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To analyze the impacts of dust storms on the atmospheric and meltwater environment,
intensive and simultaneous sampling for aerosols and meltwater on the terminal moraine
(41°73′ N, 79°88′ E, 3,789 m a.s.l.) of Qingbingtan Glacier No. 72 (Glacier No. 72) on the
northern margin of the Taklamakan Desert were conducted during the summer of 2008.
Aerosol and meltwater chemistry (including the species of Na+, K+, Mg2+, Ca2+, NH4

+, Cl−,
SO4

2−, and NO3
−) was analyzed by ion chromatography. The results indicated that the

major anions and cations in the samples were SO4
2− and Ca2+, respectively. In the dust

event, the average value of aerosol ions was 566.91 neq·m−3, which was nearly five times
that under nondust conditions (115.58 neq·m−3). In addition, in the meltwater samples, the
sum of ion concentrations ranged from 31.26 to 180.98mg·L−1, with an average of
76.40 mg·L−1. When a dust storm occurred, the ion concentrations in these two media
increased significantly and simultaneously, but with different trends due to the different
influencing factors. That is, the atmospheric environment was significantly affected by the
dust storm. According to the correlation analysis and principal component analysis, the
water-soluble ions, such as SO4

2−, Cl−, Na+, K+, Mg2+, and Ca2+, originated from natural
sources, while NH4

+ and NO3
− originated from anthropogenic sources. The results of the

air mass trajectory suggested that the regional dust storms caused by the air masses
originating from Eastern Europe and Siberia had a significant influence on the glacial
environment.
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INTRODUCTION

Dust aerosols contribute nearly 75% of the global aerosol mass load and 30% of the global aerosol
optical thickness. It is highly emphasized that dust aerosols play an important role in connecting the
atmosphere, biosphere, and lithosphere, making them a critical factor in global mass circulation
(Tang et al., 2018). The Earth’s radiation budget can be perturbed by dust aerosols through their
direct (scattering as well as absorbing solar and terrestrial thermal radiation), semidirect (changing
the evaporation rate of cloud droplets), and indirect (modification of cloud optical properties and
lifetimes) effects (Seinfeld et al., 2016; Kedia et al., 2018). Dust aerosols also have a significant impact
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on global climate change (Wang et al., 2015), deterioration of air
quality, visibility reduction and human health (Goudie, 2014),
marine ecosystems, and biogeochemical cycles through their
transportation mechanisms. The transportation mechanisms
are highly dependent on the composition, concentration, and
particle size distribution of dust aerosols (Ramanathan et al.,
2001; Chow et al., 2008; Seinfeld and Pandis, 2012). The radiative
forcing of aerosols is considered to be especially important at the
regional scale because their lifetime is relatively short, which is
different from the radiative forcing of greenhouse gases. Aerosols
are removed from the atmosphere through dry and wet
deposition. Dust aerosols can also mix with anthropogenic
aerosols while they are being transported hundreds to
thousands of kilometers away, which play a crucial role in the
atmospheric chemistry and biogeochemical cycles in the
Northern Hemisphere (Duce et al., 1991; Arimoto et al., 1996;
Griffin, 2007). Dust aerosols deposited on glacial surfaces can
decrease snow albedo by enhancing lighting absorption, which is
a vital factor influencing glacial melt (Wang et al., 2013; Kaspari
et al., 2015). Dust particles also have a significant impact on the
chemistry of glacial meltwater. The hydrochemical characteristics
of meltwater runoff will be affected by dust particles. Analyzing
meltwater chemistry is of great significance to studying dramatic
glacial change influences on meltwater (Dong et al., 2014).
Moreover, glacial meltwater is an essential water resource in
arid and semiarid areas of Northwestern China. Some dust
particles stored in glaciers will be released with glacial
meltwater into glacial runoff and eventually incorporated into
downstream aquatic ecosystems (Zhang et al., 2019).

The Tianshan area is located in the arid and semiarid region
of Central Asia, which is in a significant dust source region of the
Northern Hemisphere (Li et al., 2011; Dong et al., 2014); a great
quantity of dust has been transported to the North Pacific and
the western coast of America or even globally under the action
of strong winds each year. The information of aerosol dust can
be recorded in the snow and ice of high mountains and polar
regions. During the past few decades, dust particles in glaciers of
Central Asia have been of widespread concern. In the early
stage, the studies of dust storms in the glacial region mainly
focused on the properties of dust particles in snow and ice.
Wake et al. (1994) analyzed the concentrations and size
distributions of insoluble particles in snow and ice samples
and discussed the spatial and seasonal distributions of eolian
dust deposition in Central Asia. Subsequently, Dong et al.
(2009) measured the deposition of atmospheric dust in snow
deposited on Haxilegen Glacier No. 51 in Kuitun, Glacier No.1
at the headwater of Urumqi River, and Miaoergou Glacier in
Hami in East Tianshan Mountains. Dong et al. (2010)
researched the characteristics of aerosol dust in fresh snow
during Asian dust and nondust periods at Urumqi Glacier
No. 1 of eastern Tian Shan. Dong and Li, (2011) and Dong
et al. (2013) analyzed the characteristics of atmospheric dust
deposition in snow on Glacier No. 72 and Glacier No. 4, Mt
Bogeda. Dong et al. (2014a) studied and compared the
deposition of atmospheric dust in snow deposited on Glacier
No. 12 at the Laohugou River, Shiyi Glacier in Yeniugou of the
western Qilian Mountains, China. In recent years, Asia dust

