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Mixing of Asian dust with pollution aerosol and the transformation
of aerosol components during the dust storm over China
in spring 2007
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[1] An intensive spring aerosol sampling campaign over northwestern and northern China
and a megacity in eastern China was conducted in the spring of 2007 to investigate the
mixing of Asian dust with pollution aerosol during its long‐range transport. On the basis of
the results of the three sites near dust source regions (Tazhong, Yulin, and Duolun) and a
metropolitan city (Shanghai), three dust sources, i.e., the western high‐Ca dust in the
Taklimakan Desert, the northwestern high‐Ca dust and the northeastern low‐Ca dust in
Mongolia Gobi, were identified on the basis of the air mass trajectories and the elemental
tracer analysis (e.g., Ca/Al, SO4

2−/S, Ca2+/Ca, and Na+/Na). The western dust was least
polluted in comparison to the other two dust sources. The results evidently indicated that
the dust could have already mixed with pollution aerosol even in near dust source
regions. The concentrations of As, Cd, Cu, Pb, Zn, and S were elevated several times
at all sites during dust days, showing the entrainment of pollution elements by dust.
The secondary SO4

2− was observed to show much higher concentration due to the
heterogeneous reaction on the alkaline dust during dust storm, while the concentrations of
NO3

− and NH4
+ decreased owing to the dilution of the local pollution by the invaded

dust. The western dust contained relatively low anthropogenic aerosols, and it mainly
derived from the Taklimakan Desert, a paleomarine source. The northwestern dust had a
considerable chemical reactivity and mixing with sulfur precursors emitted from the
coal mines on the pathway of the long‐range transport of dust. The northeastern dust
reached Shanghai with high acidity, and it became the mixed aerosol with the
interaction among dust, local pollutants, and sea salts. Comparison of the speciation of
the water‐soluble ions on both nondust and dust days at all sites illustrated the
evolution of major ion species from different dust sources during the long‐range
transport of dust. The mixing mechanisms of the dust with the pollution aerosol on the
local, medium‐range, and long‐range scale revealed from this study would improve the
understanding of the impacts of Asian dust on the regional/global climate change.

Citation: Huang, K., G. Zhuang, J. Li, Q. Wang, Y. Sun, Y. Lin, and J. S. Fu (2010), Mixing of Asian dust with pollution
aerosol and the transformation of aerosol components during the dust storm over China in spring 2007, J. Geophys. Res., 115,
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1. Introduction

[2] The Asian dust storms originating from arid regions
and deserts located in Mongolia and China are natural
phenomena. These dust storms impact the air quality of

densely populated downstream areas such as China, Korea,
and Japan, and they can exert far‐reaching influence on the
global biogeochemical cycle [Zhuang et al., 1992]. Acidi-
fication of mineral dust particles reacted by those acid gases
would mobilize the dissolution ratio of iron and affect the rate
of carbon fixation in high‐nutrient low‐chlorophyll regions of
the Pacific Ocean [Meskhidze et al., 2003]. The entrained
airborne carbonate (as high as 44.8 Tg yr−1) by Asian dust
may provide an important atmospheric alkaline carbon res-
ervoir for large‐scale climatic and environmental changes by
increasing the alkalinity of ocean water in the Pacific Ocean
and buffering the atmospheric acidity of east Asia [Cao et al.,
2005]. The dust can directly affect the climate by scattering
and absorbing the sunlight radiation and indirectly affect
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climate by acting as cloud condensation nuclei as a result of
the involvement of dust’s chemical reactivity [Arimoto,
2001]. The combined anthropogenic forcing of dust, nitrate,
and sulfate aerosols is estimated to be a negative radiation
forcing of −0.1 W/m2 [Bauer et al., 2007].
[3] There are two dominant source regions of eolian dust

raised from China and its surrounding regions, which are the
Taklimakan Desert in western China and the Gobi Desert in
Mongolia and northern China [Sun et al., 2001]. Dust
aerosols lifted by the strong surface winds can be trans-
ported through the atmosphere for thousands of kilometers
to Beijing [Sun et al., 2005; Guo et al., 2004], Taiwan [Lee
et al., 2006], Japan [Ma et al., 2005; Fan et al., 1996],
Korea [Mori et al., 2003; Kim et al., 2004], and even further
to the North Pacific [Matsumoto et al., 2004; Ooki and
Uematsu, 2005] and North America [Leaitch et al., 2009;
Sun et al., 2009; McKendry et al., 2008]. It has been found
that dust particles were mixed well with sulfate, nitrate [Sun
et al., 2005; Shen et al., 2007], sea salt [Fan et al., 1996],
pollution elements Se, Ni, Pb, Br, and Cu [R. Zhang et al.,
2005], black carbon [Kim et al., 2004], VOCs [Cheng
et al., 2006] and polycyclic aromatic hydrocarbons [Hou
et al., 2006] during the transport. Numerical models with
respect to dust have also been utilized to study interactions
of mineral dust and pollutants [Zhao et al., 2007b], sea salt
particles, and clouds [Levin et al., 2005]. Besides the mixing
processes on the transport pathway of the dust, it is common
for dust to be mixed with pollution aerosol even at those
places close to the dust source region [Arimoto et al., 2004;
Xu et al., 2004]. However, D. Zhang et al. [2005] found that
Asian dust plume and polluted air masses did not mix with
each other and were separated in two consecutive air par-
cels. Therefore, understanding the various effects of dust on

climate and the global biogeochemical cycles requires
information on the transport pathways, chemical and phys-
ical characteristics of dust, and the transformation of dust
components, which evolve and finally change the optical
properties of the dust particles. In this paper, a network of
four ground sampling sites was established to characterize
the chemical properties of Asian dust storms that occurred in
2007, explore the mixing mechanisms of dust with pollution
aerosol, and distinguish different dust sources by introduc-
ing new elemental tracers. The results would elucidate the
importance of the long‐range transport of Asian dust for
climate change and its implication of the mixing of dust with
pollution aerosol during transport.

