Atmospheric Research 292 (2023) 106846

Contents lists available at ScienceDirect

Atmospheric Research

journal homepage: www.elsevier.com/locate/atmosres

ELSEVIER

Check for

On the dynamics and air-quality impact of the exceptional East Asian dust @&
outbreak in mid-March 2021

Feifei Mu "', Eduardo Weide Luiz, Stephanie Fiedler "**

University of Cologne, Institute of Geophysics and Meteorology, Pohligstr. 3, Cologne 50969, Germany

ARTICLE INFO ABSTRACT

Keywords:

Mongolian cyclone
Nocturnal low-level jet
Dust storm

Gobi Desert
Taklamakan Desert

In mid-March 2021, one of the strongest dust storms of the last decade hit East Asia with adverse impacts on
socio-economic activities and loss of life. The aim of this study is to assess the atmospheric dynamics involved in
the temporal evolution of the Mongolian extra-tropical cyclone driving the dust event in different dust source
regions in East Asia and to quantify to what extent the event was unusual for the first time. To that end, we use
observation and model data from different sources. We identify that dust aerosols of the event primarily origi-
nated in the Gobi Desert. The anomalously strong dust-emitting winds were here associated with the passage of a
cold front and exceeded the 99th percentile of the near-surface wind climatology for March 1992-2021 by far.
Over the Loess Plateau, the dust deposition mostly exceeded the regional dust emission, indicative of the region
being a net sink for dust aerosols, even during a high-impact event like in mid-March 2021. The formed dust
aerosol layer of thousands of kilometers in extent led to sharp decreases in the air quality across China with
record-high urban particulate matter concentrations, poor air quality, and low atmospheric visibility. Our results
highlight that also the Taklamakan Desert contributed to the dust outbreak in the Western part of China. The dust
emissions in the Taklamakan Desert were associated with nocturnal low-level jets that were favored by the cold
air intrusion. It provides the first evidence for a link between different dust-emission mechanisms across East
Asian Deserts during synoptic-scale dust outbreaks.

1. Introduction

East Asia witnessed a high-impact dust storm on 13-16 March 2021.
The dust storm took lives and destroyed houses across Mongolia. In
China, the dust outbreak affected an area of more than 3.8 million
square kilometers and resulted in the cancellations of public trans-
portation and outdoor activities in many cities. The arid and semiarid
areas in East Asia, such as the Taklamakan Desert and the Gobi Desert,
are known as active dust sources (Bian et al., 2011; Ge et al., 2014; Song
et al., 2016; Chen et al., 2017). The large desert area paired with the
relatively frequent dust-emitting winds makes the Taklamakan Desert
the most active dust source region in East Asia (Wang et al., 2015).
Generally, dust emissions in the Taklamakan Desert are particularly
large during the Northern hemisphere spring and summer (Ge et al.,
2014). During the years 2007 to 2011, the mean spring and summer dust
emissions in the Taklamakan Desert were 70.5 Tg yr * and 58.8 Tg yr !,
contributing 39% and 42% of the total annual dust emission of East Asia

* Corresponding author.

(Chen et al., 2017).

Compared to the Taklamakan Desert, dust source activation in the
Gobi Desert is less frequent (Tao et al., 2022). However, the Gobi Desert
is known as the source of severe dust outbreaks affecting East Asia (Bian
et al., 2011). The dust emissions in northern East Asia are particularly
active in spring due to the seasonality of the extra-tropical cyclones
(Takemi and Seino, 2005; Cuesta et al., 2015; Tian et al., 2020). Owing
to the relatively high elevation and the typically low soil moisture, soil
particles can here be mobilized when the wind speed is sufficiently
strong (Kim and Choi, 2015; Chen et al., 2017). Additionally, the Chi-
nese Loess Plateau is known for dust activity (Zhang et al., 2010; Feng
and Wang, 2012; Guan et al., 2017). However, dust emissions there are
typically lower than in the Taklamakan and the Gobi Desert, and most of
the severe dust events reported for the Plateau are associated with
advected dust-laden air from elsewhere (Huang et al., 2008).

Dust outbreaks from East Asia significantly contribute to the regional
and global dust aerosol cycle, primarily in spring and summer (Kok
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etal., 2021). Strong springtime dust outbreaks from the Gobi Desert may
transport dust over long distances and impair urban air quality. During a
springtime dust storm in 2007, for instance, dust from the Gobi Desert
contributed 58% and 88% to the dust-aerosol concentrations in the two
coastal metropolises Hongkong and Shanghai (Zhang et al., 2017).
Furthermore, Zhang et al. (2018) calculated that 5.3 Tg of aeolian dust
from the Gobi Desert in May 2017 was deposited across the North Pacific
Ocean. They observed dust aerosols at heights of 2-8 km a.g.1. one week
after the dust emissions occurred in East Asia, indicating deep vertical
mixing of the dust-laden air. In summer, dust aerosols from the Takla-
makan Desert are frequently transported southwards and can accumu-
late at the northern slopes of the Tibetan Plateau (Yuan et al., 2019).
This is different in spring when dust aerosols from the Taklamakan
Desert can be transported eastwards such that they reach the American
continent. Takemura et al. (2002) indicated that 10-20% of East Asian
dust seen around Japan reached North America. Dust from the Takla-
makan and the Gobi Desert might follow different trans-Pacific paths.
Trajectory analyses indicate that dust aerosols to the South of 50°N and
to the North of 50°N arriving in North America mainly stem from the
Taklamakan and the Gobi Desert, respectively (Yu et al., 2019).

Dust aerosols play an important role in the regional climate by
affecting the atmospheric radiation transfer and cloud processes (Ling
et al., 2014; Song et al., 2018). In East Asia, the dust direct radiative
effects show a seasonal cycle with a maximum in spring coinciding with
the maximum in the dust-aerosol burden (Chen et al., 2014). A dust
event in April 2011 resulted in daily mean regional surface radiative
effects of —21.1 Wm ™2 and an atmospheric radiative effect of +12.7
Wm 2 over the Gobi Desert (Liu et al., 2016), implying that the dust
aerosols caused surface cooling paired with atmospheric warming. Due
to the advection of dust-laden air, such effects are not limited to the dust
source regions (Han et al., 2012). Moreover, Asian dust aerosols act as
ice nucleating particles and therefore have also an indirect effect on the
radiation budget (Kawai et al., 2021).

In addition to its effects on climate, dust aerosols have profound
impacts on human health. Inhaled dust particles can reach the bron-
chioles and are a health risk, especially for elderly people, young chil-
dren, and people who suffer from chronic cardiopulmonary diseases
(Sandstrom and Forsberg, 2008; Schweitzer et al., 2018). In Mingin, a
northwest city of China, high atmospheric concentrations of particulate
matter due to dust storms are further a cause of pulmonary tuberculosis
outbreaks during spring (Wang et al., 2016). These are two of several
adverse health impacts of dust underlining the need to understand the
occurrence of dust and its impacts on air quality.

