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Abstract

Northern China, covering many deserts, gobi-deserts and arid loess-lands, is one of the world’s largest sources of

atmospheric dust. In this study, we estimate the dust annual mean emission rates and perform comparative

characterization of dust sources in Northern China by combining the geographical, pedological and 30-year (1951–

1980) climatological data. Multi-year averaged emission rates of PM50, PM30 and PM10 (i.e., dust particulates smaller

than 0.05, 0.03 and 0.01mm in diameter, respectively) were calculated using the modified US EPA empirical formulas.

We demonstrate that the main dust sources in Northern China are the Taklimakan Desert (the annual mean PM10

emission rate, Q10; is some 0.38 ton/ha yr), the Central gobi-desert (Q10 ¼ 0:24 ton/ha yr), and the deserts located on the
Alxa Plateau (Q10 ¼ 0:05 ton/ha yr). The Loess Plateau appears to be a weak dust source. We identify and characterize
three broad types of dust sources in Northern China: Type 1. Deserts in dry-agricultural areas, Type 2. Gobi-deserts

and deserts located on the plateaus, and Type 3. Deserts and gobi-deserts located in topographical lows. Types 1–3

sources contribute 1%, 35% and 64%, respectively, to the total annual mean emission of PM10 dust. Although the

maximum of dust emission occurs in spring, each source type has a distinct seasonal cycle. The analysis of both the

seasonal cycle pattern and spatial distribution of dust emission rates demonstrates that a combination of extreme

aridity and strong winds is a key factor governing the dust emission in Northern China.

r 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Wind-blown mineral dust, once lifted into the atmo-

sphere, causes diverse effects on health, environment

and climate (Goudie and Middleton, 1992; Duce, 1995;

Sokolik et al., 2001). The magnitude of the impact

depends on the amount and the physical and chemical

properties of atmospheric dust that are largely con-

trolled by dust sources. Natural deserts and semi-arid

lands are believed to be a main supplier of atmospheric

dust. They cover approximately 33% of the world land

area, having inhomogeneous geographical distribution

and distinct features (Duce, 1995). In addition, various

human activities can alter the geographical area of dust

sources and increase dust loading into the atmosphere.

Current estimates of global annual mean dust burden

are poorly constrained, spanning a range from about

1000 to 5000Tg/yr (IPCC, 2001). Uncertainties are

mainly due to a poor knowledge of the strength of

diverse individual sources. A better quantification of

dust burden on regional scales is necessary if climate and

climatic change predictions are to be improved.

This study deals with the dust sources located in

Northern China (351–541N, 731–1351E). Northern

China is the second largest source of atmospheric dust

in the world. Each year, mainly in winter and spring

seasons, strong winds lift and transport a large amount

of dust. The considerable fraction of dust particles can

be carried out eastward for thousands of kilometers
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across the Pacific and beyond to the west coast of the

United States, affecting the large geographical region.

Understanding and predicting the overall dust impacts

in this region depend critically on knowledge of dust

sources and emission rates. Although a number of

previous studies have addressed to various extent the

characterization of dust storms in Northern China (e.g.,

Xu and Hu, 1996; Qian et al., 1997; Xuan, 1999),

identification of active dust sources and quantification

of their strengths in this region remains an unresolved

issue. To address this problem, we compiled and

analyzed a large data set called the Asian Dust

Databank. Currently, the Databank comprises the

geographical, pedological and 30 yr (1951–1980) clima-

tological data from 301 meteorological stations in

Northern China.

The goals of this paper are to identify and characterize

the main dust production regions in Northern China

and to quantify the strength of the sources in terms of

dust emission rates on the climatic (30 yr mean) time

scale. To estimate annual and seasonal mean dust

emission rates, we employ the empirical formulas

developed by the United States Environmental Protec-

tion Agency (EPA) (OAQPS, 1977; Cowherd et al.,

1979). The EPA empirical formulas predict annual mean

emission rates using measured soil and climate para-

meters. They seem to be appropriate in this study since

we are interested in the multi-year averaged strength of

the dust sources.

It has been recognized that dust mobilization is a

complex process controlled by specific surface properties

and local meteorological conditions. Therefore, a

combination of these factors must be considered to

adequately quantify the strength of a dust source. To

guide the characterization of dust sources, we introduce

an integrated set of the following factors: the frequency

of dust storm occurrence, wind speed, aridity and

precipitation, morphology and composition of surface

soil, and dust emission rates. Combining these factors,

we perform comprehensive, comparative characteriza-

tion of dust sources in Northern China, identifying their

commonalities and specific features that affect the dust

mobilization. We also address the effects of human

activities on dust emission in this region.

This paper is organized as follows. A methodology of

dust emission calculation is described in Section 2. Then,

in Section 3, we focus on comparative characterization of

dust sources in Northern China followed by Summary.

2. Quantification of a source strength

2.1. Approaches in dust emission modeling

The complexity and various aspects of the dust

mobilization by winds have been addressed by numerous

studies (e.g., Bagnold, 1941; Greeley and Iversen, 1985;

Gillette, 1979). A number of key factors controlling the

dust emission have been identified and some of them

have been incorporated into dust production schemes

used in climate and atmospheric chemical transport

models (e.g., Tegen and Fung, 1995; Marticorena and

Bergametti, 1995). Despite the recent progress, those

schemes rely on oversimplified assumptions resulting in

large uncertainties in the prediction of dust loadings and

hence adverse dust impacts (IPCC, 2001; Sokolik et al.,

2001).

