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Abstract: Extreme meteorological events can influence air quality. In March 2021, northern China
experienced a severe dust event, leading to widespread air quality deterioration. Using reanalysis
datasets and station data, we investigate the synoptic weather patterns, dust transport characteristics,
and associated impacts on air quality during this event. The results are as follows. (1) The dust event
is closely linked to the Mongolian cyclone, providing favorable conditions for dust emission and
long-distance transport. (2) The Gobi Desert in Mongolia is the primary source, with dust particles
transported from Mongolia to northern China via the northwesterly flow. Dust transport exhibits a
complex three-dimensional structure, with the most intense dust transport at approximately 2500 m
altitude. (3) The impact of this dust event on air quality was characterized by its remarkable intensity,
extensive spatial coverage, and prolonged duration. Additionally, 58.8% of the stations in northern
China experienced pollution, 36.3% of them reached severe pollution levels or higher, and 35.9% of
the sites experienced more than 12 h of pollution. (4) The visibility at the northern stations near the
dust source rapidly decreases due to solid dust particles. In contrast, the southern stations, with
higher moisture content, are primarily affected by liquid particles in terms of visibility. After the
frontal passage, wet deposition from the precipitation process gradually improves visibility.

Keywords: sandstorm; air quality; three-dimensional transport; PM10

1. Introduction

Air pollution is a significant environmental issue that many countries face in their
development, affecting various aspects such as human health, socio-economics, and the
ecological environment [1,2]. The impact of air quality deterioration on human health is
the most severe, as long-term exposure to environments with excessive particulate matter
10 (PM10) can increase mortality and morbidity rates [3]. To address these problems, the
Chinese government has introduced a range of policies and regulations aimed at controlling
air pollution, including the ‘Ten Measures for Air Pollution Prevention and Control Action
Plan’ and the ‘Three-Year Action Plan to Win the Battle for Blue Sky Protection’, which
prioritize the need to tackle health and ecological problems caused by particle pollution. A
comprehensive and proactive approach has led to significant improvements in China’s air
quality over the past decade [4,5]. However, in addition to anthropogenic factors, extreme
natural disasters may have a significant impact on the progress made in improving air
quality. For instance, in northern China, the air quality significantly deteriorates during
extreme weather events such as sandstorms [6].
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The sandstorm is a meteorological phenomenon characterized by strong winds lifting a
large amount of dust and sand from the ground into the air, resulting in horizontal visibility
dropping below 1 km. It is prevalent during spring and has serious harm to human health,
the ecological environment, and transportation systems. The major dust sources in East
Asia are located in arid and semi-arid regions, including the Gobi Desert, Taklamakan
Desert, and Hexi Corridor. Among them, the Gobi Desert in Mongolia contributes the
most. Although the Taklamakan Desert has the largest dust emission capacity, the dust
is generally not easily transported outward because the Tarim Basin is surrounded by
mountains on three sides [7,8]. The occurrence of dust events requires favorable underlying
surface conditions and a conducive weather background [9,10], with strong winds being
the main driving force for sand lifting and long-distance transport [11]. As a result of
dust transport, the concentration of PM10 in the atmosphere increases significantly, and
both near-surface visibility and air quality are reduced [12]. Therefore, analyzing the dust
transport process is crucial for exploring the evolution of near-surface air quality.

The transport of dust exhibits significant three-dimensional characteristics. However,
due to limitations in observational data, a considerable amount of research has primarily fo-
cused on the horizontal transport characteristics of dust in a two-dimensional plane [13,14].
Numerical models can provide three-dimensional parameters, but they are highly sensitive
to initial and boundary conditions when simulating sand and dust transport processes.
Most simulations still have shortcomings in accurately representing the dust emission
process, resulting in lower confidence in the simulation outcomes [15,16]. Reanalyzed data,
which assimilate multiple sources of dust observations, including ground-based, sounding,
and satellite data, can provide powerful support for analyzing the three-dimensional trans-
port of dust. The global Copernicus Atmospheric Monitoring Service (CAMS) reanalysis of
atmospheric composition, provided by the European Center for Medium-Range Weather
Forecasts (ECMWF), is the latest generation of global atmospheric composition reanalysis
products. This dataset exhibits improved quality and higher resolution compared to its
predecessors [17,18]. Some researchers have successfully used this data for analyzing dust
processes and have obtained reliable results [19].

