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Abstract: In this study, we investigate the most severe East Asian dust storm in the past decade
that occurred on 14–16 March 2021 based on the Weather Research and Forecasting model coupled
with chemistry (WRF-Chem) and a variety of site measurements and satellite retrievals. The dust
emissions from the Gobi Desert, especially over Mongolia on March 14, are the dominant sources
of this intense dust event. The maximal hourly accumulated dust emissions over Mongolian and
Chinese areas reached 1490.18 kt at 07:00 UTC on 14 March and 821.70 kt at 2:00 UTC on 15 March,
respectively. During this dust event, the accumulated dust emissions in coarse modes (i.e., bin 4 and
bin 5) account for 64.1% of the total dust emission mass, and the accumulated dust emissions in fine
modes (i.e., bin 1) are the least, accounting for 7.6% of the total dust emission mass. Because the
coarse mode bins of dust dominate the emissions, the downwind transported coarse mode particles
can affect the North China Plain, while the fine particles can only affect the desert source and its
surrounding regions such as the Gansu and Ningxia provinces. Due to the dust emissions and
the dust transport path, the high AOD areas are located in the Gobi Desert and Northwest China
and the vertical spatial distributions of aerosol extinction coefficients have the same characteristics.
We also found the model drawback of overestimating simulated wind speeds, which leads to the
overestimations of dust emissions and concentrations, indicating the urgency of improving the
simulated wind field.

Keywords: WRF-Chem; East Asian dust; dust emission; dust transport

1. Introduction

Dust aerosols directly affect the radiation balance by absorbing and scattering both
solar radiation and the long-wave radiation [1]. Furthermore, dust aerosols could also
perturb the energy budget of the earth-atmosphere system by changing cloud microphysical
characteristics, especially serving as the ice nucleus of the ice cloud [2–4]. As a momentous
component of atmospheric aerosols [5], dust aerosols can affect local air quality [6,7],
tropospheric chemistry [8], and human health [9].

Deserts are an indispensable part of studying global climate and environmental ef-
fects [10]. East Asian deserts are the most important source of dust generation, providing
numerous dust particles. There are approximately 500–1100 Tg/year of dust emissions
from East Asian deserts, accounting for 25–50% of global emissions [11,12]. The Taklimakan
Desert and Gobi Desert are the major dust source regions in East Asia. The dust emitted
by the Taklimakan Desert and Gobi Desert can affect inland China and even surrounding
countries and regions. There have been more dust storms in Taklimakan Desert and Gobi
Desert in the spring [13]. Insufficient precipitation, excessive snow melting and strong
evaporation lead to soil drying, which contributes to frequent dust storms in East Asia in
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the spring [14]. Further, strong wind is also among the essential elements causing dust
storms [15].

Under normal circumstances, ground stations and satellites can measure dust-related
parameters. Station observations can accurately provide the concentration of ambient par-
ticulates. Therefore, the station observations can judge the dust transport paths and depo-
sitions [16]. Satellites, advanced remote sensors, have high resolution and stable frequency
to obtain aerosol optical depth (AOD) and extinction coefficients vertical profile, which is
of great significance for studying dust aerosols [17,18]. However, observational instruments
cannot provide valid observational data during dust progress [7]. Numerical models can
overcome the observation limitation and simulate the dust characteristics seamlessly.

