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Abstract: The dust event from 12 January to 17 January 2021 (“1.12 event”) is the first dust process in
2021 and the earliest dust event in the last two decades. The dust event from 14 to 18 March 2021
(“3.15 event”) was the strongest dust storm in the past decade. Distribution, transport, and impact on
urban air quality of these two typical dust events were studied using multi-source satellite data, a
HYSPLIT trajectory model, and a 3D concentration-weighted trajectory model. Results show that
both dust events affected a wide range of areas, covering Northwest, North, Northeast, East, and
Central-South China. A strong dust belt spanning Northwest, North, and Northeast China was
formed in northern China on 15 March 2021. The distribution heights of the 1.12 and 3.15 events
were 0–5 km and 0–10 km, respectively. Dust from western Inner Mongolia and southern Mongolia
dominated the 1.12 event, while dust from southern Mongolia dominated the 3.15 event. Both of
these dust sources had eastward and southeastward transport paths. The majority of the dust was
near-ground in downstream cities from an altitude of 0–3 km. Most cities were affected by the dust
backflow. The 1.12 event generated more severe particulate pollution in southern China than the
3.15 event. During high-value dust days, ozone pollution levels decreased at the majority of stations.
Dust weather with low dust rising heights and dust backflow phenomena should be taken seriously
in urban dust pollution forecasting and warning work. International collaboration is needed to
improve China’s desertification control.

Keywords: atmospheric remote sensing; dust storm; dust pollution; 3D-CWT

1. Introduction

Dust particles constitute more than half of total tropospheric aerosols [1], having an
influence on the regional and global atmospheric environment. They may directly impact
the earth-atmosphere system’s radiative transmission by absorbing and reflecting solar
and long-wave radiation [2,3], as well as act as cloud condensation nuclei and ice nuclei
to change cloud microphysical characteristics and alter precipitation [4,5]. Meanwhile,
dust aerosols are the main natural source of urban particulate pollution [6,7]. Particles
carried by dust can enter the lungs and blood through the respiratory tract, which can
be a serious hazard to human health, for example in the respiratory and cardiovascular
systems [8–10]. Dust can be transported by weather systems, causing varying degrees of
atmospheric pollution in the dust source area and downstream cities along the transport
path [11–13].The mixture of foreign dust and local urban anthropogenic pollutants can
further aggravate air pollution through chemical reactions and meteorological feedback [10].
Therefore, understanding the distribution and transport characteristics of dust activities,
as well as the impact of dust on urban air quality, is critical to urban air environment
management and human health.

China’s desertification area is vast, accounting for 27% of the total national terri-
tory [14]. The Taklamakan Desert in Xinjiang, China, and the Gobi Desert on the border of
Northwest China and southern Mongolia are the principal dust sources in East Asia [15].
Their annual emissions account for around 10–25% of total global dust emissions [16]. As a

Atmosphere 2023, 14, 432. https://doi.org/10.3390/atmos14030432 https://www.mdpi.com/journal/atmosphere

https://doi.org/10.3390/atmos14030432
https://doi.org/10.3390/atmos14030432
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/atmosphere
https://www.mdpi.com
https://doi.org/10.3390/atmos14030432
https://www.mdpi.com/journal/atmosphere
https://www.mdpi.com/article/10.3390/atmos14030432?type=check_update&version=2


Atmosphere 2023, 14, 432 2 of 16

result, Northwest China is prone to dusty days and dust storms [17]. Notably, a growing
number of studies show that urban particulate matter concentrations in non-sand-source ar-
eas, such as the central and southern regions of China, are also affected by large amounts of
dust, frequent combined pollution by dust and man-made pollution due to the long-range
transport nature of dust [6,18]. Statistics show that between 2015 and 2020, dust incidents
occurred in 334 Chinese cities, excluding Shenzhen and Dongguan [19]. Polluted dust
accounts for approximately 45% of the aerosols below 1.8 km in northern China [20]. The
impact of dust events on non-sand-source cities in China has not been adequately studied.

