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HIGHLIGHTS

» Characteristics of carbonaceous aerosols at Mount Heng in South China.

» SOC estimated from the EC-tracer method accounted for more than half of the total OC.
» In-cloud processing and acid-catalyzed reactions both contributed to SOA formation.

» Long-range transport of carbonaceous aerosol from PRD and eastern China was observed.
» Biomass burning emissions in Southeast Asia affected the air quality of South China.

ARTICLE INFO ABSTRACT

Article history: To understand the sources and formation processes of atmospheric carbonaceous aerosols in rural and
Received 28 May 2012 mountainous areas of South China, an intensive measurement campaign was conducted at the summit of
Received in revised form Mount Heng (27°18'N, 112°42’E, 1269 m asl) during the spring of 2009. The observed average concen-
Lg;;‘i;edmlzeg ezli)tgnber 2012 trations of organic carbon (OC) and elemental carbon (EC) were 3.01 £+ 2.2 and 0.54 + 0.3 pg m >,

respectively. The total carbonaceous aerosols (TCA) averagely contributed to 20.7% of PM 5. High OC/EC
ratios (range: 1.6—10.4; average: 5.2 + 1.8) were observed, suggesting the transport and secondary
origins of the carbonaceous aerosols at Mount Heng. The amount of secondary organic carbon (SOC) was
estimated using the EC-tracer method and accounted for 53.9% of the total OC on average. Good
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correlations were found between SOC and droplet-mode sulfate, and oxalate and droplet-mode sulfate,
indicating the occurrence of in-cloud secondary organic aerosol (SOA) formation at Mount Heng. The
concentrations of SOC and water soluble organic acids also displayed positive relationship with aerosol
acidity, suggesting the enhancement of SOC formation by acid-catalyzed heterogeneous reactions.
Backward trajectory analysis revealed that the observed aerosols at Mount Heng were predominantly
associated with the air masses from the Pearl River Delta region (PRD) and Eastern China, which brought
significant amounts of anthropogenic pollutants to the site. In addition, strong signals of biomass burning
(elevated carbonaceous concentrations, OC/EC ratios and K* concentrations) were observed in air masses
from Southeast Asia, demonstrating that the biomass burning emissions in Southeast Asia could reach
the boundary layer of South China and affect the air quality there during the spring season.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

of the total fine aerosol mass, and up to 90% in tropical forested
areas (Kanakidou et al., 2005). Carbonaceous aerosols have received

Atmospheric carbonaceous aerosols are major components of increasing attention in recent years owing to their direct impacts on
the fine particles in the troposphere, normally comprising 20—50% global radiation balance, climate change, public health and visi-
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bility reduction (Jacobson, 2001; Seinfeld and Pandis, 2006;
Mauderly and Chow, 2008). Carbonaceous aerosols are operation-
ally classified into three parts: organic carbon (OC), elemental
carbon (EC), and carbonate carbon (CC). Compared to OC and EC, CC
can normally be neglected due to its small mass contribution
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(Chow and Watson, 2002). EC (also termed BC) is formed as
a byproduct of the incomplete combustion of fossil fuels and
biomass, whereas OC can be either directly emitted from primary
sources or formed through photochemical oxidation of volatile
precursors (Seinfeld and Pandis, 2006).

Secondary organic aerosols (SOA) can account for 30—60% of the
organic aerosols (OA) in urban air and more than 70% of the OA in
rural air and the free troposphere (Volkamer et al., 2009). Recent
studies have suggested that other SOA formation mechanisms, such
as atmospheric aqueous-phase chemistry, are possibly important
sources of SOA (Blando and Turpin, 2000; Yu et al., 2005). Some
studies found that acid-catalyzed heterogeneous reactions on
atmospheric aerosols can lead to significant increases in SOA mass
in both the laboratory (Jang et al., 2002; Surratt et al., 2007) and in
the field (Rengarajan et al., 2011). However, other studies found no
apparent evidence for the enhancement of SOA in acidic aerosols
(Peltier et al, 2007; Zhang et al, 2007). Heald et al. (2005)
demonstrated a large gap between the measured and modeled
organic aerosols and suggested that there are missing sources of
SOA in the free troposphere. Due to this uncertainty in SOA
formation, continuing field research on carbonaceous aerosols and
SOA formation mechanisms under different atmospheric condi-
tions is necessary.

