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Abstract: The distribution and transport of windblown dust that occurred in Northeast Asia from
28 March to 2 April 2012 was investigated. Data of particulate matter less than 10 micrometers (PM;)
near the surface and light detection and ranging (LiDAR) measurements from the ground up to
18 km were used in the study. A severe dust event originated over southern Mongolia and northern
China on 28 March 2012, and the widespread dust moved from the source area southeastward toward
Japan over several days. Windblown dust reached Japan after two days from the originating area.
LiDAR measurements of the vertical distribution of the dust were one to two km thick in the lower
layer of the atmosphere, and increased with the increasing distance from the source area.
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1. Introduction

Dust storms are a common phenomenon in the desert regions of Northeast Asia, especially in the
Gobi desert in southern Mongolia, northern China, and Taklamakan desert in northwest China [1-8].
Eastward and southeastward moving cyclones and the northwesterly wind often transport large
amounts of fine dust particles to the eastern parts of China, the Korean Peninsula, and Japan [8].
Frequent Asian Dust vents in Japan during 2000-2002 followed severe dust outbreaks in East Asia [7].

Dust concentrations of PMjg increase by at least double during severe dust events in comparison
with normal atmospheric conditions [9,10]. PMjg dust particles are the primary source of the yellow
dust phenomenon that spreads across Northeast Asia [11]. Research has shown that Asian dust often
reaches Korea [12-15], Taiwan [16-18], and Japan [7,8].

The transport of desert dust from Asia to the North Pacific atmosphere has been well
documented [19-25]. The peak frequencies of dust storms occur from March to June and September [1].
Dust storms are classified as a type of natural disaster, which can affect ecosystems, human life,
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and health [1,26-32]. Researchers have included the use of radiative transfer, chemical transport,
weather forecasting, and global, numerical, and regional climate models [1,33-39] by using remote
sensing [40-42] such as light detection and ranging (LiDAR) [43-45] and climatology to understand
the dust transport linked with dust storm events in Mongolia and China [1,46,47].

Natsagdorj et al. (2003) have shown the number of dusty days has tripled from 1960 to 1999 [1].
In Mongolia, the number of days with dust storms is less than 10 days in the provinces of Altai,
Khangai, Khuvsgul, and Khentii, more than 50 days in the Gobi desert region, and over 90 days in the
southern part of Altai Gobi and far western regions of Mongolia [48,49].

The purpose of this study is to investigate the effects of long-distance transport from dust events
occurring in Mongolia by cross-examining the elevated level of particulate matter in neighboring
countries. With temporal variations and dust transport in Northeast Asia, we have used analyses of
PMjg concentration, back trajectory, and AD-Net LIDAR measurements at various locations during
the period of 28 March to 2 April 2012.

2. Materials and Methods

2.1. Description of Dust Event

Atmospheric dust phenomena includes widespread dust suspension in the air and dust or sand
raised by the wind, i.e., a dust/sandstorm (DSS) caused by turbulent winds raising large quantities of
dust or sand into the air and severely reducing visibility, dust whirls or sand whirls, and occasionally
funnel clouds. The WMO (World Meteorological Organization) protocol has been used; dust events
are classified according to visibility into the four categories as described below [50]:

e  Dust storm: strong winds lift large quantities of dust particles, reducing visibility to between
200 m and one kilometer.

e  Dirifting dust: dust is raised above the ground at eye level (<two meters) locally through strong
winds. The horizontal visibility may be reduced up to 10 km.

e  Floating dust: raised dust or sand at the time of observation, reducing visibility to one to 10 km.

e  Dust devils or dust whirls: local, spatially limited columns of dust that neither travel far nor
last long.

Dusty days are defined as the sum of days with dust storms and/or drifting dust. A strong
surface wind was defined as a velocity exceeding 6.5 m/s (a constant threshold), which is the threshold
of dust emission for many dust storm numerical models [1,7]. In this study, the DSS events are defined
by the above-mentioned as the description of the dust events.