Dust aerosols can be mobilized by strong near-surface winds when
they exceed the threshold friction velocity for dust emissions in the
source region. Such dust-emitting winds are favored by different
mechanisms in different dust source region (e.g., Bou Karam et al., 2008;
Kaskaoutis et al., 2015; Hamidianpour et al., 2021). Extra-tropical cy-
clones, which form over Mongolia and move southeastwards, are a
known driver for dust emission in the Gobi Desert leading to dust out-
breaks in East Asia (Takemi and Seino, 2005; Shao and Dong, 2006;
Zhang et al., 2018; Bueh et al., 2022). Furthermore, the breakdown of
Nocturnal Low-Level Jets (NLLJs) has been reported as a mechanism for
dust-emitting winds for different deserts (Fiedler et al., 2013; Alizadeh-
Choobari et al., 2014). Specifically, NLLJs are known to play a role as a
dust-emitting mechanism in the Taklamakan Desert (Ge et al., 2016),
but have not been assessed in the context of extra-tropical cyclones
before.

Dust emissions depend on the threshold friction velocity which is
determined by soil conditions, such as soil moisture, vegetation cover,
and surface crust (e.g., Shao and Lu, 2000). Higher soil moisture can
lead to higher cohesive forces between soil particles and thus increase
the thresholds for dust emission (Kim and Choi, 2015). Soil moisture can
also contribute to increasing the vegetation cover in dust source regions,
reducing or preventing dust emissions (An et al., 2018). In the past two
decades, increasing soil moisture and vegetation cover have been
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reported to be a reason for the decline in dust activities in East Asia (Wu
et al., 2022).

The exceptional dust event in mid-March 2021 had serious impacts
in both Mongolia and China and is thus of great interest for diverse
reasons (e.g., Filonchyk, 2022; Gui et al., 2022; Qian et al., 2022; HHan
and Guan and Gu, 2021). The Mongolian cyclone is visible as a cloud
band marking the cold front on 15 March 2021 from the Moderate
Resolution Imaging Spectroradiometer (MODIS; Kaufman et al., 2002)
in Fig. 1a. The yellow-colored dust aerosols cover large parts of China
and are partly masked by cloud cover. A first characterization of the
event concerning the dust origin, transport, and meteorological drivers
was given by Gui et al. (2022). However, the differences in the Mon-
golian cyclone-related dust emission mechanisms between the Gobi
Desert and the Taklamakan Desert, their relative contributions to the
dust outbreak, and the impact on urban air quality has not been jointly
assessed before. Our study contributes to a better understanding of the
physical basis and impacts of the dust outbreak in March 2021 and
quantitatively assesses to what extent the case was unusual. Specifically,
the aims of our study are to give a first assessment of the atmospheric
dynamics involved in the evolution of the dust outbreak, to evaluate to
what extent the event was unusual from a climatological perspective,
and to quantify the impact of the dust outbreak on urban air quality in
China. We assess the relative contributions of dust from the Loess
Plateau, the Taklamakan, and the Gobi Desert, motivated by the fact that
their contributions strongly differed during past dust events in spring
(Chen et al., 2017; Yu et al., 2019). To that end, we use seven data sets
including large networks of ground-based observations from China,
satellite images, and output from three different reanalyses (Section 2).
The results are presented in chronological order of the meteorological
development and the associated impacts on air quality (Section 3). We
end with a discussion and conclusion from the analysis and give rec-
ommendations for future research (Section 4).

2. Data and methods
2.1. Observational data

We used four observational data sets for our study. The first one was
the true color images from the satellite-based Moderate Resolution Im-
aging Spectroradiometer (MODIS). The MODIS sensor was launched on
board both Terra and Aqua satellites and measures radiation in 36
different spectral bands (Kaufman et al., 2002). The MODIS true color
images provide a picture of clouds and dust aerosols. Fig. 1a shows one
of these images taken during the morning hours (around 10:30 BJT) on
15th March 2021 to give an overview of the horizontal characteristics of
the dust outbreak.

Hourly data for atmospheric pollutants were taken from the China
National Environmental Monitoring Centre (CNEMC). This dataset is
available from December 2013 to the present from the Air Quality On-
line Monitoring and Analysis Platform. It currently collects atmospheric
pollutants in a total of 367 cities in China, including Particulate Matter
(PM3 5 and PMjg), SO2, NO2, O3, CO, and reports the Air Quality Index
(AQI). Based on the Chinese Ambient Air Quality Standards (CAAQS),
AQI is calculated from the six pollutants SOz, NO2, CO, O3, PM3 5, and
PM;o. The values of AQI range from 0 to 500, and serious health effects
are expected when AQI exceeds a value of 300 (Hu et al., 2015). We used
this data in two ways. Firstly, we calculated the daily averaged PM;q
concentrations during the dust event at all Chinese stations for all days
with more than 16 h of valid data, similar to previous studies (e.g., Li
etal.,, 2021; Li et al., 2022). The stations where the daily averaged PM;(
exceeding the level for Grade II of the National Ambient Air Quality
Standard in China (150 pgm’3; MEP, 2012) were then used for illus-
trating the spatio-temporal impacts of the dust event assessed here.
Secondly, the time series of the observed PMs s, PM;o, and AQI for six
cities were selected for a more detailed assessment of the spatio-
temporal development of the impacts on cities during the event (red
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(a) MODIS imagery on 15 March
22
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(b) Maximum wind speed (14-15 March)

60°N

140°E

Fig. 1. Overview of the dust storm. Shown are (a) MODIS Terra visible imagery with the dust aerosols marked by a circle on 15 March 2021 over East Asia, and (b)
maximum wind speeds at 10 m a.g.l. for 14-15 March 2021 with high dust-emitting winds area marked by the black dashed box in the Gobi Desert. The image in (a)
is taken from NASA Worldview and clouds obscure parts of the dust aerosols during the event. Wind speed data in (b) are from meteorological station observations in

China and Mongolia (see Methods section for details).

dots in Fig. 2a). The six cities are situated in the high-impact region of
this event (black dashed box in Fig. 4f). The cities Zhangye, Lanzhou,
Baotou, Yuncheng, Langfang, and Jinan, were selected for their
geographical position that gives us an array of three times two stations
along similar latitudes and longitudes.

