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Abstract

TheAeolian Dust Experiment onClimate Impact (ADEC)was initiated in April 2000 as a joint five-year Japan–China project. The
goal was to understand the impact of aeolian dust on climate via radiative forcing (RF). Field experiments and numerical simulations
were conducted from the source regions in northwestern China to the downwind region in Japan in order to understand wind erosion
processes temporal and spatial distribution of dust during their long-range transportation chemical, physical, and optical properties of
dust and the direct effect of radiative forcing due to dust. For this, three intensive observation periods (IOP) were conducted fromApril
2002 to April 2004.
⁎ Corresponding author. Tel.: +81 29 853 8623; fax: +81 29 855 7240.
E-mail address: mmikami@mri-jma.go.jp (M. Mikami).

0921-8181/$ - see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.gloplacha.2006.03.001

mailto:mmikami@mrima.go.jp
http://dx.doi.org/10.1016/j.gloplacha.2006.03.001


143M. Mikami et al. / Global and Planetary Change 52 (2006) 142–172
The in situ and network observation results are summarized as follows: (1) In situ observations of the wind erosion process
revealed that the vertical profile of moving sand has a clear size dependency with height and saltation flux and that threshold wind
velocity is dependent on soil moisture. Results also demonstrated that saltation flux is strongly dependent on the parent soil size
distribution of the desert surface. (2) Both lidar observations and model simulations revealed a multiple dust layer in East Asia. A
numerical simulation of a chemical transport model, CFORS, illustrated the elevated dust layer from the Taklimakan Desert and the
lower dust layer from the Gobi Desert. The global-scale dust model, MASINGAR, also simulated the dust layer in the middle to upper
free troposphere in East Asia, which originated from North Africa and the Middle East during a dust storm in March 2003. Raman
lidar observations at Tsukuba, Japan, found the ice cloud associated with the dust layer at an altitude of 6 to 9 km. Analysis from lidar
and the radio-sonde observation suggested that the Asian dust acted as ice nuclei at the ice-saturated region. These results suggest the
importance of dust's climate impact via the indirect effect of radiative forcing due to the activation of dust into ice nuclei. (3) Studies
on the aerosol concentration indicated that size distributions of aerosols in downwind regions have bimodal peaks. One peak was in
the submicron range and the other in the supermicron range. The main soluble components of the supermicron peak were Na+, Ca2+,
NO3

−, and Cl−. In the downwind region in Japan, the dust, sea salt, and a mixture of the two were found to be dominant in coarse
particles in the mixed boundary layer. (4) Observation of the optical properties of dust by sky-radiometer, particle shoot absorption
photometer (PSAP), and Nephelometer indicated that unpolluted dust at source region has a weaker absorption than originally
believed.

A sensitivity experiment of direct RF by dust indicated that single scattering albedo is the most important of the optical
properties of dust and that the sensitivity of instantaneous RF in the shortwave region at the top of the atmosphere to the refractive
index strongly depends on surface albedo. A global scale dust model, MASINGAR, was used for evaluation of direct RF due to
dust. The results indicated the global mean RF at the top and the bottom of the atmosphere were −0.46 and −2.13 W m−2 with
cloud and were almost half of the RF with cloud-free condition.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Aeolian dust drifting from arid and semi-arid regions
of the continents causes serious damage to the local
ecosystem and human society in those regions. It is also
an important factor in the global climate system (Fig. 1).
Aeolian dust particles in the atmosphere play an impor-
tant role in the radiative forcing (RF) of the atmosphere
via scattering and absorbing shortwave and longwave
radiation (Sokolik et al., 2001). Once deposited in the
ocean (Duce et al., 1980), aeolian dust is believed to act as
a source of nutrients which cause changes in the primary
production of phytoplankton. This process is one of the
major factors in the carbon dioxide cycle on a global scale
(Duce et al., 1991; Dayan et al., 1991). In addition, phy-
toplankton on the ocean surface are a biogenic source of
sulfate particles in the atmosphere via dimethyl sulfide
(DMS) emission. These sulfate particles are activated as
cloud condensation nuclei over the ocean and are one of
the indirect effects of radiative forcing. However,
significant uncertainties remain in understanding the
whole dust process, including generation, long-range
transport, deposition, and chemical and physical proper-
ties, as well as in the model representations of dust
distribution and its RF on the global and/or regional scale.

In addition to the climatic issue caused by aeolian
dust, dust and sandstorm (DSS) are a serious environ-
mental phenomenon in source regions. In Northeast
Asia, more than a hundred million people are affected by
DSS. Dust and sandstorms, DSS, are a long-range, trans-
boundary environmental problem in East Asia.

With this background, the Japan–China joint project,
Aeolian Dust Experiment on Climate impact (ADEC)
was initiated in April 2000 (Mikami et al., 2002). The
five-year project consisted of field experiments con-
ducted fromMarch 2001 to March 2005, including three
intensive observation periods in 2002, 2003, and 2004.
The research sites were located from the source region of
the Taklimakan Desert in northeast China to Japan. The
research area was widely spread, about 6000 km from
west (80°E) to east (140°E), to facilitate monitoring of
aeolian dust processes, including emission, long-range
transport, and deposition (Fig. 2). The goal of this project
is to understand the impact of aeolian dust on the climate
system via the direct effect of RF.

This paper intends to provide an overview of ADEC
activities and their scientific outcomes. In Section 2, we
will describe the outline of ADEC. In Section 3, experi-
mental results regarding wind erosion process, long-
range transport process, dust aerosol characterization,
and optical properties of dust particles are summarized.
Model experiments on dust outbreakmechanisms in East
Asia, dust distribution in the global scale, and its radia-
tive forcing effect are also described here. In Section 4,
problems related to direct and indirect effects of radiative
forcing due to dust are discussed, based on the



Fig. 1. Schematic diagram of the relation between the earth's climate system and aeolian dust.
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experimental findings and model results. Future research
issues on dust are also discussed here.

2. Aeolian Dust Experiment on Climate Impact
(ADEC)

2.1. Research strategies

For the evaluation of RF due to the direct effect of
dust aerosols, large uncertainty still remains (IPCC,
2001). The reasons for the uncertainty derive from the
lack of information on the wind erosion processes. Such
information will provide data for the validation of wind
erosion theory and parameterization for use in a dust
model; and also data on the characteristics of dust
particles: number, size, physical, chemical, and optical
characteristics. In addition, the current dust model can
be improved (Uno et al., in press), with the acquisition
of better validation data.

For these reasons, we conducted field experiments
and numerical simulations to understand the following
processes:

(1) wind erosion;
(2) dust concentration, vertical distribution, and

deposition;
(3) characterization of aeolian dust: physical, chem-

ical, and optical properties; and
(4) climatic impact of aeolian dust via the direct effect
of RF.

To understand the above processes, we developed
instruments, tools, and numerical models and imple-
mented a dust monitoring network in East Asia. The
following activities were undertaken:

(1) we developed the Sand Particle Counter (SPC) for
monitoring moving sand and the Optical Particle
Counter (OPC) for monitoring dust particles on
the desert surface (Du, 2002; Yamada et al., 2002;
Mikami et al., 2005a) to improve the erosion pro-
cess in the dust model.

(2) we built a lidar monitoring network from the
source region in northwestern China to Japan
(Fig. 2; Yasui et al., 2002, 2005a; Kai et al., 2005)
to monitor the vertical distribution of dust.

(3) we used sky-radiometers for monitoring dust opti-
cal properties (Uchiyama et al., 2005a,b). High and
low volume aerosol samplers for analyzing the
dust particle characteristics (Yabuki et al., 2002,
2005a; Kanai et al., 2005) were placed at the same
sites as the lidars and a cascade impactor in an
unmanned radio-controlled airplane was used for
measuring atmospheric dust particle characteristics
at Dunhuang (40° 08′N, 94° 30′E), China, and Mt.
Rizan, southwestern Japan (Yamashita et al., 2005).



Fig. 2. Map of the ADEC in situ and network observation sites (from Mikami et al., 2005a with permission from American Geophysical Union).
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(4) we analyzed the time series of the horizontal
distribution of dust aerosol optical thickness de-
rived from the GMS-5 (GMS: Geostationary
Meteorological Satellite; Masuda et al., 2005) to
monitor the horizontal distribution of dust in East
Asia.

(5) we developed two categories of dust model; re-
gional scale models for understanding dust out-
breaks and their transport processes and a global
scale dust model for the evaluation of the direct
effect of RF due to dust. We developed three
regional scale models according to their target
horizontal scale: a meso-scale model (Takemi,
2005) to investigate dust storm structure and dust
uplift mechanism; a local circulation model
(Seino et al., 2005) to investigate the mechanism
of dust storm events in the Tarim Basin; and a
regional-scale dust model (Uno et al., 2005a) to
investigate East Asian dust outbreak and its three
dimensional distribution within the troposphere.
For the evaluation of the direct effect of RF, we
developed a global scale dust model (MASIN-
GAR; Tanaka et al., 2005) to investigate global
dust distribution and it included a spectrally
detailed radiative transfer model (Aoki et al.,
2005b).