2. Experiment

2.1. Sampling

[4] A spring sampling campaign of PM2.5 and TSP
aerosol by manually collecting filters was carried out from
20 March to 20 April 2007. An intensive ground monitoring
network, consisting of four sites along the pathway of the
dust storm across China, was set up to monitor the dust
episodes. The locations of four sites are shown in Figure 1.
Tazhong (TZ), which is located in the Taklimakan Desert in
Xinjiang Uygur Autonomous Municipality, represents the
upstream of the western Asian dust source [Li et al., 2008].
Yulin (YL) is located in the northern ShannXi Province, at
the junction of the Gobi desert and the Loess Plateau.
Duolun (DL) is located in the middle of the northeastern
Inner Mongolia, close to the Hunshandake desert, one of the
important dust sources in northern China [Cheng et al.,
2005]. Shanghai (SH) is the biggest city in China and it is
located in the Yangtze River Delta region on the eastern

Figure 1. Sampling sites in spring 2007 (TZ, Tazhong; YL, Yulin; DL, Duolun; SH, Shanghai). The
deserts are marked by the shadows in the map. (Approximate latitude and longitude of China: 18°15′N
to 53°30′N and 74°E to 134°30′°E.)
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coast of China. The sampling duration time for each sample
was generally 24 h. More samples with shorter time duration
were collected during the dust storm days in order to better
characterize the transformation and evolution of aerosol
components. A total of 264 aerosol samples were collected
on Whatman® 41 filters (Whatman Inc., Maidstone, UK) by
medium‐volume samplers (model: (TSP/PM10/PM2.5)‐2,
flow rate: 77.59 L min−1). All those filters were weighed
before and after sampling with an analytical balance (Sar-
torius BT 25s, reading precision 10 mg) after stabilizing
under constant temperature (20 ± 1°C) and relative humidity
(40 ± 2%).

2.2. Chemical Analysis

2.2.1. Ion Analysis
[5] One fourth of each sample and blank filter was extracted

ultrasonically by 10 mL deionized water (18MWcm−1). After
passing through microporous membranes (pore size, 0.45 mm;
diameter, 25 mm), the pH values of filtrates were determined
by a pHmeter (model: LIDA PHS‐2C) with a glass electrode.
[6] Eleven inorganic ions (SO4

2−, NO3
−, F−, Cl−, NO2

−, PO4
3−,

NH4
+, Na+, K+, Ca2+, Mg2+) and five organic acids (formic,

acetic, oxalic, malonic acid, and methylsulfonic acid (MSA))
were analyzed by ion chromatography (IC; Dionex ICS 3000,
USA) which consists of a separation column (Dionex Ionpac
AS 11), a guard column (Dionex Ionpac AG 11), a self‐
regenerating suppressed conductivity detector (Dionex Ion-
pac ED50), and a gradient pump (Dionex Ionpac GP50). The
detail procedures were given elsewhere [Yuan et al., 2003].

2.2.2. Element Analysis
[7] Half of the sample filters were digested at 170°C for

4 h in high‐pressure Teflon digestion vessel with 3 mL
concentrated HNO3, 1 mL concentrated HCl, and 1 mL
concentrated HF. After cooling, the solutions were dried,
and then diluted to 10 mL with distilled deionized water. A
total of 19 elements (Al, Fe, Mn, Mg, Ti, Sc, Na, Sr, Ca,
Co, Cr, Ni, Cu, Pb, Zn, Cd, V, S, and As) were determined
by inductively coupled plasma atomic emission spectros-
copy (ICP‐AES; Model: ULTIMA, JOBIN‐YVON Com-
pany, France). The detailed analytical procedures were
given elsewhere [Zhuang et al., 2001; Sun et al., 2004].
2.2.3. Air Mass Trajectory Analysis
[8] Hybrid Single‐Particle Lagrangian Integrated Trajec-

tory (HYSPLIT) model from Air Resources Laboratory
(ARL) of National Oceanic and Atmospheric Administra-
tion (NOAA) was used to compute forward and backward
air trajectories at model vertical velocity by using GDAS
archived meteorological data set (R. Draxler and G. Rolph,
HYSPLIT (HYbrid Single‐Particle Lagrangian Integrated
Trajectory) Model, 2003, http://www.arl.noaa.gov/ready/
hysplit4.html; G. Rolph, Real‐time Environmental Appli-
cations and Display sYstem (READY), 2003, http://www.
arl.noaa.gov/ready/hysplit4.html).

3. Results and Discussion

3.1. General Description of the Dust Episodes

[9] The temporal variations of the concentrations of PM2.5

and TSP at four sampling sites are presented in Figure 2.

Figure 2. Temporal variations of PM2.5 and TSP at four sites (dust episode marked as dash‐dotted line).
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Missing points are due to the maintenance or malfunction of
instruments. The dust episodes are highlighted by the dashed
lines and circles. An intensive and continual dust event was
observed in TZ from 29 March to 7 April. During this period,
the average concentration of TSP was 4198.6 mg/m3 with
the peak value of 9607.44 mg/m3 on 31 March. Concurrent
dust events were also observed in YL and DL on 30 March
with the peak values of 3186.98 and 1381.69 mg/m3,
respectively. On 2 April, SH encountered the highest‐ever‐
recorded floating dust event with the peak concentration of
1340.41 mg/m3. The average concentrations of PM2.5 and
TSP in nondust periods (ND) and dust storm periods (DS) at
four sites are presented in Table 1, following the sequence of
TZ > YL > DL > SH. The ratios of PM2.5/TSP were also
listed in Table 1 to show the size distribution of the dust
aerosol at each sampling site. In comparison with the nondust
days, the ratios of PM2.5/TSP during the dust storm periods
had a significant decrease at all sites, indicating the entrain-
ment of coarse particles. The PM2.5/TSP ratio of Shanghai
dropped drastically to 0.19 during the dust day, the lowest
among four sites, which perhaps implied that dust had the
most prominent impact on the downstream regions. To
quantify the contribution of mineral aerosol to the total
aerosol mass, it was calculated by summing the major mineral
elements with oxygen for their normal oxides, which was
[Mineral concentration] = 2.2[Al] + 2.49[Si] + 1.63[Ca] +
2.42[Fe] + 1.94[Ti] [Malm et al., 1994], where the concen-
tration of Si was estimated using the Si/Al ratio of 2.80 for TZ
from the results of the individual particle analysis (J. L. Li,
manuscript in preparation, 2010) and 3.43 for the other three
sites by using its ratio of crust abundance. The average mass
percentages of the mineral aerosol in TSP are shown in
Table 1. No distinct differences between ND and DS were
found in TZ, YL, and DL. These three sites are located in or
close to the origin of the dust source, thus less anthropo-
genic pollutants are expected. However, the ratios of mineral/
TSP were lower than unity, which indicated that even at the
source regions of dust, there were still significant contribution
of the components from other sources, e.g., organics, and
secondary inorganic species (SO4

2−, NO3
−, NH4

+) besides the
minerals. This indicated that the mineral aerosols have pos-
sibly already mixed with pollutants even at the dust source
regions. For instance, although YL is located in the northern
edge of Loess Plateau, one of the dust sources in China, it
is surrounded by some big coal mines, and the usage of
coal and coal burning would surely contribute a consider-
able fraction to the aerosol composition there. The biggest

deviation of the mineral/TSP ratio between ND and DS
was found in Shanghai, with the ratio of 38% and 66% in
ND and DS, respectively. Shanghai is a highly developed
city with huge industry and traffic emissions; the anthro-
pogenic sources contributed most in the nondust days,
while the mineral dust apparently dominated in the dust
days.

