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Sugars, n-alkanes and PAHs in PM; and size-segregated samples collected from the summit
(2060 m, altitude) of Mt. Hua in Guanzhong Plain, central China during the winter of 2009
were characterized using a GC/MS technique. Concentrations of sugars, n-alkanes and PAHs
in PM;o are 107 & 52, 121 + 63, 7.3 & 3.4 ng m ™~ >, respectively. Levoglucosan and fossil fuel de-
rived n-alkanes are more abundant in the air masses transported from southern China than in
those from northern China with no spatial difference found for PAHs, suggesting that emissions
from biomass burning and vehicle exhausts are more significant in southern part of the country.
Dehydrated sugars, fossil fuel derived n-alkanes and PAHs presented a unimode size distribu-
tion, peaking at the size of 0.7-1.1 um, whereas non-dehydrated sugars and plant wax derived
n-alkanes showed a bimodal pattern, peaking at 0.7-2.1 and 5.8-9.0 um, respectively.
Principal component analysis showed that biofuel combustion plus plant emission is the most
important source in Mt. Hua, being different from the cases in Chinese urban areas where fossil
fuel combustion is the major source. By comparison with previous mountain and lowland ob-
servations and aircraft measurements we found that wintertime PAHs in China are still char-
acterized by coal burning emissions especially in the inland regions, although in the country
increasing rate of SO, emission from coal combustion has decreased and emissions of vehicle
exhaust has sharply increased.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

No other region on Earth is as large and diverse a source of

and evaporate much of their water before precipitation can
occur. Rosenfeld et al. (2007) reported that in the past
50 years increasing aerosols in central China have resulted

aerosols and trace gases as the Asian continent, especially in
East Asia, where much more absorbing soot and carbonaceous
aerosols have been emitted into the atmosphere. Those an-
thropogenic aerosols may result in heavily polluted clouds
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in a decreasing rainfall. Menon et al. (2002) also pointed out
that high loading of carbonaceous aerosols (e.g., black carbon)
in China is one of major factors leading to the increased floods
in the south and droughts in the north. Coal is the major ener-
gy source in China, and more than 2 billion tons of coal are
burned each year without a strict emission control in some
cases, especially in winter when coals are combusted for heat-
ing (Huebert et al., 2003; Wang et al., 2006, 2009a). In addi-
tion, biomass burning for cooking and heating is still
common in rural area of China, adding additional carbona-
ceous particles into the atmosphere.
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A five-year satellite observation suggests that North China
Plain, Guanzhong Plain, and Sichuan Basin in China are the
three most heavily polluted regions in the world, where aver-
aged annual PM,s on the ground surface are more than
80ugm~—3 (van Donkelaar et al, 2010). Being different
from North China Plain and Sichuan Basin, Guanzhong Plain
is a semi-arid region, where economic development level is
relatively lower. Therefore influence of anthropogenic pollut-
ants on the air quality is expected to be different from that in
economically developed regions like North China Plain.
Mountain area is a receptor for anthropogenic aerosols origi-
nating from lowlands by long-range transport, and thus char-
acterizations of alpine organic aerosols can improve our
understanding the impact of anthropogenic activities on a
large-scale of atmospheric environment. Organic aerosols in
Chinese mega-cities have been given much attention, but
characteristics of organic aerosols from Guanzhong Plain
were documented in a limited number (Wang et al., 2010;
Xie et al., 2009, 2010) with no report for those in the atmo-
sphere over alpine regions. An aerosol sampling campaign
was performed during the winter of 2008 at Mt. Hua in
Guanzhong Plain, central China to investigate the properties
of air pollution in the region. Here we first characterized
the molecular composition and size distributions of organic
aerosols in the Mt. Hua atmosphere, and then compared the
observation with those conducting at lowland sites to identi-
fy the characters of air pollution over the mountain region.

2. Experiment
2.1. Sampling

PM;o and size-segregated samples were simultaneously
collected at the summit (34°29’ N, 110°05E, 2060 m a.s.l.,
Fig. 1) of Mt. Hua during Jan. 11-22, 2009, which is a typical

time of burning biofuel and coal for house heating in
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Guanzhong Plain. A medium-volume air sampler (KC-120H,
made in China) for PM;o was operated at an airflow rate of
100 L min~ . Size-segregated aerosol samples were collected
using an Andersen 9-stage air sampler (Thermo electronic
Company, USA) with the cutoff points at 9.0, 5.8, 4.7, 3.3, 2.1,
1.1, 0.7, and 0.4 um under an airflow rate of 28.3 L min~ .
21 PM;g samples (10 in the day and 11 at night) were collected
on a day/night basis each for 10 hr, and 3 sets of the size-
resolved aerosol samples (9 samples per set) were collected
with a 4-day duration in each. All samples were collected
onto pre-baked (450 °C for 8 h) quartz microfiber filters
(Whatman 42). After sampling, the filter was sealed in an alu-
minum bag and stored at — 18 °C prior to analysis. Field blank
samples were collected before and after sampling by mounting
the filters onto the sampler for about 10 min without sucking
any air. Meteorological parameters were hourly monitored
during the campaign and summarized in Table 1.

2.2. Extraction and derivatization

Detailed methods for extraction, derivatization and gas
chromatography/mass spectrometry (GC/MS) analysis were
described elsewhere (Wang et al., 2009b, 2009c). Briefly,
one fourth of the sample/blank filter was cut in pieces and
extracted with a mixture of dichloromethane and methanol
(2:1, v/v) under ultrasonication. The extracts were con-
centrated using a rotary evaporator under a vacuum condi-
tion and then blown down to dryness using a pure nitrogen
stream. After reaction with N,O-bis-(trimethylsilyl) trifluor-
oacetamide (BSTFA) at 70 °C for 3 h, the derivatives were de-
termined using a GC/MS technique below.

