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Abstract: Dust storm disasters have emerged as a significant environmental challenge in East Asia.
However, relying on a single monitoring method to track dust storms presents limitations and can be
variable. Therefore, it is necessary to use a combination of ground and remote sensing monitoring
methods to explore the source and impact range of dust storms in order to fully characterize them.
To achieve this, we examined the sources and impact ranges of dust storms in East Asia from 1980
to 2020 using both ground station data and remote sensing data. In addition, we focused on three
specific dust storm events in the region. Our results indicate that the central source areas of dust
storms are located in southern Mongolia and the Taklamakan Desert in China. Dust storms are mainly
transported and spread in the northwestern region, while they are relatively rare in the southeastern
region. The HYSPLIT model simulations reveal that the primary source directions of dust storms
in East Asia are northwest, west, and north, the region involved includes Kazakhstan, southern
Mongolia, and the Taklimakan Desert in China. The vertical structure of the dust storm layer depends
on the source of the dust storm and the intensity of the dust storm event. Dust grain stratification
probably occurs due to differences in dust storm sources, grain size, and regularity. These findings
demonstrate that a combination of ground-based and remote sensing monitoring methods is an
effective approach to fully characterize dust storms and can provide more comprehensive information
for dust storm studies.

Keywords: dust storms; dust aerosols; transport; vertical structure; China

1. Introduction

Dust storms are a weather phenomenon that predominantly occurs during spring
(March, April, and May) in arid regions [1,2]. Dust storms in East Asia primarily origi-
nate from the Gobi desert and arid regions located in southern Mongolia and northern
China [3,4]. These regions are characterized by dry and strong wind conditions, which al-
low the surface dust particles to be easily picked up by the wind and transported eastward
to East Asia with the airflow [5]. Research has demonstrated that the occurrence of dust
storms usually arises from strong winds, extreme weather, and appropriate dust source
conditions. Several studies have confirmed the harmful effects of this weather phenomenon,
dust aerosols not only negatively impact local environmental quality and visibility, but also
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cause significant damage to socioeconomic factors and human health [6,7]. Dust storms
play a crucial role in geochemical cycles. Dust aerosols can rise to the upper troposphere
and be transported to the Pacific Ocean and beyond via the westerly wind belt [8]. These
dust aerosols play a critical role in biogeochemical cycling among terrestrial, atmospheric,
and oceanic systems, with significant effects on the regional long-term radiation balance,
long-term impacts on global climate and ecosystems, and possibly even the global carbon
cycle [9–11]. In today’s world of urban expansion and human activities, we are confronted
with a plethora of environmental problems and challenges [12–14]. Therefore, an in-depth
investigation of dust storms in East Asia is vital for comprehending global ecological
changes, understanding carbon cycle mechanisms, and formulating related policies.

Dust storm monitoring is a crucial task in the current meteorological field, since the
formation, location, emission activities, and physicochemical properties of dust are closely
related to meteorological conditions and source area characteristics [15–17]. Knowledge
of this information can help in developing more effective dust control strategies to reduce
the impact on the environment and human health. Thus, various operational methods are
required to determine the dust source and its trajectory. Commonly used monitoring meth-
ods include surface meteorological station analysis and sample-based surveys of physical
and chemical properties. Surface weather station analysis can collect data on meteorology,
air pollution, and visibility, which help researchers analyze the location, generation period,
transmission direction, and size of the dust source [18]. Ground monitoring stations can
also help validate and calibrate satellite remote sensing data [19,20]. Another approach is
sampling-based surveys of physical and chemical properties, which involve performing
chemical composition and speciation analysis of dust samples to determine the type and
composition of dust sources [21]. Although this method requires a lengthy sampling and
analysis process and is costly, it can provide detailed information about the dust source.
However, due to the limitations of manpower, material, and financial resources, real-time
monitoring, and statistics of dust storms, especially those originating in remote desert areas,
are difficult to achieve using these monitoring methods. Building large-scale, high-density
ground stations for dust storm monitoring is also challenging. Consequently, weather
station monitoring has limitations that hinder the monitoring, analysis, and forecasting
of the formation, movement, and deposition of large-scale dust storms [22]. In contrast,
satellite remote sensing can monitor regional dust transmission in real time, providing
abundant data for the study of dust sources and transmission processes. Satellite remote
sensing techniques can also provide global-scale observations that allow the study of re-
gional differences and global contributions of dust sources. Combining satellite remote
sensing data with ground observations can improve the reliability and accuracy of dust
source analysis [23,24]. The Lagrange inverse trajectory is a prevalent method for analyzing
dust transport trajectory in the atmosphere. This technique allows us to track the trajectory
of dust particles and obtain valuable information regarding the location of dust sources,
their transport paths, and transport times [25]. By combining ground and satellite data
with simulation models, this method offers a more comprehensive understanding of dust
sources, transport pathways, and magnitudes than relying on one method alone.