3.2. Source Identification

3.2.1. Source Identification by Air Mass Trajectories
[10] The backward trajectory is often applied to charac-

terize the origin of air masses by using the HYSPLIT4
(Hybrid Single‐Particle Lagrangian Integrated Trajectory)
Model developed by NOAA/Air Resources Laboratory and
the results are shown in Figure 3. Clearly, the dust storm,
which reached YL on 30 March, originated from Mongolia
and then entered the west of the InnerMongolia and the Loess
Plateau in China (Figure 3a). The dust storm in DL occurred
in the eastern Mongolia Gobi and transported through the
Hunshandake Desert and Horqin Desert (Figure 3b). As for
SH, the air masses moved mainly through two pathways
(Figure 3c). One pathway was Mongolia–east of the Inner
Mongolia–Bohai Sea–Yellow Sea–East China Sea, and the
DL sampling site was right on this pathway as shown in
Figure 3c. The other pathway was western XinJiang–
Mongolia–Inner Mongolia–Loess Plateau–Bohai Sea–Yellow
Sea–East China Sea. Nevertheless, there was no explicit
evidence of which pathway influenced more on SH by only
using the backward trajectory analysis, which will be further
discussed in section 3.2.2. A 4 day forward trajectory was
applied to TZ in the Taklimakan Desert. It could be seen
clearly that the air masses that started at the height of 2000 m
had the capability to reach SH. Anyway, it probably had
minor influence on the ground aerosol as it reached Shanghai
at a high level of ∼3000 m. The other two air masses crossed
the center of China and thenmoved out over Korea and Japan,
finally ending at the North Pacific Ocean.
3.2.2. Source Identification by Elemental Tracers
[11] Although the air mass trajectory analysis has shed

some light on the source of the dust, it is still not very
evident to some extent. Here the elemental tracer analysis is
used to further characterize the source of the dust. The
elemental ratio of Ca/Al has been proven to be an efficient
and feasible way [Sun et al., 2005; Wang et al., 2005a] as
different dust regions in China are characterized of different
Ca content and Ca/Al ratios in soil/particles [Zhang et al.,
1996, 2003]. The Ca/Al ratios of all sites during the dust
days in this study with previous literature references are
listed in Table 2. The Ca/Al ratio of TZ was 1.56 ± 0.14, the
highest among all sites and was the typical sign of the
western high‐Ca‐dust source, which was characterized by
high Ca content [Zhang et al., 1996]. The ratio of YL was
1.09 ± 0.13, close to the northwestern high‐Ca‐dust source
[Zhang et al., 1996; Cao et al., 2008]. This corresponded
well with the backward trajectory analysis above. The
lowest Ca/Al value of 0.52 ± 0.05 was observed in DL and it
was very close to that in Hunshandake desert [Zhang et al.,
1996], which indicated that the dust aerosol over DL was
from the northeastern source. The Ca/Al ratio of SH was
0.67 ± 0.20, which was a little higher than that in DL but
much lower than that in TZ. Thereby, the dust storm in SH
should be more attributed to the dust from the northeastern

Table 1. Average Concentrations of PM2.5 and TSP and Ratios of
PM2.5/TSP and Mineral/TSP in ND and DS at Four Sitesa

Site

TZ YL DL SH

ND DS ND DS ND DS ND DS

PM2.5 198.9 992.3 52.5 300.5 55.8 285.5 49.8 153.1
TSP 472.4 4198.6 167.7 1181.3 98.7 909.4 99.4 806.2
PM2.5/TSP 0.42 0.26 0.31 0.25 0.54 0.31 0.50 0.19
Mineral/TSP 0.78 0.75 0.65 0.80 0.54 0.60 0.38 0.66

aConcentrations are given in mg/m3. ND, nondust; DS, dust storm; TZ,
Tazhong; YL, Yulin; DL, Duolun; and SH, Shanghai.
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source than from the western high‐Ca‐dust source. In sum-
mary, three dust sources were identified: the western high‐
Ca‐dust source and the northwestern high‐Ca‐dust source
with TZ and YL, respectively, as the representative sites.
The northeastern low‐Ca‐dust source was represented by DL.
SH could be regarded as the receptor downstream site and
mostly from the northeastern low‐Ca‐dust source in the dust
episodes of 2007.

3.3. Chemical Characterization of Dust Aerosol

3.3.1. Elements
[12] Enrichment factor analysis is used here to evaluate

the enrichment extent of various elements in aerosol. Usu-
ally Al is used as the reference element. The calculation
formula is EFx = (X/Al)aerosol/(X/Al)crust, of which X is the
element of interest. Species with EFs less than 10 are usually
considered to have a major natural crustal source, while

Figure 3. The 3 day backward air trajectories for the dust in (a) YL, (b) DL, and (c) SH and (d) the 4 day
forward trajectory in TZ.
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species with higher EFs are probably contaminated by
anthropogenic sources. Average EFs of all the measured
elements at four sites were calculated and they could be
categorized into three groups. The first group, which
included Al, Ca, Co, Cu, Fe, Mg, Mn, Na, Ni, P, Sr, Ti, and
V with EFs less than 10, represented the mineral source
from crust. The second group consisted of Pb, Zn, and Cd
with EFs larger than 10 and less than 100, indicating that
these elements were moderately enriched and they could be
from both crustal and pollution sources. The last group with
As and S had EFs larger than 100, indicating these two
elements were highly enriched and mostly from pollution
sources. The EFs of most elements followed the order of
SH > YL ≈ DL > TZ, indicating the aerosol of TZ was least
polluted among four sites. Pb and Zn were found with low
EFs less than 10 in TZ, while these two elements were
definitely the highly polluted elements at the other three
sites, where the EFs of Pb and Zn were tenfold to hun-
dredfold higher than that of TZ. Both Pb and Zn showed
good correlations with Al in both ND and DS in TZ (cor-
relation coefficient R = 0.90 for Pb and R = 0.87 for Zn
during the whole sampling period), indicating that these
two “pollution” elements could be partially from the crustal
source. The average mass ratios of Pb in TSP in ND and
DS samples collected from TZ were 5.27 × 10−5 and 2.48 ×
10−5, respectively, about 3.8 and 1.8 times of its crustal
ratio (1.40 × 10−5), while the ratios of Zn in ND and DS
were 2.24 × 10−4 and 1.03 × 10−4, respectively, about 3.2
and 2.5 times of its crustal ratio (7.00 × 10−5). At other sites,
the ratios were usually tens or hundreds of times higher. This
further indicated that in the source region of the Taklimakan
Desert, the “pollution” element had a significant mineral
source. To evaluate the contribution of the noncrustal source
to the element, the mass concentration of the noncrustal part
is calculated by using the formula: Xnoncrustal = Xtotal –
Alaerosol × (X/Al)crust, where X is the element of interest and
(X/Al)crust is the ratio of element X to Al in crust. The con-
centrations of Pb and Zn from noncrustal sources in ND and
DS are shown in Figure 4. Noncrustal Zn did not vary greatly
between ND and DS in TZ, YL and DL, suggesting a rela-

