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ABSTRACT

Two months of PM2.5 samples were collected during the summer of 2010 at Qinghai Lake (3200 m a.s.l.) in the

northeastern part of the Tibetan Plateau, China and determined for organic compounds, elemental carbon,

organic carbon (OC) and inorganic ions to explore the characteristics of aerosols in the continental atmosphere

of China. Approximately 100 organic compounds in the samples were detected with an average of 61936 ng

m�3 in total, accounting for 2.691.0% of OC. n-Alkanes (19912 ng m�3), fatty alcohols (1297.6 ng m�3),

polyols and polyacids (7.593.6 ng m�3), sugars (6.594.8 ng m�3), and biogenic secondary organic aerosols

(BSOA) (6.394.4 ng m�3) are the major compounds in the samples, while phthalates (1.991.2 ng m�3),

polycyclic aromatic hydrocarbons (PAHs) (0.790.5 ng m�3) and phthalic acids (2.691.5 ng m�3) are minor

and one to three orders of magnitude lower than those in urban and rural regions over China. Our results

showed that 2-methyltetrols in the PM2.5 samples, two key tracers for isoprene photo-oxidation, positively

correlated with ambient temperature, which can be explained by enhancements in biogenic emission and

photochemical oxidation when temperature increases. However, we also found that 2-methyltetrols in the

samples negatively correlated with relative humidity (RH). Aerosol inorganic model (AIM) calculation showed

that in situ acidity of the fine particles decreased along with an increase of RH, which results in a decrease in

BSOA production due to acid-catalysed particle-phase reactions inefficient under higher RH conditions.
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1. Introduction

Atmospheric aerosols are of significant impact on climate

change and human health, which is dependent on their

chemical composition in addition to size distribution.

Atmospheric particles enriched with organic compounds

can make the aerosol surface more hydrophilic or hydro-

phobic depending on the composition and mixing state

and thus alter their cloud condensation nuclei activities

(Fu et al., 2008; Hallquist et al., 2009). Tibetan Plateau is

one of the regions in the world that are most sensitive to

global climate change (Lau andKim, 2006; Lau et al., 2010).

Located in the northeastern part of the Tibetan Plateau,

Qinghai Lake (36832?�37815?N, 99836?�100847?E, 3200 m

a.s.l.) (Fig. 1) is one of the largest saline lakes in East Asia.

Atmospheric environment at Qinghai Lake is unique

because of strong solar radiation and insignificant human

activity, and thus chemical and physical properties of

aerosols differ from those in low elevation regions.

Numerous studies on Chinese atmospheric aerosols have

been reported for urban (Cao et al., 2005; Feng et al., 2006;

Wang et al., 2006a), suburban, rural and mountain areas
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(Fu et al., 2008; Li et al., 2011). However, very limited

information has been documented for atmospheric aerosols

from the Tibetan Plateau (Ma et al., 2003; Qu et al., 2009),

especially for organic aerosols. In the summer of 2010, an

intensive observation of aerosol chemistry was conducted

in the Tibetan Plateau. Here, we will first explore the

molecular compositions and sources of organic aerosols in

PM2.5 of Qinghai Lake region and then compare the results

with those in other regions including mountain, urban and

rural areas to investigate the characteristics of aerosols

at this continental background site.

2. Experimental section

2.1. Aerosols sampling

The PM2.5 sampling was conducted at Bird Island (36859?N,

99854?E), which is located at the northwestern rim of

Qinghai Lake (Fig. 1). Sample collection was performed

on the top of a 20-m high tower from 3 July to 26 August

2010 using a high-volume air sampler (Anderson, USA)

operated at an airflow rate of 28 L min�1. A total of

56 PM2.5 samples were collected each lasting for 24 hr.

All samples were collected onto pre-baked (4508C for 8 hr)

quartz microfiber filters (Whatman 42, USA). After sam-

pling, the filter was sealed in an aluminium bag and stored

at �188C prior to analysis. Field blank samples were

also collected before and after sampling by mounting a

filter onto the sampler for about 10 min without sucking

any air.

2.2. Carbonaceous components and inorganic ion

determination

OC (organic carbon) and EC (elemental carbon) were

analysed using DRI Model 2001 Carbon Analyzer follow-

ing the Interagency Monitoring of Protected Visual Envi-

ronments (IMPROVE) thermal/optical reflectance (TOR)

protocol. Briefly, a 0.526 cm2 sample filter was placed in a

quartz boat inside the analyzer and stepwise heated to

temperatures of 1408C (OC1), 2808C (OC2), 4808C (OC3)

and 5808C (OC4) in a non-oxidising helium (He) atmos-

phere, and 5808C (EC1), 7408C (EC2) and 8408C (EC3) in

an oxidising atmosphere of 2% oxygen in helium. Pyrolised

carbon (PC) is determined by reflectance and transmittance

of 633-nm light. In addition, EC is subdivided into two

classes: char EC (EC1-PC) and soot EC (EC2�EC3).

The analyzer was calibrated with known quantities of CH4

every day. One sample was randomly selected from every

10 samples and re-analysed. Differences determined from

the replicate analyses were B5% for TC and B10% for OC

and EC.

Another aliquot of the sample/blank filters was extracted

with 30 mL pure water and filtered through a polytetra-

fluoroethylene filter to remove the particles and filter

debris. The water extract was then separated into two

parts. One part was used to determine inorganic ions using

ion chromatography (Dionex 600, Dionex, USA). The

limits of detection were less than 0.05 mg L�1 for anions

and cations, respectively. Another part of the water extract

was analysed for water-soluble organic carbon (WSOC) and
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water-soluble inorganic carbon (WSIC) using a TOC

analyzer (TOC-L CPH, Shimadzu, Japan). All carbonac-

eous components and inorganic ions data reported here

were corrected by the field blanks.

2.3. Organic compound determination

Detailed methods for extraction, derivatisation and gas

chromatography/mass spectrometry (GC/MS) analysis

were described elsewhere (Wang et al., 2006a; Li et al.,

2012). Briefly, a 50.2 cm2 punch of the sample/blank

filter was cut in pieces and extracted with a mixture of

dichloromethane and methanol (2:1, v/v) under ultrasoni-

cation. The extracts were concentrated using a rotary

evaporator under a vacuum condition and then blown

down to dryness using pure nitrogen. After reaction with

N,O-bis-(trimethylsilyl) trifluoroacetamide (BSTFA) at

708C for 3 hr, the derivatives were determined using a

GC/MS technique below.

GC/MS analysis of the derivatised fraction was per-

formed using an Agilent 7890A GC coupled with an Agilent

5975C MSD. The GC separation was carried out on a

DB-5MS fused-silica capillary column with the GC oven

temperature programmed from 508C (2 min) to 1208C at

158C min�1 and then to 3008C at 58C min�1 with a final

isothermal holds at 3008C for 16 min. The sample was

injected in a splitless mode at an injector temperature of

2808C, and scanned from 50 to 650 Da using electron

impact (EI) mode at 70 eV.

GC/MS response factors of all the target compounds

were determined using authentic standards except several

biogenic secondary organic aerosols (BSOA) tracers. Re-

sponse factors of these BSOA, that is, 2-methylglyceric

acid (MGA), 2-methylthreitol (MT), 2-methylerythritol

(ME), 3-hydroxyglutaric acid (HGA), and 3-methyl-1,2,3-

butanetricarboxylic acid (MBTCA) were substituted by

those of glyceric acid, erythritol, tartaric and suberic

acids, respectively, due to the commercial unavailability.

