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ABSTRACT. Wind-blown mineral aerosol dust derived from the crustal surface is an important
atmospheric component affecting the Earth’s radiation budget. Deposition of water-insoluble dust was
determined in snow deposited on Ürümqi glacier No. 1, Haxilegen glacier No. 51 and Miaoergou
glacier, eastern Tien Shan, China. Analysis of the horizontal distribution of snow depth and
concentration, and flux of dust particles in the snow cover suggests that dust deposition differs on
each of these glaciers as the atmospheric environment changes from west to east. Mean mass
concentrations of micro-particles in the size range 0.57–26 mmm diameter at the three locations are
respectively 969, 1442 and 3690 mg kg–1, with an increasing trend from west to east. Dust layers in the
snow cover contain Na- and Ca-rich materials typically found in central Asian dust particles. Volume
size distributions of dust particles in the snow showed single-modal structures having volume median
diameters of 3–22 mm. Dust profiles in the snow cover over the past 4 years reveal frequent, sporadic
high dust concentrations with a large year-to-year variability, implying that dust deposition in the
eastern Tien Shan is very sensitive to atmospheric environment change.

1. INTRODUCTION
Wind-blown mineral aerosol dust derived from the crustal
surface is an important atmospheric component (Osada and
others, 2004) affecting the Earth’s radiation budget (Nakajima
and others, 1989; Andreae, 1995; Tegen and Lacis, 1996).
Mineral aerosol dust is an important indicator of changes in
the atmosphere associated with changes in temperature,
precipitation and atmospheric circulation. Ice-core records
show that high dust concentration corresponds to cold and
dry climate conditions, while low dust concentration corres-
ponds to warm and wet conditions (Liu and others, 1999).
Aerosol dust information can be recorded and stored in the
snow and ice of high mountains and of the polar regions.
Much research has been carried out concerning dust records
in ice cores, to understand climate change in ancient times
(Thompson and others, 1981a,b, 1989, 1998). Other re-
search has measured dust deposition in recent snow to
understand recent climate and environment conditions
(Wake and others, 1994; Osada and others, 2004). Atmos-
pheric transport processes (Merrill and others, 1989; Uno
and others, 2001) and transformation processes of the dust
particles have also been studied to characterize the
geochemical role of aeolian dust events in the Asian region.
These dust events have been observed frequently in spring
over the Asia-Pacific region (Koizumi, 1932; Arao and others,
2003) because of the strengthened wind speed in springtime.

The eastern Tien Shan, western China, are located in an
arid and semi-arid region of central Asia, the source region of
Asian dust (Fig. 1). Dust storms are an important phenom-
enon in this region. Aerosol dust particles deposited in the
snow of high mountain glaciers contain information on the
atmospheric environment at high elevation, and may be an
important indicator of global climate change. It is thus
important to research the characteristics of dust deposition in
the eastern Tien Shan (Wake and others, 1994). Chemical
analyses and meteorological correlation suggest that the

dusty layers found in the snow cover of the eastern Tien Shan
form by deposition of dust-storm particles. However, the
processes of formation of the dust layers and characteristics
of the dust particles in the snow cover of this region remain
unclear. Furthermore, the amount of dust particles deposited
close to the snow-forming cloud altitude may provide a
useful insight into the free-tropospheric fraction of dust
deposition over the central Asian region. We analyze the
concentration, flux, size distribution and ionic constituents of
aerosol dust in the snowpacks on the glaciers of the eastern
Tien Shan. In addition, we discuss the year-to-year variability
of dust deposition and its relationship with climate change.

