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Abstract.

We coordinated a ground-based network that has been in use since 1997 to

observe Asian dust during springtime. Huge Asian dust events that occurred in the middle
of April 1998 were captured by this network. In this paper we present the organization of
the network; a description of the instruments, including the lidar, sky radiometer, and
optical particle counter; and the results of the observation, and offer discussions regarding
the transport mechanism of Asian dust in east Asia using an on-line tracer model. We
discussed the time series of the surface concentration and the height distribution of the
dust. A cutoff cyclone generated during the dust episode was responsible for trapping and
sedimentation during the transportation of the Asian dust, particularly in the southern
parts of China and Japan. Horizontal dust images derived from NOAA/AVHRR clearly
revealed the structure of the vortex. The lidar network observation confirmed the general
pattern of dust height distribution in this event; the height of the major dust layer was
about 3 km over Japan but was higher (4 to 5 km) in Seoul and Hefei. A thin dust layer
in the upper troposphere was also commonly observed in Hefei and Japan. Evidence of
the coexistence of dust and cirrus was shown by the polarization lidar. The lidar network
observation of Asian dust and satellite remote sensing provide key information for the
study of the transport mechanism of Asian dust. Further extension of the lidar network
toward the interior of the continent and the Pacific Rim would reveal the greater global

mechanism of the transportation.

1. Introduction

Asian dust is commonly called “yellow sand” in China, Ko-
rea, and Japan in their languages of Huang Sha, Hwang Sa,
and Kosa. It is a well-known phenomenon during the spring
season in east Asia. In fact, Asian dust has been a matter of
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meteorological concern in east Asia. The transport mechanism
and the optical properties of Asian dust have been studied
using ground-based instruments such as lidar, a Sun photom-
eter, sky radiometer, and an optical particle counter (OPC) in
the last two decades [Iwasaka et al., 1983; Kai et al., 1988;
Nakajima et al., 1989; Tanaka et al., 1989; Jinhuan and Jinhui,
1994]. Since the dust particles have distinguishable physical
and optical properties, including a yellow color (UV absorb-
ing), large size, and nonsphericity, it is relatively easy to obtain
the signature of Asian dust using ground-based instruments
such as lidar and sky radiometers.

Asian dust rising from the dust storms that occur in the arid
regions at high altitudes (1 to 2 km or more) in China and
Mongolia is easily delivered into the free troposphere during
the spring by the westerlies. It travels a long distance and
sometimes reaches North America beyond the Pacific, as in
April 1998. Satellite remote sensors such as the Sea-viewing
Wide Field-of-view Sensor (SeaWiFS) and the Total Ozone
Mapping Spectrometer (TOMS) revealed daily images of this
traveling Asian dust plume [Husar et al., this issue]. Mineral
dust plays an important role from a climate study point of view,
as do anthropogenic aerosols, especially when we consider the
global trend of desertification caused by land development
[Sokolik and Toon, 1996; Tegen et al., 1996]. Asian dust has a
significant effect on the atmospheric radiation budget because
of the large emission amount [Uematsu et al., 1983; Iwasaka et
al., 1983]. Thus a systematic study of Asian dust is required to
clarify the optical properties related to climate forcing.
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Figure 1. Location of ground-based observation sites.

A number of ground-based lidars have been operated re-
cently in the East Asia region. It is consequently possible to
form a network to observe the vertical profiles of aerosols at
multiple locations. This lidar network should provide useful
information for studying the transport mechanism of tropo-
spheric aerosols, particularly when combined with the satellite
remote sensing data. The combination of a lidar and a sky
radiometer and/or a Sun photometer should give complemen-
tary and thus quantitative information about the radiative
characteristics of aerosols in clear daytime. We have been
exchanging information through the Internet (e-mail and
World Wide Web) during the spring since 1997 from ground-
based observations of Asian dust events by lidars, Sun pho-
tometers, sky radiometers, and optical particle counters
(OPCs) [Murayama et al., 1998]. This seasonal campaign in
Japan is currently named LINK-J (Lidar Network for Kosa
observation in Japan). Figure 1 shows the observation sites of
the lidars, sky radiometers, and OPCs in Japan, Korea, and
China which are described in this paper. Some lidars and sky
radiometers observed the same events during the large Asian
dust event in April 1998. The recent development of transport
models and computer resources enables us to simulate how the
dust is emitted into the atmosphere and transported. The
transport models are effective for understanding the phenom-
enon over a wide coverage area and for estimating the quan-
titative amounts, e.g., total emission of dust, while the exper-
imental data are indispensable for validation and for some
calibrations to improve the accuracy of the model.

In this paper we describe the results of ground-based obser-
vations in east Asia by lidars, sky radiometers, and OPCs dur-
ing Asian dust events in April 1998. We also discuss the data of
suspended particulate matter (SPM or PM,,, defined in sec-
tion 3.3) and the dust images derived from NOAA/AVHRR.
We compare the results of the observations with the transport
model.