C5-alkene triols and b-caryophylliniic acid were calculated

using the response factor of pinic acid. No significant

contamination (B5% of those in the samples) was found in

the blanks. Method detection limits (MDLs) for major

compounds, that is, nonacosane (C29 alkane), hexadeca-

noic (C16:0), hexacosanol (C26 alcohol), levoglucosan

(Levo), benzo(b)fluoranthene (BbF), tere-phthalic acid

(t-Ph), bis(2-ethylhexyl) phthalate (BEHP) and 2-ME

were 0.16, 0.70, 0.27, 0.11, 0.016, 0.016, 0.26 and 0.17 ng

m�3, respectively. Recoveries of all the target compounds

ranged from 80 to 120%. Data presented were corrected

for the field blanks but not for the recoveries.

3. Results and discussion

3.1. EC, OC, WSOC, WSIC and inorganic ions

The results of carbonaceous components and inorganic

ions are presented in Table 1. Concentrations of PM2.5 at

Qinghai Lake during summer 2010 ranged from 3.8 to

62 mg m�3 with an average of 22913 mg m�3, being one to

six times lower than those in the Chinese urban areas (Cao

et al., 2007). OC and EC in the samples are 1.690.6 and

0.490.2 mg m�3, respectively. OC/EC ratio (6.093.9) is

higher than those in mountain (3.191.1, Mt. Hua, inland

China) (Li et al., 2013) and urban areas (2.1 �5.9) (Cao

et al., 2007), indicating that the relative contribution of

natural sources to the carbonaceous components is higher

in the Plateau region. WSOC (0.15 �1.41 mg m�3, ave.

Table 1. Summary of major components in PM2.5 at Qinghai

Lake during summer (N�56), 2010

Component Min Max Mean SD

T (K)a 282.2 293.5 287.5 2.81

RH (%)a 48.3 87.6 64.4 8.06

PM2.5 (mg m�3) 3.8 61.7 21.5 13.3

Carbonaceous components

OC (mg m�3) 0.66 2.59 1.58 0.59

EC (mg m�3) 0.03 0.89 0.37 0.24

Char-EC (mg m�3) ndd 0.66 0.16 0.15

Soot-EC (mg m�3) 0.05 0.51 0.22 0.11

WSOC (mg m�3) 0.15 1.41 0.66 0.33

WSIC (mg m�3) 0.02 0.18 0.06 0.03

OC/EC 1.85 21.8 5.95 3.90

WSOC/OC 0.15 0.66 0.41 0.13

Water-soluble inorganic ions

SO2�
4 (mg m�3) 0.65 13.35 3.88 2.76

NO�3 (mg m�3) 0.07 2.34 0.78 0.48

NHþ4 (mg m�3) 0.05 1.56 0.61 0.39

Ca2� (mg m�3) 0.02 1.34 0.34 0.29

Mg2� (mg m�3) 0.01 0.22 0.06 0.05

K� (mg m�3) 0.01 0.29 0.10 0.08

Cl� (mg m�3) 0.01 0.41 0.09 0.08

RN/S
b 0.36 1.38 0.86 0.20

pHIS
c �1.72 �0.18 �1.20 �0.32

LWCc (mmol m�3) 0.07 0.82 0.32 0.19

aT and RH: due to the instrument trouble, temperature (T) and

relative humidity (RH) here only presented daily-averaged value

from 2010-7-15�2009-8-27 (N�43).
bRN/S: Ratio of [NHþ4 ]/[SO

2�
4 ] (mol m�3/mol m�3).

cpHIS: AIM-derived in situ pH of the aqueous phase on aerosols.

AIM, aerosol inorganic model; EC, elemental carbon; LWC,

liquid water content in the aqueous phase of PM2.5; OC, organic

carbon; WSIC, water-soluble inorganic carbon; WSOC, water-

soluble organic carbon.
dnd: not detected.
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0.6690.33 mg m�3) accounts for 41913% of OC, lower

than those in Mt. Tai (65% in early June and 55% in late

June, TSP) (Fu et al., 2012) but higher than those

(30915%, PM10) (unreported data) in Shanghai, China.

As shown in Fig. 2a, WSOC linearly correlated (R�0.76)

with OC by a slope of 0.42, suggesting that WSOC is an

important fraction of OC.

SO2�
4 (3.992.8 mgm�3, Table 1), NO�3 (0.890.5 mgm�3),

NHþ4 (0.690.4 mg m�3) and Ca2� (0.3490.29 mg m�3) are

the four major inorganic ions in the Qinghai Lake samples.

Total inorganic ions in PM2.5 account for 28912% of the

particle mass, similar to those in most Chinese urban areas

(Wang et al., 2006b; Shen et al., 2008). Concentrations

of SO2�
4 , NO�3 and NHþ4 at Qinghai Lake are compar-

able to those in mountain areas in China such as Mt.

Gongga, Mt. Dinghu and Mt. Changbai (Xu et al.,

2009) but much higher than those (0.19, 0.01 and 0.24 mg
m�3 for SO2�

4 , NO�3 and NHþ4 ) determined in 1995 at

Waliguan (Yang et al., 1996), a Global Atmosphere Watch

baseline station located 12 km southeastern to Qinghai

Lake. Since SO2�
4 can promote secondary organic aerosol

(SOA) production (Iinuma et al., 2004; Froyd et al.,

2010; Szmigielski et al., 2010) via a similar formation

pathway such as in-cloud process (Agarwal et al., 2010),

SO2�
4 and WSOC correlated each other well (R�0.74,

Fig. 2b).

Chamber studies found that acid-catalysed heteroge-

neous reaction can promote SOA formation (Offenberg

et al., 2009; Surratt et al., 2010), in which particle acidity

takes on an important role. In situ acidity of atmospheric

particles is dependent on the meteorology parameters

such as relative humidity (RH) and temperature, which

is not measured directly but indirectly calculated as in

situ pH (pHIS) based on the aerosol inorganic model

(AIM) (http://www.aim.env.uea.ac.uk/aim/aim.php). Briefly,

pHIS is defined as pH of the aqueous phase on aerosols

(Xue et al., 2011) and often calculated using the following

equation:

pHIS ¼ �logaHþ ¼ �logðcHþ � nHþ � 1000=VaÞ (1)

where aH� is the activity of H� in mol L�1 in the aqueous

phase, gH� is the activity coefficient of H�, nH� is free H�

in a unit of mol m�3 of air, and Va is the volume

concentration of the aqueous phase of aerosol in a unit

of cm3 m�3. In this study, gH�, nH� and Va are derived

using AIM-II, which considers an SO2�
4 �NO3�NHþ4 �H�

system and allows variable temperature and RH. As shown

in Table 1, pHIS are �1.2090.32 (�1.72 to �0.18) in

PM2.5 at Qinghai Lake, indicating a stronger acidity of

aerosol in the elevated region than that in lowland regions

such as Hong Kong (�0.0890.81 during the summer of

2009) (Xue et al., 2011). It is worth noting that in situ

acidity of the Qinghai Lake aerosols may be somewhat

overestimated due to the relatively high level of mineral

ions (e.g. Ca2� and Mg2� ), which were not included by

the model. In addition, the liquid water content (LWC) of

particles can also be calculated using the AIM-II model,

and their concentrations are 0.07�0.82 mmol m�3 in the

PM2.5 samples at Qinghai Lake.