2.2. Surface Dust Concentration Data

We used the hourly averaged data of PM;y concentration measured by the KOSA (Yellow Dust)
Monitor of National Institute for Environmental Studies, Japan and National Agency for Meteorology,
and Environmental Monitoring in Mongolia, China, and South Korea from 28 March to 2 April 2012
(Figure 1). In total, three Mongolian, nine Chinese, 11 Korean, and nine Japanese dust monitoring
stations were used in the study (Figure 1). Exact locations are indicted in the following links [51-54].
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Figure 1. (a) Dust monitoring stations in Northeast Asia and (b) DEMs (digital elevation models) in
the southern part Mongolia retrieval using NASA’s Shuttle Radar Topography Mission (SRTM).

According to PMj, data sites were obtained by KOSA monitors that measure light scattering,
and are fitted with cyclone-type sizers (KOSA Monitor; TOA-DKK Co., Tokyo, Japan) [55].

The instrumentation of dust monitoring stations in Japan was sourced from the Ministry of the
Environment in Japan.

The instrumentation of dust monitoring stations in China and Korea are available from the China
National Environmental Monitoring Center and Korea Meteorological Administration, respectively.

2.3. LiDAR Monitoring Data for AD-Net (The Asian Dust and Aerosol Lidar Observation Network)

Data from Mie scattering LIDAR measurements at Sainshand (44.87°N, 110.12°E), Seoul (37.57°N,
126.98°E), and Hedo (26.87°N, 128.25°E) were obtained from AD-Net (The Asian Dust and Aerosol
Lidar Observation Network) [56,57] (Figure 2).
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Figure 2. Locations of the AD-Net light detection and ranging (LiDAR) stations.

These LiDARs are operated by the National Institute for Environmental Studies (NIES),
Japan and the National Agency for Meteorology and Environmental Monitoring (NAMEM), Mongolia.
The AD-Net LiDAR measurements that are used in the study have two wavelengths (532 nm and
1064 nm), the pulse repetition rate is 10 Hz, and the pulse energy is 50 m]J. The polarization of
backscatter light is measured at a wavelength of 532 nm. The main parameters of the Mie-scattering
LiDARs are the depolarization ratio, attenuated backscattering coefficient, and extinction coefficient.
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They are operated automatically, and the five-minute averaged LiDAR profiles are recorded every
15 min in the continuous observation mode [9,44,45,57].

2.4. Meteorological Data

The hourly measurements of wind speed, visibility, and weather conditions from the daily surface
and 500-hPa upper level chats produced by NAMEM were used.

Synoptic observations, including the wind speed, present weather and archive data (such as
the number of dusty days and duration of dust storms) were obtained from three meteorological
stations in Mongolia. The period during 1999 to 2016 was used for climatological analysis.
ERA-Interim (ERA-Interim is a dataset, showing the results of a global climate reanalysis from 1979,
continuously updated in real time) [58] data is used for wind at 10 m and pressure at sea surface level.

2.5. Trajectory Method

We have used forward and backward trajectories of air mass movements using the reanalysis
HYSPLIT (The Hybrid Single Particle Lagrangian Integrated Trajectory) Model from the NOAA
(National Oceanic and Atmospheric Administration) [59] and archived meteorological data of NOAA.

3. Results and Discussion

3.1. Number of Dusty Days, Its Trend, and PMjy Concentration of Spring Season at Dalanzadgad, Sainshand,
and Zamyn-Uud Stations, Mongolia

There is a clear annual variation in dust storm occurrence in Mongolia. In association with the
movement of the mid-latitudinal cold frontal belt, the highest frequency (61%) of dust storms in
Mongolia occurs in the spring, and the second maximum occurrence (22%) of dust storms occurred in
the fall (October and November). The annual minimum frequency (7%) occurs in the summer, which is
a period when low-pressure fields with small pressure gradients predominate across the country,
and in the winter (10%), when cyclonic activity is weak and the air is largely stable [60]. We analyzed
daily meteorological data for a period of 18 years between 1999-2016.