Anthropogenic emissions of carbonaceous aerosols in Asia
increased by 30% between 1980 and 2003 (Ohara et al., 2007). China,
as one of the biggest contributors to Asian emissions, accounts for
49% and 62% of the total OC and EC emissions in this region (Zhang
et al., 2009). Many studies on carbonaceous aerosols have been
carried out in urban areas of developed regions in China (Yang et al.,
2011). However, observations of carbonaceous aerosols in rural and
mountain regions in China are still limited. Wang et al. (2011b)
observed high concentrations of carbonaceous aerosols and
predominant SOA formation at Mount Tai in the North China Plain,
and Wang et al. (2011a) carried out observations at Mount Hua in
North China. To our knowledge, observations and studies of carbo-
naceous aerosols in mountain areas in South China are still rare.

l

Mongolia

Mount Heng, a high altitude mountain (1269 m asl) located in
the center of acid-rain affected South China (Fig. 1), is strongly
influenced by the Asian Monsoon; the air masses that flow from the
south and north alternate with each other frequently during the
monsoon transition period in the spring season. The summit of
Mount Heng could serve as a regionally representative site for
studying the long range transport of aerosols and aerosol charac-
teristics in an acidic atmosphere. Moreover, cloud and fog events
often occur at the summit of Mount Heng, providing an opportunity
for investigating SOA formation in clouds/fogs.

An extensive research project on aerosols, trace gases, cloud
water and rain water was conducted at the summit of Mount Heng
during the spring of 2009, as part of China’s National Basic Research
Project on acid rain. The ionic compositions of the aerosols are
discussed in a separate paper (Gao et al., 2012). The present paper
has three goals: (1) to study the concentrations and temporal
variations of OC and EC in the PM; 5 at Mount Heng; (2) to estimate
secondary organic carbon (SOC) concentrations and to investigate
possible heterogeneous SOA formation mechanisms; and (3) to
examine the sources and transport patterns of the carbonaceous
aerosols at Mount Heng.

2. Experiments
2.1. Site description and aerosol sampling

The field study was conducted at Mount Heng in Hunan prov-
ince from March 15 to May 31, 2009. Mount Heng is a mountain
range located in South China, about 1000 km and 600 km from
Shanghai and Hong Kong, respectively (Fig. 1). The sampling site is
situated at the Nanyue Mountain Weather Station at the summit of
Mount Heng (27°18'N, 112°42’E, 1269 m asl). During the campaign,
the daily average temperature varied from 2.2 to 20.8 °C, with
monthly averages of 9.8, 12.2 and 16.3 °C in March, April and May,
respectively. The daily average relative humidity (RH) varied from
47.5% to 100% in March, 52.1% to 100% in April, and 49.7% to 100% in
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Fig. 1. Location of the Mount Heng site in South China.
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May. More detailed information on the winds, precipitation and
cloud events during this study can be found in Sun et al. (2010).

The PM; 5 samples were collected by a four channels sampler
(RAAS, Model: RAAS2.5-400, Thermo Anderson). Aerosols collected
on 47-mm quartz microfiber filters (Pall corporation, USA; pre-fired
at 600 °C for 6 h) in Channel 1 were used for the analysis of
carbonaceous aerosols, and aerosols collected on Teflon-membrane
filters (Pall corporation, USA) in Channel 2 were used for the
determination of the mass concentrations, water-soluble inorganic
ions and organic acid ions.

Normally the sampling period was 23.5 h, from 9:30 a.m. on one
day to 9:00 a.m. the next day. Short-time samples were collected
during dust storm episodes (6 h intervals) and daytime/nighttime
samples (12 h intervals) were collected during May 1—-21, 2009.
After collection, the samples were stored in the refrigerator at —5 °C
before being weighed and analyzed. In total, 95 valid samples with
two sets of field blanks were obtained during the campaign. The
filter samples were weighed using a Sartorius ME-5F balance
(readability: 1 pg) before and after sampling at a constant
temperature (20 + 0.5 °C) and relative humidity (50% + 2%) to
determine their mass concentrations.

2.2. Analysis of carbonaceous species

A thermal—optical carbon aerosol analyzer (Sunset Laboratory)
based on the thermal—optical transmittance (TOT) method (Birch
and Cary, 1996) was used to determine the abundance of OC and
EC with a modified NIOSH-5040 (National Institute of Occupational
Safety and Health) protocol. The principles and the schematic of the
instrument were depicted by Wang et al. (2011b). To ensure the
accuracy of the OC and EC analysis, the analyzer was calibrated with
a multipoint external standard calibration using the sucrose stan-
dard solution (slope: 1.03, R? = 0.9998) and CH4 gas standard
validations were performed periodically during the analysis. Oven
cleaning procedures were implemented prior to analyzing the
samples with the aim of checking the instrument blanks (Accep-
tance Criteria: Value + 0.3 pg C). Two ambient blank filters were
also analyzed for correcting the real ambient samples. The detec-
tion limit for OC and EC was 0.3 pg m 3 (Wang et al,, 2011b), and the
reproducibility was assessed by replicate analysis of samples, with
uncertainty less than 5% for TC and 8% for OC and EC.