2. Meteorological Condition

Huge dust storms successively occurred in the mid-April
1998, caused by frontal activity on the Asian continent [Husar
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Figure 2. Meteorological information during the dust epi-
sode of April 1998. The numbers indicate the dates of the dust
storm occurrences at the observatories (solid circles). The solid
line shows the pass of the cutoff low marked every 12 hours at
500 hPa. The dashed circles roughly represent the Takla Ma-
kan and Gobi deserts.

et al., this issue]. The dates of dust storm occurrences at the
meteorological stations near the source region are provided in
Figure 2. These were read from the weather message
(SYNOP); information near the Takla Makan desert region is
apparently lacking.

Tanaka [1998] described the relation between the cutoff low
(or cutoff cyclone) and the Asian dust during this event using
the visible satellite image of GMS 5. The cutoff low generated
over the west of Beijing, which had a cold air mass at —23°C at
500 hPa on April 16, 1998, moved southwestward, accompa-
nied behind by Asian dust. One feature of a cutoff low is its
slow traveling speed. The movement of the cutoff low read
from the weather map at 500 hPa is indicated in Figure 2. The
cutoff low brought hail to the west of Japan. It disappeared
over the Pacific to the east of Japan on April 19, 1998. A
general description of a cutoff low is given by Palmén [1951]
and Ogura [1993].

As described in section 4.2, not only the cutoff low but also
the cold front that crossed over Japan brought Asian dust.
Asian dust was observed widely in Japan under a high-pressure
system after the passage of the traveling low. This pattern, i.e.,
Asian dust behind a cold front, is often observed for Asian dust
events [Kai et al., 1988; Tanaka et al., 1989].

3. Ground-Based Observations in East Asia

The importance of international cooperation is increasing in
aerosol studies as demonstrated by the Aerosol Characteriza-
tion Experiment (ACE) [Bates et al., 1998]. Since Asian dust is
a typical aerosol in the free troposphere in the east Asia region
and a matter of concern to several countries, it is an important
subject for international cooperative studies. We exchanged
information on Asian dust among our observation sites for the
present study. One of the authors, J. Zhou, in Hefei, China,
related the occurrence of severe dust storm events on April 17,
1998. This announcement triggered observations at Japanese
sites in advance of the appearance of Asian dust over Japan.
Thus information from regions near the source is very impor-
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Table 1. Ground-Based Observation Sites and Instruments
Site Institute Latitude, Longitude, msl Instruments
Hefei AIOFM. 31.31°N, 117.16°E, 31m lidar
Seoul SNU. 37.46°N, 126.65°E, 150m lidar
Anmyon Do SNU. 36.52°N, 126.32°E, 47m sky radiometer
Nagasaki Nagasaki Univ. 32.78°N, 129.87°E, 16m OPC
Okayama Okayama Univ. 34.68°N, 133.95°E, 7m sky radiometer
Nagoya Nagoya Univ. 35.15°N, 136.97°E, 75m lidar
Tokyo TUMM 35.66°N, 139.80°E, 3m lidar, sky radiometer
T™U 35.62°N, 139.38°E, 135m OPC

Tsukuba NIES 36.05°N, 140.12°E, 23m lidar, sky radiometer
Sapporo Hokkaido Univ. 43.08°N, 141.34°E, 15m sky radiometer

tant for network observations, unless the instruments are con-
tinuously operated in unattended mode. The Asian dust event
continued for an extraordinarily long period in Japan from
April 18 to 23. In this section we present the data obtained by
the lidars, sky radiometers, and the OPCs in China, Korea, and
Japan. The location of the sites and the corresponding instru-
ments are listed in Table 1. There is no time difference be-
tween Korea and Japan; the LT is nine hours in advance of
UTC in those counties, while the LT in China is eight hours in
advance of UTC.

3.1.

The setup and performances of the lidar systems in the
network observation differed depending on the site, because
the lidars had been prepared by the participating organizations
separately for their own purposes. A common feature of the
lidars is the laser wavelengths which are generated by Nd:YAG
lasers (355, 532, and 1064 nm) or Nd:YLF lasers (523 nm). The
details of each lidar system and the data analysis method are
presented in the references cited below. In this paper we report

Observation by Lidar

sl bevr e b by baaas

the observation results at each site with a visible laser wave-
length (532 or 523 nm).

3.1.1. In China. Lidar observations of the stratospheric
and tropospheric aerosols have been carried out routinely at
the Anhui Institute of Optics and Fine Mechanics (AIOFM),
located 15 km west of Hefei [Hu et al., 1998; Zhou, 1998]. The
“L300 lidar” was operated during the Asian dust events of
April 16 and 18, 1998. The observation wavelength was 532 nm.
Profiles of the extinction coefficient were derived with Fer-
nald’s method [Fernald, 1984]. The boundary condition was
given near the tropopause, and an extinction to backscatter
ratio (the lidar ratio S, as defined later) of 50 was used [Zhou,
1998]. The vertical extinction profiles obtained on April 16 and
18, 1998, are shown in Figure 3 with both linear and logarith-
mic scales. The vertical resolution is 30 m. The dust layer was
mainly concentrated in the troposphere lower than 5 km in
altitude, and the extinction coefficient reached 0.5 km ! or
more near ground level. A floating layer that peaked around 3
km was commonly seen. Another feature was the presence of
a thin dust layer in the higher troposphere (6 to 10 km), which
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Figure 3. Vertical profiles of aerosol extinction coefficient in linear and logarithmic scales on April 16 and