provenance in snow and ice of glacier regions was analyzed by
researchers (Xu et al., 2012; Yu et al., 2013; Du et al., 2015; Dong
et al., 2016; Du et al.,2017). These studies mainly focus on the
characteristics of Asia dust particles in snow and ice, as well as
the spatial and temporal distribution and source analysis.
However, there are few studies on the impact of dust storms
on aerosols and meltwater. You and Dong (2011) also studied
samples collected from aerosols, fresh snow, and snow pits on
Urumqi Glacier No. 1 and determined the deposition processes
and characteristics of mineral dust microparticles from aerosols
to fresh snow and then the evolution to snow pits. Little research
has been carried out regarding dust particle effects on the
physicochemistry of glacial meltwater runoff. Dong et al.
(2014b) discussed the temporal variations in various
physicochemical species in the meltwater runoff of Laohugou
Glacier No. 12 in Central Asia and their correlation with dust
particles based on two-year field observations in the summers of
2012 and 2013.

However, there are few studies on the coupling relationship
between the atmospheric environments and meltwater
environments of glaciers during dust storms. In addition, there
has been little research on aerosols of Glacier No. 72. Therefore,
aerosol samples and meltwater samples were collected on Glacier
No. 72 during 2008. The purposes of this research were to
comprehend the water-soluble ion chemical characteristics of
aerosols in the region and the coupling relationship between
aerosols and meltwater on both dust and nondust days. Although
the field experiment was carried out for only seven days,
inorganic ion chemistry and individual analyses of aerosols
were investigated in this study for the first time. Thus, it is
essential to investigate the chemical characteristics of aerosols
and glacial meltwater at Glacier No. 72 in the southern Tianshan
Mountains.

MATERIALS AND METHODS

Site Description
Glacier No. 72 (41°45.51′N, 79°54.43′E) is a compound valley
glacier located in the southern foot of the Tianshan Mountains
and the southern part of Tomur peak in the northern margin of
the Tarim Basin in Xinjiang. This glacier is representative of
many other glaciers on Mount Tomur, with the highest elevation
of 5,986 m a.s.l. The glacier is surrounded by vast deserts and
Gobi (Figure 1). The climate in this area is typical of the
continental climate and mainly affected by the westerlies. The
aerosol sampling point is located at the lateral moraine at the east
end of Glacier No. 72 at an altitude of 3,789 m. The bedrock is
exposed without vegetation coverage. The salt contents of
crystalline rocks, such as granite and metamorphic rocks, in
the alpine zone, are difficult to dissolve. The soluble salt is
mainly bicarbonate, some of which included marble and
limestone. The low mountain zone is composed of the salt
bearing rock series of the Tertiary system, with soluble salts.
The area of mobile sand dunes in the Taklimakan Desert is as
high as 85%. Evaporites such as the gypsum layer, Glauber’s salt,
halite, and sylvite are widely developed in the underlying strata.
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Sample Collection and Analyses
Aerosol samples were collected for seven days from July 30 to
August 14, 2008 (Figure 2). Four samples were collected on July
30, July 31, August 1, and August 3 before the dust storm on
August 5. Three samples were collected after the dust storm on
August 6, 9, and 14, respectively. Zefluor™ Teflon filters, 47 mm
diameter with 2.0 μm pore size (Gelman Sciences), were used to
collect the aerosol samples. The sampler was driven by a 24 V
diaphragm pump powered by solar cells. The filters were
mounted face-down approximately 1.5 m above the ground
surface. Sampling usually started at 11:00 in the morning
(Beijing time). No samples were collected during rainy or
foggy weather. The air extraction volumes of aerosol samples

varied from2.71 to 6.25 m3; for details, see (Zhao et al., 2011). The air
volume through the filter wasmeasured by an in-linemeter and then
converted into standard conditions according to local environmental
pressure and temperature. Based on the average flow rate of
1.27m3·h−1 on the filter, the particle collection efficiency was
greater than 97% for aerosol particles with the diameter larger
than 0.035 μm (Liu et al., 1984; Li et al., 2011). After sampling,
the filters were removed from the filter holder and placed into
cleaned airtight plastic containers and stored at 4°C before analysis.
When loading and unloading the filters, the operator should wear
plastic gloves and face the upwind side to minimize pollution.