We further obtained meteorological data from station observations
from the US National Climatic Data Center (NCDC). Here, we used 3-
hourly visibility data in March of the past 30 years (1992-2021).
Since the visibility observation changed from manual to automatic in
2013, recordings before 2013 were corrected by multiplying the data
with the factor 0.766, as in earlier works (Pei et al., 2018; Li et al.,
2022). For each March, all stations with more than 80% valid data were
selected for our analysis. The minimum visibility at each station was
determined during times when the recorded wind speed exceeded 3
ms~! and the relative humidity was less than 80%. These two criteria

Latitude(deg)

Bapgllati;aéh p

105.000

excluded other phenomena that reduce atmospheric visibility, e.g., fog,
haze, and rain (Li et al., 2022). We further use data from NCDC for the
near-surface wind speed and the equivalent potential temperature (6,) at
stations close to the six selected CNEMC stations that monitor the air
quality. An increase in horizontal wind speed paired with a sharp
gradient in potential temperature (0) and equivalent potential temper-
ature (6,) is used to identify the passage of the cold front, as also used in
other studies (Abdi Vishkaee et al., 2012; Hamzeh et al., 2021). We
further computed the maximum near-surface wind speeds for 14-15
March 2021 over Mongolia and China to illustrate the effects of the
Mongolian cyclone on generating dust-emitting peak winds.

Moreover, we used the radiosonde data from four stations (black dots
in Fig. 2a) in the Gobi and the Taklamakan Desert. Sounding balloons
are launched at 08 BJT and 20 BJT to measure vertical profiles of the air
temperature, wind speed and direction, and relative humidity. This data

South Korea
Yellow Sea

East China Sea

120.000 135.000

Longitude(deg)

Fig. 2. Map of the study area. The Gobi Desert and the Taklamakan Desert are marked with white boxes. The black box shows the Loess Plateau. The location of the
observation stations for the time series of the atmospheric pollutants, wind speed, and equivalent potential temperature (6.) are marked with red dots. Black dots
mark the stations of the used radiosondes, namely (East to West) Hohoot, Linhe, Ruogiang, and Hotan. The images in (b) and (c) show scenes as seen during the dust
event in Lanzhou. Map in (a) created with QGIS (QGIS Development Team, 2022).
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was used to assess the observed vertical profiles of horizontal wind
speed. It serves to identify Nocturnal Low-Level Jets (NLLJs) over the
Taklamakan Desert in observational data.

2.2. Model data

For the spatial analyses of the meteorological developments of the
event, we used data from three reanalysis data sets. The ERAS5 reanalysis
is the fifth generation of the European Centre for Medium-Range
Weather Forecasts (ECMWF) reanalysis for 1950 to the present (Hers-
bach et al., 2020). It combines a modern weather model with observa-
tions from across the world into a globally complete and consistent
atmospheric data set. ERA5 has a horizontal resolution of 0.25°. In this
study, we used the mean sea-level pressure, as well as geopotential
heights, temperature, humidity, and the zonal and meridional wind
components at different levels over East Asia. We used the model output
to also calculate 6, at 850 hPa.

We use ERAS data at different model levels to determine the spatial
distribution of NLLJs over the Taklamakan Desert. NLLJs are identified
with the automated detection algorithm, inspired by Fiedler et al. (2013)
and Ge et al. (2016) as follows:

1. The vertical gradient of the virtual potential temperature must be
larger than 0.001 km™! in the first 100 m above the surface.

2. Wind speed maxima are identified between the lowest model level
and 1000 m a.g.l.

3. The vertical wind shear must be stronger than —0.005 ms! in the
500 m deep layer above the wind speed maximum.

Based on ERAS data, we also calculated back-trajectories for air
masses arriving at the six selected urban stations at the point in time
when the measured PM;( concentration reached its maximum. For this
analysis, ERA5 data was used as input for the Hybrid Single-Particle
Lagrangian Integrated Trajectory model (HYSPLIT; Stein et al., 2015;
Rolph et al., 2017). For each station, trajectories were determined for
three categories of heights between the surface and 3000 m a.g.l., with
each comprised of three levels. The level categories were defined as low
(10 m, 30 m and 50 m), medium (400 m, 600 m and 800 m) and high
(1000 m, 2000 m and 3000 m). A grid of nine positions with a spacing of
0.25° around each station was used as starting points for the back-
trajectories. In this way, an ensemble of 27 back-trajectories was ob-
tained for each height category at all stations. From the time of
maximum urban PM;, concentration, the back-trajectories were calcu-
lated with hourly increments until they either reach the boundaries of
the study area (75°E - 145°E and 25°N - 60°N) or until seven days have
been simulated. We computed the average across the 27 back-
trajectories per height category for the stations. This approach allows
us to show three ensemble-averaged back-trajectories per station with
substantially reduced spatio-temporal variability to visualize the mean
air-mass transport.

For quantitative estimates of dust emission, distribution, and trans-
port, we use MERRA-2 reanalysis and CAMS forecasts. We chose two
datasets to illustrate potential uncertainties in aerosol data sets for this
case, which is expected based on previously documented data diversity
for aerosols (e.g., Vogel et al., 2022; Zhao et al., 2022). MERRA-2 is the
latest version of the global atmospheric reanalysis for the satellite era
produced by the NASA Global Modeling and Assimilation Office
(GMAO) using the Goddard Earth Observing System Model (GEOS;
Molod et al., 2015). Dust aerosols in MERRA-2 is simulated for the five
size bins: 0.1-1 pm, 1-1.8 pm, 1.8-3 pm, 3-6 pm, and 6-10 pm. The
MERRA-2 data has a horizontal resolution of 0.5° x 0.625°. Here the
model output for the dust aerosol mixing ratio (GMAO, 2015a), dust
emission and deposition (GMAO, 2015b), and dust aerosol optical depth
(DOD; GMAO, 2015c) were used. Additionally, we used meteorological
data from MERRA-2 and ERA5 to investigate the meteorological
development of the event and to evaluate the re-analyses against station
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observations for March 2021.

The atmospheric composition forecasts data from the Copernicus
Atmosphere Monitoring Service (CAMS; Bozzo et al., 2020) of ECMWF
has a horizontal resolution of 0.4°, and produces global forecasts for
atmospheric composition twice per day. The forecasts include more than
50 chemical species (e.g., ozone, nitrogen dioxide, carbon dioxide) and
seven different types of aerosols (desert dust, sea salt, organic matter,
black carbon, sulfate, nitrate, and ammonium). Dust aerosols in CAMS
forecasts are simulated for 3 size bins, namely 0.03-0.55 pm, 0.55-0.9
pm, and 0.9-20 pm. CAMS, therefore, simulates larger dust sizes than
MERRA-2. In our study, we used hourly data for aerosols from CAMS,
namely the dust aerosol mixing ratio, dust emission, and deposition
fluxes of desert-dust aerosols, as well as DOD. Using both MERRA-2 and
CAMS allows us to quantify differences in dust simulations, e.g., shown
for the dust emission fluxes.

