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• PM2.5-bound SOA tracers in amountain-
ous area of southeastern China were
firstly investigated.

• Analysis of α/β‑pinene tracers indicated
that SOA were highly oxidized on Mt.
Wuyi.

• Biomass burning events affected by
local and regional sources were
identified.

• SOC in PM2.5 were estimated using the
tracer-based method.
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Secondary organic aerosol (SOA) plays an important role in global climate change and air quality. PM2.5 (particles
with aerodynamic diameters ≤2.5 μm) samples were collected at a mountainous forest site (Mt. Wuyi) in south-
eastern China between November 2015 and July 2016. Fourteen PM2.5-bound SOA tracers, including isoprene, α/
β‑pinene, β‑caryophyllene, and toluene, were measured using the gas-chromatography–mass-spectrometry
method. The total concentrations of the isoprene, α/β‑pinene, β‑caryophyllene, and toluene SOA tracers were
45.28 ± 65.52, 30.66 ± 24.44, 5.99 ± 7.25, and 0.62 ± 0.72 ng m−3, respectively. The isoprene SOA tracers ex-
hibited the highest concentration (145.97± 53.78 ngm−3) and accounted for 76± 9% of the total concentration
of SOA tracers in summer. In fall-winter, the mass fraction of 2‑methylglyceric acid was significantly enhanced
because of the lower temperature and higher NOx level. As later-generation products of α/β‑pinene tracers,
high proportions of 3‑hydroxyglutaric acid and 3‑methyl‑1,2,3 butanetricarboxylic acid were observed on Mt.
Wuyi, suggesting that the aerosols were highly oxidized. Biomass burning events affected by local and regional
sources were identified by analyzing typical SOA tracers. Significant positive correlation (R2 = 0.74) was found
between the β‑caryophyllene tracer and levoglucosan. The average concentration of secondary organic carbon
(SOC) as estimated from SOA tracers was 1.46 μgC m−3. The isoprene SOC accounted for 70% of the total SOC
in summer, whereas the β‑caryophyllene SOC was the predominant component in winter. Meanwhile, the
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estimated toluene SOC accounted for 11.6% of the total SOC during the study period. The study helps understand-
ing the characteristics and the formation of SOA in a mountainous forest area of southeastern China.

© 2018 Elsevier B.V. All rights reserved.
1. Introduction

Secondary organic aerosol (SOA) is the major component of at-
mospheric fine particulate (PM2.5) and plays an important role in cli-
mate change, air quality, cloud condensation, and human health
(Jimenez et al., 2009). SOA can be formed by both homogenous and
heterogeneous reactions of volatile organic compounds (VOCs)
emitted from biogenic and anthropogenic sources (Jang et al.,
2002; Claeys et al., 2004). On a global scale, emissions of biogenic
VOCs (BVOCs), which comprise mainly isoprene, monoterpenes
(such as α/β‑pinene), and sesquiterpenes (such as β‑caryophyllene),
are estimated to be one order of magnitude higher than those of an-
thropogenic VOCs (such as toluene) (Guenther et al., 2006). There-
fore, most global SOA is believed to be transformed from BVOCs.
However, the processes of SOA formation and transformation remain
uncertain (Shrivastava et al., 2017).

SOA tracers can provide some insights into the sources and pro-
cesses that influence SOA formation. Arising mainly from terrestrial
vegetation and partly from the oceans, isoprene is the most abun-
dant species among the various BVOCs (Guenther et al., 2006).
2‑methyltetrols (MTLs; the sum of 2‑methylthreitol (MTL1) and
2‑methylerythritol (MTL2)) and C5-alkene triols were the unique
oxidation products of isoprene, while MTLs were detected in Amazo-
nian aerosols and C5-alkene triols were important under conditions
of low NOx (Surratt et al., 2006). Monoterpenes and sesquiterpenes
were two other main BVOCs that contribute significantly to SOA
(Griffin et al., 1999; Duhl et al., 2008). As the most abundant species
of monoterpenes, α/β‑pinene can be formed by pinic acid (PA) and
pinonic acid (PNA) or by photooxidation of 3‑hydroxyglutaric acid
(HGA) and 3‑methyl‑1,2,3 butanetricarboxylic acid (MBTCA)
(Eddingsaas et al., 2012). β‑Caryophyllene is one of the most abun-
dant species of sesquiterpenes and can be identified by the specific
tracer β‑caryophyllinic acid. Identifying aromatic SOA tracers
(2,3‑Dihydroxy‑4‑oxopentanoic acid (DHOPA)) made it possible to
evaluate the contribution of SOA from anthropogenic sources, espe-
cially in urban areas (Offenberg et al., 2007).