Dust production schemes currently used in atmo-

spheric dynamical models are mainly based on an

assumption that the vertical dust flux, F ; is a power-
law function of the wind friction velocity, u� (or wind

velocity, u)

F ¼ C un
�; ð1Þ

where C is a dimensional constant. Dust production

occurs when u� is equal or larger than a threshold

friction velocity, u�tr: Both C and u�tr are a complex

function of local meteorological conditions and surface

properties (soil texture, mineralogy, vegetation coverage

and surface roughness among other factors). Moreover,

several experimental and theoretical studies demon-

strated that the exponent n in Eq. (1) varies between 3

and 4, but it might be as high as 7 (Gillette, 1979).

As a practical necessity, it is often assumed that n is

equal to 3 or 4, and C and the threshold friction velocity

u�tr are prescribed constants. For instance, Tegen and

Fung (1995), Tegen and Miller (1997), and Uno et al.

(2001) approximated the dust vertical flux by

F ¼ C1ðu � utrÞu2; ð2Þ

assuming n ¼ 3 and the threshold wind velocity

utr ¼ 6:5m/s. In turn, Westphal et al. (1998), Liu and
Westphal (2001) and several others used the dust

production scheme in a form

F ¼ C2u
4
�; ð3Þ

where C2 is the dimensional constant, assuming

u
* tr

¼ 0:6m/s.
Such an approach raises several key problems. Firstly,

dust production would depend on how well an atmo-

spheric dynamical model can predict meteorological

fields and, in particular, the surface winds used in

Eqs. (2) and (3). Several studies demonstrated that there

are significant differences in the surface winds predicted

by different models (e.g., Liu and Westphal, 2001). The

advantage of the EPA formulas employed in our study is

that they allow us to use the observed winds available

from numerous meteorological stations in Northern

China as described below.

Another problem in the dust production schemes

(Eqs. (2) and (3)) is in the selection of a constant C and

threshold friction velocity, u�tr: Recently, an improved
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scheme has been proposed by Marticorena and Berga-

metti (1995), in which the threshold friction velocity is

parameterized as a function of the particle size distribu-

tion, NðdÞ; of erodible soil particles and the roughness
length, z0; of the land surface. This scheme has been
tested for Saharan deserts (Marticorena et al., 1997) and

recently it was adopted to compute the dust emission in

southwestern Asia (Iraq, Kuwait, and Saudi Arabia)

during 1990–1991 (Draxler et al., 2001). However,

implementation of such a scheme requires input data,

which are largely missing (especially in Northern China).

Because of this lack, we could not employ the above

scheme in this study. One of our goals in developing the

Asian Dust Databank is to provide the currently missing

data so that a better dust production scheme for

Northern China can be developed.

2.2. Computation of dust emission rates

We employed the Asian Dust Databank in conjunc-

tion with the EPA empirical formulas to compute

annual mean dust emission rates in Northern China.

EPA formulas are based on numerous measurements of

dust emission from various surfaces under different

meteorological conditions (OAQPS, 1977; Cowherd

et al., 1979). This allows for calculation of PM30 and

PM50 annual mean emission rates as

Q30 ¼ 0:2058 e s f =PE2; ð4Þ

Q50 ¼ e c50C K L V ; ð5Þ

where Q30 and Q50 denote the annual mean dust

emission rates, in units of ton/ha yr, for PM30 and

PM50, respectively, f is the threshold wind speed ratio

(i.e., time percentage when the mean wind speed u is

higher than a threshold value of 5.4m/s), C is so-called

climatic factor defined as C ¼ 0:504u3=PE2; where PE is
the Thornthwaite’s precipitation–evaporation index (see

Table 1), K is the surface roughness factor, L is the

unsheltered field width factor, and V is the vegetation

cover factor. The soil parameters e; s; c50 are defined in

Table 1 along with other parameters required to

compute the annual mean dust emission rates using

Eqs. (4) and (5). Table 1 also lists the data used in

calculations.

Overall, we analyzed the data from 301 meteorologi-

cal stations in Northern China for the period 1951–1980.

The meteorological stations are distributed inhomogen-

eously: more stations are in the dense-populated areas

and just a few in the northwest deserts. To provide even

coverage over Northern China, the data were inter-

polated to 92 grid points, providing a spatial resolution

of about 2.51� 2.51 (see Fig. 1). The limited number of
stations in the northwest deserts (especially in the

Taklimakan) renders the finer resolution unreasonable.

Both soil and climatic data were pre-processed to

provide input parameters required in the EPA formulas.

For instance, there were no data for e; s; and c50: To
provide the input soil data, we converted the soil type

data using China’s soil texture maps (Xiong and Li,

1990; Xiong, 1986) into correspondent types used in the

US.

