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ARTICLE INFO ABSTRACT

Keywords: A series of severe dust storms hit the Taklimakan desert between March 16 and 27, 2022, significantly deteri-
Taklimakan desert dust orating air quality throughout China. This study presents a comprehensive analysis of the vertical structure of
Dust storm

aerosols during these dust storms, as well as their causes and impacts on China’s regional and city-scale air
quality, utilizing data from reanalysis models, coherent Doppler wind lidar, and air quality monitoring stations.
During dust storms, intense wind layers increase dust emissions, resulting in reduced lidar detection ranges and
signal strengths. In addition, lower temperatures prevail due to sunlight absorption and scattering. Moreover,
high-speed winds at high altitudes increase dust particles that serve as cloud condensation nuclei, leading to
increased humidity, decreased temperature, and precipitation. The Taklimakan desert’s trough serves as a wind
convergence zone, which promotes favorable conditions for the initiation of dust storms. Due to the steep
pressure gradients, strong winds enter the Taklimakan desert through the gap between its mountains in the east,
coming from northern Xinjiang and Inner Mongolia via the Hexi corridor, which facilitates the lifting and
transport of dust aerosols. Dust is transported long distances from the Taklimakan desert to the eastern coasts,
impacting numerous cities along the way. The emissions from these dust storms swept across most Chinese
provinces. Even though each dust storm was over in the Taklimakan desert, its effects on China’s air quality
continued for several days. The coarse PM concentrations (PMjp_25) in Hotan, Kashgar, Aksu, Korla, Hami,
Xining, Yinchuan, Taiyuan, and Beijing spiked to levels around 14, 36, 11, 6, 7, 12, 11, 12, and 6 times higher
than their 2022 averages, respectively. This study provides valuable insights into the causes and effects of the
Taklimakan desert dust storms, helping authorities develop effective mitigation plans.

Dust transport
Coherent Doppler wind lidar

1. Introduction

Dust is one of the major aerosol species that has significant impacts
on air quality, climate, visibility, and human health (Bi et al., 2022; Xu
et al., 2020). Dust aerosols contribute to particulate matter concentra-
tions and lead to air quality deterioration in the source area, and they
can even travel long distances to participate in the air pollution of
regional and global places (Chakravarty et al., 2021; Krasnov et al.,
2014). Dust aerosols also have an impact on climate through a direct
effect by absorbing and scattering sunlight that would otherwise reach
the surface, causing variations in atmospheric heating and cooling, and
an indirect effect by acting as cloud condensation or ice nuclei, affecting
the formation of clouds and their properties and lifetime (Chen et al.,
2023a; Hu et al., 2020b; Che et al., 2019; Ji et al., 2016; Choobari et al.,

2014; Huang et al., 2014). In addition, depositing dust on ice and snow
reduces the surface albedo and speeds up snow melting (Qian et al.,
2015). High dust concentrations have an impact on transportation and
aviation safety by reducing visibility and causing hazy conditions
(Jayaratne et al., 2011). Furthermore, inhaling dust particles can harm
human health by entering deep into the respiratory system, resulting in a
variety of respiratory and cardiovascular diseases as well as raising
mortality rates (Goudie, 2014; Tam et al., 2012). Depending on visibility
and wind speed, three categories of dusty weather can be identified:
suspended dust, blowing dust, and dust storms. A dust storm is charac-
terized by a strong wind that carries a considerable amount of dust,
reducing visibility (Aili et al., 2021). Wu et al. (2022) and Pu and Jin
(2021) demonstrated the substantial influence of surface wind, land
cover, and soil moisture on the formation of dust storms. Investigating
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the characteristics of dust storms is crucial for mitigating their negative
influences and improving our understanding of desert dust dynamics.
Dust transport, driven by large-scale atmospheric circulation and
weather systems, has the potential to greatly increase air particulate
matter concentrations, resulting in variable degrees of pollution over
thousands to tens of thousands of kilometers (Gao et al., 2024; Victor
et al., 2024).

