min) to 120 �C at 15 �C min�1 and then to
305 �C at 5 �C min�1 with a final isothermal hold at 305 �C for
15 min. Two ml of each extract were injected into the GC in splitless
mode with the injector temperature at 280 �C. The mass spec-
trometer was operated in the electron ionizationmode at 70 eV and
scanned over the m/z range of 50e650 Da. GC/MS response factors
of monoterpene-SOA tracers, namely pinic acid, pinonic acid and 3-
hydroxyglutaric acid, were determined using authentic standards
(cis-pinic acid and cis-pinonic acid: SigmaeAldrich, St. Louis, USA;
3-hydroxyglutaric acid: Wako Pure Chemical Industries, Osaka,
Japan). For other biogenic SOA tracers whose standards were not
commercially available, surrogate standards were applied (Fu et al.,
2010). By adding standards to blank filters followed by extraction
and derivatization, recoveries of pinic and 3-hydroxyglutaric acids
were determined to be better than 70%, whereas the recovery for
pinonic acid was ~60%. No peak for biogenic SOA tracer was found
in the field and laboratory blanks. The laboratory analytical errors
by duplicate analyses were less than 15%.

2.4. Organic carbon analysis

Organic carbon (OC) was determined using a thermal/optical
carbon analyzer (Sunset Laboratory Inc., USA) (Birch and Cary,
1996), following the Interagency Monitoring Protected Visual En-
vironments thermal evolution protocol. The analytical error in
replicate analyses was within 8%. Samples were corrected for field
blanks, in which OC level was <5% of the samples. OC data for the
first year was from Kunwar and Kawamura (2014).

3. Results and discussions

3.1. Seasonal variations of biogenic SOA tracers

Temporal variations and monthly means of biogenic SOA tracers
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are plotted in Fig. 1. Concentrations of biogenic SOA tracers are
shown in Table 1, together with their annual and seasonal means
and ranges. Total monoterpene-SOA tracers (2.02 ± 1.79 ng m�3,
mean ± 1 s) were more abundant than total isoprene-SOA tracers
(1.58 ± 1.50 ng m�3) and sesquiterpene-SOA tracer
(0.92 ± 1.05 ngm�3). The sum of all SOA tracers ranged from 0.09 to
15.5 ngm�3. These levels were 1e2 orders of magnitude lower than
those reported in the continental sites (Ding et al., 2014; Fu et al.,
2014), but are comparative to those in the maritime aerosols (Hu
et al., 2013). Biogenic SOA in Okinawa could be affected by local
and maritime sources; however, it could also be affected by the
oxidation of BVOC and subsequent gas-to-particle conversion in the
Asian continent followed by the long-range atmospheric transport.

3.1.1. Isoprene-SOA tracers
As isoprene-SOA tracers, 2-methylglyceric acid (MGA), two 2-

methyltetrols (2-methylthreitol and 2-methylerythritol, MTLs),
and three C5-alkene triols (3-methyl-2,3,4-trihydroxy-1-butene,
cis-2-methyl-1,3,4-trihydroxy-1-butene and trans-2-methyl-1,3,4-
trihydroxy-1-butene, MTHBs) were detected in Okinawa aerosols
(Fig. 1a, b). MTLs (1.02 ± 1.17 ng m�3) were more abundant than
MGA (0.42 ± 0.33 ng m�3) and MTHBs (0.14 ± 0.20 ng m�3). Similar
concentration ranges were also reported in marine aerosols from
the Arctic to Antarctica (Hu et al., 2013). Due to the high abundance
of MTLs, total isoprene-SOA tracers were statistically more abun-
dant in summer (2.12 ± 2.02 ng m�3) than that in winter
(1.16 ± 0.92 ng m�3) (t-test, p < 0.05). Interestingly, the monthly
means of total isoprene SOA-tracers showed a major peak in June
(3.31 ± 2.45 ng m�3), accompanied by two moderate peaks in
March (2.06 ± 1.83 ng m�3) and September (1.98 ± 2.07 ng m�3).
Isoprene-SOA tracers were further investigated in terms of poten-
tial sources from the local subtropical forest, maritime emissions,
Fig. 1. Temporal variation (a, c, e) and monthly means (b, d, f) of observed isoprene SOA trace
at Cape Hedo, Okinawa from October 2009 to February 2012. The open circle in panels (a), (
occurrence of typhoon. Monthly standard deviation of each group of SOA tracer is shown i
and long-range transport from the Asian continent, as follows.
Total isoprene-SOA tracers positively correlated with local