The Thornthwaite’s precipitation–evaporation index,

PE; required in Eqs. (4) and (5) is not commonly used by
Chinese scientists. Instead, the aridity, R; is used
in classification of the climatic zones. The aridity is

Table 1

Input parameters and data used in EPA formulas

Parameter Definition (units) Data used in calculations

Erodibility index, e Mass loss by wind erosion (ton/ha yr) Xiong (1986)a

Silt content, s Weight percentage of soil particles smaller than

0.075mm (%)

Xiong (1986)a

Soil texture parameter, c50 Weight percentage of soil particles smaller than

0.050mm (%)

Xiong (1986)a

Threshold wind speed, utr Large particles start to creep at utr (m/s) utr ¼ 5:4m/s
Annual mean wind speed, u Annual mean wind speed at 10m height (m/s) 301 Met. Stations, 1951–1980

Threshold wind speed ratio, f Annual time percentage of u > utr
a

Annual mean precipitation, p (mm/yr) 301 Met. Stations, 1951–1980

Annual mean evaporation, ee (mm/yr) 301 Met. Stations, 1951–1980

Thornthwaite’s precipitation–

evaporation index, PE

PE ¼ 300p=ee
a Same as for p and ee

Climatic factor, C C ¼ 0:504 u3=PE2 Same as for u and PE

Surface roughness factor, K K ¼ 1 or 0.5 for smooth or rough surfaces,
respectively

K ¼ 0:5

Unsheltered field width factor, L L ¼ 0:7 or 1.0 for fields of width o300m or
>600m, respectively

L ¼ 1:0

Vegetation cover factor, V V ¼ 1:0 if no vegetation V ¼ 1=8

aSee details on data pre-processing in Xuan (1999) and Xuan et al. (2000).
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defined as

R ¼ 0:16 ST=p; ð6Þ

where ST is the accumulated diurnal mean air

temperature higher than 101C and p is the precipitation

for the same time period (Zhao, 1985). In our study we

analyze both the aridity and PE index. The latter was

calculated with precipitation and evaporation data

reported by the weather stations. Figs. 1–3 show 30 yr

annual mean precipitation, PE and aridity, respectively,

at 92 grid points used in our calculations. One can notice

a strong east-to-west decrease in the precipitation and

PE values and an east-to-west increase in aridity. These

east-to-west gradients are particular characteristics of

climate in Northern China, and play a key role in

controlling the dust emission pattern as demonstrated

below.

The threshold wind speed ratio, f (see Table 1), was

calculated using the annual mean wind speed following

Xu (1984). Fig. 4 shows 30 yr annual mean f at 92 grid

points. One can notice that, on the Inner-Mongolia

Plateau (refers to the Chinese part of the Mongolian

Plateau), wind speed is higher than the threshold value

of 5.4m/s for about 20–40% of time per year. The study

by Zhang and Lin (1992) based on the 20 yr mean data

reported the spatial distribution of the number of days

with gales (maximum wind speed>17m/s). They show

that the area along the Chinese–Mongolian border has

the largest number of days with gales (about 75 days a

year). They also concluded that the areas with highest

mean wind speeds are also those with the largest number

Fig. 2. Same as Fig. 1, except for Thornthwaite’s precipitation–evaporation index, PE:

Fig. 1. Annual mean precipitation (mm/yr) at 92 grid points (crosses) used in calculations.
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of gales. The same statement is true for the distribution

of the annul mean wind speed and f ; indicating that the
emission rates Q30 and Q50 calculated with Eqs. (4) and

(5) will show the similar pattern.

The annual mean emission rates Q30 and Q50 were

first calculated at 92 grid points using Eqs. (4) and (5),

then the PM10 annual emission rates, Q10; were
calculated following the procedure described below.

The basic assumption of the EPA empirical formulas is

that the emission rate, Qd ; of the particulates smaller
than dmm in diameter is proportional to the weight

percentage of those particulates in the surface soil

QdBcd : ð7Þ

Thus, the soil texture parameter, c30 (i.e., the weight

ratio of particles smaller than 0.03mm in diameter over

total erodible soil particles) can be calculated with c50 as

follows:

k ¼
c30

c50
¼

Q30

Q50
: ð8Þ

Using Q30 and Q50 computed at 92 grid points, we

determine from Eq. (8).

k ¼ 0:62: ð9Þ

The particle size distribution is commonly approxi-

mated by a lognormal function (e.g., Bagnold, 1941), so

that the soil texture parameter cd can be expressed as

cd ¼
1ffiffiffiffiffiffi
2p

p
s

Z y

�N

exp �
ðt � mÞ2

2s2

� �
dt; ð10Þ

where y ¼ logðdÞ; and m and s are two parameters of the
lognormal function.

Fig. 3. Same as Fig. 1, except for annual mean aridity.

Fig. 4. Same as Fig. 1, except for the threshold wind speed ratio.
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First, the soil texture parameter c30 was calculated

using Eqs. (8) and (9) for each of the 92 grid points.

Next, using calculated c30 and c50; the parameters m and
s were determined from Eq. (10). Letting d ¼ 0:01mm
(i.e., y ¼ log 0:01 ¼ �2) in the Eq. (10), we then

obtained c10. Finally, the PM10 annual dust emission

rates, Q10; were calculated as

Q10 ¼ Q50
c10

c50
: ð11Þ

Following the above procedure, we computed the

emission rates Q50; Q30; and Q10; which then were used
to characterize the strength of dust sources, as well as to

analyze spatial patterns and temporal variations of the

annual and seasonal mean dust emission in Northern

China.

