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Abstract A majority of global secondary organic aerosol (SOA) comes from terpenoids. In this study,
we carried out a 1 year nationwide observation of pinenes (α- and β-pinene) and SOA tracers from
monoterpenes (SOAM) and β-caryophyllene (SOAC) over China for the first time. SOAM and SOAC tracers
ranged from 9.80 to 49.0 ngm�3 and 1.72 to 7.72 ngm�3, respectively, with high levels in southern China.
Pinenes ranged from 34 to 102 parts per trillion by volume, with α-pinene dominant over β-pinene. SOAM
tracers were correlated between paired sites, suggesting a regional impact of SOAM, while pinenes were
uncorrelated between sites due to their rapid oxidation. High levels of SOAM tracers were observed in
spring and summer. However, at the Hailun site in Northeast China, SOAM tracers increased during winter.
The positive correlation between SOAM tracers and the biomass burning (BB) tracer levoglucosan during
winter at Hailun indicated that the unexpected increase of SOAM was associated with BB. The SOAC tracer,
β-caryophyllenic acid, increased during winter and was positively correlated with levoglucosan, suggesting
substantial contributions from BB to SOAC production in wintertime. Together with SOA tracers from
isoprene, these tracers were applied to estimate biogenic secondary organic carbon (BSOC) from isoprene,
monoterpenes, and β-caryophyllene. The annual average BSOC was 0.91� 0.41μgCm�3,with the majority
from monoterpenes and the highest level in Southwest China. BSOC was elevated from April to September
and was lowest in January and February. BSOC composition dramatically changed from a monoterpene
majority in fall-spring to an isoprene majority in summer.

1. Introduction

Organic aerosol (OA) affects the Earth’s radiation balance, regional air quality, and public health. As a major
contributor to the global OA budget, secondary organic aerosol (SOA) is produced by the reactions of volatile
organic compounds (VOCs) with ozone (O3), hydroxyl (OH), and nitrate (NO3) radicals and is formed through
condensation on and/or uptake by preexisting particles. On a global scale, annual emissions of biogenic VOCs
(BVOCs) have been estimated to be 760 TgC yr�1, consisting of 70% isoprene, 11% monoterpenes, and 2.5%
sesquiterpenes [Sindelarova et al., 2014], while the emissions of anthropogenic VOCs (AVOCs) are only
~130 Tg yr�1, as derived from Global Emissions InitiAtive (http://geiacenter.org). Considering the difference
in SOA yields between BVOCs and AVOCs, models predict that global SOA mostly originates from BVOCs
[Hallquist et al., 2009].

Due to limited knowledge about BVOC emissions and biogenic SOA (BSOA) formation mechanisms, simula-
tion results exhibit large model-to-model differences. For instance, some global SOA models predicted the
dominance of isoprene (SOAI) over monoterpenes (SOAM) [Heald et al., 2008; Lin et al., 2016], while some
showed the dominance of SOAM over SOAI [Farina et al., 2010; Pye et al., 2010]. Such a discrepancy in simula-
tion results is also documented in regional models, e.g., in China [Fu et al., 2012; Han et al., 2008].

Large-scale and long-term field observations can provide important information on SOA amount, composi-
tion, and spatiotemporal distribution, which is vital to constrain models. From regional to global scales,
ambient levels of SOA or secondary organic carbon (SOC) have been estimated based on measurements
of organic carbon (OC) and elemental carbon [Hand et al., 2011; Xin et al., 2014], water-soluble OC
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[de Gouw et al., 2008; Ding et al., 2008], SOA tracers [Ding et al., 2013; Fu et al., 2011], and oxygenated OA by
aerosol mass spectrometry [Zhang et al., 2007].

SOA tracers can provide insight into SOA formation and evolution mechanisms. For instance, SOAM formation
undergoes multiple reactions. cis-Pinonic acid (PNA) and pinic acid (PA) are the first-generation SOAM pro-
ducts from both O3 and OH oxidation of α-pinene [Eddingsaas et al., 2012; Jenkin et al., 2000]. PNA and PA
can be further photodegraded to high-generation products, e.g., 3-methyl-1,2,3-butanetricarboxylic acid
(MBTCA) [Claeys et al., 2007; Müller et al., 2012; Szmigielski et al., 2007]. The ratio of PNA plus PA to MBTCA
has been applied to trace the aging of SOAM [Ding et al., 2011; Gómez-González et al., 2012]. Recently,
Zhang et al. [2015a] explicitly identified the molecular products of monomers and dimers in SOAM and
discovered an additional particle-phase pathway for PA production through diacyl peroxide decomposition.
In addition, the ratio of 3-hydroxyglutaric acid (HGA) to MBTCA in SOAM can be used to distinguish α-pinene
from other monoterpenes [Lewandowski et al., 2013], although the photo-oxidation of other monoterpenes,
such as δ-limonene and β-pinene, has identical or isobaric products to α-pinene [Jaoui et al., 2005].

As the largest developing country, China is suffering from a serious particulate matter (PM) problem [Guo
et al., 2014; Zhang et al., 2012a]. During extremely severe haze pollution events in China, organic matter
(OM) constitutes a major fraction (30–50%) of PM2.5 (PM with an aerodynamic diameter less than 2.5μm),
and SOA contributes up to 70% of OM [Huang et al., 2014]. Thus, SOA plays an important role in PM pollution
in China. Previous modeling studies showed that SOA was mainly from BVOCs in China, although the relative
abundances of SOAI and SOAM varied frommodel to model [Fu et al., 2012; Han et al., 2008; Jiang et al., 2012].
Our ground-based observation during summer in the six regions of China illustrated that isoprene was the
major precursor of BSOA [Ding et al., 2014]. The annual average SOC from isoprene (SOCI) ranged from
0.03 to 0.63μgCm�3 over China, and SOCI levels increased in summertime and significantly decreased
during fall to spring [Ding et al., 2016]. At present, nationwide observation of BSOA from monoterpenes
and sesquiterpenes is rare in China. In this study, we focused on SOA tracers from monoterpenes and
β-caryophyllene at 12 sites in China and characterized their spatial and seasonal trends. α-Pinene and
β-pinene were also analyzed at 6 of the 12 sites to determine the relationship between SOAM tracers and their
precursors. In addition, SOC frommonoterpenes (SOCM) and β-caryophyllene (SOCC) were estimated by using
the SOA-tracer method and were compared with the previously reported SOCI [Ding et al., 2016] to illuminate
spatial and seasonal variations of biogenic SOC (BSOC) amount and composition over China.

