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and polycyclic aromatic hydrocarbons (PAHs). Samples were analyzed using thermal-deposition gas chromatog-
raphy mass spectrometry. The concentrations of particulate total n-alkanes ranged from 0.10 to 21.83 ng m 3,
with an annual mean of 1.25 ng m~3; the PAHs ranged from 0.06 to 2.53, with a mean of 0.59 ngm~3. Up to
70% of PAHs were 5- and 6-ring compounds. The n-alkanes and PAHs both showed higher concentrations in win-

ter and lower concentrations in summer. Analyses of diagnostic ratios indicate that 6.4% to 58.9% (mean 24.9%) of
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Keywords: the n-alkanes were from plant waxes. Source characterization studies, i.e. diagnostic ratio and positive factor ma-
n-Alkanes trix analysis, suggest that the PAHs were from biomass burning as well as from fossil fuel combustion. Backward
PAHs trajectory analysis suggests that the biomass mass burning pollutants could be from South Asia and western
1\_31'0501 China via long distance transport. The study contributes to a more comprehensive understanding of the concen-
Tibet trations, seasonal variations, and sources of n-alkanes and PAHs in a remote background area in Tibetan Plateau.
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1. Introduction many of them are known to be carcinogenic, mutagenic, or teratogenic

The environmental and health impacts of particulate matter (PM)
depend on the concentrations, size distributions and chemical composi-
tion of the particles. The polycyclic aromatic hydrocarbons (PAHs) and
n-alkanes are important anthropogenic components of the secondary or-
ganic aerosol. PAHs are mainly emitted into the environment as a result
of the incomplete combustion of fossil fuels, but they also originate from
natural sources such as biomass (wood, grass) burning (Finlayson-Pitts
and Pitts, 2000). As pollutants, PAHs are a health concern because
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(Albinet et al., 2007). n-Alkanes also are emitted into atmosphere during
the incomplete combustion of fossil fuels and biomass, but biogenic
sources, especially higher plant waxes, are important for them as well
(Simoneit, 2002).

The Tibetan Plateau is sensitive to environmental change, and studies
in this area are helpful for better understanding pollution in a remote
background area. Reports of PAHs in northwestern China and Tibet are
limited (Hu et al., 2012; Li et al., 2012; Liu et al., 2013). The atmospheric
PAH research conducted to date has mainly focused on urban areas in
southern and eastern China (Bi et al, 2005; Chen et al, 2005; Deng
et al, 2006; Duan et al., 2005; Guo et al., 2007; Liu et al., 2001, 2013;
Luo et al.,, 2004, 2006; Okuda et al., 2002; Tan et al., 2006). Our investiga-
tion focused on total suspended particles (TSP) from a site on the south-
eastern side of the Tibetan Plateau. The studies were conducted from
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July 2008 and July 2009 at Lulang, and the results demonstrate some im-
pacts of anthropogenic emissions on the southeastern part of the Plateau.

2. Material and methods
2.1. Sampling region and site

A map showing the location of the observation site is provided in
Fig. 1. The site is located 6 km north of Lulang Town in Nyingchi (Linzhi)
Prefecture, which is on the southeastern part of the Tibetan Plateau, on
the northern bank of the Yarlung Zangbo River and downstream from
the Nyangchu River. The total area of the prefecture is 10,237 km?, the
average altitude is 3100 m, and its population in 2007 was ~40,496
(Statistics NBoPaE, 2007). The sampling site is in a valley (longitude
94° 44'E, latitude 29° 46'N), and it is frequently used for environmental
investigations in this mountainous region. The sampling site is not direct-
ly affected by local anthropogenic emissions. The annual cycle, based on
local climate, grouped as follows: autumn (September, October), winter
(November, December), spring (March, April, and May) and summer
(June, July and August). The circulation at the site is largely under control
of two monsoons; this results in westerly winds during winter monsoon
and north-westerly winds in summer (Indian Monsoon). As shown in
Table 1, the average wind speed, relative humidity (RH), and atmospher-
ic pressure are relatively stable in the four seasons. The highest temper-
ature is in the summer (12.7 °C) and the lowest in winter (— 1.6 °C). The
pollution episode, starts at late autumn, lasts the whole winter, and ends
in spring, also known as local “heating season”. The emissions such as
local burn wood, grass and yak dung for heating and cooking, constantly
impact the local environment. Coal burning is limited locally.

