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ABSTRACT

Dust events occurred frequently in Beijing in recent years. In this work, 120 aerosol samples were
collected in two typical dust events (21–22 March and 15 May) and a non-dust period in Beijing from
March to May 2001. Samples were analyzed for major elemental components by the Proton Induced X-
ray Emission (PIXE) method. Results show that the enrichment factors of crustal elements such as Mg,
Al, and Ti had little differences between the dust period and the non-dust period in Beijing, while the
enrichment factors of other elements that have a relation to anthropogenic emissions were very low during
the dust period. The results derived by using multivariate factor analysis from the observation data show
that the sources such as soil dust, industry, and fuel combustion were among the major contributors to
the particles in Beijing.
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1. Introduction

More and more attention to Asian dust storms has
been paid due to their significant influences on both
the global climate (Tegen and Fung, 1994; Tegen et al.,
1996; Sokolik and Toon, 1996) and environment (Qian
et al., 1997; Zhang et al., 2000). Dust storms in North-
west China can inject a large amount of desert dust
into the atmosphere year after year (Chun et al., 2001;
Qian et al., 1997). These particles injected by dust
storms can be transported thousands of miles away
and distributed over the Pacific Ocean, which may al-
ter the chemical and radiative processes in the remote
troposphere (Wang et al., 2000; Yi et al., 2001). The
size distributions and chemical composition of parti-
cles are the key properties in determining the radiative
effect of mineral dust particles on climate (Sokolik et
al., 1998; Sokolik and Boon, 1999¶Zhang et al., 2001).
In order to simulate the radiative effect of dust par-
ticles on climate, it is very important to investigate
the chemical properties and size distribution of dust
particles in Asia (Yabuki et al., 2002). Now, more and
more scientists from different countries have been co-
operating to study Asian dust storms in recent years
(Zhang et al., 1993; Yoshino, 2000; Kanai et al., 2002).

Sand-dust events occurred frequently in the north
of China in 2000 and 2001. There were 15 and 18
dust storms in China in 2000 and 2001, respectively
(Zhang et al., 2002). These dust storms severely af-
fected traffic, atmospheric environment quality, and
people’s daily life in local and downstream areas (Ye
et al., 2000; Zhou, 2001; Zhang et al., 2003). Zhang
et al. (2002) described new characteristics below for
these sand-dust events: higher frequency, stronger in-
tensity, larger influencing areas, earlier occurring time,
and longer lasting periods.

In China, there are three kinds of definitions of
dust weather. The first is the dust storm. If visibil-
ity is less than 1 km, it is called a dust storm (Qian
et al., 1997). If visibility is less than 200 m and the
wind force is greater than category 9 (v>20 m s−1),
it is a heavy dust storm. If the visibility is less than
50 m and the wind force is greater than category 10
(v>24 m s−1), it is an extra-heavy dust storm. The
second is uplifting-dust weather. If the visibility of
dusty days caused by surface wind is between 1 km and
10 km, it is called uplifting dust weather. The third
is floating-dust weather. The visibility of floating-dust
weather is less than 10 km, which is caused by dust
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floating in the air after the dust storm or uplifting-
dust weather. In spring 2001, various observations
were conducted in Asian and Pacific regions in the
Asia–Pacific Regional Aerosol Characterization (ACE-
Asia) period. In this paper, chemical characteristics of
particles by size-segregated aerosol samples in Beijing
during March–May 2001 are analyzed.

2. Observation and Analysis

The experimental site was located on the top of
a two-storey building, about 6 meters high above the
ground, which is 50 m west of the 325-m Meteoro-
logical Tower (39◦58′N, 116◦22′E), outside the North
Third Ring Road in Beijing.

The aerosol samples were obtained using the cas-
cade sampler (made in PIXE company) with 8 levels
of < 0.25, 0.25–0.5, 0.5–1, 1–2, 2–4, 4–8, 8–16, and

>16 µm. The flow rates at the beginning and the end
of each sampling were recorded, and the average of the
two flow rates was used as the flow rate for the sam-
ples. The flow rate was about 1.2 L min−1. 15 groups
(120 samples) of aerosol samples were collected in the
dust period and the non-dust period.