Due to climate change, wind speeds in East Asia have decreased over the past
few decades [20], while soil moisture has increased and vegetation coverage has im-
proved [21,22]. As a result, the overall trend in East Asian dust activity has exhibited
a weakening tendency, with significant decreases in the number of dusty days, intensity,
and frequency [23,24]. However, extreme climate events can easily be triggered by abnor-
mal climate backgrounds. It has been shown that abnormal weather conditions can lead to
severe sandstorms in northern China [25]. During the winter of 2020–2021, a pronounced
La Niña event occurred [26]. Against this background, severe dust weather occurred in
northern China in mid-March 2021, with a duration of more than 4 days, an affected area
of up to 3.8 million km2, and the maximum accumulated dust concentration in the source
area exceeding 18,000 µg m−3. Visibility was less than 500 m in many areas, and Mongolia
saw a large number of missing and injured people. Transportation and the socio-economic
activities of several provinces in northern China were severely disrupted [27,28].

Extensive research has been conducted on the extreme dust event under investigation,
focusing on its weather and climatic background as well as formation mechanisms [26,29].
However, limited literature exists regarding the transport characteristics of dust particles
and their impact on PM10 and atmospheric visibility. Therefore, this study aims to address
these gaps by examining the data and methods (Section 2), providing an overview of the
weather conditions (Section 3), analyzing dust particle transport characteristics (Section 4),
assessing the impact on air quality and visibility at multiple stations (Section 5), and
presenting the discussion and conclusions.
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2. Data and Methods
2.1. Data

This study utilizes the hourly fifth-generation European Center for Medium-Range
Weather Forecasts (ERA5) reanalysis data [30] provided by ECMWF for weather back-
ground analysis (https://cds.climate.copernicus.eu/, access on 20 March 2023). The spatial
resolution of wind, geopotential, and temperature at 200 hPa, 500 hPa, 700 hPa, and 850 hPa,
as well as mean sea level pressure, is 0.25◦ × 0.25◦ by latitude and longitude. The spatial
resolution of 10 m-wind is 0.1◦ × 0.1◦ by latitude and longitude. The study period covers
from 12:00 on 14 March to 15:00 on 19 March 2021 (all times in Coordinated Universal
Time, UTC).

When analyzing the dusting process, this study utilizes reanalysis data provided
by CAMS (https://ads.atmosphere.copernicus.eu/, access on 20 March 2023), including
parameters such as vertically integrated mass of dust aerosol (0.03–0.55 µm and 0.55–9 µm)
and dust aerosol mixing ratio (0.03–0.55 µm and 0.55–9 µm). The spatial resolution is
0.75◦ × 0.75◦ by latitude and longitude, and the temporal resolution is 3 h.

For analyzing the impact on air quality, this study utilizes hourly observations of PM10
and PM2.5 concentrations obtained from the China National Environmental Monitoring
Centre (http://www.cnemc.cn/, access on 20 March 2023), as well as maximum wind
speed and minimum visibility data from the National Meteorological Information Center of
the China Meteorological Administration (http://data.cma.cn/, access on 20 March 2023).
Before analysis, the data undergoes rigorous quality control procedures, and a total of 245
monitoring stations with high-quality data are selected for subsequent statistical analysis.

2.2. Method of Determining the Location of Low-Pressure Center and Front

Cyclone center positioning using the Minimum Filtering Method. Within the dominant
operational domain of the Mongolian cyclone (70–140◦ E, 45–60◦ N), a minimum filtering
procedure is applied to the mean sea level pressure field. Subsequently, the position
associated with the minimum pressure value is identified and designated as the center of
the Mongolian cyclone. The application of smoothing techniques effectively eliminates
minor noise, thus mitigating the risk of erroneous center detection and ensuring the
accuracy of the results.

Frontal position determination using synoptic meteorological analysis. The frontal
location is determined by analyzing the distribution of wind fields, temperature fields,
pressure fields, and the arrangement of isobars and isotherms on surface weather maps.
The presence of closely spaced isobars and isotherms near the frontal zone, along with
isallotherm low and isallobaric high behind the cold front and isallotherm high and isallo-
baric low ahead of the warm front, are used as key criteria for identifying the position of
the front.