The development and improvement of satellite remote sensing technology has become
a critical tool in current climate research. Among these tools, methods for monitoring
dust weather have undergone significant improvements [26,27]. These advancements have
enabled researchers to identify and study the optical parameters of dust storms more
accurately. However, its techniques still have limitations when monitoring the vertical
distribution characteristics of dust storms. In recent years, the Cloud Aerosol LiDAR
and Infrared Probe Satellite (CALIPSO) have been successfully launched, providing an
opportunity to identify dust aerosols and obtain their vertical distribution characteristics
due to their advantages of active detection and recession monitoring [28,29]. The LiDAR
on the Cloud-Aerosol LiDAR and Infrared Pathfinder Satellite Observations (CALIPSO)
mission, makes robust measurements of dust and has generated a record that is significant
both seasonally and inter-annually [30]. By exploiting this record, the properties of dust
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emanating from different dust storm hotspots were determined in the Middle East [31].
Therefore, CALIPSO boasts promising application prospects and will play an increasingly
critical role in the future in dust storm monitoring and early warning. Meanwhile, due
to the diverse and complex nature of dust storms, an exclusive monitoring tool provides
limited capabilities, leading to a partial depiction of dust targets. This paper explores
the source and impact range of dust storms in East Asia and focuses on determining the
geographical sources, transport trajectories, and vertical dust distribution. This is achieved
through a combination of ground and satellite observations and HYSPLIT model simula-
tions, enabling the complementary advantages among different observation methods to be
realized. This information provides an opportunity to achieve improved comprehension
of the distribution of dust in East Asia, as well as the long-range transport of dust storms
throughout the region. Findings to help prevent dust disasters and mitigate their negative
effects will be presented, providing a reliable scientific foundation for practical guidelines
that aim to safeguard and reinforce human settlements.

2. Materials and Methodology
2.1. Study Area

East Asia is a geographical region in eastern Asia and the west coast of the Pacific
Ocean, and consists of five countries: China, Mongolia, North Korea, South Korea and
Japan. The region covers a total area of about 12 million square kilometers, with a gradual
decline in terrain from west to east, making it the most typical monsoon climate region in
the world. In the East Asian continent, desert areas are mainly located in the arid and semi-
arid regions of northern China bordering Mongolia (Figure 1). The common characteristics
of these regions are dry climate, strong wind, low precipitation, sparse surface vegetation
cover, and strong physical weathering of the land surface [32,33]. Specifically, the deserts
in northern China include the Taklimakan Desert, Badain Jaran Desert, Tengger Desert,
and Otindag Sandy Land, etc. These desert regions are huge in size and have a significant
impact on the climate and ecological environment of the surrounding areas [34,35].
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2.2. Surface Synoptic Observation (SYNOP) Data

In this study, data were extracted on dust events from the dust reports of 259 Surface
Synoptic Observation (SYNOP) ground stations covering the period 1980 to 2020. Of these
stations, 219 are located in China, while the remaining 40 are in Mongolia. The definition of
present weather, with codes ranging from 00 to 99, is based on the WMO code Table 4677 in
the SYNOP report [36,37]. This table describes dust storms as dust outbreaks, DO (ww = 07;
08; 09; 30 . . . 35; 98, dust in the production phase). Dust outbreaks include blowing dust,
BD (ww = 07 and 08, moderate dust storm), which is defined as weak dust outbreaks, and
dust storms, DS (ww = 09, 30–35, and 98, severe dust storm), which are defined as severe
dust outbreaks.

2.3. CALIPSO Data

The data on atmospheric aerosols was obtained from the Atmospheric Science Data
Center (ASDC) at the NASA Langley Research Center [1], using the Cloud-Aerosol LiDAR
and Infrared Pathfinder Satellite Observations (CALIPSO). This vertical information became
available at the turn of the 21st century, owing to the Cloud-Aerosol LiDAR with Orthogonal
Polarization (CA-LIOP) instrument installed on board the CALIPSO LiDAR. Since June
2006 [38], this instrument has provided high-quality measurements of vertical aerosol
profiles at 532 and 1064 nm near nadir in both daylight and at nighttime, globally [37].
The CALIPSO satellite is equipped with a LiDAR altimeter and a multi-channel optical
imager, enabling it to detect and measure atmospheric aerosols, clouds, and the ground
with high resolution.