2.2. Field research plan

The ADEC project established a network of in situ
observations, ground-based sampling, sky-radiometer
measurements, and lidar observations at 10 sites from the
Taklimakan Desert to Japan (Fig. 2). Each site was
chosen for monitoring the history of dust aerosols from
emission to deposition. Table 1 shows the specifications
of the observation at each site.

Three intensive observation periods, April 2002
(IOP1), March 2003 (IOP2), and March to April 2004
(IOP3), were conducted at 6 sites in China (Qira, Aksu,
Dunhuang, Shapotou, Beijing, and Qingdao) and 4 sites
in Japan (Naha, Fukuoka, Nagoya, and Tsukuba). During
these periods, in situ observations for monitoring dust
events and erosion processes were conducted at Qira,
south of the Taklimakan Desert, and Dunhuang and net-
work observations were conducted to monitor the long-
range transport process of dust.

In conjunction with the field experiments, a global
dust model, MASINGAR (Tanaka et al., 2003), provided
forecast information of dust distribution in northwestern
China to support the daily field experiment plan during
ADEC IOPs. The daily model forecast information,
meteorological satellite image, and surface present
weather reports (SYOP; WMO, 1974) in East Asia
were provided to field researchers through the ADEC
web site to support the fieldwork.

3. Results

The general features of dust storm events in north-
western China during IOP1 (2002) and IOP2 (2003)
were considerably different. In the southern Taklimakan
Desert, from winter 2001 to spring 2002, two snowfall
events were observed; December 4 2001, and January
15 2002. However, the average volumetric soil moisture



Table 1
Observation at each ADEC network site

Site
name

Country Lat. Long. In situ observation Network observation References

Wind
erosion

Meteorological
Elements

Lidar Radiometer Hi-
volume
sampler

Andersen
sampler

Dry
deposition

OPC

Qira China 37°
01′

80°
44′

O O O O O O O Mikami et al. (2005a,b),
Uchiyama et al. (2005b),
Yabuki et al. (2005b)

Aksu China 40°
37′

80°
44′

O O O O O O O Kai et al. (2005),
Uchiyama et al. (2005b),
Yabuki et al. (2005b)

Dunhuang China 40°
08′

94°
41′

O O O O O O O Du (2002), Iwasaka et al.
(2003a), Uchiyama et al.
(2005b), Yabuki et al.
(2005b)

Shapotou China 37°
28′

104°
60′

O O O O O O Yasui et al. (2005b),
Uchiyama et al. (2005b),
Yabuki et al. (2005b)

Beijing China 39°
56′

116°
21′

O O Zhang and Iwasaka
(2005),
Uchiyama et al. (2005b),
Kanai et al. (2005)

Qingdao China 36°
01′

120°
20′

O O O Zhang and Iwasaka
(2005),
Uchiyama et al. (2005b),
Kanai et al. (2005),
Yabuki et al. (2005b)

Hefei China 31°
54′

117°
10′

O O O Uchiyama et al. (2005b),
Kanai et al. (2005)

Naha Japan 26°
12′

127°
41′

O O O O Yasui et al. (2005a),
Uchiyama et al. (2005b),
Kanai et al. (2005)

Fukuoka Japan 33°
33′

130°
22′

O O O O Yasui et al. (2005a),
Uchiyama et al. (2005b),
Kanai et al. (2005)

Nagoya Japan 35°
09′

136°
58′

O O O O Yasui et al. (2005a),
Uchiyama et al. (2005b),
Kanai et al. (2005)

Tsukuba Japan 36°
04′

140°
08′

O O O O O Sakai et al. (2004),
Uchiyama et al. (2005b),
Kanai et al. (2005)

Modified from Tanaka and Chiba, 2005 with permission from Meteorological Society of Japan.
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at the gobi site in the southern Taklimakan Desert was
very low during IOP1 (Fig. 3, Ishizuka et al., 2005).
From winter 2002 to early spring 2003, four snowfall
events occurred in this region and the soil moisture at
the site was considerably higher than in 2002. This
resulted in a large difference in the atmospheric loading
of dust in IOP1 and IOP2 at source regions in China
(Mikami et al., 2005b) and downwind regions in Japan.
The 2004 spring season during IOP3 was comparatively
normal in northwestern China. During IOP3, however, a
widespread dust storm occurred in the northern
Taklimakan Desert from 10 to 12 March. This dense
dust storm originated in the north of the basin and then
moved southwestward. A high number concentration of
super-micron particles remained for a long period of
time (12 to 28 March) in the south of the basin (Mikami
et al., 2005b).

3.1. Wind erosion process

Wind erosion is an essential process of dust emission
to the atmosphere; therefore, understanding the process
and its parameterization for the dust model is one of the
main objectives of this project. To address this issue,
basic information on aeolian dust under various meteo-
rological conditions is required (Shao, 2000; Mikami et
al., 2002). For this, field experiments were conducted at a
sand dune and a gobi (surface with sand and pebble)



Fig. 3. Long-term soil moisture variation at a depth of 0.01 m in the center of the sampling area at the gobi site near Qira in the Taklimakan Desert.
Solid line shows TDR-measured soil moisture (m3 m−3). Direct sampling data are also plotted (modified from Ishizuka et al., 2005 with permission
from American Geophysical Union).

147M. Mikami et al. / Global and Planetary Change 52 (2006) 142–172
desert in the southern Taklimakan Desert (Mikami et al.,
2005a, Ishizuka et al., 2005) and at a gobi desert and a
fallow cotton field in Dunhuang, China (Du, 2002). We
developed a new sand particle counter (SPC) to monitor
heterogeneous saltation (Shao and Mikami, 2005) in the
field. The SPC was designed to sequentially measure the
saltating sand particle size from 40 to 600 μm at a high
time resolution (one second) (Fig. 4; Yamada et al., 2002;
Mikami et al., 2005a).

Fig. 5 illustrates the time variations of the saltation
particle numbers at 30 cm height in 1 s intervals (thin
line) and 21 s moving averages (thick line) on the gobi
site in the southern Taklimakan Desert using the SPC
(Mikami et al., 2005a). This indicates that the SPC
sufficiently represents the detailed saltation process
with high time and size resolutions. The threshold wind
velocity in the gobi site was 7.5 m s−1, and the total
saltation fluxes for the gobi and for the dune during
5 April 2002 (1223 to 1430 UT) were 37.93 and
2.61 kg m−2 at 30 cm height, respectively. Thus the
saltation flux at the dune site was only 7% of that at the
gobi site, although the distance between the sites is
only 4 km. The difference is attributed to the parent soil
size distributions. It was also found that the particle
size distributions at the gobi sites varied with height;
that is, the number size distribution of the coarse
particles (117 to 554 μm) at 20 cm height was greater
than that at 30 cm height (Fig. 6). This is reasonable
from a physical viewpoint, because the greater the
height, the fewer the number of coarse saltation particles
owing to the gravitational effect. However, the present
saltation theory cannot thoroughly explain this particle
size dependency with height.

Ishizuka et al. (2005) analyzed streamwise saltation
flux of multi-sized soils, q(z; d), for particle size d
from 38 to 667 μm with 32 bins for different soil



Fig. 4. Sand particle counter (SPC) installed on the dune site in the
southern Taklimakan Desert, China.

Fig. 6. Particle size distribution of the saltation particles. Relationship
between the gobi sites for 20 and 30 cm height (from Mikami et al.,
2005a with permission from American Geophysical Union).
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moisture conditions on the gobi site. The threshold
wind speed ut(θ) for wet conditions (θ=0.009 m3 m−3)
was estimated to be 9.5 m s−1 at 3.8 m height and was
1.27 times greater than that for dry conditions
(θ=0.002 m3 m−3), which corresponds to the theoret-
ical consideration of Fe´can et al. (1999). The soil
moisture had marked effects on the threshold wind
speed ut and q. It was also demonstrated that (1) the
saltation flux, q̂(d), for different particle size d for
coarse sand particles of 69 to 203 μm in diameter in wet
condition were smaller than those in dry condition;
whereas, the q̂(d) for fine sand particles of 39 to 54 μm
did not change and (2) the saltation particle size spec-
tra changed from dry to wet conditions. These results
suggest that the q depends on particle size and soil
moisture.
Fig. 5. Time variations of the saltation particle numbers in 1-s intervals (thin li
site from 1223 to 1233 UT, 5 April 2002 (modified from Mikami et al., 200
3.2. Dust storm outbreak and aeolian dust transport
process in East Asia

3.2.1. SYNOP analysis
Annual and long-term trend of dust outbreak in East

Asia and/or China have been discussed widely to date
(Yoshino, 2002; Kurosaki and Mikami, 2003; Zhao et
al., 2004; Ding et al., 2005). Despite this, we do not have
a clear understanding of the statistical evidence of the
recent dust outbreaks. Quantitative assessment is dif-
ficult because the present weather and visibility reports
were made by visual observations. In order to clarify the
recent dust events in East Asia, Kurosaki and Mikami
(2003) analyzed the relationship between dust outbreaks
and strong winds using present weather reports and the
surface wind velocity obtained from a SYNOP report for
nes) and 21-s moving averages (thick lines) at 30 cm height for the gobi
5a with permission from American Geophysical Union).