2.3. Gas chromatography —mass spectrometry

Gas chromatography— mass spectrometry (GC/MS) analy-
sis of the derivatized fraction was performed using an Agilent
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Fig. 1. Locations of the sampling site (Mt. Hua) and other mountain, marine and urban regions. City code: HK (Hong Kong), GZ (Guangzhou), XM (Xiamen), CQ
(Chongqing), HZ (Hangzhou), WH (Wuhan), SH (Shanghai), XA (Xi'an), QD (Qingdao), YL (Yulin), JC (Jinchang), TJ (Tianjin), B] (Beijing) and CC (Changchun).
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Table 1
Meteorological data during the Mt. Hua sampling period®.

Daytime 0700-1800 Local Time

Nighttime 1900-0600 Local Time

Max Min Ave +SD Max Min Ave +SD
Temperature, °C —13 13 —28+38 —14 14 —44+42
Relative humidity, % 10 96 38426 24 90 38+18
Wind direction, deg 208 292 256425 221 309 272432
Wind speed, ms™! 1.6 8.9 49+2 3.7 10.6 69+2.2
Pressure, hPa 790 803 797 +4 787 803 797 +4
Visibility, km 27 12 20+4 26 14 20 +£3

¢ Sampling period is 11-22 Jan. 2009. All the meteorological parameters were measured hourly.

7890A GC coupled with an Agilent 5975 C MSD. The GC separa-
tion was carried out on a HP-5MS fused silica capillary column
with the GC oven temperature programmed from 50 °C
(2 min) to 120 °C at 15°Cmin~" and then to 300 °C at 5 °C
min~ ! with a final isothermal hold at 300 °C for 16 min. The
sample was injected in a splitless mode at an injector tempera-
ture of 280 °C, and scanned from 50 to 650 Daltons using elec-
tron impact (EI) mode at 70eV. GC/MS response factors
were determined using authentic standards. Method detection
limits (MDLs) for major compounds, i.e., levoglucosan (Levo) ,
sucrose (Sucr), nonacosane (Cypg), hentriacotane (Csy), benzo
(b/k)fluoranthene (BbkF) and indeno[123-cd]pyrene (IP)
were 0.17,0.02, 0.04, 0.09, 0.01 and 0.01 ng m 3, respectively.
Recoveries of the target compounds were better than 85%. No
target compound was found in the blanks. Data presented
here were corrected for the field blanks but not corrected for
the recoveries. Similar to inorganic ions (Li et al., 2011), a
strong linear correlation was obtained for the major organic
compounds in the PM;o samples and in the summed size frac-
tions (PMg) of the size-segregated samples (Fig. 2),demon-
strating a good consistency between the two data sets.
However, concentrations obtained by the size-resolved sam-
pler are nearly 20% higher than those measured by the PM;q
sampler, which was most likely resulted from the loss of evap-
oration owing to the pressure drop in PM;o sampler (Peters
and Seifert, 1980; McMurry, 2000; Wang et al., 2009a). Organic
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Fig. 2. An intercomparison of concentrations of major organic compounds
determined in the PM;o samples (collected by KC-120H sampler) and in
the PMo-equivalent fraction of the size-segregated samples (the sum of the
compounds in the stages of <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 and 5.8-9.0 um collected by Andersen 9-stage air sampler).

carbon (OC), elemental carbon (EC) and inorganic ions have
been reported elsewhere (Li et al., 2011) and cited here to in-
vestigate the mountain aerosol characters.

3. Results and discussion

3.1. Concentrations and molecular compositions of sugars,
n-alkanes and PAHs in PM;,

3.1.1. Sugars

Levoglucosan (65 4 30 ng m~3), a key tracer for combus-
tion of cellulose (Engling et al., 2009; Oros et al., 2006;
Simoneit et al., 1999), was found to be the most abundant
component in the sugar class (Table 2), followed by galacto-
san (124 6.8 ng m™~>) and mannosan (7.8 +5.4 ng m™ >), an-
other two tracers of biomass burning emissions (Pio et al.,
2008; Wang et al., 2009d). Levoglucosan showed a robust lin-
ear correlation with galactosan (R=0.97) and mannosan
(R=0.94) (Fig. 3a), suggesting that they may commonly be
produced from biofuel combustion in the region. Major frac-
tion of airborne potassium ion (K™) originates from biomass
burning emissions (Andreae et al., 1990), although a minor
amount can be derived from soil dust (Shen et al., 2008;
Wang et al., 2009a). It is thus plausible that K* in the PM;q
samples well correlated with the three dehydrated sugars
(Fig. 3b), further indicating the significant influence of bio-
mass burning emission on the alpine aerosols. In addition,
inositol might also be originated from biomass burning as it
well correlated with galactosan, mannosan and levoglucosan
(Fig. 3c). Non-dehydrated saccharides including monosaccha-
rides (i.e., glucose and fructose), disaccharides (i.e., sucrose
and trehalose) and sugar polyols (i.e., arabitol and mannitol)
are the major forms of photosynthetically assimilated carbon
in the biosphere, and their sources include soil microbiota,
plants and animals (Simoneit et al., 2004a; Medeiros et al.,
2006). Concentrations of these compounds except sucrose
strongly correlated one another (Table 3), indicating an im-
portance of biogenic sources. These non-dehydrated sugars
also presented a higher concentration in daytime than in
nighttime due to enhanced biogenic activities.

3.1.2. n-Alkanes

Total n-alkanes of PM;o at Mt. Hua are 119461 ngm—3
in daytime and 122 + 65 ng m~ 2 in nighttime with no signif-
icant diurnal differences (Table 2). Unlike the cases in urban
and rural areas where aerosol concentration generally in-
creases at night due to the planetary boundary layer (PBL)
shrink, Mt. Hua site is 1500 m above the ground and probably
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Table 2
Concentrations of sugars, n-alkanes and PAHs in PM;, from Mt. Hua during
winter, ng m~>.