2.3. Dust Duration and Classification, Air Quality Levels

Identification of the start and end times of the dust weather process. The criteria for
determining the onset time of dust events, as specified by the Ministry of Ecology and
Environment of the People’s Republic of China (https://www.mee.gov.cn/, access on
20 March 2023), are as follows. The hourly PM10 concentration exceeds twice the average
PM10 concentration of the previous 6 h and is greater than 150 µg m−3, or the ratio of PM2.5
to PM10 is less than or equal to 50% of the average ratio of the previous 6 h. The end time
of a dust event is identified as the first instance when the PM10 concentration decreases to
within a relative deviation of 10% from the average PM10 concentration of the 6 h preceding
the occurrence of the dust event.

Identification of the level of dust weather. Referring to the national standard ‘Classifi-
cation of sand and dust weather’ (GB/T 20480–2017) published by the China Meteorological
Administration, visibility during sand and dust weather events is defined as ranging from
1 km to 10 km for blowing sand, less than 1 km for a sandstorm, and less than 500 m for a
severe sandstorm.

https://cds.climate.copernicus.eu/
https://ads.atmosphere.copernicus.eu/
http://www.cnemc.cn/
http://data.cma.cn/
https://www.mee.gov.cn/
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Classification of Air Quality Index (AQI) Levels. The determination of AQI levels is
based on the ‘Technical Regulation on Ambient Air Quality Index (on trial)’ (HJ 633–2012)
published by the Ministry of Ecology and Environment of the People’s Republic of China.
The AQI corresponding to PM10 is calculated using the Individual Air Quality Index
(IAQI) method. Based on the 24 h average PM10 mass concentration, pollution levels
are categorized as Good (0–50 µg m−3), Moderate (51–150 µg m−3), Lower Pollution
(151–250 µg m−3), Medium Pollution (251–350 µg m−3), Severe Pollution (351–420 µg m−3),
and Serious Pollution (>420 µg m−3).

2.4. Study Area and Distribution of Observation Station

The study area encompasses the northern region of China (Figure 1), with the pink dots
on the map indicating the locations of air quality monitoring stations. Two representative
profiles (indicated by the solid yellow line) were selected to analyze the three-dimensional
transport processes of dust based on the prevailing wind directions during dust weather
events. To comprehensively assess the impact of this dust event on air quality in northern
China, a number of representative sites (indicated by red pentagrams) from regions includ-
ing northwest, northeast, and north China were chosen for analysis, including Ordos in
Inner Mongolia, Tieling in Liaoning, Wuwei in Gansu, Tianjin, Anyang in Henan, Linyi in
Shandong, Huainan in Anhui, and Xinyang in Henan. In the selection of representative
sites, we try to make the distribution of sites in the study area broad and, combined with the
main path of sand and dust transmission, more conducive to the study of the characteristics
of dust transmission.
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Figure 1. Study area and distribution of stations, including environmental monitoring stations (dots),
representative urban stations (pentagrams), and representative profiles (solid yellow lines). The
representative sites include Ordos in Inner Mongolia, Tieling in Liaoning, Wuwei in Gansu, Tianjin,
Anyang in Henan, Linyi in Shandong, Huainan in Anhui, and Xinyang in Henan.

3. Weather Situation

Figure 2 presents the genesis and development process of the Mongolian cyclone. A
thermal low-pressure system forms over the West Siberian Plain and rapidly propagates
eastward to the border of Mongolia. Facilitated by the blocking of cold air and adiabatic
warming from descending airflows, the Mongolian cyclone forms on the lee slopes of
the Altai-Sayan mountain ranges. At 12:00 on the 14th, the cyclone enters the frontal
stage, attains maturity, decelerates its movement, and reaches its maximum intensity after
12 h. Subsequently, the cyclone gradually weakens and eventually dissipates over the Sea
of Japan. Next, the configuration of atmospheric circulation patterns at different levels,
including 200 hPa, 500 hPa, 700 hPa, and sea level, will be examined to analyze their
influence on sand initiation and dust transport.
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Figure 2. (a) Evolution of surface low pressure and front from 00:00 on 12 March to 12:00 on 16 March
2021, at 12 h intervals. High and low-level system configurations at (b) 00:00 on 14 March, (c) 12:00
on 14 March, (d) 00:00 on 15 March, and (e) 12:00 on 15 March 2021. The low-pressure center is
represented by ‘D’, the high-pressure center by ‘G’, and the cold center by ‘L’. The positions of surface
cyclone centers are indicated by black circles. The figure shows the locations of cold and warm fronts,
temperature advection, trough lines, and upper-level jet streams.

