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Abstract: Dust storms are common in Mongolia and northern China, this is a serious threat to the
ecological security and socioeconomic development of both countries and the surrounding areas.
However, a complete quantitative study of the source area, affected area, and moving path of dust
storm events (DSEs) in Mongolia and China is still lacking. In this study, we monitored and analyzed
the spatiotemporal characteristics of the source area and affected areas of DSEs in Mongolia and
China using the high-spatiotemporal-resolution images taken by the Himawari-8 satellite from March
to June 2016–2020. In addition, we calculated the moving path of dusty weather using the HYSPLIT
model. The results show that (1) temporality, a total of 605 DSEs occurred in the study area, with most
of them occurring in April (232 DSEs), followed by May (173 DSEs). Spatially, the dust storm sources
were concentrated in the arid inland areas such as the Taklimakan Desert (TK, 138 DSEs) and Badain
Jaran Desert (BJ, 87 DSEs) in the western, and the Mongolian Gobi Desert (GD, 69 DSEs) in the central
parts of the study area. (2) From the affected areas of the DSEs, about 60% of the DSEs in Mongolia
started locally and then affected downwind China, as approximately 55% of the DSEs in the Inner
Mongolia Desert Steppe and Hunshandake Sandy Land came from Mongolia. However, the DSEs in
the TK located in the Tarim Basin of northwest China affected the entire study area, with only 31.3%
belonging to the local dust. (3) From the moving path of the dusty weather, the dusty weather at the
three meteorological stations (Dalanzadgad, Erlian, and Beijing), all located on the main transmission
path of DSEs, was mainly transported from the windward area in the northwest, accounting for about
65.5% of the total path. This study provides a reliable scientific basis for disaster prevention and
control, and has practical significance for protecting and improving human settlements.

Keywords: dust storm event (DSE); source area; moving path; Himawari8; HYSPLIT; Mongolia
and China

1. Introduction

Dust storm events (DSEs) are severe weather phenomena that frequently occur in arid
and semi-arid regions [1]. Their direct impact on human life and property can even lead to
respiratory diseases [2–4]. Further, dust particles directly alter the radiation balance of the
Earth’s atmosphere by absorbing and scattering solar short-wave radiation and changing
the microphysical properties of clouds, which affects local weather and even the global
climate [5,6]. Asian DSEs affect downwind areas, such as the Korean Peninsula and Japan,
and even across the Pacific [7–10]. Mongolia and northern China are considered the leading
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source regions of dust storms in Asia [11,12]. Recently, there has been an increase in DSEs
in parts of northern China and Mongolia [13]. In the spring of 2021, Mongolia and China
were afflicted by the strongest dust storm in the past decade, killing 15 herdsmen and a five-
year-old child. PM10 concentrations in Beijing exceeded 9753 µg/m3, suspending classes
for some primary and secondary schools in Inner Mongolia [14–16]. However, quantitative
studies of the source area, influence area, and moving paths of DSEs in Mongolia and China
are lacking. At present, these inland arid regions are at risk of severe desertification due
to global climate change and, consequently, are at risk of more intense dust storms [17],
thus attracting close attention from various industries. The use of high spatiotemporal
resolution to monitor the whole process of dust initiation to dust removal provides a basis
for early warning DSE research.

DSE monitoring methods include meteorological station monitoring [1,18–20], dust-
particle trajectory computation [21–23], lidar data [16,24,25], and remote-sensing image
monitoring [26–28]. Meteorological station data is widely used due to its large time period
and is used to calculate dust frequency or dust emission to determine the dust storm’s
source, affected areas, and moving path [13,29]. These studies mainly determine the
affected areas and moving paths of the dust storms based on the number of meteorological
stations [1,18]. For example, Bao et al. [13] analyzed the spatiotemporal distribution
characteristics of dust in east Asia using the ground meteorological station data. They
found that the Mongolian Gobi Desert, the Taklimakan Desert, and the western desert of
Inner Mongolia were particularly affected by dust. Qiu et al. [30] found that the severe dust
storms affecting China could be divided into exogenous and endogenous types. In addition,
some scholars used lidar data to monitor the DSE process. For example, Uno et al. [9]
used the Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations (CALIPSO)
satellite and the Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) model
to monitor DSEs from May 2007. They found that dust from the Taklimakan Desert was
transported for more than one full trip around the globe in about 13 days. Guo et al. [24]
used CALIPSO to monitor extreme DSEs from May 2017 and found that the dust came
from northwestern Mongolia, and it was transported to the downwind areas of China.

