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Abstract Using observations from two remote
sites during July 2004 to March 2005, we show
that at Akdala (AKD, 47◦ 06′ N, 87◦ 58′ E, 562 m
asl) in northern Xinjiang Province, there were
high wintertime loadings of organic carbon (OC),
elemental carbon (EC), and water-soluble (WS)
SO2−

4 , NO2−
3 , and NH+

4 , which is similar to the
general pattern in most areas of China and East
Asia. However, at Zhuzhang (ZUZ, 28◦ 00′ N,
99◦ 43′ E, 3,583 m asl) in northwestern Yunnan
Province, the aerosol concentrations and com-
positions showed little seasonal variation except
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for a decreasing trend of OC from August to
autumn–winter. Additionally, the OC variations
dominated the seasonal variation of PM10 (par-
ticles ≤10 μm diameter) level. Chemical char-
acteristics combined with transport information
suggested sea salt origin of ionic Na+, Mg2+, and
Cl− at ZUZ. At AKD, ionic Ca2+, Mg2+, Na+, and
Cl− primarily originated from salinized soil. Fur-
thermore, the WS Ca2+ contributions (5.4–6%) to
the PM10 mass during autumn, winter, and early
spring reflected a constant dust component. The
results of this study indicated that both sites were
regionally representative. However, the represen-
tative regions and scales of these background sites
may vary seasonally as the regional atmospheric
transport patterns change. Seasonal variations in
the background aerosol levels from these two ar-
eas need to be considered when evaluating the
regional climate effects of the aerosols.

Keywords Atmospheric aerosol background ·
Regional representativeness · Seasonal variation
and source · Zhuzhang (ZUZ) and Akdala
(AKD) · Southwestern and northwestern China

Introduction

Atmospheric aerosols vary greatly over time and
space; therefore, accurate depictions of both the
average aerosol loadings and their variability are
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important for understanding their large-scale im-
pacts on global climate systems. Data representa-
tive of regional or global aerosol levels are more
valuable in this context. Observations made at
certain remote sites in which the influences of
local pollutants are minimal and conditions are
representative of a large area are expected to pro-
vide reasonable representations of a well-mixed
atmosphere and are thus potentially suitable for
the analysis of background aerosol conditions
(Hidy and Blanchard 2005). However, because it
is difficult to ensure that a site is free of pol-
lution disturbances, the regional representative-
ness of the aerosols collected at such background
sites must be considered carefully. For example,
Blanchard et al. (1999) investigated the spatial
representativeness and scales of transport for pri-

mary particulate and gas-phase precursors of sec-
ondary aerosols in San Joaquin Valley, CA, USA.

Although observations have been made for
decades at Chinese background sites, background
aerosol data are still limited in China. Past ob-
servations primarily targeted long-term variations
of gaseous species (Wang et al. 2002; Zhou et al.
2004), while observations of atmospheric aerosols
have mostly been short term and involved trace
elements and WS ions (Ma et al. 2003; Wang
et al. 2004). Furthermore, to the authors’ knowl-
edge, atmospheric background observations were
not made in remote southwestern and northwest-
ern China until 2004 (Qu et al. 2008).

Study has been conducted at two China At-
mosphere Watch Network (CAWNET) sites,
Zhuzhang (ZUZ) and Akdala (AKD, Fig. 1),
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Fig. 1 Sampling sites and 5-day backward trajectory clus-
ters for Zhuzhang (ZUZ; cluster 1–7) and Akdala (AKD;
cluster A–J). The shadowed area represents continental
China. NK, NS, UMQ, CD, and KM denote Novokuznetsk,

Novosibirsk, Urumqi, Chengdu, and Kunming, respec-
tively. The proportions of every trajectory cluster in all
the trajectories during different seasons are also presented
(adapted after Qu et al. 2008)
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to assess regional aerosol backgrounds. We have
described the aerosol composition and influences
from regional transport previously (Qu et al.
2008). In the present paper, we (1) evaluate me-
teorological influences on the aerosol concentra-
tion and characterize the seasonal variation of the
aerosol populations; (2) identify possible sources
of the aerosol species based on their chemical
characteristics, variation, and inter-relationships
as well as information regarding their transport;
(3) assess the spatial representativeness of the
two sites.

Methods

The atmospheric aerosol composition was mea-
sured at two remote CAWNET sites: (1) ZUZ
(28◦ 00′ N, 99◦ 43′ E, 3583 m asl, on the southeast
margin of the Tibetan Plateau) and (2) AKD (47◦
06′ N, 87◦ 58′ E, 562 m asl, on the north margin of
the Zhungaer Basin, Fig. 1). Because the sampling
and analysis techniques have been described pre-
viously (Qu et al. 2008), only a brief description
is given below. From July 2004 to March 2005,
72-h (normally from 8:00 to 8:00) bulk PM10 (par-
ticles ≤10 μm) samples were collected at both
ZUZ and AKD. Meanwhile, daytime (normally
from 8:00 to 20:00) bulk TSP (total suspended
particle) samples were also collected but only at
AKD. Whatman quartz microfiber filters (47 mm
diameter; QM/A, Whatman, Maidstone, UK; pre-
heated at 800◦C for 4 h to remove contaminants)
were used for sampling except for the first 2 weeks
when 47-mm-diameter TeflonTM (PTFE) filters
(WTP, Whatman) were used. An electronic mi-
crobalance with a sensitivity of 1 μg (ME 5-F,
Sartorius AG, Goettingen Germany) was used to
gravimetrically determine the aerosol mass. The
aerosol-laden filters were stored in Petri dishes
enclosed in plastic bags at 4◦C after sampling until
chemical analysis was conducted.

The bulk samples were analyzed for organic
carbon (OC)/elemental carbon (EC) using a
DRI Model 2001 Thermal/Optical Carbon An-
alyzer following the IMPROVE thermal/optical
reflectance procedure (Chow et al. 1993). The
water-soluble (WS) ions, including SO2−

4 , NO−
3 ,

NH+
4 , Ca2+, Mg2+, K+, Na+, NO−

2 , Cl−, and F−,

were measured using a Dionex 600 ion chromato-
graph equipped with an electrochemical detector
(Dionex ED50A). A proton-induced X-ray emis-
sion method was used to determine the concentra-
tions of selected trace elements, including As, Br,
Ca, Cl, Cr, Cu, Fe, K, Mn, Ni, Pb, S, Se, Sr, Ti,
V, Zn, and Zr for quartz filters and an additional
four elements (Al, Mg, P, Si) for TeflonTM filters.
All data were corrected for backgrounds based on
the average of the blank filters (Qu et al. 2008).

Because information of transport was helpful
for identification of possible sources of the aerosol
populations and evaluation of the regional repre-
sentativeness of the observation sites, hierarchical
clustering results of the 5-day air mass backward
trajectories to ZUZ and AKD (Qu et al. 2008)
were also used in this study. The trajectories were
calculated four times each day (00, 06, 12, and
18 UTC) using the NOAA HYSPLIT4 trajectory
model (Draxler and Hess 1998) and then divided
into distinct transport clusters by a multivariate
statistical analysis method—trajectory clustering
analysis (Moody and Galloway 1988; Arimoto
et al. 1999). National Center for Environmen-
tal Prediction FNL (final analysis) meteorologi-
cal field data were used in trajectory calculation,
while Ward’s method was used to create hierarchi-
cal clusters, and the squared Euclidean distances
were used to determine the similarities between
the trajectories. It is worth noting that errors
of 20% of the distance traveled appear to be
typical for trajectories computed from analyzed
wind fields (Stohl 1998). The aerosol transport
pathways to ZUZ and AKD (Fig. 1) are briefly
summarized in Table 1. Detailed information re-
garding the transport pathways can be found in
Qu et al. (2008).