3. Characterization of dust sources in Northern China

Sources of atmospheric wind-blown dust are often

categorized based on one or two types of observational

data. For instance, Goudie and Middleton (1992) and

Sun et al. (2001) used the records of dust storm

occurrences from weather stations in China. However,

a small number of stations with limited spatial coverage

were considered in those studies. Moreover, the dust

outbreaks were not related to actual dust sources. The

recent study by Prospero et al. (2002) utilized the aerosol

index (AI) retrieved from the satellite total ozone

mapping spectrometer (TOMS) data to identify the

active dust sources. Although UV remote sensing

provides a powerful tool in characterizing the large

areas affected by dust, persistent clouds and air

pollution (especially UV-absorbing carbonaceous aero-

sols) limit the application of the TOMS AI over much of

Asia. In addition, complex topography of Northern

China hinders the interpretation of the AI values.

Given the complexity of dust mobilization processes,

we believe that the approaches based on a single

characteristic would not be adequate for the compre-

hensive characterization of a dust source. Below we

introduce an integrated set of the factors used in our

study to identify and quantitatively characterize the dust

sources.

3.1. The factors for identification and characterization

of dust sources

We propose the following set of the factors for the

analysis of dust sources: the frequency of dust storm

occurrence, wind speed, aridity and precipitation,

morphology and composition of surface soil, and dust

emission rates.

3.1.1. Frequency of dust storm occurrence

Dust storms are often defined as an event of dust

particles entrained by winds so that the meteorological

visibility is decreased below 1km (Goudie and Mid-

dleton, 1992; CMA, 1979). Based on visibility observa-

tions, dust storms have been recorded at the

meteorological stations in China since 1951, while

various records of dust storms are available for the past

4600 yr (Huang, 1997).

Fig. 5 shows the regions of high and extra-high

frequency of dust storm occurrence based on the

analysis of 30 yr (1951–1980) climatic data. To cover

entire Northern China, we extended the analysis of Xu

and Hu (1996), who considered only Northwest China.

High frequency regions are defined as those having: (i)

the annual mean number of dust storm days higher than

5; or (ii) monthly mean number higher than 3; or (iii) the

total number of dust storm days at any month for 10

continuous years higher than 20. In turn, the extra-high

frequency regions have: (i) the annual mean number of

dust storm days higher than 12; or (ii) the total number

of dust storm days at any month for 19 continuous years

higher than 30.

The high-frequency regions cover all main deserts and

gobi-deserts in Northern China. The only exception is

the newest Hulun Buir Desert located in the east edge of

Fig. 5. Frequency of dust storm occurrence: high frequency area (S) and extra-high frequency area (S�).
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the Inner-Mongolia Plateau. The Loess Plateau is not

included in the high-frequency regions except for its

northwest borderland adjacent to the deserts. The most

severe dust storms are mainly recorded in the west part

of the Inner-Mongolia Plateau, Alxa Plateau and Hexi

Corridor (Xu and Hu, 1996; Zhao, 1997).

There is no doubt that the high frequency of dust

storms is an important indicator of the source area.

However, strong dust outbreaks could be transported

over large distances and reported by the weather stations

located outside an actual active source. There are only a

few stations located in the deserts. Therefore, the

frequency of dust storm occurrence must be considered

in a combination with other data.

3.1.2. Wind speed

The dust emission occurs only when the wind speed is

higher than a threshold value. The greater wind speed

the larger fraction of dust particles can be lifted from the

surface, increasing the dust emission rates. Strong winds

associated with the Arctic anticyclones are a distinct

climatic feature of Northern China. The Siberian Highs

(or Mongolian Highs) cause strong cold waves that

funnels cold air across Mongolia and China. It is

believed that major dust outbreaks are caused by those

cold waves. The highest winds are commonly observed

in the winter and spring, having the maximum values

over the large area of the Mongolian Plateau.

3.1.3. Aridity and precipitation

Northern China is surrounded by highlands at three

sides—the Mongolian Plateau to the north, the Pamir

Plateau to the west and the Tibetan Plateau to the south.

The elevation of the Tibetan Plateau is around 5000m.

Only in the summer season, monsoon winds from the

Pacific Ocean can bring some moisture to the region.

However, the precipitation is very limited and sharply

decreases from east to west in Northern China (see

Fig. 2). High frequency and extra-high frequency dust

storm regions have precipitation po400 and 200mm/yr,
respectively. Also, the high and extra-high frequency

dust storm regions are characterized by the Thornthwai-

te’s index PEo60 or the aridity R > 2: In general, aridity
R ¼ 1:522:0 defines the semi-arid region, R > 2:0 is for
the arid region, and R > 4:0 is for the deserts and gobi-
deserts.