Nine days of meltwater samples were collected from July 30 to
August 9, 2008. The sampled hydrological section was 1.1 km
away from the end of the No.72 glacier. The SWY-20 type
monthly self-metering water level and water gauge were
adopted to measure the water level and flow rate, and there
was an automatic weather station in the area to measure wind
speed and direction, air temperature, air pressure, precipitation,
and relative humidity. Meltwater samples were collected at 14:00
every day. All samples were kept frozen and transported in the
condition of −18°C until laboratory measurement at the State Key
Laboratory of Cryospheric Science of Chinese Academy of
Sciences. Before testing and analyzing, the sample melted
naturally at room temperature.

Both samples and field blank filters were analyzed in a class
100 clean room at the State Key Laboratory of Cryosphere
Sciences, Chinese Academy of Sciences (Lanzhou). In order to
efficiently extract the water-soluble species from the filters, the
sample and blank filters were first wetted with 200 μL ultra-pure
methanol. The soluble components were then extracted with
25 ml of deionized water for about 30 min using an ultrasonic
water bath device (Zhao and Li, 2004; Zhao et al., 2011; Zhang
et al., 2016). Dionex model 320 ion chromatograph (Thermo
Fisher Scientific, Inc.) was used to determine the major ion

FIGURE 1 | Map showing the location of Qingbingtan Glacier No. 72 (A,B) and automatic weather station at the end of glacier 72 (C).

FIGURE 2 | Temporal variation in the concentration of soluble ions in
aerosol samples in 2008.
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concentrations in the aqueous extracts. Zhao and Li (2004) and
Zhao et al. (2011) have described the detailed experimental
methods. Mean concentrations of five field blank filters were
Cl− (3.66 ng/g), NO3

− (17.31 ng/g), SO4
2− (2.60 ng/g), Na+

(2.61 ng/g), NH4
+ (3.35 ng/g), K+ (0.04 ng/g), Mg2+ (2.44 ng/g),

and Ca2+ (6.41 ng/g). These were obviously lower than the
concentrations detected in the aerosol samples. The average
blank values were subtracted from the sample concentrations.

In addition, the scanning electron microscopy-energy
dispersive X-ray spectrometer (SEM-EDX) was used to analyze
individual particles. For each membrane, a part of the total filter
was cut and mounted on an electron microprobe stub, and a thin
gold film (16 nm) was coated to obtain a high-quality secondary
electron image. The operating conditions were listed as follows:
the accelerating voltage is in the range of 5–10 kV; and the
spectral acquisition time is 60 s. Noran TM System software
(Thermo Fisher Scientific Inc.) for energy dispersive
microanalysis was used for the quantitative analysis of
individual particles. The morphological characteristics of
aerosol samples were classified, and the detailed analytical
techniques of aerosols are described in the literature (Zhao
et al., 2011).

RESULTS AND DISCUSSION

Impact of Dust Storms on the Atmospheric
Environment of Glacial Areas
On August 5, 2008, there was a strong dust storm event in
southern Xinjiang, http://www.duststorm.com.cn/. According
to the field records obtained during sampling, there was strong
dusty weather at Glacier No. 72 on the afternoon of August 5,
and there was floating dust in the air all day on August 6.
Therefore, the three aerosol samples collected from August 6 to
August 14 were affected by dust storms with varying degrees,
which was helpful for understanding the impact of dust storms
on the atmospheric environments in high-altitude areas.
According to the sampling time, the seven aerosol samples
were divided into two parts: before the dust storm event of
July 30 to August 3 and after the dust storm event of August 6 to
August 14. Supplementary Table S1 presents the mean
concentrations of the water-soluble primary inorganic ions
(Cl−, NO3

−, SO4
2−, Na+, NH4

+, K+, Mg2+, and Ca2+). Of all
seven samples, the sum of anions and cations in the aerosols
ranged from 63.66 to 808.29 neq·m−3, with an average of 309.

01 neq·m−3. Table 1 showed that the total number of cations
measured in the aerosols [∑+ � (Na+) + (NH4

+) + (K+) +
(Mg2+) + (Ca2+) ] was 4.82 times the total number of anions
measured [∑- � (Cl−) + (NO3

−) + (SO4
2−) ]. This phenomenon

existed in all samples, indicating that aerosol particles on that
day were more alkaline (Yang et al., 2016). Most of the excess
cations in the samples could be balanced by carbonate ions
(HCO3

−/CO3
2− � ∑+−∑− � ΔC) that were not detected in the

experiment (Zhao et al., 2008). Ca2+ and ΔC were the main ions
in the aerosols, accounting for 78.88% of the total measured
anions and cations.

Before the dust storm occurred, the sum of anions and cations
in the aerosols ranged from 63.66 to 154.99 neq·m−3, with an
average of 115.58 neq·m−3. The order of ion concentrations was
Ca2+ > NO3

− > SO4
2− > Na+ > Mg2+ > Cl− > NH4

+ > K+, which
represented the background value of the atmospheric
environment in the region. However, after the dust storm, the
sum of anions and cations in the aerosols ranged from 425.35 to
808.29 neq·m−3, with the average of up to 566.91 neq·m−3, which
was 4.9 times the average before the dust storm. The order of ion
concentrations was Ca2+ >Mg2+ > Na+ > SO4

2− > Cl− > NO3
− >

NH4
+ > K+. According to the orders of ion concentrations, Ca2+

and SO4
2- were the most important cations and anions in this

area, whether affected by dust storms or not. Dust storm events
could bring much Mg2+ and Na+, so that the relative positions of
the two ions in the sequence were advanced. During the sampling
period, except for the nonobvious change in K+, the other seven
ions showed a significant increasing trend, especially after the
occurrence of the dust storm on August 5. In particular, with
Ca2+, the average ion concentration after the dust storm event was
5.21 times that before the dust storm event, which showed that
the dust storm event had a great impact on the atmospheric
environment in the glacial area.