Principal component analysis (PCA) is widely
used to reduce data (Loska and Wiechuya 2003)
and extract a small number of latent factors (prin-
cipal components, PCs) for assessment of the
associations (relationships) among the observed
aerosol species. PCA is often used as an ex-
planatory tool to identify the major sources of
air pollutant emissions. The PCA with VARI-
MAX normalized rotation, which can maximize
the variances of the factor loadings across vari-
ables for each factor, was applied in this study. As
suggested by the Kaiser criterion (Kaiser 1960),
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Table 1 Aerosol transport pathways to Zhuzhang (ZUZ) and Akdala (AKD)

Types of transport pathways Trajectory clusters included, source regions, and potential sources

Zhuzhang (ZUZ) The polluted trajectories The northeasterly Cluster 3 (C-3) from the Sichuan Basin with
extensive emissions from coal-combustion and mining

The southeasterly C-2 passed over southeastern Yunnan Province
Clean transport pathways The southwesterly C-1 and C-4 pathways from coastal regions near the

Bay of Bengal (with comparatively low loadings of aerosol species)
Remote clean pathways The southwesterly C-5 from the Arabian Sea, the westerly C-6 from

West Asia, and northwesterly C-7 from East Europe (with relatively
low pollutant burdens)

Akdala (AKD) The major pathways for air The northeasterly C–J and northwesterly C–G passing near major
pollutants Russian industrial cities (NK—Novokuznetsk and NS—Novosibirsk)

with steel production, metallurgy, coal mining, and petroleum as
potential sources

The southeasterly C–A passed over the boundary area between
northwestern China and Mongolia with extensive coal and metal
mining operations

Clean transport pathways The northwesterly C–H, C–I, and C–F pathways (for clean air) from
high latitude areas in eastern Europe and Russia

Dust influenced trajectories The westerly C–B, C–C, C–D, and C–E trajectories, influenced by
salinized dust delivered by the prevailing winds from the Gobi, sandy
lands, and deserts in eastern Kazakhstan and in the area

only those components with eigenvalues >1.0
were retained in this study because they can ac-
count for a meaningful amount of variance.

Three approaches were applied to identify the
likely sources of the aerosol species: examina-
tion of chemical characteristics, variation and
inter-correlations among the species combined
with information regarding their transport, cal-
culation of the EFcrust {enrichment factor calcu-
lated relative to crustal rock, EFcrust = (Element/
Fe)air/(Element/Fe)crust, using the upper conti-
nental crust composition compiled by Taylor and
McLennan 1995} of the elements, and PCA.

Results

Characterization of the well-mixed aerosols
at ZUZ and AKD

OC and EC, WS SO2−
4 , NH+

4 , Na+, and Mg2+,
and elemental S and K generally exhibited syn-
chronous variations throughout the course of the
study at ZUZ (not shown). In addition, good cor-
relations were observed between SO2−

4 , NH+
4 , and

K+ in ZUZ PM10 samples (Fig. 4a and b), and

these ions were generally anthropogenic origin.
At AKD, similar variations were also observed
for OC and EC and WS SO2−

4 and NH+
4 ; mean-

while, elemental Ca, Ti, Fe, and K also varied
synchronously during the early period of the study
when element measurements were available (not
shown). EC showed significant correlations with
SO2−

4 and K+ in AKD PM10 samples (Fig. 4c),
which suggests that there were contributions from
coal combustion and biomass burning, two pos-
sible major sources of anthropogenic emissions
in the region. Furthermore, there was a strong
correlation between NH+

4 and SO2−
4 (Fig. 4d),

which likely resulted from their coexistence as am-
monium sulfate/bisulfate particles. However, sig-
nificant correlations were also observed between
NO−

3 , K+, and SO2−
4 (apparently from different

origins) at AKD.
It is worth noting that the good inter-

correlations between these aerosol species at
ZUZ and AKD do not necessarily indicate that
they originated from an identical source. In fact,
this may reflect their covariation as a result of
synoptic processes and mixing during regional
transport. Because our study sites were far from
residential areas and other sources of pollution,
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the observed results may not have been due
much to proximate sources. Measurements of the
aerosols at these remote sites can thus be regarded
as indicators of regional atmospheric backgrounds
that reflect the average conditions of regional
transported and well-mixed pollutants from vari-
ous sources. The arithmetic mean concentrations
of the major aerosol species at ZUZ and AKD are
shown in Figs. 2 and 3.

Moreover, the SO2−
4 /EC ratio was 12 for most

of the samples (n = 34), larger than that ratio (5.0)
for 12 other samples (Fig. 4c). This may reflect the
influence of coal combustion on most of the sam-
pling days. The K+/EC ratio and SO2−

4 /EC ratio
shown in Fig. 4c may be regarded as characteristic
of different types of regional emissions. Addition-
ally, EC also correlated well with elemental S (r =
0.63, n = 22, p < 0.01 significance) in the AKD
TSP samples, probably due to the contribution
from coal combustion.

Carbonaceous aerosol at ZUZ and AKD

EC and total carbon (TC) in the PM10 varied
synchronously at low levels, with no pronounced
seasonality at ZUZ, while semi-volatile organic
carbon (SVOC), which is the organic carbon that
evolved from the filter punch in the He-only
atmosphere at 120◦C during analysis, showed a
summer to winter decrease. Because other SVOC
sources are limited in such a background region,
this distinct seasonality in SVOC levels suggest
the contribution of biogenic source such as the
flourishing vegetation during summer and autumn
(Qu et al. 2008). Geron et al. (2006) has veri-
fied biogenic sources of isoprene from the forest
floor and canopy in this region. OC dominated
the ZUZ carbonaceous aerosols in PM10 with a
contribution to TC that fluctuated around 90%,
while only ∼10% of the TC was composed of
EC. In addition, OC variability was large in

Fig. 2 Seasonal variation
of organic carbon (OC),
elemental carbon (EC),
water-soluble (WS) ions,
and selected trace
elements in PM10
at ZUZ. Other ions
included K+, Mg2+, F−,
Cl−, and NO−

2 ; other
elements included As, Br,
Cl, Cr, Cu, Fe, K, Mn, Ni,
Pb, Se, Sr, Ti, V, Zn,
and Zr

0

1

2

3

4

5

6

7

8

9

August,
2004

Autumn,
2004

Winter,
2004

Z
U

Z
 P

M
10

 a
er

os
ol

 p
op

ul
at

io
n 

co
nc

en
tr

at
io

n 
(µ

g/
m

3 )

Other
elements

Ca

S

Other ions

Ca2+

Na+

NH4+

NO3" 

SO42" 

EC

OC

 

August,
2004
(n =13)

Autumn,
2004
(n =31)

Winter,
2004
(n =30)

0.20 0.11 0.15

(±0.12) (±0.067) (±0.086)

0.10 0.13 0.082

(±0.055) (±0.072) (±0.044)

0.38 0.15 0.19

(±0.38) (±0.14) (±0.084)

0.51 0.48 0.56

(±0.31) (±0.26) (±0.32)

0.65 0.48 0.42

(±0.43) (±0.22) (±0.17)

0.58 0.69 0.72

(±0.41) (±0.34) (±0.28)