Day Night Daily average

(N=10) (N=11) (N=21)
1. Sugars
Galactosan (Gala) 134+6.3 12+73 12+6.8
Mannosan (Manno) 82452 744+5.6 78+54
Levoglucosan (Levo) 65+30 65430 65+30
Arabitol (Arab) 31+£22 28+1.8 3.0+20
Fructose (Fluc) 6.3+6.2 45+33 5445.0
Glucose (Gluc) 6.2+54 48+3.6 55+4.6
Mannitol (Manni) 24422 19+13 22+18
Inositol (Inos) 03+03 03+03 03403
Sucrose (Sucr) 3.1+24 26+27 28+26
Trehalose (Treh) 28+25 23+19 25422
Subtotal 110453 104451 107 +52

Total sugars-C/OC (%) 0.794+0.20 0.75+0.12 0.77+0.17

II. n-Alkanes

Octadecane (C;g) 13+£03 1.2+03 12+£03
Nonadecane (Cq9) 1.1+03 0.84+0.2 09403
Icosane (Cyo) 1.04+03 09+03 1.0+0.3
Henicosane (Cyq) 1.7+0.8 1.74+0.8 1.74+0.8

Docosane (Ca3) 20411 22411 21411

Tricosane (Cy3) 34+19 38+18 36+1.9
Tetracosane (Ca4) 30+£1.6 33+1.7 31+16
Pentacosane (Cas) 48+24 51425 50425
Hexacosane (Cyg) 33416 354+1.6 34+16
Heptacosane (Cy7) 9.1+48 99+54 95+5.6
Octacosane (Capg) 48+24 49424 48+24
Nonacosane (Cpg) 29417 31+19 30+18

Triacotane (Csp) 48427 49425 49426
Hentriacotane (C3q) 32418 31+19 32+18

Dotriacotane (Cs;) 35422 3.6+£20 35421
Tritriacotane (Cs3) 9.5+5.1 94+55 94453
Tetratriacotane (Cs4) 22416 23+15 22+16
Pentatriacotane (Css) 3.0+24 26+16 28+2.1
Subtotal 119+61 122465 121463

Plant wax? 68 +40 70+ 42 69+ 41

Fossil fuel® 52425 53425 52425

Total n-alkane-C/OC (%) 1.6+£0.6 1.8+£0.7 1.7+£0.7
III. PAHs

Phenanthrene (Phe) 09+0.3 09+03 09+0.3
Anthracene (Ant) 02+0.1 0.240.1 02+0.1
Fluoranthene (Flu) 1.1+04 1.0+ 04 1.1+04
Pyrene (Pyr) 05+0.2 06+03 06+0.3
216 PAH isomers 04402 04403 04+0.2
Benz(a)anthracene (BaA) 02+0.1 03+£02 03402
Chrysene/Triphenylene (CT) 06+0.3 06+03 06+0.3
Benzo(b/k)fluoranthene (BbkF)  0.9+0.5 1.0+0.5 09+05
Benzo(e)pyrene (BeP) 0.7+0.5 0.84+0.3 0.8+0.5
Benzo(a)pyrene (BaP) 04+0.2 04+02 04+0.2
Perylene (Per) 0.1+0.0 0.1+0.0 0.1+0.0
Indeno[123-cd]pyrene (IP) 06+0.3 0.7+04 0.7+0.4

Dibenz(a,h)anthracene (DBA) 0.1+0.1 0.1+0.1 0.1+0.1

Benzo(ghi)perylene (BghiP) 02+0.1 03+02 03+0.2
Coronene (Cor) 02+0.1 02+0.1 02+0.1
Subtotal 7.0+3.0 7.6+3.7 73+34
Total PAHs-C/OC (%) 0.1240.07 0.14+0.09 0.13+0.08
PM;o (ug m~—3) 51425 56 + 26 54424
0OC (ug m~3) 6.0+22 59427 59425
EC (ugm—2) 0.8+04 09405 09405

@ Plant wax n-alkanes: calculated as the excess odd homologues-adjacent
even homologues average and the difference from the total nalkanes is the
fossil fuel-derived amount (Simoneit et al., 1991, 2004b).

isolated from the PBL especially in winter. Therefore, n-
alkanes in the samples are affected mostly by regional
sources rather than local ones, resulting in no clear diurnal

variations. Molecular distributions of the alpine n-alkanes
showed a major peak at Cyg or Cz;. n-Alkanes derived from
plant wax are dominated by high molecular weight species
(HMW, carbon number >25) with an odd number prefer-
ence. However, fossil fuel derived n-alkanes generally pre-
sent no odd/even number preference (Ladji et al., 2009;
Rogge et al., 1993; Simoneit et al., 2004b). In the Mt. Hua
samples HMW n-alkanes accounted for about 85% of the
total with plant wax derived n-alkanes being 694+
41 ngm~3and fossil fuel derived n-alkanes being 52+
25ng m~3, suggesting that natural plant emission is a
major source of the normal alkanes at Mt. Hua, which is dif-
ferent from the cases in lowland areas of Guanzhong Plain,
where more than 70% of n-alkanes are derived from fossil
fuel combustion (Wang et al., 2006; Xie et al., 2009).