2. Experimental Section
2.1. Field Sampling

Particle samples were simultaneously collected at 12 sites across six regions of China, including five urban
sites, three suburban sites, and four rural sites (Figure S1 in the supporting information). The 12 sites cover
seven temperate zones in China with diverse vegetation types (Table S1 in the supporting information).
Total suspended particles were collected by using Anderson nine-stage cascade impactors equipped with
quartz fiber filters (Whatman, prebaked at 450°C for 8 h) at an airflow rate of 28.3 L/min. The 50% cutoff sizes
were <0.4, 0.4–0.7, 0.7–1.1, 1.1–2.1, 2.1–3.3, 3.3–4.7, 4.7–5.8, 5.8–9.0, and ≥9.0μm. One set of nine size-
fractionated filters was collected for 48 h every 2weeks at each site. In this study, 294 sets of particle samples
were collected from October 2012 to September 2013. Additionally, one set of field blanks was collected at
each site in the same way as ambient samples for 5min when the sampler was turned off. The SOA study
is a subproject of a national aerosol campaign that primarily aims to determine the size distribution of major
components in PM over China [Xin et al., 2014].

VOC samples were simultaneously collected at 6 of the 12 sites (Table S1) every Wednesday at approximately
14:00 local time. Ambient air was compressed into a cleaned and evacuated 1 L silonite-treated stainless steel
canister (Entech Instruments Inc.) to ~2 × 105 Pa in approximately 1 h by an oil-free pump. A total of 270 VOC
samples were collected from October 2012 to September 2013.

2.2. Chemical Analysis

Since not all size-fractionated filters had detectable levels of these SOA tracers, to compare tracer levels at the
12 sites for the whole year, we combined each set of nine filters into one sample for chemical analysis.
Detailed information on SOA tracer analysis is described elsewhere [Ding et al., 2014; Shen et al., 2015].
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Prior to solvent extraction, deuterated dodecanoic acid (dodecanoic acid-d23) was spiked into the samples
as the internal standard for SOAM and SOAC tracer quantification. Samples were extracted twice by soni-
cation with the mixed solvent dichloromethane (DCM)/hexane (1:1, vol/vol), followed by 3 times with the
mixed solvent of DCM/methanol (1:1, vol/vol). The extracts of each sample were combined, filtered, and
concentrated to ~2mL. Then, the concentrated solution was divided into two parts for methylation and
silylation, respectively.

The derivatized samples were analyzed with an Agilent 7890/5975C gas chromatography/mass spectrometer
detector (GC/MSD) in the selected ion monitoring (SIM) mode with a 30m HP-5 MS capillary column (i.d.
0.25mm, 0.25μm film thickness). Splitless injection of a 2μL sample was performed. The GC temperature
was initiated at 65°C (held for 2min) and increased to 290°C at 5°Cmin�1 and held for 20min. In this study,
six SOA tracers were quantified by GC/MSD coupled with an electron impact (EI) ionization source, including
five SOAM tracers: PNA, PA, MBTCA, HGA, and 3-hydroxy-4,4-dimethylglutaric acid (HDMGA), as well as one
SOAC tracer: β-caryophyllenic acid (CA). PNA and PA were quantified by using authentic standards. Due to
the lack of commercial standards, the other SOAM tracers were quantified by using PNA and CA was quanti-
fied by using octadecanoic acid [Ding et al., 2011, 2012]. Data Set S1 in the supporting information lists all the
measurements of these SOA tracers at the 12 sites in China. It should be pointed out that the SOA tracers
reported in this study do not cover all BVOCs (e.g., sesquiterpenes other than β-caryophyllene and other
monoterpenes) and that what is called the SOAM tracer is somewhere in between a tracer for α-pinene
and a tracer for a somewhat broader group of monoterpenes.

VOC samples were analyzed with an Entech 7100 Preconcentrator coupled with an Agilent 5973N gas
chromatography-mass selective detector/flame ionization detector (GC-MSD/FID). The detailed three-stage
preconcentration processes are described elsewhere [Zhang et al., 2012b, 2015b]. Briefly, 500mL of air sam-
ples were drawn through a liquid-nitrogen cryogenic trap with glass beads at�160°C. Then, the primary trap
was heated to 10°C, and the VOCs were transferred by pure helium to the secondary trap at �50°C, with
Tenax-TA as an adsorbent. Water and carbon dioxide were removed through this purge-and-trap step.
Then, the secondary trap was heated to transfer the VOCs by pure helium to the third cryo-focus trap
at �170°C.

After the focusing step, the trap was rapidly heated, and the VOCs were transferred to the GC-MSD/FID sys-
tem. The mixture was first separated by a DB-1 capillary column (60m×0.32mm×1.0μm) and was then split
into two directions by a splitter: a 0.35m×0.10mm i.d. stainless steel line connected to an MSD and an HP
PLOT-Q column (30m×0.32mm×20μm) connected to an FID. The GC temperature was initiated at 10°C
(held for 3min), increased to 120°C at 5°Cmin�1, and increased again to 250°C at 10°Cmin�1 (held for
20min). α-Pinene and β-pinene were identified based on their retention times and mass spectra in the
MSD and were quantified by external calibration by using authentic standards. The MSD was in the SIMmode
with an EI ionization source. Data Set S2 lists all the measurements of α-pinene and β-pinene at the six sites
in China.

Daily average temperature, relative humidity, and the maximum solar radiation during each sampling epi-
sode were downloaded from the China Meteorological Data Sharing Service System (http://cdc.nmic.cn/
home.do).