At the 500 hPa, a zonal circulation pattern characterized by ‘two troughs and one
ridge’ is observed over the mid-high latitudes of the Eurasian continent. The temperature
field exhibits a lag behind the geopotential field, facilitating the eastward development
of the system due to pronounced horizontal pressure gradients. The upper-level trough
intensifies and forms a closed circulation center on the lee side of the Mongolian Mountains,
giving rise to the formation of a cold vortex with reduced translational speed. The most
significant development occurs to the east of Lake Baikal (Figure 2c). Concurrently, a strong
jet stream exceeding 50 m s−1 is present at 200 hPa over Mongolia to central Inner Mongolia
(Figure 2b). On the left side of the jet exit region, a strong upper-level divergence field exists,
providing favorable conditions for convergent upward motion. These dynamic conditions
play a crucial role in the cyclone’s development and facilitate the upward transport of sand
particles.

At 700 hPa, cold air accumulates on the windward slope due to the diminishment
caused by the Altai-Sayan mountains (Figure 2b). A frontal zone with densely distributed
isotherms is observed near 50◦ N, and strong cold advection drives the southeastward
movement of the cold front. Meanwhile, a warm tongue extends from the Tarim Basin
towards the northeast, intersecting with the southward intrusion of cold advection from
Siberia over Mongolia (Figure 2c), leading to the formation of a warm front and a frontal
cyclone. The surface weather map reveals a Siberian high-pressure system with a strength
exceeding 1035 hPa located behind the low-pressure center of the Mongolian cyclone. This
generates a strong pressure gradient zone in the central part of Mongolia, resulting in
a significant enhancement of near-surface wind speed. The intensified winds provide
favorable dynamic conditions for the near-surface sand lifting processes.
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Overall, the strong upper-level divergence on the left side of the jet exit region at
200 hPa, along with the strong positive vorticity advection ahead of the upper-level trough
at 500 hPa, as well as the convergence of cold and warm advection at 700 hPa and near
the surface, constitute a highly favorable configuration of the atmospheric circulation at
different levels. These factors collectively promote the rapid development of the Mongolian
cyclone. Furthermore, the evolution of the frontal cyclone system provides favorable
dynamic conditions for the sand and dust process, including the significant surface winds
promoting sand uplift, the convergence-induced upward motion facilitating the upward
transport of sand and dust, and the strong winds at higher altitudes enabling long-distance
transport of sand and dust.

4. Transport Characteristics of Dust

More frequent and intense vertical motion can lift dust particles into the upper level,
prolonging their residence time in the atmosphere [31]. In this study, the vertically inte-
grated mass of dust aerosol in the ranges of 0.03–0.55 µm and 0.55–9 µm, combined with
wind fields greater than 4 m s−1, is used to show the transport characteristics of pollutants
during dust weather events on a two-dimensional plane.

Guided by the northwestern airflow in the rear of the Mongolian cyclone, the dust
entered Inner Mongolia through the China–Mongolia border, resulting in a banded dis-
tribution of high dust concentrations in Inner Mongolia and the Northeast China Plain
(Figure 3a,b). The southern edge of the dust zone was hindered by mountain ranges and
difficult to diffuse. Convective motion in the vertical direction, along with strong winds
associated with weather systems, facilitated the lifting of dust into the air, increasing the
dust concentration in the atmospheric column. Gusts of more than 12 m s−1 were ob-
served in multiple locations, causing dust to be transported downstream and deposited,
resulting in dust weather events in China’s northeast, northwest, and northern area. As
the Mongolian cyclone weakened and moved eastward, the strong winds at the surface
weakened. Affected by the return flow of the front of the Siberian cold high pressure, dust
spread southward and eastward to the southern part of the North China Plain, including
the Jiangsu and Anhui provinces (Figure 3e,f).