2. SNOW SAMPLING, LABORATORY ANALYSIS
AND DUST MEASUREMENTS
Figure 1 shows a location map of the eastern Tien Shan and
the three sampling sites: glacier No. 51 (3900ma.s.l.) in
Kuitun Haxilegen (abbreviated to glacier No. 51 hereafter);
glacier No. 1 (4130ma.s.l.) at the headwaters of the Ürümqi
river (abbreviated to glacier No. 1); and Miaoergou glacier
(4510ma.s.l.) in Hami. The main study site is glacier No. 1.
The sampling sites at glacier No. 51 and Miaoergou glacier
are used to show regional continuity of the dust layers in the
snow cover. The shaded areas in Figure 1 represent the Gobi
desert and other deserts in central Asia. In July–September
2004 and 2005, a total of eight snow pits (depths 0.53–
2.76m) were excavated, of which four were on glacier No.
1, two on glacier No. 51 and two on Miaoergou glacier. The
snow deposition environment around the sampling site of
the accumulation zone on glacier No. 1 is suitable for
continuous snow accumulation because there is a nearly flat
area of about 100� 100m2 (Hou and others, 1999).
Similarly, the topography in the region of the glacier No.
51 and Miaoergou glacier sites is nearly flat, leading to
uniform snow deposition.
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We worked on the snow pits after recording snow
stratigraphy, and clean, fresh vertical sections were exposed
for dust and chemical snow sampling. We collected snow
samples, typically 100 g, in 10 cm increments using a pre-
cleaned stainless-steel shovel and polyethylene gloves. The
sampling instruments were cleaned between intervals.
Samples were stored in Whirl-Pak1 bags and kept frozen
until further analysis. Snow density, snow temperature and
snow grain size were measured in the same horizontal
layers. All surface snow samples were shipped frozen from
the sampling sites and stored at –188C. They were then
melted and aliquots were collected for micro-particle and
chemical analysis.

Micro-particle concentrations and size distributions were
measured on an Accusizer 780A counter, which uses the
single-particle optical sensing (SPOS) method, equipped
with a 120 orifice (Zhu and others, 2006). Measurements
were performed under class 100 conditions on sample
aliquots diluted with a pre-filtered NaCl solution to give a
2% vol. electrolyte concentration. The data were acquired
for a size range of 0.57–400 mm equivalent spherical
diameter, d. Routine analysis of filtered deionized water
blanks showed background counts to be on average ten
times lower than in samples. Background counts were
subtracted from the sample data. All samples were analyzed
in random order and in triplicate. Results were then
averaged for individual samples, yielding an estimated error
of 10% or less on particle concentrations.

The mass and volume size distributions of micro-particles
were calculated from the raw count data by assuming
spherical particles of uniform density � ¼ 2.6 g cm–3, which
is close to that of average crustal material. Mass was derived
by integrating the mass size distribution over the measured
diameter range and normalizing the result to the sample
volume. We also computed the slope, �, of the log-linear
Junge distribution,

dV
d ln d

¼ Vffiffiffiffiffiffi
2�

p
ln�g

exp � ln 2ðd=dvÞ
2 ln 2�g

� �
, ð1Þ

fitted to particles with d less than 25 mm (Junge, 1963; Wake
and others, 1994; Steffensen, 1997). The number of particles
larger than 26 mm is very low, and many of the snow samples

contain only a few such particles. Calculation of their
contribution shows that as there are so few large particles
compared to the fine particles, they make a negligibly small
contribution to the total mass deposition.

In addition to micro-particles, the concentrations of
major ions (Ca2+, Cl–, Mg2+ and Na+) were measured at
trace levels on a Dionex-600 ion chromatograph using the
procedure described by Buck and others (1992). The mean
blank value for the Whirl-Pak1 bags for dust particle number
is 444mL–1 in this work, and the blank values for major ions
are shown in Table 1. These blank values were subtracted
from the sample data.

3. RESULTS AND DISCUSSION

3.1. Horizontal distribution of snow height, dust
concentration and flux
Previous research shows that if the deposition of snowfall is
continuously ideal, i.e. without redistribution of snow,
atmospheric signals such as mineral dust deposition should
be preserved in sequence in the snow layers (Osada and
others, 2004). In this study, the environment is suitable for
snow deposition, as the terrain is flat at all three sampling
sites and annual wind speed around the sampling sites is
small. Observation shows that from west to east, the snow
depth of the accumulation zone at the three sampling sites is
respectively about 2500, 2000 and 1000mm (Li and others,
2006b). The physical reference level for measuring the
accumulation is the ice layer below the snowpack. The Tien
Shan region is mainly affected by westerly winds in spring
and summer, bringing plentiful precipitation from the ocean
to the west and also moisture from lakes in central Asia, to
the west of our research sites. Precipitation gradually
decreases from the Kuitun region to the Ürümqi river source
and the eastern Hami glaciers.