The collected samples were analyzed by Proton In-
duced X-Ray Emission method (PIXE) in the Insti-
tute of Low Energy Nuclear Physics, Beijing Normal
University. The PIXE analyses were carried out by
2.5 MeV proton bombardments with a beam of 30–40
nA. Elemental concentrations of particles for 19 ele-
ments were determined, which are Mg, Al, Si, S, Cl,
K, Ca, Ti, V, Cr, Mn, Fe, Ni, Cu, Zn, As, Se, Br, and
Pb. This method has been widely used to study dust
particles from the desert regions in China (Zhang et
al., 1993) and aerosol pollution (Zhu and Wang, 1998;
Zhang et al., 2003). 
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（A comparison analysis of chemical composition of aerosols in the dust and non-dust periods in 
Beijing"）
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Fig. 1. Soil mass concentrations in 2001 in Beijing (D and N in the X-axis indicate the
dust and non-dust periods, respectively, while a and b denote two different sampling
time periods in the same day).

Table 1. Observation time in the dust and non-dust periods in 2001.

Sample number observation time Weather condition

March 14N 1800 LST 14 March –0800 LST 15 March Non-dust event

March 15N 0800 LST 15 March –1800 LST 15 March Non-dust event

March 21D 1700 LST 21 March –0800 LST 22 March Dust event

March 22aD 0800 LST 22 March –1800 LST 22 March Dust event

March 22bD 1800 LST 22 March –0800 LST 23 March Dust event

March 23N 0800 LST 23 March –1800 LST 23 March Non-dust event

April 25aN 0840 LST 25 April –1800 LST 25 April Non-dust event

April 25bN 1800 LST 25 April –0800 LST 26 April Non-dust event

April 30N 2320 LST 30 April –0900 LST 1 May Non-dust event

May 1N 0900 LST 1 May –1800 LST 1 May Non-dust event

May 1N 1800 LST 1 May –0800 LST 2 May Non-dust event

May 15aD 1500 LST 15 May –1900 LST 15 May Dust event

May 15bD 1900 LST 15 May –0800 LST 16 May Dust event

May 16N 1700 LST 16 May –0800 LST 17 May Non-dust event
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3. Results and Discussion

The observation time is listed in Table 1. Letters N
and D in the first column of Table 1 indicate non-dusty
and dusty days, respectively, while a and b denote two
different sampling time periods in the same day. The
visibility on 21–22 March and 15 May 2001 was less
than 10 km. According to the classification in the in-
troduction, the observed dust events on 21–22 March
and 15 May 2001 were uplifting-dust weather. The
samples taken in these two dust events are regarded

as the dust period and in other periods as the non-
dust period.

According to Malm et al. (1994), the soil mass con-
centration of aerosols can be estimated by summing
the elements predominantly associated with soil, plus
oxygen for the normal oxides, and the formula for the
calculation of soil mass concentrations by elemental
concentrations is

Csoil = 2.2CAl + 2.49CSi + 1.63CCa

+2.42CFe + 1.94CTi , (1)
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Fig. 2. Enrichment factors of elements of particles in 2001 in Beijing (D and N in the X-axis
indicate the dust and non-dust periods, respectively, while a and b denote two different sampling
time periods in the same day).
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The calculated soil mass concentrations in Beijing
in 2001 are shown in Fig. 1. Results show that the
total soil mass concentrations of particles on 21–22
March was 288.4–350.2 µg m−3 and reached a maxi-
mum of 726.8 µg m−3 on 15 May in the dust period
and were 113.8–257.4 µg m−3 in the non-dust period.
The total soil concentration means all particles from 8
levels of the instrument of cascade. On 15 May 2001,
the soil mass concentrations of particles with diameter
less than 8 µm (PM8) reached 344.9 µg m−3, while the
soil mass concentrations of particles with diameter less
than 2 µm (PM2) reached 57.4 µg m−3. The average
of the soil mass concentration of PM2 in the non-dust
period was 18.4 µg m−3. This demonstrates that the
pollution by fine dust particles was severe in Beijing.