Meanwhile, under the influence of the northeast airflow in front of the Siberian
cold high pressure, Xinjiang province also shows a relatively high concentration of dust.
Surrounded by high mountains with an average elevation of over 5 km, the Tarim Basin is
dominated by easterly and northeasterly winds throughout the year [32]. Therefore, the
dust in this place is difficult to dissipate below an altitude of 5 km, and a relatively stable
dust-closed circulation is formed in this place. In addition, the local supply of sand sources,
such as the Taklamakan Desert, led to a sustained high concentration of dust.

Due to the rapid movement of the Mongolia cyclone and the front (Figure 2), the
upward motion ahead of the cold front is conducive to the suspension of dust aerosols
in the boundary layer, while the strong sinking motion behind the cold front leads to the
accumulation of cold air, causing the dust to settle in downstream areas [14]. This results in
surface-divergent winds, highlighting the importance of vertical motion in the analysis of
dust weather. The dust aerosol mixing ratio represents the proportion of dust aerosol mass
in unit dry air mass and can further demonstrate the stratification effect of the vertically
integrated mass of dust aerosols (Figure 3). Therefore, this paper selects the mixing
ratio from the ground to 400 hPa and chooses two profiles in the northwest–southeast
(Figure 4a–f) and northeast–southwest (Figure 4g–l) directions, respectively, based on the
dust transmission path. We analyzed the intensity and path of this sandstorm’s overseas
transport by its vertical motion characteristics. By combining the near-surface air pollution
situation, we analyze the impact of sandstorms on air quality after entering China.
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At 18:00 on the 14th (Figure 4a), the sandstorm covered the air over central and
western Mongolia and central Inner Mongolia, accompanied by a sinking motion zone with
wind speeds exceeding 0.5 Pa s−1. This resulted in dust settling and PM10 concentrations
exceeding the upper observation threshold in many areas of Inner Mongolia. Twelve hours
later, the sandstorm near the Altai Mountains was separated from the surface by updrafts
and carried away, rapidly increasing again (Figure 4c). It was then transported over long
distances into China by the northwestern flow provided by the cyclone’s rear.

Affected by the northeast airflow ahead of the Siberian cold high, the sandstorm
was transported southward after entering China. Under the influence of downdrafts and
the gravitational settling of dust particles, the ground-level PM10 concentration increased
sharply. Comparing the time of the increase in the vertical total dust amount with that of
the increase in the ground-level PM10 concentration, we found that the ground air pollution
lagged by about 12 h. Moreover, due to the dust from Mongolia being lifted again to
supplement the dust from the upper levels to the North China Plain (Figure 4l), China
continues to be affected by the dust.

In summary, the center of maximum intensity of this sandstorm was more than 2500 m
away from the underlying surface, and the vertical influence range exceeded 4200 m.
Sandstorms in North China and Northeast China were mainly caused by northwest winds
passing through behind the cold front, while sandstorms in the southern part of the North
China Plain were mainly caused by the southward diffusion of high-level sandstorms that
had not dissipated and the sandstorm return caused by the eastward airflow.
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Figure 4. The profile along the dust path (yellow line in Figure 1) shows the vertical velocity (unit:
Pa s−1, contours) and the dust aerosol mixing ratio (0.03–0.9 µm) (unit: 10−7 kg kg−1, shading).
Figures (a–f) depict the dust path from (48◦ N, 97◦ E) to (39.3◦ N, 118.0◦ E). Figures (g–l) draw the
dust path from (42.0◦ N, 118.0◦ E) to (32.0◦ N, 113.0◦ E). The red numbers at the bottom represent the
change in PM10 concentration (unit: µg m−3) over a 3 h period at three stations, respectively: Tianjin,
Anyang, and Xinyang arranged from north to south.

5. Effects on Air Quality
5.1. Spatial Distribution of Particulate Matter (PM)

Figure 5 depicts the spatial distribution of PM10 concentrations at air quality monitor-
ing stations at 6 h intervals. Starting from 15 March, regions with high PM10 concentrations
were concentrated in the eastern part of Xinjiang, central-western Inner Mongolia, and the
Hexi Corridor (Figure 5a,b). Subsequently, the affected area rapidly expanded, extending
towards the Hetao region, the middle and lower reaches of the Yellow River, and dispersing
towards the Huang-Huai region, reaching as far south as the northern parts of Jiangsu
and Anhui provinces (Figure 5c–f). Due to the obstruction caused by the Tibet Plateau,
particulate matter accumulated on the eastern side of the plateau, resulting in sustained
high concentrations.