The majority of dust emissions originate from the arid regions of
Northern Africa, the Arabian Peninsula, Central Asia, and China (Cas-
tellanos et al., 2024; Merdji et al., 2023). Due to its strong winds, dry
climates, and broad areas of loose sediments and sand dunes, the
Taklimakan desert, located in southwestern Xinjiang in Northwest
China, experiences regular dust storms. The Taklimakan desert is the

Atmospheric Research 305 (2024) 107431

second-largest shifting sand desert in the world, with dunes varying in
height from 18 to 91 m, and is a primary source of dust in East Asia
(Mehta and Singh, 2018). As shown in Fig. 1, it is a portion of the Tarim
Basin and is bordered to the north by the Tianshan Mountains, to the
east by the Gobi Desert, to the south by the Kunlun Mountains, and to the
west by the Pamir Mountains. It covers an area of 337,000 km?, making
it the second-largest desert in China and the 17th-largest globally.
Therefore, understanding the characteristics of the dusty weather of the
Taklimakan desert is necessary. Mu et al. (2021) studied the spatio-
temporal variations of dust events in the Xinjiang basin and their po-
tential causes during 1960-2015. Zhou et al. (2023) analyzed the
characteristics of Tarim basin dust weather from 1989 to 2021 and its
effects on the atmospheric environment.
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Fig. 1. The study area, including its topography and the cities used in this study.



M. Elshora et al.

Taklimakan desert dust particles can be raised to the upper atmo-
sphere and transported long distances towards the east to affect the air
quality of many regions (Xiong et al., 2023; Meng et al., 2020; Hu et al.,
2019; Chen et al., 2017; Zhang et al., 2008). They may even travel for
around 13 days to complete one full cycle around the world (Uno et al.,
2009). Numerous studies have focused on how dust storms affect urban
air quality. Xie et al. (2005) analyzed the concentrations of PM;q, SOq,
NOy, and Os during a dust storm period in Beijing. Wang et al. (2006)
studied the effects of different types of dust events on PM;( concentra-
tions in different cities in northern China. Han et al. (2015) analyzed the
optical properties and vertical distribution of a heavy dust event and its
impact on the local air quality in Nanjing. Guan et al. (2017) investi-
gated the variation of particulate matter concentrations due to a dust
event in three cities in Gansu Province. Li et al. (2018) compared the
influences of the different types of dust events on air pollutant concen-
trations in Hotan Prefecture. Aili et al. (2021) explored the source and
transport pathways of dust storms and their contribution to air pollution
in Bugur County. Tao et al. (2021) studied the effects of the transported
dust aerosols on the air quality of central China. Other studies have
focused on the relationships between spring dust storm frequency and
meteorological conditions (Aili et al., 2016; Xiao et al., 2008; Liu et al.,
2004). The mechanism of dust radiative feedback on intensifying cy-
clones and dust storms was also investigated (Chen et al., 2023b). In
addition, the contribution of regional climate change to strengthening
dust storms was studied (Hu et al., 2023). Different methods were used
to study the Taklimakan desert’s dust, such as aerosol optical depth
products (Che et al., 2013), lidar vertical profiles (Dong et al., 2022; Hu
et al., 2020a), and unmanned aerial vehicles (Zhou et al., 2022; Jin et al.,
2020). Despite these valuable efforts, a single observation method could
only offer a limited view of dust storms. Also, focusing on a relatively
small study area limits the chance to capture the full extent of dust storm
effects. Therefore, there is still a need for a comprehensive study that
integrates multiple sources of data, such as reanalysis models, lidar, and
ground-based monitoring stations, to thoroughly analyze the Takli-
makan desert dust storms and their effects on the air quality on a na-
tional scale.

During March 16-27, 2022, a series of severe dust storms formed in
the Taklimakan desert and transported dust aerosols to the eastern Pa-
cific coastlines, deteriorating air quality throughout China. Under-
standing the reasons behind these dust storms and how they affect
China’s cities” air quality is important. Therefore, the objectives of this
study are to investigate: (1) the vertical structure of aerosols during
Taklimakan desert dust storms; (2) the causes of these dust storms; and
(3) their effects on China’s air quality on regional and city scales. This
study explores the vertical distribution of aerosols during dust storms
using the vertical profiles of a coherent Doppler wind lidar (CDWL),
combined with dust surface mass concentrations and meteorological
data from the Modern-Era Retrospective analysis for Research and Ap-
plications version 2 (MERRA-2). It also analyzes the synoptic conditions
using the mean sea level pressure, wind vectors, and the geopotential
height at 850 hPa from the ERAS reanalysis dataset to investigate the
reasons behind dust storms. Additionally, it investigates dust anomalies
to demonstrate how dust storms affect China as a whole, as well as
coarse PM concentrations to demonstrate how dust storms affect certain
cities.