Fig. 7. Monthly dust outbreak frequency and strong wind frequency from Jan. 1993 to Jun. 2002. The black bar chart and line graph with black dots
indicate dust outbreak frequency and strong wind frequency (modified from Kurosaki and Mikami, 2003 with permission from American
Geophysical Union).
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the period 1993 to 2002. They showed that the dust
outbreak frequency in East Asia has large annual vari-
ability and that there was a notable increase in dust out-
breaks in the eastern part of the Asian continent for the
Fig. 8. Relationship between the SWF and the DOF in March (upper panel) an
SWFs are shown. For the SWFcnst (white circles and triangles), a strong wind
and triangles), a strong wind is defined by Eq. (1). Neither white nor black s
because there is no snow cover data for these periods (modified from Kuro
Union).
three years from 2000 to 2002 (Fig. 7). They also found
a good relationship between the surface wind (strong
wind frequency) and dust outbreaks (frequency of dust
outbreak) in year-to-year variations and in spatial
d in April (lower panel) for each year from 1988 to 2003. Two types of
is defined by a constant value, 6.5 m/s. For the SWFvar (black circles

ymbols are shown for March 1991 and April of 1991, 1993, and 1996
saki and Mikami, 2004 with permission from American Geophysical



Fig. 9. Vertical profiles of backscattering ratio (R) and depolarization ratio (d%) measured at Dunhuang, China (from Iwasaka et al., 2003a with
permission from American Geophysical Union).
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distributions. This indicates that frequent strong winds
are the primary cause of the recurrent dust outbreaks in
the last three years.

Kurosaki and Mikami (2003) also demonstrated the
degree to which snow cover affects dust outbreaks. They
evaluated the correlation coefficients between frequency
of strong winds and dust outbreaks and found that this
correlation improves when the effect of snow cover is
considered (Fig. 8). They proposed an equation repre-
senting the degree to which snow cover affects dust
outbreaks. When a threshold wind velocity under no
snow cover condition is set as ut0, a threshold wind
velocity under snow cover condition (ut) can be
expressed as,

ut ¼ r � fsc þ ut0 ð1Þ

where r is the increase rate (0.027 to 0.030), and fsc is a
snow cover fraction. This snow cover effect was ap-
parent in East Asia during early spring from March to
April for the past 10 years, 1993 to 2002.
Fig. 10. Particle number concentration measured with an optical
particle counter on 27 August 2002 at Dunhuang, China (from Iwasaka
et al., 2003a with permission from American Geophysical Union).
3.2.2. Lidar observation
Lidar is a useful method for remote aerosol mea-

surements. It measures the vertical distributions of the
aerosol backscatter/extinction coefficients and the back-
scattering depolarization ratio. The depolarization ratio
can be used to distinguish the dust from the other aerosol
species and clouds because it is ameasure of the particles'
nonsphericity. DuringADEC IOPs, eight lidar sites, from
the Aksu, an outbreak area located in the northern
Taklimakan Desert, to Japan, were installed to monitor
aeolian dust outbreak and its long-range transportation
(Table 1; Mikami et al., 2002; Yasui et al., 2005a).

Lidar measurements made at Dunhuang revealed that
non-spherically shaped dust particles floated from near
the surface to about 6 km (Fig. 9; Iwasaka et al., 2003a).
This was supported by the aerosol vertical profile mea-
sured with a balloon borne optical particle counter, as
well as by the analysis of the particles collected in the
free troposphere with a balloon borne particle impactor
(Fig. 10). The electron microscopy on the collected in-
dividual particles directly demonstrated that the mineral
dust particles were the major constituents of the coarse
mode particles in the free troposphere over the Ta-
klimakan Desert (Iwasaka et al., 2003b). Yasui et al.
(2005b) also observed a thick and dense dust layer at
heights between 1.5 and 5 km aboveMSL at Fukuoka, in
the southern part of Japan, during ADEC IOP1. Raman
lidar measurements during the dust event on 23 to 24
April 2001 over Tsukuba, in the middle part of Japan,
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revealed the presence of dust layer at an altitude range of
6–9 km (Sakai et al., 2004). These observations show
that dust layers can be found in the middle to upper free
troposphere from the dust source to downwind regions in
East Asia.

Using the lidar information as a tracer of the at-
mosphere, Yasui et al. (2005b) investigated the
structure and the diurnal change of a dry convective
boundary layer developed over the arid region in
Shapotou, Ninxia Province in China. They found that
the deepest mixed layer of 6 km above the ground
surface formed under weak wind shear and dry atmo-
spheric conditions.

3.2.3. Modeling of dust emission and transport
processes over East Asia

The Taklimakan Desert is undoubtedly one of the
strongest dust source regions in East Asia. Recently,
Bory et al. (2003) showed that dust from the Taklimakan
Desert was deposited in Greenland. This implies that the
horizontal and vertical dust emission and distribution of
Asian dust are a matter of concern not only for under-
standing the atmospheric environment in East Asia but
also for understanding dust impact on the climate on a
global scale. However, when ADECwas initiated, only a
few modeling studies had been undertaken for East Asia,
especially from the Tarim Basin (e.g. Wang et al., 2000;
Uno et al., 2001). In the ADEC program, as is described
in Section 2.1, three models were used for understanding
dust outbreaks and their transport from East Asia: (1) a
cloud resolving meso-scale dust model (Takemi, 2005;
Takemi et al., 2005), (2) a local circulation model (Seino
et al., 2005), and (3) an East Asia regional scale dust
model (Uno et al., 2005a).

Takemi (2005) explicitly simulated the convective-
scale transport of mineral dust in a severe weather setting
with the approach of three-dimensional cloud-resolv-
ing simulations coupled with a dust emission-transport
model. He simulated the dust emission process followed
with a squall-line-type convective system as follows. (1)
Dust is emitted by strong surface winds associated with a
well-developed surface cold pool, and is contained and
mixed within the cold pool, inducing a high dust concen-
tration exceeding 10 mg m−3. (2) Due to high subgrid-
turbulence mixing at the leading edge of the cold pool,
the contained dust is transferred out of the cold pool and
is entrained into the updraft region at the cold pool edge.
(3) Dust is then transported upward by the convective
updraft that is continuously regenerated at the cold-pool
leading edge, and spreads laterally in the cross-line di-
rections at upper levels by system-scale circulation. (4)
Rearward dust transport relative to the leading edge of
the system is pronounced at upper levels, according to
the prevalent front-to-rear flow typically found in the
squall-line systems.

Based on the regional climate model with a grid size
of 20 km developed by MRI/JMA, Seino et al. (2005)
conducted numerical simulations of meso-scale circula-
tion in the Tarim Basin for a dust event on 12 to 15 April
2002. They validated the model results with observed
surface wind and significant weather around the region
and the model reasonably simulated the time variations
and spatial distributions of the surface wind field during
this event (Fig. 11). The simulation revealed three types
of meso-scale flow within the basin. Sequential forma-
tion and/or coexistence of these flows can cause wind
intensification and active dust emission from various
areas across the basin. They demonstrated a close rela-
tionship between development of these meso-scale cir-
culations and the large-scale flow field behind the low-
pressure system.

Uno et al. (2005a) developed a nested regional mete-
orology/dust-transport model to examine the typical
springtime meteorology and dust outbreak over the Ta-
klimakan Desert region. The model results reproduced
complicated airflows within the Tarim Basin, strong
down slope winds from the Tianshan Mountains when
meteorological disturbances cross over the Taklimakan
region, and a strong easterly flow from the Hexi Corridor
side. The scale of this strong easterly wind zone is
400 km from north to south, 1000 km from east to west
and 2 to 3 km vertically. The simulated high dust con-
centration correlated well with this easterly wind zone.

CFORS was also used for the long-term simulation
of Asian dust aerosol to reveal major inter-annual varia-
tion of dust event activity (Hara et al., 2004). Although
the ground surface conditions of the model domain were
fixed during its long-term simulation, the results
adequately reproduced major inter-annual variation of
observed dust (Fig. 12). This implies that meteorolog-
ical condition is a stronger driver of dust event than land
surface condition.

3.3. Dust aerosol characterization

There are several different methods and instruments
for characterizing dust aerosol. In the ADEC project, we
adopted Andersen low-volume air samplers with eight-
stage impactor plates and high-volume air samplers for
ground level observation of aerosols from the source
region, the Taklimakan Desert, to the downwind area,
eastern China and Japan. Dry depositions were also
collected using dry deposition samplers (Sibata Scien-
tific Technology Ltd., Dry Deposition Sampler). Those



Fig. 11. Simulated surface wind in the Tarim Basin at (a) 0600 UTC 12, (b) 0300 UTC 13 and (c) 0600 UTC 15 April 2002. Topographic contours are
drawn at 1500 m intervals. Longitude/latitude lines are also shown every 10° (modified from Seino et al., 2005 with permission from Meteorological
Society of Japan).
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samplers were operated over a long period from March
2001 to April 2004 for monitoring seasonal and annual
variation of dust concentration, TSP (total suspended
particles) and PM11 (particles b 11 μm), and size infor-
mation at each network site (Fig. 2). The TSP and
PM11 concentrations show the average concentration



Fig. 12. Annual variation of yellow sand (Kosa) count in Korea and Japan. Solid circles indicate an observation. Open circles are simulated Kosa
counts based on the dust transport model simulation.
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during the sampling period, and the sampling frequen-
cy is once or twice a month with a sampling duration
of a few days to one week, so sampling period does
not necessarily overlap dust events. As dust events
are most frequent during spring, we conducted three
intensive observation periods, from 11 to 24 April in
2002, from 16 to 26 March in 2003 and from 10 to 17
March in 2004, during which sampling is only
interrupted for filter changes. Collected samples were
also used for mineralogical, chemical and isotopical
analysis.