The sampling campaign lasted from July 2008 to July 2009. The sam-
pling instruments were placed on a working platform ~2 m above the

meters
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Table 1

Annual and seasonal meteorological data for the southeastern Tibetan Plateau.
Variable Autumn Winter Spring Summer Annual
Wind speed (m-s~1) 1.55 1.73 1.83 1.55 1.68
Relative humidity (%) 763 66.7 712 81.9 73.5
Pressure (hPa) 684.24 681.22 680.80 680.53 681.37
Temperature (°C) 6.9 —16 54 12.7 5.4

ground. The TSP samples were collected using a KC-120H mid-flow
TSP collection system (Laoshan Instruments, Qingdao, China) that oper-
ated at a flow of 40 dm® min~!. The 80 mm diameter quartz filters
(Whatman, NJ) used as the collection substrates were heated in an
oven at 780 °C for 5 h to combust any organic compounds, and they
were stored in aluminum foil before use. Each sample was collected
over three days, nominally for 60 h (20 h for collection, and 4 h for
instrument maintenance each day). The sample filters were stabilized
in a temperature- and humidity-controlled incubator after collection
(25 °C, 50% relative humidity) for 24 h. All the filters were weighed
using an electronic micro balance (Mettler M3, Switzerland) and stored
at 4 °C before analysis. In all, 62 samples were collected during the
campaign. A total of 62 samples was collected in four seasons.

2.2. Sample analysis

All of the TSP samples were analyzed by thermal-desorption gas
chromatography-mass spectrometry (TD-GC-MS) with the use of
an Agilent 7890A/5975C system. Details of the TD-GC-MS procedure
have been described elsewhere (Ho et al., 2011). Briefly, each filter
was cut into small (~0.5 cm?) pieces, which were then put into a TD
glass tube (78 mm long, inner diameter (ID) 4 mm, outer diameter

Tibetan Plateau

' Sampling Site

Fig. 1. Map of the sampling site at Lulang, Nychi, southeastern Tibetan Plateau (longitude 94° 44, latitude 29° 46'N) from NASA.
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(OD) 6.35 mm) in preparation for injection into the instrument. Ther-
mal desorption was used for injection in a splitless mode; the injector
temperature was held at 50 °C before analysis and manually raised to
275 °Cover 11 min after the septum cap was closed. A capillary column
(HP-5 ms: 5% biphenyl/95% dimethylsiloxane; 50 m long x 0.332 mm
ID x 0.17 um film) was used to separate the compounds of interest.
The temperature program for the oven was as follows: 30 °C hold for
2 min, then increase from 30 °C to 120 °C at 10 °C min™', ramp from
120 °C to 325 °C at 8 °C min~ !, and finally hold at 325 °C for 20 min;
thus the total run time was 52 min (Ho et al., 2011). The helium flow
rate for the system was 1.2 cm® min™".

The electron ionization mass spectra (70 eV) were acquired over a
mass range (m/z) of 30 to 570 amu, and the selected ion mode was
used for quantification. PAHs were identified using both the retention
time from the GC chromatograph and comparisons of the MS spectra
with standards; the compounds were quantified with the use of an
external standard (Ho et al., 2011). The concentrations of 17 PAHs
were determined; these were phenanthrene (Phe), anthracene (Ant),
fluoranthene (Flu), pyrene (Pyr), benzo[a]anthracene (BaA), chrysene
(Chr), benzo[b]fluoranthene (BbF), benzo[k]fluoranthene (BKF) benzo
[a]fluoranthene (BaF), benzo[e]pyrene (BeP), benzo[a]pyrene (BaP),
perylene (Per), indeno[1,2,3-cd]pyrene (IcdP), dibenzo[a,h]anthracene
(DahA), benzo|ghi]perylene (BghiP), coronene (Cor), and dibenzo[a,e]
pyrene (DaeP).

2.3. Quality control

Detailed quality assurance/quality control (QA/QC) procedures for
analyses have been described elsewhere (Cao et al., 2011; Ho et al,,
2006, 2011). In brief, the sampler was checked and cleaned monthly
during sampling. Blank filters were used as a background check for
the organic compounds. During the GC-MS analysis, one sample was
randomly chosen from each group of ten for a replicate analysis. The
results indicate that the standard deviation o for the replicate analyses
for each compound was between 1 and 15%, and the uncertainties in
the concentrations were between 0.0073 and 0.001 ng m—>.

2.4. Source diagnostics

2.4.1. Sources for n-alkanes

Two diagnostic measures, the carbon maximum number (Cpax)
and carbon preference index (CPI) have been commonly used to evalu-
ate the sources for n-alkanes (Simoneit, 1984, 1999; Simoneit and
Mazurek, 1982). Chax is a general indicator of the relative contributions
of two n-alkane sources. That is, higher values for C.x indicate that
the n-alkanes primarily originated from terrestrial plants, especially
epicuticular waxes while lower C,,.x values are more consistent with
n-alkanes from anthropogenic sources.