Since the 1980s, remote sensing technology used to monitor a dust storm’s source
area, influence range, and moving path has continued to mature and develop. For instance,
Zhang et al. [31] used the National Oceanic and Atmospheric Administration’s (NOAA)
Advanced Very-High-Resolution Radiometer (AVHRR) and Moderate Resolution Imaging
Spectroradiometer (MODIS) satellites to analyze the dusty weather affecting Beijing, reveal-
ing two primary sources and three moving paths. Using the Fengyun (FY) series of satellites,
Fang et al. [32] revealed the transmission paths of DSEs triggered in the Taklimakan Desert
in April 2014, and achieved good results. The Himawari-8 Dust RGB is one of the latest and
most successful dust-identification methods. This method takes advantage of the difference
in reflection and transmission characteristics between dust storms and other substances,
and obtains true-color synthetic images by processing three infrared channels, i.e., 11, 13,
and 15. In addition, the high-spatiotemporal-resolution satellite Himawari-8, especially
with its temporal resolution of 10 min, is very important for the identification of dust storms.
Therefore, it is widely used in dust monitoring. Yumimoto et al. [28] used this method
to accurately identify the process of a severe DSE in May 2017. Although these studies
produced informative findings, most solely focused on investigating a single DSE [33–35].

The long-timescale ground meteorological station data is widely used, but the me-
teorological stations are unevenly distributed, as there are no observational stations in
areas such as a desert’s center. Although remote sensing satellite data can make up for
the limitations of meteorological stations, the time resolution is relatively low, making it
difficult to monitor the whole process of dust accurately. Therefore, we systematically
analyzed the sources, affected areas, and moving paths of DSEs in Mongolia and China
using the high-spatiotemporal-resolution images from the Himawari-8 satellite. Thorough
understanding of DSE sources, affected areas, and moving paths in Mongolia and China
can provide a basis for early warning DSE research.
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This study examined the different moving paths of DSEs in Mongolia and northern
China using the Himawari-8 geostationary meteorological satellite data from 2016 to 2020.
The primary objectives of this research were to (1) analyze the spatiotemporal characteristics
of DSE’s sources in Mongolia and China, (2) illustrate the affected areas of DSEs in the
study area, and (3) reveal the critical moving path of dusty weather through Mongolia
and China.

2. Materials and Methods
2.1. Study Area

The study area mainly covers Mongolia and China (73◦–136◦E, 31◦–54◦N). As shown
in Figure 1, it is bordered by Central Asia (arid region) to the west, southern Russia to the
north, and the Pacific Ocean to the east. The research region is an arid and semi-arid setting
with a vulnerable ecological ecosystem. Approximately 90% of Mongolia is in danger of
desertification [17]. China’s land desertification has reached 2.61 million km2, accounting
for one quarter of the country’s total area.
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Figure 1. Map of the study area (including 27 sub-regions). The background is the average NDVI
in August during 2016–2020. GL: Mongolian Great Lakes Region, FS: Mongolian Forest Steppe, TZ:
Mongolian Transition Zone from Gobi to Steppe, MS: Mongolian Steppe, GD: Mongolian Gobi Desert,
GB: Gurbantunggut Desert, TP: Turpan Basin, TK: Taklimakan Desert, KT: Kumtag Desert, HX: Hexi
Corridor, QD: Qaidam Desert, QT: North of Qinghai-Tibet Plateau, BJ: Badain Jaran Desert, TG:
Tengger Desert, UB: Ulan Buh Desert, KB: Kubuqi Desert, MU&US: Mu Us Sandy Land, LP: Loess
Plateau, DS: Inner Mongolia Desert Steppe, HS: Hunshandake Sandy Land, API: Inner Mongolia
Agro-pastoral Interlaced Region, BTH: Beijing-Tianjin-Hebei Region, TS: Inner Mongolia Typical
Steppe, HQ: Horqin Sandy Land, HL: Hulunbeier Sandy Land, NCP: Northeast China Plain.