2.3. Quality Assurance and Quality Control

Field and laboratory blanks were analyzed in the samemanner as the filter samples. The SOA tracers were not
detected in the field or laboratory blanks. Six spiked samples (authentic standards spiked into solvent with
prebaked quartz filters) were analyzed to evaluate the recovery of the analytical method. The recoveries were
101� 3% for PNA, 70� 10% for PA, and 83� 7% for octadecanoic acid. The relative differences for target
compounds in samples collected in parallel (n= 6) were all less than 15%. The method detection limits
(MDLs) for PNA, PA, and octadecanoic acid were 0.05, 0.07, and 0.05 ngm�3, respectively, with a total volume
of 81.5m3. Considering the errors in the field blank, recovery, and surrogate quantification, the uncertainties
in the tracer analyses were 3% for PNA, 30% for PA, 60% for MBTCA, 65% for HDMGA, 95% for HGA, and 156%
for CA [Shen et al., 2015]. The analysis uncertainty of the sum of five SOAM tracers was, on average, 22%
through error propagation. Ketopinic acid was used as the surrogate for the quantification of all SOA tracers
by Kleindienst et al. [2007], while different surrogates were used to quantify different SOA tracers in this study.
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The response factors of the internal standard calibration were 1.17 for octadecanoic acid, 1.40 for PNA, and
1.78 for PA. We also calculated the response factor of ketopinic acid (1.27), which was consistent with those
of the other surrogates.

For VOCs, the canisters were cleaned at least 5 times by repeatedly filling them with pure nitrogen and
evacuating before sampling. To check for potential contamination in the canisters, the vacuumed canisters
after the cleaning procedure were re-filled with humidified zero air and stored in the laboratory for at least
24 h. These canisters were analyzed in the same way as field samples to ensure that the target VOCs were
not present. The analytical system was tested daily with a standard mixture (~1 ppbv) before running air
samples. If the response was more than �10% of the initial calibration curve, recalibration was performed.
The MDLs for α-pinene and β-pinene were both 6 parts per trillion by volume (pptv).

3. Results and Discussion
3.1. Spatial Distribution of SOA Tracers and Pinenes

The sum of SOAM tracers ranged from 9.80 to 49.0 ngm�3 among the 12 sites. Our measurements were con-
sistent with those reported in different regions of China (Table S2) [Ding et al., 2012; Feng et al., 2013; Fu et al.,
2014; Guo et al., 2012; Hu et al., 2008; Li et al., 2013]. The highest concentration was observed at the rural
Qianyanzhou (QYZ) site in East China, and the lowest level occurred at the desert Shapotou (SPT) site in
Northwest China (Figure 1). East China (Wuxi (WX), Hefei (HF), and QYZ) exhibited the highest concentrations
among the six regions, followed by Southwest China (Xishuangbanna (BN) and Kunming (KM)) and Northeast
China (Hailun (HL) and Tongyu (TYU)). These three regions are hot spots of monoterpene emissions in China,

Figure 1. Spatial and seasonal variations of SOAM tracers at 12 sites in China, including five urban sites: Beijing (BJ), Taiyuan (TY), Hefei (HF), Kunming (KM), and
Dunhuang (DH); three suburban sites: Hailun (HL), Wuxi (WX), and Sanya (SY); and four rural sites: Tongyu (TYU), Shapotou (SPT), Qianyanzhou (QYZ), and
Xishuangbanna (BN). The orange andmagenta bars in the central figure represent the annual average of first- and high-generation products, respectively. The green,
yellow, blue, and red bars represent the sum of all SOAM tracers in fall (October–November 2012), winter (December 2012 to February 2013), spring (March–May
2013), and summer (June–September 2013), respectively. The black circle indicates the mass fraction of first-generation products in total SOAM tracers (%).
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as predicted by BVOC emission mod-
els that consider the land cover in
China and the impacts of tempera-
ture and radiation [Fu and Liao,
2014; Li and Xie, 2014; Tie et al.,
2006]. North China (Beijing (BJ) and
Taiyuan (TY)), Northwest China
(Dunhuang (DH) and SPT), and
South China (Sanya (SY)) presented
relatively lower levels. The levels
of all SOAM tracers were higher in
southern China than northern China
(p< 0.05; Figure 2).

The annual average of pinenes (sum
of α-pinene and β-pinene) ranged
from 34 to 102 pptv among the six
sites (Figure 3). α-Pinene was domi-
nant over β-pinene, with the ratio of

α-pinene to β-pinene within the range of 1.09–4.76. Previous measurements in China showed that the levels
of pinenes were within the range of 30–180 pptv, with α-pinene dominant over β-pinene [Song et al., 2007;
Tang et al., 2009;Wang et al., 2013]. Our measurements are consistent with those reported in previous studies.
The highest level of pinenes was observed at the rural TYU site in Northeast China, and the lowest level
occurred at the desert DH site in Northwest China. Spatial differences across the northern and southern parts
of China were not statistically significant for pinenes (p> 0.05; Figure 2).

Among the six sites where both SOAM tracers and pinenes were measured, the spatial distribution of SOAM
tracers was different from that of pinenes. For instance, the highest annual average of SOAM tracers occurred
at KM in Southwest China, while the highest annual average of pinenes was observed at TYU in Northeast
China. Within Northeast China, the HL site showed higher concentrations of SOAM tracers but lower levels
of pinenes compared with the TYU site. Ambient abundances of pinenes depend on emissions, gas-phase
reactions, and meteorological conditions. Besides these factors, SOAM formation is deeply influenced by
gas-particle partitioning [Saleh et al., 2013; Sheehan and Bowman, 2001], heterogeneous reactions [Lal
et al., 2012], and condensed-phase processes [Epstein et al., 2014]. The complexity of SOAM formation might
explain the difference in spatial distribution between SOAM tracers and pinenes. Moreover, the lifetimes of
SOAM tracers in the air are much longer than those of pinenes (Table S3). This implies that the transport
distance of SOAM tracers in the air is farther than that of pinenes. Thus, high levels of SOAM tracers might
not be observed at a location with high pinene emissions. In addition, the photo-oxidation of other monoter-
penes, such as δ-limonene, also produces these tracers [Jaoui et al., 2005]. If such an influence is significant,
the spatial distribution of SOAM tracers is expected to be different from that of pinenes. It should also be
noted that the VOC samples were collected weekly over 1 h, whereas the particle samples were collected
biweekly over 48 h. The lack of consistency in sampling might partly account for the disagreement in the
spatial distribution of SOAM tracers and pinenes.