3.1.3. PAHs

Similarly, no clear diurnal difference was found for total
PAHs in PM; o samples (7.0+3.0 ng m ™~ in daytime and 7.6 +
3.7ngm™> in nighttime, Table 2), further indicating that
PAHs in the mountain air are largely derived from regional
sources. The most abundant PAH is fluoranthene (Flu), whose
day- and night- time concentrations are separately 1.14+0.4
and 1.0+ 0.4 ngm~> (Table 2), followed by benzo(b/k)fluor-
anthene (BbkF) and phenanthrene (Phe). Compared to those
in urban areas (Wang et al., 2006; Xie et al., 2010), low molec-
ular weight (LMW) Phe and Flu are more abundant in the Mt.
Hua air, which is attributable to an increased transformation
of the gaseous species to the solid phase due to lower tempera-
ture of the mountaintop atmosphere (Gaga and Ari, 2011;
Hanedar et al, 2011). As shown in Fig. 3d, PAHs presented
good linear correlations with EC and F~, because they all mostly
originate from fossil fuel combustion (Li et al., 2011; Xie et al,,
2009 and 2010). In our previous study on PMj, in Baoji, a
mid-scale city nearby Mt. Hua, we found a good correlation be-
tween PAHs and sulfate, both are largely derived from coal
combustion (Wang et al,, 2010). However, such a correlation
was not observed for the Mt. Hua samples (R=0.30), which
can be ascribed to a difference in sources, because biomass-
burning emission is an important source of airborne sulfate
(Andreae et al., 1990) and more abundant in the non-urban re-
gion. In addition, an enhanced wet scavenging of sulfate due to
more significant fog and cloud formation over Mt. Hua may also
be responsible for such a non-correlation.

3.2. Back-trajectories analysis

Backward trajectories showed that wintertime air masses
over the mountaintop are largely transported from the south
and north directions, therefore, the total samples can be classi-
fied as two categories: (1) northerly and northwesterly and
(2) southerly (Fig. 4). As shown in Table 4, galactosan, manno-
san and levoglucosan presented a higher concentration in par-
ticles transported from southerly air masses than in those from
the northerly, indicating that biofuel combustion is more sig-
nificant in southern China. As mentioned above, sucrose and
trehalose are metabolism products of biota in soil, thus both
are more abundant in aerosols transported from the northerly
air masses due to more airborne dust in north China
(Table 4). Concentrations (69443 ng m™>, Table 4) of plant
wax derived n-alkanes in the northerly samples are similar to
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fossil fuel combustion.

those (754 3.2 ngm~3) in the southerly. However, fossil fuel
derived n-alkanes (82 +11 ngm™?3) in the southerly samples
are more abundant than in the northerly ones (494
24 ng m~3), together with a lower value of CPI (carbon prefer-
ence index, odd-to-even, 2.8 £ 0.3 for the southerly and 3.6 +
0.9 for the northerly), further suggesting more significant pol-
lution due to fossil fuel combustion in southern China, which
is consistent with our previous reported results on SO ~ and
NOs5™ (Lietal, 2011). Coal burning emission is the major source
of PAHs in the country as mentioned above, therefore, similar
ratios of IP/BghiP (2.6 +0.4 for the northerly versus 2.94-0.1
for the southerly, thereinafter) and BghiP/BeP (0.35 4 0.06 ver-
sus 0.344-0.01) were observed for the southerly and northerly
samples.

3.3. Size distribution of sugars, n-alkanes and PAHs
3.3.1. Sugars

Table 5 shows the concentrations and geometric mean
diameters (GMD) of sugars, n-alkanes and PAHs in fine

Table 3
Correlation coefficients (R) of sugars in PM;o (N=21).

Arabitol Fructose Glucose Mannitol Sucrose Trehalose

Arabitol 1

Fructose 0.85 1

Glucose  0.85 0.99 1

Mannitol 0.95 0.95 0.94 1

Sucrose  0.45 045 0.46 049 1
Trehalose 0.91 0.88 0.88 0.94 0.60 1

(<2.1pm) and coarse (>2.1 um) modes, while Fig. 5 plots
their detailed distributions in each size range.

Levoglucosan, galactosan and mannosan presented a
unimodal size distribution, peaking at the size of 0.7-1.1 um
(Fig. 5a). A similar pattern was also found for inositol and
K* (Li et al,, 2011), again confirming those species are de-
rived from biomass burning emissions. Such a unimodal dis-
tribution was also obtained in Baoji, a city near Mt. Hua
(Wang et al., 2011a), and Nanjing, a city located in east coast-
al China (Wang et al., 2009d). Being different from the
dehydrated sugars, non-dehydrated sugars like glucose and
mannitol are characterized by a bimodal distribution pattern
with two equivalent peaks at the ranges of 1.1-2.1 um and
5.8-9.0 pum, respectively (Fig. 5b). Coarse mode of these com-
pounds is generally produced via mechanical processes such
as wind abrasion with plant surface and resuspension of
soil, while fine mode of these sugars is derived from uncom-
busted biomass materials. For example, Wang et al. (2011b)
found that glycerol, a reduced sugar, is enriched in fresh
smoke particles of wheat straw burning with a minor amount
of glucose and mannitol and mostly stay in particles with a
diameter less than 2 pum.

3.3.2. n-Alkanes

As shown in Table 5, both fossil fuel derived (354
11ngm~3) and plant wax derived n-alkanes (48-+
24ngm~>) are enriched in fine mode, being 4 and 2 times
more than those in coarse mode, respectively. Simoneit et al.
(2004b) has reported that n-alkanes originated from plant
wax presents an odd number preference, in contrast to those
derived from fossil fuel combustion, which have no odd/even
carbon number preference. Thus, carbon preference index
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(CPI, odd/even) of n-alkanes has been employed to recognize
the contributions from different sources, as it is nearly unity
and >5 for fossil fuel derived and plant wax derived n-
alkanes, respectively (Simoneit et al., 2004b; Mazquiaran and
de Pinedo, 2007). Carbon preference index (CPI, odd-to-even)
in the coarse mode is 5.9+ 1.5 and much higher than that
(3.5£0.5) in fine mode, indicating that n-alkanes in coarse
particles are of biogenic origins. GMD of plant wax derived n-

Table 4
Concentrations (ng m~>) and diagnostic ratios of sugars, n-alkanes and
PAHs in PM;q from northerly and southerly air masses.