One might expect that dust emission is higher in the

regions with low precipitation (and consequently scarce

vegetation) and high aridity. Indeed, Hao et al. (1996)

analyzed the annual variation of dusty days (defined as

horizontal visibility less than 10 km) in the Beijing

Metropolitan Area and concluded that the number of

dusty days per year is negatively correlated with the

annual precipitation and vegetation cover rate. Also,

Sun et al. (2001) showed that the annual number of dust

storm days in Northern China is positively correlated

with annual mean wind speed but negatively correlated

with annual precipitation. In general, precipitation

controls the atmospheric dust burden: (1) by affecting

surface soil moisture, vegetation cover, and soil crust

and hence the emission rate; and (2) by removing

airborne dust particles via rain out.

3.1.4. Morphology and composition of surface soil

Soil texture, mineralogical composition, aggregation

and crusting are main surface soil characteristics

affecting the dust emission.

The soil particle size distribution (or soil texture) is

important because several processes controlling the dust

emission are size dependent. Particles of around 60–

80 mm in diameter have a minimum threshold friction

velocity (e.g., Bagnold, 1941). Thus, the abundance of

loose particle in this size range is critical to initiate the

mobilization. Traditionally, soil texture is classified in

terms of three end members: clay (do0:002mm), silt
(0:002odo0:05mm), and sand (0:05odo2mm). The
Chinese classification system, which is somewhat similar

to the US system, is based on four first grade categories

(clay, loam, sand and gravel) and 12 second grade

categories (Xiong and Li, 1990).

Another important characteristic is the soil miner-

alogical composition which affects the degree of

aggregation of soil grains and surface crusting and

hence the threshold wind velocity. Both clay aggregation

and surface crust resist wind erosion. In particular, it has

been demonstrated that soils with high clay content

(>20%) highly resistant to wind erosion (Gillette,

1979).

In addition, Northern China is characterized by a

variety of surface types including farmland, grassland,

desert and gobi-desert. The term ‘gobi’ is used to

describe a region paved with gravel or rock debris and

‘gobi-desert’ refers to an area of alternatively distributed

sandy deserts, gobis and grasslands (Chao, 1984). Gobi

and gobi-deserts exist only in the extremely arid areas,

such as the northern and western Inner-Mongolia

Plateau and its southwest vicinity.

3.1.5. Dust emission rates

The emission rate is often used to characterize the

strength of a source. Depending on a specific applica-

tion, emission rates of dust particles in the different size

range might be of interest. PM50 and PM30 dust plays an

important role in the biogeochemical cycles of the

oceans and terrestrial systems by supplying a large mass

fraction of micronutrients. PM10 dust can scatter and

absorb solar and infrared radiation affecting the Earth’s

energy budget and climate. In addition, PM10 dust also

causes the degradation of visibility and various health

problems. Therefore, Q50; Q30 and Q10 emission rates

were computed and analyzed in this study.
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Fig. 6 shows the PM10 dust annual mean emission

rate, Q10; calculated following the framework described
in Section 2. PM10 dust emission rates in Northern

China increase from east to west by five orders of

magnitude. The contours of the emission rates higher

than 10�1 ton/ha yr define two strongest dust source

regions: one is in the Taklimakan Desert and the other is

in the west part of the Inner-Mongolia Plateau. The

PM30 and PM50 dust emissions show similar spatial

distributions.

3.2. Comparative characterization of dust sources in

Northern China

The above discussion reveals that Northern China is a

complex, inhomogeneous dust production region com-

prising various types of individual sources of distinct

properties and different strengths. Based on the inte-

grated set of the factors introduced above, we identified

the following three broad types of dust sources in

Northern China (see Fig. 7): Type 1. Deserts in dry-

agricultural areas; Type 2. Gobi-deserts and deserts

located on the plateaus; and Type 3. Deserts and gobi-

deserts located in topographical lows. Type 3 sources

agree well with the suggestion by Prospero et al. (2002)

that prodigious dust sources should be located in the

basins or flanks of mountains. However, our Types 1

and 2 sources do not obey this rule. In turn, Type 2

sources agree with the study by Sun et al. (2001) and

work of many Chinese and Japanese meteorologists

(e.g., CEA, 2001; Nagoya University, 1995) who

suggested that the Central gobi-desert and the deserts

on the Alxa Plateau (Type 2 sources) are the main dust

sources in China.

Type 1 sources consist of the Hulun Buir, Horqin,

Hunshandake, Mu Us and Hobq Deserts, Type 2

sources include the Central gobi-desert, Ulan Buh

Desert, Tengger Desert, Badain Jaran Desert and the

Fig. 6. Dust PM10 annual mean emission rates (ton/ha yr).

Fig. 7. Three types of dust sources: T—Tsaidam basin; H—Hexi Corridor.
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gobi-deserts in the Hexi Corridor, and Type 3 sources

mainly comprises the Taklimakan, Gurbantunggut and

Kumtag Deserts, Hashun gobi-desert, Turpan-Hami

Basin (gobi-desert) and Tsaidam Basin (gobi-desert

and playa). Type 3 sources are located in the basins

or on flanks of high mountains, while Types 1 and 2

sources are located on the Inner-Mongolia Plateau and

Alxa Plateau (elevation of 1000–1800m), except for the

Horqin Desert located on the Manchurian Plain

(elevation of 400m) and the Hexi Corridor (elevation

of 800–1200m). The Hexi Corridor is a low and narrow

valley between high mountains, stretching roughly from

east to west for about 1000 km.