2. Material and methods

The hourly dust surface mass concentrations (kg m’3) were calcu-
lated for the area of the Taklimakan desert and the entire area of China
for a period of consecutive dust storms from March 16 to 27, 2022, and
they were compared temporally to each other to investigate the asso-
ciation between the Taklimakan desert’s dust storms and their impacts
on China’s air quality. The dust surface mass concentrations were ac-
quired from an hourly time-averaged 2D data collection (M2T1NXAER)
in MERRA-2 at a spatial resolution of 0.5° x 0.625°. MERRA-2 is the
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most recent satellite-era global atmospheric reanalysis conducted by
NASA’s Global Modelling and Assimilation Office (GMAO) utilizing the
Goddard Earth Observing System Model (GEOS) version 5.12.4.

The ground-based CDWL data were retrieved from the Minfeng sta-
tion (82.691° E, 37.068° N) between March 19 and 26, 2022, to inves-
tigate the vertical dispersion of aerosols during dust storms. This lidar
determines the frequency shifts to detect wind along the line of sight
(LOS) (Liu et al., 2019). By using the velocity azimuth display (VAD)
scanning technique, an elevation angle of 70° is kept constant, and the
laser beam observes several positions at a yaw angle varying from 0° to
360° to form a full cone. The lidar provides 24 h of continuous obser-
vations per day, observing 1374 full cones, each with 29 to 30 LOS
components and an angle of around 12° between each pair of positions.
It has a 200-bin range, with the first 100 bins having a resolution of 30
m, the second 50 bins having a resolution of 60 m, and the third 50 bins
having a resolution of 150 m. The level-1 data of this lidar is the line-of-
sight wind velocity (radial velocity), carrier-to-noise ratio (CNR), and
spectral width, whereas the attenuated backscatter coefficient and the
wind profiles: horizontal wind speed, vertical wind speed, and wind
direction, are retrieved from the level-1 data (Tang et al., 2022). In this
paper, a threshold CNR of —18 dB is used to discard the high-uncertainty
data. A horizontal wind direction of 0° indicates wind blowing towards
the north, and the direction increases clockwise. The positive values of
the vertical wind speed indicate a downward direction. Additionally,
The MERRA-2 dust surface mass concentrations were used to explore the
effects of dust storms on Minfeng’s air quality. Also, MERRA-2 meteo-
rological data, such as air temperature (°C), specific humidity (unitless),
and precipitation (mm h™!), were used to extensively investigate the
vertical profiles of CDWL and study the association between meteoro-
logical variables and dust concentrations. The MERRA-2 dust surface
mass concentrations and meteorological data were accessed at the
Giovanni website (https://giovanni.gsfc.nasa.gov/).

To investigate the reasons behind these dust storms, the synoptic
conditions were analyzed using meteorological variables from the ERA5
reanalysis dataset. ERAS is the fifth-generation reanalysis of the global
climate and weather produced by the European Centre for Medium-
Range Weather Forecasts (ECMWF) with a spatial resolution of 0.25°
x 0.25° and a temporal resolution of 1 h. The 10-m horizontal wind
components required to calculate the speed and direction of the wind
and the mean sea level pressure were accessed through the “ERA5
hourly data on single levels from 1940 to present” dataset. The geo-
potential at 850 hPa that was used to calculate the geopotential height
was accessed through the “ERAS5 hourly data on pressure levels from
1940 to present” dataset. The ERA5 meteorological data was accessed at
the Copernicus climate data store website (https://cds.climate.coperni
cus.eu/).