2.3. Model validation

We used the station observation from NCDC to evaluate the repre-
sentation of the meteorological conditions over the study region in
MERRA-2 and ERAS reanalysis. The data comparison is done for March
2021 to gain a statistic for the month when the dust event occurred.
Here, 22 stations in the Gobi Desert and downwind, plus 10 stations in
the Taklamakan Desert are selected for the data comparison. The inverse
distance weighted average of the four nearest grid points for the tem-
perature at 2 m a.g.l., and wind speed at 10 m a.g.l. from both MERRA-2
and ERAS are calculated at each station. The comparison of the obtained
means from the station observations with the reanalysis output sug-
gested a good representation of the near-surface temperature develop-
ment, indicated by the high positive Pearson’s correlation coefficient (R)
in the 2 m-temperature (Table 1) for all stations. R for local wind speed
was lower than temperature, showing an average of 0.58 (MERRA-2)
and 0.71 (ERA5) in the Gobi Desert, and 0.52 (MERRA-2) and 0.57
(ERA5) in the Taklamakan Desert. The Gobi Desert and downwind are
relatively flat terrains and both MERRA-2 and ERA5 showed here higher
R for wind speed than for the Taklamakan Desert. Higher R, particularly
for ERAS5, is seen to the East of 80°E in the Taklamakan Desert. Taken
together, ERAS is often better than MERRA-2 in representing the tem-
poral evolution of temperature and winds. Hence, we often only show
ERAS in our presentation of the results for the atmospheric dynamics of
the event, although qualitatively MERRA-2 and ERAS5 show similar
results.

3. Results
3.1. Overview and unusual characteristics of the dust event

We first analyze the synoptic-scale development of the dust event
based on CAMS forecasts, MERRA-2 reanalysis, and ERAS reanalysis
(Fig. 3). At 14 BJT on 14 March, the upper-level jet stream was strongly
meandering over East Asia (Fig. 3b). An embedded jet streak with wind
speeds exceeding 60 ms ™! at 300 hPa was South of 50°N between 90°E
and 110°E. At the poleward side of the jet streak a trough at 500 hPa
extended from Northern Mongolia in the Southwest direction paired
with a surface low to the East of the trough axis (Fig. 3c). The cold front
from the center of the surface low to western Mongolia was visible as a
horizontal gradient in 6, at 850 hPa (Fig. 3d). Until 02 BJT on 15 March,
the jet streak and the associated poleward low-pressure system moved
south-eastward (Fig. 3f-g), accompanied by a southeastward propaga-
tion of the cold air mass (compare Fig. 3d and 3h). At the same time, the
dust aerosols were transported southeastwards, showing a band of DOD
from the Taklamakan Desert to the Gobi Desert in both CAMS forecasts
and MERRA-2 reanalysis (Fig. 3e-f). The satellite image also indicated
the dust aerosol layer stretching over most of the northern part of China
a few hours later (Fig. 1a). At 20 BJT on 15 March, the jet streak shifted
further south-eastward (Fig. 3j). The associated low-pressure system lay
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Table 1
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Validation of temperature at 2 m a.g.1., and wind speed at 10 m a.g.1. from MERRA-2 and ERA5 reanalysis compared to ground-based observations for 22 stations in the
Gobi Desert and downwind (GD), and for 10 stations in the Taklamakan Desert (TD). Shown are the Pearson’s correlation coefficient (R) and root mean square error
(RMSE) for the inverse-distance weighted averages of the four nearest grid points to each station location from MERRA-2 and ERAS against the station observations.

Station ID Lat Lon Temperature Wind speed
MERRA-2 ERAS MERRA-2 ERAS
R RMSE [°C] R RMSE [°C] R RMSE [ms™!] R RMSE [ms 1]
GD 545390 39.43 118.90 0.95 3.26 0.98 1.50 0.68 2.43 0.74 1.64
528660 36.62 101.77 0.86 5.11 0.96 2.74 0.52 2.11 0.66 2.22
548230 36.68 116.98 0.90 3.56 0.98 1.36 0.67 2.18 0.77 1.08
526520 39.08 100.28 0.87 3.71 0.97 1.99 0.44 2.04 0.65 2.14
533910 41.90 114.00 0.93 2.43 0.98 1.43 0.78 2.52 0.86 1.63
524950 40.75 104.50 0.91 2.95 0.97 1.75 0.64 2.39 0.74 1.99
522670 41.95 101.07 0.91 3.12 0.99 1.09 0.74 2.45 0.81 1.96
548430 36.77 119.18 0.93 2.69 0.99 0.93 0.73 2.47 0.79 1.55
536140 38.48 106.22 0.89 3.85 0.96 1.86 0.49 2.45 0.68 0.94
535880 38.95 113.52 0.86 4.81 0.92 3.49 0.47 3.35 0.56 4.24
539590 35.12 111.07 0.90 3.55 0.95 2.19 0.55 1.69 0.58 1.28
539150 35.55 106.67 0.86 3.35 0.95 1.97 0.46 2.05 0.60 1.12
538450 36.60 109.50 0.89 3.23 0.97 1.39 0.38 2.24 0.48 1.31
532310 41.45 106.38 0.94 2.26 0.99 1.33 0.79 1.85 0.84 1.59
536460 38.27 109.78 0.90 3.22 0.97 1.42 0.54 1.98 0.68 1.63
537980 37.18 114.37 0.85 3.60 0.95 1.87 0.61 1.76 0.74 1.64
535290 39.10 107.98 0.91 3.08 0.98 1.19 0.56 2.19 0.66 1.59
533360 41.57 108.52 0.92 2.95 0.98 1.35 0.55 3.17 0.75 1.86
544230 40.97 117.92 0.88 4.22 0.97 1.83 0.61 1.75 0.78 1.06
526520 39.08 100.28 0.87 3.71 0.97 1.99 0.44 2.04 0.65 2.14
525331 36.52 103.62 0.90 3.01 0.97 1.71 0.43 1.87 0.67 1.27
545270 39.10 117.17 0.92 3.22 0.98 1.16 0.74 1.74 0.85 1.03
Mean 0.90 3.40 0.97 1.71 0.58 2.21 0.71 1.68
TD 518180 37.62 78.28 0.89 3.23 0.97 1.31 0.51 2.07 0.35 1.77
516440 41.72 82.95 0.89 3.78 0.96 1.97 0.48 1.74 0.57 1.06
517770 39.03 88.17 0.86 3.68 0.96 2.10 0.59 1.44 0.70 1.56
517160 39.80 78.57 0.91 3.21 0.96 1.59 0.61 1.72 0.80 1.23
516560 41.73 85.82 0.89 4.07 0.96 2.19 0.55 1.71 0.67 1.61
517300 40.50 81.05 0.94 2.32 0.98 1.27 0.47 1.80 0.60 1.30
518110 38.43 77.27 0.89 3.17 0.97 1.22 0.48 1.93 0.40 1.33
517110 40.93 78.45 0.89 4.94 0.92 5.23 0.37 1.81 0.32 1.10
517650 40.63 87.70 0.93 3.25 0.98 1.52 0.63 3.22 0.70 1.93
518280 37.13 79.93 0.86 4.39 0.95 2.09 0.49 1.93 0.59 1.10
Mean 0.89 3.60 0.96 2.05 0.52 1.94 0.57 1.40

to the Northeast of the jet streak (Fig. 3k), and the cold air affected large
areas North of 30°N (Fig. 31). At 14 BJT on 16 March, the jet stream
zonalised (Fig. 3n), and the further eastward movement of the surface
low (Fig. 30) resulted in a southeastward expansion of the cold air and a
cold air intrusion into the Taklamakan Desert (Fig. 3p).