Particles of up to 8600 m of free troposphere were
also collected with an aircraft-borne or balloon-borne
particle impactor over the desert areas in China and over
Japan (Iwasaka et al., 2003b). In situ observations and
sampling of aerosol particles in the upper mixed layer
and lowermost free troposphere were carried out using a
multi angle optical particle counter (MAC, Hayashi et
al., 2005) and a cascade impactor mounted on an
unmanned airplane over Dunhuang, China and Mt.
Raizan, southwestern Japan (Yamashita et al., 2005).

3.3.1. Concentration and physical/chemical character-
istics of dust over source region

Yabuki et al. (2005a,b) summarized aerosol charac-
teristic from ground based observations at four obser-
vation sites, Qira (37° 01′ N, 80° 44′E), Aksu (40° 37′
N, 80° 44′E), Dunhuang (40° 08′N, 94° 41′E), and
Shapotou (37° 28′N, 104° 60′E), over Asian dust source
areas.



Fig. 13. Variation of PM11 concentration at each observation site: from April 2001 to March 2004 for Qira and Aksu, April 2002 for Dunhuang, and
July 2001 for Shapotou (from Yabuki et al., 2005a).

Fig. 14. TSP concentration at four observation sites from April 2001 for Qira and Shapotou, from November 2002 for Aksu and from September 2001
for Dunhuang to March 2004 (from Yabuki et al., 2005a).
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Fig. 15. Dry deposition rate from April 2001 at Qira, fromMay 2001 at Aksu, and from April 2002 at Dunhuang together with dust event frequency at
Aksu (from Yabuki et al., 2005a).
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Fig. 13 shows the variation of PM11 concentration
(sum of particles less than 11 μm stages of Andersen
samplers) for four observation sites. In Fig. 14, total
suspended particle (TSP) concentration at four obser-
vation sites from April 2001 for Qira and Shapotou,
from November 2002 for Aksu and from September
for Dunhuang to March 2004 are shown. Dry
deposition rate from April 2001 at Qira, from May at
Aksu, and from April 2002 at Dunhuang together with
dust event frequency at Aksu are shown in Fig. 15.
Sampler breakdown caused loss of some data. It is
obvious that high PM11 and TSP concentrations are
observed during spring; however, dry deposition was
observed not only in spring but also during summer or
fall. In Fig. 15, dry deposition rates at Qira are more
than 10 times higher than Aksu and Dunhuang, while
TSP and PM11 concentration is only a few times higher
than at other observation sites. These extraordinarily
high dry deposition rates at Qira probably result from
the desert environment around the observation site. As
mentioned above, Qira is situated at the border of
Taklimakan Desert, while Aksu and Dunhuang are
situated almost inside oases. Although Shapotou is also
at the border of Tengger Desert, the TSP concentration
or dry deposition rate were the lowest of the four
observation sites.

In China, dust events are classified into three catego-
ries, dust storm (wind speedN10 m/s, visibilityb1 km),
blowing dust/sand (wind speedN5 m/s, visibility: 1–
10 km) and floating dust (wind speedN5 m/s, visibility:
b10 km). Fig. 16 shows the typical size distribution
pattern for three categories in Qira. Coarser particle
(N11 μm) concentration is highest in dust storm and
blowing dust/sand samples in Qira. Size distributions of
the TSP samples collected during dust storm and
floating dust at Qira are shown in Fig. 17. Cumulative
percentage of particles smaller than 10 μm diameter is
53.5% for floating dust sample, while it is only 2.4% for
dust storm sample. The traveling distance and lifetime
of dust particles in the atmosphere depend on the
particle size (Tsor and Pye, 1987; Tanaka and Chiba,
2005). Accordingly, it is suggested that the coarse par-
ticles of TSP or dry deposition are mostly of local
origin.

With regard to major element composition, aeolian
dusts are low in SiO2 and high in Fe2O3, K2O, and
MgO when compared with reference surface soils, such
as saline soils around the observation site, the Loess



Fig. 16. Size distribution of aerosol particles during different dust events at Qira. A: Dust storm. B: Blowing dust/sand. C: Floating dust (from Yabuki
et al., 2005a).
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deposits and the desert sands. This suggests that
minerals rich in K, Fe, and Mg, such as mica or clay,
are selectively transported from the soil surface into the
atmosphere. Major soluble ions of aerosols are Na+,
Ma2+, Ca2+, NH4

+, Cl−, NO3
−, and SO4

2− ions. Ca2+,
Na+, and Cl− have unimodal distributions with a peak
in the 3.3 to 7.0 μm range; NH4

+ also has a unimodal
distribution with a peak in the submicron range. NO3

−

Fig. 17. Size distribution of TSP during floating dust an
and SO4
2− have bimodal distributions with peaks in the

micron and submicron ranges, especially during winter.
Soluble Na+ and Cl− are produced from sodium
chloride (halite), Ca2+ is produced from calcium
carbonate (calcite) and calcium sulfate (gypsum and
anhydrite). Anthropogenic ammonium sulfate and am-
monium nitrate were observed in the 0.65 to 1.1 μm
region, especially during winter. It is suggested that
d dust storm at Qira (from Yabuki et al., 2005a).



Fig. 18. Distribution of mass concentrations of aerosol collected at
Beijing, Fukuoka, Nagoya and Tsukuba when a large-scale dust event
was observed (6–12 April 2002) (from Ohta et al., 2005).
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these anthropogenic pollutants result mainly from local
coal combustion.

3.3.2. Concentration and physical/chemical character-
istics of dust at downwind area from source

Total suspended particle (TSP) and size-segregated
dust concentrations were monitored in Beijing, Qingdao
and Hefei in China, and in Fukuoka, Nagoya, Tsukuba,
and Naha in Japan (Kanai et al., 2005). The aerosol
concentrations were high in spring and low in summer at
every site, though it sometimes became high in the
winter in Qingdao, which might be due to the increase of
coal combustion during winter season. The aerosol size
distributions were bimodal at every site. One peak at
around 0.5 μm diameter corresponded to particles of
anthropogenic origin, in which the main components
were black carbon, NH4

+ and SO4
2−, and some elements

such as Pb, Cd, Sn, Sb, and Bi were abundant. The other
peak at 4 to 5 μm diameter corresponded to mineral dust
of soil origin, in which the main soluble components
were Na+, Ca2+, NO3

−, and Cl−.
Chemical characteristics of dust were analyzed during

a large-scale dust event from 6 to 12 April 2002 using
samples collected in Beijing, Fukuoka, Nagoya, and
Tsukuba (Ohta et al., 2005). Fig. 18 shows aerosol con-
centrations in Beijing, Fukuoka, Nagoya, and Tsukuba.
Total dust concentrations decrease in the order of Bei-
jing, Fukuoka, Nagoya, and Tsukuba. Beijing is charac-
terized as having the highest dust concentration for
coarse grains (over 7 μm), which is similar to those
of dust samples collected at source region, Qira and
Shapoutou (Yabuki et al., 2002). Three Japanese stations
show that the distribution has bimodal peaks at 2.1–
7.0 μm and 0.43–0.65 μm. The fine grain consists
mainly of carbon aerosol and shows a strong local aero-
sol contribution. The metal/Al concentration ratios indi-
cate no change in chemical compositions in aerosol
between Beijing and Japanese stations. X-ray absorption
near-edge structure (XANES) spectroscopic study
reveals that the oxidation–reduction reaction of Fe and
Mn in aeolian dust during its transportation from China
to Japan is negligible. Some aeolian dust elements, such
as Zn and Pb, were enriched in fine (db2.1 μm) grains,
which consist of mainly carbon aerosol and are consid-
ered to originate from anthropogenic materials (Fig. 19).
However, the Zn XANES spectra for Beijing indicate
that Zn in aeolian dust that was collected from this large-
scale dust event is present as mineral aerosols and has
only a slight contribution from anthropogenic materials.

Lee et al. (2005) attempted to estimate dry deposition
during the dust events in spring 2002 (Period I: 15 to 24
March, Period II: 4 to 13 April) using the Asian Dust
Aerosol Model (ADAM). The ADAM results and OPC
measurements in Anmyendo in Korea correlated well,
that is the correlation coefficients between ADAM and
OPC were 0.88 (Period I) and 0.64 (Period II) for 1.35–
2.23 diameter range and 0.78 (Period I) and 0.54 (Period
II) for total deposition. The dry deposition was esti-
mated to be 4.40 ton km−2 during Period I and 1.89 ton
km−2 during Period II over South Korea; 6.59 ton km−2

during Period I and 2.51 ton km−2 during Period II over
North Korea; and 1.52 ton km−2 during Period I and
0.41 ton km−2 during Period II over Japan.