Figure 2 shows three vertical profiles of dust concen-
tration and the depth–age relationship of the snow pits in
summer 2005 in the eastern Tien Shan. Most water-insoluble
dust profiles resemble each other at the sampling sites, as
indicated by the dotted lines representing significant dust
peaks. Figure 3 shows the dust profiles of four snow pits at
glacier No. 1. Dust peaks linked by the stippled lines show
the dusty layers observed in the snow profiles. Previous
research at glacier No. 1 has indicated that one dust layer
formed in the snow pit each year at this site (Li and others,
2006b). In addition, we find four dust layers in the snow pits
at these sampling points, indicating that the snow pits
represent snow deposition over the past 4 years. We
observed the snow accumulation each year by employing
snow layer-tracing methods during 2002–05 at the three
research sites (Li and others, 2006a,b), and obtained average
mean snow accumulation rates of 600, 500 and
250mmw.e. respectively (from west to east). Thus, we

Fig. 1. Location map of three research sites in the eastern Tien Shan,
central Asia: from west to east, glacier No. 51 in the Kuitun area,
glacier No. 1 at the headwaters of the Ürümqi river, and Miaoergou
glacier in the Hami area.

Table 1. The blank value (mg kg–1) for major ions of the Whirl-Pak1

bags in the laboratory analysis. SD is standard deviation

Na+ Ca2+ Mg2+ Cl–

Blank value 0.5223 1.6984 0.0968 1.5826
SD 0.1408 0.4578 0.0261 0.4265
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obtained the depth–age relationship of the snow pits at the
three sites (Fig. 2). Strong lateral correlation of the dust peaks
suggests regional uniformity of dust deposition events and
the suitability of snow analysis in the eastern Tien Shan as an
archive of the atmospheric environment.

Table 2 shows a comparison of dust concentration and
calculated flux for the eastern Tien Shan research sites. The
mean concentration of micro-particles with 0.57< d<26 mm
in the snowpack of the three sites is respectively 166� 103,
242� 103 and 222�103mL–1, with mass concentrations of
969, 1442 and 3690 mg kg–1 respectively. These are all high
values, with an increasing trend fromwest to east. Particles of
0.57–1.0 mm diameter are most abundant and we pay them
particular attention. For particles with d >1.0 mm, the mean
concentration across the three sites indicates the same
increasing trend from west to east, which may reflect the
lateral distribution of dust deposition in this region. However,
the number concentration and mass concentration trends
across the three sites are different (Table 2). This region is the
source region for Asia dust-storm activity; the coarse dust
particles significantly influence the mass concentration of
dust particles in the snow of high mountain glaciers. Possibly,

the larger the mass concentration, the stronger the influence
of dust storms on the snow dust particle deposition in the
eastern Tien Shan. We have also calculated the dust
deposition flux in the snow. Dust flux calculations can
reflect the total amount of modern eolian dust deposition to
the sites. Based on the net annual accumulation rate of 600,
500 and 250mmw.e. respectively from west to east, we
derived an average value for the modern eolian dust flux to
the three sites of 69.8, 90.1 and 92.3 mg cm–2 a–1 for particles
with 0.57 <d<26 mm. Despite their similarity, these values
show an increasing trend from west to east. However, we
should note some uncertainties in the deposition flux
estimates. Firstly, the deposition estimates of dust flux are
based on estimates of net accumulation rates and estimates of
the integrated particle mass. Secondly, in the laboratory the
volume estimates were made with an optical particle sizer
whose data are not given directly as volumes but as
equivalent spherical diameters. As many of the particles are
not spherical, there may be significant uncertainties in the
particle volumes, and these uncertainties will vary as a
function of particle shape and size. Moreover, we assume
that all particles extracted from the snow are mineral dust

Fig. 2. Three representative vertical profiles of dust concentration in
summer 2005 at three sites of the eastern Tien Shan, and the depth–
age relationship of the snow pits. Precise dates are sampling dates;
other dates indicate the snow age.

Fig. 3. Profiles of snow pits on glacier No. 1 during 2004 and 2005. Dates are sampling dates.