tively similar background crustal source of Zn. While in SH,
the average concentration of noncrustal Zn in DS reached
1.7 mg/m3, about 1.5 times that of ND. The increased Zn
was probably entrained by the dust during its long‐range
transport. In the case of Pb, the noncrustal Pb had an
obvious increase during DS compared to ND at all sites. The
difference between Zn and Pb indicated that nearby the dust
sources Zn could have the similar crustal background
source, while Pb could be mostly derived from medium‐ or
long‐range transport as leaded gasoline has been used
widely in the early periods of automobile industries in China
and the deposition of the aerosol Pb could have been a
regional problem.
[13] Aerosol in TZ was least polluted as discussed above.

However, it was found that the element As was moderately
enriched with EFs of 51 and 35 in ND and DS, respectively.
This probably indicated that even in the source region of the
dust, the mixed aerosol; that is, the mixing of minerals with
pollutants had already existed. The enrichment of As
probably derived from coal burning as coal and natural
gases are widely used in Xinjiang Autonomous Municipal-
ity. The pollution contamination in the source region of dust
had also been found previously in northwestern China
[Arimoto et al., 2004; Xu et al., 2004] and in the eastern
Mediterranean dust region [Erel et al., 2006].
[14] The ratios of concentrations and EFs of all elements

in DS versus ND are shown in Figure 5. The concentrations
of Al, Ca, Fe, Mg, Co, Mn, Na, P, Sr, Ti, and V increased
8∼30 times during the dust days compared to the nondust
days and those of As, Cd, Cu, Pb, Zn and S were also
elevated 1∼8 times. The results indicated that the dust storm
not only brought abundant minerals but also pollutants. The
highest increase was observed in SH and this implied that
the dust storm had the greatest impact on the downstream
regions, which were even far away from the dust source.
Part of the pollutants brought by the dust could also be from
the medium‐range or regional transport from Beijing and
Shandong Province (northern China) based on the backward
trajectories. The ratios of EFs of DS versus those of ND for
those pollution elements were all below 1.00, indicating the
dilution of the anthropogenic pollutants by the dust during
the dust storm days.

Table 2. Elemental Ratios of Ca/Al at Four Sites During the Dust
Stormsa

Site Type Ca/Al Reference

TZ TSP 1.56 ± 0.14 This study
YL TSP 1.09 ± 0.13 This study
DL TSP 0.52 ± 0.05 This study
SH TSP 0.67 ± 0.20 This study
Taklimakan Desert
Western high dust sources Aerosol 1.99 Zhang et al. [1996]
Badain Juran desert
Northern west high dust

sources
Aerosol 1.20 Zhang et al. [1996]

Hunshandake sand land 0.52 Zhang et al. [1996]
Tongliao, Horqin sand

land
PM2.5 0.76 Shen et al. [2007]

Loess Plateau Aerosol 1.14 Zhang et al. [2003]
TSP 1.22 Cao et al. [2008]

Gobi Soil <100 mm 1.17 Ta et al. [2003]
Yulin, China PM2.5 1.00 Arimoto et al.

[2004]

aThe ratios of Ca/Al at other places from literature are listed for
comparison.

Figure 4. The concentrations of noncrustal Pb and Zn in
nondust (ND) and dust storm (DS) periods at four sites;
error bar represents 1 standard deviation.
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3.3.2. Soluble Ions
[15] The ratios of the concentrations of the major soluble

ions in DS to those in ND (Conc.DS/Conc.ND) are shown in
Figure 6. Na+, K+, Mg2+, and Ca2+, i.e., the mineral ions, all
unexceptionally increased during DS (Figure 6a). The ratios
of TSP were higher than those of PM2.5 at the dust source
regions, i.e., TZ, YL and DL. While at the coastal site of SH,
the ratio of PM2.5 was much greater than that of TSP. This
could suggest that the dust impact more on those coarse
particles in dust source regions, while the dust would impact
more on the fine particle in the downstream regions due to
the dry deposition of coarse particles. The mass percentages
of Na+, K+, Mg2+, and Ca2+ in TSP in DS were similar to
those in ND at TZ. While at the other sites, the mass per-
centages of these soluble ions in aerosol were 2∼5 times
lower in DS compared to those in ND. Given that TZ is in
the middle of the Taklimakan Desert and there are no sig-
nificant anthropogenic sources in the surrounding areas, the
similar composition of aerosol between DS and ND are
expected. While at other sites, more insoluble components
would be entrained by the dust, which decreased the mass
percentage of those mineral ions, i.e., Na+, K+, Mg2+, and
Ca2+.
[16] The ions, which normally were included in the cate-

gory of pollution ions and from so‐called “secondary aero-
sol,” showed different behaviors among SO4

2−, NO3
− and NH4

+

(Figure 6b). It must be noted that the concentrations of
SO4

2−, like the mineral ions, increased during the dust
storm at all sites. At the sampling site of the Taklimakan
Desert (TZ), the average concentrations of SO4

2− in PM2.5

and TSP during DS were 36.0 and 109.3 mg/m3, while
they were 8.3 and 15.0 mg/m3 during ND, respectively. It
must be noted that although SO4