The main variables of interest for the CALIPSO level 1 product are the total attenuated
backscatter coefficients at 532 and 1064 nm, and the vertical polarization component of the
532 nm attenuated backscatter coefficient containing half an orbit (day/night) [39]. The
CALIPSO level 2 aerosol products consist of Layer (ALay), Profile (APro), and Vertical
Feature (VFM) [40]. ALay products enable the investigation of the distribution character-
istics of atmospheric aerosols. APro products provide the vertical distribution of aerosol
extinction coefficients in satellite orbit, a critical parameter for calculating aerosol radia-
tion effects. VFM products offer vertical and horizontal cloud and aerosol distribution
information, including cloud and aerosol types and locations, this analysis also enables the
categorization of aerosols at each height level in the atmosphere, which can be classified into
six distinctive types: clean marine, dust, continental polluted, continental clean, polluted
dust, and smoke [3]. The CALIPSO data’s vertical and horizontal resolution vary with
altitude. For altitudes ranging from −0.5 to 8.2 km, the downlinked-sampling resolution
for 532 nm data is 30 m vertically and 1/3 km horizontally, while for 1064 nm data, it is
60 m vertically and 1/3 km horizontally. For altitudes of 8.2–20.2 km, the vertical and
horizontal resolutions for 532 nm and 1064 nm data are 60 m and 1 km, respectively. The
vertical spatial resolution of Level-2-layer products is 60 m below 20.2 km and 180 m above
20.2 km, and the horizontal spatial resolution is 5 km.

2.4. NCEP Global Dataset

The National Centers of Environmental Prediction (NCEP) reanalysis dataset is a
global atmospheric reanalysis dataset that is based on a large number of observational
data and model simulation results [41]. Utilizing data assimilation technology, it obtains
global atmospheric field data with high spatial and temporal resolution. This dataset can
be utilized as driving data for the HYSPLIT model, which can calculate the backward
trajectory of aerosols and determine the location and time of atmospheric pollutant sources
with a horizontal resolution of 2.5◦ [42].

2.5. Methods
2.5.1. Spatial and Temporal Distribution

DO, which encompasses BD and DS, is defined as the occurrence of blowing dust
and/or a dust storm being observed at a single station within a 24-h period, as reported in
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the SYNOP reports with a count of either “0” or “1”. The DO/BD/DS data spanning from
1978 to 2018 were obtained from the SYNOP reports of all 270 stations, comprising a total
of 14,975 observations (days).

The frequency of dust outbreaks (DOF, including BDF and DSF) refers to the percent-
age of total dust outbreaks in relation to the total number of observations in a given region
and period [36,43,44]. The trends of DO/BD/DS are investigated by ordinary least squares
(OLS) regression and examined by Student’s t-test for statistical significance [35].

2.5.2. Clustering Analysis in Moving Path

The HYSPLIT model is a widely used simulation tool for calculating and analyzing
the transport and dispersion trajectories of atmospheric pollutants. HYSPLIT (Hybrid
Single-Particle Lagrange Integrated Trajectory Model) is a commonly used backward
trajectory model that simulates the trajectory of aerosols, gases, and other substances
in the atmosphere, facilitating the study of air pollution, radiation transfer, and related
issues [45]. To calculate backward trajectory using the HYSPLIT model, atmospheric
field data must be input as the driving force of the model. This process helps trace the
source and transmission path of dust sources and gaseous pollutants, which is valuable
for environmental monitoring and emergency response efforts. The HYSPLIT model has
been widely employed in studying the transport and dispersion of various pollutants in
different regions [46,47]. It combines Lagrange and Eulerian methods to handle multiple
meteorological input fields, physical processes, and emission sources [48].

To identify the movement paths of dust storms in the study area from 1980 to 2020, we
selected four representative locations known for the occurrence of dust storms—Guaizihu in
Inner Mongolia (NO. 52378), Tikanlik in Xinjiang (NO. 51765), Erlianhot in Inner Mongolia
(NO. 53068), and Beijing (NO. 54511), with meteorological stations located on major dust
storm transmission paths—as starting points. The HYSPLIT model was used to simulate
the trajectory of the inverse airflow at 3000 m height for 72 h for each dust storm event
occurrence from March to May of each year from 1980 to 2020, drawing from previous
research [42,49,50]. We used the TrajStat module in the MeteoInfo package (http://www.
meteothinker.com/TrajStatProduct.aspx, accessed on 1 May 2023) to cluster the trajectories
of all dust trajectories and calculated the overall clustering paths of the study area [51].