Table 2. Comparison of dust concentration and flux at research
sites. SD is standard deviation

Study site 0.57< d<26mm 1<d<26mm Flux

Number Mass Number Mass
conc. conc. conc. conc.

103mL–1 mg kg–1 103mL–1 mg kg–1 mg cm–2 a–1

Glacier No. 51 166 969 74 436 69.8
SD 84 671 28 284 48.8

Glacier No. 1 242 1442 100 666 90.1
SD 57 424 21 185 27.5

Miaoergou
glacier 222 3690 94 1016 92.3

SD 119 1258 49 298 31.5

Mean 210 927 89 706 84.1
SD 39 1454 14 292 12.4
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particles, but it is possible that small quantities of other types
of particles (e.g. fly ash and other anthropogenic materials,
fragments of biological materials, cosmic particles and black
carbon) may also have been incorporated in the snow. Lastly,
the different mass concentration of dust particles in different
snow pits can lead to uncertainties in the flux calculations. In
Figure 3, taking as an example the large peak just above
200 cm in the dust profiles of glacier No. 1, the largest
difference in mass concentrations appears to be approxi-
mately three-fold, reflecting the uncertainties in the flux
calculations. For all of these reasons, there are likely to be
uncertainties in the deposition estimates. However, we think
the overall conclusions of the study are credible, because the
dust particles dominate other types of particles in the snow
pits. Similar methods for estimating particle mass and flux
were used at the three sites of this work and in other research.

The lateral variation of dust concentration and flux in the
eastern Tien Shan can be attributed to three causes:

1. The influence of the dust source area may vary between
the research sites. Miaoergou glacier, which has the
highest mass concentrations, is nearest to the Gobi
desert, and is thus likely more strongly affected by local/
regional dust storms. Glacier No. 1 and glacier No. 51
are located more centrally within the mountains, where
the influence of dust storms may be weaker.

2. The influence of precipitation differs between the three
sites. Because of the different precipitation amounts at
each site, rain and snow washes the insoluble atmos-
pheric particles to different degrees. Thus dust concen-
tration is lowest in the west (glacier No. 51) and highest
in the east (Miaoergou glacier) where the precipitation
reduces. However, as the processes of dust-particle
deposition in the snow cover of this region remain
unclear, further research is needed.

3. The mountain environment around the glaciers (e.g.
wind, topography) is important and may affect the
concentration of dust deposition to the snow on the
glaciers.

To determine how representative the dust deposition on the
eastern Tien Shan is of regional to hemispheric atmospheric
fallout, we compared the mean dust concentration and flux
with similar measurements from remote polar and non-polar
sites (Table 3). The mean concentration of micro-particles
with 0.57<d<26 mm in eastern Tien Shan snow cover is
210� 103mL–1 with an average mass concentration of
1837 mg kg–1. For particles with d > 1 mm, the mean
concentration is 93�103mL–1, which is comparable to that
measured on Mustagh Ata and Chongce ice caps, China
(Table 3). Research on Mustagh Ata and Chongce ice caps
shows greater numbers and mass concentrations than at our
sites. They are located near the Taklimakan desert of central
Asia and have dust deposition rates in excess of 200 mg cm–2

(Wake and others, 1994), which accounts for the coarser
mode of dust measured in snow at these sites. However,
Table 3 shows that the depositional flux of dust differs from
that observed at various remote sites throughout the North-
ern Hemisphere. Because of long-range transport, the
atmospheric particle deposition is very small at some remote
sites (e.g. the Canadian Arctic, where dust concentration in
snow is about 135–243 mg kg–1 and the flux is about 4.2–
4.8 mg cm–2 a–1 (Fisher and others, 1981; Zdanowicz and
others, 1998)). The Tien Shan sites in our study are close to
the dust sources in central Asia, so the concentration and
flux of atmospheric dust deposition are high. This suggests
that the dust deposition on the snowpack in the eastern Tien
Shan is representative of the background crustal aerosol
close to a source region.

