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Abstract

Dust storms are important atmospheric phenomenon in central Asia, particularly in the regions bordering deserts, arid and semi-arid

regions. Dust storms occur quite often in northwestern China. There are some research results about past dust storm events using historical

archives in China. However, the archives used cover limited time and area. Microparticle concentrations in the Dunde ice cap, Qilian

mountain of northwestern China, represent a continuous record of past dust storms. Comparison between dust rain frequency reconstructed

from historical archives and the ice core record from the Dunde ice cap demonstrate that the microparticle record in the Dunde ice core is a

good indicator of dust storms in northwest China. According to the ice core records, we can reconstruct the dust storm chronology for

historical time. During the past 700 years, the dust content fluctuated with time, and lower frequency variations existed. Although the linear

trend increased over the past 700 years, dust content was decreasing since the early 1700s. During the Little Ice Age, it was slightly higher

corresponding to the cold period.

q 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Dust storms are important atmospheric phenomenon in

central Asia, particularly in the regions bordering deserts,

arid and semi-arid regions. It was found that dust in central

Asia was mainly derived from dust storms, while dust haze,

blowing dust and dust devils are important forms of dust

(Goudie and Middleton, 1992). Dust storms occurring in

central Asia are the major phenomenon of dust events.

Large quantities of dust during the dust storms in central

Asia, particularly on the Tibetan Plateau, occur in spring

and early summer. Dust from the deserts in northwest China
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not only fall to the source area in China (Liu et al., 1981),

but also accumulate in eastern China (Gao et al., 1992a),

Japan (Iwasaka et al., 1983), the Pacific Ocean (Parrington

et al., 1983; Gao et al., 1992b), Hawaii (Shaw, 1980) and the

Canadian Arctic (Rahn et al., 1981; Welch et al., 1991).

Satellite imagery (Middleton, 1986) and meteorological

data (Goudie, 1983) are powerful methods for monitoring

present dust events. Various types of glaciers on earth are

unique mediums not only for recording present dust events,

but also for recording past dust events. The longest ice core

dust record was retrieved from the Vostok ice core in

Antarctica (Petit et al., 1990) through analysis of insoluble

particle concentrations. On the Tibetan Plateau, dust records

in ice cores were achieved from the Dunde Ice Cap and the

Gulya Ice Cap (Fig. 1) by analyzing the contents of

microparticles and calcium (Thompson et al., 1989; Yao

et al., 1994). In addition to the Dunde ice core, the Guliya

ice core (Yao et al., 1995a; Thompson et al., 1995) and the

Tanggula ice core (Yao et al., 1995b) were recovered
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Fig. 1. Location of the Dunde ice Cap. It is located in northwest China near

Delingha and Golmud.
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recently (Fig. 1). Although some researchers have examined

the frequency of the dust storm in China based on historical

records (Zhang, 1982, 1984; Huang, 1997), such infor-

mation is not enough and is limited by the number of

records. This paper aims to discuss the microparticle records

of the Dunde ice core and the dust storms in northwest

China.
2. Dunde ice core and the microparticle analysis

2.1. Dunde ice core

The Dunde Ice Cap (38806 0N, 92824 0E, see Fig. 1) is

located in a desert environment between the Qaidam Basin,

the highest desert in China, and the Gobi desert. This

relatively large ice cap has a summit elevation of 5325 m

and a total area of 60 km2. This glacier is about 140 m

thick and the underlying bedrock is flat. About 0.4 m of

water equivalent snow accumulates on the ice cap each

year, and the firn–ice transition occurs at a depth of w25 m

(Thompson et al., 1989). The ice temperature at a depth of

10 m is K7.3 and K4.7 8C at the base, 139.8 m below

surface (Yao and Thompson, 1992). Three cores to bedrock

were recovered from the ice cap summit: Core D-1

(139.8 m), Core D-2 (136.6 m) and Core D-3 (138.4 m).

Thompson et al. (1989, 1990), Xie et al. (1989) and Yao

et al. (1990) have already reported the field sampling,

analytical procedure, and major results of the core

analyses.
Thompson et al. (1989) and Yao et al. (1990) described

how to date the upper part of an ice core recovered from

high elevation and region of high dust concentration in the

Tibetan Plateau using a combined method of counting dirt

layers and comparing them with the d18O seasonal cycle.

Dating of the ice core is a very important aspect in ice

core studies. Many methods are, therefore, applied to ice

core dating. The dating of the Dunde ice core was made by

counting the seasonal cycles of d18O referring to the

variations of microparticle concentrations (MPC) and

electrical conductivity (EC). The basic principle is to take

d18O as an indicator of annual variation in the ice core since

there is a big difference in values between winter and

summer snowfall.