The CPI (plural CPIs) is defined as the sum of the concentrations of
the odd carbon-number n-alkanes divided by the sum of the concentra-
tions of the even carbon number n-alkanes. The n-alkanes that originate
from terrestrial vegetation typically exhibit high values for the CPI, that
is, a strong odd over even carbon number preference. The CPI values for
emissions from motor vehicles and other anthropogenic sources, in con-
trast, are close to unity. The CPIs for the n-alkanes are often calculated in
several ways as follows:

For all n-alkanes measured in this study:

CPl; =) (Cio—Ca5)/Y _(Cis—Csa) (1)
for the petrogenic n-alkanes

CPl, = (C19—Cas)/> (C15—Ca) (2)
and for the biogenic n-alkanes

CPl3 = ) (C;7—Ca5)/Y_(C6—Caa). €)

For each odd-numbered carbon n-alkane (C,), the mass contributed
by plant waxes can be estimated by subtracting from its measured con-
centration the average of the even-numbered homologues with one
greater and one fewer carbon atoms as follows:

Wax C, = [Cy] = [Cpuq +Coy] % 05, (4)

Here the quantities in brackets are the n-alkane concentrations in
the sample. The percent plant wax contributions to the total mass of
the measured n-alkanes can then be calculated as the sum of the wax
masses for the odd carbon n-alkanes divided by the total n-alkane
mass times 100.

24.2. Sources for PAHs

PAHs are released into environment through both pyrogenic and
petrogenic processes; these terms relate to the temperature at which
the compounds are formed and hence the temperature of alkylation
(Simoneit, 2002). More specifically, pyrogenic processes include the
combustion of organic matter during industrial activities, residential
heating, power generation, waste incineration, and the operation of
motor vehicles (Li et al., 2008).

Chemical markers and diagnostic ratios are tools used to assess
the sources for organic aerosol particles (Cotham and Bidleman,
1995). Three diagnostic ratios of PAHs, (1) Ant/(Phe + Ant), (2) Flu/
(Flu + Pyr), and (3) IcdP/(IcdP + BghiP) were used here to identify
likely sources for the PAHs. The ratios reflect the importance of specific
sources including the combustion of oil and coal, diesel and automobile
emissions. These four ratios are discussed in the context of the results
in Section 3.5.

24.3. PMF analysis of PAHs

Positive Matrix Factorization (PMF) was used for the source charac-
terization of PAHs. PMF can identify factors of covariant species, with con-
sidering measurement uncertainties (Paatero and Tapper, 1994). The
details of PMF analysis was described elsewhere (Juntto and Paatero,
1994; Lee et al, 2004; Ma et al, 2010; Moon et al, 2008; Paatero
and Tapper, 1994). We used the EPA PMF ver. 3.0, and choose 16 PAHs
in 62 days (covered a year). Random seed mode and random starting
point were chosen.

3. Results and discussion
3.1. n-Alkanes

A set of 18 n-alkanes (C;9—Csg) was measured for the study, and a
summary of the total and average concentrations of these compounds
and the PAHs is presented in Table 2. With a mean of 0.18 ng m~2,
C3; was the most abundant of the n-alkane homologues; the next
most abundant was Cag (0.16 ng m~3). Most of the average concentra-
tions of n-alkanes were <0.10 ng m~>. The seasonally-averaged sums
of the measured n-alkane concentrations () _n-alkanes) ranged from
0.10 to 20.83 ng m~>, with an overall mean for the entire study of
1.25 ng m 3. The seasonal variation of the mass concentrations of the
>_n-alkanes is presented in the form of a pie chart in Fig. 2a; they de-
creased from spring (29.85%) to winter (25.58%) to autumn (23.24%)
to summer (21.26%).

In general, the Y _n-alkane concentrations were relatively stable, but
there were several spikes in the concentrations of these compounds
(Fig. 2a). The highest Y n-alkane concentration was 24.53 ng m~ >,
and that peak occurred on 3 February 2009. In comparison, during the
rest of the year, the concentrations of Y_n-alkanes were <5 ng m~>,
suggesting that the February spike was caused by a pollution event
e.g. forest fire. The average Y _n-alkane concentration was much lower
than even the minimum concentrations observed in several other
urban areas in China. For comparison, the ) _n-alkanes at Beijing were

163.0 & 1935 ng m~2 in PM,5 (Huang et al, 2006); at Baoji they
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Table 2

Concentration (ng m—>) of n-alkanes and polycyclic aromatic hydrocarbons in total
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suspended particle samples from the southeastern Tibetan Plateau.

Table 3

Summary of the concentration of n-alkanes and PAHs in this study and other remote back-

ground areas in the world.