3.3. Characteristics of dust in snow: ionic constituents
and size distribution
Figure 4 shows the relationship between ionic concen-
trations, electrical conductivity and dust concentration
obtained in summer 2005 at the snow pit on glacier No. 1.
The dusty layers correspond very well to concentrations of
Ca2+, Cl–, Mg2+ and Na+ and conductivity in the profiles.
There are good correlations between ions and dust in the
snow cover of the eastern Tien Shan, and research at
Miaoergou glacier and glacier No. 51 yielded similar results

Table 3. Atmospheric dust concentration and flux in snow and ice at various Northern Hemisphere sites

Study site Location Period Concentration and flux Source

Lat. Long. Elevation Size range Number Mass Flux

ma.s.l. years mm 103mL mgkg–1 mg cm–2 a–1

Eastern Tien Shan 40–448N 84–928 E 3900–4510 2002–05
0.57–26 210 1837

69.8–92.3 This work
1–26 93 706

Tateyama, Japan 388N 1378 E 2450 1997–2002 0.1–600 770 Osada and others (2004)
Mustagh Ata, China 388N 758 E 5910 1990–92 1–22 276.4 6780 247 Wake and others (1994)

Ngozumpa glacier,
Nepal

288N 868 E 5700 1989–1990 1–13 18.17 379 27 Wake and others (1994)

Chongce ice cap, China 358N 818 E 6327 1980–87 1–22 616 8220 607 Wake and others (1994)
Penny Ice Cap,
Canadian Arctic

678N 658W 1980 1988–94
0.65–12 31.6 143 4.8 Zdanowicz and others

(1998)1–12 13.7 129 4.4
Devon Ice Cap,
Canadian Arctic

778N 828W 1800 Last 7000 years >1 8.3 235 4.2 Fisher and others (1981)

Alaska Range, USA 638N 1518W 2500 Recent snow 300 Hinkley (1994)
Summit, Greenland 728N 388W 3207 Recent snow 0.5–12 46 1 Steffensen (1997)
Mont Blanc, European
Alps

458N 68 E 4270 1955–85 21.0–35.0
De Angelis and
Gaudichet (1991)
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(Table 4). In Table 4, dust is mainly represented by the mass
concentration of dust micro-particles. Moreover, we have
found that generally the mean diameter of particles can
represent the dust mass concentration, as they are identical
in profile: the larger the mean diameter, the larger the dust
mass concentration. Only the correlation coefficient of ions
and dust mass concentration are shown in Table 4. Previous
research at glacier No. 1 has shown that dust peak
concentration corresponds very well to peak concentrations
of Cl–, Mg2+, Ca2+ and Na+ during the sample period (Li and
others, 2006b), indicating that these ions may have the same
source as the dust particles. Vertical profiles of dust
concentration are similar to variations in Ca2+ concentration.
Dust peaks found in snow of the eastern Tien Shan are
inferred to have originated mainly in arid regions of central
Asia because high-alkaline Ca2+ is a tracer of mineral dusts
from desert and loess areas in the Asian continent (Ichikuni,
1978; Suzuki and Tsunogai, 1988). Most Na+ in the snow
originates from a source of salt-rich minerals, most likely the
salt lakes in central Asia (Xinjiang), based on significant
correlation with Cl– and Mg2+ concentrations (Li and others,
2006b). The Cl–/Na+ ratios in the snow samples of our
research sites range from 0.32 to 4.09, with a mean value of
2.05, much larger than the mean value of 1.165 for sea salt.
This increase may be caused by the rich-salt minerals of
Asian dust and salt lakes, because there are many such salt
sources in Xinjiang region. Research on Tateyama mountain,
central Japan, indicated that Na+ concentrations in the snow
did not correlate well with dust, because the Na+ originates
from the Japan Sea (Osada and others, 2004). Our results,
taken together with measurements of ion deposition in the
snow of the eastern Tien Shan, suggest that the dust particles
are from the central Asian dust sources around this region
(e.g. the Taklimakan and Gobi deserts).