In previous studies, Ca2+ and Mg2+ were thought to be the
index of dust substitution in studies of crustal sources on snow
and ice chemistry (Wake et al., 1994; Dong et al., 2009; Zhang
et al., 2016). Glacier No. 72 was surrounded by desert and located
in the source area of Asian dust. There were many minerals, such
as quartz, feldspar, calcite, yellow flash, and black mica, in the
sand of the desert, which was also rich in CaCO3, CaSO4, and
NaCl. When dust storms occurred, a large amount of dust was
carried to the glaciers. Therefore, the concentrations of Ca2+ and
Mg2+ increased significantly. Simultaneously, the debris at the
southern foot of Mt. Tomur was rich in limestone, amphibole,
and other minerals, and these minerals were also abundant in Ca,
Mg, Na, and other substances. In addition, the concentrations of
Na+, Cl−, and K+ also increased significantly. This was because the
air masses that passed by the salty sea and Issky Kul Lake could
bring more salt particles with high concentrations. These factors
contributed to the concentrations of water-soluble ions increases
in the atmospheric environment of the glacial area after a
dust storm.

To calculate the relative contributions of each ion to aerosols
before and after the dust storm, the percentage value was
calculated based on each sample. Then the average value was
calculated (Figure 3). In general, Ca2+ and HCO3

−/CO3
2− were

the most abundant ions in aerosols, accounting for 39.26% and

TABLE 1 | Correlation coefficients of the soluble ions in aerosol samples.

Cl− NO3
− SO4

2− Na+ NH4
+ K+ Mg2+ Ca2+

Cl− 1.00 0.51 0.99** 0.99** 0.56 0.79* 0.95** 0.93**
NO3

− 1.00 0.62 0.48 0.73 0.09 0.65 0.68
SO4

2− 1.00 0.99** 0.60 0.78* 0.98** 0.98**
Na+ 1.00 0.53 0.83* 0.95** 0.94**
NH4

+ 1.00 0.05 0.62 0.62
K+ 1.00 0.77* 0.76*
Mg2+ 1.00 0.99**
Ca2+ 1.00

*indicates correlation significant at p � 0.05; ** indicates correlation significant at p � 0.01.
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39.62%, respectively, of the ion balance. The contributions of
Ca2+, HCO3

−/CO3
2−, NO3

−, and SO4
2− to the ion balance were

39.73%, 34.75%, 7.99%, and 5.27%, respectively, from July 30 to
August 3 (nondust days). The contributions of HCO3

−/CO3
2−,

Ca2+, Mg2+, Na+, and SO4
2− to the ion balance were 40.59%,

39.43%, 4.89%, 4.54%, and 4.15%, respectively, from August 6 to
August 14 (dust days). Based on the contributions of the above
ions, CaCO3/Ca (HCO3)2 was the main dust material during the
sampling period.

The SEM-EDX technique is an important method to analyze
the characteristics of aerosol particles, which can supply detailed
information about the shape and size of particulate matter, such
as morphology, element composition, surface load, and
agglomeration (Li et al., 2011; Zhang et al., 2016), and this
method used to analyze aerosol samples is able to more
intuitively understand the effects of dust storms on the
atmospheric environment. The single-particle analysis for
aerosols at Urumqi Glacier No. 1 and Mt. Bogda indicated
that natural sources of dust and mineral particles usually
appeared irregular, and then, the particles produced by
artificial sources of pollution usually appeared as surface light
sliding spherical or floc aggregates (Li et al., 2011; Zhao et al.,
2011). According to Figure 4, most of the particles enriched on
Teflon sampling filters were irregular, mainly minerals and dust
particles. There may be aluminosilicate, quartz, feldspar, gypsum,
and calcite in these particles. This indicated that the atmospheric
environment of the glacier area was mainly affected by natural
sources. By comparing the samples for August 6, August 14, and
August 3, it could be found that the particles attached to the

membrane showed an increasing tendency due to the August 5
dust storm incident. Thus, the occurrence of dust storms could
bring large quantities of mineral particles, causing the
concentrations of water-soluble ions in the atmosphere of the
glacier area to increase sharply.