2.3. Analysis of aerosol acidity and relevant species

The aerosol acidity, [H" |,i, was determined by two methods:
measurement from water extracts of aerosol samples and calcu-
lated from thermodynamics model. Teflon-membrane filter
samples were extracted ultrasonically in 20 ml deionized water
(resistivity > 18.2 MQ cm), and the pH value of the water extracts
was determined using a pH meter (Shanghai Lei-Ci PHS-3C; Reso-
lution: 0.01 pH). Then the [H ]ajrextract Was calculated from the
aqueous H™ concentration in extraction and sampling air volume
(Surratt et al., 2007).

The in-situ [H" ],y was calculated by Aerosol Inorganic Model
(AIM-II) (Clegg et al., 1998). Inputs of the model included the

Table 1

concentrations of SO2~, NO3 and NH} in PM_ 5, ambient temper-
ature (T), relative humidity (RH) and calculated [Hlstrong ([Hstrong =
2 x [SO%7] + [NO3] — [NH;]) (Zhou et al., 2012).

Inorganic water-soluble ions (including F~, C1-, NO3, SOf{, Na™,
NHj, K*, Ca** and Mg?") and water soluble organic acid anions
(including lactate, acetate, formate, methane sulfonate and oxalate)
were determined using Dionex IC 90 and Dionex IC 2500, respec-
tively. More details of the measurement of ion species are described
in Zhou et al. (2009). Relevant trace gases, such as SO, NOy, O3 and
CO, were also measured simultaneously. The setup and description
of these instruments were described in Wang et al. (2006).

3. Results and discussion
3.1. PM> 5 carbonaceous aerosols at Mount Heng

The PM_ 5 mass concentration varied from 2.2 to 184.4 ug m~3,
with an average of 40.7 £ 30.9 pug m > during the campaign
(Table 1). The average concentrations of OC and EC in the PMy5
were 3.01 and 0.54 pg m~3, respectively. By using the nonurban OA/
OC conversion ratio of 2.1 (Turpin and Lim, 2001), the average
concentration of OA in the PM, 5 was calculated to be 6.32 pg m=3 at
Mount Heng. The contributions of different components in the
PM,5 during the dust storm and non-dust storm periods are
depicted in Fig. 2. As shown, 50421‘. NO; and NHj ions were
the dominant constituents of the water soluble ions. OA constituted
8.3% and 18.8% of the PM,s5 during dust storm and non-dust
periods, respectively. The reduced contributions of soluble ions
and carbonaceous species during the dust storms were due to the
unidentified insoluble crust materials shown as “others” (71.9%) in
the Fig. 2. Table 2 compares the carbonaceous aerosol concentra-
tions at the Mount Heng site with other high-altitude and rural
background sites. Although the sizes of the particulate matter in
those studies are different, the comparisons are logical as OC and EC
mainly exist in fine particles (Offenberg and Baker, 2000). The
observed concentrations of OC and EC in PM3 5 at Mount Heng were
higher than the concentrations at remote sites in China, such as
Zhuzhang in southwest China and Muztagh Ata in northwest China,
but were lower than those in the Daihai site and the Mount Tai site
in North China. The carbonaceous concentrations at Mount Heng
are apparently higher than those at mountain sites in Europe and
America, but lower than those at Manora Peak (India) and Kath-
mandu valley (Nepal) in South Asia during the spring season.

Temporal variations of OC, EC, PM; 5, trace gases and meteoro-
logical parameters during the campaign are depicted in Fig. 3. As
shown, OC and EC exhibited similar temporal variations, suggesting
they had common sources and underwent similar atmospheric
processes for most of the observation period. Diurnal differences in
OC and EC concentrations were also observed during May 1-21,
2009, with much higher concentrations in the daytime (4.61 and
0.79 pg m~3) than in the nighttime (221 and 0.43 pg m3,
respectively). As can be seen from Fig. 3, massive dust storms were
observed on March 22 and on April 25—26 at Mount Heng, with the
highest 1-h PM;o and PM,5 concentrations of 524.3 pg m~3,
200.5 pg m~> and 911.2 pg m~3, 289.2 pg m~> during the two

Statistics of the abundances of EC, OC, TCA and PM, 5 at Mount Heng in the spring of 2009.