In addition to particle matter, ozone is a prominent form of urban air pollution in
China [21,22]. O3 concentrations in Chinese cities have increased from 2015 to 2019 [23].
The frequency of ozone pollution events in megacities such as Beijing-Tianjin-Hebei, the
Yangtze River Delta, and the Pearl River Delta are significantly higher than those in other
regions [24]. Ozone pollution has emerged as a key concern for improving urban air quality
in China [25]. Some studies have shown that dust and ozone have complex interactions [26].
Nevertheless, there are relatively few studies on the changes of urban ozone pollution
during dust events [27]. With the Mongolian plateau undergoing a heat wave and drought
cycle [28] and the increasing trend of wind speed in the sand source area [29], dust weather
in East Asia may become more common and longer lasting [30] in the future. Therefore, the
negative consequences of dust events on urban air quality in China cannot be ignored. The
dusty weather from 12 January to 17 January 2021 (1.12 event), was China’s first dust event
in 2021 [31], occurring more than 30 days earlier than the average time of the first dust event
from 2000 to 2020. The intense dust storm of 14–18 March 2021 (3.15 event) was China’s
most vigorous dust process in the previous decade, affecting nearly half of the country’s
territory [32]. Wang et al. (2022) analyzed atmospheric circulation conditions and dust
distribution during the 1.12 event using multi-source remote sensing data. Runchuan (2022)
used radionuclides to pinpoint the sources of dustfall in seven northern cities during the
3.15 event. Many academics have used synoptic analysis and physical quantity diagnosis to
investigate the cause of the 3.15 dust storm [33,34]. Particle pollution in northern Chinese
cities due to the 3.15 dust storm has also been discussed [32,35]. Most research, however,
has concentrated on the meteorological causes of these two dust processes, in addition to
the dust pollution experienced by cities near sand source areas [18,36]. The dust source
pathways in non-sand-source regions such as South-Central China and East China and the
dust pollution in southern China have been rarely discussed.

This paper began with a detailed examination of the spatial and temporal distribution
of these two dust events using satellite data, ground station data, and reanalysis data.
Combining the HYSPLIT model and the 3D-CWT model, this paper investigates the origin
and transport characteristics of these dust events, resolves the regional differences in
pollution caused by these two dust events, and illustrates the importance of dust height
in influencing downstream urban particulate matter concentrations. Finally, the changes
in urban particulate matter and ozone pollution during these two dust processes were
explored using data from ground-based air quality monitoring stations. The purpose of
this study is to provide scientific references for early warning of urban dust pollution as
well as vital data for research on the environmental effects of dust aerosols.

2. Study Area, Data, and Methods
2.1. Study Area

The largest dust source areas in East Asia are the arid and semi-arid regions of Mon-
golia and northern China, dominated by the Taklamakan and Gobi deserts. With high
emissions and an extensive area, the East Asian dust source is the second largest dust
source region after the Sahara, accounting for about 10–25% of total global dust emissions
each year [37,38]. Northern China is an important part of the dust sources in East Asia,
where the exposed surface and abundant loose material, coupled with frequent high winds,
make it easy to raise dust [39]. Mongolia, which borders northern China, has a continental
semi-arid climate and is experiencing severe desertification as a result of global warming
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and human activities [29]. From January to March 2021, the northern parts of China and
Mongolia showed a weather situation with significantly higher temperatures and less
precipitation [40,41]. In this context, the early thawing and loose surface layer of soils in
the north of China and Mongolia are very favorable to surface dust raising [29]. Figure 1
depicts the distribution of each type of sand as well as China’s six geographical divisions:
Northeast, Northwest, Southwest, North, Central-South, and East China. The study area is
north of 25◦ N in China. In this paper, we refer to the area south of 35◦ N as the southern
region for purposes of description.

Figure 1. Geographical zoning and sand distribution in the study area.

2.2. Satellite Data

Satellite remote sensing has evolved into a powerful tool for the dynamic monitoring
of widespread dust events. Sentinel-5P is a solar-synchronous polar orbiting satellite
launched by the European Space Agency in 2017 that allows for global observations in
a single day. It is equipped with the Tropospheric Monitoring Instrument (TROPOMI),
which has the highest spatial resolution of any atmospheric monitoring spectrometer [42].
TROPOMI provides a UV-absorbing Aerosols Index (UVAI) product that can characterize
the content of ultraviolet absorbing aerosols such as dust and smoke through UV channel
inversion parameters [43]. If absorbing aerosols are present in the atmosphere, the UVAI is
greater than 0, and the absorbing intensity is proportional to the UVAI value. This is the
formula for UVAI [44]:

UVAI = −100log10

(
Iobs
354

Ical
354

)
(1)

where Iobs
354 and Ical

354 represent the actual radiation intensity observed by the satellite sensor
and the calculated value of the radiative transfer model, respectively.

We used UVAI data to obtain the daily horizontal distribution of dust events. Because
TROPOMI could not cover all of China in a single observation, the UVAI images of the
entire day were stitched together by taking the maximum value of image elements at the
image overlap. The data were obtained from the Sentinel-5P official website (https://s5
phub.copernicus.eu/dhus/#/home (accessed on 14 November 2021)), with a bandwidth of
2600 km and a spatial resolution of 7 km × 3.5 km. Credible data with QA values greater
than 0.5 were screened based on the satellite product’s official recommendations.

The Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation (CALIPSO)
satellite, launched in 2006, carries the Cloud-Aerosol Lidar with Orthogonal Polarization
(CALIOP), the most widely used satellite-based lidar today [45]. CALIOP’s Vertical Feature
Mask (VFM) can identify aerosol types by inverting the optical properties of aerosols [46].

https://s5phub.copernicus.eu/dhus/#/home
https://s5phub.copernicus.eu/dhus/#/home
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The vertical distribution of each type of aerosol during dust events was determined using
CALIOP’s VFM product in this study. The data were downloaded from the NASA web-
site (https://search.earthdata.nasa.gov (accessed on 20 November 2021)). The temporal
resolution is 15 min, and the vertical resolution varies with altitude: 30 m (−500 m 8.2 km),
and 60 m (8.2~20.2 km). The data were screened using the quality control parameters of the
VFM product as criteria, with feature type QA not equal to 0 and subtype QA not equal to 0.

2.3. MERRA-2 Dust Mixing Ratio

MERRA-2 is the most recent version of satellite-era global atmospheric reanalysis
data produced by NASA’s Global Modeling and Assimilation Office (GMAO) using the
Goddard Earth Observing System Model (GEOS) and has a higher accuracy compared
to the MERRA dataset [47]. Yao et al. (2020)’s research demonstrated that MERRA-2
model representations of dust events in East Asia are generally consistent with ground and
satellite observations. In order to analyze the evolution of the distribution height of dust
events, daily averages of the sum of dust aerosol mixing ratios for six different effective
radius datasets (bin-001, 0–0.73 µm; bin-002, 0.73–1.4 µm; bin-003, 1.4–2.4 µm; bin-004,
2.4–4.5 µm; bin-005, 4.5–8.0 µm; bin-all, 0–8.0 µm) were calculated. The data were obtained
by visiting https://gmao.gsfc.nasa.gov/reanalysis/MERRA-2/ (accessed on 30 June 2022).
MERRA-2 has a spatial resolution of 0.625◦ × 0.5◦ and a temporal resolution of 1 h.

2.4. Ground Station Data

The China Real-Time Urban Air Quality Release Platform (http://106.37.208.233:20035
(accessed on 1 June 2022)) provides air pollutant data from automatic air quality monitoring
stations in China hour by hour. We chose 11 ground stations (Figure 1) and compared the
effects of the two dust processes on urban air quality using hourly data from their PM10,
PM2.5, and ozone concentrations.

2.5. HYSPLIT Model

The Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) model is a
professional model developed by the National Oceanic and Atmospheric Administration
and the Australian Bureau of Meteorology to simulate and calculate dispersion trajecto-
ries [48]. It uses the Lagrangian method to calculate the trajectories of air masses and
simulate complex particle diffusion and sedimentation processes, and has been widely
used in the study of the transport and dispersion of various pollutants [49,50].

In order to explore the transport path of dust, we simulated the forward trajectory of air
masses at the dust source and the backward trajectory of air masses at the cities downstream
of dust transport using the HYSPLIT model. According to the principle that the total spatial
variation (TSV) is significantly increasing, the angular distance clustering method is used
to cluster the trajectories of air masses. The initial meteorological field for the HYSPLIT
model is hourly meteorological element data from the Global Data Assimilation System of
the National Centers for Environmental Prediction with a spatial resolution of 0.5◦ × 0.5◦

and a temporal resolution of 6 h.

2.6. The Structure of 3D-CWT Model

The concentration-weighted trajectory (CWT) model is a widely used tool [51–53] that
combines air mass trajectories and pollutant concentrations to effectively localize the source
of pollutants. This model extends the traditional two-dimensional method by screening
trajectories for different height layers [54]. It allows for the differentiation of pollutant
source heights.

The 3D-CWT model is based on the following equation:

3D − Cijh =
∑v

k=1 Ck·tijkh

∑v
k=1 tijkh

=
∑v

k=1 Ck·tijkh

tijh
(2)

https://search.earthdata.nasa.gov
https://gmao.gsfc.nasa.gov/reanalysis/MERRA-2/
http://106.37.208.233:20035
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3D − Cijh reflects the average weighted concentration of pollutants at the receptor point
as the air mass passes through the grid ij within the h height layer. Ck is the pollutant
concentration at the receptor point when trajectory k passes through grid ij. tijkh is the
number of trajectory points belonging to trajectory k in grid cell ij of layer h. tijh is all the
trajectory points in the h layer’s grid cell ij.