In this region, the Normalized Difference Vegetation Index (NDVI) dispersion de-
creased from northeast to southwest [36]. The annual precipitation of the study area varies
greatly, ranging from 0–800 mm, with 70% of precipitation occurring during summer
(July–August) [37,38]. The frequency of strong wind (>10.8 m/s) days is higher in the
northwest and lower in the southeast, with an average number of strong wind days of
more than 45 days [39]. As the primary dust sources in East Asia, Mongolia and northern
China experience frequent dust storms. For instance, in the Mongolian Gobi Desert (GD),
Taklimakan Desert (TK), and Hunshandake Sandy Land (HS) in northern China, dusty
weather frequently occurs from spring to early summer, accounting for 61% of the year [13].
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We subdivided the DSEs into 27 sub-regions and investigated the DSEs’ source area, the
affected area, and the moving path (Figure 1).

2.2. Statistics of DSEs Based on Himawari-8 Image Data

High-resolution spatiotemporal remote sensing satellite data from Himawari-8 were
used to identify dust storms from March to June from 2016 to 2020. Our analysis focused
on the spatiotemporal distribution of dust storm sources and the affected areas of the DSEs.
Himawari-8 is a new-generation geostationary meteorological satellite (GMS) launched
by the Japan Meteorological Agency, which officially began broadcasting Himawari-8
data in real time worldwide at 140.7◦E on 7 July 2015. The altitude of the GMS orbit is
~35,800 km. Its Advanced Himawari Imager (AHI) sensor has 16 bands: 1–3 are visible,
4–6 are near-infrared, and 7–16 are far-infrared bands (Table 1). The monitoring range of
Himawari-8 is 85◦–225◦E and 60◦N–60◦S. The spatial resolution is 2 km, and the temporal
resolution is 10 min, but the latter can be tuned to 2.5 min in Japan or surrounding areas.
Currently, the satellite data of Himawari-8 is widely applied to several monitoring fields
and used to for identifying issues such as fires, floods, dust storms, air pollution, typhoons,
precipitation, and drought [40], thus showing apparent advantages of real-time monitoring
of Asian DSEs.

Table 1. Himawari-8 AHI bands.

Band 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

Wave length (µm) 0.46 0.51 0.64 0.86 1.6 2.3 3.9 6.2 7.0 7.3 8.6 9.6 10.4 11.2 12.3 13.3

In this study, the dust storm was inverted by Himawari-8 far-infrared channel Dust
RGB method, and the dust storm source and its affected areas were obtained [23,41]. This
method takes advantage of the difference in reflection and transmission characteristics
between dust storms and other substances and obtains true-color synthetic images by
processing three infrared channels, i.e., 11, 13, and 15. The details are as follows: red
(BT15-BT13), green (BT13-BT11), and blue (BT13), of which band 13 is more sensitive to
dust identification. The areas with pink shading are recorded as dust storms, cyan is the
warm desert, and ginger yellow is thick mid-level clouds (Figure 2).

In terms of visibility, dusty weather is classified as either floating dust, blowing dust,
dust storms, and severe dust storms (http://www.qxkp.net/zhfy/scb/202103/t20210
302_2800341.html, accessed on 3 March 2021). In this paper, we focus on transported
DSEs. Static images are regarded as floating or blowing dust, while the moving images
are regarded as dust storms or severe dust storms. Therefore, we defined a dust storm
event as a dust storm with a duration of 2 h or more and an effective range of 200 km2 or
more (floating dust and blowing dust are not included). If the DSEs started in two or more
different areas on the same day, they are recorded as two or more DSEs. For example, as
shown in Figure 2, the moving process of dust storms from the GD to the Loess Plateau (LP)
and the Beijing-Tianjin-Hebei (BTH) region continued for ~39 h. Among them, GD is the
DSEs source region, and other DSE pass-through regions are the affected areas. Dust storm
source refers to the area where DSEs begin, i.e., remote-sensing images begin to appear in
pink areas. Correspondingly, dust source number (DSN) refers to the number of source
regions of DSEs. The total dust storm events number (T-DEN) is the total number of DSEs
occurring within the region. Regions that DSEs pass through are referred to as “affected
areas”. It only affects the local area of the sub-region, and will not be transported to other
wind down areas are called “local dust”.