Among the five SOAM tracers, PNA was the major compound, with an annual average of 12.8� 6.16 ngm�3,
followed by HGA (5.44� 2.57 ngm�3), MBTCA (4.27� 2.24 ngm�3), HDMGA (2.73� 1.32 ngm�3), and PA
(1.82� 1.22 ngm�3). α-Pinene ozonolysis produces two excited carbonyl-substituted Criegee intermediates,
which further form PNA and PA, respectively [Jenkin et al., 2000;Ma et al., 2008]. The OH oxidation of α-pinene
under NOx free conditions also produces PNA and PA [Eddingsaas et al., 2012; Zhang et al., 2015a]. Thus, PNA
and PA are considered the first-generation products of SOAM (SOAM_F tracers). PNA and PA can be further
photodegraded to the high-generation (SOAM_H) product MBTCA [Claeys et al., 2007; Müller et al., 2012;
Szmigielski et al., 2007]. The ratio of PNA plus PA to MBTCA, (PNA+ PA)/MBTCA, has been applied to trace
SOAM aging [Ding et al., 2011; Gómez-González et al., 2012]. In fresh chamber-produced α-pinene SOA sam-
ples, the ratios of (PNA+ PA)/MBTCA were in the range of 1.51 to 3.21 under high-NOx conditions (with NO
as the oxidant) [Offenberg et al., 2007] and 3.94 to 5.91 under the low-NOx conditions (with H2O2 as the

Figure 2. Comparison of tracers and pinenes in northern China (Northeast
China, North China, and Northwest China) and southern China (East China,
Southwest China, and South China). The red circles indicate the ratios of
southern to northern regions for tracers and pinenes. The error bar means
one standard deviation of each species.
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OH source) [Eddingsaas et al., 2012]. In this study, themedians of the (PNA+ PA)/MBTCA ratio varied from 2.10
(HL) to 4.81 (HF) and were within the range of fresh α-pinene SOA samples (Figure S2a). Thus, the SOAM in
China was generally SOAM_F. If we regard MBCTA, HGA, and HDMGA as the SOAM_H tracers [Ding et al.,
2014], the SOAM_F tracers (sum of PNA and PA) were dominant over the SOAM_H tracers (sum of HGA,
HDMGA, and MBCTA) in China, with mean mass fractions of 57% in the SOAM tracers (Figure 1).

The ratio of HGA to MBTCA (HGA/MBTCA) can be used to distinguish different monoterpenes. α-Pinene has
higher yields of MBTCA compared to HGA than β-pinene or δ-limonene [Jaoui et al., 2005]. Lewandowski et al.
[2013] reported the HGA/MBTCA ratios at 15 sites across the United States. They found that the ratio was
the lowest (~1.0) in the southeastern United States and the highest in California (1.83 to 3.65), indicating that
α-pinene was the main precursor of SOAM in the former. Figure S2b presents the HGA/MBTCA ratios at the
12 sites. The medians varied from 0.39 (TY) to 2.19 (SY) and were close to 1.0 at most sites, suggesting that
α-pinene was the major precursor of SOAM in China. This is in line with the conclusion that α-pinene was
dominant over β-pinene in China based on their ratio.

Previous chamber studies have demonstrated that the relative abundance of PNA and PA in α-pinene SOA
depends on the oxidation conditions. Under the low-NOx conditions (with H2O2 as the OH source), PA was

Figure 3. Spatial and seasonal variations of pinenes over China. The orange and magenta bars in the central figure represent the annual average of α-pinene and
β-pinene, respectively. The green, yellow, blue, and red bars represent pinenes (sum of α-pinene and β-pinene) in fall (October–November 2012), winter
(December 2012 to February 2013), spring (March–May 2013), and summer (June–September 2013), respectively. The black circle and triangle indicate temperature
and solar radiation, respectively.
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slightly higher than PNA, with PA/PNA ratios of 1.13–1.34 (SOA amounts of 40–77μgm�3) [Eddingsaas et al.,
2012]. Under the high-NOx conditions (with NO as the oxidant), PA was dominant over PNA, with PA/PNA
ratios of 7.37–20.0 (SOA amounts of 113–440μgm�3) [Offenberg et al., 2007]. In contrast, PNA had higher
mass yield than PA in α-pinene ozonolysis [Jenkin et al., 2000]. The PA/PNA ratios from α-pinene ozonolysis
were reported within the range of 0.2 to 1.0, with SOA amounts less than 200μgm�3 [Presto et al., 2005].
Presto et al. [2005] found that the PA/PNA ratios increased with increasing amounts of SOA due to changes
in the reaction chemistry. When chamber-produced SOA amounts exceeded 200μgm�3, PA became domi-
nant over PNA [Zhang et al., 2015a]. However, in the real atmosphere, OA amounts cannot exceed
200μgm�3, even under severe air pollution in China [Sun et al., 2014]. In fact, the annual average OC at
the 12 sites ranged from 22 to 54μgCm�3 [Xin et al., 2014], resulting in calculated OM levels within the range
of 35–86μgm�3 (OC× 1.6). Therefore, the ratio of PNA/PA can be applied to distinguish different α-pinene
oxidation processes in ambient air. Ozonolysis has a PNA/PA ratio greater than 1.0, high-NOx NO oxidation
has a PNA/PA ratio close to 1.0, and low-NOx OH oxidation has a PNA/PA ratio much less than 1.0.

In this study, the medians of the PNA/PA ratio varied from 3.10 (HL) to 20.8 (TY) and were much higher than
1.0 at all sites (Figure S2c). As discussed above, SOAM was mainly from α-pinene in China. Thus, the observed
high PNA/PA ratios indicated that ozonolysis played an important role in α-pinene oxidation in China.
Because PNA and PA were not detected under the high-NO (with HONO as the OH source) and high-NO2

(with CH3ONO as the OH source) OH oxidation conditions [Eddingsaas et al., 2012], the ratio of PNA/PA cannot
be used to evaluate the importance of the whole OH oxidation pathway. Table S3 lists the rate constants and

Figure 4. Spatial and seasonal variations of β-caryophyllenic acid over China. The orange bar in the central figure represents the annual average at each site. The
green, yellow, blue, and red bars represent β-caryophyllenic acid in fall, winter, spring, and summer, respectively.
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the estimated lifetimes of pinenes reacting with O3 and OH in China’s air. The estimated lifetime of α-pinene
reacting with ozone (1.91 h) was a little shorter than that of α-pinene reacting with OH (2.65 h).