The enrichment factor of element in aerosols is an
important index to study the origin of aerosols, which
is defined as

IEF = (Cx/Cr)a/(Cx/Cr)c , (2)

where Cx is the concentration of element x, Cr is that
of a reference element, the subscript a refers to parti-
cles in the atmosphere, while c to a reference material.
Usually, Al, Si, or Fe is chosen as the reference ele-
ment. Here Si is selected as the reference element to
calculate the enrichment factors of elements in parti-
cles in Beijing (Winchester et al., 1981).

Figure 2 shows the enrichment factors of elements
in particles in 2001 in Beijing. Enrichment factors of
most elements decreased in the dust period and in-
creased in the non-dust period obviously. But the
ranges of variation are different. The enrichment fac-
tors of soil elements such as Al, Mg, Fe, and Ti had
very little changes in the dust period and non-dust pe-
riod, while the enrichment factors of Ca, K, and Mn
decreased in the dust period and increased in the non-
dust period obviously. The enrichment factors of other
elements such as Cl and S, which have a good relation
to human activities, decreased in the dust period and
greatly increased in the non-dust period.

In order to compare the enrichment factor in the
dust period with that in the non-dust period, a ratio
R for element x is defined as following:

R = (IEF,x)ND/(IEF,x)D , (3)

where ND and D indicate the non-dust periods and
dust periods, respectively. The ratios calculated using
the above formula are shown in Table 2. The analyzed
elements can be classified into three groups. The first
group consists of elements associated with soil dust
with R < 1.3, which includes Mg, Al, Ti, V, and Fe.
The second consists of elements associated with local
sources with R>2.0, which includes S, Cl, Ca, Cr, Zn,
As, and Pb. The third consists of elements associated

with soil dust and local sources with 1.3 < R < 2.0,
which includes K, Mn, Cu, Ni, Se, and Br.

In order to investigate the origin of the aerosols
and to validate the results obtained from enrichment
factors, a factor analysis method (Koutrakis et al.,
1987) was applied to the dust particle dataset. 15 ele-
ments (without V, Cr, Se, and Br ) from the total 19
measured elements whose concentrations are all higher
than the detection limit in every sample are chosen to
perform a principal factor analysis (PFA).

Table 3 shows the factor loading matrix derived
from the varimax rotation, which provides consider-
able information about the origins of the elements. It
is sufficient to retain only three factors that explain
90% of the total variance. Factor 1 explains 61%, fac-
tor 2, 21%, and factor 3, only 8%. The crustal el-
ements, including Mg, Al, Si, Ca, Fe, Ti, and Mn,
are highly correlated in factor 1, indicating that their
major sources are soil dust. K, Ni, and Cu are also
highly correlated in factor 1, indicating that their ma-
jor sources are probably the local soil dust. Zn, As,
Pb, and Cl are highly correlated in factor 2, indicat-
ing that their major sources are industry. S is highly
correlated in factor 3, indicating that its major source
is fuel combustion. Receptor concentrations of atmo-
spheric aerosols from a mixed origin in a fixed site
are often influenced by transports, metrological condi-
tions, and their lifetime in the atmosphere. Therefore,
it is very important to understand the chemical com-
position of particles in order to find the exact source of
dust particles in Beijing, which is also helpful in study-

Table 2. The ratio R for different elements.

Element R

Mg 1.11

Al 1.02

S 5.97

Cl 3.53

K 1.60

Ca 2.28

Ti 1.11

V 1.00

Cr 2.66

Mn 1.39

Fe 1.23

Ni 1.55

Cu 1.43

Zn 3.60

As 5.77

Se 1.36

Br 1.49

Pb 2.68
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Table 3. Varimax rotated factor matrix.