3.3.3. Isotopic compositions of dust as tracers for
source identification

Kanayama et al. (2005) suggested that Sr and Nd
isotopic trends are useful for tracing transportation of
dust aerosols, because there is obvious isotopic var-
iability among surface soils of possible source areas in
Asian dust source regions. Based on the analysis of
the chemical and isotopic composition of Sr and Nd in
TSP and its finer fraction (φb5 μm), and of surface
soils of possible source areas, it was suggested that
the broad area, from the Taklimakan Desert to the
Central Loess Plateau, is characterized as a single
possible source component of Asian dust. By com-
paring isotopic results with the meteorological evalua-
tions for potential sources of dust events, it was noted
that the possible sources identified by Sr and Nd
isotopic compositions do not correspond to the po-
tential sources identified by the meteorological data,
especially in the Beijing case and other areas with
abundant dust source materials. To increase the ap-
plicability of Sr and Nd isotopes as geochemical



Fig. 19. Distribution of Al, Fe, Zn, and Pb concentrations in dust samples collected at Beijing, Fukuoka, Nagoya, and Tsukuba when a large-scale dust
event was observed (6–12 April 2002) (from Ohta et al., 2005).
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tracers for Asian dust, further data on the fine
fraction of surface soils and dust aerosols must be
accumulated.

3.3.4. Mixing of dust aerosol during long-range
transportation

The mixture of dust aerosols with anthropogenic
particles such as sulfate, nitrates, black carbon, and
organic carbon changes the optical and physical
properties of dust and affects the climatic impact via
direct and indirect effects by dust aerosols. During
the ADEC IOPs, analyses were made using a
Scanning Electron Microscope with an Energy-
Dispersive X-ray analyzer (SEM-EDX) for samples
collected at Dunhuang (a dust source region), Beijing
and Nagoya (central Japan; Iwasaka et al., 2003b;
Matsuki et al., 2005), and at Mt. Raizan (southwest-
ern Japan; Yamashita et al., 2005).
Even though the series of measurements were con-
ducted on days unaffected by severe storms, 95% of
coarse particles in the free troposphere (3 to 9 km) over
Dunhuang were found to be dust, 35% to 68% in Beijing
near the ground (0 to 1 km), and 69% to 90% for the free
troposphere (0.5 to 5 km) over Japan (Matsuki et al.,
2005). A high level of sulfate was detected in the dust
collected in Beijing, downwind from the source, and the
heterogeneous uptake of gaseous SO2, and the subse-
quent oxidation on dust was suggested to occur in the
ambient environment. A positive correlation was also
found with the number of sulfate containing particles and
the relative humidity.

Yamashita et al. (2005) carried out an in situ sampling
of aerosol particles from 800 to 2000 m altitude over Mt.
Raizan (33.5 °N, 130.2°E) from March to April 2003
using an unmanned radio-controlled airplane. In the
mixed layer, mineral particles, sea salt particles, and their
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mixture were dominant among the coarse particles,
whereas sulfate particles dominated the fine particles. In
the free troposphere, mineral particles dominated both
the coarse and fine particles. Of all the particles in the
mixed layer, the number fractions of mineral particles
mixed with sea salt were much higher than those in the
free troposphere. This suggests that mineral particles
were mixed with sea salt in the marine boundary layer.
The weather analysis suggested that the formation pro-
cess through the clouds, which had previously been
considered an efficient formation process for mixed
particles, could not sufficiently explain the observed
abundance of mineral particles internally mixed with sea
salt.

During three dust storm events (April 8, 12, and 27,
2000), Zhang and Iwasaka (2004 and 2005) undertook
water dialyses analysis using particles collected in
Kumamoto (32° 48′N, 130° 45′E) in southwestern
Japan. Their results indicated that 88% to 95% of dust
aerosols were mixed with sea salt and that the post-
dialysis number–size distributions of mineral and sea
salt particles shifted toward smaller ranges compared to
their pre-dialysis distribution. They concluded that the
interaction of dust aerosols and sea salt is a likely and
important process in size and composition changes of
dust aerosols during their long-range transport.

Both results indicated that, in East Asia, the mixture
of dust aerosols with sea salt and/or anthropogenic par-
ticles will commonly take place during their long-range
transportation from source region to Japan.

3.4. Optical properties of dust

A large fraction of the RF attributed to dust depends
on the dust optical thickness, asymmetry factor, and
single scattering albedo (SSA). Among them, SSA is a
primary factor in determining whether RF by aerosol
species is positive or negative among the parameters of
optical properties (e.g. Hansen et al., 1997; Nakajima et
al., 2003). However, optical properties of mineral dust
(MD) from Chinese deserts are not well understood and
many uncertainties lie in the quantitative assessments of
radiative effects due to dust. A considerable amount of
work was conducted during the ACE-Asia campaign
(Alfaro et al., 2003; Anderson et al., 2003; Murayama et
al., 2003; Sano et al., 2003; Clarke et al., 2004). ACE-
Asia was mainly conducted downwind of potential dust
areas, in a coastal region and over the East China Sea.
ADEC has been focusing on the dust emission processes
in the source region and downwind areas in China and
Japan. As depicted in Fig. 2, three sky-radiometers were
operated in the dust source region (Aksu, Qira, and
Shapotou in China), two in a downwind area in China
(Beijing and Qingdao), and four in Japan (Naha,
Fukuoka, Nagoya, and Tsukuba) (Uchiyama et al.,
2005b).

It is known that ground-based sky radiometers can
provide information that is inverted to yield column size
distributions (Huebert et al., 2003). ADEC's sky-radio-
meter observation network was operated to evaluate
the dust aerosol size change along with the long-range
transport by measuring the effective radius reff at each
site. The data analysis during IOP1 in April 2002 re-
vealed four major results (Uchiyama et al., 2005b): (1)
The contribution of the particles with radii greater than
0.5 μm, which corresponds to coarse dust particles, to
the total optical thickness frequently exceeds 70% in the
source region, Qingdao, and at Japanese sites on the dust
event day. (2) The contribution of particles with radius
greater than 0.5 μm to the total volume exceeds 80% on
the dust event day at all sites. (3) The retrieved volume
spectrum in the source region, Aksu and Qira, is not
dependent on the optical thickness. This means that the
floating aerosols mainly consist of dust particles in the
source region. (4) When the size distribution for the
coarse mode (rN0.5 μm) is approximated by a lognormal
size distribution, the effective radius reff is 2.1 to 2.3 μm
at Chinese sites, and 1.6 to 1.8 μm at Japanese sites. The
value rg, where the logarithm of rg is defined by the
center of lognormal size distribution, is about 0.7 μm, at
Aksu, Qira, and Shapotou and about 0.5μmat other sites.

In addition to the optical parameters, which affect
dust's RF, spectral albedo and reflectance of desert sur-
face are important parameters for the Earth's radiation
budget (Liao and Seinfeld, 1998). Aoki et al. (2005c)
conducted a field measurement of spectral albedo and
nadir reflectance of desert surfaces with a spectrometer
for spectral region from 0.35 to 2.5 μm in western and
central China in spring 2001 and fall 2003. The mea-
sured spectral albedos were low (0.05 to 0.11) at ultra-
violet wavelengths but rapidly increased to 0.2 to 0.3 at
about λ=0.6 μmwavelength at all sites. The wavelength
at which the albedo reached the maximum was around
λ=1.8 to 2.2 μm, where the albedos ranged from 0.37 to
0.49. Nadir reflectance exhibited a similar spectral
distribution, while the values were lower than albedos at
all wavelengths. Using these results, a retrieval method
for Asian dust over land using ADEOS II/GLI data was
subsequently proposed (Kuji et al., 2005).

Based on the ADEC data, sensitivity experiments of
direct RF caused by MD for the optical and physical
properties of MD were conducted using one dimension-
al radiative transfer model, the Streamer-based Radia-
tive Transfer Model for ADEC Sciences (SARTMAS)



Fig. 20. Top of the Atmosphere radiative forcing (W m−2) due to dust aerosol derived from data set of refractive indices of (a) ADEC-2 (Aoki et al.,
2005b) and (b) Woodward (2001) dust models (modified from Shi et al., 2005 with permission from Meteorological Society of Japan).
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(Aoki et al., 2005b) and using a k-distribution model for
solar and thermal radiation transfer (Shi et al., 2005).

Aoki et al. (2005b) simulated the atmospheric and
dust profiles with a chemical transport model MASIN-
GAR (Tanaka et al., 2005) at four locations: the Sea of
Japan, the desert in Tarim Basin, the Sahara Desert, and
snow in Siberia. The experiment results confirmed that
the sensitivity of instantaneous RF in the shortwave
(SW) region at the top of the atmosphere (TOA) to the
refractive index strongly depends on surface albedo.
Namely, the effect of the difference in the MD model on
instantaneous RF is significant over high albedo sur-
faces and is relatively small over the sea because the
multiple reflections between the atmosphere (dust) and
1 This data source is incorrectly described as World Meteorology
Organization (WMO) model in Shi et al. (2005).
surface enhance light absorption by dust particles over
high albedo surfaces. Over desert surfaces, the instan-
taneous RF in SW at TOA produced both positive and
negative values within the possible refractive index
range of MD. The diurnally averaged RF in SW at TOA
also produced both positive and negative values in the
possible range of desert albedo. It was found that for
small dust particles with an effective radius of less than
0.6 μm, RFs by MD changed depending on the dif-
ference in surface type even if the broadband albedo was
the same. The vertical positional relationship of cloud
cover to dust layer was also very important for RF at
TOA in all spectral regions over desert and sea surfaces.
However, the effect of cloud cover was generally small
over snow surface because cloud albedo was close to the
underlying snow albedo.