0.18 0.083 0.20

(±0.22) (±0.074) (±0.13)

0.38 0.51 0.42

(±0.33) (±0.44) (±0.19)

1.8 1.4 1.7

(±1.2) (±0.67) (±0.54)

0.45 0.30 0.36

(±0.25) (±0.16) (±0.17)

3.7 3.2 2.9

(±1.0) (±0.88) (±0.82)

ZUZ PM10 aerosol population average concentration

(Standard devation) (µg/m3)

Other elements

Ca

S

Other ions

Ca2+

Na+

NH4
+

-

-

NO3

SO4
2

EC

OC



270 Environ Monit Assess (2010) 167:265–288

Fig. 3 Seasonal variation
of organic carbon (OC),
elemental carbon (EC),
water-soluble (WS) ions,
and selected trace
elements in PM10
at AKD. Other ions
included K+, Mg2+, F−,
Cl−, and NO−

2 ; other
elements included As, Br,
Cl, Cr, Cu, Fe, K, Mn, Ni,
Pb, Se, Sr, Ti, V, Zn,
and Zr
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Fig. 5 Correlations between semi-volatile organic carbon
(SVOC), high temperature organic carbon (HTOC), and
total carbon (TC) concentrations (a) between organic car-

bon (OC), elemental carbon (EC), and TC concentrations
(b) in PM10 at Zhuzhang (ZUZ) during August 2004–
February 2005

TC components. Here, HTOC is the carbon frac-
tions that evolved from the filter punch in a He-
only atmosphere at 250◦C, 450◦C, and 550◦C plus
the pyrolyzed organic carbon during the analysis,
which is equal to OC minus SVOC. SVOC was
quite variable, which may have been due to chang-
ing meteorological conditions. Indeed, the highly
variable weather during summer and autumn at
ZUZ may result in variations in solar radiation,
ambient/ground temperature, and soil humidity,
which can influence SVOC emission from the veg-
etation and soil.

At AKD, PM10 OC and EC varied synchro-
nously, with evidently high concentrations occur-
ring during winter (similar to WS SO2−

4 ); this was
likely due to increased anthropogenic emissions
from domestic heating (Qu et al. 2008). The varia-
tions of OC, EC, and SO2−

4 levels also increased
during winter, as indicated by ranges of 1.8–
10.1, 0.12–1.5, and 2.0–8.6 μg m−3, respectively,
during winter, and 1.7–3.8, 0.087–0.27, and 0.73–
2.8 μg m−3, respectively, during summer. More-
over, OC and EC contributed ∼93% and ∼6.9%
of the PM10 TC in August versus ∼88% and
∼12% during winter. And, the average OC and
EC contributions to the TSP TC were ∼92%
and ∼7.9% from July to September.

Meteorological influences on the aerosol
concentration

Meteorological conditions can influence the
aerosol concentration in different ways. For ex-

ample, the convection intensity can influence the
diffusion and dilution of the pollutants, precip-
itation can result in wet scavenging of the par-
ticles, and the formation of secondary aerosols
as a result of gas/particle conversion of precur-
sor gases (photochemical activity) can be influ-
enced by solar radiation, ambient temperature,
humidity, and the concentrations of oxidants such
as O3.

Statistics of the August-autumn surface wind at
ZUZ indicated that the 24 h and 14:00 (local time,
normally the most intensive convection period in
a day) mean wind velocities for EC polluted days
(EC concentration > median EC concentration)
were 0.92 and 1.58 m/s, respectively. Conversely,
these values were 1.16 and 1.90 m/s, respectively,
on EC clean days (EC concentration < median
EC concentration). A comparison of the wind
velocities for OC polluted and OC clean days was
similar. That is, high OC and EC levels were found
to be associated with weak wind and convection,
which generally enables pollutants to accumulate
in the lower boundary layer. Moreover, high OC
levels during weak convection periods may also
result from more sufficient SOC transformation
due to the prolonged stagnation of the precursor
gases in a comparatively stable atmosphere. A
strong southwest wind vector was observed for EC
clean days in the surface wind rose (not shown),
which likely reflects the contribution of the clean
southwesterly trajectories (cluster C-1 and C-4)
from coastal regions near the Bay of Bengal
(Fig. 1, Table 1).
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PM10 measurement at ZUZ exhibited higher
levels of OC and EC (3.3 and 0.35 μg m−3) on
non-precipitation days (compared with 2.8 and
0.33 μg m−3 on precipitation days), probably due
to the absence of wet scavenging. However, on
non-precipitation days, meteorological conditions
became more favorable for more efficient SOC
formation from precursor gases and for increased
SVOC emission from natural sources (e.g., vege-
tation and soil), which also contributed to higher
OC levels then. Moreover, a unique ∼1-week
fluctuation of filterable NO−

3 in PM10 (averaging
0.55 μg m−3 on sunny and partly cloudy days
versus 0.36 μg m−3 on rainy and cloudy days) at
ZUZ was attributed to variation in the photo-
chemical transformation of NOχ and formation
of NO−

3 in response to meteorological conditions
such as ambient humidity, temperature, and solar
radiation (Qu et al. 2008).

Interestingly, SVOC concentrations in the
AKD PM10 samples were in two specific ranges
with modal values of ∼0.2 and ∼0.55 μg m−3

(Fig. 6a and b). The cause of this SVOC fluc-
tuation pattern (Fig. 6a) remains unclear. How-
ever, there was a significant correlation between
the SVOC concentration and daily averaged sur-
face temperature (Fig. 6c). These results suggest
that the ambient temperature (varying with the
weather shift) had an effect on SVOC emission,
which was primarily from natural biogenic sources
and the evaporation of organic material from soil
in remote regions such as AKD.

SOC formation is expected to be more efficient
when it is sunny and warm and there are high O3

levels (Turpin and Huntzicker 1991; Lim 2001).
There was a significant correlation between the
SOC concentration in AKD PM10 and the am-
bient O3 concentration (observed synchronously
during sampling using a 49C UV Photometric
O3 Analyzer, Thermo Electron, USA; Fig. 6d).
Although confined by the limited O3 data avail-
able, this correlation confirms that a high O3

level is favorable to SOC formation. SOC dom-
inated OC variation (Qu et al. 2009), resulting
in a similar significant correlation between the
PM10 OC concentration and the ambient O3 level
(Fig. 6e).

Seasonal variations of the aerosol populations
at ZUZ and AKD

Zhuzhang

At ZUZ, seasonal variations of the individual
aerosol populations were not distinct, with the
exception of OC, which decreased from August to
autumn–winter and dominated the PM10 variation
(Fig. 2). This decline in OC can be at least partially
attributed to reductions in SVOC emission and
in SOC transformation that occurred in response
to the changing seasons. In summer and autumn,
SVOC might have strong source strength due to
seasonality in the growth cycles of vegetation;
meanwhile, the formation of SOC was likely more
efficient when solar radiation favored photochem-
ical activity intensified (Dusek 2000).

The high summertime PM10 level may have
resulted from the contribution of SVOC and
SOC and regional pollutants delivered by the C-3
and C-2 trajectories from vicinal sources to ZUZ
(Fig. 1, Table 1). However, in autumn and winter,
there was an increased frequency of long-range
C-5, C-6, and C-7 trajectories for clean air, the
contribution from regional pollutants most likely
decreased. The slightly increase of EC, SO2−

4 , and
NH+

4 concentrations in winter when compared
to autumn may have resulted from the increased
regional combustion emissions due to the heating
season.