Compound Abbreviation ~ Mean Standard deviation Range Location Conc.(ng m™3)  Reference

n-Alkanes PAHs

Nonadecane C19 003 003 BDL-0.17 Lulang, Tibet 0.06-2.53 This study

Eicosane C20 002 0.02 BDL-0.08 Bavaria, Norway 2-4 Schénbuchner et al. (2001)

Heneicosane C21 002 0.02 BDL-0.11 Finland 1-6.3 Rissanen et al. (2006)

Docosane C22 0.01 0.02 BDL-0.10 North Pacific Ocean/Arctic area  4.38 Ding et al. (2007)

Tricosane c23 002 003 BDL-0.19 Finokalia, Island of Crete 0.6-1.8 Tsapakis and Stephanou (2007)

Tetracosane C24 002 0.03 BDL-0.15 Lake Michigan 14 Cotham and Bidleman (1995)

Pentacosane C25 005 0.06 0.01-0.32 Remote Europe Lake 1.8-3.0 Fernandez et al. (2003)

Hexacosane C26 004 0.07 BDL-0.51 Tyrolean Alps, Europe 0.20 Drooge et al. (2010)

Heptacosane C27 0.10 0.23 0.01-1.65 Tenerife 0.06 Drooge et al. (2010)

Octacosane C28 008 020 BDL-1.57 Central Norway 038 Drooge et al. (2010)

Nonacosane C29 0.18  0.50 0.01-3.80

Tricontane 30 008 023 001-1.79 n-Alkanes ,

Hentriacontane 31 018 061 0.01-4.73 Lulang, Tibet 1.25 This study

Dotriacontane 32 005 015 BDL-1.12 Hlllsnde and Meteor Crater, US  11.3-414 Mazurek etal. (1991)

Tritriacontane 33 016 059 0.01-4.64 Finland 7-95 Rissanen et al. (2006)

Tetratriacontane C34 0.08 0.07 0.01-0.42

Pentatriacontane 35 008 0.13 BDL-0.97

Hexatriacontane C36 005 004 BDL-0.18 PM,5 (Zheng et al., 2000); at Algier city, Algeria they were 14.3 to
SUM 125 282 0.10-21.83 142 ng m~3 from May to September PM;, (Yassaa et al, 2001). On

Polycyclic aromatic hydrocarbons (PAHs) the other hand, the observed > _n-alkanes at Lulang were comparable

Phenanthrene Phe(3-ring) 008  0.07 0.01-0.46 with those reported for some remote areas, such a forest in Finland

Anthracene Ant(3-ring) 002 0.02 BDL-0.13 (7-95 ng m~>) (Rissanen et al., 2006) or Umed, Sweden (8.2 ng m—>

lF)lyur‘;?:the"e ::’l;‘((ill_—?irl}lgg)) g:gé g:g; ggtgz(ﬁ in PM, s, (Wingfors et al, 2011)). The summary of the results from

Benzo[aJanthracene BaA(4-ring) 001 001 BDL-0.06 this study and other remote area is listed in Table 3.

Chrysene Chr(4-ring) 002 0.02 BDL-0.09

Benzo[b]fluoranthene ~ BbF(5-ring) ~ 0.06  0.06 BDL-0.30 3.2. n-Alkane seasonal variations and source characterization

Benzo[k]fluoranthene BKF(5-ring) 004 0.04 BDL-0.18

ggg;g{:}g;gﬁ:thme gzigﬁﬁg gzg; gzgé ggt_g:gg The patterns of the n-alkanes as a function of carpon number

Benzo[a]pyrene BaP(5-ring) 003  0.03 BDL-0.15 showed some similarities among the four seasons, and Fig. 2b shows

Perylene Per(5-ring) 001 001 BDL-0.04 how the concentration of each n-alkane varied with season. Indeed,

Indeno(1,2,3-cd]pyrene  IcdP(6-ring) ~ 0.08  0.08 BDL-0.41 the patterns in the relative abundances of the n-alkanes can be

ggir;?‘g)l[l?igl:r?j:;‘zce“e g;gﬁg’_gﬁgg)) 8'823 g'gé ggtg'gg explained by considering the variations in their source contributions.

