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[1] A size-segregated aerosol model that includes most of the major physical processes
(generation, transport, and dry and wet deposition) is developed. This model is coupled
with a Regional Air Quality Model (RAQM) and is applied to simulate Asian dust storms
during the 10-day period of 15–24 March 2002. A nonhydrostatic mesoscale model
(MM5) is used to provide meteorological fields. Model results are verified by available
observational data including surface weather observations and size-segregated particle
concentrations. The validation demonstrates a good capability of this model system in
capturing most of the key features of dust evolution and reproducing the particle mass size
distribution along the transport pathway of soil dust. An apparent feature has been both
observed and reproduced by the model, showing a shift of size range with peak mass
concentration from coarse mode to finer mode on the pathway from source regions to
distant downwind areas. The maximum dust concentration averaged over 10 days is
simulated to be 3000 mg m�3 over the southern China-Mongolia border. Total dry
deposition of soil dust for 10 days is up to 30 g m�2 in the Gobi desert along the southern
China-Mongolia border. Distribution and magnitude of particle deposition are strongly
dependent on both concentration and size-segregated dry deposition velocity and
scavenging rate. While dry deposition dominates the removal of dust particles in or in the
vicinity of source regions, the influence of wet deposition increases along the transport
pathway of soil dust, with high removal efficiency for coarser particles (>2 mm) and very
low efficiency for particles in the accumulation mode. Of the total dust emission
(43.2 megatons), about 71% is redeposited onto the underlying surface by the dry
deposition process, 6% is removed by the wet deposition process, and the remaining 23%
is suspended in the atmosphere or subject to long-range transport. INDEX TERMS: 0305

Atmospheric Composition and Structure: Aerosols and particles (0345, 4801); 0322 Atmospheric Composition

and Structure: Constituent sources and sinks; 0368 Atmospheric Composition and Structure: Troposphere—

constituent transport and chemistry; 3210 Mathematical Geophysics: Modeling; KEYWORDS: Asian dust,

aerosol model, particle size segregation, dry and wet deposition, dust budget

Citation: Han, Z., H. Ueda, K. Matsuda, R. Zhang, K. Arao, Y. Kanai, and H. Hasome (2004), Model study on particle size

segregation and deposition during Asian dust events in March 2002, J. Geophys. Res., 109, D19205, doi:10.1029/2004JD004920.

1. Introduction

[2] Asian soil dust originating from continental arid or
semiarid areas has received much concern in the past
2 decades because of its significant influence on air quality,

biogeochemical cycles, radiation balance, as well as Asian
monsoon and climate changes [Duce, 1995; Tegen and Fung,
1994; Zhang et al., 1998; Sokolic et al., 1998]. A number of
observations have been carried out to investigate the physical
and chemical properties of soil dust aerosols [Mori et al.,
2002; R. Zhang et al., 2003; X. Zhang et al., 2003]. Numer-
ical models with respect to soil dust aerosols have also been
developed in recent years and have been utilized to study the
deflation, transport, and budget of soil dust on a regional
(East Asia) and a continental scale (from Asia to North
America) [Gong et al., 2003; Shao, 2001; Shao et al.,
2003; Wang et al., 2000; Park and In, 2003; Uno et al.,
2001; Liu et al., 2003; Song and Carmichael, 2001]. Much
progress and success has been achieved in recent years from
the above studies of dust-related topics. However, uncertain-
ties still remain because of the deficiencies in our under-
standing of the behaviors of soil dust aerosol.
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[3] Simulation of soil dust aerosol involves a series of
complex processes including deflation, transport, dry and
wet deposition, as well as potential heterogeneous reac-
tions taking place on the aerosol surface. Among these
processes, the removal process plays an important role in
determining aerosol budget. It not only directly affects the
residence time and evolutionary pattern of particles in the
atmosphere, but also finally determines the sink of
particles. The removal is also a very complex process,
which is highly nonlinear, and size-dependent; for exam-
ple, the dry deposition process is strongly dependent
upon the meteorological condition, the underlying surface,
as well as the property of particles [Sehmel, 1980;
Chamberlain, 1983]. However, these processes are often
simplified in previous studies; some semiempirical ex-
pressions or generalized formulas are applied to all
particle size bins, and wet removal is just represented
by a scavenging rate which is scaled to precipitation rate
and is independent of size bins. Although the total dust
mass load may be well simulated, some of the key
features of the deposition process are inevitably lost
[Giorgi, 1986]. As a result, uncertainties still remain in
the current understanding of particle size distribution and
budget. Therefore it is necessary to represent these
deposition processes more realistically in the aerosol
model for better understanding and further investigation
of aerosol behaviors and budget.
[4] The size distribution property of aerosol determines

its residence time in the atmosphere and is an important
indicator in assessing the influence of aerosol on radiation
and cloud processes. Aerosol removals by dry deposition
and precipitation represent important processes, which
dominate the size distribution and sink of aerosols.
Deposition of soil dust can be tremendously enhanced
during dust storm episodes and has large impacts on our
social activity and ecosystem. Deposition of soil dust
over oceans may provide abundant nutrients for phyto-
plankton that can release dimethyl sulfide (DMS), which
in turn may serve as condensation nuclei of cloud
and possibly be involved in a climate feedback loop
[Charlson et al., 1987; Brasseur et al., 1999]. Because
of the very dry air mass behind the cold front and
the relatively small precipitation during dust episodes,
especially over source regions, dry deposition is consid-
ered to dominate the total removal of dust particles, and
wet deposition is often ignored or estimated by using the
simple approaches mentioned above. Thus the wet depo-
sition process during dust periods is still less understood.
Recent work [Zhao et al., 2003] shows the significance of
wet deposition on the transpacific transport pathway of
Asian dust.
[5] Asian aerosols in springtime actually result from a

combination of mineral soil dust, sea salt and anthropogenic
sources. During the outbreak of a dust storm, soil dust
aerosols take up most of the total mass loadings and have an
overwhelming impact. Aerosols collected in coastal areas of
Japan always show a high proportion of sea salt [Fujita et
al., 2000]; the northwestern Pacific Ocean is thought to be a
most important region of sea salt production and needs
further investigation.
[6] In this study, an aerosol model is developed and

utilized to study the transport and deposition processes of

aerosols during the severe dust periods on 15–24 March
2002 in East Asia. Our focus is placed on (1) detailed
validation of size-segregated mass concentrations, (2)
investigation of the variability of particle mass size
distribution along the transport pathway of soil dust,
and (3) size-segregated dry and wet deposition flux, as
well as dust mass budget. Quite a few observational data
have been collected and used to evaluate the simulation
results and model capability. The spatial distribution and
magnitude of soil dust and sea-salt particles, the features
in the size distribution of airborne particles, dry and wet
depositions, as well as the dust budget in East Asia for a
period of 15–24 March 2002 and during a severe dust
storm on 19–23 March 2002 are simulated and analyzed
in this study.

2. Model Description

[7] An aerosol model, which is fully size-dependent,
has been developed in this study. It includes most of the
key physical processes of aerosol: emission generation,
transport and diffusion, and dry and wet removals. Dust
emission plays an important role in dominating dust
loading and depositions. Many studies have been con-
ducted to improve the understanding of the mechanism of
dust emission and to enhance the accuracy of dust
emission prediction. There are presently two types of
dust emission models used for dust transport simulation.
The first type is a physically explicit model, which
represents sophisticated mechanisms of dust production
[Marticorena and Bergametti, 1995; Shao, 2001]. This
type of model is physically sound and promising, but
there are some difficulties in the application of this kind
of model in East Asia because some of the basic
parameters, such as particle size distribution for various
erodible soil types, were unavailable until now. Another
type of emission model is developed based on the
analysis of physical and meteorological parameters in
relation to dust mobilization using surface observations.
For this approach, threshold values of friction velocity,
soil or near-surface water content for various soil types
have been investigated and used as key components for
the initialization of dust deflation. This type of model is
empirical or semiempirical, and it is relatively easier to
apply in practice [Liu et al., 2003; Park and In, 2003].
[8] In this study, soil dust emissions are estimated mainly

based on the approach of Gillette and Passi [1988]. Dust
flux is calculated through the following formula:

F ¼ C � u4* 1�
u*t
u*

� �
� 1� fiRið Þ u

*
� u

*t
; ð1Þ

where u* and u*t are the friction and threshold friction
velocities and C is a constant (1.4 � 10�15) which is
calibrated from field studies by Gillette and Passi [1988].
Reduction factors are introduced, considering that dust
emission can be reduced by vegetation cover in source
regions [In and Park, 2002; Westphal et al., 1987]. Ri

and fi are the reduction factor and fractional coverage of i
type of vegetation in a model grid. In this study, Ri is
taken as 0.6 for grass, 0.7 for shrub and 0.1 for barren or
sparsely vegetated land, derived from Park and In [2003].
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Fractional coverage for each grid is obtained from the
U.S. Geological Survey (USGS) satellite data with a
horizontal resolution of 5 min. Land use data are derived
from Normalized Difference Vegetation Index (NDVI)
retrieved land cover classification by Defries and
Townshend [1994]. Three major categories of bare
ground, bare ground with little shrubs and plain with
low grass in this data set represent most of the arid and
semiarid areas in East Asia. Erodible areas are further
identified in terms of the soil maps used in Gong et al.
[2003] and Park and In [2003]. Dust deflation is
confined to erodible areas. The threshold friction
velocities above which dust deflation initiates are chosen
as 0.4, 0.5, and 0.65 m s�1 for the three categories of
source regions mentioned above, based on previous
studies and analysis of sensitivity model simulations
[Gillette and Passi, 1988; Westphal et al., 1988; In and
Park, 2002]. The occurrence frequency of dust deflation
has been found to apparently decrease with increasing
relative humidity [Wang et al., 2000; Park and In, 2003].
This implies that relative humidity could be taken as an
indicator for dust deflation in Asian source regions. In
this study, dust deflation is allowed in source regions
when near-surface relative humidity is less than the upper
limits, which are 0.5, 0.5, and 0.4 for the above three
categories of source regions. Coagulation is not included
in the current aerosol model because it is not an
important process during dust periods when larger
particles dominate [Westphal et al., 1988; Song and
Carmichael, 2001; In and Park, 2002].
[9] In this study, particles with diameter ranging from

0.43 to 42 mm are grouped into 10 size bins in terms of the
eight stages of aerosol sampler, with three additional size
bins above 11 mm for larger particles. Table 1 lists the
particle size ranges in this study. The size distribution of
dust emission is an important parameter in achieving a soil
dust simulation. In this study, the total dust emission flux is
apportioned to each size bin based on the up-to-date
observational findings on the size distribution of vertical
dust flux from Chinese major source regions during the
Aerosol Characterization Experiment–Asia (ACE-ASIA)
which was carried out in spring 2001 [X. Zhang et al.,
2003]. A lognormal fit was found in the size distribution of
vertical dust flux between 0.25 mm and 16 mm through the
analysis of a series of measurements. Table 1 presents mass

size distributions (MSDs) (in percentage) of vertical dust
flux for three major desert regions: AQJ (Arksu, Qira, and
Jartai), DH (Dunhuang), and ZBT (Zhenbeitai). MSDs are
assigned to total dust emission in each source region
according to their locations.
[10] The generation of sea-salt aerosols is estimated by

using the formula of Monahan et al. [1986] in which both
bubbles and spume mechanisms are included. The flux,
which represents sea-salt droplet generation rate from bub-
ble per unit area of sea surface, per increment of droplet
radius, is given by (r < 10 mm)

dF0

dr
¼ 1:373 U 3:41

10 r�3 1þ 0:057 r1:05
� �

� 101:19e
�B2

;

B ¼ 0:380� log r

0:650
;

ð2Þ

where r is droplet radius and U10 is the wind speed at 10 m.
The spume mechanism has not been used because it tends to
overpredict the flux for larger particles (r > 10 mm). Sea-salt
particle is divided into eight size bins in accordance with the
first eight bins in Table 1. In the size range 0.43–17.5 mm,
sea-salt generation is dominated by indirect mechanism (via
bubbles).
[11] Dry deposition velocity is represented by size-depen-

dent parameterizations in this model with respect to differ-
ent categories of underlying surface. Dry deposition
velocity of particle is expressed as the inverse of the sum
of resistant plus a gravitational settling term:

Vd ¼
1

ra þ rb þ rc
þ Vg; ð3Þ

where ra is aerodynamic resistance above canopy, rb is
quasi-laminar layer resistance, rc is surface resistance, which
is assumed to be zero, and 100% capture by surface for
particles. Gravitational settling velocity is calculated as:

Vg ¼
d2prpgC

18m
; ð4Þ

where dp and rp are the diameter and density of particle,
respectively, m is air dynamic viscosity, g is the gravitational
acceleration, and C is slip correction factor, which is
expressed as:

C ¼ 1þ 2l
dp

1:257þ 0:4e�
1:1dp
2l

� �
; ð5Þ

where l is the mean free path of air molecule. The
aerodynamic resistance ra is calculated by

ra ¼
ln Zr=Z0ð Þ � yh

ku�
: ð6Þ

Here Zr is set as the height of first model layer, Z0 is
roughness length, yh is the similarity function for heat, k is
Von Karman constant, and u* is the friction velocity.
[12] Quasi-laminar resistance rb is largely dependent upon

Brownian diffusion, interception, and impaction. Parameter-
izations on three major categories of land use (smooth land,

Table 1. Particle Size Ranges and Mass Size Distributions of

Vertical Dust Flux for Three Major Desert Regions of China Used

in This Study

Bin
Size Range in
Diameter, mm

Middiameters,
mm

MSDs, %

AQJ DH ZBT

1 0.43–0.65 0.53 0.03 0.03 0.03
2 0.65–1.1 0.84 0.06 0.05 0.04
3 1.1–2.1 1.52 0.09 0.10 0.09
4 2.1–3.3 2.63 0.10 0.12 0.10
5 3.3–4.7 3.95 0.10 0.14 0.13
6 4.7–7.0 5.76 0.11 0.15 0.19
7 7.0–11.0 8.85 0.08 0.18 0.22
8 11.0–17.5 14 0.11 0.09 0.05
9 17.5–27.0 21.5 0.14 0.06 0.07
10 27.0–42.0 34 0.18 0.08 0.08
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vegetative and water surface) are considered in this aerosol
model to realistically represent dry deposition process. For
smooth surfaces, which are represented by ice, snow, desert
or bare soil. rb is calculated based on the approaches of
Seinfeld and Pandis [1998]:

rb ¼
1

u* Sc�2=3 þ 10�3=Stð Þ
; ð7Þ

where u* is the friction velocity, Sc = n/D is Schmidt
number, St is the Stokes number, and here St = u*

2vg/gn
[Giorgi, 1988]. n is kinematic viscosity of air, and D is
Brownian diffusivity coefficient. For vegetative surfaces
(forest, crop, grass, mixing woodland, etc), we adopt the
scheme of Zhang et al. [2001] which is developed based on
the work of Slinn [1982]:

rb ¼
1

e0u* Eb þ Eim þ Einð ÞR : ð8Þ

Eb, Eim and Ein are the collection efficiencies from
Brownian diffusion, impaction and interception, respec-
tively, e0 is an empirical constant, and R is the fraction of
particles sticking to the surface, representing bound-off of
coarse particles. Detailed description can be found in Zhang
et al. [2001]. Bounce-off of particles for dry underlying
surfaces is accounted based on the expression suggested by
Slinn [1982]:

R ¼ e�St1=2 : ð9Þ

No particle rebound from wet or water surface is assumed.
Over sea or ocean surfaces, the quasi-laminar boundary
layer (QBL) is supposed to be disrupted by bursting
bubbles, resulting in an increase in downward movement of
particles. We use the approach of van den Berg et al. [2000]
in which resistance rb is determined by Brownian diffusion
and impaction when the QBL is intact, and by turbulence
and the washout velocity of particles by spray drops when
the QBL is broken down:

rb ¼
1

1� abbð Þ Vb þ Við Þ þ abb Va þ Vwð Þ ; ð10Þ

where abb is the relative area with bursting bubbles, Vb is
Brownian diffusion velocity, Vi is impaction velocity, Vw is
the washout velocity, and Va = 1/ra.

Vb ¼
Cu*ffiffiffiffiffiffiffiffiffiffiffi
ScRe

p ; ð11Þ

where Re is the Reynolds number (Re = u*Z0/n) and C is a
constant (=1/3).