Atmosphere 2023, 14, 1071 9 of 14

Atmosphere 2023, 14, x FOR PEER REVIEW 9 of 14 
 

 

In summary, the center of maximum intensity of this sandstorm was more than 2500 
m away from the underlying surface, and the vertical influence range exceeded 4200 m. 
Sandstorms in North China and Northeast China were mainly caused by northwest winds 
passing through behind the cold front, while sandstorms in the southern part of the North 
China Plain were mainly caused by the southward diffusion of high-level sandstorms that 
had not dissipated and the sandstorm return caused by the eastward airflow. 

5. Effects on Air Quality 
5.1. Spatial Distribution of Particulate Matter (PM) 

Figure 5 depicts the spatial distribution of PM10 concentrations at air quality moni-
toring stations at 6 h intervals. Starting from 15 March, regions with high PM10 concentra-
tions were concentrated in the eastern part of Xinjiang, central-western Inner Mongolia, 
and the Hexi Corridor (Figure 5a,b). Subsequently, the affected area rapidly expanded, 
extending towards the Hetao region, the middle and lower reaches of the Yellow River, 
and dispersing towards the Huang-Huai region, reaching as far south as the northern 
parts of Jiangsu and Anhui provinces (Figure 5c–f). Due to the obstruction caused by the 
Tibet Plateau, particulate matter accumulated on the eastern side of the plateau, resulting 
in sustained high concentrations. 

 
Figure 5. Spatial distribution of 24 h average PM10 mass concentrations (unit: µg m−3, scatter) at air 
quality monitoring stations in northern China. ((a) 18:00 on 14 March 2021, (b) 00:00 on 15 March, 
(c) 06:00 on 15 March, (d) 12:00 on 15 March, (e) 18:00 on 15 March, (f) 00:00 on 16 March). 

Table 1 provides statistical results for the pollution event. The ‘Num’ column and 
‘Num_12h’ column represent the number of monitoring stations corresponding to each 
pollution level and the number of stations with pollution duration exceeding 12 h, respec-
tively. ‘Proportion’ and ‘Proportion_12h’ indicate the proportion of the aforementioned 
station categories to the total number of stations. As of 00:00 on the 16th, 4.9% of the mon-
itoring stations in northern China exhibited severe pollution, while 31.4% of the stations 
were significantly affected, reaching the level of serious pollution. Stations experiencing 

Figure 5. Spatial distribution of 24 h average PM10 mass concentrations (unit: µg m−3, scatter) at air
quality monitoring stations in northern China. ((a) 18:00 on 14 March 2021, (b) 00:00 on 15 March,
(c) 06:00 on 15 March, (d) 12:00 on 15 March, (e) 18:00 on 15 March, (f) 00:00 on 16 March).

Table 1 provides statistical results for the pollution event. The ‘Num’ column and
‘Num_12h’ column represent the number of monitoring stations corresponding to each pol-
lution level and the number of stations with pollution duration exceeding 12 h, respectively.
‘Proportion’ and ‘Proportion_12h’ indicate the proportion of the aforementioned station
categories to the total number of stations. As of 00:00 on the 16th, 4.9% of the monitoring
stations in northern China exhibited severe pollution, while 31.4% of the stations were
significantly affected, reaching the level of serious pollution. Stations experiencing medium
and lower pollution accounted for 8.2% and 14.3% of the total, respectively. The statistical
analysis reveals that this intense sand and dust event affected 58.8% of the stations in
northern China, with 36.3% of the stations experiencing severe pollution or higher. In terms
of duration, a substantial proportion of the stations, 35.9%, experienced pollution for more
than 12 h. Among them, the highest proportion was observed in stations affected by severe
pollution, accounting for 16.3%. The next highest proportion was in stations affected by
lower pollution, accounting for 10.6%. Stations affected by medium and severe pollution
accounted for 5.3% and 3.7%, respectively. These results highlight the severe air pollution
caused by this event in northern China, with extreme intensity, extensive coverage, and a
prolonged duration compared to previous historical cases.