Figures 5 and 6 show the size distributions of dust
particles in the snowpack. Figure 5 is the number size
distribution for the three research stations in the eastern
Tien Shan. Finer micro-particles were found in glacier No.
1. Figure 6 is a typical example of the volume size
distribution in the snow of glacier No. 1, in which the peak
value of the curve is the modal size (�m) of the dust
particles. Figure 7 is a comparison of size distribution at the
three sites. The volume median diameters of the dust
particles in the eastern Tien Shan range from 3 to 22 mm.
Moreover, the distribution of volume size is a single mode.
The modal size of the volume size distribution at Miaoergou
glacier is 13 mm, that at glacier No. 1 is 11.5 mm and that at
glacier No. 51 is 11.0 mm. The atmospheric environment
around the three sites shows regional differences because of
the long distance between them (e.g. Miaoergou in Hami is
located in a more arid region than the other two sites). Thus
the dust sources of central Asia (e.g. the Taklimakan and
Gobi deserts) have different influences on the three sam-
pling sites. We infer that Miaoergou glacier is influenced
more significantly by dust transport than glacier No. 1 and
glacier No. 51.

Much research concerning dust size distribution has been
done at different locations around the world (Osada and
others, 2004). On Tateyama mountain, the volume median
diameters of the dust particles are 6–21 mm. In the Spanish
Mediterranean area, the mean size fraction of dust particles
in ‘red dust rain’ is 4–30 mm, with a bimodal structure of
about 4–7 and 18–22 mm. Mean dust diameters of 4–16 mm
have been reported for Crete. Osada and others (2004) also
report variations in mean volume diameter of 2.5–10 mm for
visible Saharan dust layers. The volume size distribution of
dust in glaciers in central Asia exhibits similar size ranges
(Wake and others, 1994). Median diameters of dust in snow

Fig. 4. Vertical profiles of major ionic concentrations, conductivity and dust concentration in snow pit No. 1 on glacier No. 1 in summer 2005.

Table 4. Correlation coefficient of ions and dust in the snow of the eastern Tien Shan

Dust mass Ca2+ Na+ Mg2+ Cl– Source

Glacier No. 1 surface snow 0.85 0.63 0.74 0.62 Li and others (2006b)
Glacier No. 1 snow pits 0.69 0.65 0.82 0.58 This work
Glacier No. 51 snow pits 0.60 0.62 0.53 0.53 This work
Miaoergou glacier snow pits 0.51 0.49 0.57 0.46 This work
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and ice cores from Greenland, the Canadian Arctic (Penny
Ice Cap) and Antarctica are about 1–2 mm (Steffensen, 1997;
Zdanowicz and others, 1998; Delmonte and others, 2002;
Ruth and others, 2003).

Our results show median diameters that are much larger
than those in polar snows, but similar to those in visible dust
layers in the snow at Tateyama and at Monte Rosa, European
Alps, and the ‘red dust rain’ of the Spanish Mediterranean.
The larger volume median diameter appears at sites closest
to source regions. According to data derived from backward
air trajectories from the Tien Shan, the typical transit time
from possible major source regions (Gobi desert in Mongolia
and Badain Jaran desert in northern China; Sun and others,
2001) to the eastern Tien Shan (about 1000 km distant) is
0.5–1 day in spring and summer. A recent study (Maring and
others, 2003) of the change in size distribution during
transatlantic dust transport suggested that a major shift of
size distribution may occur within 1–2 days of transport. The
volume median diameter is larger than that found in polar

areas and is highly variable, probably because there is little
change during initial transport since the Tien Shan are
located near the source region of Asian dust. Furthermore,
observed single-modal distributions imply dust particles
from identical source locations or wind conditions.
Although our preliminary analysis of backward air trajec-
tories showed no conclusive differences for source regions
between mono- and bimodal dust events, further systematic
representative measurements of very large aerosols and
modeling studies may provide insight into variations in size
distribution.