EC (ng m3) 0OC (ng m—3) OC/EC ratio TCA (pg m—3) PMa5 (ng m—3) OC/PMa 5 (%) EC/PMa 5 (%) TCA/PM, 5 (%)
Ave 0.54 3.01 5.2 6.9 40.7 9.4 1.9 20.7
Max 1.4 115 104 25.6 184.4 333 7.2 476
Min BDL? BDL 1.6 BDL 2.2 BDL BDL BDL
SD 0.3 22 1.8 48 30.9 5.5 13 8.9

2 BDL: below detection limit.
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Fig. 2. The chemical compositions of PM; 5 during (a) dust storm periods (March 22 and April 25—26) and (b) non-dust storm periods in the spring of 2009. Other ions include F~,

Cl-, Na*, K*, Ca®* and Mg?*; OA = 2.1 x OC.

periods, respectively. OC and EC concentrations also increased
during the dust storms, indicating that the dust plumes had mixed
with anthropogenic pollution during transport. It is worth noting
that much higher OC and EC concentrations were observed during
March 18—21, 2009, as well as high K* concentrations, suggesting
the presence of emissions from biomass burning (further discussed
in Section 3.3). During May 7—9, OC concentrations and OC/EC ratio
(8.3) were also high, consistent with the high O3 concentrations
(the highest 1-h O3 concentration of 114.6 ppb), indicating the
photochemical production of SOA.

The relationship between OC and EC can provide useful insights
into the origin of carbonaceous aerosols (Turpin and Huntzicker,
1995). A good correlation (R = 0.87, p < 0.0001) was observed
between OC and EC in the PM; 5 at Mount Heng (Fig. 4), suggesting
common emission sources for OC and EC. The OC/EC ratios at
Mount Heng varied from 1.6 to 10.4, with an average of 5.2 in this
campaign (Table 1). This is comparable to the OC/EC ratio of 5.0 at
Mount Tai in the spring of 2007 in North China (Wang et al., 2011b)
and those of the other rural and mountain sites listed in Table 2,
indicating the presence of aged aerosols from long-range transport.
OC/EC ratios exceeding 2 (Chow et al., 1996) or 2.2 (Turpin and
Huntzicker, 1995) have been used to identify the presence of
secondary organic aerosol. The average OC/EC ratio (5.2) at Mount
Heng was much higher than 2.2 and the urban ratios observed in
China (e.g., 2.9 in Beijing, 2.5 in Shanghai, and 2.4 in PRD (Cao et al,,
2003; Yang et al., 2005)), suggesting that SOA may make a large
contribution to the organic aerosols at Mount Heng.

Table 2

3.2. Secondary organic aerosol (SOA) formation

3.2.1. Estimation of secondary organic carbon (SOC) concentration

The EC-tracer method was used to estimate the SOC concen-
tration at Mount Heng. Based on the approach proposed by Turpin
and Huntzicker (1995), SOC can be obtained by:

OCsec = OCtot — OCyy; (1)
and
0Cpy = ECx (OC/EC)pri (2)

where OCse is the secondary OC, OCy; is the total OC, OCp;; denotes
the primary OC, and (OC/EC)yy; is the primary OC/EC ratio.

The crucial step in this method is the selection of the primary
OC/EC ratio, as it can vary between sources and is influenced by the
meteorology, diurnal and seasonal fluctuations in emissions, etc.
Data with OC/EC ratio below the threshold of 2.9 or in the lowest 5—
10% have been used to determine the primary OC/EC ratio from
least-square regression (Strader et al., 1999; Lim and Turpin, 2002).
In this study, we selected data with OC/EC ratio in the lowest 10%
and without significant influence from rain and cloud. The
regression of the selected data suggested a primary OC/EC ratio of
2.2, which was comparable with 2.19 at Mount Tai in North China
(Wang et al.,, 2011c). Analyses of trace gas and other aerosol data at
Mount Heng indeed indicate reduced photochemical activities in

Comparisons of EC and OC concentrations, and OC/EC ratios among various high-altitude and rural background sites around the world.