2.5.3. Vertical Distribution of Dust Aerosols

In this study, we utilized satellite measurements from CALIPSO to identify dust
aerosols. The measurements include the attenuated backscatter coefficient, volume de-
polarization ratio, and color ratio. The total attenuation backscatter at a wavelength of
532 nm is a crucial parameter for determining aerosol properties and reflects the intensity
of particle backscatter extinction. The backscattering coefficient is defined as the ratio
of the backscattering cross-section to the incident extinction cross-section. Thus, higher
values indicate greater scattering ability of the particle, whereas lower values indicate
lower scattering ability [29,38]. The volume depolarization ratio, which is the ratio of the
perpendicular to parallel components of the attenuated backscatter at 532 nm, provides
insights into the irregularity of particles in the atmosphere. Larger depolarization ratios
indicate greater irregularity in particle shape [28]. The depolarization ratio is calculated
using the following formula:

δµ(z) =
β
′
532⊥(z)

β
′
532‖(z)

(1)

where δµ(z) is the depolarization ratio, β
′
532⊥(z) is the backscattering coefficient in the

vertical direction of 532 nm, and β
′
532‖(z) is the backscattering coefficient in the horizontal

direction of 532 nm.
Additionally, the total attenuation backscattering coefficients ratio at wavelengths of

532 nm and 1064 nm can be used to calculate the color ratio, which reflects the aerosol

http://www.meteothinker.com/TrajStatProduct.aspx
http://www.meteothinker.com/TrajStatProduct.aspx
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particle size. A larger color ratio indicates a larger particle size [40]. The color ratio is
calculated as follows:

x(z) =
β
′
1064(z)

β
′
532total(z)

(2)

where x(z) is the color ratio, β
′
1064(z) is the 1064 nm backscattering coefficient, and β

′
532total(z)

is the 532 nm total backscattering coefficient.

3. Results and Analysis
3.1. Distribution Characteristics of Dust Storms

According to the dust reports collected from 259 SYNOP meteorological stations
between 1980 and 2020, a total of 70,453 DO were documented, comprising 45,324 instances
of BD (accounting for 64.01% of all events) and 25,129 instances of DS (accounting for
35.99% of all events). The reports were based on 14,975 days of observation.

Stations with higher DOF tend to be concentrated in the arid and semiarid areas,
such as the Gobi Desert, the Tengger Desert, the Taklimakan Desert, the Kumtag Desert,
and the Badain Jaran Desert, as shown in Figure 2a, which is consistent with previous
research [15,32]. Furthermore, the distribution of BDF displays a pattern like that of DOF,
as shown in Figure 2b. Evidently, stations with higher DSF are also mainly located in
Mongolia, as shown in Figure 2c.
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Figure 2. Spatial and temporal distribution of dust outbreaks.

The majority of stations display a declining trend in all regions for DO, with a few
exceptions in Mongolia (Western and Eastern), as illustrated in Figure 3a. For BD, while
there is a general decreasing trend, stations with an upward trend are distinguishable,
such as a few scattered cases in northern regions in China and numerous cases spread
widely in the northern and western regions in Mongolia, as depicted in Figure 3b. However,
increasing trends of SD can also be pinpointed at some stations located in Mongolia,
especially in western and eastern Mongolia, as shown in Figure 3c.

In summary, the stations with increasing trends are located throughout most of Mon-
golia, with a few scattered in the Taklamakan Desert, the Hexi Corridor, the northern part
of the lower Yellow River, and northeastern China, which lie on the prevailing transport
routes of the advance of East Asian dust storms from northwest to southeast.

3.2. Dust Storm Trajectory Analysis

To investigate the sources and transport paths of dust particles in different dust storm
events, a cluster analysis of total dust airflow was conducted from March to May between
1980 and 2020 at four typical meteorological stations in northern and northwestern China:
Guaizihu, Tikanlik, Erlianhot, and Beijing (Figure 4). Reverse airflow trajectories were
used to identify significant differences in the sources and transmission paths of dust and
dust storm airflow at different meteorological stations. At Guaizihu station (located in the
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southeast of Ejina County in Inner Mongolia), 155 dust storm air mass trajectories were
clustered into four main paths. Of these, 25.82% of the dust originated mainly from the
Moinkum Desert in southern Kazakhstan, 31.13% from eastern Kazakhstan, 16.56% from
the northwestern Kazakhstan airflow, and 26.49% from the Taklamakan Desert region.
At Tikanlik station (located in Ruoqiang County, Bayingoleng Mongolian Autonomous
Prefecture, Xinjiang Uygur Autonomous Region), 119 dust storm air mass trajectories were
clustered into three main paths, with 26.89% of the flow coming from the Kyzylkum Desert
in southern Kazakhstan adjacent to Uzbekistan, 46.22% from southern Kazakhstan, 6.72%
from northern Kazakhstan, and 20.17% from the western Taklamakan Desert region. At
Erlianhot Station (located on the northwestern edge of Xilin Gol League in Inner Mongolia,
bordering Mongolia to the north), a total of 78 dust storm air mass trajectories were clustered
into three main paths, with the flow direction mainly originating from the northwest.
Specifically, 39.74% of the airflow came from Kazakhstan, 29.49% from the upwind area of
central and western Mongolia within Russia, and 30.77% originated from the border line
between Mongolia and northern China. Conversely, at the Beijing station (the capital of
China), the number of dust storms was low, and the airflow mainly originated from the
territory of Kazakhstan, Mongolia, and the upwind of Mongolia in Russia to the north of
China. Analysis of the air mass trajectories of 12 dust storms yielded three main paths,
where 41.43% of the dust storm came mainly from the territory of Mongolia, while 38.49%
and 20.08% of the dust storm originated from Russia. The HYSPLIT model simulations
reveal that the primary source directions of dust storms in East Asia are northwest, west,
and north, results are similar to those of previous studies [3,4,52]. The region involved
includes Kazakhstan, southern Mongolia, and the Taklamakan Desert in China. These
findings provide insights into the causes and development trends of dust storm events in
northern and northwestern China, which could be helpful for relevant authorities to take
measures to mitigate the impacts of dust storms on humans and the environment.
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trends of DO and red triangles represent increasing trends of DO. Only trends with a statistical
significance >95% are presented using colors.