The annual average of SOAC tracer CA ranged from 1.72 to 7.72 ngm�3 among the 12 sites. Our measure-
ments are consistent with those reported in different regions of China (Table S2). The highest concentration
was observed at the WX site in East China, and the lowest level occurred at the DH site in Northwest China
(Figure 4). East China exhibited the highest concentrations among the six regions. The CA levels were higher
in southern China than northern China (p< 0.05; Figure 2).

3.2. Spatial Homogeneity of SOA Tracers and Pinenes

There were at least two sites within each region, except South China. Since the vegetation was similar
between the two sites in each region (Table S1 and Figure S3a), we examined the correlations of SOA tracers
between the monitoring sites to investigate the spatial homogeneity of these SOA tracers on a regional scale.
The paired-site data of pinenes were only available in East China and Northeast China. Table 1 shows the
correlation coefficients of the meteorological parameters, pinenes, and SOA tracers between the inland
paired sites based on the 1 year data set.

Although the distance between paired sites varied from 280 to 940 km, the meteorological parameters
(temperature, relative humidity, and solar radiation) were significantly correlated (p< 0.05) within each
region, indicating large spatial homogeneity for the meteorological parameters. The poor correlations
(p> 0.05) of pinenes suggested a lack of spatial homogeneity on a regional scale. A homogeneous distribu-
tion of PNA and PA was observed within a geographical scale of ~400 km (p< 0.05). The correlation coeffi-
cients of the SOAM_F tracers decreased with increasing distance between sites. When the distance
between sites exceeded 450 km (the HL-TYU and DH-SPT pairs), the correlations of the SOAM_F tracers
became poor (p> 0.05). A significant correlation of SOAM_H tracers was only observed between the WX-HF
paired sites (p< 0.01).

Thus, our results show different behaviors of pinenes and their SOA tracers. As mentioned above, the concen-
trations of pinenes in the air depend on emission, oxidation, and transport. Because the emission rates of
pinenes are driven by temperature and light [Guenther et al., 2012], the large spatial homogeneity of

Table 1. Correlation Coefficients Between Sites in Each Region

Region East Southwest North Northeast Northwest
Paired Sites WX-HF (280 kma) KM-BN (380 km) BJ-TY (400 km) HL-TYU (450 km) DH-SPT (940 km)

Meteorological Parameters
Temperature 0.991b 0.961 0.970 0.991 0.989
Relative humidity 0.860 0.732 0.839 0.448 c 0.426
Solar radiation 0.901 0.232 0.815 0.906 0.671

Pinenes
α-Pinene 0.035 - - 0.172 -
β-Pinene 0.049 - - 0.396 -
Pinenes 0.055 - - 0.299 -

SOAM_F Tracers
PNA 0.609 0.548 0.527 �0.071 0.132
PA 0.483 0.663 0.486 0.140 0.007
SOAM_F tracers 0.601 0.586 0.518 �0.041 0.144

SOAM_H Tracers
MBTCA 0.898 0.042 �0.108 0.040 �0.064
HGA 0.591 0.335 0.455 0.144 �0.089
HDMGA 0.650 0.329 0.436 0.060 �0.046
SOAM_H tracers 0.738 0.311 0.359 �0.015 �0.085

SOAC Tracer
CA �0.384 0.045 �0.170 0.345 �0.262

aDistance between sites.
bBold indicates a significant correlation at p< 0.01.
cItalic indicates a significant correlation at p< 0.05.
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meteorological parameters implied a synchronous variation in pinene emissions between the paired sites,
since the vegetation types were similar between the two sites within a region. However, the oxidation of
pinenes in the gas phase is rapid. The lifetimes of pinenes reacting with OH [Hofzumahaus et al., 2009;
Kanaya et al., 2009; Liu et al., 2012] and O3 [Zhao et al., 2016] in the air of China are within 2–3 h, except for
β-pinene ozonolysis (Table S3). Pollutant emissions are influenced by local sources and vary from place to
place. For instance, the paired sites within each region exhibited a difference in tropospheric NO2 vertical col-
umn densities (http://avdc.gsfc.nasa.gov/; Figure S3b). This implied that oxidation processes of pinenes in the
air would significantly change during transport. The average wind speed at the 12 sites was approximately
4m s�1. Hence, the transport distance of locally emitted pinenes was only ~43 km within their lifetimes. It
should be pointed out that VOC samples were collected for over 1 h. Considering the high diurnal variability
in pinene levels, the 1 h sampling might lead to poor correlations of pinenes between sites. All these factors
explained the lack of regional characteristics of pinenes.

The SOAM_F tracers are formed mainly through the gas-phase Criegee and/or photochemical reactions of
pinenes, followed by the gas-to-particle partitioning [Eddingsaas et al., 2012; Jenkin et al., 2000]. The esti-
mated lifetimes of PNA and PA reacting with OH in the gas phase are ~30 h (Table S3). After partitioning into
the particle phase, PNA and PA are expected to have lifetimes as long as those of SOA due to dry and wet
deposition (3–7 days) [Shrivastava et al., 2015]. Thus, the transport distance of the SOAM_F tracers could at
least reach ~430 km within their lifetimes at a wind speed of 4m s�1. The changes in pollutant sources and
emissions during transport could influence oxidation processes of the SOAM_F tracers in the air. Such an
impact might be insignificant on a small scale, considering the relatively slow reactions of the SOAM_F tracers
in the air. These explained the regional characteristics of the SOAM_F tracers within a reasonable geographical
scale (less than 400 km), whereas homogeneity over a large scale might not be expected. Additionally, the
observed correlations might be potentially influenced by other monoterpenes, since δ-limonene and other
C10H16 compounds could also produce these SOAM tracers.