Coronene Cor(6-ring) 003 003 BDL-0.18 The Cpnax values ranged from Cyg to Cs3 (Fig. 2b), and these high carbon

Dibenzo[a,e]pyrene DaeP(6-ring) 003  0.04 BDL-0.24 numbers suggest that biological materials, especially epicuticular waxes
SUM 059 052 0.07-2.63 from higher plant, were stronger sources for these compounds than

Note: BDL means below detection limits. The PAHs and the number of fused benzene rings
are marked in the abbreviation.

were 449 ng m~ > in spring and 1733 ng m—> in winter in PM;o sam-
ples (Xie et al., 2009); at Guangzhou they were 141 to 392 ng m~> in

PM;q (Bi et al, 2002); at Hong Kong they averaged 23.5 ng m™> in

anthropogenic emissions (Simoneit, 2002). The calculations of the
percent plant wax mass contributions indicate that the highest contri-
butions occurred in spring (32.37%), followed by winter (27.88%), sum-
mer (18.51%), and autumn (17.09%) (Table 4). In spring, the biogenic
activities, such as the changing of leaves, blooming, fungi and pollen
spreading, are stronger than in summer, contributing more n-alkanes
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Table 4

Diagnostic indices and ratios of n-alkanes and PAHs in the different seasons in southeastern Tibetan Plateau from July 2008-July 2009.
Index or ratio Autumn Winter Spring Summer Annual

Mean Range Mean Range Mean Range Mean Range Mean Range

CPIL;* 131 1.05-1.91 1.64 1.05-2.85 1.95 1.13-3.63 136 1.11-1.82 1.59 1.05-3.63
CPL" 127 0.78-1.71 1.24 0.56-1.68 133 1.09-1.73 1.44 0.94-2.36 132 0.56-2.36
CPI5¢ 132 1.01-2.16 1.77 0.98-3.15 2.29 1.10-4.69 1.32 0.98-1.93 1.71 0.98-4.69
% wax? 17.09 6.38-34.35 27.88 12.47-48.46 32.37 9.72-58.88 18,51 10.14-34.24 24.78 6.38-58.88
Ant/(Phe + Ant) 0.28 0.21-0.36 0.24 0.18-0.33 0.25 0.16-0.37 0.25 0.18-0.30 0.25 0.16-0.37
Flu/(Flu + Pyr) 0.46 0.38-0.57 0.40 0.36-0.45 0.44 0.37-0.51 0.43 0.34-0.52 043 0.34-0.57
IcdP/(IcdP + BghiP) 0.54 0.45-0.58 0.57 0.54-0.60 0.55 0.49-0.60 0.55 0.48-0.60 0.56 0.45-0.60

3 CPl; = (all n-alkanes) = 3 (Cyg — Cs5) / >_(Cyg — C34).

b CPI, (petrogenic n-alkanes) = Y (Cyo — Cas) / 3 (Cig — Caq).
€ CPI5 (biogenic n-alkanes) = > _(Cy7 — C35) / 2_(Cas — C34).

4 Wax C, = [C] — [Ca 1 + Co 1] x 05.

in TSP summer which is the tourist season in the whole year, with
more anthropogenic activities; meanwhile, the Indian monsoon bring
more biomass burning pollutants by long distance transport (see
Section 3.7). Therefore, contribution of epicuticular wax decreases in
summer.

Table 4 also shows the calculated values for CPI;, CPl,, and CPI5 for
the four seasons and the entire study: CPI; ranged from 1.05 to 3.63
over the course of the study, with a mean value of 1.59; this attests
to variable but significant impacts from both biogenic and anthropo-
genic sources. For the compounds with more than 24 carbons, the odd
carbon-number n-alkanes showed higher concentrations compared
with the two nearest even-number homologs. The high values for CPI,
suggest a strong contribution of terrestrial plant waxes, but for some
samples CPI; approached unity, and in those samples the n-alkanes
were more than likely from pollution emissions.

The ranges for CPI; in autumn and summer were similar, 1.05-1.91
and 1.11-1.82, respectively, suggesting that there were similar impacts
from petroleum sources in those two seasons (also shown in Fig. 6 for
PAHs). Consistent with the high wax mass contribution in spring
noted above, the highest CPI; also occurred in that season (3.63), and
supports the conclusion that the largest impact from biogenic sources
occurred during the growing season. In winter CPl; showed a range
of 1.05-2.85 and mean of 1.64; this is an indication that the n-alkane
loadings in winter were affected by both petrogenic emissions and bio-
mass burning (Rogge et al., 1993a,b; Schauer et al.,, 1996). The winter-
time mean CPI; was higher than those reported for several Chinese
cities, such as Nanning (1.2-1.4, average 1.3; (Wang and Kawamura,
2005)), Baoji (1.1-1.5, average 1.3 in winter; (Xie et al., 2009)), Hong
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Kong (1.3-1.9, average 1.6; (Zheng et al., 2000)), and Beijing (average
1.6; (Huang et al., 2006)). This result is also higher than for a forest in
Finland (0.8-2.3, average 1.1; (Rissanen et al., 2006)).