3.2. Organic aerosols

Approximately 100 organic species were detected in the

PM2.5 samples and their concentrations are summarised in

Table 2 as nine compound classes based on functional

groups and their sources. The concentration of individual

compounds can be found in Table S1. The total measured

organics are 61936 ng m�3 (7.3�130 ng m�3), accounting

for 2.691.0% of OC. The most abundant compounds are

fatty acids, followed by fatty alcohols, polyols and poly-

acids, n-alkanes and sugars (see Table 2).
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3.2.1. Primary organic aerosols

3.2.1.1. n-Alkanes, fatty acids and fatty alcohols: Total

n-alkanes (C18�C35) in PM2.5 are 6.594.0 ng m�3 at

Qinghai Lake, maximising at C29/C31 (Table S1 and

Fig. 3a). n-Alkanes derived from terrestrial plants are

dominated by high-molecular-weight species (HMW,

carbon number �25) with an odd number preference. In

contrast, fossil-fuel-derived n-alkanes do not have odd/

even number preference (Rogge et al., 1993; Simoneit et al.,

2004c). In general, n-alkanes with a carbon preference

index (CPI, odd/even) greater than 5 are considered as

plant wax sources, while those with a CPI nearly unity are

mostly derived from fossil fuel combustion (Simoneit

et al., 2004c; Wang et al., 2009). Thus, high CPI values

(4.190.97) in this study suggest that fine particulate

n-alkanes in the atmosphere of Qinghai Lake are largely

derived from plant emissions. Plant-wax-derived n-alkanes

are 4.192.8 ng m�3 in the samples, accounting for over

63% of the total.

Fatty acids in the range of C12:0�C32:0 were detected for

the PM2.5 samples with a major peak at C30:0/C28:0 and a

minor peak C16:0/C18:0 (Table S1 and Fig. 3b). Such a

molecular distribution is different from that in urban

areas, where in general fatty acids C16:0/C18:0 are the

most abundant species. HMW fatty acids (C20:0�C32:0)

are largely originated from terrestrial higher plants, while

low-molecular-weight (LMW) fatty acids (C12:0�C19:0) are

mostly derived from microbe and marine phytoplankton

(Simoneit et al., 2004c; Wang et al., 2007; Fu et al., 2012).

In addition, fatty acids C16:0/C18:0 in urban aerosols

are mostly derived from cooking activity (Wang and

Kawamura, 2005). Thus, the more abundant of HMW

fatty acids (HMW/LMW �2.5) observed in the samples

are reasonable since Qinghai Lake is a remote continental

site.

A homologue of fatty alcohols (C22�C32) was deter-

mined in the PM2.5 samples. These components are

dominated by C26, C28 and C30 with a strong even-to-odd

carbon number predominance (CPI �1092.3) (Table S1

and Fig. 3c). HMW fatty alcohols (]C20) are abundantly

present in higher plants and loess deposits (Wang and

Kawamura, 2005), while LMW ones (5C20) mostly origi-

nate from soil microbes and marine biota. Concentrations

of total fatty alcohols are 1297.6 ng m�3, which is one

order of magnitude lower than those in urban areas in

inland China (Wang et al., 2006a).

Temporal variations in concentrations of all the aliphatic

lipids and CPI of n-alkanes are shown in Fig. 4. The sharp

decline of the aliphatic compounds during rainy periods

may suggest a significant scavenging effect of wet deposi-

tion. Plant n-alkanes, HMW fatty acids and alcohols

showed the same trend, further indicating that the three

classes of organic compounds mostly originate from higher

plant wax (Fig. 4a�c). CPI values of n-alkanes presented an

increasing trend in non-rainy days due to enhanced plant

emissions.

3.2.1.2. Sugars and sugar alcohols: A total of 10 sugar

and sugar alcohols were detected in the samples including

dehydrated sugars (galactosan, mannosan and levogluco-

san), primary sugars (fructose, glucose, sucrose and treha-

lose) and sugar alcohols (arabitol, mannitol and inositol).

Their concentrations ranged from 0.49 to 19 ng m�3 with

an average of 6.594.8 ng m�3. Levoglucosan, galactosan

and mannosan are the tracers for smokes from biomass

burning (Simoneit et al., 2004a; Engling et al., 2009). Their

concentrations are two orders of magnitude lower than

those in Chinese urban areas (Wang et al., 2006a; Xie et al.,

2010). Potassium ion (K�) is another tracer for biomass

burning emission (Andreae et al., 1990; Li et al., 2011).

However, K� is also abundant in dust (Li et al., 2008; Shen

et al., 2009; Wang et al., 2011a). As shown in Fig. 5a and b,

K� exhibited a strong correlation with Ca2� rather than

Table 2. Concentrations of nine organic compositions in the

summertime aerosols (PM2.5) at Qinghai Lake (ng m�3)

Composition Min Max Mean SD

n-Alkanes

Plant waxa 0.39 10.41 4.09 2.80

Fossil fuela 0.36 4.91 2.37 1.30

Subtotal 0.74 14.90 6.47 4.02

Fatty acids 2.21 43.39 19.44 12.31

Fatty alcohols 1.32 27.72 12.22 7.55

Sugars

Dehydrated sugars 0.18 4.32 1.72 1.13

Primary sugars 0.20 13.07 3.21 3.26

Sugar alcohols 0.10 3.96 1.54 1.13

Subtotal 0.49 19.38 6.47 4.80

PAHs 0.080 1.91 0.69 0.52

Phthalic acids 0.22 7.04 2.64 1.53

Phthalates 0.28 5.47 1.93 1.19

Polyols and polyacids 0.88 18.76 7.47 3.57

BSOA tracers

Isoprene SOA tracers 0.13 7.15 2.50 1.91

a-/b-Pinene SOA tracers 0.30 10.42 2.95 2.07

b-Caryophyllene SOA tracer 0.05 2.41 0.87 0.68

Subtotal 0.54 18.44 6.33 4.36

Total measured organics 7.3 130 62 36

Total organics � C/OC (%) 0.42 5.26 2.61 1.04

aPlant wax n-alkanes: calculated as the excess odd homologues-

adjacent even homologues average and the difference from the

total n-alkanes is the fossil-fuel-derived amount (Simoneit et al.,

1991, 2004c).

BSOA, biogenic secondary organic aerosols; OC, organic carbon;

SOA, secondary organic aerosol.
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levoglucosan, suggesting that potassium in the fine particles

at Qinghai Lake is predominantly derived from dust.

Primary saccharides such as glucose and sucrose are

biomarkers for primary biota emissions (Wang et al.,

2011b; Li et al., 2012). In addition, sugar alcohols (mainly

arabitol and mannitol) are abundant in airborne fungal

spores (Fu et al., 2012). Temporal variations in relative

abundances of biofuel combustion, plant photosynthesis

and fungal spores derived sugars/sugar alcohols are shown

in Fig. 6. A clear decreasing trend can be found for plant

photosynthesis derived sugars in late August, which is

coincident with the life cycles of vegetation in the Qinghai

Lake region, because vegetation in Northeast Tibet Plateau

begins to wither with decreasing temperature (also shown

in Fig. 6). All of these sugars and sugar alcohols are emitted

directly from the sources, and are completely soluble in

water (Simoneit et al., 2004a). The linear relation with

WSOC (R�0.69, Fig. S1a) suggests that sugars and sugar

alcohols are the important components of WSOC in this

region, which is different from those in urban areas, where

WSOC in fine particles is largely derived from photoche-

mical oxidation of gaseous organics (Feng et al., 2006).

3.2.1.3. PAHs and phthalic acids: Sixteen PAHs were

determined in the PM2.5 samples with benzo(b)fluoranthene

(BbF) being the most abundant, followed by benzo(e)

pyrene (BeP) and chrysene/triphenylene (CT). PAHs con-

centrations in this study ranged from 0.08 to 1.9 ng m�3

with an average of 0.790.5 ng m�3, which is one order of

magnitude lower than those in the free troposphere over

east China such as the summit of Mt. Tai (1534 m a.s.l.)