temperature and radiation averaged over each of the sampling
period (n¼ 112, r¼ 0.24, p < 0.05) (Table S1). These results indicate
that the subtropical forest in Okinawa Island, regulated by meteo-
rological variables, is the major source of isoprene. Isoprene con-
centrations near CHAAMS during daytime could be as high as
3e5 ppbv (Kanaya et al., 2002). We estimated monthly means of
isoprene flux from Ficus virgata, a typical vegetation in the island,
using an improved version of G93 model following Oku et al.
(2008), in which isoprene flux positively responded to air tem-
perature and radiation (Supporting Information). The estimated
isoprene flux from F. virgata indicated a clear seasonal cycle with
maximum in July or August (19.5e20.7 nmol m�2 s�1) and mini-
mum in January (0.33e0.64 nmol m�2 s�1) (Fig. 2a, b). This sea-
sonality is consistent with the general seasonal feature of isoprene-
SOA tracers, which showed summer maximum and winter mini-
mum (Table 1).

The decreases of isoprene-SOA tracers in July and August might
be related to the occurrences of typhoon (Fig. 1b). Two typhoons
approached Okinawa Island on August 31 and September 4 in 2010,
and 5 typhoons approached the island on May 11 and 28, July 5,
September 9 and 20 in 2011. The frequent passage of typhoons
brought clean air while the precipitation scavenged airborne par-
ticles, causing decreased isoprene-SOA tracers. Meanwhile, ty-
phoons would cause severe disturbances to the local forest,
possibly resulting in a significant decrease of isoprene emission.
Previous studies reported that physical disturbances (insects and
violent weather events) on the vegetation caused increases of BVOC
emissions (Copolovici et al., 2014). However, typhoon caused vital
damage to local vegetation, resulting in a depressed BVOC emis-
sion. No typhoon occurred in June for both 2010 and 2011, creating
rs (a, b), monoterpene SOA tracers (c, d), and sesquiterpene SOA tracer (e, f) in aerosols
c), and (e) indicates each of the sampling weeks. The mark y in panel (a) indicates the
n panel (b), (d) and (f). The full name of each tracer is given in the text.



Table 1
Annual and seasonal mean concentrations of biogenic SOA tracers (ng m�3) in Okinawa aerosols from October 2009 to February 2012.

Compounds Annual (n ¼ 112) Winter (n ¼ 36)a Spring (n ¼ 23) Summer (n ¼ 23) Autumn (n ¼ 30)

Mean ± sd.b Range Mean ± sd. Range Mean ± sd. Range Mean ± sd. Range Mean ± sd. Range

Isoprene SOA tracers
2-methylglyceric acid 0.42 ± 0.33 nde1.96c 0.38 ± 0.27 0.03e1.37 0.47 ± 0.38 0.03e1.96 0.45 ± 0.39 0.03e1.22 0.41 ± 0.33 nde1.82
2-methyltetrols 1.02 ± 1.17 0.01e7.08 0.64 ± 0.52 0.07e2.94 0.90 ± 0.90 0.01e4.44 1.49 ± 1.56 0.02e5.60 1.19 ± 1.44 0.15e7.08
C5-alkene triolsd 0.14 ± 0.20 nde1.45 0.14 ± 0.19 0.01e1.13 0.15 ± 0.17 nde0.86 0.18 ± 0.31 nde1.45 0.12 ± 0.10 0.001e0.41
Subtotal 1.58 ± 1.50 0.05e7.22 1.16 ± 0.92 0.13e5.43 1.52 ± 1.33 0.05e6.64 2.12 ± 2.02 0.05e6.57 1.72 ± 1.63 0.22e7.22
Monoterpene SOA tracers
Pinonic acid 0.12 ± 0.16 0.001e1.04 0.1 ± 0.13 0.01e0.72 0.23 ± 0.28 0.02e1.04 0.08 ± 0.06 0.001e0.20 0.09 ± 0.07 0.003e0.26
Pinic acid 0.62 ± 0.59 0.003e3.06 0.84 ± 0.54 0.05e1.85 0.79 ± 0.71 0.02e3.06 0.23 ± 0.47 0.009e2.35 0.52 ± 0.46 0.003e2.12
3-hydroxyglutaric acid 0.48 ± 0.50 0.02e2.48 0.48 ± 0.42 0.03e1.87 0.69 ± 0.56 0.02e1.90 0.28 ± 0.56 0.02e2.48 0.47 ± 0.43 0.02e1.68
MBTCAe 0.81 ± 1.03 nde9.09 0.55 ± 0.52 0.06e1.84 0.82 ± 0.54 nde2.03 0.84 ± 1.88 0.005e9.09 1.1 ± 0.84 0.03e3.11
Subtotal 2.02 ± 1.79 0.04e10.8 1.93 ± 1.40 0.18e5.13 2.54 ± 1.63 0.24e7.48 1.43 ± 2.51 0.04e10.8 2.18 ± 1.60 0.06e6.30
Sesquiterpene SOA tracer
b-caryophyllinic acid 0.92 ± 1.05 nde4.94 1.63 ± 1.18 0.15e4.94 0.82 ± 0.86 nde3.41 0.20 ± 0.46 nde2.14 0.69 ± 0.82 nde3.40
Total 4.53 ± 3.27 0.09e15.5 4.75 ± 2.93 0.58e12.9 4.88 ± 3.33 0.28e15.3 3.75 ± 4.01 0.09e15.5 4.59 ± 3.04 0.54e11.6