It is not surprising that a dust outbreak occurs due to a Mongolian
cyclone in March 2021, but the characteristics of this case were unusual.
The passage of Mongolian cyclones is a known driver of dust-emitting
winds which may lead to dust storms in the Gobi Desert (Takemi and
Seino, 2005). For quantifying how unusual this dust event was, we
compare different variables observed during the dust event against
climatological values for the 30-year period 1992-2021 (Fig. 4) based
on ERAS reanalysis and station observations. We further evaluate the
spatio-temporal distributions of PM;(, concentrations and atmospheric
visibility to illustrate the impacts of the dust outbreak in Chinese cities
(Fig. 5).

The time series for the near-surface temperature anomaly indicated
an increase in near-surface air temperature in the Gobi Desert preceding
the onset of the dust event (Fig. 4a). This temperature increase was not
limited to the Gobi Desert but was also seen further North, South, and
Northeast of the desert as indicated by ERAS reanalysis (Fig. 4b). High
temperatures favored the melting of snow and evaporation from the soil.
It leads to exposing and drying of bare soil, as a prerequisite for later
dust emissions. A sudden decrease in near-surface temperature occurred
in the Gobi Desert from 14 to 15 March along with cold air advection by
the Mongolian cyclone (Fig. 4a). The occurrence of the cyclone is also
seen in the anomaly of the mean sea level pressure during the dust event,
with regionally 15 hPa lower mean sea level pressure than the 1st

percentile of the March climatology for 1992-2021 (Fig. 4c). The
cyclone was associated with maximum 10 m wind speeds over Mongolia
and northeastern China between the 13 and 18 March 2021 which
exceeded the 99th percentile of the wind statistics for 1992 to 2021 by
far. Particularly strong winds occurred in the middle of Mongolia. Here,
the wind speed exceeded the 99th percentile by around 6 ms~* (Fig. 4d).
The maximum near-surface winds in the Gobi Desert were sufficiently
strong for dust-aerosol emissions (Fig. 1b), e.g., they were much stronger
than the previously estimated thresholds for dust emission onset of
9.8+2.2 ms ! to 13.842.0 ms ™! for this region (Kurosaki and Mikami,
2007).

As we will see later, the dust was elevated over the source regions
and transported southeastwards, leading to low visibility in metropol-
itan areas across China (Fig. 4e-f). Specifically, 45 out of 218 Chinese
stations recorded visibility minima lower than 1000 m to the North of
30°N (Fig. 4e). For 23 stations, the visibility was even below 500 m.
Only in March 2002, more stations reported visibility below 1000 m
than in March 2021. Most strikingly, 19 stations in northern China,
marked by a black dashed box in Fig. 4f, recorded the lowest visibility
for March in the past 30 years assessed here. These results underline the
exceptionally low visibility and the large spatial extent of the impacts of
the dust outbreak in March 2021.

The spatio-temporal variations seen in station observations sug-
gested a southeastward propagation of the dust-laden air for 15-16
March 2021 (Fig. 5a-d), consistent with the movement of the cold air
and DOD in forecasts and reanalysis (Fig. 3). Furthermore, MERRA-2
reanalysis suggested that the lifted dust aerosols were transported
further eastwards and passed the Pacific Ocean in the next week (not
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Fig. 4. The unusual characteristics of the dust event. Shown are (a) time series of 2 m-temperature anomaly (blue solid line) in the Gobi Desert (97°E-112°E, 39°N-
46°N) marked by black dashed box in (b) for 1-18 March 2021 with respect to the March 1992-2021 climatology, (b) the difference between the 6-14 March 2021
maxima and the 99th percentile for the March climatology of 1992-2021 for the 2 m-temperature, (c) like (b) but for the minimum mean sea level pressure against
the 1st percentile of the March climatology 1992-2021, (d) like (c) but for the maximum 10 m-wind speed against the 99th percentile of the March climatology
1992-2021, (e) the number of stations with a recorded minimum visibility under 1000 m (histogram) and 500 m (line) in March for each year, and (f) the number of
years when the recorded minimum visibility in the March statistics for 1992-2020 was smaller than for this dust event (13-18 March 2021). Note that other
phenomena that reduce visibility like fog have been eliminated prior to this analysis (see method section). Figures a,b,c,d based on ERAS5 reanalysis, and e,f on station

observations in China.

shown). However, high PM;, concentrations and low atmospheric visi-
bility were limited to western China on 17 and 18 March (Fig. 5e-h),
when the Mongolian cyclone and its embedded cold front already had
passed the Gobi Desert (Fig. 3). These results indicate spatial differences
during the dust event, which will be assessed in detail in the next two
sections.

3.2. Dust emission mechanisms

To better understand the atmospheric dynamics in different dust
source regions leading to the dust outbreak, we first assess the temporal
development of the dust-aerosol emission and deposition fluxes for
particle sizes of 0.1-10 pm (MERRA-2 reanalysis), and 0.03-20 pm
(CAMS forecasts) in the Gobi Desert, the Taklamakan Desert, and the
Loess Plateau. To that end, we here compute spatial averages of dust-
aerosol fluxes for all potential dust sources in the three regions
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Fig. 5. Dust recordings at stations in China. Shown are (left column) the daily average PM;, concentrations, and (right column) daily minimum visibility on (a-b) 15
March, (c-d) 16 March, (d-f) 17 March, and (g-h) 18 March 2021. Data based on in situ observations in China. Only stations with record PM;, concentrations higher

than 150 pgm > are shown.

(Fig. 6) and examine the vertical profiles of horizontal winds at four
radiosonde stations in the Gobi Desert and the Taklamakan Desert
(Fig. 7). We then present longitude-height cross-sections for the dust
mixing ratio, horizontal winds, and ¢, along transects in the Gobi Desert,
namely 100°E, 50°N to 112°E, 35°N marked by the blue line in Fig. 8a,
and in the Taklamakan Desert, namely from 80°E, 38°N to 95°E, 42°N
shown as the blue line in Fig. 9a. The transect in the Gobi Desert
approximately follows the path of the cold front in this event, while the
transect in the Taklamakan Desert follows the typical dust-aerosol
transport path for spring, documented by Yuan et al. (2019).