CPI, ranged from 0.56 to 2.36 over the course of the study (Table 4),
and the fact that all of the seasonal means were greater than unity
shows that anthropogenic sources affected the n-alkanes throughout
the year. The seasonal means for CPI, varied from 1.27 to 1.44, implying
similar contributions from petrogenic sources throughout the year,
and these were most likely associated with the transportation sector.
CPI; was more variable compared with CPl,: CPI; showed a range of
0.98-4.68, and this variability shows that the influence of biogenic
emissions changed considerably from season-to-season. The seasonal
means for CPI; were the lowest (1.32) in both autumn 2008 and sum-
mer 2009; it increased in winter to 1.77, probably as a result of biomass
burning and reached its highest value (2.29) in spring. This is another
indication that the greatest biogenic influences on the n-alkanes oc-
curred in spring.

The highest loadings of the n-alkanes occurred during the winter
heating season, and this can be explained by the large quantities of
n-alkanes emitted when biomass is burned for home heating. Thus,
the profiles of the aerosol n-alkanes were influenced by both anthropo-
genic and biogenic emissions, but the relative strengths of these sources
varied with season. In spring, the major sources for n-alkanes were bio-
genic while in winter impacts from biomass burning were evident. The
balance between biogenic and anthropogenic sources shifted toward
the latter in summer and autumn, and the relative impacts of those
sources, at least as measured by the CPl; index were similar in those
two seasons.
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Fig. 4. Observed (left) and normalized (right) seasonal variations of particulate PAHs with different numbers of rings.

3.3. PAH concentrations

The combined sum of the PAH concentrations (total PAHs or
Y PAHs) ranged from 0.07 to 2.63 ng m~>, and the overall average
> PAHs was 0.59 ng m~>. A time-series plot of > PAHs (Fig. 3a)
shows that the highest concentration occurred on 18 October 2008
and that in most cases, >_PAHs < 0.5 ng m~>. These typical observed
> PAH values were much lower than what has been reported for
urban areas in China. For example, at Lhasa city, > _PAHs in TSP was
10 & 6.6 ng m~>and 20 + 15 ngm > in two different sites in summer
(Liu et al., 2013); the mean total >_PAHs was 104 + 130 ng m 3 in
particle phase from Beijing during the 29th Olympic Games (Ma et al.,
2011), Harbin (100 + 94 ng m™3) (Tian et al., 2009). The summary of
the results of this study and other remote areas are listed in Table 3.

The abundances of 17 PAHs in TSP samples were determined for this
study, and the range in concentration for each PAH and its mean value
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Fig. 5. Diagnostic ratios of Flu/(Flu + Pyr) vs. IcdP/(IcdP + BghiP) in TSP from four seasons: (a) autumn, (b) winter, (c) spring, and (d) summer samples.

are shown in Table 2. The most abundant PAHs were Phe (3-ring), BbF
(5-ring), BeP (5-ring), IcdP (5-ring) and BghiP (6-ring), with yearly
average concentrations of 0.08 ng m~2, 0.06 ng m—>, 0.05 ng m~>,
0.08 ng m~>and 0.06 ng m~ 3, respectively. The annual percent contri-
butions of the five most abundant compounds relative to ) PAHs were
as follows: 13.04% (Phe), 9.43% (BbF), 9.12% (BeP), 13.84% (IcdP) and
10.82% (BghiP). These five PAHs accounted approximately 56.25% of
the > PAH mass loadings. In addition, benzo[a]pyrene (BaP), which
is commonly used as a marker for PAHs (Wang et al., 2011), showed a
range in concentration from below detection to 0.15 ng m™> and a
yearly average concentration of 0.03 ngm_3.

It is worth mentioning that Li et al. (2012) reported high concentra-
tions of PAHs in indoor (tent) air in a study conducted during summer
in the southern part of the Tibet Plateau. These authors reported
that >_PAH and BaP concentrations in air from inside the tents were
537245 and 364.79 ng m~>, respectively, and these high loadings

S
i
o S
0.441 &
2 2 S
& ° 2 &
+ R
£ 040 e &
ER I 0 &
o] ) o |?
0.361 °
0.54 0.56 058 0.60
IcdP(IcdP+BghiP) egg?
d §
Wood, coal, grass 7§
T T o) 5’:‘
0.521 o £ @
(9]
~
—~ &
£ 048 N
t o 3
E
= 0.441 o §
z L e é
0.40 o ¢
o
0.48 0.52 0.56 0.60
IcdP(IcdP+BghiP) o



Y. Chen et al. / Science of the Total Environment 470-471 (2014) 9-18 15

were attributed to emissions from residential activates e.g. cooking and
heating. These activates thus represent a potentially important regional
source for PAHs in ambient air.