The daily anomalies of the dust surface mass concentrations for the
days between March 16 and 27 were calculated based on the annual
mean of 2022 to investigate its spatial distribution and study the impacts
of these dust storms on China’s air quality. Although the output figures
depict any variations from the norm, whether by increase or decrease,
negative and weak anomalies were assigned no color to facilitate the
analysis of strong anomalies associated with dust storms. The PM con-
centrations of four cities inside the Taklimakan desert: Hotan, Kashgar,
Aksu, and Korla, during the period of these dust storms, were used to
study the impacts of the Taklimakan desert’s dust storms on the source
area. On the other hand, the PM concentrations were accessed for cities
outside the Taklimakan desert: Urumqi, Hami, Xining, Lanzhou,
Chengdu, Yinchuan, Hohhot, Taiyuan, Beijing, and Tianjin, to analyze
the impacts of the transported dust on distant urban cities. The hourly
concentrations of PMy 5 and PM;y were accessed through the China
National Environmental Monitoring Centre (http://www.cnemc.cn).
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3. Results and discussion
3.1. Dust storms of the Taklimakan desert

In the spring of 2022, a period of consecutive dust storms was
observed in the Taklimakan desert. It began on March 16 with a weak
storm, progressed to strong storms on March 19 and 20, and ended on
March 24 with other strong storms. These dust storms and their impacts
on the air quality in China should be studied. Fig. 2 shows the temporal
distribution of the hourly dust surface mass concentrations averaged for
the Taklimakan desert area and the entire area of China from March 16
to 27, 2022. The first dust event lasted for 25 h (from the start of the
climb to the end of the drop in the dust concentrations of the Taklimakan
desert) and recorded its peak at 16:30 on March 16, with dust concen-
trations of 0.75 x 107® kg m™ for the Taklimakan desert and 0.89 x
1077 kg m~ for China. The second dust event lasted for 119 h and
recorded its peak at 17:30 on March 19, with dust concentrations of
1.60 x 10~° kg m~3 for the Taklimakan desert and 1.63 x 10~7 kg m 3
for China. The third dust event lasted for 97 h and recorded its peak at
16:30 on March 24, with dust concentrations of 1.38 x 107® kg m™ for
the Taklimakan desert and 1.58 x 1077 kg m~> for China. The high
association between the temporal distribution of dust concentrations in
the Taklimakan desert and that of China demonstrates that dust events
in the Taklimakan desert have a significant impact on China’s air
quality. Additionally, it is noted that the vertical distance between the
Taklimakan Desert’s curve and China’s curve is small during the dust
event and large after its end. This pattern suggests that even though the
Taklimakan desert dust storm is over, its effects on China’s air quality
continue for several days. This dust event was chosen to be investigated
because it had the strongest dust storm in spring, occurring on March 19,
and it consisted of three successive dust storms in a short period, causing
overlapping influences on China’s air quality. The mean dust concen-
tration over the Taklimakan desert during these dust storms was 0.62 x
107% kg m~3, with a difference of 0.29 x 10° kg m™> from the 2022
mean dust concentration, which indicates severe dust storms. These dust
storms had a substantial impact on the air quality of China, with the
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country’s mean dust concentration of 0.90 x 10”7 kg m~>, which was
0.35 x 10”7 kg m~2 more than that of 2022.

3.2. Vertical distribution of aerosols during dust storms

Dust storms are common in the southern parts of the Taklimakan
desert (Jin et al., 2024). Minfeng City was found to have a higher fre-
quency of blowing dust events, according to the findings of Yang et al.
(2016). As a result, the vertical profiles of Minfeng’s CDWL were utilized
to investigate the vertical dispersion of aerosols during dust storms. The
MERRA-2 dust surface mass concentrations (kg m_s) were also used to
show the effects of dust storms on Minfeng’s air quality. In addition,
meteorological data from the MERRA-2 model, such as air temperature
(°C), specific humidity (unitless), and precipitation (mm h’l), were used
to extensively examine the vertical profiles of CDWL and to explore the
association between meteorology and dust concentrations. Fig. 3 shows
the vertical profiles of CDWL in Minfeng between March 19 and 26,
2022, as well as the temporal distribution of MERRA-2 dust surface mass
concentrations, air temperature, specific humidity, and precipitation.
Two periods of high dust concentrations, including four peaks, were
observed during the period of dust storms.