Northerly Southerly S/N ratio®
(N=19) (N=2)
I. Sugars
Galactosan 11+£54 26+£22 24
Mannosan 63+3.1 22+06 34
Levoglucosan 59+24 125425 2.1
Sucrose 29+27 1.9+0.10 0.70
Trehalose 26+23 1.840.39 0.67
II. n-alkanes
Total n-alkanes 118465 1574+7.6 13
Plant wax 69+43 75+3.2 1.1
Fossil fuel 49424 82+11 1.7
cpi 36+09 284031
III. PAHs
Total PAHs 73435 7.8+2.1 1.1
IP/BghiP 26404 2940.10
BghiP/BeP 0.35+0.06 0.3440.01
BaP/BeP 0.48 £0.10 0.5140.05
PM;o (ug m~—3) 52427 67+43 13
OC (ugm~?3) 56423 9.64+0.6 1.7
EC (ugm™—3) 0.8+0.5 11402 14

2 Ratios of mean concentrations from southerly to northerly.
b CPI, carbon prefence index for n-alkanes: (Cyg+ Cy 4 Ca3 -+ Cos + Co7 4+
Cag+ C31+ C33+ C35)/(Cig + Cao + Coo + Coa + Cog + Cog + C30 + Ca2 + Caa).

alkanes are 1.1240.03pm and 7.7543.21pum in fine and
coarse modes, respectively, larger than those originated from
fossil fuel (0.89 +0.06 pm in fine mode and 6.40 4 2.15 um in
coarse mode, respectively, Table 5).

As can be seen in Fig. 5¢, concentrations of plant wax de-
rived n-alkanes in particles less than 1.1 um are similar to
those of fossil fuel derived n-alkanes but more abundant
than fossil fuel derived n-alkanes in particles larger than
1.1 um. CPI values of n-alkanes in particles larger than
2.1 um ranged from 3.9 to 7.9 (Fig. 5e), further revealing
that n-alkanes in coarse particles are mostly originated from
natural sources. In contrast, CPI values in particles less than
2.1 um decrease as a decrease in particle size with the smal-
lest (CPI=1.7) found for the backup stage (particle with a
diameter<0.4 um) (Fig.5e), indicating that fossil fuel derived
n-alkanes are preferentially enriched in submicrometer
particles.

3.3.3. PAHs

PAHs are 79+13ngm~> in fine mode and 0.8+
0.4ng m~ 2 in coarse mode (Table 5). HMW BbKF and IP are
the dominant species in fine mode, whereas the most
abundant PAHs in coarse mode are LMW ones (e.g., Phe and
Flu). As shown in Fig. 5d, both LMW (i.e,, 3,4-ring) and
HMW (i.e., 5,6-ring) PAHs displayed a unimodal pattern,
maximizing at the size of 0.7-1.1 um. Concentration ratios
of 3,4- ring PAHs to 5,6- ring PAHs are 0.8-1.0 in fine mode
and 1.5-3.9 in coarse mode (Fig. 5f). LMW PAHs (i.e., 3,4-
ring PAHSs) in solid phase can evaporate into the air and sub-
sequently adsorb/condense onto pre-existing particles due to
their volatile nature (Birgul et al.,, 2011; Offenberg and Baker,
1999). Thus Phe and Flu move toward larger particles faster
than HMW PAHs (e.g., 5,6- ring PAHs), resulting in relatively
more abundant Phe and Flu in coarse mode (Fig. 5f). GMD of
PAHs is 0.9040.02 um in fine mode, which is very close to
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Table 5

Concentrations (ng m~?), and geometric mean diameters (GMD, um) of sugars, n-alkanes and PAHs in fine and coarse particles from Mt. Hua during winter.
N=3 Fine (<2.1 um) Coarse (>2.1 pm)

Concentration GMD? Concentration GMD?