3.4. Year-to-year change of amount of dust deposition
Figure 2 shows profiles of dust concentration at the study
sites. We find there is a large year-to-year variability (Figs 2
and 3). For example, there is a large difference in dust
concentration and flux between 2004 and 2005 at glacier
No. 1: dust concentration in 2005 (2439–2658 mg kg–1) is
much larger than in 2004 (551–915 mg kg–1). This result is
repeated at glacier No. 51. The difference may be caused by
atmospheric environment change during the past few years.
In the area of the Ürümqi river source, the observed mean
air temperature in 2004 was –5.78C, with an annual
precipitation of 357mm; in 2005 the mean annual tempera-
ture was –6.48C, with an annual precipitation of 451mm.
The temperature decreased and precipitation increased.
Previous research has shown that climate change in the
Ürümqi region can reflect climate change over a larger
region in central Asia (Wei and others, 2004). The tempera-
ture and precipitation of western China shows the same
change trend as the Ürümqi region during recent years. Thus
the year-to-year variability of dust deposited in the snow can
reflect larger-scale environmental changes. Because of the
temperature decrease, dust-storm incidences may become
stronger (Liu and others, 1999), and the precipitation
increase may cause more wash-out of insoluble micro-
particles of atmospheric aerosol into snow deposited on the
glaciers. Thus dust profiles within the snow cover over the
past 4 years reveal frequent, sporadic high dust concen-
trations and large year-to-year variability in the amount
deposited, implying that dust deposition in the eastern Tien
Shan is sensitive to atmospheric environment change.
However, the process of aerosol dust deposition is still not
clear and further research is needed.

Fig. 5. A comparison of number size distribution at the three
research sites.

Fig. 6. A typical example of the volume size distribution in the snow
of glacier No. 1. The fold curve indicates the volume size
distribution. The histogram shows the normal distribution, which is
a stacked average of 21 snow-pit samples. The size interval 3–22 mm
over which curve fitting was applied is indicated.

Fig. 7. Characteristics of volume size distribution at the three
research sites: Miaoergou glacier (curve a), glacier No. 1 (curve b)
and glacier No. 51 (curve c).
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4. CONCLUSIONS
Wind-blown mineral dust derived from the crustal surface is
an important atmospheric component affecting the Earth’s
radiation budget. Dust storms are an important phenomenon
in arid and semi-arid regions of central Asia. Deposition of
water-insoluble dust was measured in snow deposited on
Ürümqi glacier No. 1, Haxilegen glacier No. 51 and Hami
Miaoergou glacier, in the eastern Tien Shan. Analysis of the
horizontal distribution of dust layers, snow height and dust
concentration in the snow cover suggests that dust de-
position in the eastern Tien Shan varies across the three
research sites, as the atmospheric environment changes from
west to east. Both dust concentration and volume size
distribution exhibit an increasing trend from west to east.
Mean concentration of micro-particles with 0.57< d<26 mm
in the snowpack is 220� 103mL–1, with a mass concen-
tration of 1837 mg kg–1. Dust flux to the eastern Tien Shan
has a range of 69.8–92.3 mg cm–2 a–1 for micro-particles with
0.57 < d < 26 mm. The concentration and flux of dust
particles in this work is very high compared to data from
remote sites such as Penny Ice Cap, while it is comparable to
the results of other sites such as Mustagh Ata and Chongce in
the central Asian region, and Tateyama in Japan. Dust layers
in the snow cover contain Ca- and Na-richmaterials typically
found in Asian mineral dust particles. Volume size distribu-
tions of dust particles in the snow showed single-modal
structures having volumemedian diameters of 3–22 mm. Dust
profiles in snow cover over the past 4 years reveal frequent,
sporadic high dust concentrations and large year-to-year
variability in the amount deposited, implying that dust
deposition in the eastern Tien Shan is sensitive to atmos-
pheric environmental change. However, the process of
aerosol dust deposition in the snow of the eastern Tien Shan
is still unclear and further research is needed to understand
the process of dust deposition.
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packs at the PGPI site on Ürümqi glacier No. 1, eastern Tien
Chan, China. Ann. Glaciol., 43, 250–256.

Liu, C., T. Yao, L.G. Thompson and M.E. Davis. 1999. Microparticle
concentration within the Dunde ice core and its relation to dust
storm and climate since the Little Ice Age. J. Glaciol. Geocryol.,
21(1), 9–14. [In Chinese with English summary.]

Maring, H., D.L. Savoie, M.A. Izaguirre, L. Custals and J.S. Reid.
2003. Mineral dust aerosol size distribution change during
atmospheric transport. J. Geophys. Res., 108(D19), 8592
(10.1029/2002JD002536.)

Merrill, J.T., M. Uematsu and R. Bleck. 1989. Meteorological
analysis of long range transport of mineral aerosols over the
north Pacific. J. Geophys. Res., 94(D6), 8584–8598.