3.3. Microphysical Properties of Dust Aerosols

Understanding the vertical profiles of dust aerosols is crucial, as they impact radiative
effects, heating rates, and atmospheric stability [3,38]. In this study, we chose the paths
of three satellite orbits from three dust storm events that span dust sources. Through the
observation and analysis of these dust storm events, we aim to gain a better understanding
of the vertical and spatial distribution of dust aerosols, providing more accurate data and
methods for studying climate change and environmental pollution. The satellite orbital
paths of the three dust storm events are as follows: (1) On 5 May 2015, at 20:00 UTC, the
orbit passed through Mongolia, northern Gansu Province, central and southern Qinghai
Province located on the Tibetan Plateau, crossing large dust sources such as the Gobi Desert
and the Qaidam Basin Desert, as illustrated in Figures 5 and 6; (2) On 12 April 2018, at
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05:00 UTC, the satellite orbit passed through Mongolia East and Inner Mongolia, and
continued southward, as depicted in Figures 7 and 8; (3) On 15 March 2021, at 19:00 UTC,
the trajectory passed through dust source regions such as the Gobi Desert, Tengger Desert,
and then through Ningxia Province, Sichuan Province, and Yunnan Province, as presented
in Figures 9 and 10.
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orbital paths of the three dust storm events are as follows: (1) On 5 May 2015, at 20:00 

UTC, the orbit passed through Mongolia, northern Gansu Province, central and southern 

Qinghai Province located on the Tibetan Plateau, crossing large dust sources such as the 

Gobi Desert and the Qaidam Basin Desert, as illustrated in Figures 5 and 6; (2) On 12 April 

2018, at 05:00 UTC, the satellite orbit passed through Mongolia East and Inner Mongolia, 

and continued southward, as depicted in Figures 7 and 8; (3) On 15 March 2021, at 19:00 

UTC, the trajectory passed through dust source regions such as the Gobi Desert, Tengger 

Figure 4. Seventy-two hours of backward trajectory (a,c,e,g) and trajectory clustering (b,d,f,h) of dust
storms. The light yellow line indicates the airflow backward trajectory of each dust storms, purple,
red, green, blue for clustering results.

3.3.1. Dust Storm on 5 May 2015

On 5 May 2015, a dust storm incident took place in Yumen town, Gansu Province. By
simulating the dust storm’s trajectory for 72 h backwards from Yumen, located at 40.26◦N
and 97.03◦E, at altitudes of 1000, 2000, and 3000 m, it was discovered that the dust storm’s
path had a western bias. This dust storm had a significant impact on northwestern and
northern China, and at times, it also affected the western and southern regions of the
northeastern part of the country (Figure 5).
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Figure 5. HYSPLIT simulation of dust transport path on May 5, 2015, and dust events station
monitored, including flowing dust (FD), blowing dust (BD), and dust storm (DS). The red square is
Yumen station.

The dust storm was mainly distributed within a range of 1–10 km, with some polluting
dust particles present between 3 and 7 km (Figure 6a). At mid latitudes, the color ratios were
mainly within 4–8 km, while at low latitudes, the color ratios were primarily concentrated
in the range of 10–12 km. Dust particles with larger particle size biases were present above
elevations of 4 km (Figure 6b). The depolarization ratios were generally high within the
2–4 km range. It is worth noting that the highest depolarization ratios values with a high
degree of particle irregularity were in the range of 8–12 km at low latitudes (Figure 6c).
Within the border region between southwest Mongolia and western Inner Mongolia, the
total attenuation backscattering coefficient of 532 nm was distributed between 0.001 and
0.0045 km−1·sr−1 within the height range of 4–8 km. In the Taklamakan Desert, high values
of the total attenuation backscattering coefficient existed within the height range of 3–5 km.
In conclusion, it was discovered that a significant number of dust-type aerosols were present
in the 3–5 km altitude range within the border between western Mongolia and western Inner
Mongolia, which is consistent with the results of previous studies [38]. These aerosols are
irregular in shape and large in particle size, which is consistent with the actual situation.
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and (d) Total attenuated backscatter coefficient in 532 nm channel (Unit: km−1 ·sr−1).
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3.3.2. Dust Storm on 12 April 2018