On middle and low latitude glaciers, a dirt layer is

formed during the period between spring and summer. A

microparticle concentration peak appears in this layer, and

EC is generally proportional to MPC. As discussed by Yao

et al. (1991) for the Dunde ice core, there is a good

relationship in annual variations between MPC, d18O, and

EC. For example, during a seasonal cycle a high MPC

approximately corresponds to less negative d18O value and

low EC. This does not mean, however, that less negative

d18O definitely corresponds to high MPC and low EC. This

depends on the formation processes of d18O, MPC, and EC.

In the Dunde Ice Cap, less negative d18O values generally

appear in the winter snow layer while high MPC appears in

the snow layer between spring and summer. There is,

therefore, a phase difference between d18O peak and MPC

peak. The variation of EC is not only influenced by MPC,

but also by salt and other chemical components. Because of

these reasons, the dating of the Dunde ice core since 1600

AD was mainly based on d18O referring to MPC. When both

d18O and MPC were not effective for dating, EC was

employed.

2.2. Microparticle measurement

The visible stratigraphy of each core was photographed

immediately after drilling. Core D-1 was then cut into 3585

samples and melted in closed containers by passive solar

heating in a laboratory tent. Samples were then poured into

polyethylene bottles, sealed in wax, and shipped to BPRC

(Byrd Polar Research Center). Samples were divided so that

MPC, d18O and EC could be measured on the same sample.

The concentrations of three inorganic anions and pH were

measured for the entire length of D-3 while crystal sizes

were measured for selected sections (Thompson et al.,

1990).

Core D-1 was analyzed along the entire length for MPC,

d18O and EC. MPC was measured at BPRC under Class 100

Clean Room conditions. The concentrations of microparti-

cles with diametersR2 mm/ml sample were measured using

a model TA-II Coulter Counter (Thompson, 1977), fitted

with a 100 mm aperture tube. Most of the samples

necessitated diluting 36 times due to very high microparticle
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concentrations for the Coulter Counter method, and up to

7000 times in extreme cases, to avoid problems with

coincident passage through the aperture tube. Only the

samples for dust measurement were diluted. EC of liquid

samples was measured with a Beckman model RC-16C

conductivity bridge and pH was measured with a Beckman

model f40 pH meter (Thompson et al., 1990).
3. Microparticle records preserved in the Dunde ice cap

Microparticle records of the Dunde ice core for the past

20 ka show that the microparticle content was high during

the Last Ice Age. For the Holocene, the record of

microparticle content is low. Fig. 2a shows the annual

variations and its corresponding linear trend of the

microparticle content during the past 700 years. It

demonstrates that the content fluctuates with time but the

linear increasing trend is not significant. When the 11-point

(year) running average records were used (Fig. 2b), we

found that the linear increasing trend (yZ0.5717xC
2860.5!103, R2Z0.01) was significant (aZ0.01) over
Fig. 2. Variations of microparticle concentration records in the Dunde ice

core from 1320 AD to 1986 AD. The data here are the total particles

(diameter O2.0 mm). (a) The annual records (thin line) and its

corresponding linear trend (dashed line). (b) The 11-point (year) running

average (thin line) and its corresponding linear trend (dashed line).

Fig. 3. Correlations between microparticle and calcium (a), and between

calcium and magnesium (b) of the Dunde ice core.
the past 700 years. However, it was decreasing since the

early 1700s. During the Little Ice Age, it was slightly high,

corresponding to the cold period.

Several indices can be used for dust reconstruction.

Among them microparticle is a direct measure of dust,

whereas calcium and magnesium ions are indirect indices.

Fig. 3a and b shows the relationships between microparticle

and calcium ion concentration, and between calcium ion and

magnesium ion concentration. These figures clearly indicate

the close relationship among microparticle, calcium and

magnesium. Fig. 4 shows long-term variations of the Mg2C

record from the Guliya ice core and dust record from the

Dunde ice core (Yao et al., 1995c). Because Mg2C and

MPC are both indicators of dust, the records of Mg2C in the

Guliya ice core and MPC in the Dunde ice core show the

history of dust fluctuations at each site. Since dust is an

indicator of terrestrial material (Yao et al., 1990; Thompson,

1997; Yao and Thompson, 1992; Petit and Royer, 1981) and

terrestrial material mainly originated from deserts, arid and

semi-arid regions around the Guliya and Dunde ice Caps; it

is reasonable to study the frequency and intensity of dust

storms at these two sites by using these dust indicators. Two

features are important in the figure. First, both records show

three dust peaks. The first peak occurred around the early

16th century, the second around the 1730s and the third

around the 1870s (although the second and third peaks of the

Guliya ion are not as high compared with the Dunde

microparticle concentrations). Secondly, dust records in



Fig. 4. The MgC2 record reconstructed from the Guliya ice core and the

microparticle concentration (diameter isO5.04 mm) of the Dunde ice core.