In the mid-March 2021 case, the passage of the Mongolian cyclone
facilitated dust emissions in both the Gobi Desert and the Taklamakan
Desert. We analyzed dust emission and deposition from both MERRA-2
reanalysis and CAMS forecasts. The dust emission and deposition fluxes
from CAMS were systematically higher than that from MERRA-2. A
possible reason is that CAMS simulates a larger range in particle sizes
compared to MERRA-2. Although the fluxes from the datasets differed in
magnitude, the datasets agree on the time of increases in the dust
emission flux in the Gobi Desert and the Taklamakan Desert (Fig. 6a-b)

during the occurrence of the extra-tropical cyclone (compare Fig. 6a-b
and 3). More specifically, dust emission in the Gobi Desert started to
increase at 08 BJT on 14 March (in both MERRA-2 and CAMS), and
reached its maximum at 14 BJT (CAMS forecasts) and 17 BJT (MERRA-2
reanalysis) on 14 March (Fig. 6a). In the Taklamakan Desert, maximum
dust emissions were observed later at 04 BJT (MERRA-2) and 05 BJT
(CAMS) on 16 March, which was the time when the cold air arrived in
this desert (Fig. 31, p). Averaged over the Loess Plateau, the deposition
flux exceeded the emission flux, indicative of this region acting as a net
sink for dust aerosols (Fig. 6¢, f). Also during past severe dust outbreaks
recorded in the Loess Plateau, dust particles were transported from the
Taklamakan and the Gobi Desert to the Plateau rather than being locally
emitted by strong winds (Huang et al., 2008). Details on the dust
emission mechanisms in the Gobi and Taklamakan Desert are discussed
next.

3.2.1. Gobi Desert
Dust-aerosol emissions in the Gobi Desert coincided with the passage
of the Mongolian cyclone. At 17 BJT on 14 March, the Northwest to
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Fig. 7. Wind profiles in the Gobi and Taklamakan Desert during the dust event. Shown are the vertical distribution of horizontal wind speed from radiosondes
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Southeast cross-section for the Gobi Desert showed a strong horizontal
gradient in 0, around 103°E indicating the position of the cold front of
the cyclone (Fig. 8c). At the same time, there were relatively strong
upward winds in a zone from 104°E to 107°E. These favored the deep
upward mixing of the freshly deflated dust particles over the Gobi
Desert, supported by MERRA-2 reanalysis (Fig. 8e) and CAMS forecasts
(not shown). At 08 BJT on 15 March, when the cyclone and the asso-
ciated cold front moved eastwards (Fig. 3h-1), the dust emission reached
regions further South (Fig. 8b, d, f). Radiosondes measured winds of
10-20 ms™! in the lowest 2 km a.g.l. during the morning of 15 March
over the Gobi Desert (Fig. 7a—b), which were sufficiently strong (larger
than the dust emission thresholds: 9.842.2 ms™! to 13.8+2.0 ms %;
Kurosaki and Mikami, 2007) to emit and transport dust aerosols. Dust
aerosols were exported from the Gobi Desert, indicated by the larger
spatially averaged dust-aerosol emission compared to the dry deposition

over the Gobi Desert (Fig. 6a, d). Note that the Taklamakan Desert had
little dust source activation at that time (Fig. 6b).

3.2.2. Taklamakan Desert

In the Taklamakan Desert, dust source activation is typically more
frequent than in the Gobi Desert (Tao et al., 2022). This is also seen in
March 2021, when daily emission events between 9 and 23 March
occurred in the Taklamakan whereas dust sources in the Gobi were
activated on fewer days (Fig. 6a-b). We assess here the spatial variations
in dust emission fluxes from MERRA reanalysis and height-longitude
transects for 6., dust mixing ratio, and winds along with spatial maps
of dust emission fluxes on 10 and 13 March at 14 BJT (prior to the dust
outbreak from the Gobi) and on 16, 17, and 18 March at 05 BJT (after
the passage of the Mongolian cyclone) to better understand the dust
emission mechanisms in the Taklamakan Desert (Fig. 9).
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We found Nocturnal Low-level Jets (NLLJs) associated with the cold
air intrusion in the mid-March 2021 dust case in the Taklamakan Desert.
NLLJ can form during near-surface stable stratification (Blackadar,
1957), which may arise from nocturnal cooling and, like in our case, also
the advection of cold dense air at near-surface levels. In the early
morning of 16 March, the Taklamakan Desert was under the influence of
the near-surface cold air that was subsequently advected from the East
(Fig. 9h). At that time strong dust emissions occurred in the Taklamakan
along with strong near-surface easterlies between the surface up to 2 km
height (Fig. 9g-h). Although weaker in magnitude, dust-source activa-
tion was also seen in the morning hours of the following two days on
17-18 March 2021 (Fig. 9j, m). The cold air and the persistent near-
surface easterlies on these days led to the formation of easterly
nocturnal low-level jets (NLLJs) seen in the re-analysis and measured by
radiosondes in the desert (Fig. 7c-d).

The advection of cold air in the wake of the cold front of the Mon-
golian cyclone led to a near-surface temperature reduction and forma-
tion of near-surface inversions over the Taklamakan Desert, as indicated
by increasing 6, with height (Fig. 9h, k, n). Surface inversions are a

prerequisite for NLLJ developments (Fiedler et al., 2013; Alizadeh-
Choobari et al., 2014; Ge et al., 2016). The reduced frictional effects
during the stable stratification allow the air in some distance to the
surface to accelerate in the course of the night, which leads to a NLLJ (e.
g., Van de Wiel et al., 2010).

The NLLJ breakdowns contributed to building a dust layer over the
Taklamakan. The momentum transfer during the breakdown of NLLIJs is
a known process for dust emission in several deserts. In order to illus-
trate the effects of the NLLJ breakdown on the near-surface wind speed,
we show the wind speed at 10 m a.g.l. at 11 BJT (about 09 LT) for 15-18
March (Fig. 10), which is the time for NLLJs breakdown from dust
source regions in North Africa and the Taklamakan Desert (e.g., Fiedler
et al., 2013; Heinold et al., 2013; Ge et al., 2016). We further quantify
the wind speed difference in the core of the NLLJs on these days against
the March climatology for 1992-2021 to assess the strength of the NLLJs
at night (05 BJT, about 03 LT) during the cold air intrusion compared to
mean conditions (Fig. 10). On 16 March at 05 BJT, when the cold air was
in the Taklamakan Desert (Fig. 31, p), strong NLLJs and near-surface
winds occurred, particularly in the eastern part of the desert, where

10



F. Mu et al.

60°N

w
<
2

w

=
2
2

Altitude [km]
~

14BJT March 10

w
2
2

120°E 140°E

60°N

w
<
2

-
2
K

Altitude [km]

14BJT March 13

w
2
2

100°E 120°E 140°E

60°N

u
2
2

N
2
S

Altitude [km]

05BJT March 16

w
2
2

100°E 120°E 140°E

60°N

u
2
2

s
2
2

Altitude [km]

05BJT March 17

w
2
2

100°E 120°E 140°E

60°N

u
2
2

s
2
2

Altitude [km]