2− in PM2.5 and TSP

during DS was about 4.3 and 7.3 times of that during ND,
the contribution of SO4

2− to the total mass of PM2.5 and
TSP varied just a little with the average mass percentage
of 3.97% and 2.81% in PM2.5 and TSP during ND, and
3.53% and 2.53% in PM2.5 and TSP during DS, respec-
tively. The total S content in the surface soil collected
from many places in the Taklimakan Desert was much
higher than its average world crustal abundance. For
instance, the S content in the surface soil collected from
TZ was 0.125%, about 4 times of the average crustal
abundance of 0.035% [Nishikawa et al., 1991], while the
Al content in the surface soil collected from TZ was
4.52%, much lower than that of the average crustal
abundance of 8.13%. If using the ratio of S/Al in the
surface soil of TZ as reference, the enrichment factor of S
in PM2.5 and TSP during DS was 7.6 and 7.0, while it
was 9.0 and 8.6, respectively, during ND. It should be
emphasized that the ratios of water soluble sulfur content
in sulfate to the total sulfur; that is, S in SO4

2− to the total
sulfur (SO4

2−/S) in PM2.5 and TSP was 0.88 and 0.91,
respectively, clearly suggesting that sulfur in PM2.5 and
TSP was mostly (88–91%) in the form of sulfate. It was
also worthy to note that SO4

2− correlated very well with
Na+, Cl−, and Ca2+ (R > 0.97), indicating that they likely
have the common source. All of these features suggested
that the sulfate in the dust aerosol over TZ, the center of
Taklimakan desert, was mostly from the “crustal” source,
i.e., from the emitted primary dust aerosol, instead of the
secondary aerosol formed from the chemical reactions of

Figure 5. (a) The ratios of the concentrations in DS to
those in ND (Conc.DS/Conc.ND). (b) The ratios of EFs of
all the elements in DS to those in ND (EFDS/EFND).

Figure 6. The ratios of the concentrations of major soluble
ions in DS to those in ND in TSP (a) Na+, K+, Mg2+, and
Ca2+ and (b) SO4

2−, NO3
−, and NH4

+.
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the anthropogenic SO2. As the Taklimakan Desert was spec-
ulated to be ocean 5–7 millions years ago [Sun and Liu, 2006],
the dried sea salts from the paleo‐ocean should be the major
source of the aerosol of TZ. That’s the reason why the sulfate
aerosol of the Taklimakan Desert was at such a high con-
centration level and the mass percentage of sulfate in aerosol
varied little between ND and DS.
[17] At the other three sites, i.e., YL, DL, and SH, the

concentrations of sulfate increased 1.5∼3 times, but its mass
percentages decreased 2∼7 times during the dust days.
Compared to the characteristics of sulfate in TZ mentioned
above, the sulfate in the dust particles collected from these
three sites probably resulted from the sorption of gaseous
SO2, and the consequent transformation to sulfate aerosol on
the surface of dust and could be also due to the mixing of
sulfate aerosol with the dust on the pathway of the dust
transport [Arimoto et al., 2004]. Figure 6b shows that the
increasing ratio of sulfate was higher in TSP than that in
PM2.5, which meant that the formation of sulfate was more
favored in the coarse particles than in the fine particles
during dust storm. This maybe indicated that SO4

2− tended to
exist in the coarse particle in the form of CaSO4 during dust
storm days, while it tended to exist in the fine particles in the
form of (NH4)2SO4 during nondust days (see discussion in
section 3.4). Unlike sulfate, the concentrations of NO3

− and
NH4

+ remained constant or even decreased in DS compared
to ND. The similar phenomenon was also found during the
dust storm in Beijing in 2001and 2002 [Yuan et al., 2008].
This implied that the heterogeneous formation of nitrate and
ammonium on dust was negligible and these two secondary
ions mainly derived from the local sources.

3.4. Mixing Mechanisms

[18] The different origins of dusts, air mass pathways, and
mixing mechanisms during the transport are vital factors
affecting the concentrations and chemical/optical properties
of the aerosol [Arimoto et al., 2006]. The transported dust
with the mixing process on the pathway would be sure to
change the composition of the aerosols in dust storms [Zhao
et al., 2007a], and the transport variability has become a
more important factor than the source variability [Tegen and
Miller, 1998]. Soluble ions took a significant role in the
mixing between mineral aerosol and pollution aerosol and

this effect was found to be a ubiquitous phenomenon during
the dust seasons [Wang et al., 2005a].
[19] In TZ, SO4

2− had a strong relation with Al in TSP
during both ND and DS (R = 0.94). This indicated sulfate
had a significant primary source, i.e., the paleo‐ocean dried
sea salts in the Taklimakan Desert as mentioned above.
The possible existence forms of sulfate could be CaSO4,
Na2SO4, K2SO4, and MgSO4. Although good correlations
were found between SO4

2− and all the major cations, of
which only the equivalent ratio of Ca2+/SO4

2− was close to
unity, indicating that the major part of SO4

2− maybe existed
in the form of CaSO4. Figure 7 plots the equivalent ratios
of SO4

2−/Ca2+ against the concentrations of Ca2+. When the
concentrations of Ca2+ reached a certain value (>50 mg/m3),
the equivalent ratios of SO4

2−/Ca2+ approached 1.00. This
suggested that in the high dust, which was distinguished by
the high Ca2+ concentrations, the dissolved part of the dust
almost contained the equal moles of SO4

2− and Ca2+. The
main form of SO4

2− and Ca2+ in the dissolved part of the dust
storm of TZ seemed to be gypsum/anhydrite (CaSO4). While
in the low dust, the equivalent ratio of SO4

2−/Ca2+ was less
than 1.00, which meant that sulfate couldn’t account for the
total Ca2+. Apart from the contribution of gypsum to the total
Ca2+, the remaining water soluble Ca2+ probably existed in
the form of calcium carbonate (CaCO3). The SO4

2−/Ca2+

ratios increased with the increase of the Ca2+ concentrations,
which meant the higher dust brought more CaSO4 than
CaCO3. As for NO3

−, it was found to be moderately correlated
with NH4

+. The average concentrations of NO3
− and NH4

+ in
TZ were 2.26 and 0.99 mg/m3, respectively, which were at
very low concentration levels among four sites. In the desert,
there is very little population of humans and animals, and
consequently few anthropogenic sources. Very few NOx

emissions and the human/animal excrement may be
responsible for such a low level of NO3

− and NH4
+ in TZ.