Since the 1990s, numerical models with dust schemes have been applied to study
the process of dust and its climatic effects [19]. The Weather Research and Forecasting
model coupled with chemistry (WRF-Chem) has several dust schemes to estimate dust
emissions [20,21]. Previous studies have shown that dust schemes of the WRF-Chem can
simulate the dust emissions, transport and deposition [22–25]. The dust schemes of WRF-
Chem have a good performance in dust simulation in East Asia [26]. The simulation of dust
load is reproduced by WRF-Chem, which helps researchers study the horizontal and vertical
pattern of dust, as well as the temporal distribution of dust [27]. However, some other
studies also indicate that there are large uncertainties in dust simulations by using different
dust schemes [28,29]. The simulated dust emission fluxes by the Air Force Weather Agency
(AFWA) schemes and the University of Cologne (UoC) schemes differ by 2–5 times [23]. In
the Georgia Institute of Technology-Goddard Global Ozone Chemistry Aerosol Radiation
and Transport (GOCART) scheme, the overestimations of fine particle emissions from Asian
deserts lead to large errors in the prediction of dust emissions [30]. The fixed input data
on terrain properties in AFWA may lead to major errors when simulating the dust process
in WRF-Chem [31]. Further, the erodibility factor directly affects dust emissions, which
leads to the Gobi Desert being highly underestimated [23]. Two major dust emissions
mechanisms are proposed in UoC schemes, one is saltation bombardment, and the other is
aggregated disintegration [32–34]. Previous studies have pointed out that the UoC schemes
are more realistic and have a better simulation performance on dust in East Asia [35].

In the past decade, severe East Asian dust events have been extremely rare [18]. Due
to anomalies in climate variabilities and atmospheric disturbance, the most severe spring
East Asian dust storm in the past decade occurred on 14–16 March 2021 [14]. The incident
has had a serious impact on the people’s lives and property of China and Mongolia [36].
However, the mechanisms of the dust budget in this dust event are still unclear, and the
characteristics of dust emissions in East Asian deserts and the dust optical properties
in the downwind regions are also lacking. Therefore, systematically investigating the
emission and transport of dust particles during this dust storm is necessary. In this study,
the combinations of the model simulations and the multiple platforms of observations are
utilized to analyze this most severe spring dust storm over East Asia.

This article is structured as follows. Section 2 describes the WRF-Chem model and
observational data. Section 3 shows our simulation results and the evaluations through
station measurements and satellite retrievals. Section 4 presents the conclusions.

2. Model, Observational Datasets and Methodology
2.1. Model Descriptions and Configuration

The WRF-Chem model is released as part of the Weather Research and Forecasting (WRF)
Model. Here, WRF-Chem version 4.3 is used to simulate the heavy dust event on 14–16 March
2021. The simulation domain is from 15.07◦N to 56.43◦N and from 65.37◦E to 138.63◦E, and the
central position is located at 36.55◦N, 102.00◦E, with a total of 288 × 320 grids. The horizontal
resolution of the model is 15 km. The number of vertical layers of the model is 34 layers,
and the top pressure is 50 hPa. The simulated time of the model is five days, from 12 March
to 16 March 2021. The latter three days of simulated results are used for analysis, and the
first two days of the simulation serve as the spin up. The model integration time step is 60 s.
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The boundary conditions of meteorological fields are from the ERA5 (European Centre for
Medium-Range Weather Forecasts Reanalysis v5) every 6 h [37]. ERA5 is an atmospheric
reanalysis of the global climate. To make the model simulated meteorological fields more
realistic, the wind, temperature and water vapor mixing ratio are also nudged with the
ERA5. A technique that can be applied for improving the quality of the predicted fields
generated by the WRF simulation is four-dimensional data assimilation [38], also called
nudging. Through observational nudging, the growth of model errors can be reduced [39].
The anthropogenic aerosol emissions are combined with the Multi-resolution Emission
Inventory for China (MEIC) and MIX-Asia, using the MEIC in China and MIX-Asia outside
China [40–42]. The model simulation results are written out every hour. The main selected
model physics and chemistry are shown in Table 1.

Table 1. WRF-Chem physics and chemistry setup.