05BJT March 18

w
<
2

B80°E

T —
0 10 20 30 40 50 60

100°E 120°E 140°E

85°E

I —
300 310 320

Atmospheric Research 292 (2023) 106846

o
&
m

Altitude [km]
o - ~ w IS w
[ a

©
S
m
©
&
Il

o
&
m

Altitude [km]
5 - ~ w IS «
[ 3

©
3
m
©
@
m

w

w

~

Altitude [km]

Altitude [km]

N

Altitude [km]

90°E 95°E

lhokg™1 < T
o 200 400 600 800

Fig. 9. Dust aerosols from the Taklamakan Desert. Shown are (left column) dust emission fluxes from MERRA-2, (middle column) the vertical cross-sections for 6,
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(m-o0) 18 March at 05 BJT.

the NLLJs core wind speed exceeded the 30-year climatology by around
6 ms™~! (compare Fig. 10a—c and e—g). The winds were sufficiently strong
and exceeded the dust emission thresholds in the Taklamakan Desert of
4.440.6 ms ' to 6.74+1.5 ms~ ! (Kurosaki and Mikami, 2007). Accord-
ingly, high dust emission occurred in the Taklamakan Desert, indicated
by both MERRA-2 and CAMS (Fig. 6b). At 11 BJT, the wind speed at 10
m a.g.l. was still strong, leading to dust emissions (Fig. 6b). In the next
two days (17-18 March) at 05 BJT, NLLJs with core wind speeds of
about 12 ms™' occurred, which were still higher than the 30-year
climatology (Fig. 10i, j, m, n). Although the NLLJs and 10 m wind

11

speeds were weaker compared to 16 March, the mid-morning break-
down of NLLJs due to turbulent mixing led to near-surface peak winds in
the Taklamakan Desert that were sufficiently strong for further dust
emissions (Fig. 101, p). Accordingly, the dust aerosol emissions reached
values of 6.3 um_zs_1 (MERRA-2) at11 BJTon 17th, and 11.5 pgm‘"’s‘1
(MERRA-2) and 14.6 pgm 25! (CAMS) at 11 BJT on 18th March 2021
over the Taklamakan Desert (Fig. 6b). The strong near-surface easterlies
led to an initial westward transport near the surface and deep upwards
mixing of dust aerosols, particularly over the west of the Taklamakan
Desert for 16-18 March (Fig. 9h, i, k, 1, n, 0). The dust aerosols were here



F. Mu et al.

a) NLLJs core wind at 05B)T (b)core wind anomaly at 05BJT

Atmospheric Research 292 (2023) 106846

(c) 10m winds at 05BJT

d) 10m winds at 11BJT

45°N 45°NT— 45°N 45°N
- -~
: D =
o -
o~
S ao°n 40°N 40°N 40°N
-
0 g -
35°N 350N \‘M — 350N W‘V‘\ & 350N H‘vn —
75°E 75°E 80°E 85°E 75°E 80°E 85°E 75°E 80°E 85°E
f h
45°N asen aseon {9 asen
~ -
o i
o~ .
< ¥ =
S 40°N 40°N 40°N 40°N 1
= . - :
©o T
2 - =3
\‘M - \\V " \v 3
35°N 35°N 35°N 35°N
75 75°E 80°E 85°E 75°E 80°E 85°E 75°E 80°E 85°E
i j k |
45°N asen asen asen
-
o~
o
o~
= - ‘l -‘ :
g 40°N 40°N ___— 40°N | 40N
= =
~
—
\»M - XV‘\ XV‘\ il
35°N 35°N 35°N 35°N -
75°E 75°E 80°E 85°E 75°E 80°E 85°E 75°E 80°E 85°E
n (o]
45°N asen M) asen @ asen P
~ o Ty u
5 W -
S aon{ 40°N 40°N . 40°N i
© " ., -
= L L
)
) \‘% \% \M
35°N 35°N 35°N = 350N -
75°E 80°E 85°E 75°E 80°E 85°F 75°E 80°E 85°E 75°E 80°E 85°E
[ms~1] [ms™1] [ms™1] [ms~1]
3 6 9 12 15 18 0 1 2 3 4 5 0 6 9 12 15 o 3 6 9 12 15
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reanalysis data.

lifted to sufficiently high levels to later overcome the topographic bar-
rier at the Eastern margin of the desert. The additional emissions and
deep turbulent mixing build a dust layer over the Taklamakan extending
to a height of at least 5 km (Fig. 91, o).

3.3. Influence of dust on urban air quality

Dust aerosols are known to have serious impacts on air quality (De
Longueville et al., 2010; Rashki et al., 2012; Li et al., 2018; Wang et al.,
2020). To better understand the spatial differences in the impact of the
dust event on air quality in Chinese cities in the 2021 dust outbreak, six
cities in the northern regions of China are selected (details in Section
2.1). We assess the temporal development of the cold front, paired with
AQIL PM; 5, PM; and the ratio between PM, 5 and PM; (Fig. 11). Back-
trajectories are calculated as indicators for potential sources of the dust
aerosols (Fig. 12).

In most of the six cities, the passage of the cold front was clearly
marked by an increase in near-surface wind speeds that was accompa-
nied by a distinct increase in the concentrations of PM;q (Fig. 11). In our
case, the dust aerosols were transported southeastwards ahead of the
cold air in the southwestern sector of the Mongolian cyclone, which was
also characterized as a region between two neighboring convergence
lines of 850 hPa anomalous winds (Qian et al., 2022). Low-level
convergence creates lifting of the air mass, reflected in our results as
deep turbulent mixing as seen in the vertical velocities and the deep
mixing of dust aerosols over several kilometers depth (Fig. 8). The first
cities to be affected by the dust aerosols were Zhangye (Fig. 11a-b),
Baotou (Fig. 11e—f), and Langfang (Fig. 11i-j) in the North, while the

three southern cities experienced an increase in PM;o concentration
later (Fig. 11). Consequently, the highest PM;, concentrations among
the six cities ranged from around 2000 to 5000 pgm 2, which was in the
same order of magnitude as previous dust storms in East Asia and the
Middle East (Guan et al., 2019; Hamzeh et al., 2021). After the cold front
had passed, near-surface winds weakened while the accumulated dust
aerosols in the atmosphere persisted, also known from other regions, e.
g., the Arabian Sea (Rashki et al., 2019). As a result, high PM;, con-
centrations in the six cities were observed even several hours after the
passage of the cold front (Fig. 11). Amongst the six cities, Zhangye and
Langfang recorded their highest hourly PM;, concentrations during this
event since the beginning of the record in 2015 (not shown). As a
consequence of the PM;, increases, the AQI simultaneously increased
and reached the maximum value of 500 in all cities (right column in
Fig. 11). The critical level of 300 for health risks was therefore exceeded
by far, which led to warnings for risk groups (Hu et al., 2015).