(Wang et al., 2009; Fu et al., 2012) and one to three orders

of magnitude lower than those in Chinese urban areas

(Wang et al., 2006a). 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

burning. The ratios of IP/BghiP and BghiP/BeP in the

Qinghai Lake samples are 1.290.14 and 0.4890.16,

respectively, indicating that PAHs in the plateau region

are mostly originating from coal burning.

Phthalic acid is derived from the photochemical oxida-

tion of PAHs such as naphthalene (Kawamura and

Ikushima, 1993; Kawamura and Yasui, 2005). tere-Phthalic
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(t-Ph) acid is a tracer for plastic waste burning since it is an

important industrial material used for making plastics such

as polyester fibre and PET (polyethyleneterephthalate)

hermoplastics (Kawamura and Pavuluri, 2010). In this

study, however, t-Ph seems to be a photooxidation product

from low-molecular PAHs as it presents a significant

correlation with PAHs (R�0.85, Fig. S1b), but we could

not give a clear explanation on the current stage. Similar to

PAHs, concentrations of phthalic acids in the PM2.5

samples are 2.691.5 ng m�3 and around two orders of

magnitude lower than in Chinese urban areas (Wang et al.,

2006a; Wang et al., 2010). PAHs and phthalic acids are

largely produced from human activities, thus such lower

levels of PAHs and phthalic acids in the samples suggest

that aerosols in the Qinghai Lake atmosphere are indicative

of the pristine characters of the continental atmosphere.

Han et al. (2009, 2010) subdivided EC into two classes:

char-EC and soot-EC. Char is defined as carbonaceous

materials that formed directly from pyrolysis or as an

impure form of graphitic carbon obtained from partial

burning or heating, while soot is defined as carbon particles

that only forms at high temperature via gas-phase pro-

cesses. Soot-EC exhibits stronger light-absorbing charac-

teristics and transporting stability than char-EC (Han

et al., 2009). Interestingly, PAHs in the Qinghai Lake

aerosols showed a non-linear relationship (R�0.76) with

soot-EC. This is because PAH is initially formed in the

flame region during a combustion process and subse-

quently condensed onto soot-EC particles as temperature

reduces.

3.2.1.4. Phthalates: Phthalates are widely used as plasti-

cisers in synthetic polymers or softeners in polyvinylchlor-

ides (PVC) (Simoneit et al., 2004b) and can be directly

emitted from the matrix into the air as they are not

chemically bonded with the matrix. Three phthalate esters,

that is, diisobutyl (DiBP), di-n-butyl (DnBP) and BEHP,

were detected in the Plateau aerosols. Concentrations of

phthalates in the PM2.5 samples ranged from 0.3 to 5.5 ng

m�3 with a mean value of 1.991.2 ng m�3, being two

orders of magnitude lower than those in Chinese urban

areas (Wang et al., 2006a).
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3.2.2. Secondary organic aerosols

3.2.2.1. Polyols and polyacids: Polyols and polyacids

were detected as a second most abundant organic com-

pound class in the samples with a total concentration of

7.593.6 ng m�3. Succinic acid (2.591.3 ng m�3) is the

most abundant compound in this group, followed by

glycerol (1.390.9 ng m�3) and malic acid (1.390.8 ng

m�3) (Table S1). Malic and glyceric acids are secondarily

produced (Simoneit et al., 2004c; Kawamura et al., 2005),

thus both linearly correlated each other (R�0.87, Fig. S2a).

Moreover, both malic and glyceric acids well correlated

with the determined BSOA tracers (R�0.83 and 0.79,

Fig. S2b) (detail data described in the section below),

probably suggesting that they are mostly derived from

photochemical oxidation of biogenic VOCs in the plateau

region.
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3.2.2.2. Biogenic secondary organic aerosol: On a global

scale, biogenic volatile organic compounds (BVOCs, 1150

Tg yr�1) are one order of magnitude more abundant than

anthropogenic VOCs (Guenther et al., 2006). Isoprene is the

most abundant BVOC in the global atmospheric environ-

ment, followed by monoterpene (such as a-/b-pinene) and
sesquiterpene. Six compounds were determined as oxidation

products of isoprene in the PM2.5 samples, which are

2-MGA, three C5-alkene triols (the sum of cis-2-methyl-1,

3,4-trihydoxy-1-butane, 3-methyl-2,3,4-trihydoxy-1-butane

and trans-2-methyl-1,3,4-trihydoxy-1-butane) and two 2-

methyltetrols (the sum of 2-MT and 2-ME) (Table S1). 2-

ME (0.990.8 ng m�3) is the most abundant compound in

this group, followed by 2-MGA (0.590.3 ng m�3) and 2-

MT (0.490.3 ng m�3), being consistent with those reported

in Mt. Tai, East China (Fu et al., 2010, 2012). Mean ratio of

2-methyltetrols-C/OC in the PM2.5 samples at Qinghai Lake

is 0.0390.02%, which is similar to the level observed at an

Arctic site (Alert, Canada 0.019%) (Fu et al., 2009) and one

order of magnitude lower than those observed in mountain

areas in central and east China (0.11�0.45%) (Wang et al.,

2008; Li et al., 2013).

a-/b-Pinene oxidation products include norpinic acid,

pinonic acid, pinic acid, 3-HGA and 3-methyl-1,2,3-

MBTCA and so on. However, only HGA and MBTCA

were detected in the Qinghai Lake aerosols. Chamber

studies indicated that highly oxidised, acyclic and polar

a-/b-pinene products such as MBTCA are likely derived

from further oxidations of cis-pinonic acid or cis-pinic acid

involving participation of OH radical (Jaoui et al., 2005;

Szmigielski et al., 2007). Therefore, the fact that pinonic

and pinic acids were not detected in the samples can be

explained by the low level of a-/b-pinene in the region

due to the lack of vegetation and increased oxidation of

MBTCA precursors during transport. Concentrations

of a-/b-pinene oxidation tracers are 3.092.7 ng m�3

in the PM2.5 samples. b-Caryophyllinic acid, one of b-
caryophyllene (a sesquiterpene) oxidation products, was

also determined in this study, and its concentration ranged

from 0.05 to 2.4 ng m�3 (0.990.7 ng m�3).

Contributions of BVOCs to secondary organic carbon

(SOC) in the atmosphere of Qinghai Lake were estimated

using a tracer-based method reported by Kleindienst et al.

(2007). Temporal variations of estimated biogenic SOC

and meteorological parameters (temperature and relative

humidity, T and RH) are shown in Fig. 7. Concentrations

of estimated isoprene, a-/b-pinene and b-caryophyllene
derived SOC are 0.7�26 ng m�3 (ave. 1197.1 ng m�3),

1.3�45 ng m�3 (ave. 1398.9 ng m�3) and 2.0�104 ng m�3

(ave. 38930 ng m�3), accounting for 0.05�1.7%, 0.1�2.5%
and 0.3�5.8% of OC, respectively.
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Meteorological conditions are important factors affecting

BSOA formation. In this study, we used 2-methyltetrols,

two major tracers from isoprene photo-oxidation, to

investigate the relationship between BSOA and meteorolo-

gical factors. As shown in Fig. 8a, ambient temperature

showed a positive linear relationship with 2-methyltetrols

(R�0.66 and 0.69), probably due to enhancements in

precursor emissions and/or photochemical reactions under

a higher temperature condition. The slopes of MT and ME

with temperature in this study are 0.063 and 0.14, respec-

tively (Fig. 8a), one order of magnitude lower than those in

mountain areas, central China (1.0 and 1.2 for MT andME,

respectively) (Li et al., 2013) and rural areas, southeastern

China (1.9 and 3.3 for MT and ME, respectively) (Ding

et al., 2011), indicating a relatively insignificant biogenic

emission in Tibet Plateau in comparison with that in other

regions. In our previous study on Mt. Hua aerosols (Li

et al., 2013), we observed a significant negative relation

between RH and BSOA concentration. In the current study,

a negative relation (R�0.53 and 0.57, Fig. 8b) between

2-methyltetrols and RHwas also found. Pathak et al. (2004)

and Xue et al. (2011) reported that particle in situ pH (pHIS)

strongly depends on RH and ratio of ½NH
þ
4 �=½SO

2�
4 � (RN/S).