A southern horizontal wind speed of 5-10 m s~ was observed at an
altitude of 2 km at 00:00 on March 19. The lidar detection range at that
time was 3 km, showing a difference in wind direction between this
layer (southerly wind) and the near-to-surface layer (northerly wind).
Around 11:00, this southern wind layer proceeded downward with an
increasing speed, reaching 14 m s %, and covering a height of 0.5-1.5
km, producing dust activity and limiting the lidar detection range to 2.2
km. These dust activities accelerated after the high-speed wind layer
arrived at the surface at 15:00 with a speed of 5-10 m s * and changed
its direction to be northerly. This was accompanied by the beginning of
an increase in dust concentrations, which reached a peak of 1.61 x 10~®
kg m~3 at 4:00 on March 20 when this high-speed wind layer was about
to end, leading to a lower detection range of around 1 km. At 17:00 on
March 20, the surface experienced a northern high-speed wind layer
with a speed of 5-12 m s~!, which increased dust concentrations again
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to a peak of 2.20 x 107® kg m~ at 0:00 on March 21 with the disap-
pearance of this high-speed wind layer. After that, the dust concentra-
tions started to decrease gradually, and the lidar detection range
increased again to around 2 km. With the end of this dust storm at 18:30
on March 22, the lidar lens was cleaned of the accumulated dust that
attenuated and scattered the laser light, which led to intensified signal
strength. A broader range of higher attenuated backscatter coefficients
was also detected after cleaning the lens, which reveals the relationship
between signal strength and backscattering at higher altitudes. It was
found that temperatures decreased during this dust storm; the maximum
temperature on March 20 and 21 was 14.47 °C and 11.93 °C, respec-
tively, compared to 19.68 °C on March 19. This may be attributed to the
fact that suspended dust absorbs or scatters sunlight and blocks some of
the solar radiation that would otherwise reach the surface, resulting in
reduced temperatures (Kok et al., 2023).

After the first dust storm’s effects subsided, the dust concentration
decreased to its lowest level of 2.38 x 1077 kg m > at 12:00 on March
23. This was associated with lower backscattering values at the surface
layer and an extended detection range of about 4 km at 22:00 on March
23, as well as an increase in the day’s maximum temperature to
20.03 °C. Between 4:30 and 6:30 on March 24, a northwestern hori-
zontal wind speed of 10-15 m s~! was observed on the surface to an
altitude of 1.5 km. After that, it was seen at a height of 3 km at 8:30
before changing its direction to be southerly and increasing its speed to a
maximum of 18 m s~ after 12:00. This high-speed wind layer at a height
of around 3 km can increase dust particles that serve as cloud conden-
sation nuclei, facilitating cloud droplet production (Karydis et al.,
2011). The clouds formed by dust particles may lead to an increase in
humidity, a decrease in temperature, and precipitation. This was evident
at 14:00 on March 24, when the specific humidity climbed to 5.48 x
1072 and the temperature dropped to 10 °C, in addition to falling rains
between 12:00 and 14:00 with a maximum rate of 0.28 mm h~!. This

wind layer moved downward at 14:00 with a speed of 5-15 m s+ and
covered the height from the surface to an altitude of about 2 km, causing
the beginning of an increase in dust concentrations at 18:00. With an
additional impact from another southeastern wind layer with a
maximum speed of 9 m s ! around 22:30, the dust concentration
reached its peak of 1.15 x 107 kg m~2 at about 0:00 on March 25, and
the lidar detection range decreased to around 0.5 km at 1:30. After that,
a northeastern wind layer with a speed of 10-17 m s ! started to hit the
surface at 1:30 on March 25 before it moved upward at 6:00 to cover a
height between 0.5 and 1.7 km, leading to another increase in the dust
concentrations, which peaked again at 9.02 x 10~7 kg m > at 21:00. The
impacts of this dust storm disappeared at 10:00 on March 26, when the
dust concentration reached its lowest value of 2.86 x 10~7 kg m~3. The
maximum temperature on March 25 dropped to 13.1 °C, which may be
linked to the dust storm particles blocking some of the solar radiation
from reaching the surface.