18, 1998, over Hefei, China.
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NIES Compact Mie Lidar  April 15 - 24, 1998
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Plate 1. Time-to-height indication (THI) of the range-corrected backscattering intensity (in arbitrary units)

obtained by the CML of NIES in Tsukuba during April 15 to 25, 1998. The signals from clouds (white regions)
often exceeded the upper scale.
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Plate 2. THI of the range-corrected backscattering intensity and the depolarization ratio on April 19-20 and
22,1998, obtained at TUMM in Tokyo. (a) Range-corrected backscattering intensity, (b) depolarization ratio.
The black portion gives the values that exceeded the maximum of the scale.
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Figure 4. Vertical profile of the aerosol extinction coefficient
on April 19, 1998, over Seoul, Korea.

had an extinction coefficient peak of the order of 0.01 km™".

This feature will be discussed in section 5.3.

3.1.2. In Korea. Seoul National University (SNU) in
Seoul has routinely operated a micropulse lidar (MPL) to
monitor the troposphere [Yoon and Won, 1998]. The MPL is a
commercial lidar developed by Spinhirne [1995] and manufac-
tured by SES Inc. (Maryland, United States) [Lee et al., 1997].
The emitting laser wavelength is 523 nm generated from a
Nd:YLF laser. The MPL was continuously operated during the
period of April 18 to 20, 1998, and the Asian dust plume was
observed [Yoon et al., 1999]. Details of the analytical procedure
used to derive the extinction coefficient profiles from the MPL
were described by Yoon and Won [1998]. A typical vertical
profile on April 19, 1998, is shown in Figure 4. The vertical
resolution was 30 m. A floating dust layer with a peak around
2 km and that spread to 5 km is seen. This structure is similar
to the lidar observation in Hefei.

3.1.3. In Japan. Several lidars were operated during the
Asian dust event in Japan, including a polarization lidar (532
nm) from Okayama University in Okayama (the preliminary
results of the Okayama lidar were presented in a previous
report [Murayama et al., 1998]), a Raman lidar (355, 532, 1064
nm) from the Solar Terrestrial Environmental (STE) Labora-
tory of Nagoya University in Nagoya [Shibata et al., 1996], a
polarization lidar (532 nm) from Tokyo University of Mercan-
tile Marine in Tokyo (TUMM) [Murayama et al., 1999a], and a
compact Mie lidar (532 nm)) [Matsui and Sugimoto, 1997] and
high spectral resolution lidar (HSRL, 532 nm) [Liu et al., 1999]
from the National Institute of Environmental Studies (NIES)
in Tsukuba. A polarization lidar is a Mie-scattering lidar that
can measure the polarization properties of backscattering. It is
useful detecting ice phases in clouds [Sassen, 1999] and also for
detecting a dust layer [Kobayashi et al., 1985; Murayama et al.,
1998] since the cross-polarized component is sensitive to the
nonsphericity of the scatter. A Raman lidar can obtain the
water vapor mixing ratio and aerosol optical properties; water
vapor can have a significant effect on the optical properties and
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the evolution of aerosols [Ansmann et al., 1992; Whiteman et
al., 1992; Sakai et al., 2000]. A HSRL can separately measure
the Mie and Rayleigh backscattering components and thus
yield backscattering and extinction coefficients without the as-
sumption that is necessary for a conventional Mie lidar analysis
[Shipley et al., 1983]. We will first describe some continuous
lidar observations of the dust episode and then report on
simultaneous observations in Japan.

The compact Mie lidar (CML) at NIES has been operated in
a continuous mode (5 min of data acquisition with 10-min
intermissions) through an equipped window on the roof of the
lidar container, which enables continuous measurement with-
out dependence on weather conditions. The data obtained are
very useful as a comparison with the model prediction since
there is no interruption of data. Plate 1 shows the time to
height indication (THI) of the range-corrected lidar signal, i.e.,
the attenuated backscattering intensity, including the Mie and
Rayleigh components, obtained by the CML during the Asian
dust episode. The overlapping between the field of view of the
receiver and the laser beam (called the overlapping function) is
not complete below a height of about 400 m. The vertical
recording resolution is 7.5 m. The range-corrected backscat-
tering in arbitrary units does not have a clear physical meaning.
However, it is useful to see the full vertical structure of the
troposphere, including aerosols and clouds, the optical prop-
erties of which are so different that it is difficult to treat them
in a uniform way. The CML and HRSL at NIES observed the
leading edge of the aerosol layer at an altitude of about 6 km
around 1300 UTC, April 19, 1998. The high concentration of
aerosols was thereafter continuously observed below 3 km until
April 23, 1998.