In this study, pHIS is also regressed as a function of RH and

RN/S using the regression equation reported by Pathak et al.

(2004) and Xue et al. (2011):

pHIS ¼ 3:56RHþ 0:36RN=S � 3:80 (2)

The calculated pHIS using eq. (2) are very close to AIM-

derived pHIS (R�0.99, slope �0.98, intercept �0.03, Fig.

S3), again confirming that high RH of the ambient air can

reduce particle in situ acidity. Several chamber studies

pointed out that acid catalysis takes on an important role in

BSOA formation process (Surratt et al., 2010; Lin et al.,

2012). Thus, such a negative correlation between RH and

2-methyltetrols suggests that high RH is unfavourable for

BSOA formation.

3.3. Influence of anthropogenic activities and dust

input: a back-trajectory analysis

During the sampling period, air masses at Qinghai Lake

were mostly transported westerly from eastern parts of

Gansu/Qinghai Provinces, where anthropogenic activities

are relatively significant (Fig. 9). However, a few samples

(9 out of 56 samples) were collected when the air masses

were transported westerly from eastern Sinkiang Autono-

mous Region and western Qinghai/Gansu Province, where

most regions are deserts. Thus, the total samples can be

classified as two categories: (1) easterly, a group influenced

by anthropogenic activity; and (2) westerly, a group

influenced by dust. As shown in Fig. 10a, concentrations

of OC, EC, WSOC, SO2�
4 and NHþ4 in the air mass trans-

ported from the eastern region are 1.2�2.0 times more

abundant than those from the west, consisting of the more

significant human activity in eastern Gansu/Qinghai pro-

vinces. However, concentrations of WSIC, Ca2� , Mg2�

and Cl� in the west air mass are 1.2�1.3 times higher than

those in the east, which is caused by an input of dust from

eastern Sinkiang Autonomous Region and western Qinghai/

Gansu province. Compared to those from the west, air

masses transported from the eastern region are also

influenced by more biomass burning emission, which is

probably the reason for higher concentrations of K� in the

east air masses. All of the detected organics showed lower

concentrations in the desert-influenced samples.

3.4. Comparison of the Qinghai Lake aerosol

compositions with those in urban, rural and mountain

atmospheres

Characteristics of atmospheric aerosols at Qinghai Lake

are significantly different from those in other regions in

China because of lower temperature, higher wind speed

and stronger solar radiation. In general, concentrations of
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chemical compositions in PM2.5 are lowest in summer

compared to other seasons (unreported data). In order to

investigate the unique character of atmospheric aerosols in

the plateau region, a comparison of chemical composi-

tions of aerosols in plateau, mountain and urban regions

over China during summer was made and is shown in

Table 3.

As shown in Table 3, mass ratios of SO2�
4 /NO�3 are 9.3 at

Qinghai Lake and 19 at Waliguan, much higher than those

at urban sites (1.6�3.1, Table 3). Recent studies have found

that surface soil in Taklimakan and Gobi desert regions

contains a significant amount of sulfate and a negligible

amount of nitrate (Wang et al., 2011a; Wu et al., 2012;

Wang et al., 2013). Thus, the high ratios again suggest
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that atmospheric aerosols in Qinghai Lake and Waliguan

are significantly influenced by dusts emitted from these

regions due to their proximity. In addition, high ratios of

SO2�
4 =NO

�
3 at both remote continental sites are possibly

related to atmospheric processes. During long-range trans-

port, sulfate can be continuously formed via SO2 oxidation

and displaces pre-existing nitrate since H2SO4 is a strong

and stable acid, which can result in the ratio high in aged

aerosols such as those at the two sites.

CPI (odd/even) of n-alkanes has been employed to

recognise 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). CPI

values showed that n-alkanes in aerosols of Qinghai Lake

(CPI�4.1) and Mt. Hua (CPI�3.4) are dominated by

plant wax sources, while fossil fuel combustion is the major

source of n-alkanes in urban areas (CPI �1.1�1.5). In

addition to biologic emission, human cooking activity is

another important source of fatty acids C16:0, C18:0 and

C18:1 (Schauer et al., 1996), thus we used a diagnostic ratio

of CFAs (sum of C16:0, C18:0 and C18:1)/TFAs (total fatty

acids) to discuss the relative contribution of cooking

activity. The ratio at Qinghai Lake (18%) is much lower

than those in urban areas (46�72%), again indicating an

insignificant contribution of cooking activities in the

plateau region.

Two diagnostic ratios of C18:1 /C18:0 and BaP/BeP are

used here to compare the level of aerosol ageing, because

compared to the congeners, C18:1 and BaP are liable to

photochemical degradation (Wang et al., 2012). The low

values demonstrate that aerosols are more aged at Qinghai

Lake (C18:1/C18:0�0.12 and BaP/BeP �0.22). It is plau-

sible that aerosols at Qinghai Lake are more oxidised than

those in most mountain and urban area due to stronger

solar radiation. However, the low values in Guangzhou

and Shanghai may be the result of their higher temperature

and RH, which are favourable for photochemical oxida-

tion of aerosols. SOC derived by isoprene oxidation is an

important fraction of OC in mountain areas (SOCiso/

OC �2.7�6.7%, Table 3) because of more vegetation.

However, vegetation around Qinghai Lake is relatively

rare, thus estimated SOC from isoprene only contributes to

0.70% of OC. The low contribution of BSOC to OC in

Shanghai is largely caused by high anthropogenic OC input

from vehicle exhaust and coal burning.

To further recognise the Qinghai Lake aerosol charac-

teristics, mass balances of PM2.5 in different areas were

reconstructed and are shown in Fig. 11. Organic matter

(OM), EC and secondary ions (SO2�
4 , NO�3 and NHþ4 )

contribute only to 38% of PM2.5 mass at Qinghai Lake with

the remaining being Ca,Mg and other metal elements, again

suggesting the importance of mineral dust in Northeast

Table 3. Comparison of summertime aerosol compositions with those in plateau, urban and mountain atmospheres

Sampling site and period

SO2�
4 /

NO�3

CPIa CFAs/

TFAsb
C18:1/

C18:0

BaP/

BeP

SOCiso /

OCc References

Plateau site

Qinghai Lake (PM2.5), 2010 9.3 4.1 18% 0.12 0.22 0.70% This study

Waliguan (TSP), 1995 19 nad na na na na (Yang et al., 1996)

Mountain sites

Mt. Hua (PM10), 2009 14 3.4 na na 0.45 2.7% (Li et al., 2013) and unreported

data

Mt. Tai (TSP), 2006 1.5 1.8 30% 0.16 0.8 5.0% (Xu et al., 2009; Fu et al., 2010)