In previous study [10], the frequency and trends of sand/dust storms at the Dalanzadgad,
Sainshand, and Zamyn-Uud stations between 1960-2012 have been described. In this study,
we extended the data of sand /dust storms up to 2016.

The numbers of dusty days among the Gobi desert measurement stations:
Dalanzadgad, Sainshand, and Zamyn-Uud, only the Zamyn-Uud station showed an increasing trend
(Figure 3).

Dust storm frequency is higher during March and April than in the other months in Mongolia [1].
The monthly average concentration of PMjy at Dalanzadgad, Sainshand, and Zamyn-Uud were
higher in March and April between 2009-2017. The results are shown in Figure 4. This study is
a continuation of previous studies (see [9,10]) and included the latest data of PMjj The higher dust
storm frequencies and higher concentrations of PM;g are most likely correlated. In 2013, from summer
to winter, an instrument was disabled so that measurements of PM;y concentration couldn‘t be
collected. The monthly average concentrations of PM; varied from 36—46 nug/ m? at Dalanzadgad
in March and April between 2009-2017 except for in 2010, in which concentrations were as high
as 60 pg/m3. According to climate data, precipitation was small, and for Dalanzadgad, 2010 was
a drought year [60]. Conversely, the year 2017 was with higher precipitation and higher vegetation [60].
These climate conditions can influence the sand /dust storm frequencies at Dalanzadgad in those years.



Atmosphere 2019, 10, 69

200

180

160

Number of dusty days

Figure 3. Number of dusty days at Dalanzadgad, Sainshand, and Zamyn-Uud between 1999-2016.

80

70

60

50

40

30

PM; concentrationn, ug/m?

20

10

140
120
100

80

60

40

20

1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016

Year

= =Dalanzadgad —-e-Sainshand —Zamyn-Uud

Marchand April

2009

T T T T T T T T 1

2010 2011 2012 2013 2014 2015 2016 2017
Year
-o-Dalanzadgad -e-Zamyn-Uud —Sainshand

50f16

Figure 4. Monthly average datasets of PMjj at Dalanzadgad, Sainshand, and Zamyn-Uud in March
and April between 2009-2017.

The monthly average concentration of PM;g at Zamyn-Uud in March to April was between
30-40 pg/m? in 2009-2011 and 25-30 pg/m? in 2013-2015, and as high as 60 pug/m? in 2012 and
71 pg/m3 in 2016 (Figure 4). Climate data shows that precipitation was higher and vegetation growth
was good around Zamyn-Uud in 2013-2015 and 2017. These climate conditions may influence the
lower frequencies of sand/dust storms, causing low concentrations of PMyj.

Concentrations were as low as 19-21 pg/m?3 at those two sites in 2017. The monthly average
concentration of PMyg at Sainshand was less than 10 pg/ m?3 in March to April between 2009-2017.

3.2. Northeast Asian Dust Transport: A Case Study

3.2.1. Meteorological Condition

A cyclonic circulation formed at sea level height; its wind speed increased and traveled from
central Mongolia to east Mongolia on 28 March 2012 (Figure 5a). The low-pressure system moved
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eastward with a high wind speed through northeast China, the Korean Peninsula, and Japan from
28 March to 2 April 2012 (Figure 5b,c).

60"Nb) 00:00 UTC 29 Mar 2012; ERA-Interim o 06:00 UTC 29 Mar 2012; ERA-Interim
= T N v

Latitude (deg)
g
=

QN

Latitude (deg)

Latitude (deg)

Latitude (deg)

60°N

a) 00:00 UTC 28 Mar 2012; ERA-Interim 06:00 UTC 28 Mar 2012; ERA-Interim

T
1] N N N ).0.(
L AN N PN

Latitude (deg)

3 100°E 120°E 140°E

Longitude (deg) Longitude (deg)
12:00 UTC 28 Mar 2012; ERA-Interim 18:00 UTC 28 Mar 2012; ERA-Interim
¥
93
3 50°N 1
2
5§
1 - = A 4°N
I el e WAV ol R
100°E 120°E 140°E 140°E
Longitude (deg) Longitude (deg)
5 0 15 20
Wind speed (m/s)