Location Size asl (m) Time period EC(ngm~3) OC(pgm3) OC/EC Analysis method Reference

Mount Heng, China (27.3°N, 112.7°E) PM,s 1269 Ma—May 2009 0.54 3.01 52 TOT? This study

Mount Tai, China (36.3°N, 117.1°E) PM,s 1533 Mar—Apr 2007 1.77 6.07 5.0 TOT (Wang et al., 2011b)

Daihai, China (40.6°N, 112.6°E) TSP 1221 Apr—May 2007 1.81 8.1 5 TOR® (Han et al., 2007)

Zhuzhang, China (28.0°N, 99.7°E) PM;p 3580 Jul 2004—Mar 2005 034 3.13 11.9 TOR (Qu et al., 2009)

Muztagh Ata, China (38.3°N, 75.0°E) TSP 4500 Mar—May 2004 and  0.038 0.36 12.0 TOR (Cao et al., 2009)
Mar—May 2005

Kathmandu, Nepal (27.7°N, 85.5°E) PMjo 2150 Feb—May 2000 1.5 14.37 TOT (Carrico et al., 2003)

Manora Peak, India (29.4°N, 79.5°E) TSP 1950 Feb—Mar 2005 1.8 11.6 6.6 TOT (Ram et al., 2008)

Mount Zirkel, USA (40.8°N, 106.7°E) PM,s 3224 Dec 1994—Nov 1995 0.27 1.05 TOR (Watson et al., 2001)

Puy de Dome, France (45.8°N, 2.95°E) PM;o 1450 Apr—Sep 2004 0.26 24 10.6 TOT (Pio et al., 2007)

Sonnblick, Austria (47.0°N, 13.0°E) PM,s 3106 May—Jun 2003 0.23 1.38 7.9 TOT (Pio et al., 2007)

Jungfraujoch, Switzerland (46.6°N, 8.0°E) PM,s 3580 Jul—Aug 1998 0.29 1.05 3,57 A&C" (Krivacsy et al., 2001)

2 TOT: thermal—optical transmittance.
b TOR: thermal—optical reflectance.

€ A&C: Aethalometer (BC) and combustion methods (TOC); Therefore, OC = combustion (TOC) — Aethalometer (BC).
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Fig. 3. Temporal variations of OC, EC, K* and PM, 5 concentrations, trace gases and meteorological parameters from March 18 to May 31, 2009 at Mount Heng.

the periods of the lowest OC/EC ratios. For example, the average
mixing ratio of ozone was 45.2 (+7.1) ppb for the lowest 10% OC/EC
data, compared to 60.9 (+£13.9) ppb for the whole period; CO,
a trace gas from primary emissions, was 505 (£91) ppb, compared
to 401 (484) ppb. In addition, the sum of the five organic acid
anions (including lactate, acetate, formate, methane sulfonate and
oxalate), which are mostly formed through secondary process and
considered as a proxy for the SOA (e.g., Rengarajan et al., 2011), also
showed much lower mean concentration for the period of lowest
10% OC/EC ratios (0.08 pg m~> versus 0.42 pug m—>). Despite the
apparent reduced photochemistry in the periods of lowest 10% OC/
EC ratios, some chemical transformation may still occur in these air
masses when pollutants at surface were transported to the
mountain-top site, thus the estimated primary OC/EC ratio of 2.2 is
likely to be an upper limit of the ‘average’ ratio of primary emis-
sions in the region. As a result, the calculated SOC using this
method may represent a lower bound of the abundance of the SOC.
Additional uncertainty may arise from our use of the same primary
OC/EC emission ratio for air masses transported from different
regions.

The calculated SOC concentrations varied from 0 to 8.36 ug m 3,
with an average of 1.85 pg m—>. The contribution of SOC to the total
OC ranged from O to 78.9% with an average of 53.9%. Daytime and
nighttime SOC concentrations in May 2009 were 2.9 4+ 1.5 and
1.3 = 1.0 pg m~ respectively, accounting for 60.1% and 49.9% of the
total OC, indicating that more SOA were formed from photo-
chemical production during the daytime. Moreover, a much higher
SOC concentration was observed during the photochemical pollu-
tion episode on May 9 (Fig. 3), during which the SOC accounted for
as much as 73.5% of the total OC. Biomass burning emissions have
a much higher primary OC/EC ratio than other sources, which can
cause the overestimation of SOC. Considering the possible impact
of biomass burning, we excluded the data collected between March

18—21 from our determination of the SOC concentration. The
derived SOC concentration, without the biomass burning influence,
was 1.52 pg m~3, accounting for 52.4% of the total OC.