On April 12, 2018, a dust storm hit Erlianhot, Inner Mongolia. The storm trajectory was
simulated for 72 h, with Erlian (43.65◦N, 112◦E) as the reference point, and three different
simulated heights (1000 m, 2000 m, and 3000 m) were used to create Figure 7. This dust
storm movement was in a northwest direction, and it primarily impacted Inner Mongolia,
North China, as well as the western and southern regions of Northeast China.
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Figure 7. HYSPLIT simulation of dust transport path on 12 April 2018, and dust events monitored at the station,
including flowing dust (FD), blowing dust (BD), and dust storm (DS). The red square is Erlianhot station.

The dust storm was mainly concentrated within the 1–12 km range. A few polluted
dust particles were detected at 3 km near the ground in the Beijing–Tianjin–Hebei region,
as well as at an altitude of 10 km in the easternmost part of Mongolia (Figure 8a). The color
ratios were more prominent at 4 km and 10 km at low and mid latitudes, while they were
less significant at high latitudes (Figure 8b). The depolarization ratio values were generally
high and ranged from 10–12 km at low and mid latitudes, with a high degree of particle
irregularity (Figure 8c). The total attenuation backscattering coefficient of 532 nm near the
ground and at a height of 10 km was distributed between 0.0015 and 0.0045 km−1·sr−1 in the
range of Inner Mongolia and Beijing–Tianjin–Hebei. The total attenuation backscattering
coefficient attained the highest value in the Inner Mongolia region (Figure 8d). In conclusion,
it is evident that the eastern part of Mongolia, which borders Inner Mongolia, is home to
a large number of sandy dust-type aerosols with irregular shapes and significant particle
sizes. This observation aligns with the real situation.
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Figure 8. On 12 April 2018, at 5:00 UTC, CALIPSO satellite 532 nm total attenuation backscatter coefficient,
depolarization ratio, color ratio vertical profile and running trajectory. (a) Aerosol classification, the red
line is satellite orbital paths of the dust storm events; (b) attenuated radar color ratio; (c) polarization ratio
and (d) Total attenuated backscatter coefficient in 532 nm channel (Unit: km−1 . . . sr−1).
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3.3.3. Dust Storm on 15 March 2021

On 15 March 2021, a dust storm took place in Guaizihu, Alxa league, Inner Mongolia.
To trace its trajectory, we simulated the movement backward for 72 h using Guaizihu
(41.37◦N, 102.37◦E) as the reference point. The simulation included three heights: 1000,
2000, and 3000 m (Figure 9). The dust movement followed two paths, northwest and
westward, and impacted most regions of northwest, Inner Mongolia, and north China.
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Figure 9. HYSPLIT simulation of dust transport path on 15 March 2021, and dust events monitored at the
station, including flowing dust (FD), blowing dust (BD), and dust storm (DS). The red square is Guaizihu station.

The resulting dust movement had two paths: a northwest path and a westward path.
The areas affected were primarily located in northwest, Inner Mongolia, and northern
China. The dust storm primarily affected the 1–10 km range, with clear dust particles
observed at mid-latitudes. A few polluting dust particles were observed at heights below
5 km near the ground and at 10 km aloft at mid-latitudes (Figure 10a). At high and low
latitudes, there were two distinct distributions of color ratios: high latitudes at 8–10 km aloft
and more distinct color ratios at mid and low latitudes in the 2–5 km range (Figure 10b).
The depolarization ratio had similarly high values in the 2 km range near the ground, as
well as at heights of 10 km at low and mid latitudes (Figure 10c). The total attenuation
backscattering coefficient of 532 nm was distributed between 0.0015 and 0.0045 km−1·sr−1

at a height of 2–4 km near the ground in southern Mongolia and Inner Mongolia at mid-
latitudes. The highest value of the total attenuation backscattering coefficient was found in
Inner Mongolia (Figure 10d). In summary, the southern part of Mongolia bordering Inner
Mongolia was heavily impacted by a large number of dust-type aerosols with irregular
shapes and large particle sizes, consistent with the actual situation.
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Figure 10. On 15 March 2021, at 5:00 UTC, CALIPSO satellite 532 nm total attenuation backscatter coeffi-
cient, depolarization ratio, color ratio vertical profile and running trajectory. (a) Aerosol classification, the
red line is satellite orbital paths of the dust storm events; (b) attenuated radar color ratio; (c) polarization
ratio and (d) Total attenuated backscatter coefficient in 532 nm channel (Unit: km−1 . . . sr−1).
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4. Discussion
4.1. Impact Range and Trajectory of Dust Storms