To lessen the mistakes brought on by the insufficient number of trajectory points, the
weight function 3D − Wijh is added and multiplied by 3D − Cijh:

3D − Wijh =



1.0
(

3tave,h ≤ tijh

)
0.7
(

1.5tave,h ≤ tijh < 3tave,h

)
0.4
(

tave,h ≤ tijh < 1.5tave,h

)
0.2
(

tijh < tave,h

) (3)

where tave,h is the total number of trajectory points divided by the total number of grids.
An improved 3D-CWT model has been successfully used to investigate the geograph-

ical origin and transported altitudinal layers of pollutants such as water soluble ions in
PM2.5 [55], PM10, and PM1 chemical composition [56], as well as atmospheric polycyclic
aromatic hydrocarbons [54]. This paper divides dust heights into four height layers based
on satellite and reanalysis data: 0–500 m, 500–1500 m, 1500–3000 m, and more. In this
study, we divided the study area into a 1◦ × 1◦ horizontal grid. Combining the air mass
trajectory points calculated from the HYSPLIT model and PM10 data from ground stations,
the 3D-CWT model was used to calculate the potential source of surface dust characterized
by PM10 in downstream cities within these four different height layers. This study is the
first to analyze dust source pathways using the 3D-CWT model, increasing the application
of the 3D-CWT model in determining the sources of atmospheric pollutants.

3. Results and Discussion
3.1. Spatial-Temporal Distribution of Dust Events

Positive values of TROPOMI UVAI can indicate the presence of absorbing aerosols,
such as dust, black carbon, and organic carbon. Black carbon and organic carbon aerosols
mainly originate from biomass burning [43]. Since there were few large-scale biomass
burning events, such as crop straw burning and forest fires, in China in January and March
of the study year, the absorbing aerosols indicated by positive UVAI values in Figure 2
should be not black carbon aerosols but raised dust aerosols. It can be seen that in the 1.12
event, the dust appeared first in western Inner Mongolia. Then, from the 13th to the 14th, it
spread eastward to appear over North and Northeast China. On the 15th to 16th, the dust
aerosols moved southward and were observed in the northern part of the Central-South
China. The values of UVAI are mainly in the range of 0 to 1, which indicates the relatively
low intensity of this dust event.

Figure 2. Horizontal distribution of dust in the 1.12 and 3.15 events, indicated by TROPOMI UVAI.
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The high UVAI values (0–4) from 14–18 March demonstrated the high dust intensity of
the 3.15 event. On 14 March, extensive and intense dust was monitored over the Gobi Desert
in southern Mongolia. Then on 15 March, a high-intensity dust band (UVAI > 2) appeared
across northern China between 38◦–42◦ N and 80◦–128◦ E. From the 17th to the 18th, the
intensity of the sand and dust in western Inner Mongolia continued to decline. The dust-
affected area expanded southward to the southern parts of northern China, South-Central
China, and eastern China. These two sand and dust events are characterized by wide
coverage. Northwest, North, Northeast, South-Central and East China were all affected.
Furthermore, the intensity of the 3.15 event and its dust storm range were significantly
higher than those of the 1.12 event.

Constrained by observational time and inversion algorithms, satellites will inevitably
miss the monitoring of dust aerosols. As the main component of dust aerosols, PM10 is often
used to characterize near-surface dust concentrations during dust events [57–59]. To obtain
a more comprehensive range of dust, we selected 11 ground stations evenly distributed
in the study area and used their daily averages of PM10 concentrations to complement
the information provided by UVAI on the location and intensity of dust. Five of these
stations, Xinjiang, Gansu, Alxa, Baotou, and Xinlingol, are located near the dust source,
while six stations, Jinlin, Beijing, Shaanxi, Henan, Hunan, and Zhejiang, are located in cities
downstream of the dust source.

As shown in Figure 3, during the 1.12 event, the daily average PM10 values in Alxa
and Baotou in western Inner Mongolia gradually increased from the 10th January to the
13th January, reaching peak values of 1450 and 1230 µg/m3, respectively. After that, they
gradually decreased. Xilingol station in central Inner Mongolia, on the other hand, showed
consistently lower PM10 concentrations. Gansu and Xinjiang stations exhibited relatively
flat changes in PM10 values. This indicates that the extent of the strong sand and dust in
this event were mainly concentrated in western Inner Mongolia. PM10 peaks at the Jilin,
Beijing, and Henan sites occurred from the 13th to the 15th, and those of the Hunan and
Zhejiang sites occurred from the 15th to the 16th. This is consistent with the information
shown by TROPOMI UVAI that dust moved eastward, first from western Inner Mongolia,
and then spread southward. Meanwhile, PM10 data from the Hunan and Zhejiang stations
supplemented UVAI’s missing information on dust over Central-South and East China.