I. Sugars
Galactosan (Gala) 83418 0.9540.03 21+1.1 4714135
Mannosan (Manno) 55+1.4 0.90+0.04 1.1+0.5 4.8141.47
Levoglucosan (Levo) 64+ 14 0.874+0.03 12+£58 4414+1.18
Arabitol (Arab) 06+0.2 0.87 £0.06 20406 10.664+1.19
Fructose (Fluc) 14+£0.7 0.8540.07 23411 14.5540.89
Glucose (Gluc) 28+19 0.9440.19 26+12 14364+1.18
Mannitol (Manni) 0.6+0.6 0.98 +£0.24 1.3+03 10.68+1.31
Inositol (Inos) 0.240.1 0.8340.02 0.14+0.0 11.214£3.77
Sucrose (Sucr) 0.340.2 0.8540.04 09404 14.88+1.76
Trehalose (Treh) 0.240.1 1.06 +0.06 12+0.6 10.24+1.8
Subtotal 84419 0.88 +£0.04 26+11 6.71+£1.33
II. n-alkanes
Octadecane (C;g) 1.04+0.28 0.76 £ 0.06 0.8+04 7.22+1.11
Nonadecane (Cyq) 0.740.1 0.574+0.03 03402 8.134+2.03
Icosane (Cy) 08+£0.2 0.64+0.03 03+0.1 6.45+1.47
Henicosane (Cy;) 1.64+0.5 0.76 4+ 0.05 03402 6.14+1.78
Docosane (Cy3) 2.040.7 0.8440.04 03402 5.624+1.67
Tricosane (Cy3) 32411 0.8940.04 05403 6.0042.40
Tetracosane (Ca4) 2.7+09 0.874+0.04 04402 5.67+1.95
Pentacosane (Cys) 44+15 0.9240.06 0.84+0.5 6.424+2.93
Hexacosane (Cag) 28409 0.89+0.07 0.54+03 5.97+2.37
Heptacosane (Cy7) 62+24 0.99+0.07 1.7+1.2 6.55+3.04
Octacosane (Cyg) 2.7+£09 0.9340.08 0.6+04 6.11+2.14
Nonacosane (Cag) 22410 1.104+0.03 95472 6.82+2.76
Triacotane (Cs) 28409 0.9540.08 0.7+04 6.514+2.34
Hentriacotane (Cs) 20+10 1.13+0.03 12492 8.31+3.32
Dotriacotane (Cs;) 2.1+£07 0.97 4-0.08 05402 6.714+2.80
Tritriacotane (Cs3) 58+2.6 1.08 +£0.04 23416 9.18+3.85
Tetratriacotane (Cz4) 1.2+04 0.9940.04 03+£02 7.03+2.33
Pentatriacotane (Css) 21+£09 1.0040.14 0.6+0.3 7.154£2.73
Subtotal 84435 1.01+£0.05 32423 7.364+2.89
Plant wax n-alkanes® 48+24 1.12+£0.03 24419 7754321
Fossil fuel n-alkanes” 35411 0.8940.06 82444 6.404+2.15
IIl. PAHs
Phenanthrene (Phe) 0.76 £0.24 0.93+£0.03 0.17 £0.07 631+£16
Anthracene (Ant) 0.08 +0.02 0.874+0.02 0.0340.01 6.8641.06
Fluoranthene (Flu) 0.8940.22 0.9340.03 0.1440.07 5.4641.48
Pyrene (Pyr) 0.61+£0.12 0.91+£0.02 0.07 £0.04 5.66 +1.65
216 PAH isomers 04+0.1 0.884-0.02 nd nd
Benz(a)anthracene (BaA) 0.2+0.01 0.9140.01 nd nd
Chrysene/Triphenylene (CT) 0.7+£0.14 0.93+0.01 0.06 +0.03 5774228
Benzo(b/k)fluoranthene (BbkF) 1.214+0.19 0.89 +£0.02 0.12 +0.07 6.84+1.03
Benzo(e)pyrene (BeP) 1.04+0.2 0.9+0.01 0.1+£0.0 5.66 & 1.65
Benzo(a)pyrene (BaP) 0.46 4+ 0.04 0.91+0.02 nd nd
Perylene (Per) 0.1£0.0 0.9140.05 nd nd
Indeno([123-cd]pyrene (IP) 0.9240.12 0.8940.03 0.0540.04 53241.97
Dibenz(a,h)anthracene (DBA) 0.184+0.05 0.854+0.14 0.05+0.05 11.9+1.46
Benzo(ghi)perylene (BghiP) 0.3440.04 0.864+0.04 0.04+0.03 8.84+1.31
Subtotal 79413 0.9040.02 0.8+04 6.44+135

2 logGMD = (2C; log Dp;)/ 2C;, where C; is the concentration of compound in size i and Dp; is the geometric mean particle diameter collected on stage i (Hinds,

1999).

b Plant wax n-alkanes: calculated as the excess odd homologues-adjacent even homologues average and the difference from the total nalkanes is the fossil fuel-

derived amount (Simoneit et al., 1991, 2004b).

the value (0.8940.06 pm, Table 5) of fossil fuel derived n-
alkanes, suggesting a common source of fossil fuel combus-
tion. Compared to those in Chinese urban areas like Baoji
(Wang et al., 2009a) and Nanjing (Wang et al., 2009d),
GMDs of PAHSs in fine mode at Mt. Hua is about 8-20% larger.
This is probably caused by a difference in sources, because
PAHs in the urban areas are mostly derived from fossil
fuel combustion, which are of smaller sizes, whereas the

mountain PAHs are in part derived from rural biofuel burn-
ing, which are of larger sizes (Wang et al., 2009d). Further-
more, we found that the fine mode GMDs of PAHs at Mt.
Hua is smaller than those (0.994-0.11 pm) observed at Mt.
Tai in North China Plain during winter (Wang et al., 2009a),
which can be ascribed to the more significant biomass burn-
ing emission in the Mt. Tai region (Wang et al., 2011a), con-
tributing more large size of PAH aerosols.
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Fig. 5. Size distributions for concentrations and diagnostic ratios of sugars, n-alkanes and PAHs in the Mt. Hua atmosphere in winter.

3.4. Principal component analysis (PCA) for sources

To further investigate the possible sources of the moun-
tain aerosols, PCA was used in this study. A total of 11 tracers
were selected from the current data set and our previous
study (Li et al.,, 2011). As shown in Table 6, factor 1 presents

high loadings with C;9 and C3; n-alkanes, representing a
source of plant wax emission (Simoneit et al., 2004b). Levo-
glucosan and K™, both are tracers of biomass burning
smoke (Mariano et al., 2010; Simoneit et al., 2004a; Watson
et al.,, 2001; Zdrahal et al., 2002), also show a high loading
for Factor 1. Thus this factor can be considered as a source

Table 6

Principal component analysis for selected components of PM;o samples.
N=21 Factor 1 Factor 2 Factor 3 Factor 4
K* 0.59 0.48 0.37 0.51
Mg?+ 0.13 0.33 0.90 0.21
Ca?* 0.22 0.17 093 0.20
F- 0.43 0.85 022 0.07
Nonacosane(Cs) 0.93 0.26 0.15 0.19
Hentriacotane (Cs;) 0.94 0.20 0.17 0.16
PAHs 0.14 0.90 0.27 0.22
Levoglucosan 0.78 021 0.19 0.47
NO3 0.58 0.55 027 0.45
SO;~ 0.34 0.14 0.51 0.77
NHi 0.63 0.36 0.18 0.65
% of Variance 34 23 22 17
Source Biofuel combustion plus plant emission Fossil fuel combustion Soil and dust emission Long-range transport