[20] In YL, no correlation was found between SO4
2− and

Al in ND and the average mass percentage of SO4
2− in TSP

in DS was 1.97%, much higher than that in the surface soil
of 0.01%. In this regard, sulfate in YL seemed to be dom-
inated by the anthropogenic source in both ND and DS.
From Figure 8a, SO4

2− correlated well with NH4
+ in ND with

the correlation coefficient of 0.74, while there was no such
positive correlation in DS. The concentration of SO4

2−

increased with the decrease of NH4
+ as visualized by the

dashed line in Figure 8a. As indicated above, NH4
+ mainly

derived from the local sources and the entrained dust
contained little ammonium. NH4

+ would be diluted when the
dust invaded, and the dilution of NH4

+ would be more pro-
nounced as the dust increased which was accompanied with
higher concentrations of SO4

2−. The peak value of SO4
2−

during the dust storm days reached 47.03 mg/m3, which was
about 6 times the average concentration in the nondust days.
YL is at the edge of the northern part of Shanxi Province,
where many large coal mines are located. The extensive coal
usage for heating and cooking may be one of the most
important sources of local pollutants in Yulin [Hou et al.,
2006; Xu et al., 2004]. SO4

2− in the dust particles could
result from the sorption of gaseous SO2 and the reaction
with the alkaline components in the dust, such as CaCO3.
Therefore the mixing of sulfur from the coal mines with the
alkaline dust was a reasonable explanation for why SO4

2−

showed such high concentrations during the dust storm

Figure 7. The equivalent ratios of SO4
2−/Ca2+ versus the

concentrations of Ca2+ at TZ.
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days. In the case of NO3
−, it correlated with NH4

+ in both ND
and DS (Figure 8b), which showed the different behavior
compared to SO4

2−. The reaction rates for nitrate production
on dust were strongly dependent on the relative humidity.
Generally, dust‐laden air is quite dry [Arimoto, 2001] and
O3, NO2, and HNO3 were found to decrease by up to 20%,
20%, and 95%, respectively, in terms of model study during
the ACE‐Asia Experiment [Tang et al., 2004]. The low
temperature, relative humidity, strong wind and the low‐
pollution gases did not benefit the photochemical reaction,
the NOR (nitrogen oxidation ratio) was low and even less
than 1% during the dust storm of Beijing [Yuan et al., 2008].
That could explain why nitrate behaved differently from
sulfate during DS. NO3

− and NH4
+ were more physically

affected by the dust storm, i.e., the dilution effect, rather
than the chemical reaction on the dust. Thus good rela-
tionship could still be observed between these two species
during DS.
[21] In DL, the formation mechanism of sulfate and nitrate

was similar as that in YL (not shown Figure 8b). The con-
centrations of the two pollution ions, SO4

2− and NO3
−, were

the lowest among the four sites. Additionally, the average
concentration of SO4

2− in DS was only slightly higher than
that in ND, probably indicating the heterogeneous reaction
there was not prominent. As DL is close to one of the major
sources of Asian dust in the eastern Mongolia Gobi, and no
obvious anthropogenic sources are on the transport pathway

of the dust, there were few chances for the mixing of dust
with pollutants prior to the sampling at this site, so the
mixing extent was not obvious.
[22] The most severe pollution was found in SH. In the

nondust days, the average concentrations and mass per-
centages of SO4

2− and NO3
− in aerosol were the highest

among the four sites. The sum of SO4
2− and NO3

− accounted
for an average of 35% and 21% of the total mass of PM2.5

and TSP, respectively. Coal burning and vehicle emission
were two main anthropogenic sources in Shanghai [Wang et
al., 2006a]. To explore their formation mechanisms, we
analyzed the relationship between SO4

2− and NO3
− and

NH4
+and Ca2+. Surprisingly, no significant correlations were

found in any of the mutual two species, which maybe
indicated that neither NH4

+ nor Ca2+ could dominate the
neutralization process of the two acids. Alternatively, the
sum of the equivalent concentrations of NH4

+ and Ca2+

versus those of SO4
2− and NO3

− was plotted (Figure 9) and
good relation was observed in ND with the correlation
coefficient of 0.78. The average equivalent ratio of [NH4

+ +
Ca2+]/[SO4

2− + NO3
−] in ND was 1.09, very close to unity,

indicating that the alkaline components could just fully
neutralize the acids. While in DS, the average ratio
decreased to 0.82, probably suggesting that although the
dust brought abundant alkaline components, the acidity in
SH aerosol still could not be completely neutralized. It was
found that the average concentration of NO3

− increased from
9.67 mg/m3 in ND to 12.31 mg/m3 in DS. In addition, the
average concentration of MSA (methylsulfonic acid) in DS
increased several times compared to that in ND. As MSA
was an indicator of the marine source, this implied that the
dust plumes probably took the passage on the sea before
arriving at Shanghai, which could also be supported by the
back trajectory analysis (Figure 3c). Previous studies have
found that on the west coast of Japan during an Asian dust
storm event, 79% of total particle population was found to
be modified by sea salt through the individual particle
analysis [Ma et al., 2005] and the interaction of dust with
sea salt was likely an important process in size and com-
position changes of dust aerosols during their long‐range
transport [Zhang and Iwasaka, 2004]. This could explain
why an evident increase of nitrate was only found in SH
during the dust days (Figure 6b), and we attributed this to

Figure 8. The correlation between (a) SO4
2− and NH4

+ and
(b) NO3

− and NH4
+ at YL in ND and DS. Linear fits between

two species are plotted, and the dashed line in Figure 8a is
for visual reference.

Figure 9. The correlation between the equivalent concen-
trations of [SO4

2− + NO3
−] and [NH4

+ + Ca2+] in SH in ND
and DS. Linear fit is plotted for ND.
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the heterogeneous reaction between sea salt and the pre-
cursors of nitrate. Thus, the mixing mechanism in SH
probably involved the interaction of dust, sea salt, and local
pollutants. The lowest pH value of the dust sample filtrate
reached as low as 2.81, about 2 pH units lower compared to
the nondust samples, which was the strong evidence that the
long‐range transport of the dust brought much more acidic
ions, such as SO4

2− and NO3
−, to Shanghai. While at the other

sites, the pH values of the dust samples were usually higher
than those of the nondust samples due to the high alkalinity
of the dust. During the 2001 TRACE‐P flight observations,
the pH of the dust that transported over Shanghai also
reached a low value of approximate 1.00 calculated from the
concentrations of the trace gases, including HNO3(g), in the
air and the components in the dust aerosol [Meskhidze et al.,
2003]. The high acidity of the dust aerosol could be ex-
plained by the severe local pollution in Shanghai plus those
acidic ions brought by the invaded dust aerosol, which
mixed and interacted with those pollution precursors on the
transport pathway before arriving at Shanghai, although the
dust could neutralize part of those acidic components. From
Figure 6a, it could be seen that the increasing amount of Ca2+

in TSP in SH was the lowest among all sites. During the
long‐range transport, large particles were usually subject to
the dry deposition, which would greatly reduce the neutral-
ization extent of the pollution acidic components in the
aerosol. Additionally, the production of sulfate and nitrate
was enhanced by the heterogeneous reactions on the mineral
dusts and sea salts. Thereby, high acidity in dust aerosols
was observed in Shanghai.