3.2.2. SOA formation in cloud/fog processing

Though clouds and fogs may scavenge aerosols and result in
a decrease in aerosol concentration, it has been suggested by
previous laboratory and field studies that aqueous-phase reactions

12 | | | 1 | 1 1

0C=7.33 X EC-0.96
R=0.87 ( n=68, p <0.0001 )
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Fig. 4. Scatter plot of OC and EC concentrations in PM, 5 at Mount Heng.
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in cloud/fog processing could be an important pathway for SOA
formation (De Haan et al, 2011; Wang et al, 2011c). Taking
advantage of the frequent cloud/fog events during the campaign in
Mount Heng, we selected daily samples of cloud/fog events
(without rain) lasting over 6 h to investigate the relationship
between cloud/fog and carbonaceous aerosols. It is well known that
the droplet mode (aerodynamic diameter around 0.5—1 pm) of
SOAZ{ is formed through the aqueous oxidation of SO, in clouds
(Meng and Seinfeld, 1994; Seinfeld and Pandis, 2006). During our
field study at Mount Heng, sulfate showed a single peak in the size
bin of 0.56—1.0 pm, indicating the important role of aqueous-phase
oxidation of SO, gas to aerosol SO?{ (Gao et al,, 2012). The rela-
tionship between SO?{ and SOC in aerosol during the cloudy/foggy
days at Mount Heng is depicted in Fig. 5. As shown, sulfate and SOC
correlated well (R = 0.87, p < 0.001) when the regression equation
of SOC = 0.18 x [SO3~] — 0.22 was applied. This result suggests that
the sulfate and SOC may have gone through similar cloud/fog
processing.

Particulate OC is a mixture of hundreds of individual constitu-
ents with a wide range of chemical and thermodynamic properties.
Oxalic acid is typically the most abundant dicarboxylic acid in
organic aerosols, and chamber experiments have shown that oxalic
acid could also be formed in cloud/fog processing (Carlton et al.,
2007). Five carboxylic acid anions were measured during the
campaign at Mount Heng, and Fig. 6 shows the correlation between
sulfate and oxalate in the aerosols (R = 0.83, p < 0.001). This
correlation indicates a common in-cloud source for these two
chemically distinct species. Similar close tracking of these two
species was also observed in several urban and coastal sites in
China (Yao et al,, 2002; Yu et al., 2005), suggesting the potential
importance of in-cloud processing on oxalate formation. Consid-
ering the frequent clouds at the summit and favorable sampling
conditions, the positive correlation between oxalate and sulfate at
Mount Heng provides more direct evidence for the in-cloud
formation pathway of oxalate and SOA.

Fig. 7 shows the temporal variation of SOC concentrations with
related species during a cloud/fog event observed on April 29—30. A
heavy cloud/fog started in the morning of April 29 and lasted until
the afternoon of April 30. It can be seen in the Fig. 7 that the
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Fig. 5. Scatter plot of SOC and sulfate concentrations in PM; 5 during cloud/fog events
in the spring of 2009. The solid circles denote the samples with cloud/fog processing
over 6 h (n = 9); the open circles denote the samples with cloud/fog processing less
than 6 h (n = 6).
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Fig. 6. Scatter plot of oxalate and sulfate concentrations in PM, s during cloud/fog
events in the spring of 2009. The solid circles denote the samples with cloud/fog
processing over 6 h (n = 9); the open circles denote the samples with cloud/fog
processing less than 6 h (n = 6). The regression slop is calculated for samples with
cloud/fog processing over 6 h.

concentrations of SOC, sulfate, and oxalate all increased after the
cloud/fog processing. Acetate, which was reported to be one of the
intermediates of in-cloud isoprene chemistry for the formation of
hygroscopic oxalic acids (Lim et al., 2005), was also enhanced,
demonstrating the substantial SOA formation through cloud pro-
cessing at Mount Heng.

3.2.3. Aerosol acidity and SOA

The measured pH values of the aerosol water extracts ranged
from 4.3 to 59 (with an average of 4.9), and corresponding
hydrogen ion concentration [H']iextract varied from 0 to
56.8 nmol m~—> with an average of 18.7 nmol m >, demonstrating
the overall acidic character of the fine particles at Mount Heng. The
modeled in-situ [H ]y from AIM-II model ranged from 0.5 to
7.2 nmol m 3, and was lower than but well correlated with the
measured [H|airextract- This is consistent with the results of
Rengarajan et al. (2011), who reported lower modeled [H™],i; by
about 2 orders of magnitude than the measured data and similarity
in their variability. The modeled [H*],;; derived from the thermo-
dynamic gas—aerosol equilibrium system based on measured ionic
compositions was considered as a more accurate indicator of
aerosol acidity.