Table 7
Comparison of concentrations (ng m~>) and compositions of sugars, n-alkanes and PAHs at Mt. Hua with those from other East Asia mountain, marine and urban regions and the free troposphere.
Mountain sites Free troposphere (aircraft) Marine sites Lowland urban sites
Mt. Hua, China® Mt. Tai, China” East coastal China® Sea of Japan Gosan, Chichi-Jima, SE China® NE China® Central N/NW Baoji, Hong Kong, Gwangju, Tokyo,
Korea® Japan' China® China® China® China' Korea  Japan®
Winter Winter Winter Spring Spring Annual Winter Winter Winter Winter Winter Winter Spring Winter
2009 2003 2001 2005 1990-1993 2003 2003 2003 2003 2008 1993 2001 1997
PMio PM,g PM, 5 TSP TSP TSP PM, 5 PM, 5 PM, 5 PM, 5 PMio TSP PM; 5 TSP
I. Sugars
Levo. 65 na 38 4 36 na 401 213 2955 115 901 na 18 na
Fruc. 5.4 na 17 8.5 14 na 28 3 4 na 73 na na na
Gluc. 5.5 na 35 na 15 na 13 6 35 2 55 na na na
Sucr. 28 na 16 0.9 52 na 5 5 4 1 219 na na na
M/G! 0.66 na na na na na na na na na 0.55 na na na
II. n-Alkanes
Total 121 126 157 20 32 2 434 370 1191 529 1733 184 37 na
cpPI™ 35 13 1.1 13 2.3 45 1.2 1.1 13 1.1 13 13 0.9 na
IIl. PAHs
Total 7.3 58 24 na 5 na 101 153 628 201 594 17 16 36
IP/BghiP" 2.7 19 1.2 na 12 na 1.1 13 12 12 1.1 0.65 0.61 0.76
BghiP/ 0.35 0.8 13 na 0.89 Na 13 1.2 1.2 1.1 1.1 16 15 na
BeP"
BaP/BeP 0.48 0.67 0.8 na 0.65 Na 0.72 1.0 1.0 0.87 0.79 0.47 0.85 na

2 This study. 2060 m a.s.l.
b Wang et al., 2009a. 1534 m a.s.l.
¢ Wang et al., 2007. 500-3000 m, a.s.l.
4 Simoneit et al., 2004c. 29-4034 m a.s.l.
€ Wang et al., 2009c.
Kawamura et al., 2003.
& Wang et al.,, 2006 (SE China: Shanghai, Guangzhou, Wuhan, Xiamen, and Hangzhou; NE China: Beijing, Tianjin, Qingdao and Changchun; Central China: Xi'an and Chongqing; NW China: Yulin and Jinchang).
" Xie et al, 2009, 2010.
I Zheng et al., 1997.
3 park et al., 2006.
k Tang et al., 2005.
! M/G: the mean ratio of mannosan/galactosan(M/G value in differ sources: grass:0.23, Oros et al., 2006; deciduous tree: 0.52, Oros and Simoneit, 2001b; conifer: 0.94, Oros and Simoneit, 2001a).
™ (P, carbon preference index, CPI=30dd />Even n-alkanes (Simoneit et al., 2004b).
" IP/BghiP in different sources is 0.2 for gasoline exhaust, 0.5 for diesel exhaust and 1.3 for coal emission (Grimmer et al., 1981), while Bghip/BeP in different sources is 2.0 for vehicle exhaust and 0.8 for coal emission
(Ohura et al., 2004).
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of biomass burning plus plant emission. Factor 2 is dominat-
ed by F~ and PAHs, and representative of fossil fuel combus-
tion. Factor 3 well correlates with crustal matters (e.g., Ca®*
and Mg?™), therefore, is indicative of soil and dust emission.
Since factor 4 shows strong correlation with sulfate and am-
monium and a relatively weaker correlation with K™, PAHs
and levoglucosan, here we think it represents a long-range
transport. As seen in Table 6, biofuel combustion plus plant
emission is the most important source of the mountain aero-
sols, accounting for 34% of the total variance, followed by fos-
sil fuel combustion, soil and dust emission and long-range
transport, explaining 23%, 22% and 17% of the variance,
respectively.

3.5. Comparison with data from other urban, mountain, marine
and aircraft observations

To obtain a panorama of organic aerosols over East Asia,
here we compare the compositions of sugars, n-alkanes and
PAHs at Mt. Hua with those data acquired from other urban,
mountain, marine and aircraft measurements conducted in
East Asia (see Table 7). Levoglucosan is detectable at all sites
with a range from 4 ng m~> in Japan Sea to 2955 ng m > in
central China, indicating an ubiquity of biomass burning
emission in this region. Levoglucosan is abundant in all
Chinese cities (115-2955 ng m~>), suggesting that pollution
caused by biomass burning in the country cannot be neglected
since much effort has been concentrated in reducing emissions
from coal combustion. Mean ratio of mannosan to galactosan
(M/G) in the Mt. Hua PM;o samples was 0.66, indicating that
more deciduous trees (M/G=0.52, Oros and Simoneit,
2001b) rather than conifer trees (0.94, Oros and Simoneit,
2001a) and grass (0.23, Oros et al., 2006) are burned for cook-
ing and heating in Guanzhong Plain, which is consist with the
previous study at Baoji (M/G=0.55) (Xie etal.,2010), a middle
scale city near Mt. Hua. Sugars derived from soil microorgan-
isms (e.g. fructose, glucose and sucrose) are 0.9-219 ngm™—>
at all the sites, indicating that wintertime dust emission in
East Asia is also significant.