Figure 3. Daily average PM10 values at ground stations during the 1.12 and 3.15 events.

On March 12 to 18, ground station PM10 values fully reflected the high intensity of
the 3.15 dust storm. It can be seen that on 14 March, the Baotou site in central and western
Inner Mongolia had a daily average PM10 value as high as 830 µg/m3. On March 15, the
Alxa, Gansu, Shaanxi, Beijing, and Jilin sites had ultra-high PM10 peaks of 3190, 2483, 2511,
1524, and 338 µg/m3, respectively. This is consistent with the extent of the strong dust
belt in the north indicated by TROPOMI UVAI. After that, the PM10 values at each site
gradually decreased, with only the Gansu and Alashan sites in western Inner Mongolia
having persistently high values. This also matches the evolutionary characteristics of the
strong dust range shrinking to the west. It is worth noting that although UVAI shows that
there is a wide range of sand and dust over South-Central and East China from 16 to 18,
there is no correspondingly large change in PM10 values of the Hunan and Zhejiang sites.
As the satellite products detect the content of dust in the whole atmosphere, the PM10 data
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from ground stations indicate the dust concentration near the ground, from which it can
be reasonably assumed that the dust over South-Central and East China was distributed
at a high altitude and had not yet settled to the ground. Since the Xinjiang site is at the
northern edge of the Taklamakan Desert, it cannot indicate the intensity of dust events in
the desert hinterland and did not exhibit the ultra-high PM10 corresponding to the strong
dust shown by UVAI. This also illustrates the necessity and advantage of using satellites to
monitor dust events.

To explore the vertical height characteristics of these two dust events, dust aerosol
mixing ratio data from MERRA-2 (Figures 4 and 5) and CALIPSO VFM (Figure 6) were
combined for analysis. It can be observed from Figure 4 that from the 12th to the 14th of
January, dust gradually lifted during the transport from western Inner Mongolia to the east.
On the 15th, part of the dust reached a height of 5 km in northern China. From January
16 to 17, dust gradually settled during delivery to South-Central China, and its height
decreased from 5 km to 1.5 km.

Figure 4. MERRA-2 dust mixing ratio during the 1.12 event.

Figure 5. MERRA-2 dust mixing ratio during the 3.15 event.

The 3.15 event had a significantly greater dust altitude than 1.12. On 14 March, the
dust layer in southern Mongolia and western Inner Mongolia reached 10 km or higher. It
was followed by a significant southward movement of dust above 5 km. The Taklamakan
Desert produced a large amount of surface dust from the 15th to the 16th, reaching heights
of 5 km. However, for downstream cities, MERRA-2 only detected a small amount of dust
distributed over 5–10 km in South-Central and East China.
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Figure 6. CALIOP VFM images on January 13 (a), January 15 (b), March 15 (c), and March 16 (d).
(0 = Not Determined, 1 = Clean Marine, 2 = Dust, 3 = Polluted Continental/Smoke, 4 = Clean
Continental, 5 = Polluted Dust, 6 = Elevated Smoke, 7 = Dusty Marine).

CALIOP VFM provides the vertical distribution of atmospheric aerosols. VFM images for
15 January, 16 January, 15 March, and 16 March were selected (Figure 6). The figure shows that
dust in South-Central China reached an altitude of 5 km on 15 January and settled to 1.5 km
on January 17. And dust over southern Mongolia, central Inner Mongolia, and northeastern
China was found at altitudes of 1 to 10 km on 15 and 17 March. The above analysis shows
that the dust heights monitored by CALIPSO VFM are consistent with those of MERRA-2,
and the overall description of dust heights by the MERRA-2 product is not greatly erroneous.
Meanwhile, combining the MERRA-2 and VFM images on 16 and 17 March, we can see that
the dust in South-Central and East China was indeed distributed at altitudes above 3 km. This
supports our previous speculation that the dust did not settle to the ground in South-Central
and East China on 16 and 18 March by comparing UVAI and PM10 data.

In addition, it can be observed through VFM that the main aerosol types over the
southern areas on 15 and 17 January were polluted dust. This should be related to dust
transport height. Before the 15th, the dust transmission height was relatively low, making
it more likely to mix with anthropogenic pollutants on the ground, resulting in polluted
dust. The dust on the 17th should be the deposition of high-altitude dust, so there was
less mixing with anthropogenic pollutants. Overall, in the 1.12 event, the dust first rose
and then settled, with the main distribution height between 0 and 5 km. In the 3.15 event,
the dust rose at a high altitude at the beginning, and then it gradually settled. Its main
distribution height was 0–10 km. The transmission height of dust affects its aerosol type.