3.3. Synoptic conditions

Fig. 4a-c and Fig. 4d—f show the mean sea level pressure (hPa),
geopotential height at 850 hPa (m), and 10-m horizontal wind (m s Hof
the March 19 and March 24 dust events, respectively. The conditions of
each dust event were analyzed three times: at its start, throughout its
increase, and at its peak. Regarding the March 19 dust event, high-
pressure systems covered wide areas in the north, such as eastern
Kazakhstan, southern Russia, eastern Mongolia, northern Xinjiang, and
Inner Mongolia, and expanded with time to include Northeast China and
parts of East and Central China. A trough with a pressure of roughly 995
hPa was found in the Taklimakan desert, indicating an ideal environ-
ment for dust storm formation (Cao and Chen, 2022) (Fig. 4a). As a
result of these severe pressure gradients, strong winds got into the
Taklimakan desert through the gap between its mountains in the east,
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coming from northern Xinjiang and Inner Mongolia via the Hexi
corridor. The movement of the high-pressure system to cover a large
region in the north in relation to the Taklimakan desert with a pressure
of around 1035 hPa increased the speeds of the wind that entered the
Taklimakan desert, which facilitated the lifting and transport of dust
aerosols (Fig. 4b and Fig. 4c). It is well known that strong wind is one of
the necessary conditions for dust uplift (Yu et al., 2023; Sun et al., 2022;
Liu et al., 2020). A low-pressure center with a counterclockwise cyclone
was observed at 137° E, 33° N (Fig. 4a). In the northern hemisphere, a
low-pressure system rotates counterclockwise, whereas a high-pressure
system rotates clockwise (Filonchyk, 2022). In addition, a low-pressure
system in areas in Northwest and Southwest China, which reached a
pressure of around 990 hPa, received strong winds from the Gobi Desert,
the Tibetan plateau, and East China (Fig. 4b). The sharp variations in
geopotential height in the southern and western borders of the Tibetan
plateau may be responsible for the atmospheric disturbances that result
in high wind speeds originating from the plateau.

Regarding the March 24 dust event, high-pressure systems were
observed in northern Xinjiang and eastern Kazakhstan, as well as in East
and South China and the Pacific Ocean. The Taklimakan desert’s trough,
which had a pressure of around 1000 hPa and lower geopotential
heights, acted as a wind convergence zone, where winds arrived from
diverse directions, supporting the favorable conditions for the initiation
of a dust storm (Fig. 4d). Broomandi et al. (2023) also confirmed the
convergence of winds over the Taklimakan desert during a study of a
major dust storm event across Central Asia on November 3-4, 2021. The
migration of the high-pressure system towards the east to include areas
in Mongolia and Inner Mongolia increased the pressure gradients and
caused strong winds that got into the Taklimakan desert through the gap
between its mountains (Fig. 4e and Fig. 4f). A counterclockwise cyclone
originated in a low-pressure region in Mongolia, with a center around
105° E, 49° N (Fig. 4d); after that, it moved eastward to reach North
China at around 117° E, 47° N, and 119° E, 48° N (Fig. 4e and Fig. 4f,
respectively). Furthermore, steep pressure gradients affected the low-
pressure area in Northwest and Southwest China with strong winds
from the Tibetan plateau and the Gobi Desert (Fig. 4e). Finally, strong
surface winds, a low-pressure system, and lower geopotential heights in

the Taklimakan desert all suggest a higher probability of dust storm
development in this area.

3.4. Effects of dust storms on China’s air quality

To study the effects of the dust storms that occurred in the Takli-
makan desert from March 16 to 27, 2022, on China’s air quality, the
spatial distribution of daily dust surface mass concentration anomalies
from March 16 to 27 was investigated, as shown in Fig. 5. The dust
anomalies were derived by subtracting the 2022 mean dust concentra-
tions from the daily averages from March 16 to 27. As a result, this figure
depicts any deviations from the norm, whether by increase or decrease.
Negative anomalies and weak anomalies (smaller than 0.025 x 107 kg
m~>) were assigned no color to facilitate the analysis of strong anomalies
associated with dust storms. To analyze the impact of these dust storms
on the air quality of Chinese cities, the coarse PM concentrations
(PM;¢_2.5) were calculated for cities inside (Hotan, Kashgar, Aksu, and
Korla) and outside (Urumgqi, Hami, Xining, Lanzhou, Chengdu, Yin-
chuan, Hohhot, Taiyuan, Beijing, and Tianjin) the Taklimakan desert,
covering different places from west to east, for the period of these dust
storms. Therefore, Fig. 6 shows the temporal distribution of the hourly
PM;o_25 concentrations for cities inside and outside the Taklimakan
desert from March 16 to 27, 2022. On March 16, a weak dust storm with
a maximum anomaly value of 1.43 x 107® kg m~3 formed in the
Taklimakan desert, covering a small area, and it was accompanied by a
rise in dust concentrations in the Gobi Desert region in western Inner
Mongolia. In addition, there were no areas across China and Mongolia
affected by earlier dust events. This dust storm rapidly dissipated on
March 17 before dispersing to various places in Xinjiang, Qinghai, and
Gansu, with the maximum anomaly value of 0.60 x 10~® kg m~2 found
in the northern parts of the Taklimakan desert.