TUMM polarization lidar was operated continuously in To-
kyo on April 20 and 22, 1998. The lidar has two polarization-
diverse telescopes to expand the dynamic range of detection;
one is dedicated to short-range detection and the other to
long-range. The overlapping function of the lidar became unity
above 150 m in height in the measurements, and the depolar-
ization ratio was usable above 27 m in height. The data acqui-
sition time for one profile was 10 min. Plate 2 shows the THIs
of the range-corrected backscatter intensity and the depolar-
ization ratio. The vertical resolution of the record was 6 m but
was reduced to 18 m above 2 km to improve the signal-to-noise
ratio. Here we define the depolarization ratio as the ratio of
the backscattered signals of the perpendicular to the parallel
polarization of backscattered lights with the emitted linear
polarized laser. These data reveal a higher depolarization ratio
than usual (normally less than several percent) in the lower
troposphere [Murayama et al., 1996], and the dust was mostly
below 3 km during the dust episode. Another striking feature
seen in Plate 2 is the complete negative correlation between
the backscattering intensity and the depolarization ratio below
2 km, where the dust mixed with boundary layer (urban) aero-
sols. This feature was interpreted by the external mixture of the
dust with the anthropogenic aerosols. A detailed explanation
will be provided elsewhere.

Simultaneous lidar measurements were performed at
Nagoya (STE), Tokyo (TUMM), and Tsukuba (NIES) around
1230 UTC, April 20, 1998. The scattering ratio, depolarization
ratio, and relative humidity are shown in Figure 5 with the
radiosonde data obtained at Tateno (Tsukuba) at 1200 UTC.
The scattering ratio R(z) at the altitude z is defined as

R(z) = [Bi(2) + Bx(2)]/Bx(2), o
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Figure 5. Simultaneous lidar observations at Nagoya, Tokyo, and Tsukuba around 1230 UTC April 20, 1998.
(a) Scattering ratio at 532 nm, (b) depolarization ratio at 532 nm, and (c) relative humidity. The measurement
durations were 1233 to 1303, 1228 to 1309, and 1205 to 1305 in UTC for Nagoyo, Tokyo, and Tsukuba.
Temperature and relative humidity profiles by radiosonde observation at Tateno (Tsukuba) are also indicated

in Figure 5c.

where 3, and 3, are the backscattering coefficients by aerosols
(subscript 1) and air molecules (subscript 2). The extinction
coefficient of aerosol o, is converted to the backscattering
coefficient of aerosols with the lidar ratio S, i.e., oy = B *
S,. However, S, (=0,/B,) for the air-molecule scattering is
known as 87/3 from the Rayleigh-scattering theory. The back-
scattering coefficient 3, is evaluated from the air density pro-
files given by the atmospheric model or the radiosonde data.
The vertical resolution of the HSRL was 150 m. The data of
the STE Raman lidar had a vertical resolution of 330 m, which
was smoothed by taking the running mean of the recorded
30-m resolution data to improve the signal-to-noise ratio. The
scattering ratio at TUMM was obtained by Fernald’s method
with the atmospheric density evaluated from the radiosonde
data. Here we assumed the R(z) to be 1.05 atz = 6 km as the
boundary condition, and the extinction coefficient was solved
downward with a uniform lidar ratio S, of 45. In the depolar-
ization ratio at TUMM shown in Figure 5b, 1% was subtracted
from the raw value to correct the expected offset [Murayama et
al., 1999a].

The dust heights obtained by these data were below 3 km,
which corresponds to the temperature inversion (Figure 5c).
The dust concentration in Nagoya should have been somewhat
higher than in the Tokyo region, as indicated by the scattering
ratio and depolarization ratio. The humidity obtained by Ra-
man lidar shows the proportional behavior of the scattering
ratio in this layer. A thin but high depolarizing layer lay be-
tween 5.5 and 8.0 km in altitude, which was considered to be a
thin dust layer and not ice crystals because the relative humid-
ity was less than 30%. This is also supported by the moderate
temporal behavior of lidar backscattering from this layer ob-
served in Tokyo (Plate 2). We will discuss the role of this
high-altitude thin dust layer in section 5.2.

3.2. Observation by Sky Radiometer

We used a common sky radiometer in addition to the lidar;
the procedure of the data analysis is described below. The sky
radiometer was designed by Nakajima et al. [1996] and manu-
factured by Prede Co. Ltd. (Tokyo, Japan, model POM-01).
The apparatus can measure direct and diffused solar radiation
in almucantar mode at several observation wavelengths, e.g.,
315, 400, 500, 675, 870, 940, and 1020 nm. The 315 and 940 nm
channels are designed to retrieve the column contents of ozone
and water vapor, respectively. The other channels are used for
retrieval of the aerosols. We performed a unified analysis of
the sky radiometer data using a program developed by Naka-
jima et al. [1996]. It is known that the optical thickness and size
distribution of aerosols are relatively insensitive to the refrac-
tive index used in the present analysis and that the forward
scattering is not sensitive to the nonsphericity of the particles
[Pollack and Cuzzi, 1980]. Therefore we used normalized ra-
diance data from 4° to 30° in scattering angle for the inversion
and a fixed refractive index m = 1.55 — 0.01i as the input
parameter, which is often used for dust-like aerosols [Naka-
jima et al., 1989]. We used a ground albedo of 0.1 for all the
channels as the input parameter. The locations of the sky
radiometer sites are shown in Figure 1. The sky radiometer was
installed at the background-monitoring site in Anmyon Do in
Korea, which is an island located off the west coast of the
Korean peninsula. In Japan, we used the data obtained at
Sapporo, Tsukuba, Tokyo, and Okayama.