As a remote background site, the efficient mix-
ing upwind, limited local anthropogenic influence,
and possible unobvious seasonality in regional
emissions probably led to indistinct seasonal vari-
ations of the aerosol populations at ZUZ.

Akdala

Evident seasonality was found for OC, EC, SO2−
4 ,

NO2−
3 , and NH+

4 in the AKD PM10 samples, with
significantly higher levels occurring during winter
(Fig. 3). Specifically, the wintertime mean EC
concentration was almost twice that of the sum-
mer and autumn concentrations, while the winter
SO2−

4 and NH+
4 concentrations were almost two

to three times those of the summer and autumn.
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lationship between PM10 secondary organic carbon (SOC)
concentration (d), PM10 OC concentration (e), and avail-
able ambient O3 concentration in August 2004 at Akdala
(AKD)

The higher winter loadings of these pollutants
were likely due to increased emissions from coal
combustion, biomass burning, and other sources
of domestic heating in northern Xinjiang Province
and neighboring areas.

WS Ca2+ has been used as an indicator to evalu-
ate the contribution of mineral dust (Seinfeld et al.
2004; Arimoto et al. 2004). At AKD, although
the wintertime mean WS Ca2+ concentration was
almost two to five times greater than the summer
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and autumn concentrations, its fractions in the
PM10 mass were in an accordant range (5.4–
6%) during the whole sampling course except
for summer (2.2%). These results suggest that
there is a relatively constant dust contribution
in autumn, winter, and early spring. Intensive
wind during these seasons might lead to enhanced
release of crust material in this mid–high lati-
tude area. However, inconsistent with the gen-
erally acknowledged intensive springtime dust
emission from East Asian sources, the mean PM10

Ca2+ concentration in March was lower than the
concentrations in autumn and winter (Fig. 3),
probably due to limited measurements in the
spring.

The WS Na+ and Ca2+ concentrations (0.69
and 0.85 μg m−3) were higher than or comparable
to the NO−

3 and NH+
4 concentrations (0.84 and

0.17 μg m−3) in the AKD TSP samples, which
was also true for the PM10 at AKD and ZUZ
(Figs. 2 and 3). These consistent characteristics
at ZUZ and AKD differ from the conditions at
most urban sites, where sulfate, nitrate, and am-
monium are usually major ions in the aerosol (the
NO−

3 and NH+
4 concentrations were only lower

than the SO2−
4 concentration but often higher

than the other ions). Due to the limited local

anthropogenic influence on the sites and possible
limited regional transport of nitrate and ammo-
nium, which are active in photochemical trans-
formation and efficient in deposition, crustal or
marine origin materials might become important
aerosol components in these background areas.
This would result in the contributions of Na+ and
Ca2+ to aerosol WS ions being comparable to the
contributions of NO−

3 and NH+
4 .

Difference in the concentration of WS ions
between PM10 and TSP at AKD

The difference in the concentration of WS ions
between PM10 and TSP at AKD provides useful
information regarding their source (Fig. 7). This
comparison was based on comparable numbers of
both size samples in August. Most of the ionic
Na+, Mg2+, Ca2+, F−, Cl−, NO−

2 , and NO−
3 was

present in coarser particles with proportions in
the PM10 comprising less than 60% of those in
the TSP (Fig. 7b). For example, the WS Ca2+
in the PM10 accounted for only 15% of that in
the TSP. The distribution of these ions primar-
ily occurring in coarser particles was consistent
with their major crustal origin mentioned before.

Fig. 7 Comparison of
the concentrations of
water-soluble (WS) ions
in PM10 and in TSP (a);
ratio of PM10-to-TSP WS
ions’ concentrations
(percent; b) at Akdala
(AKD)
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Conversely, the SO2−
4 and K+ concentrations in

the PM10 accounted for 72% and 94% of those
in the TSP, indicating large proportions in PM10.
These findings may indicate the presence of sec-
ondary sulfate from coal combustion and K+ from
biomass burning.

In summary, the secondary aerosols from an-
thropogenic sources (including sulfate and potas-
sic particles) were primarily present in the PM10,
while crust origin cations such as Ca2+, Mg2+,
and Na+ were primarily found in the TSP in this
region. These findings are similar to the size dis-
tribution of aerosol ions in Hungary reported by
Krivácsy and Molnár (1998).

Similar variation of the aerosols at ZUZ
and AKD to the PM10 and SO2 loads
in the regional cities

The concentrations of aerosol populations ob-
served at ZUZ and AKD were compared with the
concentrations of pollutants in the regional cities
to determine if the results reflected the variations
in the regional pollutants. For this comparison, the
daily PM10 loads in the regional cities were used,
including Kunming (KM, 25◦ 01′ N, 102◦ 41′ E)
and Chengdu (CD, 30◦ 40′ N, 104◦ 05′ E), which
are located near ZUZ, and Urumqi (UMQ, 43◦ 47′
N, 87◦ 36′ E), which is near AKD (Fig. 8).

Fig. 8 Comparison of
the measured PM10
organic carbon (OC)
concentration at
Zhuzhang (ZUZ) with
daily PM10 and SO2 loads
deduced from the ground
air quality index (AQI)
in the regional cities of
Kunming (KM, ∼500 km
distant) and Chengdu
(CD, ∼570 km distant; a);
comparison of measured
PM10 concentration at
Akdala (AKD) with daily
PM10 and SO2 loads
deduced from the ground
AQI in the regional city
of Urumqi (UMQ,
∼530 km distant; b)
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The daily PM10 loads of the regional cities
were deduced from the ground air quality in-
dex (AQI; State Environmental Protection Ad-
ministration, available at http://www.sepa.gov.cn/
quality/air.php3) for most of the days for which
PM10 was reported as the principal pollutant.
Based on the technological rules related to AQI,
the following formula was used to derive the PM10

concentration from AQI:

C = [
(I − Ilow)

/(
Ihigh − Ilow

)]

× (
Chigh − Clow

) + Clow, (1)

where C is the concentration of PM10, Ilow and
Ihigh are AQI grading limited values that are lower
and larger than I (AQI index), respectively, and
Chigh and Clow denote the PM10 concentrations
corresponding to Ihigh and Ilow, respectively. The
daily SO2 loads were also deduced in the same
manner as used to deduce the PM10 for several
days, during which SO2 was reported as the prin-
cipal pollutant. The deduced daily PM10 and SO2

loads were subsequently merged into a continuous
time series.

The concentrations of aerosol populations ob-
served at AKD were directly compared with the
deduced daily PM10 and SO2 loads in UMQ.
However, for ZUZ, the major transport path-
ways for air pollutants came from Sichuan Basin
(C-3) where CD situated and from southeast-
ern Yunnan Province (C-2) where KM situated
(Fig. 1, Table 1). Therefore, records in KM and
CD were used to calculate the daily geometric
mean PM10 and SO2 loads, which were subse-
quently compared to the results observed at ZUZ.

The measured PM10 OC concentration at ZUZ
showed variation trends similar to the geometric
mean time series of the deduced daily PM10 and
SO2 loads for KM and CD (Fig. 8a). The mea-
sured PM10 concentrations at AKD also covaried
with the deduced daily PM10 and SO2 loads for
UMQ (Fig. 8b). Linear regressions between data
from our monitoring sites (ZUZ and AKD) and
the daily PM10 and SO2 loads deduced from the
ground AQI in the regional cities (∼500 km dis-
tant) yielded correlation coefficients (r) ranging
from 0.39 to 0.68 (p < 0.01 significance). These
comparisons revealed that the aerosols observed

at ZUZ and AKD can reflect variation of the
regional pollutants.