(@)

N w\* * = W x

~

VAN u. % % % ~

Longitude (deg)

12:00 UTC 29 Mar 2012; ERA-Interim

Longitude (deg)

18:00 UTC 29 Mar 2012; ERA-Interim

Longitude (deg)

3

Latitude (deg)
g
=

3

100°E
EE— Longitude (deg)

10 15 20

Wind speed (m/s)

(b)

Figure 5. Sea level pressure (hPa) by contour and 10-m wind vectors using the ERA-Interim from
00:00 to 18:00 UTC on (a) 28 March 2012, (b) 29 March 2012, and (c) 30 March 2012 over Mongolia.
The isobars interval is drawn in every five hPa and shading indicates wind speed (m/s).
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Figure 5. Cont.

Wind speeds increased in the dust source area, including the Gobi desert regions, in southern
Mongolia and northern China due to the cyclonic pressure system. For example, daily maximum
wind speeds varied at Dalanzadgad, Sainshand, and Zamyn-Uud stations from 10 m/s to 14 m/s.
Maximum wind speed reached 14 m/s and the duration of the dust storm was around 12 h in
Zamyn-Uud between 29-30 March 2012. Relative humidity was measured at between 7-12% at these
sites during the dust storm period. High wind speeds in the Gobi desert regions produced a sufficient
dust concentration of PMj in the source areas.

Dust concentrations of PMyg increased by two times at the observation stations in Mongolia
and China during 28-30 March, 2012. The reason is related to the atmospheric cold and warm
fronts that passed through the Gobi desert areas of the two countries. Higher dust concentrations
of PMjj in 28-30 March were in conjunction with the passage of the atmospheric cold and warm
fronts, respectively.

3.2.2. Dust Concentrations of PMjj in the Source Areas

Mongolia: The instrument measuring PM;g was disabled at Dalanzadgad during the peak
dust storm period due to a cut in the power supply. Historically, PM;( concentrations are lower at
Sainshand [9,10], which is a topic that should be explored in future studies. For these reasons, these two
sites could not provide reliable data on PM;y. However, PM;g dust concentrations at Zamyn-Uud
showed the dust event perfectly. Hourly mean dust concentrations of PMjq were as high as 404 pg/m?3
at Zamyn-Uud during the dust event period (Figure 6). Dust concentrations of PM;( at Zamyn-Uud
reached the threshold values of the onset of dust events [10].
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Figure 6. Time series variations of dust concentration of PMjj at stations in Mongolia.

China: Hourly mean dust concentrations of PMjy were higher than usual, 999 pg/ m3,
at Hohhot and 1387 pg/m? at Chifeng between 28-29 March 2012, while concentrations at Hohhot
measured 1724 pg/ m? on 30 March and around 599 ug/ m3 in Qingdao and Dalian on 31 March,
respectively (Figure 7). Concentrations fluctuated under 400 pug/m? at the other stations during the
study period.
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Figure 7. Time series variations of dust concentration of PMj at stations in China.

3.2.3. Dust Concentrations of PMjy in Downwind Areas

South Korea: Maximum values of hourly mean dust concentrations of PMjy were between
225-266 pg/m? in Jeju, Incheon, and Cheongju on 31 March and varied from 147 to 182 ug/m3 at the
other stations between 31 March and 2 April 2012 (Figure 8).
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Figure 8. Time series variations of dust concentration of PMj at stations in Korea.

Japan: Dust concentrations of PM;jy were higher at Hedo station (compared to all of the other
stations), which is located on the north side of the island of Okinawa, Japan. Hourly mean dust
concentrations of PMjy were higher, between 104-207 pg/m3, at Hedo station from 31 March
to 1 April 2012 (Figure 9). Concentrations increased at Banryu station in Yamaguchi Prefecture
in northwest Japan and in Yusuhara station in Ehime Prefecture, Japan during the same days.
Hourly mean dust concentrations of PMjg increased slightly to 100 pg/m? at the other stations
in Japan on 2 April (Figure 9). Dust concentrations of PM;g near the surface were higher in the source
area during the dust storm period and decreased in the downwind areas.
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Figure 9. Time series variations of dust concentration of PMj at stations in Japan.