a Seasons are divided as DecembereFebruary in winter, MarcheMay in spring, JuneeAugust in summer, and SeptembereNovember in autumn.
b sd. denotes standard deviation (1s).
c nd denotes not detected.
d C5-alkene triols denote the sum of 3-methyl-2,3,4-trihydroxy-1-butene, cis-2-methyl-1,3,4-trihydroxy-1-butene and trans-2-methyl-1,3,4-trihydroxy-1-butene.
e MBTCA denotes 3-methyl-1,2,3-butanetricarboxylic acid.

Fig. 2. Temporal variations (a) and monthly means (b) of estimated isoprene flux from tree species F. virgata in Okinawa island (filled cycles) using the improved G93 model
following Oku et al. (2008) and from the surrounding sea (125e132 �E, 25e30 �N) (open cycles) following Palmer and Shaw (2005) from October 2009 to February 2012.
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a favorable circumstance for growing local forest to emit a large
amount of isoprene.

The second isoprene source was the biological emission from
the surrounding ocean. Numerous studies reported that maritime
isoprene emission was associated with phytoplankton activities.
Such a relation was frequently indicated by positive relation be-
tween isoprene and chlorophyll a in the surface seawater, in the
Sagami Bay in Japan (r2 ¼ 0.49, n ¼ 8, p ¼ 0.05) (Kurihara et al.,
2012), the western North Pacific (37e43 �N, 143e146 �E,
r2 ¼ 0.79, n ¼ 60, p < 0.0001) (Kurihara et al., 2010), and the
Southern Ocean (r2 ¼ 0.37, n ¼ 36, p < 0.001) (Kameyama et al.,
2014). We further estimated sea-to-air isoprene flux in the ocean
close to Okinawa following Palmer and Shaw (2005) (Supporting
Information).

Monthly means of estimated sea-to-air flux of isoprene showed
peaks in April 2010 and April 2011 (Fig. 2a, b), which were likely
related to the spring bloom of phytoplankton. Themoderate peak of
isoprene-SOA tracers in spring was likely contributed by the
maritime sources. From December to April, sea-to-air flux of
isoprene overwhelmed land-derived isoprene flux. On the other
hand, the magnitude of sea-to-air flux of isoprene in summer was 1
order of magnitude smaller than that from terrestrial plants in
Okinawa Island (Fig. 2b). In comparison with that of terrestrial
source, maritime contribution to isoprene SOA tracer at CHAAMS
was larger in winter to early spring and smaller in summer to
autumn.

The third isoprene source affecting Okinawa aerosols was that
emitted from the Asian continent followed by oxidation, gas-to-
particle conversion and long-range transport. Our parallel study
indicated that continental outflow exerts larger effect from autumn
to spring on Okinawa (Zhu et al., 2015a). Continental outflow of
isoprene and its oxidation products would affect Okinawa aerosols,
contributing to relatively small peaks in autumn and spring when
continental isoprene emission was relatively high. Isoprene could
also be emitted from biomass burning (e.g., Ding et al., 2013). In
winter, when biomass burning was significant in north and
northeast China, Mongolia and Russia (Zhu et al., 2015a), it might
also contribute to isoprene-SOA in Okinawa aerosols.