Comparison of OC/EC concentrations at ZUZ
and AKD with other background sites

The observed OC concentrations in PM10 at ZUZ
and AKD (arithmetic mean ± standard deviation,
3.1 ± 0.91 and 2.9 ± 1.6 μg m−3) were com-
parable with those of other background sites in
South Korea, America and Hungary (Table 2).
In addition, these values also were similar to
the OC background level in America (∼3 μg
m−3; Malm et al. 1994) and comparable with OC
concentrations in the boundary layer (median of
5.8 μg m−3) and the free troposphere (median
of 3.9 μg m−3) over the North Pacific (Huebert
et al. 2004). Similarly, the EC concentrations at
ZUZ and AKD (0.34 ± 0.18 and 0.35 ± 0.31 μg
m−3, respectively) were comparable to the above-
mentioned background sites and Mt. Waliguan
in China. However, Lim et al. (2003) reported
lower EC concentrations of 0.09 μg m−3 over the
background Pacific Ocean. Moreover, the OC and
EC concentrations at Lin’an regional background
site were much higher than those at ZUZ and
AKD. Lin’an is in Zhejiang Province, which is a
heavily populated area in southeastern China that
is subject to strong anthropogenic emissions.

It is worth noting that there are high OC and
EC levels at urban sites in India, Pakistan, and
Bengal (Table 2). As important source regions
of air parcels transported to ZUZ, the impact of
carbonaceous aerosol emission from these neigh-
boring countries to southwestern China requires
further investigation.

Discussion

Inter-relationships and possible sources
of the aerosol populations at ZUZ and AKD

Aerosol ions and trace elements at ZUZ

Sea salt Ionic Na+ was generally the second
most abundant WS ion following SO2−

4 in ZUZ
PM10 samples during the course of study. Na+ is

http://www.sepa.gov.cn/quality/air.php3
http://www.sepa.gov.cn/quality/air.php3
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Anthropogenic influenced elements:

Fig. 9 Linear correlations of sea salt origin ions (a) be-
tween ionic Cl−, Mg2+, and Na+ in PM10 at Zhuzhang
(ZUZ); linear correlations of anthropogenic influenced el-
ements between elemental Pb and S (b), between K and S

(c), between anthropogenic influenced K and crust origin
Fe (d), and between Ti and crust origin Fe (e) in PM10 at
ZUZ

commonly used as an indicator of sea salt
(Arimoto et al. 2004; Piel et al. 2006). The close re-
lationships between Na+ and Mg2+, Cl− (Fig. 9a)
observed in the present study suggested that there
were important marine sources of these ions.
These findings were also supported by the high
proportion (48.2%) of the trajectories from the
Arabian Sea (C-5) and from coastal regions near
the Bay of Bengal (C-1 and C-4; Fig. 1, Table 1).
The prevailing southwest monsoon is advanta-
geous to sea salt aerosol input by maritime air
parcels. The highest concentrations of WS Na+,

Mg2+, and Cl− were observed in samples from the
remote southwesterly trajectories from the Ara-
bian Sea (C-5; Qu et al. 2008), which is consistent
with their sea salt origin.

The Cl−/Na+ ratio determined from linear re-
gression (mass concentration ratio=0.36) deviates
from the Cl−/Na+ mole ratio = 1:1 line (Fig. 9a),
which suggests that there is a Cl− deficit due
to chemical evolution of the marine source
aerosols during transport. However, the maxi-
mum Cl−/Na+ mole concentration ratio (0.65)
could approach 1 under specific meteorology.
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Crust origin and anthropogenic influenced ma-
terial Six major elements in the ZUZ PM10

samples, including Ca, Fe, Ti, Si, Al, and Mg,
exhibited synchronous variations and significant
inter-correlations (p < 0.01 significance, r ranged
from 0.45 to 0.70, n = 74). Their EFcrust values
were less than 5, indicating that they were typ-
ically associated with crustal material. Similarly,
elemental Mn and Sr were also primarily of crust
origin.

Conversely, significant correlations (p < 0.05
significance, r ranged from 0.29 to 0.96, n = 30–
59) were also identified among Zn, Zr, Pb, As,
Ni, Se, V, Cu, Cr, and P, but their EFcrust values
were significantly larger than 5, which suggests
that they were influenced by non-crustal, anthro-
pogenic sources. In addition, the Pb/S ratio for
most of the samples (n = 54) was 0.016, but it was
0.043 for three other samples (Fig. 9b); the lat-
ter samples may reflect contribution of the major
polluted C-3 trajectories (Fig. 1, Table 1), which
accounted for 3.9% of the total trajectories and
had the highest Pb concentration (Qu et al. 2008).

Linear regression indicated that the K/S ratio
was 0.28 for most of the ZUZ PM10 samples (n =
54), but it was only 0.12 for another group of
samples (n = 18, Fig. 9c); the higher value of the
former samples was likely due to biomass burning.
In addition, there was a higher K/Fe ratio for the
ZUZ PM10 samples (1.2, Fig. 9d) when compared
with the same ratio of the crust (0.8, Taylor and
McLennan 1995), which indicates that K was in-
fluenced by anthropogenic sources (e.g., biomass
burning). The Ti/Fe ratio for most of the samples
(n = 68) was 0.10 (Fig. 9e), which was similar
to that of the crust (0.09, Taylor and McLennan
1995); these results suggest that Ti primarily origi-
nated from crustal material. However, six samples
had a higher Ti/Fe ratio (0.67, Fig. 9e) than the
crust, which indicates that they may have been
influenced by industrial emissions such as those
from the Sichuan Basin.

Aerosol ions and trace elements at AKD

Soil dust Good correlations were identified
among Ca2+, Mg2+, and Na+ in the AKD PM10

samples (Fig. 10a and b). The TSP samples also

showed good correlations between Mg2+ and Na+
(Fig. 10c) and significant correlations (p < 0.01
significance) between NO−

3 and Ca+ (r = 0.75,
n = 22). There were also significant correlations
between Cl− and Na+ in both PM10 and TSP
(Fig. 10d). Moreover, in the TSP, these ions (typ-
ically represented by Mg2+ and Ca+) were also
significantly correlated with the presumed crustal
origin elements such as Ca, Fe, Ti, and Mn (r
ranged from 0.54 to 0.78, n = 22). Taken together,
these findings indicate that the aforementioned
ions may originate from or be influenced by WS
salts in the salinized soil and crustal material.

AKD is located in inland Eurasia; the land
covers around and in the neighborhood (including
Xinjiang, most of Mongolia and the neighboring
areas in Russia and Kazakhstan) were the arid
Gobi and desert. Therefore, the WS salts that
accumulated in the surface salinized soil from
such land covers were likely entrained into the
atmosphere by the strong surface winds, after
which they could be transported to our study
site and became important source of aerosol ions.
Year-round arid climate and intensive wind may
lead to the constant contribution of the WS salts
(from the soil) to the aerosol ions. With the ex-
ception of three samples collected during dust
events on Nov 30th 2004 and Jan 2nd and Jan
5th 2005, consistent relationships among Ca2+,
Mg2+, Na+, and SO2−

4 were observed for the PM10

samples (n = 54; Fig. 10a, b, e, and f), which
supports this contention. Information regarding
transport supplies more evidence. The westerly
trajectories to AKD (C–B, C–C, C–D, and C–E,
accounting for 70% of the total trajectories; Fig. 1,
Table 1) exhibited comparatively high levels of
Ca2+ and Mg2+, as well as quite similar concen-
trations of Na+ (Qu et al. 2008). These properties
may reflect salinized dust delivered by the prevail-
ing winds from sandy lands and deserts in eastern
Kazakhstan and in the area.