Concentrations of n-alkanes in Chinese inland cities are 4-
40 times higher than other developed cities (e.g., Hong Kong,
China, Gwangju, South Korea and Tokyo, Japan, Table 7) with
CPI close to unity, demonstrating a high level of anthropo-
genic pollution in these developing areas. n-Alkanes at Mt.
Hua (121 ngm~3, Table 7) and Mt. Tai (126 ngm~?3) are
similar to those (157 ngm~>) measured over east coastal
China by aircraft, revealing a homogeneous distribution in
the free troposphere from the central to the east coastal.
However, compared to the CPI (3.5, Table 7) of n-alkanes at
Mt. Hua, the much lower CPI (1.3 at Mt. Tai and 1.1 over
east coastal China, Table 7) in the free troposphere over the
east coastal region indicates more significant pollution from
fossil fuel emissions. CPI of n-alkanes in all the cities are in
the range of 0.9-1.3, revealing a predominance of fossil fuel
emission in urban area of East Asia. In general, n-alkanes
with a CPI more than 5 are considered as plant wax
(Simoneit et al., 2004b; Mazquiaran and de Pinedo, 2007),
thus the CPI values of 2.3 (Table 7) at Jeju Island, Korea and
4.5 (Table 7) at Chichi-jima Japan may suggest that primary
organic pollutants emitted from fossil fuel combustion are

abundant in marine region near the Asia continent but al-
most disappear in remote marine area.

Similar to n-alkanes, concentrations of PAHs are much
higher in Chinese inland cities than in other urban areas.
Moreover, PAHs at Mt. Tai are nearly one order of magnitude
higher than those at Mt. Hua, again confirming an enhanced
anthropogenic pollution in east China, which is consistent
with satellite observations (Wittrock et al., 2006; van
Donkelaar et al., 2010). Grimmer et al. (1981) reported
that diagnostic ratios of IP/BghiP are 0.2, 0.5, and 1.3 in the
smokes from gasoline, diesel, and coal combustions, respec-
tively. Ohura et al. (2004) further reported that BghiP/BeP is
2.0 and 0.8 in emissions from vehicle exhaust and coal burn-
ing. These ratios are cited here to investigate PAH sources. IP/
BghiP ratios are 1.1-1.3 in Chinese cities and 2.7 at Mt. Hua,
which suggests that coal-burning emission is the major
source especially in inland China. In contrast, IP/BghiP ratios
in Hong Kong (China), Gwangju (Korea) and Tokyo (Japan)
are 0.65, 0.61 and 0.76, respectively, which indicates that ve-
hicle exhaust is the major source. Same results can also be
obtained by comparing the BghiP/BeP ratios. Such a spatial
distribution pattern of PAH compositions over East Asia fur-
ther confirmed our previous conclusion that PAHs in China
are mostly derived from coal combustion while those in
other developed countries are largely originated from vehicle
exhausts (Wang et al., 2006, 2007, 2009a, 2009c).

BaP is labile to photochemical degradation while its
isomer BeP is much stable, thus the ratio of BaP/BeP can be
thought as an indicator of aerosol ageing (Wang et al.,
2009c; Xie et al., 2009). As shown in Table 7, BaP/BeP in
Hong Kong is the lowest among all Chinese urban sites, sug-
gesting aerosols are more aged in Hong Kong. In inland
China, BaP/BeP increased from 0.72 in the southeast cities
to 1.0 in the northeast cities, suggesting that photochemical
degradation of aerosols is stronger in southern China than
in northern China, most likely due to a difference in winter-
time temperature. Furthermore, the ratio showed an increas-
ing trend with a decrease in altitude, ranging from 0.48 at
Mt. Hua (2060 m, a.s.l.), 0.67 at Mt. Tai (1545 m, a.s.l.) to
1.0 in central Chinese cities (<500 m, a.s.l.), suggesting an en-
hanced photochemical oxidation in the free troposphere.

4. Summary and Conclusion

Wintertime PM;o and size-resolved samples in Mt. Hua,
central China were determined for sugars, n-alkanes and PAHs
on a molecular level. Levoglucosan (65430 ng m~3) in PM;,
samples was the most abundant species among the sugar
class, followed by galactosan (12 4 6.8 ng m~>) and mannosan
(7.8+5.4ng m~3). n-Alkanes in PM;o was 121 +£63 ngm™3
with Cs; (32418 ngm™3) and Cy (30418 ng m~3) being
the most abundant congeners, and characterized by a CPI of
3.5 with about 40% of the total from fossil fuel combustions.
PAHs in the samples was 7.3+3.4ng m~> with Flu (1.14+
0.4ngm™>) and BbKF (0.940.5ngm™>) being the highest
species. These organics are 1-2 orders of magnitude lower
than those in urban areas in central China. Levoglucosan and
fossil fuel derived n-alkanes are more abundant in the air
masses from southern China than in those from northern
China, although such a spatial difference was not found for
PAHs, suggesting that emissions from biomass burning and



118 J. Li et al. / Atmospheric Research 106 (2012) 108-119

vehicle exhausts are more significant in southern part of the
country. Size distributions showed that combustion derived or-
ganics such as dehydrated sugars, fossil fuel n-alkanes and PAHs
presented a unimodal pattern, peaking at 0.7-1.1 um, while
non-dehydrated sugars (e.g., glucose, mannitol and sucrose)
and plant wax derived n-alkanes displayed a bimodal pattern,
peaking at 0.7-2.1 and 5.8-9.0 pm ranges.

PCA analysis indicates that biomass burning plus plant
emission is the major source of wintertime airborne particles
at Mt. Hua, followed by fossil fuel combustion, soil and dust
emission and long-range transport, which is different from
the cases in inland urban areas where fossil fuel combustion
is the most important source. Molecular compositions dem-
onstrate that coal burning is still the major source of PAHs
in the country, although vehicle number has sharply in-
creased recently. Diagnostic ratios of PAHs further indicate
that photo-oxidation of aerosols was more significant in the
tropospheres of Mt. Hua and Mt. Tai compared to those in
lowland urban areas.
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