As a typical SOAM_H tracer, MBTCA can be formed by the further oxidation of PNA and PA in the gas phase.
PNA oxidation by OH forms the corresponding alkylperoxy radicals (RO2). In the presence of nitrogen oxides,
the RO2 radicals predominantly react with NO to form the intermediate alkoxy radicals (RO). The RO radical
further undergoes three possible reactions: (a) dissociation into an alkyl radical and a carbonyl compound;
(b) isomerization to an alkyl radical and a hydroxyl function via a hydrogen rearrangement, especially a
1,5 H shift; and (c) reaction with oxygen, forming carbonyl components, and HO2 [Müller et al., 2012]. After
undergoing multiple steps of the above reactions, among which PA is also produced as an intermediate,
PNA is eventually converted to MBTCA [Claeys et al., 2007; Szmigielski et al., 2007]. Compared with PNA and
PA, MBTCA formation is much more complex. The reaction of RO2 radicals with NO is vital for the formation
of RO radicals. NOx is mainly emitted from local combustion sources in China, such as power plants, industry,
and transportation [Zhao et al., 2013]. Thus, the formation of RO radicals is highly influenced by local NO emis-
sion, which might lead to poor correlations of SOAM_H tracers between sites over a spatial scale greater
than 300 km.

The SOAC tracer CA was not correlated between paired sites within each region (Table 1). Although the
β-caryophyllene emission rate is driven by temperature and light [Hansen and Seufert, 2003], β-caryophyllene
emissions from plants have large species-to-species differences. As reported by Curtis et al. [2014],
β-caryophyllene was only detected in one of nine urban tree species. Large tree-to-tree variations in sesqui-
terpene emissions were observed, even from the same species [Haapanala et al., 2009; Hakola et al., 2001].
Moreover, β-caryophyllene oxidation in the gas phase is very rapid, especially with O3 (lifetime within 1min;
Table S3). Due to the large variation in β-caryophyllene emissions and the rapid oxidation of β-caryophyllene
in the gas phase, there was no significant correlation of CA between sites.

3.3. Seasonal Variations of SOA Tracers and Pinenes

As typical BVOCs, monoterpene emission rates that depend on temperature and light [Guenther et al., 2012]
are highest in summer. In addition, due to the influence of bud formation and elongation, monoterpene
emission rates could be highest in spring [Kim, 2001]. Thus, it is expected that high levels of SOAM tracers
and pinenes occurred in the spring and the summer (Figures 1 and 3). The mass fractions of the SOAM_F

tracers in the SOAM tracers decreased during the summer (Figure 1), probably due to strong photochemistry
under high temperature and solar radiation.
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The seasonal variation of SOAM tra-
cers is also influenced by gas-particle
partitioning. As a major SOAM tracer
(average mass fractions of ~50%),
PNA was elevated during April and
May at most sites (Figure S4). PNA
has a subcooled liquid vapor pres-
sure (PL

0) of 7.8 × 10�4 Pa, with an
enthalpy of vaporization (ΔHvap) of
85 kJmol�1 [Booth et al., 2011]. The
saturation concentration (C*) of PNA
is estimated as 57μgm�3 by using
the gas-particle partitioning model
developed by Donahue et al. [2006].
The annual average OM ranged from
35 to 86μgm�3 at the 12 sites [Xin
et al., 2014]. The resulting calculated
particle-phase fractions of PNA in
the air of China are within the range
of 38%–60% at 298 K. This is consis-
tent with the estimated particle-
phase fractions (30–51%; Table S4)
based on the group-contribution
method [Donahue et al., 2011]. Thus,
PNA is highly impacted by gas-
particle partitioning. Although high
temperature during summer pro-
motes monoterpene emissions, it
enhances the gas-phase oxidation of
PNA and increases its C*. The former
process reduces the total PNA, and
the latter one reduces its particle frac-
tions. This explains why the highest
PNA level was not observed during

July and August, when temperature was the highest (Figure S4). Unlike PNA, the other four SOAM tracers
all have low volatilities (C*) and are mainly in the particle phase (Table S4). The sum of the four low-volatile
SOAM tracers exhibited the highest level during July and August at the BJ, TYU, and HF sites (Figure S4).

The concentrations of both semivolatile PNA and the low-volatile SOAM tracers significantly increased during
winter at HL (Figure S4d). The SOAM tracer levels during winter were higher than those during summer
(Figure 1). Due to the defoliation and extremely low temperature in winter (e.g., reaching �29.4°C), biogenic
emissions are expected to sharply drop at HL. Thus, there should be sources other than biogenic emissions
contributing large amounts of SOAM during winter at the HL site.

Previous emission inventory studies recorded large amounts of monoterpene emissions from biomass burn-
ing (BB), especially from coniferous species [Akagi et al., 2011; Evtyugina et al., 2013; Lee et al., 2005; Simpson
et al., 2011; Yokelson et al., 2013]. Monoterpenes can be stored in plant tissue and play defensive roles against
insects and pathogens [Keeling and Bohlmann, 2006]. As reviewed by Ciccioli et al. [2014], vegetation fires not
only release substantial amounts of monoterpenes but also influence atmospheric chemistry. In BB plumes,
fire-originated monoterpenes dramatically increased O3 levels [Akagi et al., 2013]. Elevated ambient levels of
SOAM tracers (PNA and PA) were also reported during forest fires [Yan et al., 2008].

Mixed coniferous-broadleaf forest is the dominant forest type in Northeast China [Dong et al., 2014]. During
the extremely cold winter, the levels of the BB tracer levoglucosan were as high as 2940 ngm�3 at HL
and 713 ngm�3 at TYU. Negative correlations were observed between levoglucosan and temperature at

Figure 5. (a) Positive correlation between SOAM tracers and levoglucosan
during the cold period at HL and (b) correlations of the SOAM tracer to
pinene ratios with temperature (r =�0.865, p< 0.001) and levoglucosan
(r = 0.725, p< 0.001) at HL.
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HL and TYU (p< 0.05). These results
indicate that BB for heating signifi-
cantly increased in the rural and
suburban areas of Northeast China.
The HL site witnessed a positive cor-
relation between SOAM tracers and
levoglucosan (r= 0.691, p= 0.006;
Figure 5a) during the cold period
(temperature <10°C), demonstrating
that the significant increase in SOAM
was highly associated with the
enhancement of BB.