3.2.4. Vertical Distribution of Dust by LIDAR Measurements and Transport Trajectories

Dust vertical spread was measured by LIDAR in Mongolia, Korea and Japan during the dust storm
period. Figure 10 shows time-height indications of extinction coefficients of non-spherical aerosols
(mostly mineral dust) and spherical aerosol (mostly anthropogenic particles) derived from LiDAR
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measurements [61,62]. LIDAR measurements show that the soil dust (upper panel) that was recorded
at Sainshand between March 28-29 (Figure 10a) and at Seoul and Hedo stations from 10 March to
1 April 2012 (see Figure 10a—c).
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Figure 10. The Mie LiDAR extinction coefficients of non-spherical aerosol (dust) and spherical aerosol
in (a) Sainshand, (b) Seoul, and (c) Hedo from 28 March to 2 April 2012 (Note: Time (UTC) in the
horizontal axis and height in the vertical axis. The black circles indicate suspected dust observation).
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The heights of dust vertical spread were around 0.7 km in Sainshand,
between 28-29 March 2012 (see Figure 10a) and around 1.2 km in Seoul, Korea (see Figure 10b) and
around 1.5 km around Hedo (Figure 10c), Japan between 31 March and 2 April, respectively.

In this study, we have aimed to understand the natural soil dust events. However, anthropogenic dust
or air pollution can be detected by LiDAR observations, which may need to be differentiated.
Anthropogenic dust or air pollution (spherical particles) was detected by LiDAR at up to 800 m at
the Sainshand and Hedo stations every day from 27 March to 2 April 2012 (Figure 10a), while it was
detected up to 1.5 km high at Seoul station from 27 March to 30 March 2012 (Figure 10b).

LiDAR measurements showed that the vertical diffusion of dust in the atmosphere was lower
in the source area during the dust storm period and increased with distance in the downwind
areas. PMjg concentration sources originated in Mongolia, which we confirmed with the NOAA
HYSPLIT model.

3.2.5. Dust Transport by Air Mass Trajectories

Forward and backward trajectories from the NOAA HYSPLIT model were used for air mass
movements in Northeast Asia during the dust storm period from 29 March to 2 April 2012
(Figure 11). To create the trajectories, we set the geographical coordinates of four stations in Northeast
Asia including Zamyn-Uud, Hohhot, Seoul, and Hedo. A forward trajectory from Zamyn-uud,
Mongolia ending at 00:00 UTC on 30 March and backward trajectories from Hohhot ending at
00:00 UTC on 31 March and Seoul and Hedo ending at 00:00 UTC on 1 April 2012 were created
at heights of 1500 m, 2000 m, and 2500 m, respectively (Figure 11).

NOAA HYSPLIT MODEL ~ NOAA HYSPLIT MODEL
Forward trajectories starting at 0000 UTC 30 Mar 12 Backward trajectories ending at 0000 UTC 31 Mar 12
GDAS Meteorological Data GDAS Meteorological Data

Source » at 43.72N 111,90 E
Source » at 4048 N 111.39E

Meters AGL
Meters AGL

06 12 18 00 06 12 18 00

Job ID: 14529 Job Start: Sun Oct 21 07:22-10 UTC 2018
Source 1lat:43.72 lon 111.90 hgts: 1500, 2000, 2500 m AGL

Tra;eclo(% Direction: Forward  Duration: 48 hrs
Vertical Motion Calculation Method: _ Model Vertical Velocity /i lodel Vertical Velocity
Meteorology: 0000Z 29 Mar 2012 - GDAS1

@) (b)

Figure 11. Forward and backward air mass trajectories using the NOAA HYSPLIT model: (a) forward
from Zamyn-Uud, Mongolia, (b) backward from Hohhot, China, (c¢) backward from Seoul, Korea,
and (d) backward from Hedo, Japan.
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Figure 11. Cont.