In recent years, the formation of biogenic SOA (BSOA) has been
studied in chamber experiments (e.g., D'Ambro et al., 2017; Faust
et al., 2017; Palm et al., 2017), ambient aerosols from urban areas
(e.g., Hu et al., 2008; Stone et al., 2010; Feng et al., 2013; Ding
et al., 2016; Fu et al., 2016), and the ocean (Fu et al., 2009, 2013;
Ding et al., 2013; Hu et al., 2013). However, there have been rela-
tively few studies of BSOA in mountainous forest areas (e.g., Fu
et al., 2010; Stone et al., 2012; Li et al., 2013). Mountainous forest
areas offer a unique environment in which to study SOA formation
and sources (Fu et al., 2014a). The active airflow at a mountain top
is more susceptible to long-range transportation of PM2.5 and can re-
flect the characteristics of the atmosphere. Studying BSOA tracers in
mountainous areas could improve our understanding of (i) the
chemical properties of organic aerosols in the atmosphere and (ii)
the transmission of pollution.

In the present study, the molecular compositions and seasonal
patterns of SOA tracers on Mt. Wuyi (altitude: 1139 m) were
investigated for the first time, this being a mountainous forest
area in southeastern China. Typical SOA tracers were chosen as
the indicators of NOx level and aging process of SOA. The temporal
variations of SOA tracers during a local and a regional biomass
burning events were investigated. The concentration of biogenic
secondary organic carbon (SOC) was also estimated using the
tracer-based method.
2. Materials and methods

2.1. Sampling site

The sampling site (27.35°N, 117.43°E) is located in Mt. Wuyi Nature
Reserve in the northern part of Fujian Province, south east China, at an
altitude of 1139 m. Samplers were installed on the rooftop of the build-
ing of the Mt. Wuyi national atmospheric background monitoring sta-
tion, with a height of 15 m above ground. Mt. Wuyi is the best
representation of an intact and ecologically diverse forest in the sub-
tropical region of China. The annual precipitation is in excess of
2000mm and the annual relative humidity is around 85%. The area sur-
rounding the site is open and the airflow is active. Because the site con-
tains no significant anthropogenic sources of air pollution, it can
objectively reflect the influences of biogenic emission sources and re-
gional transportation of pollutants on air quality in southeastern China
(Fig. 1).

2.2. Sample collection

The sampling campaigns were conducted onMt.Wuyi in November
17, 2015–February 26, 2016 (fall-winter), April 12–May10 (spring) and
June 28–July 19 (summer) of 2016. Seventy-two-hour PM2.5 samples
were collected continuously on preheated (500 °C, 4 h) quartz filters
(8 × 10 in., Whatman) using a high-volume sampler (TH1000H,
Wuhan Tianhong, China) at a flow rate of 1.05 m3 min−1. The average
temperature and relative humidity (RH) were 9.0 °C and 79.5% in fall-
winter, 17.2 and 84.9% in spring, 24.1 °C and 75.7% in summer, respec-
tively (Table S1). Thirty-three samples and four field blanks were col-
lected during the study period. The sampled filters were covered with
aluminum foil and stored at−20 °C until analysis.

2.3. Chemical analysis

Aliquots of the filters (ca. 5 cm2) were cut and then extracted for
three times with 10 mL dichloromethane/methanol (2:1, v/v) under
ultrasonication for 10 min. The solvent extracts were filtered through
quartz wool packed in a Pasteur pipette, concentrated by a rotary evap-
orator, and blown dry by a flow of high-purity nitrogen. The extracts
were then derivatized with 50 μL of N,O‑bis‑(trimethylsilyl)
trifluoroacetamide (BSTFA) with 1% trimethylsilyl chloride and 10 μL
of pyridine at 70 °C for 3 h to convert COOH groups to esters and OH
groups to trimethylsilyl ethers. The analytical procedure of SOA tracers
is described elsewhere (Fu et al., 2010).

The derivatized extracts were analyzed in a gas-chromatography-
mass-spectrometer (GC–MS) detector (Agilent 7890A/5975C, Agilent
Technologies, Inc., USA) with a DB-5 MS fused silica capillary column
(i.d. 30 × 0.25 mm, 0.5 μm film thickness). Prior to the analysis, C13

n‑alkane was spiked into the extracts as an internal standard. One mi-
croliter of the sample was injected in splitless mode at 280 °C and
high-purity helium (99.999%) was used as the carrier gas at a stable
flow of 1.0 mL min−1. The GC temperature was initiated at 50 °C (held
for 2 min) then increased to 120 °C at 15 °C min−1 and then to 300 °C
at 5 °C min−1, and finally kept at 300 °C for 16 min. The MS was oper-
ated in electron ionization (EI) mode at 70 eV and the MS scanned
from m/z 50 to m/z 650.