This dust storm impacted cities inside the Taklimakan desert,
including Aksu, in which coarse PM concentrations began increasing at
23:00 on March 16 to reach a peak of 1238 g m > at 18:00 on March 17,
and Korla, in which coarse PM concentrations began increasing at 2:00
on March 17 and peaked at 524 pg m~> at 12:00 on March 17. In
addition, it affected the coarse PM concentrations of cities outside the
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Fig. 5. The spatial distribution of the daily dust surface mass concentration anomalies from March 16 to 27, 2022.

Taklimakan desert, such as Xining (a peak of 307 pg m~> at 13:00 on
March 17), Lanzhou (a peak of 401 pg m~2 at 00:00 on March 17), and
Yinchuan (a peak of 411 pg m~2 at 17:00 on March 16).

On March 18, the Taklimakan desert witnessed the formation of
another dust storm with a maximum anomaly value of 1.36 x 107 kg
m~3, with an increase in dust emissions across eastern and northern
Xinjiang, western Inner Mongolia, Ningxia, and parts of Gansu and
Shaanxi. This dust storm peaked on March 19 and covered the whole
Taklimakan desert with a maximum anomaly value of 3.09 x 107° kg
m~3, coinciding with a reduction in dust concentrations in the Gobi
Desert area. On March 20, the maximum anomaly value in the Takli-
makan desert dropped to 2.07 x 10~% kg m~3, indicating that the dust
storm started to subside. However, large quantities of dust were lifted
into the air and could be transported by the wind. It is evident that the
region with the large dust concentrations extended to include southern
Xinjiang and began to migrate east, affecting western Qinghai. It is also
clear that the Gobi Desert stopped emitting high concentrations of dust,
implying that the next consequences would be the result of the dust
storm generated in the Taklimakan desert. On March 21, the intensity of
this dust storm and its covered area in the Taklimakan desert continued
to decrease, and the maximum anomaly value decreased to 1.05 x 107°
kg m~3. Nevertheless, the extent of the high dust concentrations

stretched to the east, including all of Qinghai and portions of Tibet. With
the dust storm coming to an end on March 22, covering a small area in
the Taklimakan desert with a maximum anomaly value of 0.45 x 107°
kg m~3, the area of the high dust concentrations continued to expand to
cover parts of Xinjiang, Sichuan, Gansu, Ningxia, Inner Mongolia, and
southern Mongolia. The dust storm in the Taklimakan desert totally
disappeared on March 23. Also, the winds proceeded to transfer dust
aerosols eastward, affecting additional places such as Shaanxi, Shanxi,
Hubei, Henan, Shandong, Hebei, Beijing, and Liaoning, with a maximum
anomaly value of 0.71 x 107® kg m~3,

Cities inside the Taklimakan desert were affected by this dust storm,
such as Hotan, which had a progressive increase in coarse PM concen-
trations beginning at 00:00 on March 18 and lasting until March 23,
recording a peak of 3195 pg m > at 15:00 on March 20, and Korla, in
which the coarse PM concentrations had three peaks at 6:00 on March
18, 11:00 on March 22, and 10:00 on March 23 with an average of 353
pg m~3. Moreover, cities outside the Taklimakan desert witnessed an
increase in their coarse PM concentrations, such as Urumgqi (two peaks at
21:00 on March 21 and 16:00 on March 22 with an average of 45 pg
m’?’), Hami (four peaks at 6:00 on March 19, 5:00 on March 20, 8:00 on
March 21, and 19:00 on March 23 with an average of 298 pg m~>), and
Xining (three peaks at 7:00 on March 18, 10:00 on March 19 and 7:00 on
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March 22 with an average of 204 pg m™>).