3.4. Seasonal variations in PAHs

A more detailed picture of seasonal variations of 17 individual PAHs
is shown in Fig. 3b. Most light PAHs (3- and 4-ring compounds) showed
similar abundances in the four seasons, the exception was the semi-
volatile compound Phe. In contrast, the heavy PAHs (4 or more
rings) shared a common pattern; that is, their abundances were low
in summer and spring but high in autumn and winter. The total PAH
mass concentrations showed a similar seasonal trend, that is, summer
(0.37 ng m~3) < spring (0.51 ng m~3) < autumn (0.74 ng m~>) <
winter (0.76 ng m—>). The summertime is rain season of local area,
resulting in the decreasing of particulate matter by wet deposition.

The distribution of the particulate PAHs as a function of aromatic
ring number also changed with season, and the observed and normal-
ized mean mass concentrations of the 3- to 6-ring PAHs are plotted by
season in Fig. 4. The normalized plot (right) shows that the concentra-
tions of the 3-ring PAHs were relatively stable, varying from 17% in
winter to 25% in summer. The 4-ring PAHs also showed even lower
variability, from 5% to 7%. The 5-ring PAHs varied from 30% (summer)
to 37% (winter), and the 6-ring from 30% (summer) to 39% (winter).
Annually, the 5-ring and 6-ring PAHs were the most abundant PAHs
in TSP. The combination of 5- and 6-ring PAHs accounted for ~60-77%
of PAHs during the study. All the 5- and 6-ring PAHs showed a sea-
sonal pattern that the mass concentration followed the order that
winter > autumn > spring > summer (Fig. 4). Thus, the heavy (5- and
6-ring) PAHs, which are from wood burning, yak dung burning and
gasoline and diesel vehicle emissions (Ravindra et al., 2008), showed
greater loadings than the lighter (3- and 4-ring) PAHs, which typically
are from coal combustion (Chen et al., 2005; Xie et al., 2009). The results
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of our study are similar to those reported for Lhasa, the administrative
capital of Tibet, that the 5- and 6-ring PAHs were predominant in rela-
tive abundance (Liu et al., 2013). See the more detailed results from
Section 3.6, PMF analysis.

3.5. PAH source characterization

As shown in Table 4, Ant/(Phe + Ant) ranged from 0.16 to 0.37 over
the course of the study, and this supports the contention that most of
the PAHs were from pyrogenic sources (Yunker et al, 2002). For a
more detail analysis of sources, the diagnostic ratios of Flu/(Flu + Pyr)
versus IcdP/(IcdP + BghiP) for the four seasons are plotted in Fig. 5. As
shown in Fig. 5a, the IcdP/(IcdP + BghiP) ratios indicate that most
of PAHs in autumn were from wood, coal, and grass burning while the
Flu/(Flu + Pyr) ratio suggests that PAHs were mainly from fossil
fuel combustion and petrogenic sources. The conflicting results suggest
the possibility that some PAHs resulted from the long-range transport
of pollutants from South Asia (Section 3.7). In winter, the IcdP/
(IcdP + BghiP) indicates that most PAHs emission were from combus-
tion and petrogenic emissions (Fig. 5b), the latter probably from local
transportation sources and the long-range-transport of pollutants from
residential areas in western China (see Section 3.7). Local emissions
in the winter were probably from wood, grass, and yak dung which
are extensively burned for heat.

The heating season ends with the coming of spring (Fig. 5c); how-
ever fossil fuels used for transportation were still important, and a sim-
ilar pattern appeared in summer (Fig. 5d). Thus, the major sources of
PAHs for the entire year were related to the burning of wood, biomass,
and yak dung, as well as transportation. Moreover, as noted above, this
area of the Tibet Plateau is subject to the transport of pollutants from

C) Autumn

India and northwestern China. Therefore, the results of our study
demonstrate that the organic aerosol from the southeastern part of
the plateau is affected by sources, transport and transformation.

3.6. PMF analysis

4 factors were obtained in PMF analysis for this study. Each profile
was compared with the reported ones in the reported previous work.
3 distinct sources and 1 residential were identified. 3 sources are coal
burning, biomass burning and gasoline engine exhaust (petrogenic).
The identification of factor has to combine with their contributions
with seasonal variation. The factor profile, time-concentration trend of
factor contributions, seasonal and annual pie charts are shown in Fig. 6.