3.2. Dust Transport Paths

The analysis of satellite and ground stations as well as reanalysis data shows that the
two dust events impacted the majority of China’s cities. However, due to the observed
data’s limited spatiotemporal resolution, it is impossible to track the dust transport path
dynamically. Therefore, simulation points are set up based on the characteristics of dust
locations obtained from multi-source observation data. The HYSPLIT trajectory model and
the 3D-CWT method are used to simulate the outward dust transport from the sand source
as well as the dust input paths over the downstream cities.

After analyzing the spatial-temporal distribution of dust events, it was discovered
that the main sand source areas were southern Mongolia, western Inner Mongolia, and
central Xinjiang, and that the main dust rise periods were 12–14 January and 14–16 March.
As shown in Figure 7, the forward 500 m trajectories of the three dust source areas were
simulated and clustered. To provide a clearer introduction to dust transportation, we
discuss the dust tracks in conjunction with other scholars’ findings on the weather situation
during these two dust events.

On 12 January, gusty winds with gusts up to 18 m/s blew southeasterly in western
Inner Mongolia and southern Mongolia, influenced by unusual cyclonic circulation [60].
The gales carried dust to North China at a height of 1–2 km. On the 13th, cold cyclones
in the mid-latitudes moved southeastward [40]. Dust from central and western Inner
Mongolia was transported east and southeast at a height of more than 2 km, affecting
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eastern Inner Mongolia, northeastern China, northern China, and southeastern Northwest
China. The dust in southern Mongolia and western Inner Mongolia moved southeastward
on the 14th, driven by stronger northwest winds following the cold front [40]. The altitude
of the dust’s outward transmission fell to about 1 km.

Figure 7. Forward trajectories of dust source areas in the 1.12 and 3.15 events.

On 14 March, a violent Mongolian cyclone blew strong gusts of 7 or 8 and created
a large amount of dust in southern Mongolia [18,61]. East winds carried this dust to
Northwest and Northeast China, reaching heights of more than 5 km. One part of the
dust in western Inner Mongolia only affected locals, while another part was transported
to northern China at a height of about 1 km. According to the trajectory of the air mass,
the dust raised in southern Mongolia on the 15th and 16th would no longer be transported
to China. Dust was also insignificant for outward transportation in central Xinjiang and
western Inner Mongolia. This conclusion is supported by satellite images that show intense
dust concentrations, primarily in western Inner Mongolia. As a result, the dust that covered
the downstream cities during the 3.15 event was primarily caused by dust transported
southward from southern Mongolia.

Because PM10 concentrations can represent the status of near-surface dust during dust
weather, potential sources of PM10 can also be considered potential sources of near-surface
dust. The 3D-CWT method was used to examine potential dust sources in six representative
cities (Figure 8) in order to show more detailed input pathways of near-surface dust in
downstream towns.

Jilin was exposed to local dust within 500 m of the ground in both dust events, as
shown in Figure 8. Meanwhile, dust from 500–1500 m and 500–3000 m above sea level
was delivered to Jilin from southern Mongolia. The dust in Hebei originated primarily in
southern Mongolia and central Inner Mongolia, with an incoming height of 1500–3000 m.
Furthermore, dust was backflowing from the east and south within 500 m. Shaanxi experi-
enced dust transport not only from western Inner Mongolia at 0–1500 m in the 1.12 event,
but also from southern Mongolia at 500–1500 m in the 3.15 event. Shaanxi, like Hebei, was
affected by the return flow of dust at 500–1500 m. The dust in Gansu was caused by local
dust as well as high-altitude (1500–3000 m) dust from central Xinjiang.

Even though they are farther away from the dust sources in Northwest China, the
southern cities are not free from the East Asian dust. According to CWT, dust blowback
from the northeast can impact Zhejiang within 500 m, and dust from the northwest can
impact Zhejiang at heights ranging from 500 m to 3000 m. When combined with the
previous analysis of the dust source’s outflow path, it is clear that the dust returning from
the northeast via the Yellow Sea would be from southern Mongolia. Hunan’s dust came
from two directions as well. One ranges from 0 to 1500 m in the northeast and the other
from 1500–3000 m in the northwest. According to Hunan’s forward trajectory, the incoming
dust from the northeast should be a mix of dust from southern Mongolia and western Inner
Mongolia. The elevated dust in the northwest is likely to be from central Xinjiang.
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Figure 8. PM10 3D-CWT results for typical cities in the 1.12 and 3.15 events.