Mt. Changbai (PM10/PM2.5), 2006 4.5 na na na na 6.7% (Wang et al., 2008; Xu et al., 2009)

Mt. Dinghu (PM10/PM2.5), 2006 4.5 na na na na 3.2% (Wang et al., 2008; Xu et al., 2009)

Urban sites

Xi’an (PM2.5), 2006/2003 3.0 1.2 60% 0.36 0.49 na (Wang et al., 2006a; Shen et al.,

2008)

Beijing (PM2.5), 2005/2003 1.6 1.2 46% 0.74 0.38 na (Wang et al., 2006a; He et al., 2012)

Shanghai (PM10 /PM2.5), 2006/

2003

1.8 1.1 56% 0.19 0.22 0.41% (Wang et al., 2006a) and

unreported data

Guangzhou (PM2.5), 2006/2003 3.1 1.5 72% 0.11 0.17 na (Wang et al., 2006a; Huang et al.,

2011)

aCPI: carbon preference index for n-alkanes: (C19�C21�C23�C25�C27�C29�C31�C33�C35)/(C18�C20�C22�C24�C26�C28�
C30�C32�C34).
bCFAs/TFAs: contribution of cooking derived fatty acids (CFAs, sum of C16:0, C18:0 and C18:1) to total fatty acids (TFAs).
cSOCiso/OC: contribution of estimated SOC derived from isoprene oxidation to OC.
dna: not available.
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Tibetan Plateau. Aerosols in the atmosphere of tropical

rainforest (Amazonia, Brazil) showed a typical vegetation

emission-dominated characteristic as OM accounts for

70% of PM2.5 mass. In addition, the mass balance of

PM2.5 in Beijing and Shanghai indicated that Chinese

megacities are significantly influenced by anthropogenic

activity, resulting in high levels of PM2.5, EC, SO
2�
4 , NO�3

and NHþ4 concentrations.

4. Conclusion

Molecular distribution of n-alkanes, fatty acids and fatty

alcohols demonstrated that plant wax emission is an

important source of these compounds in the Qinghai

Lake region. K� exhibited a strong correlation with

Ca2� rather than levoglucosan, indicating that dust from

the desert regions is an important source of fine particles in

the atmosphere over Qinghai Lake. BSOAs are very low

due to the poor vegetation cover in the region. Our

observation showed that higher temperature is favourable

for BSOA formation. However, higher RH showed a

suppression effect on BSOA formation, because higher

humidity can reduce particle acidity and thus reduce the

acid-catalysed formation of BSOA. OC, EC, WSOC, SO2�
4 ,

NHþ4 and the detected organics are more abundant in the

air mass transported from the eastern region, while WSIC,

Ca2� , Mg2� and Cl� are higher in the west air mass,

suggesting higher anthropogenic emission from easterly

and more significant dust input from westerly. Aerosols in

the Qinghai Lake atmosphere are more oxidised due to

long-range transport and stronger solar radiation. Com-

pared to those in mountain, rural and urban areas in

central and east China, concentrations of anthropogenic

organic aerosols in Qinghai Lake region are one to three

orders of magnitude lower, and thus their molecular

compositions are indicative of the pristine nature of the

continental aerosols in the region.
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(c) Beijing (Duan et al., 2006), and (d) Shanghai (Ye et al., 2003).

PM2.5 IN THE TIBETAN PLATEAU 13



(2007BAC30B00, 2012BAH31B00). The authors also

thank the AIM Model group for using the AIM model.

References

Agarwal, S., Aggarwal, S. G., Okuzawa, K. and Kawamura, K.

2010. Size distributions of dicarboxylic acids, ketoacids,

alpha-dicarbonyls, sugars, WSOC, OC, EC and inorganic

ions in atmospheric particles over Northern Japan: implication

for long-range transport of Siberian biomass burning and

East Asian polluted aerosols. Atmos. Chem. Phys. 10,

5839�5858.
Andreae, M. O., Talbot, R. W., Berresheim, H. and Beecher,

K. M. 1990. Precipitation chemistry in central Amazonia.

J. Geophys. Res.-Atmos. 95, 16987�16999.
Cao, J. J., Lee, S. C., Chow, J. C., Watson, J. G., Ho, K. F. and

co-authors. 2007. Spatial and seasonal distributions of carbo-

naceous aerosols over China. J. Geophys. Res.-Atmos. 112,

D12S11.

Cao, J. J., Wu, F., Chow, J. C., Lee, S. C., Li, Y. and co-authors.

2005. Characterization and source apportionment of atmos-

pheric organic and elemental carbon during fall and winter of

2003 in Xi’an, China. Atmos. Chem. Phys. 5, 3127�3137.
Ding, X., Wang, X.-M. and Zheng, M. 2011. The influence of

temperature and aerosol acidity on biogenic secondary organic

aerosol tracers: observations at a rural site in the central

Pearl River Delta region, South China. Atmos. Environ. 45,

1303�1311.
Duan, F. K., He, K. B., Ma, Y. L., Yang, F. M., Yu, X. C. and

co-authors. 2006. Concentration and chemical characteristics of

PM2.5 in Beijing, China: 2001�2002. Science of the Total

Environment 355, 264�275.
Engling, G., Lee, J. J., Tsai, Y. W., Lung, S. C. C., Chou, C. C. K.

and co-authors. 2009. Size-resolved anhydrosugar composition

in smoke aerosol from controlled field burning of rice straw.

Aerosol Sci. Tech. 43, 662�672.
Feng, J. L., Hu, M., Chan, C. K., Lau, P. S., Fang, M. and co-

authors. 2006. A comparative study of the organic matter in

PM2.5 from three Chinese megacities in three different climatic

zones. Atmos. Environ. 40, 3983�3994.
Froyd, K. D., Murphy, S. M., Murphy, D. M., de Gouw, J. A.,

Eddingsaas, N. C. and co-authors. 2010. Contribution of

isoprene-derived organosulfates to free tropospheric aerosol

mass. Proc. Natl. Acad. Sci. U. S. A. 107, 21360�21365.
Fu, P. Q., Kawamura, K., Chen, J. and Barrie, L. A. 2009.

Isoprene, monoterpene, and sesquiterpene oxidation products in

the high Arctic aerosols during late winter to early summer.

Environ. Sci. Technol. 43, 4022�4028.
Fu, P. Q., Kawamura, K., Chen, J., Li, J., Sun, Y. L. and co-

authors. 2012. Diurnal variations of organic molecular tracers

and stable carbon isotopic compositions in atmospheric aerosols

over Mt. Tai in North China Plain: an influence of biomass

burning. Atmos. Chem. Phys. 12, 5359�8375.
Fu, P. Q., Kawamura, K., Kanaya, Y. and Wang, Z. F. 2010.

Contributions of biogenic volatile organic compounds to the

formation of secondary organic aerosols over Mt Tai, Central

East China. Atmos. Environ. 44, 4817�4826.

Fu, P. Q., Kawamura, K., Okuzawa, K., Aggarwal, S. G., Wang,

G. H. and co-authors. 2008. Organic molecular compositions

and temporal variations of summertime mountain aerosols over

Mt. Tai, North China Plain. J. Geophys. Res.-Atmos. 113,

D19107.

Graham, B., Guyon, P., Maenhaut, W., Taylor, P. E., Ebert, M.

and co-authors. 2003. Composition and diurnal variability of

the natural Amazonian aerosol. J. Geophys. Res.-Atmos. 108,

D24, 4765.

Grimmer, G., Jacob, J., Naujack, K. W. and Dettbarn, G. 1981.