http://www.qxkp.net/zhfy/scb/202103/t20210302_2800341.html
http://www.qxkp.net/zhfy/scb/202103/t20210302_2800341.html
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Figure 2. Map of dust storm moving path on 1 June 2020. On the left, black arrow is the wind
direction; pink shading is recorded as dust storms, cyan is the warm desert, and ginger yellow is
thick mid-level clouds. On the lower right corner is the forward trajectory of dust storms simulated
by HYSPLIT model (Red, green and blue colors represent airflow at 0, 500 and 1000 m respectively).

2.3. Simulated and Validation of DSEs Process Based on GDAS Datasets

We used the global comprehensive Global Data Assimilation System (GDAS) data from
the National Centers for Environmental Prediction (NCEP), wherein the spatial resolution
is 1◦ × 1◦ (regular longitude and latitude grids) and the time resolution is 36 h [42]. To
determine the affected areas of DSEs, the forward trajectories and wind field diagrams at
10 m height on the surface during the DSEs were simulated using the HYSPLIT model
and GDAS (Figure 2). Finally, the dusty weather moving path was simulated by the
HYSPLIT model.

The HYSPLIT model is a hybrid model that combines Lagrangian and Euler methods.
It is a complete system developed by NOAA and the Australian Meteorology Bureau to
calculate simple air-mass structures and simulate complex diffusion and deposition [43,44].
It is one of the most widely used atmospheric transport and diffusion models in atmospheric
science. The moving speed of airflow can be judged according to the length of the trajectory
line. Generally, the longer the trajectory line, the faster the movement of the air mass.

2.4. Clustering Analysis of DSEs Moving Path Based on GDAS Dataset

In this study, the Euclidean distance (also known as Euclidean metric) system cluster-
analysis method was used to cluster the forward and backward trajectories of dusty weather
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(including floating dust, blowing dust, and dust storms). Euclidean distance refers to the
true distance between two points in m-dimensional space or the natural length of the vector.
The Euclidean distance in two- or three-dimensional space is the actual distance between
two points. The Euclidean distance between two backward (or forward) trajectories was
then given by:

d12 =

√
n

∑
i=1

((
X1(i)− (X2(i))

2 +
((

Y1(i)− (Y2(i))
2
)

(1)

where X1(Y1) and X2(Y2) reference to backward (or forward) trajectories 1 and 2, respectively
(http://www.meteothink.org/docs/trajstat/cluster_cal.html, accessed on 1 May 2022).

3. Results
3.1. Spatio-Temporal Variations of DSEs

To examine the spatial distribution characteristics of dusty weather in detail, we
analyzed DSEs in each sub-region. During this period, 605 DSEs occurred in the study area;
among them, 166 occurred in Mongolia and 439 in northern China. The DSEs were most
frequent in April (232 DSEs), followed by May (173 DSEs). During the study period, most
of the DSEs occurred in 2016 and the least occurred in 2019, with an average of 121 DSEs per
year between 2016 and 2020 (Figure 3). See Figure A1 in Appendix A for each sub-region
for a detailed DSN.
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Figure 3. Temporal variation characteristics of dust source number (DSN) from 2016 to 2020.