The temporal evolution of surface PM10 concentrations, as depicted in Figure 5, ex-
hibits a pattern similar to the evolution of total atmospheric column dust mass shown in
Figure 3, albeit with a certain time lag. Analysis indicates that dust particles are initially
transported to higher altitudes, resulting in an increase in the overall dust mass within
the atmospheric column (Figure 3a), while surface contamination remains relatively low.
As demonstrated in Figure 4c,i, the dust particles subsequently propagate downstream
and deposit, leading to a significant increase in pollutant concentrations at ground-level
monitoring stations, ultimately causing pollution events in Northwestern China, North
China, and Northeast China (Figure 5c–f). Therefore, it can be concluded that the increase in
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pollutant concentrations near the surface lags behind the increase in total dust mass within
the atmospheric column, as the dispersion and settling processes of pollutants require a
certain amount of time. Similarly, the dissipation of pollution lags behind the cessation of
the dusting process.

Table 1. Statistical table of the pollution situation in northern China stations from 18:00 on March 14
to 00:00 on March 16, 2021.

PM10_24 h
(µg m−3) Pollution Level Num Proportion Num_12 h Proportion_12 h

0–150 No pollution 101 41.2% 0 0
151–250 Lower 35 14.3% 26 10.6%
251–350 Medium 20 8.2% 13 5.3%
351–420 Severe 12 4.9% 9 3.7%

>420 Serious 77 31.4% 40 16.3%
Total 245 100% 88 35.9%

5.2. Temporal Variation of PM and Meteorological Elements at Typical Stations

To provide a more comprehensive assessment of the influence of this dust event on
air quality and visibility, a detailed analysis will be conducted at eight selected urban
stations. These stations encompass a range of parameters, including PM10, PM2.5, wind
speed, relative humidity, and visibility, which will be examined in depth.

Under the influence of northwest airflow in the rear of the cyclone, the sandstorm
entered China across the border with Inner Mongolia. Ordos was the first to be affected by
the pollution at 19:00 on the 14th (Figure 6a), with its PM10 concentration rising to the upper
observation threshold (9985 µg m−3) within one hour. The minimum visibility was 183 m,
and the strong sandstorm persisted for 9 consecutive hours. Meanwhile, the northeast
airflow in front of the Siberian high pressure affected the Hexi Corridor, which is adjacent
to the Tengger Desert, an abundant source of sand. Due to the obstruction of the mountains,
the sand in Wuwei was not easily dispersed (Figure 6b), and the severe sandstorm weather
lasted for more than 13 h, with the sandstorm weather ending on the 19th.

Tianjin and Tieling are located in plains, and strong winds favor the horizontal dis-
persion of pollutants. The sandstorm event in these two areas lasted for approximately
24 h (Figure 6c,d). Before the front passes, liquid PM significantly affects visibility. This,
combined with the dust, caused low visibility in Tianjin. However, precipitation has a
scavenging activity on pollutants in the air, so after experiencing a brief period of blowing
sand, Tieling’s visibility improved continuously.

After long-distance transport, the intensity of the dust weakened, and the dust in-
tensity in the southern part of the North China Plain was categorized as ‘floating dust’.
Anyang and Linyi, which are located at similar latitudes, experienced dust events with
little time difference (Figure 6e,f). However, the PM10 concentration curve in Linyi showed
a bimodal feature, which may be due to the obstruction of the Shandong Hills upstream,
resulting in a brief decline in the local particle concentration during the dust event. Xinyang
and Huainan are located near the Middle and Lower Yangtze River Plain, and both were
affected by dust on the 16th (Figure 6g,h). There is a significant inverse correlation between
the relative humidity and visibility curve before the front passes, and liquid PM signifi-
cantly affects atmospheric visibility at this stage. As the front passes through, although
the concentration of PM10 increases, visibility slowly increases, which is related to the
wet deposition caused by precipitation processes. Therefore, the impact of liquid PM on
visibility at southern stations is greater. The dust impact periods of Tianjin, Anyang, and
Xinyang stations correspond well with the dust transport processes in the vertical profile
(Figure 4). The starting times at adjacent sites differ by about 12 h, which can provide a
reference for downstream areas when forecasting dust weather.
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Figure 6. From 12:00 on 14 March to 15:00 on 19 March, the hourly variations of PM10 mass concen-
tration (unit: µg m−3, black line), the ratio of PM2.5 to PM10 (red line), visibility (unit: m, yellow
line), relative humidity (green line), and wind speed (unit: m s−1, blue bar) were recorded at moni-
toring sites in (a) Ordos, (b) Wuwei, (c) Tianjin, (d) Tieling, (e) Anyang, (f) Linyi, (g) Xinyang, and
(h) Huainan. The shaded areas represent the occurrence of dust events.