During the spread of dust aerosols across China, another dust storm
was recorded on March 24 in the Taklimakan desert, with a maximum
anomaly value of 1.72 x 107 kg m~3. On March 25, the intensity of the
new dust storm dropped as it moved into western Xinjiang, where its
maximum anomaly value decreased to 1.16 x 10~° kg m~3, simulta-
neously with a decrease in the high dust concentration area of the pre-
vious storm. On March 26, the intensity of the new dust storm continued
to decrease, with a small area in western Xinjiang recording a maximum
anomaly value of 0.51 x 10~% kg m~. Furthermore, the previous dust
storm’s impact area moved southward, excluding some places in
Mongolia and Inner Mongolia, and including some other places in
Jiangxi, Hunan, and Guangxi. On March 27, some additional places were
excluded from the previous dust storm’s impact area, such as Gansu,
Ningxia, Hebei, Shanxi, and Henan. Also, the new dust storm in the
Taklimakan desert completely disappeared, after the movement of its
remaining effects into northern Xinjiang, recording a maximum anom-
aly value of 0.50 x 107% kg m~3.

The new dust storm significantly affected the coarse PM concentra-
tions of all cities inside the Taklimakan desert: Hotan (a peak of 4367 pug
m 2 at 5:00 on March 25), Kashgar (a peak of 5623 pg m ™ at 22:00 on
March 24), Aksu (a peak of 919 pg m~3 at 22:00 on March 24), and Korla
(a peak of 687 g m~> at 15:00 on March 24). The influences of the
previous dust storm lasted after March 24 to affect cities such as Urumqi
(a peak of 93 pg m™ at 21:00 on March 26), Xining (a peak of 282 pg
m~2 at 11:00 on March 24), Lanzhou (a peak of 423 pg m™ at 5:00 on
March 24), Chengdu (a peak of 93 pg m > at 14:00 on March 25), Yin-
chuan (several peaks throughout March 24 with an average of 201 pg
m~2), Hohhot (several peaks throughout March 24, 25, and 26 with an
average of 87 pg m ™), Taiyuan (a peak of 443 pg m > at 11:00 on March
26), Beijing (a peak of 152 pg m~2 at 9:00 on March 25), and Tianjin
(several peaks throughout March 25 and 26 with an average of 86 ug

m’3).
4. Conclusion

This study investigated consecutive dust storms in the Taklimakan
desert on March 16-27, 2022, that affected the air quality in most areas
of China. The vertical distribution of aerosols during these dust storms
was analyzed using the vertical profiles of a coherent Doppler wind
lidar. During dust storms, strong wind layers are detected, as well as a
decreased lidar detection range and signal intensity due to accumulated
dust. Also, lower temperatures are recorded as a result of blocking
portions of solar radiation from reaching the surface. Furthermore, a
high-altitude wind layer may increase dust aerosols that serve as cloud
condensation nuclei, causing increased humidity, decreased tempera-
ture, and precipitation. The reasons behind these dust storms were
explored using the mean sea level pressure, wind, and geopotential
height from the ERA5 reanalysis dataset. The existence of a trough in the
Taklimakan desert with lower geopotential heights and pressure around
995 hPa, along with the convergence of winds from several directions,
provided an ideal environment for the initiation of dust storms. The
steep pressure gradients between high-pressure systems in the north,
such as in eastern Kazakhstan, northern Xinjiang, Mongolia, and Inner
Mongolia, and the low-pressure system in the Taklimakan desert
generated strong winds that penetrated the gap between its mountains,
facilitating the development and intensification of these dust storms.
The effects of these dust storms on China’s air quality were investigated
on aregional scale using MERRA-2 dust surface mass concentrations and
on a city scale using coarse PM concentrations. It was demonstrated that
the Taklimakan desert is the primary source of dust in China, and its dust
storms affect many regions, such as Xinjiang, Gansu, Ningxia, Shaanxi,
Shanxi, southern parts of Mongolia, western parts of Inner Mongolia,
and northern parts of Qinghai. It was confirmed that dust is transported
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long distances from the west to urban cities such as Beijing in the east,
affecting the air quality of numerous cities along the way. Even if the
dust storm is over in the Taklimakan desert, its impacts on China’s air
quality last for several days. To conclude, the integration of numerous
data sources could offer a comprehensive picture of the causes, effects,
and vertical structure of the Taklimakan desert dust storms.
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