The regional statistics show that dust storms mainly occurred in the central and west-
ern arid inland areas (Figure 4 and Table 2). Among them, the highest T-DEN (161 times)
occurred in the Badain Jaran Desert (BJ; middle of the study area), and almost half of them
(87) originated locally. The TK and GD rank second with 141 DSEs. In contrast, 97.9% of
DSEs in the TK were caused by local dust, while only 48.9% in the GD originated locally.
In the Desert Steppe (DS) and the HS, which are relatively close to the semi-humid area,
several DSEs (133 in the DS and 104 in the HS) occurred. However, most DSEs originated
from outside regions, and only 27 in the DS and 23 in the HS occurred locally. However,
with fewer DSEs in areas with high annual precipitation and NDVI, especially in the south-
western Qinghai-Tibet Plateau (QT) and eastern Inner Mongolia agro-pastoral interlaced
region (API), there were only two DSNs.

http://www.meteothink.org/docs/trajstat/cluster_cal.html


Remote Sens. 2022, 14, 3661 7 of 17Remote Sens. 2022, 14, x FOR PEER REVIEW 7 of 19 
 

 

 

Figure 4. Spatial distribution characteristics total dust events number (T-DEN) and dust source 

number (DSN) from 2016 to 2020. Abbr. The sub-region names are as same as in Figure 1. 

Table 2. Statistical table of total dust events number (T-DEN) and dust source number (DSN) in 

each sub-region. Abbr. The sub-region names are as same as in Figure 1. 

Area FS MS GD GL TZ BJ QD NCP GB HX HL LP HS 

DSN 9 14 69 23 52 87 13 8 17 34 7 4 23 

T-DEN 16 42 141 25 71 161 30 58 27 90 23 52 104 

Area BTH HQ KT MU&US TS API DS QT TK TG TP UB KB 

DSN 5 30 4 9 3 2 27 2 138 6 13 6 0 

T-DEN 40 64 39 45 17 45 133 7 141 41 44 58 11 

3.2. Source Areas and Affecting Areas of DSEs Based on Himawari-8 

We identified the dust source distributions for DSEs in each sub-region. The percent-

age of dust sources in Mongolia for DSEs in five sub-regions is displayed in Figure 5A and 

Table A1 in Appendix B. They were mainly caused by local dust in Mongolia but are also 

affected by windward dust. In the Mongolian Forest Steppe (FS), the Mongolian Great 

Lakes Region (GL), and the Mongolian Transition zone from the Gobi to Steppe (TZ), 

56.3%, 92%, and 73.2% of DSEs were initiated by local dust, respectively. In the GD, 49% 

of the DSEs originated locally, DSEs from the BJ, and the TZ accounted for 15%. DSEs in 

the GD were also partially influenced by dust sources in other areas of northern China. In 

the MS, 40.5% of DSEs originated in the TZ, as 33.3% were caused by local dust sources. 

Figure 5B and Table A1 in Appendix B shows the impact scope of DSEs in each sub-

region. The DSEs in Mongolia mainly affected the downwind regions, including south-

eastern Mongolia and northern China. The dust sources in most areas of Mongolia (i.e., 

GD, TZ, GL, MS) affect northern China, as the FS DSEs only affected central and eastern 

Mongolia. 

As shown in Figure 6 and Table A2 in Appendix B, there are many dust source re-

gions in northern China. During 2016–2020, there were 439 DSEs starting from northern 

China. Among them, 97.9% of DSEs in the TK formed from the local dust source, affecting 

surrounding areas. In the Gurbantunggut Desert (GB) and BJ, 63% and 54% of the DSEs 

originated locally, respectively. Most northwestern and northern regions of China are af-

fected by dust storms from windward regions. It was noted that the DSEs in the Inner 

Mongolia Desert Steppe (DS), Inner Mongolia Typical Steppe (TS), HS, Hulunbeier Sandy 

Land (HL), and Beijing-Tianjin-Hebei Region (BTH) of North China mainly originated 

Figure 4. Spatial distribution characteristics total dust events number (T-DEN) and dust source
number (DSN) from 2016 to 2020. Abbr. The sub-region names are as same as in Figure 1.

Table 2. Statistical table of total dust events number (T-DEN) and dust source number (DSN) in each
sub-region. Abbr. The sub-region names are as same as in Figure 1.