In summarizing the analysis results for the eight representative stations in conjunction
with the frontal passage process, several significant observations can be made. During the
frontal passage, strong winds exceeding 10 m s−1, with a maximum reaching 18 m s−1,
are commonly observed near the surface. Subsequently, the occurrence of dust weather
leads to a rapid increase in PM10 hourly concentration, accompanied by a pronounced
decrease in the proportion of PM2.5 within PM10. This indicates that the transported dust
primarily consists of particles with aerodynamic diameters of 2.5–10 µm. The impact
on visibility is found to be multifaceted. Stations in close proximity to the dust source
experience a swift reduction in visibility upon the arrival of dust, highlighting the significant
influence of solid dust particles through ‘fast processes’. In contrast, stations located
further south with relatively moist and favorable precipitation conditions exhibit a clear
inverse correlation between relative humidity and visibility before the frontal passage.
Liquid particles play a noteworthy role in affecting atmospheric visibility during this stage.
Despite an increase in PM10 concentration, visibility shows a gradual improvement as
the frontal passage progresses, which can be attributed to the wet deposition induced by
precipitation. Therefore, in southern stations, the impact of liquid particles on visibility is
more pronounced.
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6. Conclusions

This study presents an analysis of a severe dust event that occurred in March 2021.
The analysis is based on meteorological parameters derived from the ERA5 reanalysis
dataset, atmospheric composition data from the CAMS reanalysis dataset, as well as
meteorological elements and air quality monitoring data from surface stations in China.
The study examines the impact of this dust event on air quality and atmospheric visibility.
The main findings of this research are as follows.

1. The present dust event belongs to the typical Mongolian cyclone-induced type. The
strong divergence on the left side of the jet stream exit, the positive vorticity advection
ahead of the trough at high levels, and the strong temperature gradient at low levels all
contribute to the initiation and development of the frontal cyclone system. The intense
Mongolian cyclone facilitates near-surface dust uplift and promotes both vertical and
long-distance horizontal transport of dust, thereby providing advantageous dynamic
conditions for this dust event.

2. The Gobi Desert in Mongolia is the primary source, with dust particles transported
from Mongolia to northern China via the northwesterly flow behind the Mongolian
cyclone. The dust event lags behind the evolution of weather systems. The Mongolian
cyclone induces vertical motion in the lower atmosphere, uplifting and transporting
near-surface dust particles. The dust transport displays a complex three-dimensional
structure; the maximum dust intensity occurs at around 2500 m, characterized by a
wide and elevated region of high values extending vertically, with some areas reaching
over 4200 m.

3. This dust event has a significant impact on air quality in northern China, characterized
by its extensive spatial coverage, high intensity, and prolonged duration. A total of
58.8% of the monitoring sites in northern China were affected by the pollution, with
36.3% of the sites reaching severe pollution levels or higher. Furthermore, 35.9% of
the sites experienced more than 12 h of pollution. With the arrival of a sandstorm,
the concentration of PM10 rapidly increases; this indicates that the contribution of
external dust sources to PM10 particles is dominant.

4. The visibility is primarily affected by solid dust particles, especially at the northern
stations, which are closer to the dust source. The increase in the PM10 concentration
leads to a rapid reduction in visibility. However, the southern stations, characterized
by higher moisture content, exhibit a clear inverse correlation between relative hu-
midity and visibility, indicating a significant influence of liquid particles on visibility
before the frontal passage. Subsequently, the visibility gradually improves due to the
wet deposition resulting from the precipitation process.

This study has analyzed a single extreme case, which limits the generalizability of
the results. Further analysis of multiple extreme events is needed for broader conclusions.
Additionally, regarding air quality, this study has only focused on inhalable PM, while
changes in atmospheric components such as ozone, nitrogen oxides, and sulfur compounds
can also contribute to air quality degradation and pose health risks. Subsequent research
will incorporate analysis of these variables to obtain a more comprehensive understanding
of the subject matter.
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