Shi et al. (2005) performed numerical sensitivi-
ty experiments to evaluate the impact of optical



Table 2
Comparison of global and annual mean dust budget for this study and recent studies of global dust model

Emission
(Tg yr−1)

Dry deposition
(Tg yr−1)

Wet deposition
(Tg yr−1)

Dry/wet
ratio

Load
(Tg)

Lifetime
(days)

Diameter range
(μm)

Number
of bins

This study 2149 1342 808 1.66 18.0 3.1 0.2–20 10
Mahowald et al. (1999) 3000 1840⁎ 1170⁎ 1.57 35⁎ 4.3 Mass median 2.5, 1 bin
Takemura et al. (2000) 3321 2670 651 4.10 13.8 1.5 0.2–20 10
Ginoux et al. (2001) 1814 1606 235 6.83 35.9 7.2 0.2–12 7
Chin et al. (2002) 1650 1483 183 8.10 28.7 6.3 0.2–12 7
Tegen et al. (2002) 1100 724 374 1.94 22.2 7.4 0.2–440 7
Werner et al. (2002) 1060 811 244 3.32 8 2.8 0.2–438 7
Zender et al. (2003) 1490 866 607 1.43 17.4 4.3 0.1–10 4
Luo et al. (2003) 1654 823 798 1.03 23 5.1 0.1–10 4
Miller et al. (2004) 1019 595⁎ 414⁎ 1.44 14.6 5.2 0.2–16 4
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characteristics on the RF. The experiments involved the
effects of refractive indices, SSA, asymmetry factor and
optical depth of MD. They used an updated data set of
refractive indices of ADEC-2 model in Aoki et al.
(2005b), which represents East Asian dust, and the data
set by Woodward (2001).1 The main differences
between the two optical models are: (1) the real part
of refractive index of the ADEC-2 model is slightly
larger than that of the Woodward model (Woodward,
2001) at most wavelengths from solar to infrared bands;
and (2) the imaginary part of refractive index of the
ADEC-2 model is generally smaller than that of the
Woodward model over solar wavelengths. Shi et al.
used a k-distribution model (Shi, 1998) to calculate
RF. Numerical simulation was conducted using the
large dust event on 4 to 15 April 2001. The daily
dust concentration was provided by the NARCM
model by Gong et al. (2003). Their results indicate
that the ADEC-2 model has stronger scattering and
weaker absorption, which leads to higher negative
forcing at the top of the atmosphere (TOA) as
compared with the Woodward model (Fig. 20).

3.5. Modeling of global distribution of aeolian dust

A global-scale dust model is indispensable for eval-
uating dust's direct radiative effect on the global climate.
TheModel of Aerosol Species in the Global Atmosphere
(MASINGAR) was developed for this purpose (Tanaka
et al., 2003; Tanaka and Chiba, 2005). The model's dust
emission processes are based on the saltation-bombard-
ment theory (Owen, 1964; Shao et al., 1996; Shao,
2000), which expresses a size range of 10 bins from 0.2
to 20 μm in diameter. Erodibility factors for vegetation
cover, snow cover, land use type, and soil type are
considered. Dry and wet deposition processes are depen-
dent on particle size. The model resolution is tunable
from T21 (5.6×5.6°) to T106 (1.1×1.1°). Twenty-five
years (from 1979 to 2003) were simulated using the T63
version (1.8×1.8°), and climatological global dust emis-
sion, deposition, and spatial distribution of dust aerosol
were evaluated.

The simulated annual mean global emission flux
and atmospheric dust load was evaluated to be 2149
Tg yr−1 and 17.9 Tg in the size range 0.2≤D≤20 μm.
Dust-emission flux peaked around 7 μm. Emission flux
of silt particles (1733 Tg yr−1) was more than four
times larger than that of clay particles (416 Tg yr−1),
but atmospheric burden of silt particles (8.0 Tg)
was smaller than that of clay particles (10.0 Tg). The
calculated emissions were within the range of recent
model estimations (Table 2). Zonal mean dust
distributions (Fig. 21) suggested that the dust from
Asia and Africa travels at different altitudes, and that
the Asian dust reaches a higher altitude (as high as
200 hPa) than the dust originating from other source
regions.

3.6. Climate impact due to dust

Evaluation of RF due to the direct effect by dust
aerosols is a goal for ADEC. Takahashi et al. (personal
communication) evaluated RF due to the direct effect
by dust aerosols using the global-scale dust mo-
del (MASINGAR). The optical properties of dust
aerosols were based on OPAC (Hess et al., 1998)
and simulation was conducted from 1998 to 2002
(five years). The simulated annual mean global emission
flux was 2891 Tg yr−1 and the atmospheric dust load was
24.2 Tg. The global-mean RF direct effect (DRF) at the
top (bottom) of the atmosphere was estimated to be
−0.46 W m−2 (−2.13 W m−2). This simulation was
made under cloudy conditions. On the other hand, the
global-mean DRF at TOPwithout cloudy conditions was
estimated to be −0.86 W m−2, which is almost twice as
much as that with cloudy conditions.



Fig. 21. Zonal mean dust concentration of dust aerosols byMASINGAR for (a) DJF, (b) MAM, (c) JJA, (d) SON, and (e) annual mean. Units are in μg
m−3 (from Tanaka and Chiba, 2005 with permission from Meteorological Society of Japan).
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Even if the global average of forcing is a
considerably smaller value, heterogeneous atmospheric
heating or cooling will yield regional differences in the
temperature field of the stratosphere, which will result
in changes in the atmospheric circulation. Atmospheric
heating or cooling by direct effect of RF is thus
important on a regional scale as well as on a global
scale. Satake et al. (2004) simulated the radiative
impact of Asian tropospheric aerosols, including dust,
black carbon, organic carbon, and sea salt, using
CFORS. Modeled aerosol optical thickness and
Ångströme exponent accurately captured many of the
observed characteristics. Under overcast conditions,
Asian dust has a large enough positive forcing to offset
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negative impacts of other aerosols due to the
absorption of the radiation, which is enhanced by the
cloud layer. The results of Satake et al. (2004)
demonstrated that Asian-scale averaged direct RF due
to dust aerosols at tropopause were − 0.39 W m− 2 for
clear-sky condition and −0.16 W m−2 for all-sky
Fig. 22. (a–c) Vertical cross section of potential temperature (lines) and dust
Taklimakan Desert to Japan at 0900 JST of each day. L32 and L33 comprise
scale (from Uno et al., 2004 with permission from American Geophysical U
condition, which indicate larger values than the annual
global mean forcing by the GCM dust model result
(Takemura et al., 2002).

During the ACE-Asia campaign in April 2001,
aerosol radiative forcing using a three-dimensional
aerosol transport-radiation model coupled with a
concentration (color) at selected west–east cross section line from the
the low-pressure system. Vectors are u and w scaled as shown in wind
nion).
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general circulation model, SPRINTARS, was simulated
as a part of the Asian Atmospheric Particulate En-
vironmental Changes Studies (APEX) (Nakajima et al.,
2003; Takemura et al., 2003). They simulated the direct
effect of RF by the main tropospheric aerosols, that is,
carbonaceous (organic carbon and black carbon), sulfate,
sea salt, and soil dust in East Asia (90–152°E, 15–52°N).
Their results indicate that the monthly and regional mean
direct effect of RFs by dust are −0.19Wm−2 (TOA) and
−1.07 W m−2 (Surface) under clear sky condition and
are −0.02 W m−2 (TOA) and −0.93 W m−2 (Surface)
under all-sky condition. Even though the horizontal scale
and the period of the simulations are different among
MASINGAR, CFORS, and SPRINTARS, their results
are widely scattered. This is due to the fact that these dust
models still have uncertainties, which include spatial
distribution of dust in the troposphere, particle size
distribution (Uno et al., in press), and optical properties,
and absorption characteristics.