Area FS MS GD GL TZ BJ QD NCP GB HX HL LP HS

DSN 9 14 69 23 52 87 13 8 17 34 7 4 23
T-DEN 16 42 141 25 71 161 30 58 27 90 23 52 104

Area BTH HQ KT MU&US TS API DS QT TK TG TP UB KB

DSN 5 30 4 9 3 2 27 2 138 6 13 6 0
T-DEN 40 64 39 45 17 45 133 7 141 41 44 58 11

3.2. Source Areas and Affecting Areas of DSEs Based on Himawari-8

We identified the dust source distributions for DSEs in each sub-region. The percentage
of dust sources in Mongolia for DSEs in five sub-regions is displayed in Figure 5A and
Table A1 in Appendix B. They were mainly caused by local dust in Mongolia but are also
affected by windward dust. In the Mongolian Forest Steppe (FS), the Mongolian Great
Lakes Region (GL), and the Mongolian Transition zone from the Gobi to Steppe (TZ), 56.3%,
92%, and 73.2% of DSEs were initiated by local dust, respectively. In the GD, 49% of the
DSEs originated locally, DSEs from the BJ, and the TZ accounted for 15%. DSEs in the GD
were also partially influenced by dust sources in other areas of northern China. In the MS,
40.5% of DSEs originated in the TZ, as 33.3% were caused by local dust sources.

Figure 5B and Table A1 in Appendix B shows the impact scope of DSEs in each
sub-region. The DSEs in Mongolia mainly affected the downwind regions, including
southeastern Mongolia and northern China. The dust sources in most areas of Mongolia
(i.e., GD, TZ, GL, MS) affect northern China, as the FS DSEs only affected central and
eastern Mongolia.

As shown in Figure 6 and Table A2 in Appendix B, there are many dust source
regions in northern China. During 2016–2020, there were 439 DSEs starting from northern
China. Among them, 97.9% of DSEs in the TK formed from the local dust source, affecting
surrounding areas. In the Gurbantunggut Desert (GB) and BJ, 63% and 54% of the DSEs
originated locally, respectively. Most northwestern and northern regions of China are
affected by dust storms from windward regions. It was noted that the DSEs in the Inner
Mongolia Desert Steppe (DS), Inner Mongolia Typical Steppe (TS), HS, Hulunbeier Sandy
Land (HL), and Beijing-Tianjin-Hebei Region (BTH) of North China mainly originated from
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Mongolia in the upwind regions and most of their dust sources are in the GD and TZ. For
example, in DS and BTH, 30.1% and 25% of dust storms came from the GD of Mongolia.
Most DSEs in the NCP, a semi-humid area, also came from the upwind regions (i.e., Horqin
Sandy Land (HS) accounted for 34.5%).
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The impact scope of the DSEs in northern China, as shown in Figure 7 and Table A2 in
Appendix B, like those in Mongolia, mainly affected the surrounding areas or the downwind
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areas. The DSEs’ influence range of the TK Basin and the Turpan Basin (TP), located in the
northwest region, is wide, and their influences can reach the easternmost Northeast China
Plain (NCP), accounting for 0.8% and 2.4%, respectively. Similarly, the DSEs in the GB can
affect the HunShandake Sandy Land in central Inner Mongolia, accounting for 3.7%. Dust
storms from the BTH region mainly affect the local area and the HS and may even affect
other downwind areas. Although the Northeast China Plain in the humid eastern area has
fewer DSEs, the latter can affect the downstream areas, such as North Korea, Japan, and
South Korea.
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3.3. Dusty Weather Moving Path Based on HYSPLIT Model

To clarify the moving path of dusty weather, the HYSPLIT model was used to simulate
the 72 h airflow trajectory before and after 1000 m height, and to generate a cluster analysis
of dusty weather from March to June 2016 to 2020. We selected three meteorological stations
on the main DSEs transmission path to analyze the DSEs’ moving path of dusty weather,
which were Dalanzadgad (44373), Erlian (53068), and Beijing (54511).