Dust weather is a natural phenomenon that results from the interaction between
specific desert ecosystems and meteorological conditions [53]. Studies have indicated that
the potential dust source areas of dust storms are primarily concentrated in the arid regions
of the study area, due to the extremely low precipitation and vegetation coverage, dry
climate, and frequent strong winds, which provide an abundance of dust particles [54].
The two main factors affecting dust storms are dust sources and strong winds, with the
former being the root cause of dust storms. Dust sources are usually characterized by
processes like wind erosion and soil erosion in desert areas, and these may also be the
result of human activities [21,55]. Earlier research has shown that the Siberian High plays
a crucial role in the long-distance transport of dust particles in Asia. Changes in the
Siberian high-pressure system and the strength of westerly winds can directly affect wind
speed, which can then influence the outbreak of dust storms in northern China [18,56,57].
For instance, Roe [58] believed that the northward propagation of low-latitude heat in
spring disrupted the Siberian high-pressure system and caused atmospheric disturbances
that provided necessary dynamic conditions for the transmission of dust storms. The
description of DOF (Figure 2) implies that dust storms can affect a large area of northern
China. However, the eastern and southern regions of the study area have a more humid
climate, and the soil moisture is higher due to spring snowmelt compared to in the northern
desert regions [2,59]. The vegetation growing season is also longer in these areas compared
to the northwest and northern inland arid regions [60]. Therefore, in these regions, the
occurrence of dust storms can be effectively controlled by appropriate land management
practices and scientific land use.

Previous research has indicated that the desertification trend in Mongolia is expanding
northward [61,62]. Our analysis of DO/BD/DS data over the past 40 years reveals that
the frequency of dust storms in northern Mongolia has been increasing (Figure 3). Deser-
tification is closely associated with both climate change and human activities [32,59,63].
Numerous studies have reported that excessive grazing, oil extraction, and global warming-
induced drought are causing vegetation decline and an expansion of the desertification
zone in northern Mongolia [33]. These factors have significantly contributed to the observed
increase in the frequency of dust storms. Therefore, implementing more stringent ecologi-
cal protection measures and limiting human activities in northern Mongolia is crucial to
mitigating the issue of dust storms in this area.

According to the results of the multi-year post-term trajectory model simulations
conducted on the four selected locations, we found that there are three primary paths of
dust movement in East Asia: the northwest, west, and north paths (Figure 4). The transport
direction of these paths is mainly from northwest to southeast, and affects the surrounding
areas, which is consistent with previous research findings [38,49]. However, over the past
40 years, the number of dust storms in the southeast of the study area, such as the Beijing
area, has decreased due to the weakening of airflow intensity over time. This may be
due to the decrease in the temperature difference and temperature gradient between land
and sea in the winter half of the year because of global warming in the late 1980s, the
weakening of the Siberian high-pressure system and the westerly wind, and a decrease
in average wind speed [64]. Recent measures adopted by the Chinese government, such
as implementing desertification control, controlling overgrazing, strengthening grassland
construction, and carrying out artificial rainfall enhancement have effectively reduced
the frequency and intensity of dust storms [35]. Additionally, people’s awareness of
environmental protection is gradually increasing, and their behavior is becoming more
focused on environmental protection, such as reducing the use of motor vehicles, promoting
garbage sorting, and saving water, among other things, and this is also playing a role in
improving the environment. Although these measures have achieved certain results,
continuous efforts are still needed, particularly in the form of strengthening transnational
cooperation to control the problem of dust storms.
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4.2. Vertical Distribution of Dust Storm

This study documents the long-range transport and vertical structure of dust storms
in East Asia on the basis of case studies and statistical analyses, with a specific focus on
the typical season for active dust events, which is from March to May each year. The study
combines CALIPSO LiDAR backscatter with polarimetry, color ratio, and air mass anti-
trajectory analysis to identify dust sources and transport paths. The results show that dust
aerosols mainly originate from the vicinity of the Taklamakan and Gobi deserts, and then
propagate over eastern China and the Pacific Ocean. The aerosol structure often exhibits
two layers over eastern China and the western Pacific Ocean, which may be related to the
contributions of two major dust sources, which is consistent with previous results [38]. The
findings of this study provide a theoretical foundation for monitoring, forecasting, and
controlling dust weather.