Figure 6 shows the derived aerosol optical thickness (AOT)
at 500 nm and the Angstrom exponent («) after fitting the
empirical formula [Angstrom, 1961] for the AOTs at all the
observation wavelengths during the dust episode. We can
clearly see the indication of Asian dust events at all sites; the
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Figure 6. Aerosol optical thickness at 500 nm (AOT500) and the Angstrom exponent (Alfa) derived from
the sky radiometers from April 15 to 23, 1998, in Korea and Japan.

Angstrom exponent became lower than the usual value of 1.5.  volume size distributions in the air columns for representative
For example, the rapid increase of Asian dust in the air col- cases. We can see that the coarse mode radius commonly
umn, as indicated by a low «a and high AOT, is clearly seen in  locates around 2 um. This result is consistent with previous
the Sapporo data on April 20. Figure 7 shows the retrieved reports on the size of Asian dust in Japan [Arao and Ishizaka,
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Figure 7. Representative volume size distributions retrieved from the sky radiometers in Anmyon Do (An),
Sapporo (Sa), Tsukuba (Ts), Tokyo (To), and Okayama (Ok) during the dust episode of April 1998.

1986; Tanaka et al., 1989]. Thus the sky radiometer is very
useful for detecting Asian dust events, as is the polarization
lidar, although the data are limited in clear daytime.

3.3. Observation by an Optical Particle Counter and Other
Devices

We also used an OPC to detect the Asian dust events. Since
large particles more than 5 um in diameter are few under the
usual conditions, it can be used as an index of Asian dust on
the surface. Here we present the data obtained by the OPCs
manufactured by Rion Co., Ltd. (Tokyo, Japan); models KC-
01B and KM-07C were used in Nagasaki and Tokyo (Tokyo
Metropolitan University (TMU)), respectively. These OPCs
have five or two channels according to the discriminating di-
ameters. The sampling speed of the air was 0.5 and 2.83 L/min.
The OPCs were calibrated by the manufacturer with monodis-
perse polystyrene latex aerosol with a refractive index of m =
1.595 —0.0i. In this paper we present particle count data
larger than 5 um in diameter. We also used the PM,, records
obtained at the air pollution monitoring stations in Fukuoka
and Tokyo for a comparison with the results of the model.
Suspended Particulate Matter (SPM, called PM,,)) is defined in
the ambient air quality standard in Japan as the mass of aero-
sols sampled through a 10-um-cut size separator. The PM,,
was measured at the stations every hour with beta-ray absorp-
tion-type automated monitors; the measurement resolution
was about =10 ug/m®. The particle counts larger than 5 um
per unit volume at Nagasaki and the PM,, concentration at
Itoshima in Fukuoka, which is a rural site located about 100 km
north-northeast of Nagasaki, are shown in Figure 8. We can
see the passage of the dense dust clouds from April 17 to 18,

1998, indicated by shape peaks in both the OPC and the PM,,.
These OPC records are the highest of the previous several
years in Nagasaki [Arao and Sakaguchi, 1999]. The OPC data
at TMU (about 45 km west of TUMM) and the PM,, data near
TUMM in Tokyo are given in Figure 9. Note that the scale of
the OPC data in Nagasaki is 10 times larger than that in Tokyo.
The PM,, data in Fukuoka must be more sensitive to the
Asian-dust loading than in Tokyo, because high local aerosol
emissions in urban areas tend to hinder the Asian dust contri-
bution. Nevertheless, we can clearly see the greater than usual
PM,, even in Tokyo during the Asian dust episode. The time
lag of the dust episode between the Kyushu region (Fukuoka
and Nagasaki) and Tokyo was about 1 to 2 days. The lidar and
sky radiometer data indicate that the dust partly covered the
Tokyo region on April 19, but the OPC in Figure 9b shows that
more dust had arrived on the surface on April 20. Such time lag
is often observed at the beginning of an Asian dust event
[Murayama et al., 1999b]. Furthermore, we can clearly see a
diurnal pattern in the dust concentration in the OPC data; the
concentration increased in the daytime. This might be due to
the diurnal cycle of the entrainment process between the free
troposphere and the boundary layer [Husar et al., this issue].

4. Comparison of Observation Results With the
Transport Model

In this section we will describe the outline of the tracer
model of the dust and the comparison of our simulation results
with the observations, including the satellite remote sensing.
We also discuss the results of conventional trajectory analysis.
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Figure 8. (a) PM,, at Fukuoka. (b) The particle counts

larger than 5 um in diameter per liter measured by the OPC at
Nagasaki during the dust episode of April 1998. The dust
concentrations every 3 hours simulated by the model (dashed
curve) are superposed in Figure 8a.

4.1. Outline of the Model

An on-line tracer model coupled with a Regional Atmo-
spheric Modeling System (CSU-RAMS) [Piclke et al., 1992]
was developed to study the natural dust and trace gas trans-
port. The tracer model was strongly coupled with a compre-
hensive meteorological model, since regional meteorological
conditions such as precipitation, cloud microphysics, and the
diurnal cycle of boundary layer turbulence play significant roles
in the advection and diffusion of tracers. The on-line tracer
model was built into the RAMS, and it ran with the same time
step as the RAMS. The dust emission area was the area where
the Matthews vegetation type [Matthews, 1983] is assigned to
the desert. Most of the Gobi and Takla Makan deserts are
indexed as source regions.