3.2.1. Commonalities and specific features of individual

dust sources

Types 1–3 sources, stretching from about east to west

across Northern China, have specific differences asso-

ciated with the east-to-west gradual changes of the main

climatic, geographical, and pedological characteristics.

Comparative characterization of dust sources is given in

Table 2.

From east-to-west, the precipitation decreases from

400 to 20mm/yr and aridity increases from 2 to 70

resulting in the surface type changes ranging from the

farmlands, dry-grasslands to extremely arid regions such

as the Taklimakan Desert. Type 1 sources and the east

part of the Hexi Corridor (Type 2 source) are located in

the dry-agricultural area. The name ‘‘dry-agricultural’’

means that farming strongly depends on irrigation,

though a large population lives in this region. In

contrast, most of Types 2 and 3 sources lie in the

extreme arid areas where people can live only in small

oases.

Exhaustive farming, over-grazing and improper use of

the limited water resources have resulted in a severe

desertification in Northern China. In particular, the

desertification has speeded-up after 1950s under the

pressure of rapidly growing population (CEA, 1998).

Statistical analysis shows that the desert areas in

Northern China were increased on average 1560 km2/

yr from 1950s to 1970s, 2100 km2 in the 1980s and

2460 km2 in the 1990s (Zhu and Zhu, 1999). Desertifica-

tion affected all three types of dust sources. For

instance, the Hulun Buir and Horqin deserts (Type 1

sources) were formed recently in the 20th century (Zhu

and Zhu, 1999; CEA, 1998; Huasheng Daily, 2001).

Using data from Zhang et al.(1998), we estimated that

human activities have converted about 4.2� 104 km2 of
grasslands into deserts in Type 2 sources and

1.84� 104 km2 of oases into deserts in Type 3.
Diverse topography of Northern China results in a

complex pattern of wind fields. The strongest winds,

associated with cold fronts, are observed on the high

Inner-Mongolia Plateau (Type 2 sources). The annual

mean wind speed in Type 2 sources is in the range from 3

to 5m/s, while in the spring and winter the wind speed is

usually higher on about 1m/s than the annual mean. In

contrast, the Taklimakan Desert (Type 3 source), lying

in the basin, has lower annul mean wind speeds of 2–

4m/s.

East-to-west variations of precipitation and aridity

also affect the distribution of soil types, soil composi-

tion, and soil texture in Northern China. Although the

soil texture has a complex spatial distribution, there is a

general tendency of a decrease of coarse particles and an

increase of fine particles in surface soils from west-to-

east: soil texture changes from gravelly sand soil, sand

soil, loam to clay soil (Xiong, 1986). This tendency is

governed by the weathering processes ranging from the

dominant physical weathering in the west to the

chemical weatherizing in the east due to the strong

west-to-east gradient in precipitation.

According to our calculations, 8.4 million tons of

PM10 dust are emitted annually into the atmosphere

from the source region of some 1.99� 106 km2 in
Northern China. The contributions of Types 1–3 sources

to the total annual mean PM10 dust emission are 1%,

35% and 64%, respectively.

3.2.2. Spatial and temporal variability of dust emission

The strength of dust sources greatly increases from

east-to-west across Northern China reflecting gradual

changes in precipitation and aridity. The PM10 dust

emission rate increases from east-to-west by as much as

five orders of magnitude (Fig. 6). PM30 and PM50 dust

emissions show a similar spatial distribution (Xuan,

1999; Xuan et al., 2000).

The most severe dust storms all occur in the spring

season (Xu and Hu, 1996) when the surface is the driest

and winds are the strongest (Table 2). This suggests that

the high aridity and strong winds are two key elements

governing the dust emission in Northern China. This

conclusion is further supported by our analysis of the

seasonal patterns of dust emission in three source types.

To estimate the seasonal variability, we partitioned

the annul mean emission rate Q10 into the seasonal

means, Q1; Q2; Q3 and Q4; according to the seasonal
values of the climatic factor, C ¼ 0:504 u3=PE2: The
seasonal mean wind speed and seasonal Thornthwaite’s

index were used to perform these calculations.

Table 2 shows the seasonal mean dust emission in

three source types. All three source types show the

largest emission in the spring, while the lowest dust

emission occurs in the summer season. From the data

listed in Table 2, one can relate the spring emission

maximum to the highest winds and highest aridity

occurred in each source type. In turn, both aridity and

winds are lowest in summer.