Levoglucosan, malic acid, HGA, PNA, and PA were quantified using
authentic standards. Because of the lack of commercial standards, α/
β‑pinene SOA tracers including MBTCA, 3‑acetylglutaric acid (AGA),
and 3‑hydro‑4,4‑dimethyglutaric acid (HDMGA) were determined



Fig. 1. Location of sampling site on Mt. Wuyi in southeastern China.
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using malic acid as a standard. β‑Caryophyllinic acid was
estimated using the response factor of PA. Isoprene SOA tracers includ-
ing MGA, C5-alkene triols (cis‑2‑methyl‑1,3,4‑trihydroxy‑1‑butene,
trans‑2‑methyl‑1,3,4‑trihydroxy‑1‑butene, and
3‑methyl‑2,3,4‑trihydroxy‑1‑butene), and MTLs were quantified using
erythritol as a standard (Fu et al., 2010; Haddad et al., 2011).

The EC and OC of PM2.5 samples were determined on a 1.5 cm2 filter
by using a carbon analyzer (Sunset Model-4, USA) with the thermal-
optical transmittance (TOT) method, following the National Institute
for Occupational Safety and Health (NIOSH) protocol (Birch and Cary,
1996).

2.4. Quality control and quality assurance

Field blankswere collected during the sampling periods by using fil-
ters on the sampler without pumping any air for 72 h. After being ex-
tracted and measured in the same way as the field samples, none of
the target compounds were found in the field blanks. The recovery
rates of erythritol, HGA, PNA, PA, and malic acid were 71 ± 6%, 85 ±
10%, 62± 11%, 65± 7%, and 85±8%, respectively. In duplicate samples
(n = 5), the target compounds all differed by b13%. The reported con-
centrations of SOA tracers were not corrected for recovery.

2.5. Data analysis

2.5.1. Statistical analysis
The relationships among SOA tracers were investigated by Pearson

correlation analysis. Seasonal variations in the concentration and the
proportion of individual SOA tracers were examined by one-way
ANOVA (Analysis of Variance), and the variations were all significant
at the level of 0.05 in this study.

2.5.2. Estimation of SOC
The tracer-based method was used to estimate the fractions of SOC

formed through the oxidation of isoprene, α/β‑pinene, β‑caryophyllene,
or toluene. Kleindienst et al. (2007) derived the mass fraction of tracer
compounds in SOA generated from individual precursors by using
smog-chamber experimental data for different hydrocarbon/NOx mix-
tures; this is defined as [SOC] = ∑i [tri] / fSOC, where [SOC] is the
mass concentration of SOC (μg Cm−3) and∑i [tri] is the sumof the con-
centrations of the tracers for a certain precursor (μg m−3). The carbon
mass fractions (fSOC) of the tracer compounds in the laboratory-
generated SOC from isoprene,α/β‑pinene, β‑caryophyllene, and toluene
were 0.155 ± 0.111, 0.231 ± 0.111, 0.023 ± 0.0046, and 0.0079 ±
0.0026, respectively, which were proposed by Kleindienst et al. (2007)
based on the smog-chamber experimental data. Assumption that the
smog-chamber fSOC values are the same as those in the ambient air,
SOC from different precursors was estimated by SOA tracers in this
study.