Both are indicators of dust.
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both cores show strong intensity and large amplitudes from

the 16th to 17th century.
4. The dust storm occurred in northwestern China

Dust storms occur quite often in northwestern China and

can cause many problems for the local society. A dust storm

can destroy traffic and communication systems, agricultural

activities, and the people’s daily life. The dust storm has

been observed at meteorology stations over the past several

decades. But there are no direct records in pre-instrumental

period. However, it is important to know the historical

frequency and strength of the dust storms. Based on

archives, researchers can obtain some knowledge about

the dust storms during pre-instrumental time. The dust

storms were described as dust rain in historical archives.

Zhang (1982) examined the dust rain records in the
Fig. 5. The locations where dust rain was archived in the historical literature from
historical archives and established the dust rain chronology.

However, the number of years that dust rain occurred

increased with time. This is mainly due to better archive

records. Furthermore, most of the dust rain records were

archived in eastern China, where human activity was more

intense (Fig. 5). Zhang (1984) examined the annual dust

storms and the days of dust haze observed at 498

meteorological stations in China from 1951 to 1980 and

published their 30-year averaged results. She found that the

dust storms mainly occurred in northwest China (Fig. 6).

Some researchers also tried to collect the dust-storm

records archived in northwest China (Huang, 1997). Huang

(1997) concluded that, according to the archived records,

there were a total of 140 dust storm events from the 3rd

century BC to 1990 (a dust storm that occurred in one period

or surrounding areas during the same period was considered

one dust storm). He also concluded that the number of dust

storm occurrences was significantly large during the 20th

century. Whether this is related to better record-keeping due

to culture development from the 18th century onward or not

needs to be examined further.
5. The relationship between dust storm events

in northwest China and the microparticle content

records of Dunde ice core, Qilian mountain, China

Zhang et al. (1984) reconstructed dust rain frequencies in

east China by using historical records. Comparison between

the dust rain frequency record and ice core dust record from

the Dunde ice cap (Fig. 7) indicates a similar fluctuation

trend. In particular, three peaks in these two records are

almost identical. However, the ice core dust record

decreases from the Little Ice Age to present while the

number of historical dust records increases over the same
the 3rd century BC to the early 20th century AD in China (Zhang, 1982).



Fig. 6. The source area of the dust haze and dust storm in China (Zhang, 1984). The dotted region is the dust haze area and the region outlined with the italic line

is the dust storm area where dust storms occurred more than 30 days each year. The dashed line is the border of the area where the dust haze occurred more than

5 days each year.

Fig. 7. A comparison of dust records between the Dunde ice core (diameter is O5.04 mm) and the historical records in eastern China (Zhang, 1984).
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time period. One possible explanation is that the increasing

trend of historical dust records from the Little Ice Age to

present is an artifact of increased literature records. Another

possibility is that the amount of dust in these two regions

was different. Of course, variations in the accumulation rate

of snow can also affect the MPC.

The dust storm records archived in historical documents

are limited to the observation sites and amount of literature.

There are more literature archives in eastern China.

Therefore, most of the dust rain records were found there.

Although there are some records in northwestern China,

they are not as complete. Some dust storms were not

recorded. However, the microparticle record of the Dunde

Ice Cap is a good natural archive that recorded dust storms

activity in the surrounding area. Using ice core records, we

can establish the dust storm chronology for historical time.
6. Conclusions

Because dust storm records (such as dust rain) in archives

depend on the number of the literature records and local

civilizations, it is difficult to use them for determining the

number of actual dust storm occurrences. The literature

records are also influenced by the frequency of wars and

other factors. Some places where the dust rain and dust

storm were observed are far from the source areas.

Therefore, natural records of dust storms would be very

useful indicators for examining the frequency of dust storms

in the past. Fortunately, the ice core recovered from the

Dunde Ice Cap in Qilian Mountain, northwestern China,

provides a dust record for the past 20 ka. Because the

Qaidam Basin and Gobi Desert are relatively close to the

Dunde Ice Cap, the dust record is considered a good natural
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archive for past dust storm events in the surrounding areas.

Comparison between the dust rain frequency reconstructed

from historical archives and the ice core record from the

Dunde ice cap indicates a similar fluctuation trend. In

particular, three peaks in these two records are almost

identical. Therefore, the microparticle record of the Dunde

Ice Cap is a good natural archive of dust storms that

occurred in the surrounding area. Using ice core records, we

can reconstruct the dust storm chronology for historical

time. During the past 700 years, it fluctuated with time.

Although the linear trend increased over the past 700 years,

it was decreasing since the early 1700s. During the Little Ice

Age, the microparticle content was slightly higher corre-

sponding to a cold period.
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