Element Factor 1 Factor 2 Factor 3

Mg 0.959 0.026 –0.073

Al 0.991 0.021 –0.033

Si 0.987 0.023 –0.022

S 0.028 0.320 0.897

Cl 0.212 0.663 0.368

K 0.941 0.214 0.138

Ca 0.932 –0.025 0.070

Ti 0.991 0.024 0.012

Mn 0.914 0.277 0.123

Fe 0.988 0.048 0.045

Ni 0.936 0.032 0.094

Cu 0.891 0.358 0.131

Zn –0.014 0.898 0.292

As –0.076 0.914 –0.164

Pb 0.239 0.868 0.175

ing radiative properties of dust particles. A further
study is needed to know the contribution from differ-
ent sources quantitatively.

4. Summary

In this paper, the chemical composition of particles
in the dust period with that in the non-dust period
are analyzed and compared. Results show that in the
dust period, the soil mass concentration of particles
increased sharply, which resulted in obvious impacts
on urban air quality. The difference of the enrichment
factors of crustal elements is small between the dust
and non-dust periods. The enrichment factors of other
elements that have a relation to anthropogenic emis-
sions considerably decreased in the dust period. Fac-
tor analysis on the observation data shows that the
sources such as soil dust, industry, and fuel combus-
tion were among the major contributors to the con-
centration of particles in the dust season in Beijing.
This work suggests that it is important to determine
the chemical composition of particles in order to find
out the sources precisely.

Acknowledgments. This research was financially

supported by China National Key Basic Research Science

Foundation Project (G1999043400), the Hundred Talents

Program (Global Environmental Change) by the Chinese

Academy of Sciences, the National Natural Science Foun-

dation of China (No.40205017) and Social Commonweal

Research Project(2002DIA20012) by the Ministry of Sci-

ence and Technology of China.

REFERENCES

ACE-Asia: Asian Pacific Regional Aerosol Charac-
terization Experiments. [Available on line from

http://saga.pmel.noaa.gov/aceasia/AAIntro.html.]

Chun Y. S., Kyung-On Boo, Jiyoung Kim, Soon-Ung Park,
and Meehye Lee, 2001: Synopsis, transport, and phys-
ical characteristics of Asian dust in Korea. J. Geophys.
Res., 106, 18461–18469.

Kanai, Y., and coauthors, 2002: Preliminary study on the
grain-size distribution and concentration of Aeolian
dust collected in Japan. Journal of Arid Land Stud-
ies, 11(4), 307–314.

Koutrakis, P., J. D. Spengler, B. H. Chang, and H. Ozkay-
nak, 1987: Characterizing sources of indoor and out-
door aerosol using PIXE. Nuclear Instruments and
Methods in Physics Research, B22, 331–336.

Malm, W. C., J. F. Sisler, D. Huffman, R. A. Eldred, and T.
A. Cahill, 1994: Spatial and seasonal trends in parti-
cle concentration and optical extinction in the United
States. J. Geophys. Res., 99(D1), 1347–1370.

Qian Zengan, He Huixia, Zai Zhang, and Chen Minlian,
1997: Standard classification, and occurrence chronol-
ogy of sand dust storms in the northwestern region
of China. Studies on Dust Dtorm in China, Fang
Zhongyi, Zhu Fukang, Jiang Jixi, Qiang Zheng-an,
Eds., China Meteorological Press, Beijing, 1–10. (in
Chinese)

Sokolik, I. N., and O. B. Toon, 1996: Direct radiative forc-
ing by anthropogenic airborne mineral aerosols. Na-
ture, 381(20), 681–683.

Sokolik, I. N., O. B. Toon, and R. W. Bergstrom, 1998:
Modeling the radiative characteristics of airborne
mineral aerosols at infrared wavelength. J. Geophys.
Res., 103, 8813–8826.