Profile of the polycyclic aromatic hydrocarbons from used

engine oil*inventory by GCGC/MS � PAH in environmental

materials, Part 2. Fresenius. Z. Anal. Chem. 309, 13�19.
Guenther, A., Karl, T., Harley, P., Wiedinmyer, C., Palmer,

P. I. and co-authors. 2006. Estimates of global terrestrial

isoprene emissions using MEGAN (Model of Emissions of

Gases and Aerosols from Nature). Atmos. Chem. Phys. 6,

3181�3210.
Hallquist, M., Wenger, J. C., Baltensperger, U., Rudich, Y.,

Simpson, D. and co-authors. 2009. The formation, properties

and impact of secondary organic aerosol: current and emerging

issues. Atmos. Chem. Phys. 9, 5155�5236.
Han, Y. M., Cao, J. J., Lee, S. C., Ho, K. F. and An, Z. S. 2010.

Different characteristics of char and soot in the atmosphere and

their ratio as an indicator for source identification in Xi’an,

China. Atmos. Chem. Phys. 10, 595�607.
Han, Y. M., Lee, S. C., Cao, J. J., Ho, K. F. and An, Z. S. 2009.

Spatial distribution and seasonal variation of char-EC and

soot-EC in the atmosphere over China. Atmos. Environ. 43,

6066�6073.
He, K., Zhao, Q., Ma, Y., Duan, F., Yang, F. and co-authors.

2012. Spatial and seasonal variability of PM2.5 acidity at two

Chinese megacities: insights into the formation of secondary

inorganic aerosols. Atmos. Chem. Phys. 12, 1377�1395.
Huang, X., Qiu, R., Chan, C. K. and Kant, P. R. 2011. Evidence

of high PM2.5 strong acidity in ammonia-rich atmosphere of

Guangzhou, China: transition in pathways of ambient ammonia

to form aerosol ammonium at NHþ4 /SO
2�
4 �1.5. Atmos. Res. 99,

488�495.
Iinuma, Y., Boge, O., Gnauk, T. and Herrmann, H. 2004. Aerosol-

chamber study of the alpha-pinene/O-3 reaction: influence of

particle acidity on aerosol yields and products. Atmos. Environ.

38, 761�773.
Jaoui, M., Kleindienst, T. E., Lewandowski, M., Offenberg, J. H.

and Edney, E. O. 2005. Identification and quantification of

aerosol polar oxygenated compounds bearing carboxylic or

hydroxyl groups. 2. Organic tracer compounds from mono-

terpenes. Environ. Sci. Technol. 39, 5661�5673.
Kawamura, K. and Ikushima, K. 1993. Seasonal changes in the

distribution of dicarboxylic acids in the urban atmosphere.

Environ. Sci. Technol. 27, 2227�2235.
Kawamura, K., Imai, Y. and Barrie, L. A. 2005. Photochemical

production and loss of organic acids in high Arctic aerosols

during long-range transport and polar sunrise ozone depletion

events. Atmos. Environ. 39, 599�614.
Kawamura, K. and Pavuluri, C. M. 2010. New directions: need for

better understanding of plastic waste burning as inferred from

14 J. J. LI ET AL.



high abundance of terephthalic acid in South Asian aerosols.

Atmos. Environ. 44, 5320�5321.
Kawamura, K. and Yasui, O. 2005. Diurnal changes in the

distribution of dicarboxylic acids, ketocarboxylic acids and

dicarbonyls in the urban Tokyo atmosphere. Atmos. Environ.

39, 1945�1960.
Kleindienst, T. E., Jaoui, M., Lewandowski, M., Offenberg, J. H.,

Lewis, C. W. and co-authors. 2007. Estimates of the contribu-

tions of biogenic and anthropogenic hydrocarbons to secondary

organic aerosol at a southeastern US location. Atmos. Environ.

41, 8288�8300.
Lau, K. M. and Kim, K. M. 2006. Observational relationships

between aerosol and Asian monsoon rainfall, and circulation.

Geophys. Res. Lett. 33, L21810.

Lau, K. M., Kim, M. K., Kim, K. M. and Lee, W. S. 2010.

Enhanced surface warming and accelerated snow melt in the

Himalayas and Tibetan Plateau induced by absorbing aerosols.

Environ. Res. Lett. 5, 025204.

Li, J., Wang, G., Zhou, B., Cheng, C., Cao, J. and co-authors.

2012. Airborne particulate organics at the summit (2060 m,

a.s.l.) of Mt. Hua in central China during winter: implications

for biofuel and coal combustion. Atmos. Res. 106, 108�119.
Li, J., Zhuang, G. S., Huang, K., Lin, Y. F., Xu, C. and co-

authors. 2008. Characteristics and sources of air-borne particu-

late in Urumqi, China, the upstream area of Asia dust. Atmos.

Environ. 42, 776�787.
Li, J. J., Wang, G. H., Wang, X. M., Cao, J. J. and Zhang, R. J.

2013. Observation of biogenic secondary organic aerosols in the

atmosphere of a mountain site in central China: temperature

and relative humidity effects. Atmos. Chem. Phys. Discuss. 13,

17643�17674.
Li, J. J., Wang, G. H., Zhou, B. H., Cheng, C. L., Cao, J. J. and

co-authors. 2011. Chemical composition and size distribution of

wintertime aerosols in the atmosphere of Mt. Hua in central

China. Atmos. Environ. 45, 1251�1258.
Lin, Y. H., Zhang, Z. F., Docherty, K. S., Zhang, H. F.,

Budisulistiorini, S. H. and co-authors. 2012. Isoprene epoxydiols

as precursors to secondary organic aerosol formation: acid-

catalyzed reactive uptake studies with authentic compounds.

Environ. Sci. Technol. 46, 250�258.
Ma, J., Tang, J., Li, S.-M. and Jacobson, M. Z. 2003. Size

distributions of ionic aerosols measured at Waliguan observa-

tory: implication for nitrate gas-to-particle transfer processes in

the free troposphere. J. Geophys. Res. 108, 4541.

Offenberg, J. H., Lewandowski, M., Edney, E. O., Kleindienst,

T. E. and Jaoui, M. 2009. Influence of aerosol acidity on the

formation of secondary organic aerosol from biogenic precursor

hydrocarbons. Environ. Sci. Technol. 43, 7742�7747.
Ohura, T., Amagai, T., Fusaya, M. and Matsushita, H. 2004.

Polycyclic aromatic hydrocarbons in indoor and outdoor envi-

ronments and factors affecting their concentrations. Environ.

Sci. Technol. 38, 77�83.
Pathak, R. K., Louie, P. K. K. and Chan, C. K. 2004. Char-

acteristics of aerosol acidity in Hong Kong. Atmos. Environ. 38,

2965�2974.
Qu, W. J., Zhang, X. Y., Arimoto, R., Wang, Y. Q., Wang, D. and

co-authors. 2009. Aerosol background at two remote

CAWNET sites in western China. Sci. Total Environ. 407,

3518�3529.
Rogge, W. F., Hildemann, L. M., Mazurek, M. A., Cass, G. R.

and Simoneit, B. R. T. 1993. Sources of fine organic aerosols. 4.

Particulate abrasion products from leaf surfaces of urban plants.

Environ. Sci. Technol. 27, 2700�2711.
Schauer, J. J., Rogge, W. F., Hildemann, L. M., Mazurek, M. A.,

Cass, G. R. and co-authors. 1996. Source apportionment of

airborne particulate matter using organic compounds as tracers.