Based on the forward trajectory of sands and 3D-CWT analysis of urban PM10, the dust
in the 1.12 event originated primarily in southern Mongolia and western Inner Mongolia.
However, the dust affecting downstream cities in the 3.15 event originated more in southern
Mongolia. The dust transport path from southern Mongolia can be summarized as two
paths. After passing through central Inner Mongolia, the dust moved eastward and reached
the northern part of North China and the northwestern part of Northeast China. The
other mode of transport is southeastward: dust moved southward through central Inner
Mongolia and southeast of Northwest China, then continued south. Dust from western
Inner Mongolia traveled eastward, affecting southern North China, and a southeastward
path continued southward through southeastern Northwest China. The dust in central
Xinjiang is mostly gathered locally due to topography; only dust above 1500 m can be
lifted eastward to Gansu and possibly settle in southwest China. In downstream cities, the
near-surface dust ranged primarily from 0 to 3000 m. Dust at 500–1500 m height contributed
the most to the urban near-surface among the four height layers studied in the paper. Most
cities were affected by the returning flow of dust. The eastern coast of China was extremely
vulnerable to the return flow of dust from southern Mongolia. Southern cities such as
Hunan and Zhejiang, which are far from the dust source, were also affected.

3.3. Impact on Urban Air Quality

In the final section of the study, we analyze changes in particulate matter concentra-
tions and ozone pollution levels in typical cities during the dust period using air pollutant
data from ground stations. The data in Figures 3 and 9 show that PM10 and PM2.5 con-
centrations at all sites increase to varying degrees with the development of dust activities.
The daily average PM10 and PM2.5 levels at the sand source stations in the 3.15 event are
730 µg/m3 and 166 µg/m3, respectively, which are significantly higher than those in the
1.12 event (216 µg/m3 and 59 µg/m3, respectively).

However, particulate matter pollution in downstream cities exhibited distinct charac-
teristics. Particulate matter concentration rose slowly during the 1.12 dust event, followed
by a slow decline, whereas it rose and fell at a faster rate during the 3.15 dust event. PM10
pollution exceeded the national secondary pollutant concentration standard (150 µg/m3)
in Beijing, Zhejiang, Hunan, Shaanxi, and Henan during the 1.12 dust event. However,
Hunan and Zhejiang’s PM10 concentrations did not exceed the limit during the 3.15 event.
Similarly, the Hunan and Zhejiang sites exceeded the national secondary standard for PM2.5
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(75 µg/m3) in the 1.12 event but not in the 3.15 event. PM pollution was worse in southern
cities such as Zhejiang and Hunan during the 1.12 event than it was during the 3.15 event.
This is likely due to the 1.12 event’s lower altitude. Lower dust concentrations can settle to
the ground significantly faster, influencing surface particulate concentrations.

Figure 9. Daily average PM2.5 values at ground stations during the 1.12 and 3.15 events.

Tropospheric ozone is the second most significant urban air pollutant at the moment
in China [62]. Many countries, including China, express ozone pollution levels using the
daily maximum 8 h sliding average. To investigate the variations in urban ozone pollution
during these two dust events, the daily change rates of the daily maximum 8 h sliding
average on the high PM10 day were calculated. If the site shows only one day of increased
PM10 concentration during the dust period, that day is designated as the high PM10 day.
If the site shows more than one day of an increase in PM10 value, the first two days of
the PM10 daily average value are taken in descending order. Data from Tables 1 and 2
show that on dust days, most stations have lower ozone pollution levels. Reduced ozone
pollution levels were found in 77% of the sand source stations and 63% of the downstream
cities. However, some cities have experienced increased ozone pollution, including Beijing,
Zhejiang, Hunan, Henan, and Baotou in eastern Inner Mongolia. Surprisingly, no clear
relationship appears to exist between ozone pollution levels and PM10 concentrations in
either event. Many sites, including Beijing, Shaanxi, and Baotou, showed significantly
different ozone pollution variations at similar PM10 concentrations.

As mentioned in the literature review, many factors influence the variation of ozone
concentration [26], including meteorological conditions [63,64], changes in the concentra-
tion of ozone precursors [65], and aerosols that affect photochemical reactions [27]. Several
studies have found that dust can affect ozone production and depletion rates by increasing
atmospheric extinction [66]. The combination of Gobi dust and anthropogenic pollutants
in South-Central China has the potential to stabilize the planetary boundary layer and
accelerate ozone formation [67]. Furthermore, during dust events, the violent vertical
motion of airflow may result in stratospheric ozone intrusion [68]. Previous research and
the data presented in this section both indicate that the patterns and causes of urban ozone
changes during dusty weather are complex. Investigating the mechanism of interaction
between dust aerosols and ozone will benefit the synergistic effect.