3. Results and discussion

3.1. Overall concentrations of SOA tracers

The concentrations of organic carbon (OC), element carbon (EC),
and SOA tracers are listed in Table 1. The total isoprene SOA tracers
(45.28± 65.52 ngm−3) were more abundant than those of α/β‑pinene
(30.66 ± 24.44 ng m−3), β‑caryophyllene (5.99 ± 7.25 ng m−3), and
toluene (0.62 ± 0.72 ng m−3). The temporal variations of isoprene, α/
β‑pinene, β‑caryophyllene, and toluene SOA tracers were plotted in
Fig. 2. The concentrations of total SOA tracersweremuch higher in sum-
mer and spring than those in fall-winter. The isoprene SOA tracers ex-
hibited particularly high concentrations in summer, accounting for 76
± 9% of all SOA tracers. In mountainous areas, biogenic emissions are
the major sources of SOA, especially in summer when all the plants
are growing vigorously (Fu et al., 2010). Higher temperatures and stron-
ger solar radiation increase isoprene emissions and their photoreac-
tions. Higher temperatures also enhance the heterogeneous reactions
of isoprene-derived epoxides on particles, and the reactions play impor-
tant roles in forming isoprene SOA (Paulot and Wennberg, 2009; Lin
et al., 2013). As described above, isoprene emission depends heavily
on temperature. Because of the relatively low temperatures in fall-
winter (average 9.0 °C, Table S1), the amount of isoprene emitted by
plants was much lower in those seasons (decreasing by 90% from sum-
mer to fall-winter; Fig. 2). In addition, α/β‑pinene SOA tracers were
more abundant than isoprene SOA tracers in every season except sum-
mer. As a β‑caryophyllene (a sesquiterpene) oxidation product (Jaoui
et al., 2007), β‑caryophyllinic acid exhibited relative high concentra-
tions (5.99 ± 7.25 ng m−3) in winter, which was probably due to bio-
mass burning.

In Table 2, the concentrations of isoprene, α/β‑pinene,
β‑caryophyllene, and toluene products on Mt. Wuyi were compared
with those in other regions around the world. The related BSOA (iso-
prene, α/β‑pinene and β‑caryophyllene) tracers were presented in par-
ticularly high concentrations on Mt. Wuyi comparing to other areas
except for Mt. Tai. The summer concentrations of BSOA tracers on Mt.
Wuyi were similar to those on Mt. Tai except for β‑caryophyllinic acid.
Mt. Tai is located in Central East China on the transport path of the



Table 1
Concentrations (ng m−3) of secondary organic aerosol (SOA) tracers and their percent-
ages in organic carbon (OC) during the study period on Mt. Wuyi.

Major components Average Range %C in
OC

OC (μgC m−3) 2.27 ± 1.46 0.4–5.38
EC (μgC m−3) 0.31 ± 0.28 0.06–0.58
Isoprene SOA tracer

2‑Methylglyceric acid (MGA) 1.38 ± 0.72 0.05–3.36 0.08
2‑Methylthreitol (MTL1) 8.07 ± 11.06 0.05–43.12 0.45
2‑Methylerythritol (MTL2) 24.48 ± 39.06 0.39–148.1 1.42
2‑Methyltetrols (MTL) 32.55 ± 48.84 0.05–148.1 1.86
cis‑2‑Methyl‑1,3,4‑trihydroxy‑1‑butene 3.5 ± 5.64 nda–20.51 0.22
3‑Methyl‑2,3,4‑trihydroxy‑1‑butene 1.49 ± 2.37 nd–7.52 0.10
trans‑2‑Methyl‑1,3,4‑trihydroxy‑1‑butene 6.37 ± 10.12 0.1–43.15 0.37
C5-alkene triolsb 11.35 ± 18.13 0.08–59.23 0.67
Sum of isoprene SOA tracer 45.28 ± 65.52 1.13–221.5 2.61

α/β‑Pinene SOA tracer
3‑Hydroxyglutaric acid (HGA) 13.32 ± 9.36 2.34–43.93 0.51
Pinic acid (PA) 1.22 ± 1.25 0.22–5.49 0.07
Pinonic acid (PNA) 0.41 ± 0.95 nd–5.37 0.03
3‑Methyl‑1,2,3 butanetricarboxylic acid
(MBTCA)

7.8 ± 6.08 0.43–23.24 0.41

3‑Acetylglutaric acid (AGA) 1.37 ± 1.18 0.13–20.82 0.22
3‑Hydroxy‑4,4‑dimethylglutaric acid
(HDMGA)

6.55 ± 6.24 0.6–29.66 0.28

Sum of α/β‑pinene SOA tracer 30.66 ± 24.44 0.79–112.51 1.42
Toluene SOA tracer

2,3‑Dihydroxy‑4‑oxopentanoic acid
(DHOPA)

0.62 ± 0.72 nd–2.92 0.04

β‑Caryophyllene SOA tracer
β‑Caryophyllinic acid 5.99 ± 7.25 nd–35.21 0.26

a “nd” means not detected.
b The sum of 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.
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Asian continental outflow. Previous studies had indicated that the at-
mosphere on Mt. Tai is influenced significantly by biomass burning on
the North China Plain during harvest time, which contributes large
amounts of β‑caryophyllinic acid. By contrast, the concentrations of iso-
prene SOA tracers on Mt. Wuyi were much higher than those on Mt.
Changbai (Li et al., 2013). As an aromatic product, DHOPA is a typical ox-
idation product of toluene (aromatic hydrocarbons). The concentration
of DHOPA on Mt. Wuyi (0.62 ng m−3) was close to the value
(0.4 ng m−3) reported for the Tibetan Plateau but lower than those re-
ported for different regions in China (average 2.9 ng m−3; Ding et al.,
Fig. 2. Temporal variations of isoprene, α/β‑pinene, β‑caryophyllene, and toluene SOA
tracers on Mt. Wuyi during the sampling period.
2014) and a mountainous site in Hong Kong (average 2.1 ng m−3; Lyu
et al., 2017).