Nakajima, T., M. Tanaka, M. Yamano, M. Shiobara, K. Arao and
Y. Nakanishi. 1989. Aerosol optical characteristics in the yellow
sand events observed in May 1982, at Nagasaki – Part II: models.
J. Meteorol. Soc. Jpn, 67(2), 279–291.

Osada, K., H. Iida, M. Kido, K. Matsunaga and Y. Iwasaka. 2004.
Mineral dust layers in snow at Mount Tateyama, Central Japan:
formation processes and characteristics. Tellus, 56B(4), 382–392.

Prospero, J.M., M. Uematsu and D.L. Savoie. 1989. Mineral aerosol
transport to the Pacific Ocean. In Riley, J.P., ed. Chemical
oceanography, Vol. 10. New York, Academic Press, 188–218.

Ruth, U., D. Wagenbach, J.P. Steffensen and M. Bigler. 2003.
Continuous record of microparticle concentration and size
distribution in the central Greenland NGRIP ice core during the
last glacial period. J. Geophys. Res., 108(D3), 4098. (10.1029/
2002JD002376.)

Steffensen, J.P. 1997. The size distribution of microparticles from
selected segments of the GRIP ice core representing different
climatic periods. J. Geophys. Res., 102(C12), 26,755–26,763.

Sun, J., M. Zhang and T. Liu. 2001. Spatial and temporal
characteristics of dust storms in China and its surrounding
regions, 1960–1999: relations to source area and climate.
J. Geophys. Res., 106(D10), 10,325–10,333.

Dong and others: Atmospheric dust deposition in snow 803



Suzuki, T. and S. Tsunogai. 1988. Origin of calcium in aerosols over
the western North Pacific. J. Atmos. Chem., 6(4), 363–374.

Tegen, I. and A.A. Lacis. 1996. Modeling of particle size distribution
and its influence on the radiative properties of mineral dust
aerosol. J. Geophys. Res., 101(D14), 19,237–19,244.

Thompson, L.G. and E. Mosley-Thompson. 1981. Microparticle
concentration variations linked with climatic change: evidence
from polar ice cores. Science, 212(4496), 812–815.

Thompson, L.G., W.L. Hamilton and C. Bull. 1975. Climatological
implications of microparticle concentrations in the ice core from
‘Byrd’ station, western Antarctica. J. Glaciol., 14(72), 433–444.

Thompson, L.G., E. Mosley-Thompson and J.R. Petit. 1981.
Glaciological interpretation of microparticle concentrations
from the French 905-m Dome C, Antarctica core. IAHS Publ.
131 (Symposium at Canberra 1979 – Sea Level, Ice and Climatic
Change), 227–237.

Thompson, L.G. and 9 others. 1989. Holocene–Late Pleistocene
climatic ice core records from Qinghai–Tibetan Plateau.
Science, 246(4929), 474–477.

Thompson, L.G. and 11 others. 1998. A 25,000-year tropical climate
history from Bolivian ice cores. Science, 282(5395), 1858–1864.

Uno, I., H. Amano, S. Emori, K. Kinoshita, I. Matsui and
N. Sugimoto. 2001. Trans-Pacific yellow sand transport observed
in April 1998: a numerical simulation. J. Geophys. Res.,
106(D16), 18,331–18,344.

Wake, C.P., P.A. Mayewski, Z. Li, J. Han and D. Qin. 1994. Modern
eolian dust deposition in central Asia. Tellus, 46B(3), 220–233.

Wei, W., W. Gao and Y. Shi. 2004. Influence of climate and
environment change on dust storms in Xinjiang, China. Arid
Land Geogr., 27(2), 137–141. [In Chinese with English
summary.]

Zdanowicz, C.M., G.A. Zielinski and C.P. Wake. 1998. Character-
istics of modern atmospheric dust deposition in snow on the
Penny Ice Cap, Baffin Island, Arctic Canada. Tellus, 50B(5),
506–520.

Zhu, Y., Z. Li and X. You. 2006. Application and technique in
glacier by AccuSizer 780A Optical Particle Sizer. [Mod. Sci.
Instrum.], 3, 81–84. [In Chinese.]

MS received 13 August 2008 and accepted in revised form 7 May 2009

Dong and others: Atmospheric dust deposition in snow804