Other studies also have reported that aerosol
ions originated from the salinized soil. Chemical
analysis and surface structure analysis of the in-
dividual particles have shown that the aerosol
Na+, Cl−, and SO2−

4 during dust storms in Beijing
most likely originated from the salinized soil that
was enriched with chloride and sulfate (Zhang
et al. 2004). Comparison of dust from the source
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Salinized soil origin ions:

Fig. 10 Linear correlations of salinized soil origin ions
between ionic Na+ and Mg2+ (a), between Ca2+ and Mg2+
(b) in PM10, between Na+ and Mg2+ in TSP (c), and
between Cl− and Na+ in PM10 and TSP (d) at Akdala

(AKD). Linear correlations of sulfate between ionic SO2−
4

and Mg2+ (e) and between SO2−
4 and Ca2+ (f) in PM10 at

AKD

region and the deposition region has revealed that
the peak concentrations of Ca2+, SO2−

4 , Cl−, and
Na+ in particles larger than 3.3 μm originated
from WS salts in the soil dust (Liu et al. 2003).
Furthermore, evaluation of aerosols from the
Taklimakan Desert has revealed a local soil origin
of the crustal elements from salts accumulated in
the surface (Makra et al. 2002).

At AKD, elemental Al, Fe, Ca, K, Ti, Mn, and
Sr in the PM10 and Fe, K, Ca, Ti, Mn, and Se in the
TSP were found to be closely related, as indicated
by correlation coefficients of linear regressions

(r) ranging from 0.92 to 0.99 (p < 0.05 signif-
icance). The strong correlations between these
elements with Ca and Fe (typical crustal origin
elements, Zhang et al. 2003) indicated that they
most likely originated from crustal material. El-
emental Se also showed strong correlations with
these presumed crustal elements (r ranged from
0.96 to 0.98, n = 15, p < 0.01 significance) in TSP.
In addition, EFcrust values for these elements (Ca,
Fe, K, Ti, Al, Mn, Sr, Si, and Mg) were all close
to unity (maxima less than 5), which is consistent
with their crustal origin.
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Complicated source of sulfate It is worth not-
ing that the origin of SO2−

4 at AKD was likely
complicated, including both a crustal source and
anthropogenic influence. Good correlations were
observed among Ca2+, Mg2+, and SO2−

4 in most of
the AKD PM10 samples (n = 54, Fig. 10e and f).
Moreover, ionic SO2−

4 in the TSP was significantly
correlated with the presumed crustal origin ele-
ments such as Ca, Fe, Ti, and Mn (r ranged from
0.61 to 0.63, n = 22). These results suggest a crustal
source of SO2−

4 from WS salts in the surface
salinized soil. Along this same line, the SO2−

4 /WS
Ca2+ mole concentration ratio for the three PM10

samples collected during dust events (0.18, corre-
sponding to a mass concentration ratio of 0.42,
Fig. 10f) was comparable to those of the dust
storm samples in the Mu Us Desert (0.1, Arimoto
et al. 2004). However, the SO2−

4 /WS Ca2+ mass
concentration ratio (= 6.0) for most of the samples
(n = 54) was approximately 14 times the ratio
of samples collected during the three dust events
(Fig. 10f), indicating that anthropogenic sources
such as coal combustion likely contributed to the
ionic SO2−

4 in PM10 at AKD for most of the
sampling days. The results from a subsequent
source apportion with PCA (“Source apportion of
the aerosols at ZUZ and AKD”) also support this
contention, that is, SO2−

4 had a high loading on an
anthropogenic component as well as a moderately
high loading on a soil dust component. Ionic NO−

3
showed similar consistency, which indicates that
it was substantially loaded on a soil dust compo-
nent and moderately loaded on an anthropogenic
component.

There are two possible causes of the good inter-
correlation between ionic SO2−

4 and NO−
3 with

ions of crustal origin such as Ca2+: (1) they orig-
inated from the same source, such as the salinized
soil dust; (2) SO2−

4 was associated with dust par-
ticles due to uptaking of SO2 by the dust parti-
cles through heterogeneous reactions during their
mixing and transport to the site. These processes
involved external mixing of various types of pollu-
tants and particles, as well as their internal mixing
(such as chemical uptake of SO2 and HNO3 by
the dust particles). The internal mixing may result
in coexistence of the aerosol populations from
different sources in the aged aerosol. It is difficult
to determine the detailed mechanism of the good

inter-correlation between SO2−
4 and ions of crustal

origin (e.g., Ca2+) based our data alone. Never-
theless, the larger SO2−

4 /Ca2+ ratio observed for
most of our samples compared with the dust storm
samples in the Mu Us Desert tends to support
the latter inference. Further investigation, such as
comparing the ionic composition of aerosol sam-
ples and salinized soil dust samples from around
the region, should be conducted to gain a better
understanding of this phenomenon.

Anthropogenic influenced material When ele-
mental S, Cu, Zn, Ni, and As were evaluated,
good correlations were observed between S and
OC, NH+

4 , and SO2−
4 (r = 0.92, 0.97 and 0.75, n =

8, 14, and 17, respectively, p < 0.01 significance),
between S and Cu and Zn (r = 0.93 and 0.86,
respectively, n = 17, p < 0.0001 significance), and
between Zn and Cu and Ni (r = 0.92, n = 17,
p < 0.0001 significance) in PM10 at AKD. In ad-
dition, the EFcrust values for Zn, Pb, As, Ni, Cu,
and Cr (larger than 5) indicated influences from
non-crustal sources. Taken together, these results
indicate that these elements may have a close
origin and represent regional industrial emissions.
Trajectories that originated at or passed over the
regional industrial and mining areas (C–J, C–G,
and C–A) were likely the major pathways for
pollutant transport to AKD (Fig. 1, Table 1).
There were also significant correlations (p < 0.05
significance, r ranged from 0.68 to 0.97, n = 9–22)
between elemental Pb, Cu, Zn, As, Ni, and V in
the TSP at AKD, which is consistent with their
anthropogenic origin likely being from regional
industries.

Source apportion of the aerosols at ZUZ
and AKD

In a further attempt, PCA with VARIMAX nor-
malized rotation was applied to the aerosol chem-
ical composition data at the two sites to assist
in identification of the possible sources of pollu-
tants. Table 3 displays the factor loadings obtained
using the VARIMAX rotation, as well as the
eigenvalues.