For comparison, the average soluble ion concentrations of
aerosols in this work and other glaciered areas are summarized in
Supplementary Table S2. When analyzing the spatial difference
in aerosol chemical composition, the average concentration of the
four samples before the dust storm event at Glacier No. 72
represented the background concentration of aerosols. Bogda
glacier is close to Glacier No.72; both of them are affected by the
prevailing westerly. The sampling period was the same, all in
summer; thus it had certain comparability. In general, the ion
concentration of Glacier No. 72 was higher than that of Bogda
glacier, especially Ca2+ and Mg2+. Compared with Bogda glacier,
the average temperature (5.4°C) and humidity (72%) of Glacier
No. 72 were higher than those of Bogda glacier (4.7°C, 57%), but
the average wind speed (2.6 m·s−1) was lower than that of Bogda
glacier (4.8 m·s−1). Wake et al. (1990) and Sun et al. (1998) have
also pointed out that Na+ and Cl− originated from the extensive
evaporate deposits in the arid regions surrounding these
mountain ranges. When the temperature was higher, it
contributed to evaporating the sediment; thus the
concentrations of Na+ and Cl− were relatively high. When the
wind velocity was low, it was not conducive to the local emission
of dust (Dong et al., 2013). The concentrations of Ca2+ and Mg2+

should be lower, but the ion concentrations of Glacier No. 72 were
much higher than that of Bogda glacier. The main reason was that

FIGURE 3 | (A) Before and (B) after dust storms.

FIGURE 4 | Scanning electron microscope (SEM) images of typical aerosol samples. (A) 3 August 2008 before the dust storm; (B) 6 August 2008 after the dust
storm; (C) 14 August 2008 after the dust storm.
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Glacier No.72 was located in the northern edge of the desert,
which was closest to the Taklimakan Desert, and was greatly
affected by the Taklimakan Desert.

Impact of Dust Storms on Meltwater in
Glacial Areas
Glacial meltwater is an important part of the terrestrial
hydrosphere, and the change is the result of the water-energy
balance in the basin, which can accurately reflect the river basin
information on climate change at different time scales and human
activities in the region. The sum of ions in the samples from
Glacier No. 72 ranged from 43.65 to 78.48 mg·L−1, with an
average of 60.77 mg·L−1 (Supplementary Table S3). Ca2+ was
the main ion in the measured samples, with a mean value of
17.62 mg·L−1, followed by SO4

2−, with a mean value of
9.89 mg·L−1. Besides, the standard deviation also showed that
the change in the concentration of these two ions was very large,
while the concentrations of K+ and NH4

+ were low and relatively
stable. In general, the meltwater ions were mainly composed of
the sulfate-calcium type, which was consistent with the
characteristics of the atmospheric environment of the glacial
area. The order of ion concentration was SO4

2− > Ca2+ > Cl−

> NO3
− > Na+ > Mg2+ > K+ > NH4

+. After the dust storm, ion
concentrations significantly increased; the sum of ion
concentrations ranged from 31.26 to 180.98 mg·L−1, with an
average of 76.40 mg·L−1, the mean concentration of Ca2+ was
approximately 21.94 mg·L−1, and SO4

2− was approximately
18.95 mg·L−1, which were 1.25 and 1.92 times greater,
respectively, than before. Dust storms could bring more Ca2+,
SO4

2−, Mg2+, and so on. Figure 5 also showed that the
concentrations of various meltwater ions increased
significantly on August 6 and August 7, especially Ca2+, Mg2+,
and SO4

2−. According to the field records of sampling, there was
strong dust weather on Glacier No. 72 in the afternoon of August
5, and there was floating dust all day on August 6. After the dust

storm, the dust particles fell onto the surface of the glacier and
meltwater through a dry and wet deposition. The dust
composition changes from one chemical state to another.
Different chemical substances dissolved into the meltwater,
which led to the higher ion concentration in meltwater. We
find that the higher concentration of cations and anions is of
Ca2+, Mg2+, Na+, and SO4

2−, Cl− in meltwater samples,
respectively. The total ion concentration also increased on the
sixth and seventh. Considering the dust storm on August 5, we
can infer that the chemical constituents mainly reflect the
apparent effects of mineral dust input on glacier meltwater.

As for the concentration of ions in glacial meltwater, it was not
only affected by the dry and wet deposition of glacial dust but also
affected by the erosion effect of glacial meltwater on the channel
bed, namely, the water-rock interaction. Water-rock interaction
is related to geological conditions and flow velocity, and various
ions in rocks and weathering materials around the river bed are
brought into the meltwater mainly through the erosion of the
water. The geological conditions are relatively stable in a long
time series, so it has little effect on the ion species in the river
water (Zhang and Chen, 2000). The higher discharge of meltwater
will affect the erosion rate, thereby affecting the process of
physical and chemical weathering, making it higher than the
continental average (Kumar et al., 2019). The discharge of
meltwater mainly depends on meteorological factors. Due to
the increase in temperature or precipitation, the discharge
volume increases (Li et al., 2019). After the dust storm
occurred on August 5, the temperature dropped, there was no
significant precipitation, the flow velocity tended to decrease, the
water-rock interaction weakened, and the ion concentration in
the sample would not increase rapidly. Therefore, after excluding
relevant factors that may cause ion changes in meltwater, it is
concluded that the sudden increase in ion concentrations during
this period is mainly related to the occurrence of dust storms.