The urban air quality was affected by dust aerosols from several
source regions in both the Taklamakan and Gobi Desert during this dust
event. The influence of high PM;, concentrations in the two western-
most cities, Zhangye and Lanzhou, were longer than in the other four
cities (right column in Fig. 11). The back-trajectories arriving in these
two western cities crossed both the Taklamakan and the Gobi Desert
(Fig. 12a-b), suggesting possible contributions of dust aerosols from
both deserts. The back-trajectories further indicated that the air masses
passed the Taklamakan Desert on 10 and 13 March when PM;, con-
centrations maxima were first recorded in the two western cities,
Zhangye and Lanzhou (Fig. 11b, d and 12a-b). During mid-day on 10
and 13 March, there were layers with dust aerosols and westerlies
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Fig. 11. Time series of meteorological and air quality measurements from city stations. Shown are (left column) 10 m-wind speed (black line) and equivalent
potential 2 m-temperature (blue line), and (right column) PM; 5 (black dashed line), PM;o (black solid line), Air Quality Index (AQI, green solid line) and the ratio
between PM; 5 and PM; (shading) for (a-b) Zhangye, (c—d) Lanzhou, (e-f) Baotou, (g-h) Yuncheng, (i—j) Langfang, and (k-1) Jinan. Red lines in the left panels mark
the sharp increase in wind speed associated with the passage of the cold front (compare to 4" column in Fig. 3).

between the surface and at least a height of 5 km a.g.1. in the Eastern part
of the Taklamakan Desert paired with ongoing activation of dust sources
(Fig. 9a-f). These conditions allowed the eastward transport of dust-
laden air over the topographic barrier at the Eastern margin of the
Taklamakan (Chen et al., 2017). Indeed, we see that the ratio between
PM; 5 and PM; hardly decreases in the two western cities, Zhangye and
Lanzhou, pointing to a larger amount of fine particles in the West than at
stations further East. This is consistent with the typically smaller dust
particles from the Taklamakan Desert (1.0-2.5 pm; Zhao et al., 2015)
affecting the western stations, compared to transported dust from the
Gobi Deserts which is relatively larger in particle sizes (larger than 2.5
pm) and also affects the eastern stations during mid-March 2021 event.
The back-trajectories further indicate a partial mixture of air in the
central cities, Baotou and Yuncheng. The back-trajectories arriving in
medium and low levels here indicated the transport of air masses from
the northwest, thus passing the Gobi Desert (Fig. 12c-d). However, the
back-trajectories arrived at higher levels between 1 and 3 km a.g.l.
pointed to the transport of air masses from the west and in the case of
Baotou also passed the Taklamakan Desert. The back-trajectories for the
easternmost cities, Langfang and Jinan (Fig. 12e-f) were similar to each
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other. For all three heights, the air masses here followed trajectories
coming from the Northwest and thus passing solely the Gobi Desert,
which suggests that dust from the Taklamakan Desert did not affect the
eastern cities.

After the dust storm onset over the Gobi Desert, the dust emissions in
the Taklamakan Desert were activated by NLLJs breakdown (Section
3.2). Mid-level westerly winds allowed the eastward export of the dust-
laden air from the Taklamakan Desert on 17-18 March (Fig. 9k, 1, n, o).
The Taklamakan dust reached the West of China, consistent with the
relatively lower PM;o concentrations in the two eastern cities from 17
March onward (Fig. 11j, 1). The wind direction did not allow a further
downwind transport of the dust-laden air such that the impact of the
dust on the PM;, concentrations was limited to the Western cities
assessed here (not shown). In short summary, an influence of dust
aerosols from the Taklamakan Desert occurred in the west of China,
supported by the back-trajectories for specific cities during the dust
outbreak (Fig. 12), and the spatial pattern of high PM;, concentration
and low atmospheric visibility from 17 March onwards (Fig. 5).
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Fig. 12. Mean air mass transport to the cities. Shown are the ensemble-averaged path of the trajectories arriving at different heights above the stations at the time of
the maximum PM;. Trajectories in the low, medium and high categories of end points are depicted with blue, orange and green lines. Yellow triangles indicate the
station location and white crosses mark 24 h intervals. Back-trajectories are calculated with HYSPLIT using ERAS data as input. See Section 2 for more information.

4. Conclusion

The present study examined the atmospheric dynamics involved in
the development of an unusually strong dust event in mid-March 2021 in
China. We investigated the characteristics of the event, dust emission
mechanisms in different source regions, and source attribution of dust
aerosols in six Chinese cities located in the main dust-affected region.
Our conclusions are as follows.

(1)The mid-March 2021 dust event was to some degree surprising in
light of the negative trend in low visibility records for March since
2002. The event was driven by a strong Mongolian cyclone caused by
a high-temperature gradient, resulting in sea level pressure around
15 hPa lower than the 1st percentile of the March climatology of
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1992-2021. Consequently, the dust-emitting winds in the Gobi
Desert greatly exceeded the 99th percentile of the 1992-2021
climatology and dust emission thresholds, leading to high levels of
dust emissions and southeastward transport along the cold front of
the Mongolian cyclone. As a result, the event caused the largest
number of stations (48 out of 218) with visibility below 1000m’ in
March since 2002. This outbreak significantly deteriorated air
quality across East Asia, as indicated by observations of PM;, con-
centrations, atmospheric visibility, and the air quality index at the
stations.

(2)The passage of the Mongolian cyclone favored the emissions in
both the Gobi Desert and the Taklamakan Desert. The arrival of the
cold front on 14-15 March 2021 resulted in strong upward winds,
which facilitated the upward mixing of dust particles over the Gobi
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Desert. The cold air later occupied the Taklamakan Desert on 16
March, leading to the formation of Nocturnal Low-Level Jets
(NLLJs). The NLLJ core winds in the early mornings of 16-17 March
exceeded the 1992-2021 March climatology by far. The associated
strong near-surface winds mobilized dust particles, increasing dust
concentrations over the Taklamakan Desert.

(3)The Gobi and Taklamakan Deserts contributed differently to the
mid-March 2021 dust storm when measured by the spatial extent of
their impacts across East Asia. Dust aerosols from the Gobi Desert
were lifted and transported southeastward along the cold front,
leading to increased PM concentrations and poor air quality in most
Chinese cities. The Taklamakan dust was elevated by deep mixing
and transported eastwards by prevailing mid-level westerlies. While
the impact of the Taklamakan dust was limited to the western regions
of China, it had a significant and profound impact on the air quality
of the affected cities.

At the time of writing, another series of spring dust storms affect
China with adverse impacts on the urban air quality. The occurrence
raises the question whether strong low-pressure system over Mongolia
driving high-impact dust outbreaks in East Asia might change in a
continuously warming world and to what extent the here newly iden-
tified connection between a Mongolian cyclone and the emission of
Taklamakan dust aerosols contributes during other events. These topics
will be addressed in future research.
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