3.2. SOA tracers as indicators of atmospheric process

3.2.1. Isoprene SOA tracers as indicator of NOx level
Six compounds were determined as oxidation products of isoprene,

namely MGA, two types of MTL, and three types of C5-alkene triol
(Table 1). The averaged MTL concentration (32.55 ± 48.84 ng m−3)
was higher than those of C5-alkene triols (11.35 ± 18.13 ng m−3) and
MGA (1.38 ± 0.72 ng m−3) during the study period.

Isoprene epoxydiols (IEPOX) are important SOA intermediates
under low-NOx conditions, forming initially in the gas phase and subse-
quently being partitioned into the aerosol aqueous phase (Paulot and
Wennberg, 2009; Surratt and Finlayson-Pitts, 2010). IEPOX further con-
verts toMTLs and C5-alkene triols through an acid-catalyzed ring open-
ing of this epoxydiol and a subsequent nucleophilic addition (Li et al.,
2013). In the present study, a positive correlation was found between
MTLs and C5-alkene triols (R2 = 0.75, p b 0.01; Fig. S1). Fig. 3 shows
the percentages of individual isoprene SOA tracers onMt. Wuyi. The re-
sults indicated that isoprene SOA tracers presented significantly tempo-
ral and seasonal variation. In summer, the percentages of MTLs and C5-
alkene triols increased significantly to 90%, reflecting a low-NOx envi-
ronment. By contrast, the percentages ofMGA in fall-winterwere signif-
icantly higher than those in spring and summer (Fig. 3). High NOx

concentrations in fall-winter (average 3.2 and 4.3 μg m−3, respectively;
Table S1) were observed at the sampling site and likely contributed to
the relatively high proportion of MGA. This is consistent with the fact
that MGA is an oxidation product of isoprene produced under high-
NOx conditions (Surratt and Finlayson-Pitts, 2010).

The ratio of MTLs to MGA exhibited the highest value in summer
(77.2 ± 27.77), followed by spring (10.06 ± 15.74), fall-winter (4.61
± 4.30) (Fig. 4a). High temperature (24.1 °C; Table S1), enhanced verti-
cal convection, and low concentrations of NOx (2.1 μg m−3; Table S1) in
summer favored the formation of MTLs, contributing to the highest
MTLs/MGA ratio. However, in fall-winter, the isoprene emission de-
creased significantly because of the relative low temperatures. Mean-
while, high concentrations of NOx favors the formation of MGA (Zhang
et al., 2011), which is accounted for the reason why the MTLs/MGA
ratio exhibited its lowest value in fall-winter. In the present study, the
values of the MTLs/MGA ratio were higher than those on the Tibetan
Plateau (N10 in summer and ~1.25 in winter; Shen et al., 2015) and air-
craft (10 in summer and 2.8 in spring; Fu et al., 2014a, 2014b). Further-
more, the values of the MTLs/MGA ratio were one to two orders of
magnitude higher than those in different regions of China (Ding et al.,
2014, 2017) and the urban regions of the United States (Lewandowski
et al., 2013).

3.2.2. α/β‑Pinene SOA tracers as indicator of aerosol aging
α/β‑pinene is themost naturally occurringmonoterpene, andmono-

terpenes contribute roughly 35% of BVOC global emissions (Griffin et al.,
1999). In the present study, the photo-oxidation products ofα/β‑pinene
including PNA, PA, AGA, HDMGA,MBTCA, and HGAwere identified, and
their average concentrationswere 0.41±0.95, 1.22±1.25, 1.37±1.18,
6.55 ± 6.24, 7.80 ± 6.08, and 13.32 ± 9.36 ng m−3, respectively
(Table 1).