Moreover, the ratios of SOAM tracers to pinenes (both in a same sampling episode) increased with decreasing
temperature at HL (r=�0.865, p< 0.001; Figure 5b). The highest ratio of SOAM tracers to pinenes during the
cold period at HL reached 6.0 ngm�3/pptv and was 1 order of magnitude higher than the average
(0.46 ngm�3/pptv) during the warm period (temperature>20°C). The enhancement of the ratio of SOAM tra-
cers to pinenes during the cold period was also observed at the TYU site in Northeast China (r=�0.760,
p=0.001; Figure S5b) but did not occur at the other four sites (Figures S5c–S5f). Although the ratio of
SOAM tracers to pinenes is not the classic SOA mass yield, it could be applied to reflect the relative strength
of SOAM formation at a site, assuming that vegetation emissions, pollution sources, and meteorology para-
meters surrounding a site change regularly. High ratios of SOAM tracers to pinenes during the cold period
at HL suggested elevated SOAM formation strength during the winter. The ratio of SOAM tracers to pinenes
was positively correlated with levoglucosan at HL (r= 0.725, p< 0.001; Figure 5b), suggesting that the
increase in SOAM formation strength was associated with BB. Thus, the enhancement of BB during winter
in Northeast China could elevate the strength of SOAM formation and produce large amounts of SOAM. It
should be noted that the ratio of SOAM tracers to pinenes could not be used to compare the relative
strengths of SOAM formation between sites, due to the observed spatial heterogeneity between SOAM tracers
and pinenes as well as the difference in their lifetimes.

The SOAC tracer CA increased during winter at most sites (Figure 4). Because CA is predominant in the particle
phase (Table S4), its seasonal trend has little impact from temperature-driven gas-particle partitioning. Similar
to monoterpenes, sesquiterpenes can be synthesized and stored in plant tissue [Keeling and Bohlmann, 2006].
Vegetation fires can influence sesquiterpene emissions and SOA formation [Ciccioli et al., 2014; Mentel et al.,
2013]. During the cold period, CA was significantly correlated with levoglucosan at six sites (Table 2). A posi-
tive correlation between CA and levoglucosan was also reported in springtime over central China by aircraft
measurements, indicating substantial contributions from BB to CA production [Fu et al., 2014].

3.4. Biogenic SOC Estimation

These BSOA tracers were further applied to estimate SOCM and SOCC over China by using the SOA-tracer
method [Kleindienst et al., 2007]. The researchers performed chamber experiments to obtain the mass
fraction of tracers in SOC (fSOC) for individual precursors:

f SOC ¼
X

i
tri½ �

SOC½ �
where

P
i[tri] is the total concentration of the tracers for a certain precursor and [SOC] is the mass concentra-

tion of SOC. With these fSOC values and the measured SOA tracers in ambient air, SOC in the atmosphere from
different precursors can be estimated, with the assumption that the tracer-SOC relationship obtained in the
chamber air is stable in ambient air [Kleindienst et al., 2007].

The fSOC for SOCM (0.059 μgμgC�1) was calculated by using the chamber data provided by Kleindienst’s
group [Offenberg et al., 2007] with the same five SOAM tracers used in this study. The fSOC for β-caryophyllene
was 0.023� 0.0046μgμgC�1 using CA for SOCC estimation [Kleindienst et al., 2007]. The same fSOC and tracers
were used to estimate SOCM and SOCC in our previous studies in the Tibetan Plateau [Shen et al., 2015] and in
summertime over China [Ding et al., 2014]. SOCI during the same period at the 12 sites was estimated by
using the SOA-tracer method in our previous study [Ding et al., 2016]. In the following discussion, we will

Table 2. Correlation Coefficients (r) Between CA and Levoglucosan at Six
Sites During Cold Period (Temperature <10°C)

Site r p-value

HL 0.804 0.001
TYU 0.582 0.023
BJ 0.581 0.048
SPT 0.664 0.026
QYZ 0.945 0.004
HF 0.833 0.020
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include SOCI to provide a full picture of BSOC (sum of SOCI, SOCM, and SOCC) over China. Previous studies
showed that these three precursors were major contributors to BSOC [Fu et al., 2012; Lewandowski et al.,
2013]. The uncertainty in the SOA-tracer method is caused by the analysis of organic tracers and the
determination of the conversion factors. The errors of the tracer analysis were 22% for the SOAM tracers,
156% for CA, and 40% for the SOCI tracers. The uncertainties of fSOC were 48% for monoterpenes, 22% for
β-caryophyllene, and 25% for isoprene [Lewandowski et al., 2013]. Considering these factors, the uncertainties
of the estimated SOC were calculated through error propagation. The RSDs were 53% for SOCM, 157%
for SOCC, and 47% for SOCI. It should be noted that the BSOA tracers reported in this study only represent
a few of the compounds produced and do not cover all BVOCs (e.g., sesquiterpenes other than
β-caryophyllene, as well as other BVOCs). Moreover, there are still significant uncertainties due to the limited
number of identified tracers and chamber parameters as well as the simplification of applying organic tracers
and conversion factors to calculate BSOA in ambient samples. Additionally, BSOA from aqueous-phase pro-
duction could not be captured by the SOA-tracer method. Thus, the current results should underestimate
total amount of BSOC in the air of China.

The annual average BSOC was 0.91� 0.41μgCm�3, with the highest concentration at QYZ
(1.52� 0.83μgCm�3) and the lowest level at SPT (0.30� 0.24μgCm�3). Southwest China exhibited the
highest concentrations among the six regions, followed by East China, Northeast China, North China,
South China, and Northwest China. Southern China presented higher levels of BSOC than northern China.
SOCM was the major component in BSOC (on average, 50%) and ranged from 0.17 to 0.83μgCm�3 at the
12 sites. SOCI and SOCC at the 12 sites were within the ranges of 0.03–0.63μgCm�3 and 0.07–0.34μgCm�3,
respectively. The annual average contributions to BSOC were 28% from SOCI and 22% from SOCC.