The Taklamakan Desert (Tarim Basin) is surrounded by high mountains in the northern,
western, and southern regions, with an average altitude of more than 4000 m, limiting
the transport of dust at lower altitudes. However, if aerosols are lifted to higher altitudes,
westerly winds can transport them over long distances, even reaching the Pacific Ocean
and beyond. CALIPSO LiDAR backscatter/depolarization ratio vertical distribution maps
indicate that non-spherical dust aerosols float from near the surface to a region with about
10 km from the perimeter of the Taklamakan Desert. This suggests that dust aerosols can
be transported into the westerly currents for long-range transport in the upper troposphere
above altitudes of 6 km.

Dust storms originating from the Gobi Desert are commonly triggered by Mongolian
cyclones, which can lift dust particles to altitudes exceeding 5 km. CALIPSO has recorded
backscatter/depolarization ratio data from the surface to altitudes of approximately 10 km.
These observations indicate that Gobi dust can be transported to the Pacific Ocean through
both the lower and upper troposphere.

In this study, a comprehensive analysis of East Asian dust storms is conducted by
combining ground and remote sensing observations with the HYSPLIT model to achieve
the complementary advantages of different observation methods. However, remote sensing
monitoring is often hindered by clouds, especially optical remote sensing, which can be
affected by cloud cover. Moreover, while the CALIPSO satellite has a longer observation
period than geostationary satellites, it has a smaller scan width, as it is a polar orbiting
satellite. Therefore, in future research, greater attention should be paid to the vertical
information of dust aerosol for large area identification, which provides a theoretical basis
for monitoring, forecasting and prevention of dusty weather. Dust storms include both
distant and local sources of particulate matter, and the supply of near-source particulate
matter is closely related to surface conditions such as soil water content and vegetation
cover. Therefore, greater attention needs to be paid to the ecological protection of the
subsurface of potential dust source areas in the future.

5. Conclusions

In this study, we utilized meteorological data on dust events from 259 SYNOP stations
across China and Mongolia to analyze the temporal and spatial clustering characteristics
of dust outbreaks (DO) from 1980 to 2020. Firstly, the temporal and spatial trends of
DO/BD/DS were examined. Secondly, the HYSPLIT model was used to calculate the
72 h backward airflow trajectory of typical regional dust storms. Finally, we analyzed the
vertical distribution of dust aerosols using CALIPSO data and selected three dust storm
events for comparison with the vertical structural changes in dust storms. The key findings
of this research are as follows:

(1) The DOF analysis reveals that the stations with higher frequency are situated in the
southern part of Mongolia and the Taklamakan Desert in China (Figure 2). Since
the 1980s, there has been a notable decrease in the magnitude of DO in East Asia.
However, the situation in Mongolia is different, as DO have gradually increased in
frequency over time. In China, an increasing trend of BD was observed in various
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stations located in the Taklimakan Desert and the lower reaches of the Yellow River.
In Mongolia, the stations with increasing trends of DO are primarily those situated in
the northern Gobi Desert region (Figure 3).

(2) The dust storms at the four meteorological stations located on the main propagation
paths in China (Guaizihu, Tikanlik, Erlian, and Beijing) originated from the northwest,
westward and northward directions of the windward area. Therefore, there are three
primary paths for the movement of dust storms in East Asia: the northwestern,
westerly, and northerly paths (Figure 4). The dust storms in northern China originated
from both distant and near sources, with those from near sources mainly originating
in the Taklamakan Desert area. Those from distant source had two areas of origin: one
originated from the direction of Kazakhstan, being enhanced through the Taklamakan
Desert, while the second originated from the Gobi Desert in Mongolia, in the upwind
area of China, with the main transfer path passing over northern China. Thus, the
Taklamakan Desert and the Mongolian Gobi Desert can be identified as the primary
sources of dust storms.

(3) The vertical structures of dust layers are dependent on both the intensity of the dust
event and its source, which can be determined by analyzing the total attenuation
backscatter coefficient, depolarization ratio, and color ratio values. Dust storms
typically reach their peak intensity when dust particles are distributed vertically at
heights exceeding 3 km. In East Asia, the presence of various dust sources and particle
sizes often leads to a stratified distribution of dust particles. Ground stations, remote
sensing monitoring, and airflow model simulations have revealed that dust storms
along the westerly path mainly affect local areas with blowing dust and floating
dust. In contrast, dust storms along the northwestern and northerly paths have a
wider impact.

Nevertheless, prioritizing the improvement of eco-environmental protection in the
aforementioned deserts, particularly in the Taklimakan Desert and the Tengger Desert,
could be crucial for achieving effective dust storm control in the future. As part of future
research, we plan to conduct more thorough analysis by investigating the impact of dif-
ferent factors and examining the potential correlation between dust trajectory and severe
dust storms.
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