Vi ¼ u*10
�3=St ð12Þ

Vw ¼ Ec 2pr2sd
� �

2Zsdð ÞFsd ; ð13Þ

where Ec is the collection efficiency (=0.5) of the spray
drops, 2prsd

2 is the area of spray drops, Zsd is the average
height reached by spray drops (=50 m), and Fsd is the flux of

spray drops (=500 � 104 m�2 s�1). The area of bursting
bubbles abb can be approximated by the area covered with
whitecaps, which is

abb ¼ 1:7� 10�6u3:7510 ; ð14Þ

where u10 is the wind speed at 10m heights.
[13] Below-cloud scavenging (BCS) of particles between

cloud base and ground surface plays an important role in
wet removal process. In-cloud removal process is not taken
into account in this version of aerosol model with respect to
its very small contribution to total wet removal of particles
(r > 0.5 mm) [Gong et al., 1997a, 1997b]. BCS is param-
eterized based on the expression of scavenging rate of Slinn
[1984] as follows:

y rið Þ ¼ cpE ri;Rmð Þ
Rm

; ð15Þ

where p is precipitation rate (mm h�1) and �E(ri, Rm) is the
mean collision efficiency of particle by hydrometeor, which
can be calculated by the following expression:

E ¼ 4

Re Sc
1þ 0:4Re1=2Sc1=3

�
þ 0:16Re1=2 Sc1=2

�
þ 4K


 w�1 þ 1þ 2Re1=2
� �

K
h i

þ
St � S*

St � S* þ 2=3

� �3=2

ð16Þ

S* ¼ 12=10þ 1=12ð ÞLn 1þ Reð Þ
1þ Ln 1þ Reð Þ ; ð17Þ

where Re is the Reynolds number of hydrometeors, Sc and
St are Schmidt and Stokes numbers of particles, and here
Sc = n/D, St = t(vt � vg)/Rm. t is the characteristic
relaxation time of the particles. vt and vg are terminal
velocity of hydrometeors and particles. K = ri/Rm, ri and Rm

are radius of particles and hydrometeors. w = mw/ma, mw and
ma are the viscosity of water and air, respectively.
Parameterization of below-cloud scavenging described
above includes the main capture processes of aerosol by
falling hydrometeor through Brownian and turbulent shear
diffusion, interception and inertial impaction.
[14] The aerosol model is embedded into a Regional Air

Quality Model (RAQM) to solve transport and diffusion
processes. RAQM utilizes a spherical terrain-following
sigma coordinate. An accurate mass conservative, peak-
preserving algorithm is used to solve a three-dimensional
mass conservative equation with a time-splitting method
[Carmichael et al., 1986; Walcek and Aleksic, 1998]. The
vertical eddy diffusivity is parameterized in terms of the
approach of Byun and Dennis [1995], which has been used
in a Regional Acid Deposition Model version 2.6 (RADM
2.6). RAQM has been used to study the impacts of volcanic
emissions on sulfur oxides [An et al., 2003].
[15] A nonhydrostatic, fifth-generation mesoscale model

(MM5) is applied to drive the air quality model. It provides
meteorological fields including wind, temperature, humid-
ity, surface pressure and other surface parameters. The
FDDA technique is used in running MM5. Several main
physical processes are parameterized by specific options
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such as the MRF scheme for the boundary layer, the Kain-
Fritsch scheme for convective motion, the cloud cooling
scheme for radiation, etc. NCEP reanalysis data, four times
a day with 1	 � 1	 resolution, are used for initial and
boundary conditions. Twenty-three levels are unequally
distributed in vertical direction from ground to 100 hPa
level, whereas horizontal resolution is selected as 50 km.
MM5 outputs are appropriately interpolated from Lambert
projection to spherical coordinate of RAQM.

3. Model Parameters and Observational Data

[16] The model domain for this study is from 75	 to
145	E, and 20	 to 50	N, including almost all desert regions
in East Asia. Figure 1 shows the modeling domain, major
dust source regions and monitoring sites in this study. The
horizontal grid resolution of air quality model is 0.5	 �
0.5	. Twelve vertical layers stretch unequally from the
ground to 10 km with the first half layer being 50 m above
ground. Three-day initialization prior to formal integration
is carried out with initial dust concentration being zero. The
formal integration period is from 15 to 24 March 2002.
Anthropogenic primary emission of PM10 has been also
taken into account in simulation to provide a background
aerosol concentration from anthropogenic origin. The hu-
man-induced PM10 emission for the year 2000 with 0.5	 �
0.5	 resolution is derived from the Center for Global and
Regional Environmental Research (CGRER). This emission
rate is distributed to each size bin according to the observed
evidence of mass size distribution of airborne aerosol during
a nondust period in March 2002.
[17] Various observational data are used to verify the

spatial distribution, temporal variation, as well as mass size
distribution of particles. These data include surface station
weather observations from the World Meteorological Orga-
nization (WMO) SYNOP bulletins, PM10 concentrations at
four big Chinese cities derived from the State Environmen-
tal Protection Administration (SEPA) of China, PM10 and
PM2.5 concentrations at five remote monitoring sites of the
Acid Deposition Monitoring Network in East Asia
(EANET), mass size distribution of aerosol collected by

Andersen sampler at Beijing and Qingdao, China, and
particle number concentration measured by optical particle
counter (OPC) at Nagasaki, Japan. An Andersen sampler
(AN-200) manufactured by Shibata Scientific Co., Ltd., was
employed to collect size-separated particles at both Beijing
and Qingdao. The flow rate was maintained at 28.3 L min�1

to achieve ideal size separation. The Andersen sampler has
eight cutoff diameters of 11, 7.0, 4.7, 3.3, 2.1, 1.1, 0.65, and
0.43 mm. PF050 ployflon filter (Advantec Co., Ltd.) and
2500QAT-UP quartz filter (Tokyo Dylec Co., Ltd.) were
used in AN-200. The sampling site at Beijing is on the top
of a two-story building (8 m above ground) which is 50 m
west of the 325 m Meteorological Tower (116	220E,
39	580N). Qingdao is a coastal city on the major transport
pathway of soil dust from the continent to the western
Pacific Ocean. The sampler is placed on the roof of a three-
storey building of Ocean University of China (120	190E,
36	060N). This building is located on a small hill near the
seashore, with the altitude of 65 m above the ground. An
optical particle counter (RION, KC-01B) was used to
measure number size distribution of particles at Nagasaki
University (129.9	E, 32.8	N). KC-01B has five channels
with size ranges of 0.3–0.5, 0.5–1.0, 1.0–2.0, 2.0–5.0 and
>5.0 mm in diameter. The aerosol index from the Total
Ozone Mapping Spectrometer (TOMS) is one of the data
sets for model results evaluation, but the quality of TOMS
data for this period is so poor that extreme dust deflation
processes over Asian source regions cannot be retrieved
[Shao et al., 2003]; thus we do not use this data set for
model validation.

4. Model Validation and Results

4.1. Review and Validation of Soil Dust Fluxes With
Surface Dust-Rise Observations

[18] In March 2002 there are two nearly consecutive dust
storms that have been clearly documented in downwind
areas. Figure 2 presents a time series of surface PM10

concentrations at the Sado-seki monitoring site, Japan,
where two dust storms on 18 March and 22 March are
clearly displayed. Figure 3 shows the spatial distribution

Figure 1. Soil dust source regions in the model domain and specific monitoring sites.
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and temporal evolution of dust emission fluxes, 10m wind
vectors, as well as observed dust-rises at or near the weather
stations, derived from WMO 6 hourly surface weather
observations. The first dust storm was initiated from
the southeastern China-Mongolia border on 15 March
(Figure 3a) and lasted about 2 days, mainly influencing
northern and eastern parts of China and portions of the
western coast of Japan. Dust-rise was also observed and
predicted in the western Kumtag desert. Another evident

dust deflation process was initiated around 1200 LST 16
March 2002 fromwestern Inner-Mongolia (near 98	E, 39	N),
with dust flux exceeding 2500 mg m�2 s�1, influencing
several downwind cities such as Lanzhou and Xinin where
severe degradation of air quality was reported. Owing to the
anticyclonic southeastward transport pattern, this dust storm
just affected certain regionswest of China, and it wasmostly a
localized dust storm. The second dust storm was regarded as
the strongest dust storm within the past decade in terms of the

Figure 2. Time series of observed PM10 concentrations at the Sado site of Japan in March 2002.