3.5. Speciation of the Soluble Ions

[23] A major objective of this study is to characterize and
compare the species of the Asian dust from different sources
and to see the variability of the species during the long‐
range transport. The ratios of the total equivalent cations
(∑+) to the total equivalent anions (∑−) of TZ, YL and DL
were all higher than unity in both ND and DS. As ion
chromatography is unable to measure CO3

2−, the unbalanced
anion was assumed to be CO3

2− as carbonate was a primary
contributor to the surface soil and aerosol in the northern
and western China [Wang et al., 2008; Cao et al., 2008].
While in SH, the ∑+/∑− ratio was less than unity in both
ND and DS, indicating aerosols in SH were more acidic than
those at the other sites. In order to explore the existing form
of the unbalanced ions, the deficiency of anions calculated
by (∑+ − ∑−) is plotted against the equivalent concentra-
tions of Ca2+ in TZ, YL and DL (Figure 10; SH is not shown
in Figure 10 as almost no anion deficiency was observed
there). The strong correlations between the two variables
indicated that CO3

2− probably existed in the form of calcium
carbonate as CaCO3, which was a ubiquitous component in
soils from various arid and semiarid areas in northern and
western China. Thus, we estimated the mass concentration
of CaCO3 by using the formula of [CaCO3] = (∑+ − ∑−) ×
100, where 100 is the molecular weight of CaCO3. With all
the major soluble ions clarified, we could roughly estimate
the concentrations of species [Wang et al., 2005b, 2006b]
with the correlation analysis. The major species in both ND
and DS at all sites and the mass percentages of the major
species in total soluble ions are shown in Figure 11. Ca2+

was mainly in the form of calcium carbonate (calcite) and
calcium sulfate (gypsum and anhydrite) [Mikami et al.,

Figure 10. The relationship between the deficiency of
anions (∑+ − ∑−) and the equivalent concentrations of
Ca2+ in TZ, YL, and DL.

Figure 11. The mass percentages of the major species in the total soluble ions in ND and DS at four
sites.
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2006]. Clearly, calcite was one of the main contributors to
the total ions in both ND and DS in the three dust source
regions, i.e., TZ, YL and DL, while it contributed less
than 10% of the total soluble ions in SH. Carbonate could
greatly affect atmospheric chemical processes and the char-
acteristics of aerosols because it serves as a substrate for
adsorbing SO2 or sulfuric acid and facilitating the heteroge-
neous conversion of sulfur dioxide to be sulfate [Dentener
et al., 1996; Yuan et al., 2006]. Obvious increased mass
fraction of CaSO4was observed in TZ, YL, and SH during the
dust storm days, and the formation mechanism of sulfate has
been elaborated in the discussion above.
[24] SH was directly influenced by the dust plumes from

DL, as indicated from the back trajectory analysis (Figure 3c),
the long‐range transport of the dust aerosol from DL would
induce the evolution of the aerosol composition on the
pathway. The composition of aerosols in DL and SH was
observed to be completely different. The main species in the
aerosol over DL were calcite, secondary species (mainly
ammonium sulfate) and halite (sodium chloride). The pres-
ence of (NH4)2SO4 and the absence of CaSO4 in DL sug-
gested that the heterogeneous reactions could be almost
neglected there. Compared to the high content of CaCO3

(∼80% in dust storm days) in the total soluble part of DL
aerosol, we found high content of CaSO4 in the total soluble
part in SH aerosol (43% in the dust storm days) and the
absence of CaCO3. During the long‐range transport, the high
carbonate in the dust from DL to SH had been fully neutral-
ized by the high concentration of acidic species, such as SO2

or its oxidation products (SO3 and H2SO4(g)), as almost all
CaCO3 in the total soluble part of dust from DL was trans-
formed to CaSO4 and almost no CaCO3 was found in the
aerosol in SH during the dust storm days. The mass per-
centage of CaSO4 in the total soluble ions in SH increased
from 27% in ND to 43% in DS and the average SO4

2−/Ca2+

ratio increased ∼6 times in SH compared to that in DL, which
implied the strong mixing and transformation process from
CaCO3 to CaSO4 during the long‐range transport from DL
to SH. The existence of NaNO3 and its prominent increase
during the dust storm days also supported the mixing and
transformation process of dust with sea salts and pollutants
in SH. It was sure that the long‐range transport of dust
aerosol would change the particle number, size distribution
and chemical composition of the dust and furthermore its
optical properties.
[25] (NH4)2SO4 and NH4NO3 were among the major

secondary species during the nondust days in YL and SH.
Coal usage, power plants and vehicle emissions were
responsible for the precursors of SO4

2− and NO3
−. The

abundances of (NH4)2SO4 and NH4NO3 were controlled by

the amount of NH4
+. During the dust storm days, the con-

tributions of these two species were suppressed to a low
fraction due to the dilution of NH4

+ by the invaded dust.
Sodium chloride existed at all sites. Na+ and Cl− correlated
very well with the correlation coefficient of 0.99 in TZ
because the dust over the Taklimakan Desert had its pa-
leomarine source. NaCl in YL and DL probably derived
from the saline minerals as there were dried salt lakes or
saline soils in northern China and southern Mongolia [Yuan
et al., 2006]. The sodium and chloride in SH was obviously
from the marine source, and the increased contribution of
NaCl to the total ions in DS further implied the mixing of
the dust with sea salts during the long‐range transport of the
dust aerosol.