The Dalanzadgad station is located in the South Gobi Province, the border area
between China and Mongolia. It is one of the main moving paths for DSEs. Based on
the consistency of the spatial distribution characteristics of airflow trajectory, the 98 dusty
weather air mass trajectories at Dalanzadgad station are clustered (Figure 8A). At this
station, the backward trajectory is divided into four main paths; among which, 38.28% of
the dust comes mainly from GL, and the dust originates from eastern Kazakhstan in Central
Asia. This station received 32.81% and 7.81% of its dust from GL and GD, respectively. The
dust storms from or through Dalanzadgad mainly affected northern China, and northeast
China in the downwind area. Of this dust, 38.04% and 28.26% reaches Japan (through
DS, HS, TS, NCP) and Russia, respectively; 25% of the dust reaches North Korea via DS,
HS, API, and NCP. Some of the dusty weather in Dalanzadgad station can affect the BTH
(Figure 8A1).
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As shown in Figure 8A2, the dusty weather from Dalanzadgad affects the Erlian station
(Figure 8B) of the Inner Mongolia Desert Steppe. There are 127 forward and backward
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airflow trajectories at the Erlian station. The dust of the station mainly comes from the
upwind central and western regions of Mongolia; 42.97% and 5.47% was transported from
the Gobi Desert in the middle and south of Mongolia to Erlian; 32.81% of the dust came
from the China–Mongolia border area in western Inner Mongolia and was transported
to Erlian station in China; 64.35% of the dust from Erlian or passing through this area
reached the Northeast Plain through HS, TS, and HS; 33.91% of the dust moved to Russia,
Japan, and other regions. In addition, the dusty weather in Erlian station also affected the
BTH regions.

The number of dusty weather days at the Beijing station was less, and there are only
13 forward and backward trajectories (Figure 8C). It can be seen from the airflow trajectory
that the dust flow was transported across the border from the upwind area of overseas
arid areas to northern China, mainly through five moving paths. Among them, 30.77%
passed through FS, TZ, GD, DS, HS, and finally arrived at the Beijing station; 15.38% passed
through the FS, TZ, and GD, entering from the DS area of western Inner Mongolia to
China, arriving at the Beijing station. Others were transported to Beijing stations through
GL, GD, and DS, accounting for 23.08%, 23.08%, and 7.69%, respectively. Dusty weather
arriving in or from Beijing is transported overseas, with 38.46% going to the Yellow Sea
in the southeast and others transported to North Korea, South Korea, Japan, and even the
northeast of Russia.

4. Discussion

We identified the dust storm using the Dust RGB method and found the spatiotemporal
distribution characteristics of the DSEs’ source. From March to June 2016 to 2020, 605 DSEs
occurred in the research area; 166 of them occurred in Mongolia and 439 in Northern China,
respectively. Most of the DSEs occurred in April (232 DSEs), followed by May (173 DSEs).
This is similar to the findings of most previous studies [13] because, in April, there was
almost no precipitation with low vegetation cover, temperatures rose rapidly, the soil was
dry, loose, and bare, cold-warm air masses met, and strong winds were frequent; hence,
it was easy to emit dust [45–47]. In addition, Mongolian cyclone intensity and frequency
also have an important impact [48]. DSEs were mainly concentrated in inland arid areas
on the spatial scale due to low precipitation and the extremely low vegetation cover in
arid and semi-arid areas, providing abundant dust storm material. Strong winds in spring
were under the control of the Mongolia–Siberia high-pressure system, which provided the
necessary dynamic conditions for the emission and transport of DSEs [49,50]. However,
in the humid region to the east and south of the study area, soil moisture caused by snow
melting in spring and the surface coverage caused by vegetation residue in the previous
year was higher than that west of inland arid areas; hence, the occurrence of DSEs can be
effectively controlled [12,51,52].