Figure 3. Soil dust fluxes (mg m�2 s�1) and 10 m wind vectors (m s�1), and observed dust-rise (denoted
by dollar signs, from WMO surface weather stations) at (a) 0600 UTC 15 March, (b) 0600 UTC 19
March, (c) 0600 UTC 20 March, and (d) 0600 UTC 21 March.
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magnitude of dust concentration in downwind areas. It swept
over most parts of China, with its evident influence reaching
Shanghai, and even some portions of southern China. Broad
downwind areas including the Korean peninsula, Japan and
the western Pacific Rim experienced abrupt and tremendous
elevation of aerosol concentrations under the prevailing
eastward continental outflow. This dust storm originated from
the Gobi desert near the southern China-Mongolian border on
19 March (Figure 3b) associated with a strong cold front
moving southeastward. Soil dust was reuplifted over the
southeastern China-Mongolia border on 20 March
(Figure 3c). On 21 March, major dust generation occurred
over semiarid areas north of Beijing and Shanxi province
(Figure 3d), northern Inner-Mongolia, the eastern part of the
Kumtag desert, as well as the southern fringe of the
Taklimakan desert, affecting a large portion of northern
China, a part of western China and the whole Korean
peninsula. In general, modeled dust deflation shows a good
agreement with reported dust-rise in terms of spatial distri-
bution and temporal evolution, except for some isolated areas
in northeastern and central China where soil sources are
mostly localized. During this period, dust deflation is much
lower in the Taklimakan desert than in other major source
regions of East Asia.
[19] Dust emission of this study shows a general agreement

with that of Park and In [2003] for the second dust storm
period (19 to 23 March). Location and timing of dust
deflation are quite similar, in particular, dust-rise in semiarid
areas north of Beijing on 21 March are well reproduced by
both models. However, there are relatively large differences
for the intensity of dust emission. The maximum of
dust emission predicted by Park and In [2003] reaches
12,000 mg m�2 s�1 in mixed soil regions on 19 March,
whereas themaximum in this study is about 3,500 mgm�2 s�1

in the Gobi desert of southern Mongolia. Shao et al. [2003]
conducted a real-time numerical prediction of Asian dust
over a domain similar to this study for March and April
2002. In most cases, our predicted dust emissions are
consistent with Shao et al. [2003]. Both models have
predicted major dust deflations over southern Mongolia
and northern Inner-Mongolia on 19 March, the southeast-
ern China-Mongolia border on 20 March, north of Beijing,
western Inner-Mongolia (Badain Juran, Tengger and Ulan
Buh desert) and the eastern Kumtag desert on 21 March.
However, the dust emission in the Tulufan basin on
19 March appears to be underpredicted in this study,
probably due to the inaccuracy of land use and inadequate
threshold values selected to initialize dust-rise for that
region. Differences also exist over western isolated regions
for weak dust-rise cases. For the second dust storm, the
maximum of dust flux of this study (3,500 mg m�2 s�1) is
similar to the results of Shao et al. [2003] in which the
maximum dust emission reaches 5,000 mg m�2 s�1 over
the Gobi desert. In summary, dust emission predicted by
our model system shows a reasonable agreement with
reported dust-rise record, and is generally consistent with
previous studies.

4.2. Validation of Soil Dust Concentrations With
Surface Visibility Observations

[20] Figure 4 shows the corresponding evolutionary
pattern of total soil dust concentrations and visibility

(unit in kilometer) derived from WMO 6 hourly surface
weather observations. Visibility less than 5 km was used to
identify the main body of dust plumes. Figure 4a shows
that the strong dust deflation around the southern
China-Mongolia border results in very high dust con-
centration in southern Mongolia and western Inner
Mongolia at the beginning of the second dust storm,
with a maximum reaching 20,000 mg m�3 (Figure 4b).
At the same time, large areas of western source regions
experience a high level of airborne particles as well,
such as the Kumtag desert, southeastern portions of the
Taklimakan desert, as well as portions of the Tulufan
and Zhunge’er basin. The dust storm spreads widely
and is transported eastward and southeastward following
the synoptic flow; it is refilled by dust emissions over
the southeastern China-Mongolia border on 20 March,
with dust concentration exceeding 10,000 mg m�3 along
the border (Figure 4c). On 21 March, dust concentra-
tion in semiarid areas north of Beijing is significantly
elevated due to a strong deflation process there. High
concentration centers also occur in western Inner-
Mongolia (Ulan Buh desert) and the Kumtag desert,
resulting from large dust emissions in those regions
(Figure 4d). Modeled dust concentration agrees with
observed visibility quite well in terms of spatial pattern,
temporal variation and intensity with the exception of
western portions of the Taklimakan desert and the
Tulufan basin where the model appears to underpredict
observation on 21 March and 19 March.
[21] Figure 5 presents the evolutionary images of daily

averaged near-surface dust concentrations, related to the
two dust storms mentioned above. Comparison with
results of Shao et al. [2003] shows similarities both in
spatial pattern and magnitude for dust evolutions. Apart
from high dust concentrations over major source regions,
such as southern Mongolia, northern Inner-Mongolia and
semiarid areas north of Beijing have been well repro-
duced by both models; two high dust centers in western
Inner-Mongolia and the eastern Kumtag desert on
21 March, and a large dust cloud over central China
(around 105	E, 36	N) on 22 March, are similarly
predicted by both models as well. However, our results
show higher dust concentrations in the southern
Taklimakan desert and the Kumtag desert on 19 and
20 March, and lower dust level in portions of the
Tulufan and Zhunge’er basin, compared with the work
of Shao et al. [2003].

4.3. Validation With Surface Observation of PM10 and
PM2.5 From SEPA and EANET

4.3.1. API and PM10

[22] Air Pollution Index (API) from SEPA is a result of
spatial and daily average of observational data at a number
of monitoring sites in big cities of China. It reflects a
mixture of aerosol from all kinds of sources including
anthropogenic emissions. PM10 concentration can be de-
duced from API through a standard formula prescribed by
SEPA. Generally, the data in urban background are not
suitable for validation due to the coarser grid resolution in
regional models. However, such comparison becomes rea-
sonable when dust storms occur because mineral dust has an
overwhelming influence even in urban areas and urban
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aerosols tend to reflect more regional features duirng dust
periods than in nondust days. Therefore such a data set
provides a good database in the evaluation of model
performance over the continent. Figure 6 shows the time
series of simulated and observed daily average PM10

concentrations at four representative Chinese megacities
(Shenyang, Beijing, Qingdao, and Shanghai) from 15 to
24 March 2002. (It needs to be clarified that the daily
average value in Figure 6 represents a 1-day period starting
from 1200 BJT (UTC + 8 hours), in accordance
with the calculation method of API prescribed by SEPA.)
Anthropogenic emissions in Chinese big cities are
adjusted by multiplying a factor of 2 based on the fact
that 30–70% of particulate matter in Chinese urban areas
originated from exposure land surface (including con-
struction fields), especially in northern China [Wang and
Wang, 1996; Shao et al., 1995]. Figure 6 shows that the
present model reasonably reproduces two dust events at
four cities. Two peaks caused by dust storms are well
captured by the model. In Figure 6, 600 mg m�3 at
Beijing on 16 and 21 March indicates that observed daily
average PM10 concentration exceeds 600 mg m�3, which
is the upper limit of API. Simulations match observations
quite well at Qingdao and Shanghai, but the value at
Shenyang on 21 March seems to be overpredicted. In
general, the model reproduces well the PM10 concentra-
tions during and between the two dust storms at the
above four cities; both simulation and observation show

that the influences of these two dust storms reach as far
as Shanghai in China.
[23] EANET is an intergovernmental organization, which

is dedicated to investigating acid deposition and air quality
and to evaluating their impacts on the atmosphere and
ecosystems in East Asia (see http://www.adorc.gr.jp/
eanet.html). It has 12 participating countries from East Asia
at present. From the year 2001, EANET starts its regular
phase. QA/QC (quality assurance and quality control)
activities are conducted to ensure high quality of monitoring
data. In this study, five remote monitoring sites spreading
from north to south (Rishiri, Tappi, Sado-seki, Oki, Hedo)
along the western coast of Japan and the western Pacific
Rim are chosen for validation. First, model capacity in
modeling sea-salt aerosols is verified. We try to look for
the clean background air mass to avoid possible influence
from the continent. Nearly 36 hours with north or northwest
wind were selected from 0000 UTC, 20 March to
1200 UTC, 21 March 2002. After 1700 UTC 21 March,
wind direction began to change to the southwest, followed
by the arrival of a cold front and continental dust aerosols.
Figure 7a illustrates the backward trajectories starting from
the altitude of 300m over Rishiri site; it shows that the air
parcels to the Rishiri site during this period mainly come
from the north of Russia which is normally regarded as
relatively clean background. The high correlation between
wind speed and PM10 concentration and increasing Na+

concentration in precipitation also support that sea salt

Figure 4. Total soil dust concentrations (mg m�3) and observed visibility (denoted by numbers 1–5 in
kilometers, from WMO surface weather stations) at (a) 0600 UTC 15 March, (b) 0600 UTC 19 March,
(c) 0600 UTC 20 March, and (d) 0600 UTC 21 March.
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could be the dominant component for this period. Figure 7b
illustrates a time series of hourly observed and simulated
PM10 concentrations. Simulations agree quite well with
observations, indicating the good capability of this aerosol
model in reproducing major physical features of sea-salt
aerosols.
[24] Figure 8 presents the simulated and observed daily

average PM10 concentrations at five coastal sites of Japan.
The simulated PM10 concentration here represents the sum
of particles coming from different source origins of soil
dust, sea-salt and anthropogenic emissions. Soil dust parti-
cle shown in the figure includes a small proportion of
particles from anthropogenic origin, which cannot be clearly
displayed because of its very small percentage of total mass
loading during dust episodes. The observed peaks caused by
first dust storm are clearly reflected at Oki on 17 March and

at Sado-seki on 18 March. The model correctly captures
these two peaks, with very good simulation at the Oki site.
The second peak is both observed and reproduced on 22
March at all the sites except for Hedo. Extremely high daily
average PM10 concentrations exceeding 600 mg m�3 appear
at the Tappi and Oki sites. The simulated maxima at the
Oki, Sado-seki and Rishiri sites agree quite well with
observations. At the Tappi site the model tends to under-
predict the observed values by a factor of 2 on 23 March,
probably due to the inaccuracy in meteorological fields or
uncertainties in dust emission from source regions. The
model reasonably reproduces the day-to-day variation of
aerosol concentration at the Hedo site, but overprediction is
found clearly for both dust and sea-salt aerosols on 23 and
24 March, mainly due to the underprediction of precipita-
tion at the Hedo site, or other potential uncertainties result-