PCA identified three components at ZUZ that
explained 72.4% of the total variance in the
aerosol data set. PC1 was highly loaded with SO2−

4
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Table 3 Varimax orthogonal rotated principal component matrix for organic carbon (OC), elemental carbon (EC), and
water-soluble ionic species in PM10 aerosol at Zhuzhang (ZUZ) and Akdala (AKD)

Aerosol species Component Communalities
and parameter 1 2 3 4

Zhuzhang (ZUZ)
OC 0.26 0.81 0.14 0.75
EC 0.55 0.73 −0.14 0.86
OC/EC −0.42 −0.38 0.64 0.73
Na+ 0.24 0.34 0.83 0.86
NH+

4 0.88 −0.09 −0.19 0.82
K+ 0.81 0.11 0.37 0.81
Mg2+ 0.49 0.10 0.72 0.77
Ca2+ −0.09 0.69 0.38 0.64
Cl− −0.04 0.29 0.70 0.58
SO2−

4 0.81 0.16 0.15 0.71
NO−

3 −0.07 0.65 0.12 0.45
Initial eigenvalue 4.10 2.27 1.59
Percent of variance 26.9 22.8 22.7
Cumulative percent 26.9 49.7 72.4
Likely source Fuel combustion Dust/pollutant Sea salt

(coal, biomass, etc.) mixed
Akdala (AKD)

OC 0.51 −0.01 0.22 0.83 0.99
EC 0.85 0.03 0.39 0.07 0.89
OC/EC −0.37 −0.05 −0.19 0.89 0.96
Na+ 0.13 0.57 0.71 0.01 0.84
NH+

4 0.81 0.46 −0.07 −0.13 0.90
K+ 0.80 0.01 0.43 0.05 0.83
Mg2+ 0.26 0.86 0.38 −0.06 0.96
Ca2+ 0.11 0.93 0.17 −0.01 0.90
Cl− 0.12 0.24 0.87 0.03 0.84
SO2−

4 0.83 0.51 0.04 −0.07 0.96
NO−

3 0.48 0.11 0.64 −0.12 0.67
Initial eigenvalue 5.47 1.68 1.45 1.11
Percent of variance 31.4 22.4 20.7 13.8
Cumulative percent 31.4 53.8 74.5 88.3
Likely source Fuel combustion Soil dust Salinized Semi-volatile

(coal, biomass, etc.) soil dust and secondary
organic carbon

PCA loadings greater than ±0.3 are shown in bold, and those greater than ±0.5 are shown in bold italics

(0.81), NH+
4 (0.88), and K+ (0.81), as well as mod-

erately loaded EC (0.55). These results indicate
that PC1 represented an anthropogenic source of
pollutants from fuel combustion (coal, biomass,
etc.). PC2 was highly loaded with OC (0.81) and
EC (0.73), as well as NO−

3 (0.65) and Ca2+ (0.69),
which indicates that it represented a mixture of
anthropogenic pollutants and dust. The OC/EC
ratios were negatively correlated with PC1 and

PC2 (loadings = −0.42 and −0.38, respectively),
which was likely due to the generally low OC/EC
ratio of the primary carbonaceous aerosols from
anthropogenic emissions. Na+, Mg2+, and Cl−
were highly loaded (loadings = 0.83, 0.72, and
0.70, respectively) on PC3, which indicates that
it was a sea salt component. This source was
likely associated with maritime air parcels trans-
port from the Bay of Bengal and the Arabian Sea
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(Fig. 1, Table 1), during which accompanied with
formation of secondary OC and diffusion/dilution
of EC; these processes may result in the increased
OC/EC ratio and its positive correlation with PC3
(loadings = 0.64).

When the aerosol data set at AKD was consid-
ered, PCA revealed four components accounting
for 88.3% of the total variance. PC1 was char-
acterized by EC (loading = 0.85), SO2−

4 (0.83),
NH+

4 (0.81), and K+ (0.81), while OC loading
(0.51) was also moderately high on this compo-
nent. These results indicate that PC1 was a typical
anthropogenic source of fuel combustion (coal,
biomass, etc.). As discussed above, the OC/EC
ratio was negatively correlated with this compo-
nent. PC2 and PC3 were both ascribed to soil
dust sources; however, PC2 was characterized by
high Ca2+ (0.93) and Mg2+ (0.86) loadings as well
as moderately high Na+ (0.57) and SO2−

4 (0.51)
loadings, while PC3 was characterized by high Cl−
(0.87) and Na+ (0.71) loadings as well as sub-
stantially high NO−

3 loading (0.64). These results
indicate that PC3 may reflect a typical salinized
soil dust source from the arid Gobi, desert, or
similar land covers in and around the region. The
last component (PC4) was only highly loaded with
OC (0.83), and the OC/EC ratio was strongly
positively correlated (loading = 0.89) with this
component. These results indicate that PC4 may
reflect the natural SVOC (with no EC emission
accompanied) and SOC formed during regional
transport to this remote site.

Regional representativeness of the ZUZ
and AKD sites

The results of this study indicate that the aerosols
collected at both ZUZ and AKD were region-
ally representative, which was supported by five
factors:

1. The locations of the sites: Both ZUZ and AKD
are remote rural sites situated at high alti-
tudes; therefore, the aerosols collected were
likely primarily delivered by regional or dis-
tant transport with limited impacts from local
circulation and anthropogenic emissions.

2. The well-mixed state of the atmosphere: Co-
variation between the aerosol populations
that appeared to be from different sources
and constant EC (a typical primary pollutant)
contributions to the aerosol mass (5.1% at
ZUZ versus 3.5% at AKD) implied that the
atmosphere sampled was likely well-mixed.

3. The geographical coverage of regional trans-
port: Measurements at ZUZ may represent re-
gional atmosphere conditions in southwestern
China including Yunnan, Sichuan, Guizhou,
Chongqing, and Tibet, in which the trans-
port pathways passed over (Fig. 1, Table 1).
Measurements at ZUZ may also reflect the
influences of pollutant input from South Asian
countries such as India, Burma, Bangladesh,
and Nepal. The results at AKD can arguably
reflect the atmosphere conditions in north-
ern Xinjiang Province and neighboring areas
through which the transport pathways passed,
with also influences of pollutants from upwind
countries.

4. The comparable aerosol levels with other
background sites: The observed OC and EC
concentrations at ZUZ and AKD were com-
parable to other background sites, indicating
that baseline aerosol characteristic could be
obtained at both sites.

5. The covariation trend of the observed aerosols
in comparison with regional cities: The mea-
sured aerosol species at both sites varied syn-
chronously with the PM10 and SO2 loads in
the regional cities, indicating that observation
at ZUZ and AKD can reflect the variation
and regularity of the regional atmospheric
composition.

Therefore, aerosols collected at ZUZ and AKD
can be expected to be reasonable representations
of the regionally well-mixed atmosphere and a
potentially suitable reference for analysis of
regional atmospheric backgrounds.

However, with the change in seasons, the repre-
sentative regions (typically the upwind sectors) of
these background sites varied because of changes
in atmospheric transport. Indeed, the source ar-
eas, directions, transport distances, and coverage
areas of the individual backward trajectories to
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ZUZ and AKD differed greatly during different
seasons. For example, the transport pathways to
ZUZ (Fig. 1, Table 1) during August (late sum-
mer) were primarily short, including the south-
westerly trajectories from coastal countries near
the Bay of Bengal (C-1 and C-4, accounted for
44% of all trajectories), the southeasterly trajec-
tories from over southeastern Yunnan Province
and south Asian countries (C-2, 38%), and the
northeasterly trajectories from the Sichuan Basin
and beyond (C-3, 18%). However, during autumn,
winter, and early spring, the pattern of transport
differed greatly and included more remote trajec-
tories from the west (West Asia, C-6), northwest
(East Europe, C-7) and southwest (Arabian Sea,
C-5); specifically, the proportion of these trajecto-
ries increased to 28% and 72% during autumn and
winter, respectively. Other features of wintertime
transport to ZUZ were south-westward migration
and extension of the coverage area of the major
individual trajectories as well as the absence of the
northeasterly trajectories. At AKD, geographical
distributions of the trajectories (Fig. 1, Table 1)
were generally similar in different seasons. How-
ever, there were more trajectories from the north-
ern high latitudes during mid–late summer and
autumn, more southeasterly trajectories from over
the boundary area between northwestern China
and Mongolia during early spring (C–A, 17% of
all trajectories), and southward migration of the
coverage area of the major individual trajectories
during winter. The variation in atmospheric trans-
port resulted in seasonality of the representative
regions and scales of these sites, which needs
further assessment.