After the dust storm, the temperature rose, the glacier melted
faster, the runoff increased, and the flow velocity increased. The
contact time between the water and the channel bed was relatively
short; the soluble salts in the soil and rocks less dissolved in the
water. At the same time, during the sampling period, there was
precipitation on August 9. Atmospheric precipitation is one of the
water bodies with the lowest soluble matter content. Therefore,
when there was more precipitation replenishment to the river,
due to the dilution of precipitation, there is a negative correlation
between the total amount of meltwater ions and the
corresponding regional rainfall (Zhang and Chen, 2000). After
the ninth, the amount of precipitation increased, and the runoff of
river water recharged from atmospheric precipitation increased,
which could lead to increased erosion of glacial moraine and
lateral moraine, and increased interaction of river water and rock,
resulting in increased river water ion concentration.

Coupling Relationship of Typical Dust
Concentrations in Aerosol and Meltwater
Samples
The effect of dust storms on the glacial environment was based on
dry and wet deposition. To observe the effect of the dust storm on

FIGURE 5 | Temporal variations in the concentrations of chemical ions in
meltwater samples in 2008.

Frontiers in Earth Science | www.frontiersin.org January 2021 | Volume 8 | Article 5276636

Zheng et al. Physicochemical Aerosol and Glacier Meltwater

https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles#articles


the atmospheric environment and water environment in the
glacial area, the four main ions carried in the dust (SO4

2−,
Na+, Mg2+, and Ca2+) were selected as the research objects.
There was a significant increase between August 3 and August
6 (Figure 6) in both the aerosol samples and meltwater samples.
The concentrations of SO4

2−, Na+, Mg2+, and Ca2+ increased by
1.95, 1.44, 3.42, and 3.17 times in the aerosol samples and
increased by 1.82, 2.35, 1.91, and 1.59 times in the meltwater
samples, respectively. The increases in Mg2+ and Ca2+ in the
aerosol samples were the largest, indicating that dust storms
largely influenced the chemical composition of the atmosphere
and water environment of the glacial area, especially in the
atmospheric environment.

In the process of a dust storm, if there was no precipitation, a
large amount of dust would remain in the atmosphere, and the
horizontal diffusion rate would be extremely slow. Approximately
one week after the end of the dusty weather, the air cleanliness
could be restored to the level it was before the dust storm, so the
ion concentration in the atmosphere would not decrease over a
short time (Shen and Wen, 1994). However, due to the limited
collection of samples, we did not observe that the aerosol returned
to the normal levels, and the ion concentration was still high on
the 14th.

However, the trend in ion concentration in the meltwater
runoff was inconsistent with the change in ion concentration in
atmospheric aerosols because of the different factors affecting ion
concentration in the two media. The flow of meltwater gradually
weakened the effect of dust storms on the water environment, so
the ion concentration decreased in a stepwise manner. Also, the

sampling point was surrounded by a large number of moraines
composed of rocks and sand, and the erosion of the meltwater
would continuously bring a large amount of sulfate, such as
calcium sulfate, dissolved in the water, which hydrolyzed into
Ca2+ and SO4

2−, so there was no significant reduction in SO4
2−.

After August 9, the temperature rose, the upstream glaciers
ablated dramatically, the amount of meltwater increased, the
flow rate also increased, and the river water erosion on the
riverbed strengthened; those caused the ions in the river to
increase again. The concentrations of SO4

2−, Na+, Mg2+, and
Ca2+ increased by 3.38, 4.68, 1.54, and 1.22 times, respectively.
Among them, the increases in SO4

2− and Na+ were greater than
when the dust storm occurred. This result indicated that when the
dust storm event occurred, although the chemical compositions
of both the atmospheric environment and water environment in
the glaciers were greatly affected by dust storms, the effect of the
dust storm on the atmospheric environment was strong, and the
impact on the water environment mainly because of temperature
rise would cause more glacier melting and then more dust
deposited on glacier surface was moved to glacial river by
meltwater.

Source Analysis of Water-Soluble Ions in
Aerosols
Dust storms had a substantial impact on the atmospheric
environment of the glacial area because the materials in the
area would be carried to the glacial area by air masses,
including some sources of anthropogenic pollution, such as

FIGURE 6 | Temporal variations in typical ions in aerosol and meltwater runoff samples in 2008. (A) SO4
2-; (B) Na+; (C) Mg2+; (D) Ca2+.
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NO3
− and NH4

+. Subsequently, the chemical composition of the
water environment in the glacial area was affected by the dry and
wet deposition of dust aerosols. Therefore, the primary sources of
dust aerosols were analyzed by correlation analysis and principal
component analysis.