Figure 5. Model simulated daily averaged near-surface dust concentrations (mg m�3) for (a) 15, (b) 16,
(c) 19, (d) 20, (e) 21, and (f) 22 March 2002.
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ing from the overestimation of sea-salt production near
Hedo or overprediction of dust particles along the transport
pathway.
[25] Figure 9 shows the time series of simulated and

observed hourly PM10 concentrations at the Rishiri and Sado-

seki sites. The starting and ending times of dust storms
simulated by the model accord with observation very well at
both of two sites. Model prediction for the first peak at
Sado-seki is excellent, with little difference in absolute
value. The peak resulted from the second dust storm at

Figure 6. Simulated and observed daily average PM10 concentration (mg m�3) at four big cities in
China.

Figure 7. (a) Backward trajectories calculated every 3 hours, starting from the height of 300 m over
Rishiri and (b) the time series of simulated and observed hourly PM10 concentration (mg m�3) from
0000UTC 20 March to 1200UTC 21 March 2002 at the Rishiri site.
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Sado-seki is also reasonably reproduced except that
the simulation is somewhat lower than observation. At the
Rishiri site, high concentrations caused by the second dust
storm around the midnight on 22 March are successfully
simulated. The model also reproduces well the two peaks on
16 March and 20 March 2002, resulting from remarkable
increasing of sea-salt aerosol production.
4.3.2. PM2.5

[26] Fine particles are of great concern because of their
great harm to human health and their important implica-
tions to radiation and cloud processes. Figure 10 shows
the simulated and observed daily average PM2.5 concen-
tration at the Oki and Rishiri sites. In Figure 10, total
particle mass loadings are represented by the sum of
particles from mineral dust, sea-salt and anthropogenic
origin. Proportions of particles from sea-salt and anthro-
pogenic primary emission are also illustrated. Simulated
PM2.5 shows a general good agreement with observation,
especially for dust periods. At the Oki site, two peaks (on

17 March and 21–23 March 2002) resulting from trans-
port of mineral dust have been well simulated, consistent
with the good model performance for PM10. The model
also has a good result at the Rishiri site for the period of
21–23 March when dust storm prevails. However, it is
noticeable that during nondust periods, simulation is
apparently lower than observation. At the Oki site,
simulated PM2.5 concentrations are about 2 times lower
than observed ones on 15–16 March. At the Rishiri site
the discrepancy is about a factor of 4 on 15–19 March.
These differences are suggested as mainly attributable to
the uncertainties from anthropogenic origins. It is known
that anthropogenic aerosol emissions generally have a
larger proportion in finer mode compared with mineral
dust. Moreover, fine particles in the range 0.1–2 mm have
the smallest dry deposition velocity and smallest collision
efficiency between falling raindrop and particles [Giorgi,
1986; Andronache, 2003]. These properties result in low
removal efficiency of both dry and wet deposition pro-

Figure 8. Simulated and observed daily average PM10 concentrations (mg m�3) at five remote
monitoring sites in Japan.
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cesses for fine particles and consequently, fine particles
are favorable to be transported over longer distance to
apparently change the particle levels downwind. During
dust storm periods, dust particle mass loadings are

extremely high in almost all size ranges. During nondust
periods, although sea-salt aerosol is an important contrib-
utor to total mass loading of particles in coastal regions,
it has lower mass loading in fine mode (<2 mm).

Figure 9. The time series of simulated and observed hourly PM10 concentrations for the period of 15–
24 March 2002 (LST) at (a) Sado and (b) Rishiri (unit: mg m�3).

Figure 10. Simulated and observed daily average PM2.5 concentrations (unit: mg m�3) at two remote
sites in Japan.
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Therefore anthropogenic sources show an evident effect
on downwind fine particles in nondust days. The discrep-
ancy between simulation and observation for non-
dust periods may be attributed to the following factors:
(1) underestimation of anthropogenic particulate emission
in the emission inventory, and (2) inaccuracy in particle
mass size distribution of anthropogenic emission, which
determines the size spectrum of airborne particles and
consequently dominates their residence time in the air.
(3) Secondary aerosols formed by gas-particle interaction
may enhance the magnitude of particle mass loading to
some extent.

4.4. Distribution of Sea-Salt and Dust Mass
Concentrations

[27] Figure 11 shows the averaged sea-salt and dust
particle concentrations over entire study period (10 days
from 15 to 24 March 2002, Figures 11a and 11c) and over
the second dust storm period (5 days from 19 to 23 March
2002, Figures 11b and 11d). Three high concentration
centers of sea-salt aerosols (Figure 11a) are located over
the East China Sea, the Sea of Japan and the western Pacific
Ocean southeast of Japan, with average concentrations of
60–70, 50–60 and 80–90 mg m�3, respectively. Sea-salt
concentrations have been apparently enhanced during the
second dust storm period (Figure 11b), especially over the
Sea of Japan and ocean southeast of Japan, with
average concentration up to 80 and 100 mg m�3, respec-
tively. Sea-salt aerosols show considerable levels over Japan
with 10-day averaged concentrations of 20–30 mg m�3

over most of Japan and up to 40 mg m�3 in coastal areas
(Figure 11a).
[28] The highest dust concentration occurs in the Gobi

desert of southern Mongolia and northern Inner-Mongolia,
with amaximumof 10-day averaged value being 3000mgm�3

along the southeastern China-Mongolia border (Figure 11c).
Another high dust load region lies from Kumtag to Badain
Juran desert, with a center of 1000–2000 mg m�3 at the
Kumtag desert. Dust level is relatively low (100–250mgm�3)
in the Taklimakan desert during this period. In Figure 11d the
areas with highest dust concentrations are enlarged along the
southern China-Mongolia border, associated with the strong
dust deflations during the second dust storm. Northern China,
especially Inner Mongolia, experience very high soil dust
level as well due to its location of or proximity to source
regions. During the second dust storm period, portions of
Tulufan and Zhunge’er basin experience the elevation of soil
dust, with 5-day averages being 100–250 mg m�3. The dust
outflow from the Asian continent to the western Pacific
Ocean is clearly illustrated in Figures 11c and 11d. Remark-
able influence of mineral dust is found to reach the Yangtze
River (including Yangtze Delta), the China Yellow Sea, the
Korean peninsula, and the western coast of Japan, with the
averages of 100–250 mg m�3 for 10 days (Figure 11c). For
the second dust storm (Figure 11d), considerable influence
of soil dust with average dust concentrations of 100–
250 mg m�3 extends to portions of southeastern China and
almost all of Japan. Dust levels are enhanced up to 250–
500 mg m�3 over South Korea, the China Yellow Sea, as
well as the northern Yangtze Delta. Dust concentrations of

Figure 11. Average surface sea salt concentrations (mg m�3) for the period of (a) 15–24 March and
(b) 19–23 March, and average surface dust concentrations (mg m�3) for the period of (c) 15–24 March
and (d) 19–23 March 2002. See color version of this figure at back of this issue.
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500–750 mg m�3 appear in the vicinity of Beijing and
portions of northeast China.