4. Discussion

4.1. Wind erosion process

The results from the Sand Particle Counter (SPC)
clearly indicated that the number size distribution of the
coarse particles ranging from 117 to 554 μm at 20 cm
height exceeded that at 30 cm height; that is, stream-
wise mass flux q, which expresses the saltation of sand
particles, is both height and particle size dependent
(Mikami et al., 2005a). This variation of saltating
particle size distribution with height is consistent with a
previous result, which was observed in a cultivated
paddock in Australia (Leys and Mctainsh, 1996).
However, the present theory of saltation (e.g., Shao
and Raupach, 1992; Gillette et al., 1997) does not
explain these height dependencies of saltation particle
number density. Recently, theoretical considerations
have been made to establish a new similarity theory for
the saltation process that can express the vertical pro-
file of saltation flux q(d) (Shao, 2005; Shao and
Mikami, 2005). This similarity theory demonstrates
that q decays exponentially with height for large
particles saltating in weak turbulence; and that q is
Gaussian for small particles saltating in strong
turbulence. For multi-sized particles, q is a weighted
average of many saltation mass flux profiles that differ
for different particle sizes (Shao, 2005). Currently, only
a few observations of the vertical profile of saltation
flux q have been made, so the validation of this theory
is still required with various soil types and ground
surface conditions.
As with saltation flux, vertical flux of dust emission F
is a function of height and dust particle size (Shao, 2000).
The value F is generally expressed as a functional form
of saltation flux. This scheme is commonly used for dust
models. Dust model inter-comparison (DMIP) revealed a
large difference among nine dust emission models (Xie
et al., 2005). To improve model representation of dust
flux, models must be validated against observations.
However, measurement of vertical dust flux at high time
resolution is very difficult due to the need to measure
number concentration and particle size. In addition to
monitoring saltation processes, ADEC focused on moni-
toring vertical dust flux in a source region. Using OPC,
vertical profiles of dust particle number concentration
from 0.3 to 7.5 μm were obtained with meteorological
and soil physical conditions during IOP3 2004 (Mikami
et al., 2004).

4.2. Multiple dust layer in East Asia and its indirect
effect on radiative forcing

From the commencement of lidar observations in
East Asia, a dust aerosol layer was identified in the
free troposphere (Iwasaka et al., 1983). At Nagoya,
central Japan, lidar observations during March to May
1994 also revealed a presence of weak dust layers from
2 to 6 km height (Matsuki et al., 2003). Uno et al.
(2004) numerically simulated a huge dust event,
referred to as the “Perfect Dust Storm,” on April
2001 using his chemical transport model, CFORS. The
model analysis showed that the dust loading is
transported with the meandering of the synoptic-scale
temperature field at the 500 hPa level. This dust storm
consisted of two boundary layer components and one
elevated dust layer in the free troposphere (≥6 km
height). A sensitivity analysis indicated that the origin
of the elevated dust layer was the Taklimakan Desert,
whereas the lower dust layer in the boundary layer
originated from the Gobi Desert. The model simulation
revealed that, over the Taklimakan region, strong
wind conditions and a weak potential temperature
gradient resulted in the lifting of large amounts of dust
(Fig. 22).

The global scale dust model (MASINGAR) also
revealed the relative importance of elevated dust layer
on cross-continental dust transport (Tanaka et al.,
2005). From the evening of 25–27 March 2003, Kosa
phenomena were reported in 37 routine meteorological
observatories in Japan at a time when no significant
dust storms had been observed in the arid regions of
China or Mongolia. During this time, the Aksu lidar
located in the Taklimakan Desert detected a dust layer
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in the troposphere (6 to 11 km) and lidar sites at
Tsukuba (36.0°N, 140.1°E) and Naha (26.1°N,
127.4°E), in Japan, also detected a dust layer at 2 to
6 km. The MASINGAR simulation results indicated
that the observed mineral dust was generated through
dust storms in the Sahara Desert and the Arabian
Peninsula on 19 March and was transported north of the
Tien-Shan Mountains in China. According to the
model, this dust arrived over Japan in the free
troposphere (2 to 6 km) within six to seven days. The
model result was consistent with the measurements by
the ADEC polarization lidar (Tsunematsu et al., in
press) and the sky-radiometer network (Uchiyama A.,
personal communication). MASINGAR simulated that
over 50% of the dust particles in Japan on 26–27 March
came from North Africa and 30% from the Middle East.
This suggests that dust in the free troposphere can
be transported on a cross-continental scale and, in
some cases, dust from North Africa and the Middle
East will be significant for the East Asia atmospheric
environment.

During ADEC experiments, Raman lidar measure-
ment demonstrated the importance of elevated dust layer
in the free troposphere on the indirect effect of RF. Sakai
et al. (2004) conducted a measurement of vertical dis-
tributions of particle extinction, backscattering, depo-
Fig. 23. Parallel variation of dust flux (lower set) an accumulation rate (upper
lines represent the three-year's smoothing average (from Han and Nakawo,
larization, and water vapor mixing ratio over Tsukuba
(36.1 °N, 140.1°E), Japan. They found ice clouds asso-
ciated with the Asian dust layer at an altitude of ap-
proximately 6 to 9 km. The relative humidity (estimated
from lidar-derived water-vapor mixing ratio and the
radiosonde-derived temperature and pressure profile) in
the cloud layer was close to the ice saturation values
and the temperature at the top of the cloud layer was
approximately −35 °C, suggesting that the Asian dust
acted as ice nuclei at higher temperatures. This ice-
saturated region was formed near the top of the dust
layer. These processes will generally occur in East Asia
in a “backgroundKosa” environment (Murayama, 2001).
Even at great transport distances from Asian dust source
region, Sassen (2005) found a connection between trans-
ported Asian aerosols and icy dust clouds observed
during spring 2004 over the interior of Alaska. These
findings suggest that indirect effects of desert dust on
cloud formation (Isono et al., 1959) and composition
may be considerable.

On the other hand, a lower dust layer within the
boundary layer (originating from the Gobi Desert (Uno
et al., 2004)) is an important factor in the indirect effect
of RF in East Asia. Asian dust sources are located in the
inland area of China and they are mixed with an-
thropogenic particles that are emitted from highly
set) in the 1930s to 1990s recorded in the Chongce ice core. The solid
2005).
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industrialized areas located in the downwind region.
These dust/pollution mixtures are thought to be activated
as cloud condensation nuclei, which are related to the
indirect effect of RF.

4.3. Optical properties of dust

SSA is a primary factor in determining whether RF
due to MD is positive or negative in the atmosphere
(Aoki et al., 2005b). Recently, SSA for Saharan dust has
been found to have a higher value (Kaufman et al., 2001;
Haywood et al., 2001, 2003) than that previously re-
ported (Shettle and Fenn, 1979, Hess et al., 1998,
Sokolik and Golitsyn, 1993). However, data on SSA
features in dust source regions in East Asia are lacking to
date. ADEC research has tried to reveal the SSA features
in East Asia from dust source regions to downwind area,
Japan.

Uchiyama et al. (2005a) retrieved SSA from sky-
radiometer data using the latest version of the Skyrad
package (Nakajima et al., 1996) in the ADEC network
sites from the Taklimakan Desert to Japan. The differ-
ences between actual and retrieved SSA are small when
the total column optical thickness is estimated from the
attenuation of the direct solar irradiance. Therefore,
careful calibration of the sky-radiometer, against the
Fig. 24. Seasonal sensitivities of mass-balance (a) and discharge (b) on
the changes in dust deposited date (unit in mm water equivalent; mm
w.e.). Horizontal and vertical axes denote the date when dust was
deposited, and the areal averaged annual balance (a) and discharge (b)
at the end of calculation period. Albedo of the dusted is assumed to be
0.7 (thin lines), 0.6 (thick lines) and 0.58 (gray lines), respectively
(modified from Fujita, 2002 with permission from the Japanese
Association for Arid Land Studies).
well-calibrated sun-photometer at Mauna Loa Observa-
tory was undertaken every year. The averaged SSAs
duringADEC IOP1,April 2002, atAksu,Qira, Shapatou,
Qingdao, Naha, Fukuoka, Nagoya, and Tsukuba were
0.955, 0.933, 0.914, 0.942, 0.944, 0.953, 0.933, and
0.973, respectively. In addition to the retrieved SSA
analysis, in situ measurements of SSA by Particle Soot
Absorption Photometer (PSAP; Radiance Research) and
Nephelometer (M903; Radiance Research) were carried
out at Qira, Beijing, and Tsukuba (Uchiyama et al.,
2005a). SSA measured by PSAP and M903 were
between 0.91 and 0.93 at Qira, between 0.80 to 0.88 at
Beijing, and between 0.8 and 0.9 at Tsukuba. The SSA
measured by PSAP and M903 at Qira were consistent
with the SSA inferred from the sky-radiometer. This
means that unpolluted aeolian dust has lower absorption
than originally believed. The SSA derived from PSAP
and M903 at Beijing and Tsukuba is lower than the SSA
inferred from the sky-radiometer. This is partly because
the SSA derived from PSAP represents information of
dust particles near the surface and, hence, represents the
dust particles mixed with absorbing aerosols during long
range transport within the boundary layer.

Both PSAP and Nephelometer have an error of 10%
to 20% and tend to underestimate (Anderson et al., 1996;
Bond et al., 1999). However, the resultant SSA error
from both instruments is thought to be from 1% to 2%.
This level of error is acceptable for qualitative discussion
of SSA from source to downward region. For quantita-
tive discussion, accurate calibration is required for PSAP
and Nephelometer. But we do not have reliable calibra-
tion methods at present. The software used to retrieve
SSA from sky-radiometer data assumes particles are
spherical, although dust particles are generally non-
spherical in shape.

4.4. Cryosphere and dust interaction

Motoyoshi et al. (2005) observed broadband snow
albedos in the visible and near infrared spectral regions
using the snow pit method over an interval of several
days, during the winters of 2001/2002 and 2002/2003 at
Shinjo, Japan. The comparisons between measured albe-
dos and theoretical ones (calculated using a radiative
transfer model for atmosphere–snow systems) revealed
that the snow was contaminated by strong absorptive
impurities such as soot, in addition to moderate absorp-
tive impurities such as mineral dust.