Table 3 shows the concentrations of individualα/β‑pinene tracers on
Mt. Wuyi. The results indicated that HGAwas the dominant species, ac-
counting for 45.7± 7.7% of all theα/β‑pinene tracers, whileMBTCA and
HDMGA accounted for 24.7 ± 9.4% and 20.2 ± 6.9% of the total α/
β‑pinene tracers, respectively. Previous studies had also found HGA to
be the dominant α/β‑pinene tracer (Kleindienst et al., 2007;
Kourtchev et al., 2008; Lewandowski et al., 2008; Ding et al., 2011).
Lyu et al. (2017) suggested that MBTCA and HGA were the dominant
components of allmeasuredα/β‑pinene SOA tracers in PM2.5 at amoun-
tain site in Hong Kong. PA and PNA are generated by the oxidation of α/



Table 2
Concentrations (ng m−3) of SOA tracers on Mt. Wuyi and in other regions of the world.

Sampling site Sampling type Sampling
period

Isoprenea

products
α/β‑Pinene
products

β‑Caryophyllene
products

Aromatics
products

Reference

Mt. Wuyi, China PM2.5 Four seasons 45.28 30.66 5.99 0.62 This study
Mt. Wuyi, China PM2.5 Summer 145.97 31.32 4.73 0.40 This study
Mt. Tai, China TSP Summer 171 30 12 NAb Fu et al. (2010)
Mt. Hua, China PM10 Summer 13 6.6 2.2 NA Li et al. (2013)
Changbai, China PM2.5 Summer 53 31 NA NA Wang et al.

(2008)
Mt. Tai Mo Shan PM2.5 Fall 54.7 26.3 1.1 2.1 Lyu et al. (2017)
Himalayas PM2.5 Summer 30.7 13.2 1.6 NA Stone et al.

(2012)
Tibetan Plateau Size-segregated

particle
Four seasons 26.6 0.97 0.09 0.25 Shen et al. (2015)

Mt. Fuji TSP Summer 69 39 0.36–1.6 NA Fu et al. (2014a)
Alert, Canada PM2.5 Winter-summer 0.3 1.6 0.12 NA Fu et al. (2009)
Arctic Ocean PM2.5 Summer 4 4.8 0.017 NA Fu et al. (2013)
Antarctic to Arctic PM2.5 Summer 8.5 3 NA NA Hu et al. (2013)
North Pacific and Arctic PM2.5 Summer 0.62 0.06 0.0002 ndc Ding et al. (2013)
Hong Kong, China PM2.5 Summer 30 198 13 NA Hu et al. (2008)
Shanghai, China PM2.5 Four seasons 16.5 4.65 0.7 NA Feng et al. (2013)
Troposphere over Central
China

PM2.5 Summer 39 16 1.2 NA Fu et al. (2014b)

14 sites, China PM2.5 Summer 123 10.5 5.07 2.9 Ding et al. (2014)

a Compositions are different in different studies.
b “NA” means not available.
c “nd” means not detected.
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β‑pinene via reactions with O3 and OH radicals, and might be further
transformed into MBTCA (Szmigielski et al., 2007; Hu et al., 2008). The
ratio of (i) MBTCA to (ii) PA plus PNA (M/P) could be used to evaluate
the aging degree of α/β‑pinene SOA (Ding et al., 2014). A lower M/P
ratio indicates less transformation of PA and PNA and thus reflects
fresher α/β‑pinene SOA, whereas a higher M/P ratio suggests older α/
β‑pinene SOA. According to chamber experiments, the values of M/P
were 0.31–0.66 in the fresh products of α/β‑pinene SOA (Offenberg
et al., 2007). In the present study, M/P ranged from 1.75 to 15.64 with
an average of 6.9 (Fig. 4b), suggesting that the aerosols on Mt. Wuyi
were highly oxidized. The value of M/P in summer (9.55)was obviously
higher than that in fall-winter (4.78). The higher temperatures and
stronger radiation in summermight promote the SOA to become highly
oxidized, thereby leading to more transformation of PA and PNA to
MBTCA (Li et al., 2013). Previous studies in Okinawa presented similar
Fig. 3. Percentages of C5-alkenes triols, 2‑methylglyceric acid (MGA), 2‑methylthreitol
(MTL1), and 2‑methylerythritol (MTL2) in isoprene SOA tracer on Mt. Wuyi during the
sampling period.
findings (0.78 in November–April and 3.16 in May–October, Zhu et al.,
2016).

Previous studies have pointed out that HGA/MBTCA could be used to
distinguish different monoterpenes, such as α‑pinene SOA with higher
yields of MBTCA and β‑pinene with HGA (Jaoui et al., 2005; Ding et al.,
2014). A study at 15 sites in the U.S. indicated that α‑pinene was the
major precursor for monoterpenes in the southeastern U.S. because of
the lowest ratio of HGA/MBTCA there (~1.0, Lewandowski et al.,
2013). The ratio of HGA/MBTCA ranged from 0.57 to 4.00 with an aver-
age of 2.2 onMt.Wuyi (Fig. 4c), whichwas comparable to the values for
14 sites in China (0.75–5.07, Ding et al., 2014). The average ratio of HGA/
MBTCAwas lowest in summer (1.17), suggesting thatα‑pinene contrib-
uted more monoterpene SOA in summer than in other seasons on Mt.
Wuyi.