4.5. Validation and Analysis of Particle Mass Size
Distribution

[29] Figure 12a shows the modeled and observed particle
concentrations of eight size bins at Beijing, averaged over 2
days from 1000 LST 19 March to 1000 LST 21 March
2002. The arrival time of the dust storm at Beijing is around
0800 LST 20 March, and it lasts more than 24 hours. Both
observation and simulation clearly show a mono-peak at a
coarse size range 7–11 mm. Model simulation agrees with
observation quite well except for the size bin >11 mm and
0.65–1.1 mm. Mori et al. [2003] measured mass size
distribution of aerosol at Beijing during a dust storm
originating from the southern Mongolia desert on 21–24
March 2001. A mono-peak was found at 4.7–7.0 mm. It is
worthwhile to note that the size range with peak mass
loading shifts to a coarser mode (7.0–11.0 mm) associated
with the increasing intensity of the dust storm on 20 March
2002. Figure 12b presents the simulated and observed
particle spectral mass concentrations at Qingdao site, aver-
aged from 1000 LST 20 March to 1000 LST 23 March
2002. The arrival time of dust at Qingdao is around 2100
LST 20 March. Noticeably, a bimodal shape occurs in
observation. Modeled particle mass concentrations are con-
sistent with observations in most of the size bins, and the
model accurately captures the peak in the size range 4.7–
7.0 mm. However, the model fails to reproduce another peak
at 2.1–3.3 mm. It is of much interest to explore this
phenomenon in detail. Although a part of the aerosol sample
at Qingdao is collected in nondust periods, locally produced
particles from anthropogenic origin seem incapable of
causing this peak because of their much smaller proportion
compared with dust aerosols. Analysis of sampling data

collected during a nondust period (between 1130 LST
8 March and 1130 LST 14 March 2002) at the same site
clearly reveals that an averaged maximum of 15.5 mg m�3

appears in a fine mode (0.65–1.1 mm), and the average TSP
concentration was about 77.3 mg m�3 for this period, indicat-
ing the magnitude and size distribution pattern of particles
resulting from anthropogenic origin. Secondarily formed
particles through heterogeneous gas-particle interaction are
also not supposed to be the major contributor to this peak
because of the weak interaction in the relatively dry conti-
nental atmosphere during the outbreak of the dust storm
[D. Zhang et al., 2003]. Thus it is supposed that the supple-
mentation of particles along the transport pathway or from
other dust source origins may be responsible for this peak.
[30] Figure 13 shows the backward trajectories started

from Beijing and Qingdao during the second dust storm.
The trajectories are calculated on line with HYSPLIT model
of NOAA Air Resources Laboratory (http://www.arl.noaa.
gov/ready/hysplit4.html). The backward trajectories are
initiated every 3 hours with the starting point at 1000 m
and 200 m elevations over both Beijing and Qingdao
and followed by 24 hours except for the trajectories from
200 m over Qingdao, which are calculated for 48 hours.
The backward trajectory calculations are from 1600 UTC
20 March to 1900 UTC 21 March for Qingdao and from
0100 UTC to 2200 UTC 20 March for Beijing. For
trajectories started from 1000 m, similar patterns are shown
with prevailing northwesterly flow to both Beijing and
Qingdao (Figures 13b and 13d), indicating the major
transport pathway in upper layers. However, large differ-
ences exist in the trajectories starting from 200 m. The
trajectories from Beijing are still northwesterly (Figure 13a),
but those started from Qingdao show more complex path-
ways (Figure 13c). Some air parcels originating from the
Gobi desert are directly transported to Qingdao by north-

Figure 12. Comparison between simulated and observed size-segregated particle concentrations at
(a) Beijing (averaged from 1000LST 19 March to 1000LST 21 March 2002) and (b) Qingdao (averaged
from 1000LST 20 March to 1000LST 23 March 2002).
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westerlies, while quite a few air parcels first move south-
eastward from desert regions, and then move nearly
southward along 115	E longitude, followed by turning
around and moving eastward to Qingdao. These air parcels
pass over portions of Shanxi, Shangdong and Henan
Provinces where considerable semiarid lands still exist
(elliptical circle in Figure 13c) and likely have a different
soil texture and size distribution of dust emission from that
in the Gobi desert. Uplifted soil dusts from those regions
may refill the original dust plume and change its property in
particle size distribution and consequently create another
observed peak at 2.1–3.3 mm at Qingdao. Noticeably, there
are actually some dust-rise reports in above discussed areas
on 21 March (Figure 3d), which support the above analysis.

The regions mentioned above are categorized as cropland in
this study and are usually neglected in present land use
maps. Moreover, soil texture and size spectrum of dust
emission in those regions is still absent now due to the lack
of measurements. This suggests the importance of land use
and soil property information in model simulation.
[31] During the second dust storm, particle number con-

centrations observed in Nagasaki University showed a
significant increase of particles in almost all size ranges
[Arao and Ishizaka, 2002]. Figure 14 shows the simulated
particle mass size distribution averaged from 1200 LST 21
March to 0900 LST 22 March 2002 and that converted from
observed particle number concentrations at Nagasaki by
assuming a spherical shape of particles with a constant

Figure 13. Backward trajectory calculations initiated every 3 hours with the starting point of (a) 200 m
over Beijing, (b) 1000 m over Beijing, (c) 200 m over Qingdao, and (d) 1000 m over Qingdao. Trajectory
calculations are from 0100UTC to 2200UTC 20 March 2002 for Beijing and from 1600UTC 20 March to
1900UTC 21 March 2002 for Qingdao. Duration of the calculation is 24 hours for Figures 13a, 13b, and
13d and 48 hours for Figure 13c.
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density of 2.6g cm�3. The converted average total mass
concentration of 856 mg m�3 is very close to the value of
796 mg m�3 measured simultaneously by a high volume
sampler. The differences may be due to the improper
selection of constant particle density (2.6g cm�3) because
sea-salt and other kinds of aerosols may be mixed with soil
dust and lower the chosen particle density. Although an
exact comparison is not available because of the slightly
different size ranges used in OPC, a similar pattern in mass
size distribution between observation and simulation can be
clearly seen from Figure 14. The simulated size range,
which accommodates peak mass concentration, is at 3.3–
4.7 mm (Figure 14a), falling into the observed size range
2.0–5.0 mm in which a peak of 486 mg m�3 is accommo-
dated (Figure 14b). The simulated particle mass concen-
trations in the size ranges 1.1–2.1 mm, 2.1–4.7 mm, and
>4.7 mm are about 98, 307, and 202 mg m�3, respectively,
reasonably consistent with the observed values of 145, 482,
and 194 mg m�3 in the size ranges 1.0–2.0 mm, 2.0–
5.0, and >5.0 mm.
[32] Figure 15 presents the daily average particle mass

size spectrum at Shanghai, China, and western coastal sites
of Japan on 22 March when the second dust storm prevails.
An apparent feature appears that the size range with
maximum mass loading tends to shift to finer mode along
the pathway from source regions to downwind areas, with a
mono-peak in the size range 3.3–4.7 mm at Shanghai, 4.7–
7.0 mm at Oki and Sado-seki, and 3.3–4.7 mm at Rishiri.
These results are consistent with recent findings [Mori et
al., 2003; In and Park 2003; Duce, 1995]. Figure 15 shows
that the peak mass loading of sea-salt aerosols generally
settles in the size range 4.7–7.0 mm at the western coast of
Japan. This result is consistent with previous work of Gong
et al. [1997a, 1997b] in which the size range around 6 mm

(in diameter) was found for peak mass loading of sea-salt
aerosols.
[33] The above validation shows a general agreement

between simulation and observation in particle mass size
distribution, indicating the model’s capability in studying
the major features of particle size-segregation. Different size
distribution patterns of soil dust at locations along the
transport pathway are determined by a series of complex
factors including size spectrum of vertical dust flux in
source regions, highly varied dry deposition velocity among
size bins over different land use types, size-dependent wet
removal rates, as well as the property of entrained soil dust
along the transport pathways.

5. Particle Deposition and Budget

5.1. Dry Deposition Velocity and Deposition of Soil
Dust Particles

[34] Figures 16a and 16b show the simulated dry depo-
sition velocity (Vd) for particles with a size of 0.84 mm and
4 mm in diameter, averaged over 5 days from 19 to 23
March 2002. In Figure 16a, 5-day averaged friction velocity
is also shown (in contour). There are several high u* zones
in the domain, such as the southeastern China-Mongolia
border and the western Pacific Ocean southeast of Japan,
resulting from high wind speed. u* is large near the China-
North Korea border and in western parts of Japan due to
strong wind shear in the mountains. The interactions of
continental outflow with southwesterly flow resulting from
a high-pressure system over the western Pacific Ocean
south of Japan also enhance the friction velocity along the
western coast of Japan. High u* zones along the northern
fringe of the Tibet Plateau are partly due to steep topogra-
phy. For particles with a size of 0.84 mm, Vd shows a high