Measurement of atmospheric aerosols above the
snow surface using an OPC suggested that wet depo-
sition of atmospheric aerosols caused snow impurities of
more than 1 ppmw in mass concentration. When dust



167M. Mikami et al. / Global and Planetary Change 52 (2006) 142–172
aerosol is deposited onto the snow surface, it reduces the
visible albedo that will result in a climatic change in the
cryosphere due to the change in the surface energy
budget of the snow cover (Nakawo and Fujita, 2005;
Aoki et al., 2005a; Motoyoshi et al., 2005).

Han and Nakawo (2005) reported the temporal
variation of dust flux during the past 60 years using ice
core samples drilled from an ice dome, 6530 m above
sea level, in the Chongce Ice Cap in the West Kunlum
Mountains. The temporal variation of dust flux indicates
a clear correlation with the change in snow accumulation
rate (Fig. 23). They suggested a close relationship be-
tween dust particles and snowfall through the precipita-
tion forming process via activation of dust particle as an
ice nucleus. This interactive process is an indirect impact
of aeolian dust on the local climate and hydro water cycle
in a cryosphere.

The effect of dust deposition onto glaciers is not well
represented in the current glacier model, which aims to
evaluate the water resources and cycle of inland river
basin of the continents, such as central Asia. Only Fujita
(2002) has tried to simulate the interaction of cryosphere
and dust in his glacier mass balance model that was
applied to reveal the impact of dust on glacier mass
balance of the Tibetan Plateau. Fig. 24 shows the sea-
sonal sensitivities of mass balance (a) and discharge
(b) on the changes in the dust deposition date assuming
low albedo of dusted surface. The dust depositions in
June and July reduce the annual mass balance by
b −100 mm (water equivalent) and increase the
discharge by 40% (albedo=0.6) due to the absorption
of intense solar radiation in this season. The impact of
dust deposition is remarkably greater than those of
changes in the meteorological variables (Fujita and
Ageta, 2000). It should be noted that such a large
negative/positive impact on glacier mass-balance/dis-
charge would be caused even if dust was deposited in
only one day during June and July.

4.5. Dust Model Intercomparison Project: DMIP

Many dust models are now used for forecasting
dust and sand storms and for climate research. There
has been no systematic comparison of regional or
global scale dust models. For this reason, ADEC
organized a dust model inter-comparison (DMIP)
(Uno et al.,http://cfors.riam.kyushu-u.ac.jp/∼cfors/
DMIP/). Nine models from six countries were used
to simulate two typical dust episodes, 15 to 25 March
2002 and 4 to 14 April 2002. Dust emission fluxes
were compared within the region of 35° to 50°N
and 75° to 125°E. Comparisons were undertaken for
dust production mechanism, threshold friction veloc-
ity, mean dust emission flux from selected period,
snap friction velocity, and dust flux for a specified
time.

Results reveal that a large discrepancy in threshold
friction speed, friction velocity and functions for cal-
culating dust emission flux can be found. These discrep-
ancies will come from the differences in meteorological
models, mechanism of dust production, and soil con-
dition (Uno et al., in press). Although the comparison
was limited to two cases, more work is expected in the
future.

4.6. Future research issues beyond ADEC

Although a great deal of research was undertaken
during ADEC, many questions remain to be answered.

i) ADEC has been focusing on dust emission from
the natural ground surface in arid regions.
Anthropogenic dust emission is, however, a con-
cern for assessing climate impact due to dust
aerosols (IPCC, 2001). Quantification of anthro-
pogenically disturbed dust caused by over grazing
and inappropriate cultivation of land and/or water
management in semi-arid regions is required.

ii) While monitoring of dust over oceans has
been achieved using GMS-5 (Masuda et al.,
2002, 2003, 2005) during ADEC experiments, in
order to monitor the horizontal distribution of
dust and to validate the dust model, horizontal
information of dust over land is required. A
retrieval technique using satellite data is still in
the development stage (e.g. Gu et al., 2003; Kuji
et al., 2005).

iii) In many East Asian countries, the need is very
high for an operational dust model for predicting
dust storms and TSP, PM2.5, and PM10
concentrations. DMIP revealed that the present
dust models have a large discrepancy in the
temporal and spatial representation of dust. For
improving model representation of dust distribu-
tion and its long-distance transportation, verifi-
cation of model results with observation and
development of data assimilation techniques for
retrieving lidar and dust sampling information are
necessary. As for the model evaluation of direct
effect of RF due to dust, there still remain
uncertainties especially for optical properties of
dust particle.

iv) The dust storm outbreak frequency (DOF)
variation is generally consistent with the strong
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wind frequency (SWF) in East Asia; however, it
is not clear why this SWF variability occurs.
Some modeling investigations suggested a re-
lation to the Arctic oscillation (AO) (Hara et al.,
2004). Atmospheric dust loading and large-scale
atmospheric circulation may be inter-related to
each other through heterogeneous atmospheric
heating/cooling by dust aerosols. In addition,
DOF is related to ground surface conditions such
as snow cover, vegetation, and soil wetness
(Kurosaki and Mikami, 2004). These ground
surface conditions are also related to be inter-
annual variation of large-scale atmospheric
circulation systems. Therefore, the relationship
between dust and climate is a highly complex
and interactive process as illustrated in Fig. 1.

5. Summary and conclusions

The Aeolian Dust Experiment on Climate Impact
(ADEC) was initiated in April 2000 as a five-year joint
Japan–China project. The goal of this project was to
understand the impact of aeolian dust on the climate
system via RF. We conducted field experiments and
numerical simulations to understand the following
processes: (1) wind erosion, (2) dust concentration, ver-
tical distribution, and deposition, (3) characterization of
aeolian dust: physical, chemical, and optical properties,
and (4) climatic impact of aeolian dust via RF direct
effect. We established an observation network of 10 sites
from the Taklimakan Desert source region to Japan and
undertook intensive observations, during April 2002
(IOP1), March 2003 (IOP2), and March to April 2004
(IOP3). Our achievements are summarized as follows:

It is clear from in situ observation of dust outbreak
process at source region that saltation is a complex
process, which depends on height, particle size, and soil
wetness, and the recent theory of saltation needs to be
improved to explain this.

Lidar measurements observed multiple dust layers in
the free troposphere over East Asia. These multiple dust
layers were also represented by a numerical simulation
of the “Perfect Dust Storm” onApril 2001 using CFORS.
CFORS also clearly illustrated the multiple dust layers in
East Asia: one in the free troposphere originated from the
Taklimakan Desert and the other in the boundary layer
originated from the Gobi Desert.

The global-scale dust model, MASINGAR, simulat-
ed the presence of dust layer at the middle to upper
troposphere during the dust event in March 2003, which
originated from dust storms in North Africa and the
Middle East. The ice clouds associated with the Asian
dust layer at altitudes of 6 to 9 km were observed at
Tsukuba using the Raman lidar. Analysis from Raman
lidar and the radio-sonde observation suggested that the
Asian dust acted as ice nuclei forming near the top of
the dust layer in ice-saturated regions. Thus, the
presence of multiple dust layers in East Asia implies
the dust's climate impact in two different ways: the first
is that the dust transported in the free troposphere will
be activated as ice nuclei, which is an indirect effect of
RF due to dust. The second is that the dust in the
boundary layer in East Asia will internally and/or
externally mixed with anthropogenic aerosols and with
sea salt during its long-range transportation and will
impact on another indirect effect of RF via activation of
dust particles as a CCN.

RF by MD was directly evaluated using the global-
scale dust model. The simulated global mean direct RF
was estimated to be −0.46 W m−2 at TOA and −2.13 W
m−2 at the bottom with cloudy condition. Sensitivity
experiments of direct RF by MD indicated that SSA is a
primary factor for direct RF byMDwhether it is positive
or negative and that the sensitivity of instantaneous RF
in the shortwave region at TOA to the refractive index is
strongly dependent on surface albedo. Over desert and
sea surfaces, the vertical positional relationship of cloud
cover to the dust layer is also very important for RF of
TOA in all spectral regions.

Generally, we were successful in understanding East
Asian dust characterization and its outbreak and trans-
port processes. Through three intensive observation pe-
riods at network sites using lidar, sky-radiometer, and
aerosol samplers, we have begun to understand the long-
range transport processes of dust and its physical, chem-
ical, and optical properties from source region to down-
wind area. The in situ observation of dust outbreak
process at the source region has successfully described
the saltation process. As a result, a new saltation theory
is required.

The global dust model, MASINGAR, was used to
evaluate the direct effect of RF due to dust. The result
implies that the global mean forcing is comparatively
small but its regional impact is significant, especially in
East Asia. It is clear, however, that large uncertainties
still remain in the quantitative measurement, mainly due
to uncertainties with optical properties of dust and
model representation. Linkages between dust and local
and/or global climate are suggested through ice core
analysis and an integrated analysis of network obser-
vations and regional dust model simulations. These
linkages are not confirmed by the data at present,
so future experiments are required to reveal these
processes.
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The ADEC was the first comprehensive program of
dust research in East Asia. These findings have shown
that there is successive research still to be undertaken to
improve our understanding of dust's impact on climate.
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