Factors such as temperature, relative humidity, NOx concentra-
tion and heterogeneous reactions affected the oxidation of isoprene
followed by gas-to-particle conversion to result in SOA (Kroll et al.,
2006; Worton et al., 2013). In summer, higher temperature and
light intensity would elevate the oxidizing power (Kanaya et al.,
2002). The summer maximum of isoprene-SOA tracer was in part
contributed by the enhanced photooxidation of isoprene and the
subsequent SOA formation. High NOx level favoring the formation
of MGA instead of MTLs was verified by laboratory experiments
(Surratt et al., 2010; Worton et al., 2013). The MTLs/MGA ratio at
CHAMMS was lower in JanuaryeMay (1.7e2.0, mean 1.8) and
higher in the rest of seasons (2.1e3.4, 2.7) (Fig. 3a). These results
were consistent with higher levels of particulate NO3

� (Kunwar
and Kawamura, 2014), as well NO2 gas in winter and spring at
CHAAMS in relation to the continental outflow (Takashima et al.,
2011). Moreover, particulate MGA production had a positive
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response to relative humidity, while MTLs did not have such
response (Zhang et al., 2011). Elevated relative humidity and
enhanced vertical convection in summer together with maritime
air mass origins favored MTLs production, contributing to the
higher MTLs/MGA ratios.

3.1.2. Monoterpene-SOA tracers
Asmonoterpene-SOA tracers, pinonic acid (PNA), pinic acid (PA),

3-hydroxyglutaric acid (HGA) and 3-methyl-1, 2, 3-
butanetricarboxylic acid (MBTCA) were identified in the Okinawa
aerosols. On an annualmean basis, MBTCA (0.81± 1.03 ngm�3) was
the most abundant monoterpene-SOA tracer, followed by PA
(0.62 ± 0.59 ng m�3), HGA (0.48 ± 0.50 ng m�3), and PNA
(0.12 ± 0.16 ng m�3). Total monoterpene-SOA tracers showed a
major peak in spring (March, 3.38 ± 2.03 ng m�3) and a secondary
peak in autumn (October, 2.95 ± 1.62 ng m�3) (Table 1, Fig. 1c, d).

Parameters regulating terrestrial monoterpene emissions
included plant species, light intensity and temperature, although
the primary factors change from site to site (Street et al., 1997;
Tarvainen et al., 2005). Monoterpene-SOA tracers were not signif-
icantly related to meteorological parameters in Okinawa (Table S1).
Monoterpenes were mainly emitted from needle leaf trees, which
were not dominant in Okinawa. Instead, there were elevated con-
tinental outflows in spring and autumn as well as notable mono-
terpene emissions from the boreal forest and other vegetative
sources in the continent (Feng et al., 2013; Zhu et al., 2015a).
Moreover, monoterpene emissions in surface soil and litter could be
as larger as 136% of canopy emissions in spring and autumn,
contributing to significant organic aerosol formation (Faiola et al.,
2014). These monoterpene emissions could contribute to the
elevated levels of monoterpene-SOA in Okinawa aerosols.

Of different monoterpene-SOA tracers, MBTCA had been re-
ported as the higher generation product of PNA and PA (Szmigielski
et al., 2007). At Okinawa the MBTCA/(PNA þ PA) ratios showed
lower values in NovembereApril (0.49e1.27, mean 0.78) and higher
values in MayeOctober (1.16e7.90, 3.16) (Fig. 3b). Being similar
Fig. 3. Monthly means of the ratios of (a) 2-methyltetrols to 2-methylglyceric acid
(MTLs/MGA), and (b) 3-methyl-1,2,3-butanetricarboxylic acid to the sum of pinonic
acid and pinic acid, MBTCA/(PNA þ PA), in aerosols at Cape Hedo, Okinawa from
October 2009 to February 2012.
with the MTLs/MGA ratios, this was associated with higher
oxidizing capability superimposed by higher temperature and hu-
midity in summer.