We used the dust roll-up scheme proposed by Gillette [1978];
that is, the dust mass loading F 4, is defined by

qust = C(U - Utr) U27 (2)

where C is the emission constant, U is the surface wind speed,
and U,, is the critical wind speed of the dust roll-up (U,, = 6.5
m/s was used in this study, and F 4, = 0if U < U,,.). The dust
lift-up height (mixed layer) was determined from the vertical
profile of the potential temperature. The RAMS built-in hor-
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Figure 9. Same as in Figure 8 except the locations. (a) The
PM,, at Koto (near TUMM) in Tokyo and the simulation
(dashed curve). (b) The particle counts larger than 5 um in
diameter per liter by the OPC at TMU in Tokyo.

izontal and vertical advection and turbulent diffusion scheme
were used for the dust. The dust dry deposition velocity v, was
determined to be v, = CpU,, where Cy, is the bulk-transfer
coefficient derived from the RAMS surface-layer scheme, and
U,, is the wind speed at a 10 m height. A simple dust washout
scheme as a function of the surface precipitation rate was also
included in the transport model study.

The model study was conducted for the period from April 13
to 30, 1998, using four-dimensional data assimilation (4DDA)
based on ECMWF global analysis data. A model domain cov-
ering all of the China-Korea-Japan area was designed by a
polarstereographics coordinated system (centered at 110°E,
40°N; horizontal grid spacing of 120 km and 60 X 56 grid
system). The model top was placed at 18 km with a 23 vertical
grids system.

4.2. Comparison Between NOAA/AVHRR Image and Model
Calculation

Satellite images are useful for studying the horizontal exten-
sion of Asian dust over land and sea, together with the lidar
data, which is valuable for studying the vertical structure. Dur-
ing the Asian dust events in mid-April 1998, dense dust above
the Chinese continent was seen in the visible-band images of
the GMS-5/VISSR [Murayama et al., 1998] and SeaWiFS as a
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Plate 3. (a) AVI image of the brightness temperature difference at 1755 UTC, April 17, 1998. (b) The
simulated column average concentration of dust, wind vector, and potential temperature at an altitude of
3000 m at 1800 UTC, April 17, 1998.
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Plate 4. Same as Plate 3 except the time. (a) The AVI image at 1733 UTC, April 19, 1998. (b) The
simulation at 1800 UTC, April 19, 1998. The red region at the left top corner of the simulated column average
concentration exceeded the maximum scale.
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over Tokyo given by the model during the dust episode.

dust storm in a cloud-free area. Transportation of the dust
toward the east, extending and diffusing with time over the
Yellow Sea, Korea, and the Japanese Islands to the Pacific
Ocean, was detected by means of the brightness temperature
difference of AVHRR-4 and AVHRR-5 of the NOAA satel-
lites [Kinoshita et al., 1999].

The diffused Asian dust in the visible and near-infrared band
images that reflected the solar radiation in daytime was gen-
erally rather vague with a weak signal [Murayama, 1988]. The
SeaWiFS sensor provided improved information with higher
sensitivity to the aerosol in shorter wavelengths, though careful
distinction from the effect of the ocean color was required
[Fukushima et al., 1999]. In contrast, the split window method
that shows the differences between the AVHRR-4 and
AVHRR-5 channels (10.5 to 11.5 and 11.5 to 12.5 um) was
found to be very effective to detect the extension of the Asian
dust aerosol with varying density in day and night. The split
window method has been utilized to estimate the vapor
amount to ascertain the sea surface temperature [Inoue, 1990].
There is an opposite emissivity difference of lithic dust and
aerosol in the 11 and 12 um bands against water vapor
[Takashima et al., 1987], and this is useful for detecting them
[Prata, 1989; Imasu, 1992].

Plates 3a and 4a show two examples of the NOAA/AVHRR
images of Asian dust around Japan. These are the brightness
temperature differences of channels 4 and 5 in the form of the
Aerosol Vapor Index (AVI), defined as AVI = n(5) —
n(4) + 200, where a 10-bit value n (i) of thermal infrared
band i is related to the brightness temperature #(i) in centi-
grade as t(i) = —50 + 0.1n(i), fori = 4 and 5. The bright

parts in the gray scale images of the AVI correspond to high
AVI domains with dense aerosol, while the dark parts show the
domains of dense vapor above the opaque surface. Very bright
domains with 7(4) << #(5) were seen above northern China
and the Yellow Sea in the images on April 16, 1998 (not shown
here), indicating very dense Asian dust aerosol. In the images
from April 17 and 19, shown in Plates 3a and 4a, the Asian dust
was somewhat diffused compared with previous days. How-
ever, its extension over Japan is clearly seen in both images; in
Plate 3a, a bright dust domain is seen as a brush stroke sweep-
ing over Kyushu Island in western Japan due to the cutoff low
mentioned in section 2, while the Asian dust extends in Plate
4a over all of Japan and the Pacific Ocean up to the front line
in the southeast corner, which separates the dust-free vapor-
rich domain of oceanic atmosphere, as on 18 April (not shown
here). The sequential changes of the Asian event in the AVI
images on these days conform very well to the model calcula-
tions. Plates 3b and 4b show the calculated wind vector and
potential temperature at altitude z = 3000 m and the dust
column-averaged concentration (contour) for April 17 and 19,
1998, by the model. The cutoff low was observed behind this
cold front (over the main China Plain), and its vortex trapped
a huge amount of dust and moved slowly to the east.