3.3. Influence of biomass burning on SOA tracers

Biomass burning is an important source of atmospheric particles on
a regional to global scale, and those particles have a significant impact
on climate change (Mochida et al., 2010). Levoglucosan is a key tracer
for biomass burning (Simoneit, 2002). The temporal variations of typical
SOA tracers onMt.Wuyi during the study period are shown in Fig. 5. The
concentrations of levoglucosan inwinter (fromDecember 7 to February
26)were significantly higher than those in the other seasons, indicating
the important influence of biomass burning on aerosols in winter. Ac-
cording to the results of backward trajectories and fire spot (Figs. S2
and S3), long-range transmission of biomass burning from north and
central China and the local residents' activities were the dominant
source of biomass burning onMt.Wuyi inwinter. Extremely high values
of levoglucosan appeared on January 1–4 (621.82 ngm−3) and February
5–8 (441.87 ng m−3), reflecting two biomass burning events. To clarify
the characteristics of biomass burning, we checked the Fire Information
for Resource Management System (FIRMS, Fig. S2). Obviously, during
January 1–4, sporadic fire spots were observed predominantly in Fujian
Province where the sampling site is located. However, during February
5–8, active fire spots were located in the northwest and southwest of
Fujian Province. Backward trajectories also showed that the air mass
came mainly from the southern part of Fujian Province during January
1–4, whereas the air mass originated from the northwest through
long-range transport during February 5–8 (Fig. S3). The results indicate



Fig. 4. Concentration ratios of (a)MTLs toMGA, (b) M (MBTCA) to P (the sum of PA and PNA), and (c) HGA toMBTCA onMt. Wuyi during the sampling period. Note: MTLs, MGA,MBTCA,
PA, PNA, HGA are the abbreviations of 2‑methyltetrols, 2‑methylglyceric acid, 3‑methyl‑1,2,3 butanetricarboxylic acid, pinic acid, pinonic acid, 3‑hydroxyglutaric acid, respectively.
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that the high levoglucosan concentrations during February 5–8 were
causedmainly by regional transport of biomass burning fromnorthwest
of the sampling site, whereas local biomass burning was the major
source for levoglucosan during January 1–4.

As shown in Fig. 5, the concentrations of DHOPA, malic acid, and
β‑caryophyllinic acid varied differently for the two biomass burning
events. During January 1–4, an obvious peak of levoglucosan was ob-
served, and such peaks were also found for malic acid, DHOPA, and for
β‑caryophyllinic acid to a lesser extent (Fig. 6). However, during Febru-
ary 5–8, malic acid and DHOPA did not increase alongwith the increase
of levoglucosan concentration, whereas β‑caryophyllinic acid exhibited
an obvious peak. Malic acid is produced by photochemical reactions of
unsaturated hydrocarbons and fatty acids that are emitted from coal
combustion and biomass burning (Kawamura and Yasui, 2005; Wang
et al., 2010). Previous field studies have demonstrated that biomass/bio-
fuel burning contributes to aromatic hydrocarbons in ambient aerosols
in China (Zhang et al., 2013, 2016; Ding et al., 2017). In urban areas, as
well as emissions from fossil fuels and solvent use, biomass burning is
also an important source of aromatic hydrocarbons (Lewis et al.,
2013). In the present study, the temporal trend ofmalic acidwas similar
to that of DHOPA (Fig. 6). There was also a significant positive correla-
tion between DHOPA and malic acid (R2 = 0.74, p b 0.001) (Fig. S1),
suggesting that they have similar emission sources. All the results sug-
gested that malic acid and DHOPA were emitted mainly from biomass
burning during the event of January 1–4, whereas they came from bio-
mass burning and other sources (such as fossil fuels combustion and
solvent evaporation) during the event of February 5–8. Because of
Table 3
Concentrations (ngm−3) ofα/β‑pinene tracers (PA, PNA, HGA,MBTCA, AGA andHDMGA)
on Mt. Wuyi during the sampling period.