3.1.3. Sesquiterpene-SOA tracer
The sesquiterpene-SOA tracer, b-caryophyllinic acid (CPA),

showed a clear seasonal cycle with winter maximum
(1.63 ± 1.18 ng m�3) and summer minimum (0.20 ± 0.46 ng m�3) in
Okinawa aerosols (t-test, p < 0.0001) (Table 1, Fig. 1e, f). CPA
showed negative relations with meteorological parameters at
Okinawa (Table S1). Being similar with the processes affecting
monoterpene-SOA tracers, seasonal variation of sesquiterpene-SOA
tracer in Okinawawas likely controlled by the long-range transport
of continental air masses and the subsequent oxidation of
sesquiterpene.

Moreover, due to the lower volatility of sesquiterpenes, they
could be accumulated in leaves and woods and abundantly emitted
during biomass burning (Ciccioli et al., 2014). Interestingly, we
found a positive linear correlation between CPA and levoglucosan
(r ¼ 0.51, p < 0.0001) (Fig. 4), a typical tracer for biomass burning
(Simoneit et al., 1999). As Okinawa was mainly affected by Asian
outflow of biomass burning emissions in winter (Zhu et al., 2015a),
sesquiterpene-SOA tracer could be originated from biomass
burning emissions in the Asian continent. Another possibility is
that biogenic sesquiterpene in boreal Asia was transported in the
atmosphere to its outflow region along with biomass burning
emissions. Although we did not find related report, we suggest that
sesquiterpene could also be emitted from litter and soil and
transported along with dust. Concentration of sesquiterpene-SOA
tracer in Okinawa might be regulated by varies sources in the
Asian continent, including biogenic emissions, biomass burning,
and re-suspension of soil dust.

3.2. Contributions of BVOCs to SOC and OC formation

We applied a tracer-based method to estimate the fractions of
SOC formed through the oxidation of isoprene, monoterpenes and
sesquiterpene. Based on smog chamber experiment of BVOC
oxidation by NOx, Kleindienst et al. (2007) estimated that the car-
bonmass fractions of BVOC tracer compounds in SOC (fSOC) and SOA
(fSOA). The fSOC values for isoprene, monoterpenes and sesquiter-
pene were 0.155 ± 0.039 mg mg C�1, 0.231 ± 0.11 mg mg C�1 and
0.023 ± 0.0046 mg mg C�1, respectively. Being known as the tracer-
method, these results were later widely used to estimate the SOA/
Fig. 4. Linear correlation (Pearson) between sesquiterpene-SOA tracer (b-car-
yophyllinic acid) and levoglucosan.



Table 2
Estimated annual and seasonal concentrations of biogenic SOC masses (ng m�3) and their contributions to OC (%).

Annual (n ¼ 112) Winter (n ¼ 36)a Spring (n ¼ 23) Summer (n ¼ 23) Autumn (n ¼ 30)

Mean ± sd.b Range Mean ± sd. Range Mean ± sd. Range Mean ± sd. Range Mean ± sd. Range

Concentrations (ng m¡3)
Isoprene SOC 3.86 ± 3.86 0.11e20.1 2.72 ± 2.02 0.32e11.5 3.65 ± 3.38 0.11e17.2 5.26 ± 5.19 0.14e17.5 4.33 ± 4.42 0.59e20.1
Monoterpene SOC 5.57 ± 4.74 0.11e25.7 6.55 ± 4.19 0.54e16.6 7.88 ± 5.65 0.92e25.7 2.65 ± 4.26 0.11e21.2 4.85 ± 3.77 0.16e17
Sesquiterpene SOC 26.4 ± 30.1 nde142c 46.8 ± 34 4.31e142 23.5 ± 24.7 nde98 5.64 ± 13.3 nde61.6 20 ± 23.6 nde97.8
Biogenic SOC 35.8 ± 33.9 0.25e157 56.1 ± 37.6 6.49e157 35 ± 30.5 1.4e121 13.5 ± 18.7 0.25e87.1 29.2 ± 27.7 1.46e118
OC 1460 ± 844 139e7120 1160 ± 564 139e2490 2050 ± 1340 1000e7120 1500 ± 605 434e3010 1340 ± 549 555e2520
Contributions to OC (%)
Isoprene SOC 0.31 ± 0.36 0.006e2.42 0.25 ± 0.16 0.05e0.84 0.23 ± 0.26 0.006e1.29 0.35 ± 0.34 0.008e1.41 0.41 ± 0.56 0.05e2.42
Monoterpene SOC 0.41 ± 0.34 0.006e1.92 0.58 ± 0.35 0.07e1.86 0.48 ± 0.43 0.04e1.92 0.16 ± 0.15 0.006e0.7 0.36 ± 0.24 0.03e0.88
Sesquiterpene SOC 2 ± 2.06 nae8.78d 3.94 ± 1.86 0.5e8.78 1.47 ± 1.73 nae6.39 0.32 ± 0.54 nae2.05 1.38 ± 1.42 nae5.11
Biogenic SOC 2.73 ± 2.35 0.01e9.83 4.77 ± 2.03 0.75e9.83 2.18 ± 2.2 0.07e7.89 0.83 ± 0.79 0.01e2.89 2.15 ± 1.86 0.26e8.41