Correlation coefficients among the main water-soluble ions
are presented in Table 1. Significant positive correlation
coefficients were found between Ca2+ and Mg2+ (r � 0.99) and
Ca2+ and SO4

2− (r � 0.98), which indicated that these two species
might come from the same source. High Ca2+ was a tracer of dust
from desert and loess areas in Asia (Dong and Li, 2011; Zhao
et al., 2011). For Ca2+ and SO4

2−, because the Tianshan
Mountains were surrounded by a large number of deserts and
Gobi, the calcium-richminerals in the desert were usually CaCO3,
CaSO4, or a mixture of CaCO3, CaSO4, and silicates. Meanwhile,
when the air masses passed from west to east or from south to
north through the desert, these air masses would bring a large
amount of sand and stone grains rich in Ca2+ and Mg2+ (Okada
and Kai, 2004). In addition to the surrounding desert and soil, the
soil in the middle of the Caspian Sea and the Aral Sea west of the
Tianshan Mountains may also be one of the primary sources of
Ca2+ in this area (Claquin et al., 1999). Furthermore, there were
many evaporite sedimentary zones between the Aral Sea and
Kuzul KumDesert in theWestern TianshanMountains, in which
the sulfate (including gypsum) content was relatively rich (Kreutz
and Sholkovitz, 2000). Besides, the oxidation of sulfur dioxide
from coal combustion for industrial production was another
possible source of SO4

2−. The equivalent concentration ratio of
SO4

2-/Ca2+ described by Ming et al. (2007) was calculated to
distinguish SO4

2− from anthropogenic sources or natural sources.
The values of SO4

2−/Ca2+ in our study only ranged from 0.08 to
0.19. Thus, the SO4

2− in our samples mainly originated from
natural processes.

In addition, significant positive correlation coefficients were
also found among Ca2+, Na+ and Cl−, Ca2+, and Cl− (r � 0.93),
Ca2+ and Na+ (r � 0.99), and Na+ and Ca2+ (r � 0.94), suggesting
that they may have had the same desert source as Ca2+. An
analysis of aerosol samples collected in the Taklimakan Desert
found that halite (NaCl) particles were more commonly
discovered in sand and dust (Okada and Kai 2004). Early
research also showed that Na+ and Cl− rich dust originated
from extensive evaporate deposits from surrounding salt lakes.
K+ might also be derived from the same source because it was
more highly correlated with Na+ (r � 0.83).

NH4
+ and NO3

− showed significant positive correlation
coefficients (r � 0.73) but had a weak correlation with other
ions. NH4

+ came from wet or dry deposited gaseous NH3 or was
neutralized with sulfuric acid, nitric acid, and hydrochloric acid to
form ammonium hydrogen sulfate (NH4HSO4), ammonium
nitrate (NH4NO3), and ammonium chloride (NH4Cl). The
neutralization progress was accomplished by particle gas
formation and gas-to-particle conversion (Ianniello et al.,
2011). The potential sources for NH4

+ near the glacier areas
were human agriculture activities such as fertilizer use, animal
farming, and organic matter decomposition (Verma et al., 2010).
NO3

− was almost the reaction product of NOx emissions, while
NOx emissions were mainly caused by biomass burning and fossil

fuel combustion (Wang et al., 2006; Wu et al., 2006). Wensu
County, where Qingbingtan Glacier No. 72 is located, was
dominated by agriculture, and animal husbandry was the
second most important factor. NOx and NH3 were produced
by frequent farming and animal husbandry activities, strong
decomposition of animal excreta, the use of chemical
fertilizers, and traffic emissions. Therefore, in this study, the
weaker correlation between the two and other ions may indicate
that they had different sources compared to other ions, mainly
related to anthropogenic pollution.

To further determine the possible sources of various ions, the
principal component analysis (PCA) was performed. SPSS 22.0
software was used to conduct PCA analysis for water-soluble ions
for Glacier No. 72. Detailed information is presented in Table 2.
Principal components (PCs) extracted with Varimax rotation
provided a clearer variable loading mode in factors, making data
easier to interpret (Xu et al., 2017). Two PCs were extracted from
the rotated component matrix for the PCA. The first factor
displayed high loadings of Ca2+, Mg2+, K+, Na+, Cl−, and
SO4

2−, with a total variance of 78%. Studies have shown that
these soluble ions may come from natural sources such as deserts
and loess soils (Zhang and Edwards, 2011). The second factor was
related to NO3

− and NH4
+, with a total variance of 17%. The

result indicated that the two ions were derived from
anthropogenic activities and had a strong correlation
coefficient. This finding was consistent with the correlation
analysis results.

Transport Path and Potential Sources of
Aerosols
Hybrid Single-Particle Lagrangian Integrated Trajectory from the
Air Resources Lab of National Oceanic and Atmospheric
Administration has been widely used (Draxler and Rolph,
2003; Zhang et al., 2016) to identify potential source regions
and transport pathways of aerosols. To interpret the source of
water-soluble ions in aerosols before and after the dust storm in
this study, the five-day backward trajectory analysis started at
500 m from the sampling site was performed by using GIS-based
software TrajStat model (Wang et al., 2009). The backward air
trajectories were simulated with a daily resolution. Trajectories
were calculated at the end of 00:00, 06:00, 12:00, and 18:00 (UTC)

TABLE 2 | Rotated component matrix for soluble ions in aerosol samples.