Based on the spatiotemporal characteristic analysis of DSN, we further clarified its
affected area. Dusty weather was primarily transported from northwest to southeast in
this study area, which may be because the study area is located in the westerlies at mid-
latitude, with frequent Mongolian cyclones in spring. Furthermore, due to the influence
of the geostrophic force, the air was mainly transported from west (or northwest) to east
(or southeast) [53,54]. This is consistent with the findings of Shao et al. [55]. Mongolia’s
ecological environment is fragile and land degradation is evident [56], especially in the
southern Gobi Desert, where the exposed surface and loose soil provide a rich material
basis for DSEs. Furthermore, under the influence of Mongolian cyclones, the impact scope
of DSEs expanded, especially in the DS, thus affecting BTH [49,57]. With the effective
implementation of various ecological measures in China, the local DSEs have been signifi-
cantly reduced [58,59]. Approximately 50% of the DSEs in the HS, DS, TS, BTH, and HL
areas in north China and northeast China originated in Mongolia in the windward regions
(Table A2). However, in the TK located in the Tarim Basin in northwest China, 97.9% of
DSEs came from the local area and affected the surrounding areas.
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In order to analyze the moving path of DSEs, we selected three weather stations,
Dalanzadgad (44373), Erlian (53068), and Beijing (54511), on the main transmission path of
dust storms. The results show that dusty weather in the three stations is mainly transported
from the northwest windward region, accounting for about 65.5% of the total path, but
their proportion is different. Within 72 h, 48.8% of the dusty weather was transported
southeast to Japan, with Dalanzadgad stations being the largest total (66.3%), followed by
Beijing (46.2%). In summary, the dusty weather in the study area is mainly transmitted
from northwest to southeast. This is similar to the findings of previous research [19,30,60].

The Dust RGB method can capture the entire DSE process (i.e., formation, develop-
ment, and movement). It objectively reveals spatiotemporal changes and affected areas of
dust sources. The new generation of geostationary meteorological satellites (Himawari-8)
with high spatiotemporal resolution is important for studying the mechanism of dust occur-
rence, and for the development, forecasting, and implementation of early warning systems.
In addition, this study highlighted the affected area and moving path of each DSE, contribut-
ing to a better understanding of the impacts of dust on the local ecological environment.

5. Conclusions

Using Himawari-8 image data from 2016 to 2020, we statistically analyzed the spa-
tiotemporal distribution characteristics and affected areas of the source of DSEs in Mongolia
and China. The HYSPLIT model was used to calculate the 72 h forward and backward
airflow trajectory of the typical area dust storm. Identifying and quantifying DSEs helps im-
prove the performance of the dust prediction model. The main results can be summarized
as follows:

(1) In terms of the temporal distribution, a total of 605 DSEs occurred in the study area
over the 5-year period, with most of them occurring in April, followed by May. In terms of
the spatial distribution, the dust storm sources were concentrated in the arid inland areas.

(2) From the affected areas of the DSEs, about 60% of the DSEs in Mongolia started
locally and then affected downwind China.

(3) The dusty weather at the three meteorological stations (Dalanzadgad, Erlian, and
Beijing), which are located on the main transmission path of DSEs, was mainly transported
from the windward area in the northwest.
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Appendix B. DSN Statistics

Table A1. Mongolian DSN statistical result.

Region Windward
Region (%) Local Dust (%)

Downwind Region (%)

Source Region Mongolia Northern China

GD 24.1 48.9 / 27

TZ 15.5 73.2 5.6 5.7

FS 25 56.3 18.8 /

GL / 92 / 8

MS 50.3 33.3 / 16.6

Table A2. Northern China DSN statistical result.

Region Windward Region (%)
Local Dust (%)

Downwind
Region (%)Source Region Mongolia North China

TK 0.7 0.7 97.9 0.7

KT / 72 10.3 7.7

TP 4.6 54.6 29.6 2.3

GB 3.7 / 63 33.3

HX 2.2 57.8 37.8 2.2

QD / 53.4 43.3 3.3

QT / 71.4 28.6 /

BJ 15 29.8 54 1.2

TG / 83 14.6 2.4
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Table A2. Cont.

Region Windward Region (%)
Local Dust (%)

Downwind
Region (%)Source Region Mongolia North China

UB 17.2 60.3 10.3 5.2

KB 17.3 63.6 0 9.1

Mu&Us 15.6 57.8 20 6.6

LP 23.1 65.4 7.7 3.8

HS 54.9 22 22.1 1

DS 55.6 22 20.2 2.2

API 40 45.6 4.4 /

TS 52.9 23.5 17.7 5.9

BTH 57.5 32.5 10 /

HQ 37.5 43.8 15.6 3.1

HL 47.8 13.1 30.4 8.7

NP 19.3 56.9 13.8 /
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