Further quantitative study is necessary to as-
sess the regional representativeness of these two
background sites. Such studies (similar to the
study conducted by Blanchard et al. (1999) in San
Joaquin Valley) should include an estimation of
the scale of transport based on the observation
from multisites in these regions.

OC/EC ratio used as a means of distinguishing
polluted periods

Because of the inevitable occurrence of distur-
bances from natural emissions, anthropogenic ac-
tivities, and regional input, identification of the

data with the least perturbation is essential for
determining aerosol background levels. Hidy and
Blanchard (2005) reported that median values
for the lower parts of the concentration distrib-
utions, as well as the variation and frequency of
these values derived from long-term and multisite
observations, provide a better representation of
background conditions. We also have suggested
using the OC/EC ratio as a means of distinguish-
ing polluted periods from background conditions
combined with examining the statistic distribution
and variation of the data to estimate aerosol back-
ground concentrations at ZUZ and AKD (Qu
et al. 2009). This approach is based on the fact that
the OC/EC ratio can increase during transport as a
result of secondary transformed SOC being added
to the primary OC fraction, while the OC/EC ratio
for the proximate primary sources was most likely
smaller. The lower OC/EC ratio group of samples
may reflect influences from proximate sources; for
example, the aerosol populations (including OC,
EC, SO2−

4 , NO−
3 , and soil dust) from lower OC/EC

ratio samples at both ZUZ and AKD generally ex-
hibited higher levels and larger variabilities when
compared with the group of samples with higher
OC/EC ratio (Qu et al. 2009). Conversely, the
higher OC/EC ratio group can be expected to
represent a well-mixed atmosphere delivered by
regional or distant transport with signatures of the
regional background.

Indeed, the concentrations of SO2−
4 (a major

aerosol component at both sites, Qu et al. 2008)
and the sum of OC + EC + ions exhibited reason-
able first-order exponential-decay fitting with the
OC/EC ratios at both sites (Fig. 11), similar to the
fitting of EC concentrations with OC/EC ratios
(Qu et al. 2009). These fitting curves reveal that,
as the concentrations of EC, SO2−

4 , and the sum
of OC + EC + ions increased, the OC/EC ratios
approached a constant value that may represent
the characteristic OC/EC ratio of the proximate
primary emission sources; while as the OC/EC
ratios increased, the concentrations of EC, SO2−

4 ,
and the sum of OC + EC + ions approached low
values, which might reflect their background lev-
els. Moreover, SOC/(OC + EC + ions) was found
to be significantly correlated with the OC/EC ratio
(Fig. 11), which also indicates that as the SOC
proportion increases, the OC/EC ratio increases.
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Fig. 11 First-order exponential-decay fitting between
PM10 OC/EC ratio and SO2−

4 concentration at ZUZ (a)
and AKD (b) indicates variation trend of sulfate with
OC/EC ratio; first-order exponential-decay fitting between
PM10 OC/EC ratio and Sum (OC + EC + ions) concen-
tration at ZUZ (c) and AKD (d) indicates variation trend

of Sum (OC + EC + ions) concentration with OC/EC
ratio; linear regression fitting between PM10 OC/EC ratio
and SOC/Sum (OC + EC + ions) at ZUZ (e) and AKD
(f) indicates SOC contribution increases as OC/EC ratio
increases

The relationship between variation in the aerosol
populations and the OC/EC ratio indicate that it
may be feasible to use the OC/EC ratio to distin-
guish samples from regional transport from those
that have been influenced by proximate emissions,
which is helpful for regional atmospheric back-
ground assessment. However, further investiga-
tion of the general applicability of this approach

for evaluating pollution levels at other remote
sites is necessary.

Summary

As part of the evaluation of the two recently
planned CAWANET observatory stations (ZUZ



286 Environ Monit Assess (2010) 167:265–288

and AKD) in southwestern and northwestern
China, aerosol measurements were made to assess
the regional representativeness of the two sites.
Seasonal variations and the sources of the aerosol
species were also investigated.

1. Our study suggested that the ionic Ca2+,
Mg2+, Na+, and Cl− in the PM10 and TSP at
AKD had a crustal origin. Microscopic eval-
uation of the individual particles may pro-
vide morphological evidence in a future study.
Additionally, significant correlations between
SO2−

4 , K+, and EC in the PM10 and between
EC and elemental S in the TSP revealed con-
tributions from coal combustion and biomass
burning. The SO2−

4 to WS Ca2+ ratio indicated
that an anthropogenic source contributed to
SO2−

4 on most of the sampling days. More-
over, comparison of the PM10 and TSP at
AKD implied that crust origin ions like Ca2+,
Mg2+, and Na+ were likely enriched in the
TSP, whereas the SO2−

4 and K+ in the PM10

accounted for 72% and 94% of those in the
TSP, respectively, confirming the influence of
anthropogenic sources.

2. Trace elements in the aerosol were catego-
rized into two sources at both sites, elements
with typical crustal origins such as Al, Ca,
Fe, Ti, and Si, which showed significant inter-
correlations with EFcrust values less than 5, and
Pb, As, Zn, Ni, V, Cr, and Cu with EFcrust

values greater than 5, which suggested influ-
ences from non-crustal, likely anthropogenic
sources.

3. At ZUZ, three main source types were de-
fined based on PCA (in parentheses are the
aerosol species characteristic for each source
type). These were (a) anthropogenic emis-
sions from fuel combustion such as coal, bio-
mass, etc. (SO2−

4 , NH+
4 , K+, and EC); (b)

mixtures of anthropogenic pollutants and dust
(OC, EC, NO−

3 , and Ca2+); and (c) sea salt
(Na+, Mg2+, and Cl−). These components ex-
plained 26.9%, 22.8%, and 22.7% of the to-
tal variance of the data set, respectively. At
AKD, four main source types were identi-
fied: (a) anthropogenic fuel combustion (EC,
SO2−

4 , NH+
4 , K+, and OC); (b) soil dust (Ca2+,

Mg2+, Na+, and SO2−
4 ); (c) salinized soil dust

(Cl−, Na+, and NO−
3 ); (d) semi-volatile or-

ganic carbon and secondary organic carbon
(high loadings of OC and a high OC/EC ratio).
These components explained 31.4%, 22.4%,
20.7%, and 13.8% of the total variance,
respectively.

4. Based on the locations of the sites, well-mixed
state of the atmosphere, geographical cov-
erage of the regional transport, comparable
aerosol levels with other background sites,
and the probability of the observed aerosols
reflecting the variation of the regional at-
mospheric composition, we concluded that
observations at ZUZ and AKD can reflect the
background atmosphere. Furthermore, these
sites are also suitable for monitoring the trans-
boundary influx of pollutants due to the many
trajectories from abroad.

Finally, it should be noted that PM2.5 measure-
ments can better support a study of regional
representativeness than PM10. Unfortunately,
PM2.5 observations were not included in this
study, but such measurements will be conducted
in the future study.
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