Variables PA PNA HGA MBTCA AGA HDMAG

Fall-winter 0.99 0.20 9.92 4.80 0.80 4.79
Spring 1.53 0.92 19.33 8.67 1.86 11.89
Summer 1.37 0.31 14.09 12.93 2.00 4.73
Whole period 1.22 0.41 13.32 7.80 1.37 6.55

Note: PA, PNA, HGA,MBTCA, AGA and HDMGA are the abbreviations of pinic acid, pinonic
acid, 3‑hydroxyglutaric acid, 3‑methyl‑1,2,3 butanetricarboxylic acid, 3‑acetylglutaric acid
and 3‑hydro‑4,4‑dimethyglutaric acid, respectively.
their low volatility, sesquiterpenes (such as β‑caryophyllinic acid) can
accumulate in wood and leaves and are emitted in large quantities dur-
ing biomass burning (Ciccioli et al., 2014). In the present study, a posi-
tive correlation was found between β‑caryophyllinic acid and
levoglucosan (R2 = 0.6, p b 0.01) (Fig. S1), suggesting that the sources
of β‑caryophyllinic acid on Mt. Wuyi were regulated by biomass
burning.

3.4. SOC estimation based on SOA tracers

The SOA tracermethod can be used to estimate the SOC fromdifferent
precursors. The total SOC concentrations onMt.Wuyi ranged from0.13 to
1.69 μgC m−3, with an average of 0.67 μgC m−3. The total isoprene-
derived SOC (0.21 ± 0.32 μgC m−3) was similar to the β‑caryophyllene-
derived SOC (0.23 ± 0.32 μgC m−3) and was more abundant than the
α/β‑pinene-derived SOC (0.13 ± 0.10 μgC m−3) and toluene-derived
SOC (0.08 ± 0.09 μgC m−3). The total SOC on Mt. Wuyi was one order
of magnitude higher than that in Okinawa (0.036 μgC m−3) (Zhu et al.,
2016), comparable to that on Mt. Fuji (0.54 μgC m−3) (Fu et al., 2014a),
and lower than that reported on Mt. Tai (1.65 μgC m−3) (Fu et al.,
2010). As shown in Fig. 6, the SOC estimated from different precursors
varied significantly among the seasons. The isoprene-derived SOC (0.75
± 0.24 μgC m−3) on Mt. Wuyi accounted for roughly 70% of the total
SOC in summer. However, the β‑caryophyllene-derived SOC (0.48 ±
0.46 μgC m−3) in winter (from December 1 to February 26) far exceeded
those in the other seasons, accounting for N70% of the total SOC, which
were probably attributed to the influence of biomass burning in winter
as mentioned previously. Although the DHOPA concentration was low
on Mt. Wuyi (approximately 1% of the total SOA concentration; Fig. 2),
the estimated toluene SOC (0.08 ± 0.09 μgC m−3) accounted for 11.6%
of the total SOC (Fig. 6). Because Mt. Wuyi is in the background forest
area and there is no anthropogenic pollution within the distance of
50 km, the toluene SOC is producedmainly by the precursors that reached
Mt. Wuyi by long-range transport.

4. Conclusions

PM2.5-bound SOA tracers were investigated at a mountainous site
(Mt. Wuyi) in southeastern China. Isoprene SOA tracers originating



Fig. 5. Temporal variations of malic acid, 2,3‑Dihydroxy‑4‑oxopentanoic acid (DHOPA), β‑caryophyllinic acid and levoglucosan on Mt. Wuyi during the sampling period.
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from biogenic emission showed peak concentrations in summer, indi-
cating the influence of high temperatures and intense light radiation.
The α/β‑pinene SOA tracers were dominated by MBTCA and HGA,
which are the later-generation products of α/β‑pinene, indicating that
the aerosols are highly oxidized on Mt. Wuyi. Two biomass burning
events were identified by the peaks of levoglucosan concentration.
SOA tracers such as malic acid and DHOPA increased obviously during
the local biomass burning event, while β‑caryophyllinic acid peaked
during the regional biomass burning event. The tracer-based method
was used to estimate the fractions of SOC in PM2.5. The isoprene SOC
accounted for 70% of the total SOC in summer, whereas the
β‑caryophyllene SOC was the predominant component in winter. The
toluene SOA tracer (i.e. DHOPA) accounted for approximately 1% of
the total SOA. However, the estimated toluene SOC contributed 11.6%
of the total SOC on Mt. Wuyi. This result suggests that the influence of
Fig. 6. Concentrations of estimated SOC (toluene, β‑caryophyllene, α/β‑pinene and
isoprene) levels on Mt. Wuyi during sampling period.
anthropogenic emissions reached the mountainous forest area by
long-range transport cannot be neglected.
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