4.3. Comparison With Ground-Based Observation

A very severe dust storm was observed on April 14 to 15,
1998, at Xinjian Province, China, and the satellite image
clearly captured the onset of this dust front and dust cloud.
The daily dust flux simulated in the model indicated that more
than 50% of the total dust emission between April 13 and 23
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Figure 10. Results of the 5-day backward trajectory analysis
started from an altitude of 2500 m over the Japanese observa-
tion sites at 1230 UTC, April 20, 1998. Symbols denote the
location of the air mass every 24 hours.

occurred within the two days of April 14 and 15. The daily dust
transport simulated by the on-line tracer model clearly re-
vealed an eastward traveling strong low-pressure system and
cold-frontal line was responsible for this strong dust episode.
The model analysis also indicates that it took 3 days to travel
from the foot of Shandong Peninsula to Tokyo, as mentioned
in section 2, and this slow movement of the cutoff vortex
agreed with the dust peak time lag observed at several Japa-
nese observation sites.

The numerical results were compared with the lidar obser-
vations, ground-based PM,, observations, and the OPC data in
Japan. The calculated surface dust concentrations at Fukuoka
and Tokyo are given in Figures 8 and 9. The peaked concen-
tration in Fukuoka and the time lag of the dust episode are
reproduced. The sharply peaked dust concentration must have
been formed by the vortex; there was a banded structure of
dust concentration along the vortex. This tendency was also
seen in the dust image obtained from NOAA/AVHRR (Plate
3a).

A time-to-height cross-section analysis, shown in Plate 5,
indicated that (1) a dense dust layer existed at a height below
2 to 3 km (within the planetary boundary layer (PBL)), which
agrees well with the lidar observations shown in Plates 1, 2, and
Figure 5, and (2) the dust concentration correlated with the
potential temperature variation. A strong descending motion
and temperature subsidence on the west side of the cutoff
vortex was responsible for the dust episodes in the southern
parts of China and Japan. However, the effect seemed to be
less in Tokyo because the vortex was getting weaker. A sensi-
tivity analysis conducted by introducing the daily independent
dust emission (i.e., the daily dust emission is treated as a
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different tracer) indicated that the dust episode over Japan was
brought by the dust emission on April 14 and 15.

4.4. Comparison With Trajectory Model Analysis

We cannot know precisely how the dust was transported
since the tracer model was an Eulerian analysis. Thus trajec-
tory analysis still plays a complementary role to the tracer
model, although we must keep in mind the accuracy limitations
due to the coarse grid and time intervals of the global data
obtained. We utilized the Trajectory Analysis Model (EORC-
TAM) developed by the Earth Observation Research Center
(EORC) of the National Space Development Agency of Japan
(NASDA) for the analysis [Matsuzono et al., 1998], and EC-
MWF global atmospheric data (the resolutions of grid and
time were 2.5° X 2.5° and 12 hours). The second-order Runge-
Kutta method was used for the time integral of the differential
equations of particle motion. We can perform both an insen-
tropic analysis and an analysis using the vertical wind to trace
the height of an air mass.

We performed a number of backward and forward trajectory
analyses based primarily on the lidar observations (information
of the dust height). We uncovered the apparent effects of the
cutoff low at Hefei and Nagasaki when the cutoff low passed
over those regions, e.g., a strong downward motion, a counter-
clockwise curved trajectory, and a confined motion at low lev-
els. We will show here an example of the relations among the
lidar observations and the source of the Asian dust. In Figure
10 we show the 5-day backward trajectories started from 1230
UTC, April 20, 1998, at an altitude of 2500 m over several
Japanese sites. The altitude was taken after the simultaneous
lidar observations shown in Figure 5. The vertical wind given
by the ECMWF was used for the height determination (the
result with the isentropic condition was similar). We can see
that all the trajectories trace back to the source regions (near
the Gobi desert) within 4 days. A careful examination of the
results reveals that the effect of the cutoff low can still be seen
in the trajectory from Nagasaki; it curved over the East China
Sea and passed over near Hefei. This result coincided with the
lidar observation at Hefei (Figure 3). Thus we can presume
that the dust that passed near Hefei was trapped in the vortex
and reached the south of Japan. In contrast, the dust that
arrived over the main island of Japan passed mostly over the
Korean peninsula. This also agrees with the lidar observations
in Seoul (Figure 4). The trajectory from Sapporo appears to
demonstrate a pass that differs from the above two behaviors.

A back trajectory analysis on the thin dust layer observed
around 6 to 8 km at the same time (Figure 5) revealed that the
air mass also traced back to near the source region, but within
2 days. This fact indicates that the air mass traveled faster at a
higher altitude than at a lower one during the event. Therefore
we must consider such a time lag when we examine the mul-
tilayered structure of Asian dust that is frequently observed.