3.6. Tracers for Distinguishing Different Dust Sources

[26] There have been various tracers used to address the
provenance of the dust particles, such as isotopic methods
[Arimoto, 2001], iron oxide [Shen et al., 2006] and clay
ratios [Caquineau et al., 1998]. New tracers were explored
for distinguishing the different dust sources in this study.
The ratio of Ca/Al is a good tracer in distinguishing the
different dust sources over China, which was discussed in
section 3.2.2. In addition to the Ca/Al tracer, the ratios of
SO4

2−/S, Ca2+/Ca and Na+/Na in DS and ND, which are
listed in Table 3, could also be used to identify the sources
of dust aerosols.
[27] In YL, sulfur almost existed in the soluble form, i.e.,

sulfate, in both ND and DS. As mentioned above, the major
source of sulfur in YL was from the coal mines and the
products of sulfur dioxide through homogeneous or het-
erogeneous reactions were mainly (NH4)2SO4 and CaSO4,
which were highly water soluble salts. Most of the sulfur in
TZ also existed in the soluble state, mainly in CaSO4 and
Na2SO4. The dust from northeastern China (DL to be the
representative) seemed to have the lowest fraction of soluble
sulfur (0.54) in the aerosol compared to the other two dust
sources, western and northwestern China (TZ (0.97) and YL
(1.00) to be the representatives of these two sources). The
insoluble sulfur perhaps derived from the iron pyrites (FeS2)
or copper pyrites (CuFeS2) as these mines were located in
many places in Inner Mongolia. The soluble fraction of
sulfur in DL decreased from 73% in ND to 54% in DS,
indicating the dust could transport more insoluble materials.
In SH, all sulfur was in the soluble part in ND, which was
mainly due to that it was almost all formed from secondary
aerosol. Although influenced by the dust plume from the
northeast, the fraction of sulfur in the soluble part in DS still
approached 100%. This indicated that there was chemical
reaction that transformed insoluble sulfur to soluble sulfur
during long‐range transport.
[28] Ca2+/Ca ratios (Table 3) in ND were higher than

those in DS at all sites, indicating that the dust could bring
more insoluble Ca. The insoluble Ca mainly existed as mica/
Ca silicates bound in mineral structures [DeBell et al.,
2004]. The Ca2+/Ca ratios followed such sequence as TZ <
YL < DL < SH, indicating the increase of the water soluble
Ca from the west to the east. The dust from TZ derived from
the very inner part of the Taklimakan Desert, where the sand
particles contained more insoluble components. While the
dust traveled in YL, DL and SH, it was more or less impacted
by the local mineral source, which contained higher fractions

Table 3. Ratios of S in SO4
2− to Total S, Ca2+ to Ca, and Na+ to Na

in ND and DS at Four Sites

ND or
DS TZ YL DL SH

SO4
2−/S ND 0.89 ± 0.16 1.00 ± 0.18 0.73 ± 0.10 1.00 ± 0.17

DS 0.97 ± 0.12 1.00 ± 0.10 0.54 ± 0.09 1.00 ± 0.17
Ca2+/Ca ND 0.37 ± 0.09 0.77 ± 0.13 1.00 ± 0.18 1.00 ± 0.29

DS 0.19 ± 0.05 0.33 ± 0.09 0.41 ± 0.10 0.49 ± 0.03
Na+/Na ND 1.00 ± 0.30 0.88 ± 0.19 1.00 ± 0.20 1.00 ± 0.34

DS 0.79 ± 0.11 0.61 ± 0.16 0.27 ± 0.03 0.25 ± 0.06
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of soluble Ca, thus, the ratio of Ca2+/Ca in dust storm days
increased from 0.19 in TZ to 0.33 in YL, 0.41 in DL, and
0.49 in SH. The Ca2+/Ca ratio in SH was close to that in DL
during the dust days, which further confirms that the dust in
SH was mostly influenced by the northeastern dust source
(DL as the representative). It can be seen from the ratios of
Na+/Na that sodium existed almost 100% in the form of
water soluble part in ND at all sites, for the sodium in each
site mainly derived from the local soils or marine source
during nondust days. In the dust storm days, the ratio of Na+/
Na at each site followed the order of TZ > YL > DL ≈ SH,
which was the opposite compared to ratio of Ca2+/Ca. The
insoluble Na perhaps existed in its crystalline form and the
dust from the northeastern source (DL) could bring more
insoluble Na than the other two dust sources (TZ and YL).
The Na+/Na ratios in DL (0.27) and SH (0.25) were very
similar in DS, again demonstrating that the dust in SH was
mostly from the northeastern dust source.
[29] In summary, the western high‐Ca dust (the Takli-

makan Desert, TZ as the representative) is characterized
with high ratio of Ca/Al plus higher Na+/Na and lower Ca+/
Ca, while the northeastern low‐Ca dust (Eastern Mongolia
Gobi, DL as the representative) is characterized with low
ratio of Ca/Al plus lower Na+/Na and higher Ca+/Ca. The
characteristics of northwestern high‐Ca dust (Western
Mongolia Gobi, YL as the representative) are intermediate
between the two dust sources mentioned above. These
characteristics provide another very useful tools for tracing
the origins of Asian eolian dusts.

4. Conclusions

[30] 1. Three Asian dust sources, i.e., the western high‐Ca
dust in the Taklimakan Desert, the northwestern high‐Ca
dust and the northeastern low‐Ca dust in Mongolia Gobi,
were identified based on the air mass trajectories plus the
elemental tracer analysis (e.g., Ca/Al, SO4

2−/S, Ca2+/Ca and
Na+/Na). The western dust source was least polluted in
comparison to the other two dust sources. The results evi-
dently indicated that the dust could have already mixed with
pollution aerosol even near dust source regions.
[31] 2. Asian dust not only brought high concentration of

minerals to the downstream areas, but also much pollution.
The concentrations of As, Cd, Cu, Pb, Zn, and S were
elevated several times at all sites during dust days, showing
the entrainment of pollution elements by dust. The sec-
ondary SO4

2− was observed to show much higher concen-
tration due to the heterogeneous reaction on the alkaline dust
during dust storms, while the concentrations of NO3

− and
NH4

+ decreased due to the dilution of the local pollution by
the invaded dust.
[32] 3. The western dust involved less anthropogenic

aerosol, and it mainly derived from the Taklimakan Desert,
a paleomarine source. The northwestern dust had a consid-
erable mixing and chemical reaction with sulfur precursors
from the coal mines on the pathway of the long‐range
transport. The northeastern dust reached Shanghai with high
acidity, and it became the mixed aerosol with the interaction
among dust, local pollutants, and sea salts.
[33] 4. Comparison of the speciation of the water soluble

ions in both nondust and dust days at all sites illustrated the
ion species from different dust sources and their evolution

during the long‐range transport. The mixing mechanisms of
the dust with the pollution aerosol on the local, medium‐
range, and long‐range scale revealed from this study would
improve the understanding of the impacts of Asian dust on
regional/global climate change.
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