Figure 14. Particle mass size distribution at Nagasaki, averaged from 1200LST 21 March to 0900LST
22 March 2002. (a) Simulated concentrations and (b) values converted from observed number size
distributions by OPC assuming a constant particle density of 2.6 g cm�3.
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variability within the domain, ranging from 0.01 to
0.2 cm s�1 on average (for particles with a density of
2.6 g cm�3). Neither Brownian diffusion nor impaction
and interception are effective for particles with this size; u*
becomes more important in determining Vd. Higher Vd

values occur over the southeastern China-Mongolia border,
the China-North Korea border, and the western coast of
Japan, as well as the northern fringe of the Tibet Plateau.
Relatively lower Vd values are found over water surfaces
and portions of the northwestern desert regions. For coarser
particles with a size of 4 mm, impaction and interception
become more effective. Besides the consistency with u*, Vd

also shows a remarkable enhancement over vegetated areas,
such as western portions of northeast China, the northern
China-North Korea border, the western coast of Japan, as

well as the western part of Sichuan province of China.
Higher Vd over the ocean southeast of Japan Island is a
result of the influence of disturbed water by strong wind
there. Modeled size-segregated Vd values agree reasonably
with previous field observations and studies [Giorgi, 1986;
Zhang et al., 2001].
[35] The total dry deposition of soil dust is calculated by

the sum of flux for each size bin. Figures 16c and 16d show
the distributions of dry deposition of soil dust (unit: g m�2)
integrated over 10 days and 5 days. Maximum dry deposi-
tion up to 30 gm�2 for 10 days occurs in theGobi desert along
the southeastern China-Mongolia border. High dry depo-
sition of 10–20 g m�2 covers wide desert areas of southern
Mongolia and northern Inner-Mongolia. It is worthwhile to
note that a high dust deposition zone lies along the northern

Figure 15. Daily averaged particle mass size distribution at (a) Shanghai, (b) Oki, (c) Sado, and
(d) Rishiri on 22 March 2002.
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fringe of the Tibet Plateau, with a maximum of 20–30 g m�2

located between the Kumtag and Badain Juran desert. The
formation of this band is mostly attributed to the larger Vd

around steep topography (Figures 16a and 16b) and the higher
percentage of coarse particles in the Chinese western desert.
Total dry deposition as high as 3 g m�2 is found over most
parts of northern andwestern China and theKorean peninsula
(Figure 16c). Dry deposition in this study can be comparable
with the results of Zhao et al. [2003] in which a spatial pattern
of cumulative dry deposition of soil dust with the size range
<41 mm was derived for spring 2001. Our results also have
the same order as the results of Zhang et al. [1998] in which
an average flux of 50 g m�2 mon�1 was derived over the
Chinese Northern Desert for spring 1994. Dry deposition
shows a close correlation with the spatial distribution of
dust concentration shown in Figures 11c and 11d. The
magnitude of dry deposition along the western coast of
Japan is in the same range (0.5–1.0 g m�2) as that over the
China Yellow Sea and western parts of the Korean penin-
sula (Figures 16c and 16d) due to larger Vd in those regions
(Figures 16a and 16b). This indicates that dry deposition is
determined by both dust concentration and dry deposition
velocity (Vd), which is highly varied among different land
use categories, particle size bins, as well as meteorological
conditions.

5.2. Scavenging Rate and Wet Deposition of Soil Dust
Particles

[36] There are few detailed investigations on wet deposi-
tion in previous studies of Asian dust. Some of the studies

include wet deposition process by assuming the scavenge
rate just dependent of precipitation rate and independent of
particle size. However, scavenging rate in fact has a
significant dependence on particle size. Some of the previ-
ous works and measurements [Andronache, 2003; Seinfeld
and Pandis, 1998] revealed the importance of below cloud
scavenging for very small particles (<0.01 mm) and coarse
particles (>2 mm, such as dust and sea-salt aerosols), and the
unimportance for particles in accumulation mode. It is
therefore necessary to realistically represent these features
in aerosol model, especially in the study of size-segregated
airborne particles and depositions. Figure 17a presents the
comparison between simulated and observed total precipi-
tation at four EANET sites and three WMO surface weather
stations in southern China, Nanchang (NC, 115.91	E,
28.6	N), Fuzhou (FZ, 119.27	E, 26.08	N), and Shaoguan
(SG, 113.57	E, 24.8	N). Precipitation predicted by MM5
appears to be in a reasonably good agreement with obser-
vation, with better performance at Sado-seki, and a
relatively poor result at Hedo site. The model tends to
underpredict observation by a factor of 3 at Hedo site,
probably due to stronger convective activities over those
ocean areas, which are usually difficult to predict with
current meteorological models. Figure 17b shows the sim-
ulated pattern of total precipitation from 15 to 24 March
2002. Precipitation is scarce over most of dust source
regions and appears along the Shandong peninsula, China
Bohai bay and portions of northeastern China which are
also characterized by major export zones of continental
dust. An apparent rain belt occurs, extending from south-

Figure 16. Spatial distribution of averages of (a) friction velocity (m s�1) and particle Vd (cm s�1) for a
size of 0.84 mm, (b) Vd (cm s�1) for a size of 4 mm, (c) total dry deposition (g m�2) for the period of 15–
24 March, and (d) total dry deposition (g m�2) for the period of 19–23 March 2002. See color version of
this figure at back of this issue.
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eastern China, and passing across the East China Sea to the
western Pacific Ocean southeast of Japan, with maximum
precipitation amount reaching 70 mm for 10 days.
[37] Figures 17c and 17d show the bin resolved wet

deposition over three representative underlying surfaces
(dust source region, land other than source region and
water) and total wet deposition of soil dust on 15–24 March
2002. Figure 17c also shows the particle scavenge rate
(R) for each size bin under low (1 mm h�1) and moderate
(3 mm h�1) precipitation rate. It is clear that R varies
substantially among all size bins, with much lower
scavenging rate for fine particles (0.43–2.1 mm, first
3 size bins in Figure 17c) and higher one for larger particles
(>2.1 mm), increasing with particle size. Scavenging rate
also strongly depends on precipitation, showing an increase
by about a factor of 2 when precipitation rate varies from
1 mm h�1 to 3 mm h�1. Modeled scavenging rates are
consistent with the recent findings of Andronache [2003] in
which the below-cloud removal of particle was studied by
using an explicit calculation method and field experiments
in various environments. Figure 17c shows that the wet
deposition is much lower for the first 3 size bins over all
three types of underlying surfaces, due to the smallest
scavenge rate for these size ranges. Over land and water

surface, wet deposition shows maximum in the size range
4.7–7.0 mm (6th size bin) and second maximum in 3.3–
4.7 mm (5th size bin) as a result of a combined contribution
from size-defined scavenging rate and mass loading,
whereas for source regions, wet deposition is much lower
and shows maximum in size range 7.0–11.0 mm.
[38] Total wet deposition is estimated by summing up wet

deposition flux for each size bin. Wet deposition shows a
general consistence with precipitation pattern, with higher
values over southeastern China, the East China Sea, the Sea
of Japan, as well as the export zones mentioned above
(Figure 17d). Although the precipitation is relatively low
(<2 cm) over the export zones, wet deposition is found
comparable to other regions, such as the Sea of Japan and
the East China Sea, due to high dust mass loading and larger
scavenge rate for coarser particles. Compared with dry
deposition (Figure 16c), wet deposition is much smaller
over most of the continent. Noticeably, wet deposition
appears to be comparable with dry deposition over the
export zones of northeast China and the Sea of Japan, and
exceeds dry deposition over southeastern China, the East
China Sea and portions of the Pacific Ocean east of Japan.
These results indicate the important role of the wet depo-
sition process in removing dust particles, even in springtime

Figure 17. (a) Simulated and observed total precipitation (mm) at seven monitoring sites, (b) simulated
distribution of total precipitation in the domain (cm), (c) bin resolved dust wet deposition (megatons) (for
three kinds of underlying surfaces) and scavenging rate (hour�1) under the precipitation rate of 1 mm h�1

(thin line) and 3 mm h�1 (thick line), and (d) total wet deposition of soil dust (g m�2) in the domain for
the period of 15–24 March 2002. See color version of this figure at back of this issue.
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dust storm periods when precipitation is relatively low or
moderate. The above results also reveal that while dry
deposition dominates total deposition near source regions,
wet removal plays a more important role in the intermediate
pathway of dust transport and downwind of source regions
during dust periods.