5. Discussions
5.1. Cutoff Low and Asian Dust

This might be the first study on the effect of a cutoff low on
Asian dust. A cutoff low has several interesting meteorological
features, including the cold air mass, the strong sedimentation
inside the vortex, the slow movement, and the driving down of
the tropopause [Palmén, 1951; Ogura, 1993]. The ground-based
and satellite observations and the model simulation demon-
strated that the cutoff low brought the dense Asian dust epi-
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sode by trapping the dust while it was traveling. The dust
height remained below about 3 km during the episode except
in the beginning, which was observed by the lidar network in
Japan and also appeared in the model calculation. The dust
height observed in Hefei and Seoul was somewhat higher than
in Japan. After dissipation of the cutoff low over the Pacific on
April 19, 1998, the subsequent high-pressure system might
have continuously brought a downward current, or the dust
might be mainly transported in the PBL from the southwest.
The mechanism is complicated and more studies are required
to clarify it.

5.2

The Asian dust that occurred in April of 1998 was observed
widely in East Asia. Asian dust events are frequently observed
in the southwest of Japan, but heavy dust was observed even in
Sapporo during the event of April 1998, as indicated by the sky
radiometer data (Figure 6). The images of SeaWiFS indicate
that the main part of the Asian dust that reached the West
Coast of the United States passed over the northern part of
Sapporo [Husar et al., this issue].

Our study of Asian dust using network operation is in an
early stage. However, it shows promise for understanding the
details of the transport mechanism of Asian dust using the
model simulation presented here. The present model gives
comprehensive information about the dust, including any tem-
poral change of the surface concentration, the vertical height
distribution of the dust at selected sites, and the horizontal
distribution of the column dust concentration. Those elements
are then compared with the ground-based and satellite obser-
vations. In a sense, each observation functions as a piece of a
jigsaw puzzle of the overall image of the Asian dust. The
observation and the model generally complement each other.
The observation is factual and therefore valuable but limited in
space and time, while the model can cover a wide area and
time series but requires validation by observation. The lidar
network is a powerful tool that provides a time-to-height cross
section of the dust concentration in three dimensions, which
thus raises the standards for the model results.

Importance of Ground-Based Network Observations

5.3. Role of the Thin Dust Layer in the Upper Atmosphere

The continuous measurement by the polarization lidar at
TUMM on April 20 shows that the layer can be traced back to
a cirrus cloud from an earlier time (Plate 2). The cirrus and
dust apparently coexisted at that time, although the signal-to-
noise ratio in the depolarization ratio is too low to discuss this
quantitatively, as shown in Plate 2b. The air temperature where
the cirrus existed (higher than 9 km in altitude) was below
—40°C. Cirrus apparently tends to appear at the top region of
a thin dust layer. Sassen [1999] introduced another example of
TUMM polarization lidar data that suggested a dust-cirrus
interaction on March 19, 1998. Thus we can infer that Asian
dust acts as the ice nuclei of a cirrus cloud in the upper
troposphere [Isono et al., 1959]. A thin dust layer in the high
troposphere was also seen in the observations of Hefei (Figure
3). The peak concentration of the thin dust layer in Hefei was
on the same order as the dust layer observed in Japan; that is,
the extinction coefficient was of the order of 0.01 km !, which
can be converted to R = 1.5 at an altitude of about 8 km with
S, = 50. The partial optical depth integrated from 6 to 12 km
in altitude in Figure 3 was 0.026 and 0.054 for April 16 and 18,
1998. The model simulation also indicated an extended distri-
bution to the high troposphere as seen in Plate 5. Thus the dust
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in the higher troposphere injected by Asian dust events was
small in optical thickness but would have a significant impact
on the Earth’s radiation budget when we consider its role in
cirrus formation. The cirrus cloud is considered to be a highly
uncertain component of the climate system [e.g., Sassen, 1997].
Polarization lidar is quite useful for studying the dust-cirrus
interaction with high temporal resolution.

6. Conclusion and Summary

We explored a ground-based network observation of Asian
dust in the east Asia region and successfully observed the huge
Asian dust event that occurred in April 1998. The on-line
transport model fairly well reproduced the observations of the
vertical distribution of dust obtained by the lidar, the horizon-
tal distribution of the dust concentration derived from NOAA/
AVHRR, and the surface dust concentration given by OPC
and PM,,,. The simulation and the trajectory analysis led us to
conclude that the effect of the cutoff vortex was responsible for
the dust episode, especially in the southern part of Japan
during the early stage. The transport height was below 3 km in
the middle of Japan. The associated subsistence of the poten-
tial temperature under the traveling high must have caused the
lower dust height, even after dissipation of the vortex into the
Pacific east of Tokyo on April 19. The dust that passed near
Hefei was apparently involved in the vortex. The air mass over
Korea might have passed over the southwest of Japan.

We have provided direct evidence by polarization lidar ob-
servation that Asian dust interacts with cirrus. “A night with a
hazy moon” (Oborozukiyo in Japanese) is used as a spring
season word in haiku in Japan. This meteorologically implies
that optically thin clouds like cirrus appear more often in the
spring than in other seasons. Asian dust might have been
enhancing cirrus activity in the spring since ancient times.

The successful ground-based network observations of Asian
dust during the spring from 1997 to 1999 should encourage
further extension of the network toward the inner region of the
Asian continent, i.e., near the dust source region and Pacific
Rim regions, to resolve global climate issues.
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