Atmos. Environ. 30, 3837�3855.
Shen, Z. X., Arimoto, R., Cao, J. J., Zhang, R. J., Li, X. X. and

co-authors. 2008. Seasonal variations and evidence for the

effectiveness of pollution controls on water-soluble inorganic

species in total suspended particulates and fine particulate

matter from Xi’an, China. J. Air Waste Manage. Assoc. 58,

1560�1570.
Shen, Z. X., Cao, J. J., Arimoto, R., Han, Z. W., Zhang, R. J. and

co-authors. 2009. Ionic composition of TSP and PM2.5 during

dust storms and air pollution episodes at Xi’an, China. Atmos.

Environ. 43, 2911�2918.
Simoneit, B. R. T., Elias, V. O., Kobayashi, M., Kawamura, K.,

Rushdi, A. I. and co-authors. 2004a. Sugars � dominant water-

soluble organic compounds in soils and characterization as

tracers in atmospheric particulate matter. Environ. Sci. Technol.

38, 5939�5949.
Simoneit, B. R. T., Kobayashi, M., Mochida, M., Kawamura, K.

and Huebert, B. J. 2004b. Aerosol particles collected on aircraft

flights over the northwestern Pacific region during the ACE-Asia

campaign: composition and major sources of the organic

compounds. J. Geophys. Res.-Atmos. 109, D19S09.

Simoneit, B. R. T., Kobayashi, M., Mochida, M., Kawamura, K.,

Lee, M. and co-authors. 2004c. Composition and major sources

of organic compounds of aerosol particulate matter sampled

during the ACE-Asia campaign. J. Geophys. Res.-Atmos. 109,

D19S10.

Simoneit, B. R. T., Sheng, G. Y., Chen, X. J., Fu, J. M., Zhang, J.

and co-authors. 1991. Molecular marker study of extractable

organic matter in aerosols from urban areas of China. Atmos.

Environ. Gen. Top. 25, 2111�2129.
Surratt, J. D., Chan, A. W. H., Eddingsaas, N. C., Chan, M. N.,

Loza, C. L. and co-authors. 2010. Reactive intermediates

revealed in secondary organic aerosol formation from isoprene.

Proc. Natl. Acad. Sci. U. S. A. 107, 6640�6645.
Szmigielski, R., Surratt, J. D., Gomez-Gonzalez, Y., Van der

Veken, P., Kourtchev, I. and co-authors. 2007. 3-methyl-1,2,3-

butanetricarboxylic acid: an atmospheric tracer for terpene

secondary organic aerosol. Geophys. Res. Lett. 34, DOI:

10.1029/2007GL031338.

Szmigielski, R., Vermeylen, R., Dommen, J., Metzger, A.,

Maenhaut, W. and co-authors. 2010. The acid effect in the

formation of 2-methyltetrols from the photooxidation of

isoprene in the presence of NO(x). Atmos. Res. 98, 183�189.
Wang, G., Kawamura, K., Xie, M., Hu, S., Gao, S. and co-

authors. 2009. Size-distributions of n-alkanes, PAHs and

hopanes and their sources in the urban, mountain and

marine atmospheres over East Asia. Atmos. Chem. Phys. 9,

8869�8882.

PM2.5 IN THE TIBETAN PLATEAU 15



Wang, G., Li, J., Chen, C., Hu, S., Xie, M. and co-authors. 2011a.

Observation of atmospheric aerosols at Mt. Hua and Mt. Tai in

central and east China during spring 2009-Part 1. EC, OC and

inorganic ions. Atmos. Chem. Phys. 11, 4221�4235.
Wang, G., Xie, M., Hu, S., Gao, S., Tachibana, E. and co-authors.

2010. Dicarboxylic acids, metals and isotopic compositions of C

and N in atmospheric aerosols from inland China: implications

for dust and coal burning emission and secondary aerosol

formation. Atmos. Chem. Phys. 10, 6087�6096.
Wang, G. H. and Kawamura, K. 2005. Molecular characteristics

of urban organic aerosols from Nanjing: a case study of a mega-

city in China. Environ. Sci. Technol. 39, 7430�7438.
Wang, G. H., Kawamura, K., Hatakeyama, S., Takami, A., Li, H.

and co-authors. 2007. Aircraft measurement of organic aerosols

over China. Environ. Sci. Technol. 41, 3115�3120.
Wang, G. H., Kawamura, K., Lee, S., Ho, K. F. and Cao, J. J.

2006a. Molecular, seasonal, and spatial distributions of organic

aerosols from fourteen Chinese cities. Environ. Sci. Technol. 40,

4619�4625.
Wang, G. H., Kawamura, K., Xie, M. J., Hu, S. Y., Li, J. J. and

co-authors. 2011b. Selected water-soluble organic compounds

found in size-resolved aerosols collected from urban, mountain

and marine atmospheres over East Asia. Tellus Ser. B-Chem.

Phys. Meteorol. 63, 371�381.
Wang, G. H., Li, J. J., Cheng, C. L., Zhou, B. H., Xie, M. J. and

co-authors. 2012. Observation of atmospheric aerosols at

Mt. Hua and Mt. Tai in central and east China during spring

2009 � Part 2: impact of dust storm on organic aerosol

composition and size distribution. Atmos. Chem. Phys. 12,

4065�4080.
Wang, G. H., Zhou, B. H., Cheng, C. L., Cao, J. J., Li, J. J. and

co-authors. 2013. Impact of Gobi desert dust on aerosol

chemistry of Xi’an, inland China during spring 2009: differences

in composition and size distribution between the urban ground

surface and the mountain atmosphere. Atmos. Chem. Phys. 13,

819�835.
Wang, W., Wu, M. H., Li, L., Zhang, T., Liu, X. D. and co-

authors. 2008. Polar organic tracers in PM2.5 aerosols from

forests in eastern China. Atmos. Chem. Phys. 8, 7507�7518.
Wang, Y., Zhuang, G. S., Zhang, X. Y., Huang, K., Xu,

C. and co-authors. 2006b. The ion chemistry, seasonal cycle,

and sources of PM2.5 and TSP aerosol in Shanghai. Atmos.

Environ. 40, 2935�2952.
Wu, F., Zhang, D., Cao, J., Xu, H. and An, Z. 2012. Soil-derived

sulfate in atmospheric dust particles at Taklimakan desert.

Geophys. Res. Lett. 39, L24803.

Xie, M., Wang, G., Hu, S., Gao, S., Han, Q. and co-authors. 2010.

Polar organic and inorganic markers in PM(10) aerosols from

an inland city of China � seasonal trends and sources. Sci. Total.

Environ. 408, 5452�5460.
Xu, H., Wang, Y., Wen, T., Yang, Y. and Zhao, Y. 2009.

Characteristics and source apportionment of atmospheric aero-

sols at the summit of Mount Tai during summertime. Atmos.

Chem. Phys. Discuss. 9, 16361�16379.
Xue, J., Lau, A. K. H. and Yu, J. Z. 2011. A study of acidity on

PM2.5 in Hong Kong using online ionic chemical composition

measurements. Atmos. Environ. 45, 7081�7088.
Yang, D. Z., Yu, X. L., Fang, X. M., Wu, F. and Li, X. S. 1996. A

study of aerosol at regional background stations and baseline

station. Q. J. Appl. Meteorol. 7, 396�405 (in Chinese).

Ye, B., Ji, X., Yang, H., Yao, X., Chan, C. K. and co-authors.

2003. Concentration and chemical composition of PM2.5 in

Shanghai for a 1-year period. Atmos. Environ. 37, 499�510.

16 J. J. LI ET AL.