Sokolik, I. N., and O. B. Toon, 1999: Incorporation of min-
eralogical composition into models of radiative prop-
erties of mineral aerosol from UV to IR wavelength.
J. Geophys. Res., 104, 9423–9444.

Tegen, I., and I. Fung, 1994: Modeling of mineral dust
in the atmosphere: Sources, transport, and optical
thickness.J. Geophys. Res., 99, 22897–22914.

Tegen, S. R., A. A. Lacis, and I. Fung, 1996: The influence
on climate forcing of mineral aerosols from disturbed
soils. Nature, 381, 303–307.

Wang Zifa, H. Ueda, and Huang Meiyuan, 2000: A de-
flation module for use in modeling long-range trans-
port of yellow sand over East Asia. J. Geophys. Res.,
105(D22), 26947–26959.

Winchester, J., Wang Mingxing, Lu Weixiu, and Ren Lixin,
1981: Fine and coarse aerosol composition from a ru-
ral area in northern China. Atmos. Environ., 15, 933–
937.

Yabuki, S. and coauthors, 2002: Physical and chemical
characteristics of Aeolian dust collected over Asian
dust sources regions in China-Comparison with at-
mospheric aerosol in an urban area at Wako, Japan.
Journal of Arid Land Studies, 11(4), 273–289.

Yoshino, M., 2000: Problems in Climatology of dust storm
and its relation to human activities in northern China.
Journal of Arid Land Studies, 10, 171–181.

Ye Duozeng, Chou Jifan, Liu Jiyuan, Zhang Zengxi-
ang, Wang Yimo, Zhou Zijiang, Ju Hongbo, Huang
Hongqian, 2000: Causes of sand-stormy weather in
Northern China and Control Measures. Acta Geo-
graphica Sinica, 55(5), 513–521. (in Chinese)



NO. 2 ZHANG ET AL. 305

Yi, S. M., E. Y. Lee, and T. M. Holsen, 2001: Dry depo-
sition fluxes and size distributions of heavy metal in
Seoul, Korea during yellow-sand events. Aerosol Sci-
ence and Technology, 35, 569–576.

Zhang Renjian, Wang Mingxing, and Zhang Wen, 2000:
Research on elemental concentrations and distribu-
tions of aerosols in Winter/Spring in Beijing. Climatic
and Environmental Research, 5(1), 6–12. (in Chinese)

Zhang Renjian, Wang Mingxing, and Fu Jianzhong,
2001: Preliminary research on the size distribution of
aerosols in Beijing. Adv. Atmos. Sci., 18(2), 225–230.

Zhang Renjian, Han Zhiwei, Wang Mingxing, and Zhang
Xiaoye, 2002: Dust storm weather in China: New
characteristics and origins. Quaternary Sciences,
22(4), 374–380. (in Chinese)

Zhang Renjian, Xu Yongfu, and Han Zhiwei, 2003: Inor-
ganic chemical composition and source signature of

PM2.5 in Beijing during ACE-Asia period. Chinese
Science Bulletin, 48(10), 1002–1005.

Zhang Xiaoye, R. Arimoto, An Zhisheng, Cheng Tuo,
Zhang Guangyu, Zhu Guanghua, and Wang Xingfu,
1993: Atmospheric trace elements over sources regions
for Chinese dust: Concentrations, sources and atmo-
spheric deposition on the Loess Plateau. Atmos. En-
viron., 27, 2051–2067.

Zhou Zijiang, 2001: Blowing-sand and sandstorm in China
in recent 45 years. Quaternary Sciences, 21(1), 9–17.
(in Chinese)

Zhu Guanghua, and Wang Guangfu, 1998: Investigation of
the particle derived from indigenous zinc smelting us-
ing PIXE analytical technique. Nuclear Instruments
and Methods in Physics Research, B136–138, 966–
969.

ERRATUM

On Page 34 of Issue No. 1, Vol. 21, the title should read “Physical Mechanism and Model of
Turbulent Cascades in a Barotropic Atmosphere”. We apologize for this carelessness.