Table 1. Variation of ozone pollution levels in downstream city sites during the 1.12 and 3.15 events.

Stations High PM10 Day PM10
Daily Average (µg/m3)

Daily Change Rates
of the Ozone Pollution Level

Beijing

1.12 155 −60%
1.13 163 156%
3.15 1524 86%
3.17 294 −51%

Zhejiang
1.14 153 −14%
1.15 197 27%
3.14 116 20%
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Table 1. Cont.

Stations High PM10 Day PM10
Daily Average (µg/m3)

Daily Change Rates
of the Ozone Pollution Level

Hunan
1.15 156 −17%
1.16 206 −47%
3.16 130 61%

Henan

1.15 302 −59%
1.16 198 41%
3.15 368 −2%
3.16 517 −15%

Shaanxi

1.13 216 −23%
1.14 353 27%
3.15 2511 −7%
3.16 1955 −51%

Jinlin
1.15 103 6%
3.15 339 −23%

Table 2. Variation of ozone pollution levels in sand source sites during the 1.12 and 3.15 events.

Stations High PM10 Day PM10
Daily Average (µg/m3)

Daily Change Rates of
the Ozone Pollution Level

Xinjiang

1.16 315 −1%
1.17 232 −20%
3.16 923 −10%
3.17 710 −7%

Gansu

1.13 96 −3%
1.15 32 −7%
3.15 2484 −21%
3.16 2731 −9%

Xinlingol
1.12 80 −7%
3.14 878 46%

Baotou

1.13 1205 −25%
1.14 774 64%
3.14 744 −7%
3.15 664 −22%

Alxa

1.12 1406 2%
1.13 326 0%
3.15 3191 −28%
3.17 1251 −37%

4. Conclusions

The 1.12 event was the first dust event of 2021, occurring one month earlier than
usual. The 3.15 dust storm was the most powerful in the previous decade. A goal of this
study was to investigate the spatial-temporal distribution and transport of two specific
dust events, along with a careful exploration of their effects on air quality in sand source
and non-sand-source cities.

(1) Both events had comparable impact areas, according to satellite, ground, and reanal-
ysis data, including Northeast, North, Northwest, Central-South, and East China.
China’s Northwest, North, and Northeast regions experienced intense dust storms
during the 3.15 event. The vertical distribution of dust was 0–5 km in 1.12 event and
0–10 km in 3.15 event.
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(2) The dust from the 1.12 event originated in western Inner Mongolia and southern
Mongolia, whereas the dust from the 3.15 event was predominantly from southern
Mongolia, according to the HYSPLIT model and the 3D-CWT model. Both of these
dust sources have eastward and southeastward transport paths.

(3) Near-surface dust was primarily transmitted from 0–3 km in downstream cities. The
contribution of dust was greater in the 500–1500 m height range. The returning flow
of dust impacted the majority of cities. The eastern coast of China was extremely
vulnerable to the return flow of dust from southern Mongolia. Southern cities such
as Hunan and Zhejiang, which are far from the dust source, were also vulnerable
to East Asian dust. Desertification control in China requires increased international
cooperation with Mongolia.

(4) These two dust processes caused severe particulate pollution at the sand source and
downstream cities. The particle pollution in 3.15 was worse than in 1.12 in northern
China but less severe than in 1.12 in southern China. The rising and falling rates of
particulate concentrations in downstream cities were slower in the 1.12 dust event than
in the 3.15 dust event. Dust events with low dust heights and dust backflow should be
given special consideration in urban dust pollution forecasting and warning. During
these two dust events, most stations showed decreasing ozone pollution, but some
showed elevated ozone pollution. The complex variation of ozone concentrations
during dust weather warrants further investigation.

(5) Overall, this study enhances our understanding of the formation and development
of dust events in East Asia and explores the dust pollution of non-sand-source cities
in China. Furthermore, the innovative use of the 3D-CWT model highlights the
significance of dust height on downstream urban particle pollution. This distance
functions as a point of reference for the early warning and regional joint prevention
and control of dust pollution. Due to a lack of sand data, this paper only uses the
HYSPLIT model’s air mass trajectories to simulate the dust path, without taking the
sand’s surface conditions into account. Future research will combine remote sensing
data with numerical models that integrate various elements, such as WRF-chem and
CMAQ, to investigate the mechanisms of dust aerosols’ influence on urban air quality
in greater depth.
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