The relationship between aerosol acidity ([H'].:) and SOA
formation was investigated at Mount Heng. In order to avoid the
influences of other atmospheric processes, such as cloud/fog pro-
cessing, photochemical reaction, dust storms and biomass burning,
filter samples collected on days with O3 mixing ratios of less than
80 ppb and without clouds, dust storm or biomass burning were
selected. As can be seen in Fig. 8a, the higher SOC concentrations
are associated with increased in-situ [H],;; concentrations, and liner
regression analysis suggests a good correlation (R = 0.70, p < 0.01)
with the linear relation of SOC = 0.32 x [H']; + 0.75. Water
soluble organic carbon (WSOC), which is represented by the sum of
the five organic acid anions, also showed a positive correlation with
aerosol acidity (R = 0.85, p < 0.01), with the linear relation of
WSOC = 0.067 x [H" Jair + 0.13 (Fig. 8b). These results indicate that
heterogeneous acid-catalyzed reactions may have contributed to
SOA formation during our observation period.



S. Zhou et al. / Atmospheric Environment 63 (2012) 203—212

209

| 1 | 1 l

‘W;S= 5 m/s North={(
SR TN

S0, (ppb) CO (ppb) T (-C)

0.6 - 3! 1
EC (ugm’) SOC/OC ratio [~ 0-55
0.4 Bgm ), : — 0.50
0.2 4 — 0.45
0.40 - " ‘ - 40x10”
1 Oxalate (ug m™) Acetate (ug m ) 30
0.36 — : : i
g ' — 20
0.32 4 — 10
— 4= L 20 ':-E
g 3 —-15
il -10 2
2 19 -5 £
i -
@ 0 T I T i T T i T 0 «w
0:00 0:00 0:00 0:00 0:00
4/27 4/28 4/29 4/30 51
Date & Time

Fig. 7. Time series of the concentrations of SOC, sulfate, oxalate, acetate, trace gases (O3, SO, NO, and C0O), and meteorological parameters during a typical cloud/fog event observed

from April 28 to May 1, 2009 at Mount Heng.

The SOC—[H ™ ],ir slope (0.32) at Mount Heng is higher than that
(0.15) observed in an urban environment in western India by
Rengarajan et al. (2011), and also higher than the observed incre-
ment of SOC (0.0389 pg per nmol m—> [H*]) produced from
isoprene in a laboratory chamber study (Surratt et al., 2007) and the
results from a-pinene and B-caryophyllene (0.0035—0.022 nug SOC
per nmol m~3 [H*]) (Offenberg et al., 2009).

3.3. Transport pattern and sources of carbonaceous aerosols
To better understand the origins and the transport patterns of

the sampled air masses, five-day back trajectories at the altitude of
1300 m asl were calculated using the Hybrid Single Particle
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Lagrangian Integrated Trajectory (HYSPLIT Model, version 4.9)
(Draxler and Rolph, 2003). Due to the scavenging and formation
processes that occurred in cloud/fog conditions, the samples
collected during cloud/fog periods were excluded from the
trajectory analysis. A cluster analysis was performed to segregate
the data set of the calculated trajectories into distinct groups as
described by Xue et al. (2011). Fig. 9 shows the derived five
trajectory clusters together with an occurrence percentage for
each trajectory cluster. The five clusters were classified according
to directions as North China Gobi (NG), Northwest China (NWC),
Southeast Asia (SEA), Pearl River Delta (PRD), and North and
Eastern China (NEC). Among the five identified trajectory clusters,
NEC and PRD were the most frequent, and each accounted for 28%
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Fig. 8. Scatter plot of (a) SOC and modeled [H"],;; concentration and (b) WSOC and modeled [H* ], concentration during the spring of 2009 at Mount Heng.
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Fig. 9. Five-day air mass trajectory clusters at Mount Heng during the campaign. Also shown is the girded PM; 5 emission in 2006 from Zhang et al. (2009).

of the total air masses, followed by NWC (24%), NG (15%) and SEA
(6%). The statistical summary of carbonaceous concentrations for
each transport cluster is listed in Table 3.

The PM, 5 mass concentration showed the highest values in the
NG cluster trajectories due to the frequent dust storm events during
the spring season in North China. The order of carbonaceous
concentrations among the clusters was SEA > NG > NEC >
PRD > NWC, and the sequence of OC/EC ratios is
SEA > PRD > NEC > NWC > NG (Table 3). Unexpectedly, the highest
OC and EC concentration (9.16 and 0.99 pg m >, respectively) were
associated with the air mass from the SEA cluster. The highest OC/
EC ratio was also observed in this group, with an average of 9.5.
Cachier et al. (1989) found an OC/EC ratio of 9.0 in biomass burning
in a tropical area. The high OC/EC ratio recorded in this study may
suggest that the air masses from the SEA cluster were impacted by
biomass burning.