Factor 1 (Fig. 6a) mostly consists of high molecule weight PAHs,
which is similar to gasoline vehicle exhaust (Rogge et al, 1993a,b).
Fig. 6e shows that, the contribution of gasoline vehicle exhaust did
not show a clear time trend. Fig. 6f showed that, the contribution of
petrogenic sources in spring, summer, autumn and winter was 31%,
28%, 30% and 41%, respectively. The annual contribution was stable,
~32%. Factor 2 (Fig. 6b) mainly consists of 3- or 4-ring PAHs. A similar
profile was given for biomass burning (Jenkins et al., 1996). The factor
concentration of biomass burning showed a strong trend in summer
(48%) and weak trend in winter (24%). There are possibly two reasons:
in summer, the local PAHs were under influence of India monsoon and
brought biomass burning pollutant from the India (see Section 3.7). The
annual contribution of biomass burning is 37%, the largest emission
source of local PAHs. The profile of factor 3 (Fig. 6¢) is similar to that
for residential coal combustion (Zheng et al., 2005). Coal burning is a
minor source of PAHs, taking up to 12% annually. Factor 4 (Fig. 6d) can-
not be identified, compared with the reported profile of PAH emissions.

o

d) Winter

Fig. 7. Backward trajectory analysis of the sampling site area, starting at UTC 0000 in 72 h, 3000 m altitude in 4 seasons.
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Its seasonal variation showed a trend of strong in spring, autumn and
winter (~20%) and weak in spring and summer (15%), which is
strongly related to the residential heating e.g. yak dung burning for
both heating and cooking. Conclusively, the local PAHs were mainly
from these 4 factors. Their contributions are in the order of biomass
burning > gasoline > residential > coal burning.

3.7. Backward trajectory analysis

Fig. 7 shows the backward trajectory after UTC 0000 for 72 h,
with an altitude of 3000 m in each season (http://ready.arl.noaa.gov/
HYSPLIT.php). The sampling area is seasonally controlled by west
wind (winter) and northwest Indian monsoon (summer). In spring,
the air mass comes from two branches: west and southwest (Fig. 7a);
in summer, the air mass is mainly from south (Indian Monsoon)
(Fig. 7b); in autumn, the air mass is mainly from northwest and south
(Fig. 7c); and in winter, the air mass is mostly from the west, passing
by the highly populated area (Fig. 7d). Generally, the area of sampling
site is influenced by India monsoon and west wind alternatively. Partic-
ularly, in summer and autumn (local climate), Indian monsoon brings
air mass from south Asia. Biomass burning species could be delivered
to China via long distance transport. In winter, west wind from western
China populated area delivers pollutant to southeastern Tibetan Plateau.
To sum up, the contribution of long distance transport is from India and
the populated west area of China.

Zhu et al. (2004) also suggested that high Os air masses from eastern/
central China, Central/South Asia, and even in Europe contributed sig-
nificantly to high O3 in Western China in summer. Air masses from cen-
tral and eastern China dominated the airflow at northeastern Tibetan
Plateau (TP) in summer (Xue et al., 2011). The results from this study
suggest that, the air mass influencing southeastern TP is different with
northwestern TP.

4. Conclusions and suggestions for further studies

Sixty-two TSP samples were collected at the Lulang observation site
on southeastern flank of the Tibet Plateau from July 2008 to July 2009.
The study focused on the concentrations, seasonal variations, and
sources of particulate n-alkanes and PAHs. Even though the concentra-
tions of the n-alkanes and PAHs in this background area were quite
low, the organic aerosol was influenced by both biogenic and anthropo-
genic emissions. Anthropogenic sources impacted the local environ-
ment throughout the year, but the strongest effects were found during
winter when large quantities of wood, grass, and dung are burned for
residential heating. Both the n-alkanes and the PAHs showed high con-
centrations in winter because of this, and the concentrations of both
groups of compounds were lower in summer. In spring, biogenic influ-
ences were evident on the n-alkanes due to the sloughing of epicuticular
waxes from higher plants, but the impacts from biological sources were
not restricted to the growing season. Indeed, the effects of biological
sources on the organic aerosol also were evident in winter, and this
was due to the burning of the aforementioned fuels for heating coupled
with the fact that comparatively little coal is burned for this purpose.

The information acquired in this study will be useful for under-
standing how the types of fuels used for heating, transportation, etc.
affect the concentrations and types of n-alkanes and PAHs in the atmo-
sphere and the implications of the choices regarding fuel usage for the
local environment. This area of the Tibetan Plateau is also potentially
subject to emissions caused by biomass burning in India because the
large-scale circulation driven by the Indian monsoon favors transport
from that direction. Consequently, studies linking the formation of
decomposition products for the n-alkanes, such as alkanoic acid, and
PAHs (for example, oxygenated-PAHs and nitro-PAHs) with upwind
emissions will be useful for investigations into the aging of the parent
organic compounds and the effects of long-range transport in the
environment.
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