The air mass movements at these heights mainly confirm the far transfer of air mass impurities at
regional and global scales [63].

In addition, the average heights of dust layers during the dust storm event were around 2.2 km at
Zamyn-Uud and 2.0 km at Sainshand [64]. Trajectories had a window of 48 h.

The episode of forward trajectories of air mass movement from Zamyn-Uud,
Mongolia (30 March 2012) is presented (Figure 11a) for illustration. Apparently, from Figure 11,
air mass from the Mongolian Gobi desert passed over the eastern territories of China, the Korean
Peninsula, and Japan.

The results of the calculation of air mass backward trajectories show air mass transported from the
Gobi desert areas in southern Mongolia and in northern China to the eastern parts of China, the Korea
peninsula, and Japan (Figure 11b—d). These trajectories of air mass confirmed that dust was transported
from the source areas downwind through Northeast Asia.

3.2.6. Discussion

The NOAA HYSPLIT model was used to analyze the air mass movements that moved from Russia
to Mongolia on 30 March, 2012 and then traveled through southern to eastern Mongolia, eastern China,
and the Korean Peninsula on 1 April, 2012 and then through Japan to the Pacific Ocean (Figure 11).

The Sainshand station between 28-29 March, 2012; Seoul station on 31 March, 2012 and the
Hedo station on 1 April, 2012 all had dust movement that were observed by LiDAR measurements.
We analyzed each station’s dust transportation by NOAA HYSPLIT.

The Hedo station’s PMjg concentration was the highest value to come from Mongolia, as shown
in Figure 11a. Along with the Hedo station’s backward trajectory, PMjq concentrations were observed
higher than the 150 jig/m?3 value at the Hohhot and Qingdao stations.

Although there were observations of some fluctuations of dust concentration at Datong station,
which is situated 150 km from Hohhot, and Yanan station which is located 513 km from Hohhot,
those values only slightly exceeded the 150pg/m? standard value.

At the Seoul station, dust movement was observed higher than the 100 pug/m3 standard value
from the northwest as it moved through the Chifeng station.

The highest dust fluctuation has been observed at the Incheon station, which is located 33 km
from the Seoul station. Also, a low increase of dust concentration, 90 pug/ m? of the standard value,
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was observed at the Banryu station, which is located 544 km from the Seoul station. That increase
was slightly more than the country standard value. Dust movements were observed at Tappi station,
which is located 1273 km from the Seoul station, and at Sado-Seki station, which is situated 1003 km
from the Seoul station, respectively; however, these values did not differ from regular meanings.

The PMj( concentration maximum value in Mongolia was 404 ug/ m> on 28 March 2012,
while 999 pig/m® was observed in China, respectively. In Korea, the PM concentration maximum
value was observed on 30-31 March, 2012 as 266 pg/m3. Lastly the Mongolian Gobi area’s dust
storm was active as it moved to Japan on 1 April, 2012 with a PM;y concentration maximum value
of 212 ug/ m3.

4. Conclusions

An Asian dust event occurring from 28 March to 2 April 2012 was analyzed by ground
observations of PMy, dust vertical spread by AD-Net LiDAR measurements, and dust transport by air
mass trajectories using the NOAA HYSPLIT model. The main results are summarized as follows:

1.  The climatological data of dusty days showed that only the number of dusty days at Zamyn-Uud,
Mongolia had an increasing trend.

2. Alow-pressure system and its cold front resulted in strong winds that transported dust from
the source area across Northeast Asia at the end of March and the beginning of April 2012.
The dust storm also created an increase in PMj particles in the dust source area, as well as in the
downwind areas. Dust concentrations of PM1g near the surface were higher in the source areas of
the Gobi desert in Mongolia and China, and less in the downwind areas during transport, such as
in Korea and Japan.

3. LiDAR measurements showed that dust vertical diffusion in the atmosphere was lower in the
source area during the dust storm period, and increased in the downwind areas, especially when
transported across far distances.

4. The trajectories of air mass confirmed that dust can be transported from the dust source areas in
Mongolia and China to the Korean Peninsula and Japan.
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