5.3. Dust Budget Estimation and Analysis

[39] Dust budget estimation including dust emission, dry
and wet depositions for different regions on 15–24 March
2002 is listed in Table 2. The three source regions in Table 2
represent three categories of major dust sources shown in
Figure 1. Total dust emission for three categories of source
regions for the period of 15–24 March 2002 is estimated
to be 43.2 megatons. About 71% of total emission
(30.5 megatons) is redeposited onto ground surface through
dry deposition process, with 56% of total onto source
regions, 12% onto other land categories and 3% onto ocean
or sea. Wet deposition accounts for 6% (2.8 megatons) of
total mass emitted, with 1.26 megatons onto water surface.
The remaining 23% (9.9 megaton) of total emitted particles
is suspended in the atmosphere or subject to long-range
transport.
[40] In the study of Zhao et al. [2003], averaged dust

emission over major source regions was estimated to be
5.36 tons km�2 for March 2001, and approximately 55% of
total emitted dust particles was redeposited onto major
source regions. In this study, averaged dust emission over
the three source regions is about 9.02 tons km�2, with 56%
redeposited onto source regions. Considering the dust storm
in this study to be the most severe one in the past decade,
our estimation appears to be reasonably consistent with
the result of Zhao et al. [2003]. Net export of dust parti-
cles from three source regions to atmosphere is about
18.6 megatons in this study, which can be comparable to
the estimation of Shao et al. [2003] for the period of 15 to
24 March, 2002. Land surfaces other than source regions
including most parts of East China, the Korean peninsula
and Japan show a pure sink of soil dust, receiving totally
6.16 megatons of dust particles by dry and wet deposition
which accounts for 4.98 and 1.18 megatons, respectively.
Dry deposition decreases from source regions to ocean and
sea. In contrast, wet deposition is increasing on the transport
pathway of the dust storm.

6. Summary and Conclusions

[41] Dust events on 15–24 March 2002 have been
investigated by using an aerosol model, which is coupled
with a Regional Air Quality Model driven by MM5. The

focuses of this study have been placed on the validation and
analysis of size-segregated features of soil dust particles
including the spatial and temporal variability of particles in
various size ranges, size-segregated dry deposition and wet
deposition, as well as dust mass budget. Various observa-
tional data including WMO surface weather observations,
near-surface concentrations of PM10 and PM2.5, particle size
distribution measured by Andersen sampler and OPC over
and downwind of the source regions, have been used to
evaluate the model performance and model capacity. An
agreement has been obtained between simulation and ob-
servation in terms of evolutionary pattern of the dust storm.
The starting and ending times of the dust storm are
accurately predicted by the model. The validation indicates
the model’s capacity in capturing most of major features of
particle size segregation and reasonably reproducing parti-
cle mass loadings in various size ranges (including PM10,
PM2.5, and mass loadings in other size ranges) along the
dust transport pathway. The above validation supports
the reliability of this numerical study and brings us
some confidence in carrying out subsequent analysis and
estimation.
[42] Peak mass loading and its accommodated size range

are reasonably reproduced at Beijing and Nagasaki, where a
mono-modal shape is found in particle mass size distribu-
tion. A bimodal shape appears at the Qingdao site, mainly
resulting from the additional mixture of soil dust from
semiarid areas along the transport pathway of the dust
storm. The model simulation misses the peak at 2.1–
3.3 mm, mainly due to the limited information on soil
properties in semiarid areas on the intermediate transport
pathway to Qingdao. A remarkable tendency has been both
simulated and observed, showing a shift of size range with
peak mass load from coarse mode to finer mode on the
pathway from source origins to distant downwind areas.
[43] Sea-salt aerosols are found to have a considerable

influence on airborne particles over Japan, with 10-day
averages of 20–30 mg m�3 over most of Japan and up to
40 mg m�3 in coastal areas. The major deflation regions are
southern Mongolia, northern and western Inner Mongolia,
the southern and southeastern China-Mongolia border, as
well as portions of western China, such as the Kumtag
desert. Dust emission is relatively small in the Taklimakan
desert for this period. Ten-day averaged total dust mass
loading as high as 3000 mg m�3 occurs in the Gobi desert
along the southeastern China-Mongolia border. The Yangtze
River of China, The China Yellow Sea, the Korean penin-
sula, as well as the western coast of Japan experience an
average concentration of 100–250 mg m�3 for the 10-day
period. The influence of the second dust storm reaches
portions of southeastern China and almost all of Japan, with
5-day averaged concentration being 100–250 mg m�3. Dust
concentrations are enhanced up to 250–500 mg m�3 over
South Korea, the China Yellow Sea and the northern portion
of the Yangtze Delta, and reach 500–750 mg m�3 in the
vicinity of Beijing and portions of northeast China.
[44] Vd shows its high variability among various under-

lying surfaces, meteorological conditions, and particle size
ranges. For particles with a size of 0.84 mm, Vd shows a
close relationship with u* due to their less dependence on
Brownian diffusion, impaction and interception. For coarser
particles with a size of 4 mm, impaction and interception

Table 2. Dust Budget for Typical Regions in the Domain on 15–

24 March 2002a

Region Emission
Dry

Deposition
Wet

Deposition

Source region 1 20.74 10.77 0.07
Source region 2 10.37 5.32 0.02
Source region 3 12.08 8.15 0.26
Land other than source region 0.0 4.98 1.18
Ocean or sea 0.0 1.30 1.26

aUnits are in megatons.
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become more effective. Vd shows a remarkable enhance-
ment over vegetated surface over western portions of
northeast China, the northern China-North Korea border,
the western coast of Japan, as well as the western portion of
the Sichuan province of China. Scavenging rate varies
largely among size bins, and depends on precipitation.
Wet removal shows high scavenging efficiency for
coarser particles (>2 um) and trivialness for particles in
the accumulation mode.
[45] Large dry deposition occurs in source regions of

southern Mongolia and northern Inner-Mongolia, the
northern fringe of the Tibet Plateau, the Korean peninsula,
as well as the western coast of Japan. Maximum dry
deposition up to 30 g m�2 for 10 days is found in the
Gobi desert along the southern China-Mongolia border.
Budget analysis indicates that total dust emission of
43.2 megatons is emitted into the atmosphere during the
10-day period. About 71% (30.2 megatons) of total mass
is redeposited onto the underlying surface, with 56% of
the total onto the source regions. Wet deposition accounts
for 6% of total emitted dust particles. The distribution
and magnitude of particle deposition are strongly depen-
dent on both concentration and size-segregated Vd and
scavenging rate. While dry deposition dominates the
removal of particles over source regions, the influence
of wet deposition is increasing along the transport path-
way of the dust storm. Over the export zones of northeast
China, the Sea of Japan, southeastern China and the East
China Sea, as well as the ocean southeast of Japan, wet
deposition is found to be comparable or exceed dry
deposition.
[46] Compared with previous numerical studies on Asian

dust, this work focuses on model prediction and analysis of
particle size segregation, size-defined dry and wet deposi-
tions, as well as dust mass budget, by using a developed
aerosol model which includes a land use map based on
NDVI retrieved database, a dust emission model parame-
terized by friction velocity, near-surface relative humidity
and vegetation cover, and physically sound schemes for dry
and wet deposition processes. Combined with a transport
model and MM5, this model system has achieved satisfac-
tory results that exceed our expectation. Model results are
not only in an agreement with observations but are also
reasonably consistent with related previous works. The
usage of up-to-date size distributions of vertical dust flux,
reasonable parameters for dust deflation, and physically
explicit parameterizations of dry and wet deposition pro-
cesses in the aerosol model favors the model performance in
this study. Given such a validation result, particle size
segregation, depositions and budget are further investigated.
Land use and soil texture information are found to be
important in the prediction of dust emission and airborne
dust particles. Some deficiencies in the model simulation
are probably just associated with the limitation in the
present knowledge of land use and soil property, such as
underestimation of dust emission in parts of the Chinese
western desert, lower hourly peak concentration in down-
wind regions, as well as the missing peak at Qingdao. It
could be expected that the application of a more detailed
land use database and simulation with a higher model
resolution will further improve the model performance.
Further investigation of land use characteristics and devel-

opment of the aerosol model, especially in the physically
explicit dust emission scheme and the gas-particle interac-
tion mechanism, are recommended and planned to continue
the study of these issues in the future.
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Figure 11. Average surface sea salt concentrations (mg m�3) for the period of (a) 15–24 March and
(b) 19–23 March, and average surface dust concentrations (mg m�3) for the period of (c) 15–24 March
and (d) 19–23 March 2002.
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Figure 16. Spatial distribution of averages of (a) friction velocity (m s�1) and particle Vd (cm s�1) for a
size of 0.84 mm, (b) Vd (cm s�1) for a size of 4 mm, (c) total dry deposition (g m�2) for the period of 15–
24 March, and (d) total dry deposition (g m�2) for the period of 19–23 March 2002.
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Figure 17. (a) Simulated and observed total precipitation (mm) at seven monitoring sites, (b) simulated
distribution of total precipitation in the domain (cm), (c) bin resolved dust wet deposition (megatons) (for
three kinds of underlying surfaces) and scavenging rate (hour�1) under the precipitation rate of 1 mm h�1

(thin line) and 3 mm h�1 (thick line), and (d) total wet deposition of soil dust (g m�2) in the domain for
the period of 15–24 March 2002.
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