Along with the similarities, several noticeable differ-

ences in the seasonal cycle of the dust emission in three

source types can be pointed out. Type 1 sources have
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Table 2

Comparative characterization of three types of dust sources

Characteristics Type 1 Type 2 Type 3

Topographya,b Plateau, elevation of 500–1800m, except

the Horqin Desert

Plateau, elevation of 1000–1800m, except

the Hexi Corridor

Basin or mountain flank, elevation of 300–

1200m, except the Tsaidam Basin

Surface typec Farmland: 6.82� 104 km2 Grassland:
58.11� 104 km2 Desert: 13.76� 104 km2

Farmland: 3.05� 104 km2 Grassland:
31.65� 104 km2 Desert and gobi-desert:
26.53� 104 km2

Farmland: 1.81� 104 km2 Grassland:
44.36� 104 km2 Desert and gobi-desert:
59.08� 104 km2

Populationc 11.3� 106 14.6� 106 9.6� 106

Frequency of dust storm

occurrence

High-frequency area Extra-high frequency area High and extra-high frequency areas

Surface soil texture (%)e Gravel: 0; Sand: 46; Loam: 51; Clay: 0 Gravel: 7; Sand: 62; Loam: 31; Clay: 0 Gravel: 5; Sand: 65; Loam: 30; Clay: 0

Surface soil compositiond,e

Main minerals Quartz, carbonates Quartz, gypsum, carbonates, chlorides Quartz, gypsum, chlorides, carbonates

Chemical composition (%) Si: B25f, Al: 3–7.5, Ca: 1–3, Fe: 1–3, K:
1.6–2.7, Na: 0.5–1.8, Mg: 0.4–1, Ti: 0.1–0.4

Si: B32f, Al: 3–7.5, Ca: 2–6, Fe: 1–3.5, K:
1.2–2.4, Na: 0.5–2.2, Mg: 0.6–1.4, Ti: 0.1–

0.4

Si: B 31f, Ca: 3–8, Al: 3–7.5, Fe: 1.5–3.5,

K: 0.8–2.4, Mg: 1.0–2.0, Na: 0.5–2.2, Ti:

0.2–0.4

Mean wind speed (m/s)g

Annual 2–4 3–5 2–4

Spring 3–6 3–6 2–6

Summer 2–4 3–5 2–5

Fall 3–4 2–5 2–4

Winter 2–5 3–6 1–4

Mean precipitation (mm)g

Annual 200–400 50–200 20–100

Spring 30–50 10–30 5–30

Summer 100–300 30–100 20–50

Fall 50–75 10–50 1–20

Winter 5–10 1–5 1–10

Mean aridityh

Annul 2–4 4–40i 10–70i

April 5–10 10–100 10–200

July 1–2 2–10 10–50

October 2–5 5–50 5–200

January 1–10 5–50 5–50
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one spring peak and much lower dust amount is emitted

in the other seasons, though winter and fall dust

emission is about the same (see Table 2). This seasonal

cycle agrees well with the study by Littmann (1991)

based on the analysis of dust storm frequency recorded

at the Taiyuan weather station located in this source

region. In contrast, Type 2 sources emit more PM10 dust

in winter than in fall. This can be explained by very

strong winds observed in winter (3–6m/s, same as in

spring) and relatively high aridity of about 5–50 (half of

the value on the spring season). In turn, Type 3 sources

show a second peak in the fall in agreement with dust

storm records at the Urumqi weather station (Littmann,

1991). We explain this second peak by extreme aridity

observed in fall in this source region—aridity in fall is as

high as in spring (about 5–200). One can conclude that

the second highest value of the dust emission in Type 2

sources is caused by both high winds and high aridity in

winter, while the second peak value of Type 3 sources is

mainly due to extreme aridity in fall.

Fig 8 shows the relative contribution of each source

type to the total seasonal dust emission in Northern

China. Type 3 sources dominate the dust emission in the

spring season, as well as in the annual mean. On the

other hand, Type 2 sources emit more dust than in

winter because of the cold waves passing the Mongolian

Plateau. Type 1 sources are relatively weak, contributing

some 1% to total PM10 dust emission during all four

seasons.T
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Fig. 8. Relative contribution of three types of sources to the

total dust emission in Northern China.
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3.2.3. Dust emission in the Loess Plateau and

gobi-deserts

The Loess Plateau lies in the dry-agricultural area to

the south of the Type 1 source region. It seems to be a

potential dust emission source because its surface soil

consists of fine silt and clay particulates. Several studies

considered the Loess Plateau as a major dust source in

China (e.g., Chun et al., 2001). However, observations

revealed the low frequency of dust storm occurrences in

this region, except in its northwest part adjacent to

deserts (see Fig. 5). Our calculations of dust emission

rates also suggest that the vast area of the Loess Plateau

is not a strong dust source compared to other regions

(Fig. 6). The possible explanation is in the high clay

content. Some studies suggested that water erosion is the

main problem on Loess Plateau rather than wind

erosion (Zhang, 1991).

The ability of the gobi-deserts in Northern China to

emit dust into the air is not only interesting but also,

sometimes, confusing. Both the dust storm frequency

(Fig. 5) and dust emission rate (Fig. 6) demonstrate that

the Central gobi-desert and Hashun gobi-desert, alter-

natively covered by gravel, sands and soils (Xiong,

1986), are a prodigious dust source. The ability of the

gobi desert to emit dust is also supported by the

measurements which show that the gravel buried in sand

(soil) surfaces can promote the dust emission (Gillette,

1983). Thus, we suggest that the Central gobi-desert is

the second largest source of dust in Northern China

after the Taklimakan Desert.