The SEA trajectories originated from Southeast Asia (see in
Fig. 9), and they mainly occurred in March 18—21. It is known that
extensive biomass burning occurs in Southeast Asia each year from
January to May, peaking in March (Duncan et al., 2003). Fig. 10

Table 3

shows back trajectories and fire spots (obtained from http://
firefly.geog.umd.edu/firemap/) during March 15-21, demon-
strating that the air masses that arrived at Mount Heng had passed
over the areas of Southeast Asia with intensive fire spots. The
trajectory result is further supported by the high concentration of
the biomass burning tracer K* collected during this period (Fig. 3).
These results indicate that the byproducts of biomass burning in
Southeast Asia in the spring can be transported to the boundary
layer of South China, resulting in a sharp rise of aerosol concen-
trations and bad air quality.

The majority of the air masses observed during the study were
from the PRD and NEC regions, which accounts for 56% of the total
air mass. They had passed over the highly polluted regions of China
(i.e., PRD and Eastern China). The average concentrations of OC and
EC for air masses from PRD and NEC were 3.56, 0.53 ug m—> and
3.72, 0.59 pg m 3, respectively, with high SOC contributions to the
OC. The frequent occurrence of these air masses and the relatively
high concentrations of carbonaceous aerosols indicate the impor-
tant impact that pollution sources in PRD and Eastern China have
on carbonaceous material (and other aerosol components) via

Percentage of occurrence of trajectory, mean concentrations of OC, EC, SOC and PM, 5, and OC/EC ratios for each trajectory cluster at Mount Heng during the spring of 2009.

3

Air mass % of total (%) Mean concentration, pg m~ OC/EC ratio OC/PM; 5 (%) EC/PM, 5 (%) SOC SOC/OC (%)
EC oC TCA PMa3 5

NEC 28% 0.59 3.72 8.39 52.24 6.2 6.9% 1.1% 242 64.4%

PRD 28% 0.53 3.56 8.01 4312 6.6 8.2% 1.3% 2.38 63.8%

NWC 24% 0.54 2.98 6.78 51.51 53 6.9% 1.3% 1.79 57.6%

NG 15% 0.72 3.69 8.48 68.40 52 6.8% 1.3% 2.10 57.0%

SEA 6% 0.99 9.16 20.21 65.19 9.5 14.0% 1.5% 6.98 76.7%

NEC: North and Eastern China; PRD: Pearl River Delta region; NWC: Northwest China; NG: North China Gobi; SEA: Southeast Asia.
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Fig. 10. (a) Geographical distribution of fires from March 15—21, 2009 (http://firefly.geog.umd.edu/firemap/) and (b) 3-day backward trajectories started at local time 21:00 March

18, 21:00 March 19, 21:00 March 20 and 12:00 March 21 at the altitude of 1300 m.

long-range transport. In comparison, the NWC air masses, which
came from relatively clean northwest regions and originated in the
free troposphere, had the lowest carbonaceous aerosol concentra-
tion (6.78 ug m—>).

4. Summary and conclusions

PM, 5 carbonaceous aerosols were investigated at Mount Heng
in the spring of 2009. The mean concentrations of OC, EC and PMay 5
were 3.01, 0.54, 40.7 pg m 3, respectively. TCA accounted for 9.0%
and 20.7% of the PM; 5 in dust storm and non-dust storm periods,
respectively. The estimated average SOC concentration was
1.85 pg m> (152 pg m~3 for non-biomass burning period),
accounting for more than half of the OC mass at Mount Heng.
Increased concentrations of sulfate, water soluble organic acids and
SOC were observed during cloud/fog events with a good correlation
between droplet-mode sulfate and SOC, indicating the occurrence
of in-cloud SOA formation at Mount Heng. The positive relationship
between aerosol acidity and SOC suggests the enhancement of SOC
by acid-catalyzed heterogeneous reactions. During the study
period, the majority of air masses arriving at Mount Heng had
passed over the highly polluted coastal regions of China (the PRD
and the eastern coast), demonstrating the impact of the long-range
transport of pollutants from these developed regions on the rural
areas of southern China. Strong signals of biomass burning in SE
Asia were observed in air masses originating from that region in the
early stage of the study, with the highest average organic carbon.
More studies are warranted on the extent of the impact of the
biomass burning on regional air quality and on the chemistry and
radiation budget of the atmosphere in southern China.
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