Modeling studies have simulated BSOC over China. The annual mean BSOC was estimated to be
0.66μgCm�3 over China by the Goddard Earth Observing System coupled with the Atmospheric
Chemistry model (GEOS-Chem) [Fu et al., 2012]. The BSOA in springtime was simulated to be 0.65μgm�3

over China by the Regional Air Quality Model System (RAQMS) [Han et al., 2016]. The annual average BSOA
over China was predicted to be 0.99μgm�3 by the Weather Research and Forecasting Atmospheric
Chemistry model (WRF-Chem) [Jiang et al., 2012]. The SOA-to-SOC ratios in chamber-produced samples were
2.47� 0.55, 2.11� 0.65, and 1.37� 0.15 for SOAI, SOAC, and SOAM, respectively [Kleindienst et al., 2007].
Converting individual SOA to SOC, the model-simulated BSOC over China was 0.40μgCm�3 in springtime
according to the RAQMS model [Han et al., 2016] and 0.58μgCm�3 during the whole year according to
theWRF-Chemmodel [Jiang et al., 2012]. All threemodeling studies presented higher levels of BSOC in south-
ern China than northern China. The model-simulated BSOC levels and spatial distribution are consistent with
our ground-based observation.

Figure 6 presents the monthly variation in BSOC at the 12 sites. Generally, high levels of BSOC existed from
April to September, and low concentrations occurred during January and February. Significant enhancement
of SOCI was observed from May to September, with SOCI levels and contributions up to 1.43μgCm�3

(September at QYZ) and 70% (July at HL), respectively. During October to April, when SOCI levels dropped,
SOCM composed the majority in BSOC (e.g., 86% in November at QYZ). SOCC levels significantly increased
from November to January.

Figure 7 compares BSOC composition over China between our observation andmodel simulations. Our 1 year
observation at the 12 sites illustrated a majority of SOCM, followed by SOCI and SOCC. For the modeling
results, the RAQMS [Han et al., 2016] and WRF-Chem [Jiang et al., 2012] models exhibited a majority of
SOCM. The GEOS-Chemmodel showed that SOCI was dominant over SOCM [Fu et al., 2012], and the SOCI level
agreed with our observation within the uncertainties. As explained by the authors, the discrepancy of the
relative abundances of SOCI and SOCM in the GEOS-Chem and RAQMS models was because they used larger
isoprene emissions and included an additional formation pathway via aqueous chemistry for isoprene
[Fu et al., 2012]. It is worth noting that these model results underestimated SOC from sesquiterpenes com-
pared with our observation (Figure 7), although only SOCC was considered in our study.

Close inspection of our data shows that the BSOC composition changed from season to season, although
these changes were not significant relative to the uncertainties (Figure S6). From fall to spring, SOCM was
the majority, and the relative abundances of SOCI and SOCC were reversed. The most significant change
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Figure 7. Comparison of BSOC composition over China between model simulation and field observation. The GEOS-Chem
and WRF-Chem models estimated annual averages in 2006. The RAQMS model predicted the springtime average in 2009.

Figure 6. Monthly variation of BSOC at the 12 sites over China. The green, blue, and yellow bars indicate SOCI, SOCM, and SOCC, respectively.
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Figure 8. (a–d) Seasonal variation of BSOC in the six regions of China.
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was observed during summer, when SOCI was dominant over SOCM and SOCC. This is consistent with our pre-
vious observation in summertime at 14 sites across China [Ding et al., 2014]. However, the RAQMS [Han et al.,
2008] and WRF-Chem [Jiang et al., 2012] models showed an SOCM majority during summer. Only the GEOS-
Chem model presented an SOCI majority during summer [Fu et al., 2012].

Figures 8 and S7 present seasonal changes of BSOC composition in the six regions of China. During the fall,
SOCI was the major contributor at KM and BN in Southwest China (Figure S7a), while SOCM composed the
majority in the other five regions (Figure 8a). SOCC significantly increased during the winter, especially in
northern China (Figure 8b). At the HL, BJ, SPT, andWX sites, SOCC exceeded SOCM and became themajor con-
tributor to BSOC during winter (Figure S7b). During spring, an SOCM majority was observed at all sites across
the six regions (Figures 8c and S7c). SOCC exceeded SOCI during fall to spring at all sites in northern China
(Figures S7a–S7c). During summer, southern China exhibited a majority of SOCI (Figure 8d), while northern
China exhibited a majority of SOCM, except at the HL site (Figure S7d).

4. Conclusions

In this study, 1 year ground-based measurements of BSOA tracers and pinenes were undertaken at multi-
ple regions in China. BSOA tracers exhibited higher levels in southern China than northern China. As deter-
mined by the ratios of SOAM tracers ((PNA+ PA)/MBTCA, HGA/MBTCA, and PNA/PA), the SOAM in China
was generally SOAM_F, and α-pinene ozonolysis played an important role in SOAM formation. Pinene,
SOAM_F, and SOAM_H tracers showed different regional behaviors. The poor correlations of pinenes
between inland paired sites were due to rapid oxidation of pinenes in the air, while the significant correla-
tions of SOAM tracers between monitoring sites suggested the regional impact of SOAM. SOAM_F tracers
had larger spatial homogeneity than SOAM_H tracers. High levels of SOAM tracers occurred during spring
to summer in China. At HL in Northeast China, however, the concentrations of SOAM tracers increased
during winter. The positive correlation between SOAM tracers and levoglucosan at HL indicated that the
unexpected increase in SOAM amount was associated with the enhancement of BB during winter. CA sig-
nificantly increased during winter and was positively correlated with levoglucosan, suggesting substantial
contributions from BB to SOAC production during winter in China. The annual average BSOC was esti-
mated to be 0.91� 0.41μgCm�3 over China, with the majority from SOCM and the highest level in
Southwest China. High levels of BSOC existed from April to September, and low concentrations occurred
in January and February. BSOC composition varied from an SOCM majority in fall-spring to an SOCI major-
ity in summer.

China is now suffering from serious PM pollution and visibility reduction. SOA plays an important role during
severe haze pollution in China. Our ground-based observation provides detailed information about the
characterization of BSOA from monoterpenes and β-caryophyllene, regional differences among northern
and southern China, and BB influences on BSOA during winter. In addition, our results illustrate that current
model simulations that play important roles in air pollution control in China could not fully capture the
seasonal variation in BSOC composition. All these findings are essential to comprehensively understand
the sources of China’s severe PM problem and to provide guidance for steps to reduce PM levels, particularly
during fall to winter, when major incidents have been reported.
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