Ions Factor 1 Factor 2

Cl− 0.90 0.39
NO3

− 0.22 0.90
SO4

2− 0.88 0.47
Na+ 0.93 0.35
NH4

+ 0.21 0.91
K+ 0.98 -0.16
Mg2+ 0.86 0.50
Ca2+ 0.84 0.52
Initial eigenvalue 6.25 1.35
Variance explained 78% 17%
Cumulative variance explained 78% 95%

Note: PCA loadings >0.6 are shown in italics.
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each day. The Global Data Assimilation System (GDAS) date
(1.0° × 1.0°) of the corresponding time period provided by NCEP
was adopted to simulate the daily backward trajectories. The
trajectories for air masses reaching the sampling site are plotted in
Figure 7. During the dust event, air masses originated from the
arid regions of the Eastern European plains, Kazakhstan and
Kyrgyzstan. Affected by the westerlies, the cold air masses that
were further developed by the low pressure in the southern
Xinjiang basin invaded from the Eastern European Plain to
the southeast. This meteorological condition led to the

occurrence of the dust storm event (Yang et al., 2006). In
addition to dust storms, the air masses descended from the
northwest could bring more sand and dust to the glacial area.
This was because there were a large number of deserts in the area
where the air masses passed, including the Muyunkum desert and
Sary Ishkotrau desert. In addition, the pollutants produced by
human activities could be carried to the Tomur peak glacial area,
including Glacier No. 72, by the air masses. Thus, the
concentrations of Ca2+, Mg2+, SO4

2−, and NO3
− were very

high. To corroborate the inference, the variation of wind

FIGURE 7 | Analysis of the 5-day air mass back trajectories with beginning heights at 500 m above ground level at Glacier No. 72 during the sampling periods (July
2008 to August 2008).

FIGURE 8 | The wind stream of the 700 hPa isobaric surface (August 5–7, 2008) over Glacier No. 72 and the surrounding regions, based on NCEP/NCAR
reanalysis (shadowing indicates the wind speed, and arrows indicate the wind direction).
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direction on different isobaric surfaces was calculated in Figure 8.
Figure 8 indicated that the prevailing wind at Glacier No. 72 was
northwesterly with a higher wind speed, which further confirmed
the impact of Central Asia on the glacier.

In the nondust period, according to their origins and paths, all
the trajectories could be divided into two categories: northwest
and southeast. The northwest route mainly originated from
Kazakhstan, and the deserts were widely distributed in the
route area. The air masses mainly transported a lot of dust
particles to the glacial area of Mount Tomur through low-
altitude transmissions. The southeast route was mainly
affected by the summer monsoon. Although the water vapor
carried by the northward movement of the summer monsoon
decreased gradually, the dust from the Taklimakan Desert could
still be brought to the glacier area during the northward
movement of the summer monsoon. Moreover, when they
passed through some areas with intensive human activities
and heavy industries, such as Kashi, Karamay, and the other
regions, some anthropogenic pollutants in these areas could still
be carried to the surfaces of the glaciers at high altitudes, which
would lead to increases in the concentrations of SO4

2−, NO3
−, and

Ca2+. However, overall, the impact on the glacial environment
was relatively nonsignificant.

In this study, the backward air mass trajectory analysis
indicated that, in both dust and nondust periods, although the
origins of the air mass trajectories were different, they mainly
originated from both the northwest and southeast directions,
which was consistent with the prevailing westerly circulation in
the region.

CONCLUSION

In situ and intensive measurements of aerosol and meltwater
samples conducted from July 31 to August 14, 2008, provide the
first information of aerosols over Glacier No. 72 on Mount
Tomur in southern Tianshan and further our understanding
of the characteristics of dust aerosol in this region. Although
Dong and Li, (2011) and Zhang et al. (2012) studied the chemical
composition of the snowpack at Glacier No. 72, no aerosols data
in Mount Tomur were found. Dust storms caused the ion
concentrations in both the atmosphere and meltwater of
Glacier No. 72 to increase significantly, but the subsequent
change trends were different, mainly because of the various
influencing factors. The change of ion concentration in
atmospheric aerosol was mainly affected by dust storm, while
the change of ion concentration in glacial meltwater was mainly
affected by the change of temperature.When the dust storm event
occurred, although the chemical compositions of both the
atmospheric environment and the water environment in the

glaciers were affected, the atmospheric environment was more
affected by dust storms. During the dust storm period, the
backward trajectory analysis showed that air masses originated
from Eastern Europe and Siberia. Strong wind and cold weather
could not only bring dust and anthropogenic pollutants from
Central Asia to the glacial areas but also cause regional dust
storms due to the formation of unstable temperature stratification
in southern Xinjiang, which would lead to the further increase in
natural source ions in the glacial areas. During the nondust storm
period, the air masses originated from Kazakhstan and
Kyrgyzstan in Central Asia. These air masses could bring part
of the dust material to the glacial area, but the extent was not large
and could not cause strong regional dust storm events.
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