A large part of the Central gobi-desert, including

Altajn Caadah gobi-desert, Borzongijn gobi-desert and

Albyn gobi-desert, lies in the Republic of Mongolia. It

covers the area of about 2.6� 105 km2 (MacMillan,
1992). Taking the dust emission rate calculated for

Central gobi-desert, we estimate that the Mongolian

part of the Central gobi-desert emits annually 4.7� 106,
10.5� 106 and 20.1� 106 tons of PM10 PM30, PM50

dust, respectively.

3.3. Dust emission in the Hexi Corridor and Tsaidam

Basin

Historically, the Hexi Corridor, the east part of the

famous ‘Silk Road’, has been a link between ancient east

and west cultures. It is a narrow valley surrounded by

high mountains on both sides. As a dust source, it

combines some features of Types 1–3 sources. From east

to west along the Hexi Corridor, annual precipitation

decreases from 200 to 50mm/yr (Zhao, 1994), while the

aridity increases from 4 to 16 (Zhang et al., 1998). As a

result, the east part of the Hexi Corridor lies in a dry-

agricultural area (Type 1 sources), while there are many

deserts and different kinds of gobi-deserts in its west

part (Type 2 sources). The Hexi Corridor also has some

features of Type 3 sources since it is located in the

topographical low. The frequency of dust storms in the

Hexi Corridor is very high ranging from 63 to 128 d/yr

(Zhang et al., 1998).

The Tsaidam Basin (area of 2.5� 104 km2 and

elevation of 2600–3400m) is located in the north part

of the Qinghai-Tibetan Plateau. It is a dry and cold

alpine basin, consisting of deserts, gobi-deserts, oases,

and playas. The annual mean wind speed is about 3–

4m/s and annual mean precipitation is less than 30mm/

yr. The Tsaidam basin belongs to the high frequency

area of dust storms with more than 20 days per year

(Fig. 5). Because the basin lies in the cold alpine area, its

ground surface remains frozen until the late spring. The

solid frozen crust prevents the dust emission even when

winds are strong. Therefore, the Tsaidam Basin is an

active dust source only in late spring and early summer

(Ma, 1997). It is likely that dust sources on the even

higher Tibetan Plateau have the similar seasonal dust

emission pattern. Currently, we included the Tsaidam

Basin into the Type 3 sources, though the above

discussion indicates that the sub-types of each broad

type of dust sources would be required in further

analysis.

4. Summary

Northern China is one of the main sources of

atmospheric mineral dust. To characterize the individual

source regions, we have been compiling the Asian Dust

Databank, which currently comprises the geographical,

pedological and 30 yr (1951–1980) climatological data

from 301 meteorological stations in Northern China.

This databank in conjunction with the modified US

EPA empirical formulas for dust emission rates enabled

us to perform comprehensive characterization of dust

sources and to estimate their strengths on the climatic

(30 yr mean) time scale. Our main findings are the

following:

(1) We identified three broad types of dust sources

in Northern China: Type 1. Deserts in dry-agricul-

tural areas; Type 2. Gobi-deserts and deserts

located on the plateaus; and Type 3. Deserts and

gobi-deserts located in topographical lows.

(2) Our analysis confirmed that the Taklimakan Desert

(Type 3 source) is a main source of atmospheric

dust in Northern China. The next important

sources are the Central gobi-desert and the deserts

on the Alxa Plateau. The Loess Plateau appears to

be a weak dust source. Although Types 1 and 2

sources are not located in the basins as the

Taklimakan Desert, they are a prodigious dust

source because of high aridity and strong winds.

(3) The annual mean dust emission of PM50, PM30 and

PM10 is 42.6, 24.8 and 8.4 million tons, respectively.
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Of these, more than half of the total annual dust is

emitted in the spring season. Relative contributions

of Types 1–3 sources to annul mean PM10 dust

emission is about 1%, 35% and 64%, respectively.

(4) Analysis of both the spatial distribution and

seasonal variation pattern of dust emission revealed

that each source type has a distinct seasonal cycle,

though the maximum of dust production occurs in

the spring. Seasonal cycles can be explained by the

specific seasonal variation of wind speed and

aridity in each source type.

(5) The strength of dust sources greatly increases from

east-to-west across Northern China reflecting

gradual changes in precipitation and aridity.

(6) Human activities, mainly exhaustive farming, over-

grazing and improper use of limited water re-

sources in arid and semi-arid lands, have been

seriously damaging the natural environment in

Northern China, likely causing the expansion of

dust sources and increase of their dust emission

strength.

Our findings have several important implications.

Mineral dust frequently dominates the aerosol mass over

the Central Asia and the Pacific Ocean. Therefore, the

climatological seasonal variation of dust emissions

might modulate the aerosol radiative forcing of climate,

as well as atmospheric chemistry and acidification of

precipitation over the large regions. In addition, it can

affect the amount of mineral dust deposited to the

oceans and hence the main biochemical cycles (Gao

et al., 2001).

Further progress in understanding the diverse impacts

of Asian dust would require the integrated analysis of

inter-annual variability of dust mobilization and trans-

port, as well as an improved dust emission scheme. It

would be important to relate the dust emission in three

types of dust sources to the preferential transport routes

of dust outbreaks suggested by several previous studies

(e.g., Chen and Chen, 1987; Sun et al., 2001), though the

additional analysis of meteorological conditions in

conjunction with satellite data would be required.
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