a Seasons are divided as DecembereFebruary in winter, MarcheMay in spring, JuneeAugust in summer, and SeptembereNovember in autumn.
b sd. denotes standard deviation (1s).
c nd denotes not detected.
d na denotes not applicable.

C. Zhu et al. / Atmospheric Environment 130 (2016) 113e119118
SOC fraction of OA/OC. We applied fSOC for isoprene and sesqui-
terpene in the same manner to estimate their contribution to SOC.
Kleindienst et al. (2007) applied the total of 9 tracers to derive fSOC
of monoterpenes, whereas we identified only three common major
compounds (PNA, PA and HGA) in Okinawa. The same group con-
ducted another oxidation experiment fromwhich the contribution
of each monoterpene-oxidation product to SOC (SOA) could be
derived (Offenberg et al., 2007). Based on those studies, we derived
the fSOC from the total of PNA, PA and HGA to be 0.113 mg mg C�1 for
the application to Okinawa aerosols.

The seasonal variations of SOC mass derived from oxidation of
biogenic VOCs follows the variation of their tracers (Table 2). The
total biogenic SOC ranged from 0.25 to 157 ng m�3, with an annual
mean of 35.8 ng m�3. Correspondingly, it accounted for 0.01e9.8%
(mean 2.7%) of OC. The biogenic SOC mass at Okinawa was 1 order
of magnitude lower than those from 14 sites across China
(370e2470 ng m�3) (Ding et al., 2014) and in Mt. Fuji
(305e1370 ng m�3) (Fu et al., 2014), but comparable to those from
the maritime aerosols from the coastal to remote oceans in which
isoprene SOC concentrations were 0.12e220 ng m�3 and mono-
terpene SOC concentrations were 0.19e84 ng m�3 (Hu et al., 2013).

Interestingly, sesquiterpene-derived SOC (0.10e142 ng m�3,
mean 26.4 ng m�3) was more abundant than isoprene-derived SOC
(0.11e20.1 ng m�3, 3.86 ng m�3) and monoterpene-derived SOC
(0.11e25.7 ng m�3, 5.57 ng m�3) in Okinawa. Annual mean
sesquiterpene SOC at Okinawa was comparable to those from the
inland site, while SOC from isoprene and monoterpene were much
less abundant. Although there were notable biogenic VOC sources
in the Asian continent in summer, they did not affect SOC and SOA
in the western North Pacific because of the summer monsoon that
did not deliver the continental air mass to Okinawa. In comparison,
the sesquiterpene emission in winter from the coniferous trees
might be still prominent, whose oxidation products could be
transported along with the continental outflow.

4. Conclusions

Tracers for oxidation products of biogenic volatile organic
compounds (BVOCs) were identified in the ambient aerosols at
Okinawa in thewestern North Pacific. Isoprene-SOA tracers showed
a major peak in summer accompanied by two moderate peaks in
spring and autumn. Local subtropical forest dominated by ever-
green broadleaf trees was a likely source of the enhanced isoprene-
SOA tracers in the growing season. Phytoplankton bloom in spring
in the surrounding seas might contribute to the spring moderate
peak of isoprene-SOA tracers. Monoterpene-SOA tracers showed
higher levels in spring and autumn, which was likely caused by the
continental outflow that delivered monoterpene oxidation prod-
ucts. Sesquiterpene-SOA tracer showed the highest level in winter,
indicating that oxidation products of sesquiterpene emitted from
coniferous trees in the boreal forest in East Asia might have an
influence on air quality in the western North Pacific. The secondary
organic aerosols derived from BVOCs could contribute to a large
portion of organic aerosols in Okinawa depending on seasons. This
study argues that secondary organic aerosols in the western North
Pacific could be largely affected by the biogenic emissions from the
local as well as region sources followed by photochemical
oxidation.
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