Option Name Scheme Namelist Variable References

Microphysics Thompson mp_physics [43]
Long-wave radiation rrtmg ra_lw_physics [44]
Short-wave radiation Goddard ra_sw_physics [45,46]

Boundary layer MYNN 2 bl_pbl_physics [47]
Land surface Noah sf_surface_physics [48]

Chemistry RADM2 chem_opt [49]
Dust emissions Shao 2001 dust_schme [32]

Dust emissions in WRF-Chem 4.3 have three options: GOCART, AFWA and UoC.
The UoC has different parameterization schemes, Shao 2001, Shao 2004 and Shao 2011.
According to Shao 2001, the dust particles are divided into five bins, and the radius range
of each bin is 0.1–1.0 µm (bin 1), 1.0–1.8 µm (bin 2), 1.8–3.0 µm (bin 3), 3.0–6.0 µm (bin 4),
and 6.0–10.0 µm (bin 5). In Shao 2001, the dust emission flux is calculated as follows [32]:

F̃(di, ds) = cγ

[
(1 − γ) + γ

pm(di)

p f (di)

]
Qg

u2∗m

(
ρbη f iΩ + ηcim

)
(1)

where F̃(di, ds) means the dust vertical emission flux (kg/m2/s) in bin i generated by
the particles of size ds (µm). Ω is removed volume by dust parameters, such as dust
particle size ds and friction velocity u∗ (m/s). γ is a weight coefficient, pm(d) is minimally
dispersed particle size distribution, p f (d) is fully dispersed particle size distribution, ρb

is bulk soil density (kg/m3), Q is saltation flux (kg/m2/s). Using the weighted average
calculates dust emissions flux (kg/m2/s) of each bin in (2):

F̃(di) =
∫ d2

d1

F̃(di, ds)ps(d)δd (2)

where ps(d) is different particle size distribution. Finally, total dust emission (kg/m2/s) is
calculated as below, where i={1,2,3 . . . I}:

F =
I

∑
i=1

F̃(di) (3)

2.2. Datasets

In this study, the observed surface particle mass concentrations, AODs and aerosol
vertical extinction coefficients are used to evaluate the model results and analyze the
dust characteristics.
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2.2.1. Particle Mass Concentrations

The particle mass concentration data are from the China National Environmental
Monitoring Center (CNEMC). At present, the CNEMC has setup more than 2100 monitoring
stations nationwide to observe the mass concentration of major air pollutants, such as
particles with an aerodynamic diameter of 2.5µm or smaller (PM2.5), particles with an
aerodynamic diameter of 10µm or smaller (PM10), sulfur dioxide (SO2), nitrogen dioxide
(NO2), carbon monoxide (CO), and ozone (O3) in real-time [50]. The data used in this study
are PM2.5 and PM10 mass concentrations observed by 2014 CNEMC stations from 14 March
to 16 March 2021. The time resolution is one hour. The mean fractional bias (MFB) between
simulations and observations is used to evaluate the performance of WRF-Chem [51].

MFB =
1
N

I

∑
i=1

cm − co

(cm + co)/2
(4)

where cm is simulated particle mass concentrations, co is observed particle mass concentrations.

2.2.2. The AOD from Himawari-8

The Himawari-8, which was successfully launched in October 2014, is the first new
generation geostationary meteorological satellite in the world [52]. Himawari-8 is more
advanced and can provide higher resolution observations than previous meteorological
satellites [53]. The satellite provides new opportunities for studying the dust event over
East Asia compared to the Moderate-Resolution Imaging Spectroradiometer (MODIS) [54].
Himawari-8 level 3 AOD from 14 March to 16 March 2021 is used to evaluate in this study.
The temporal and spatial resolution of AOD is 1 h and 5 km, respectively. In order to
facilitate comparison, the observed AOD is interpolated to the same resolution as the
model in the follow-up study. Due to the removal of cloud-contaminated observations, the
quality of Himawari-8 level 3 data is higher, but the coverage is reduced [55]. Although
some observations are missing due to quality control, the AOD products of Himawari-8
are reliable.

2.2.3. CALIPSO Aerosol Vertical Extinction Coefficient

The Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP) is among the major
instruments on the Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations
(CALIPSO) satellite. CALIPSO can provide unique measurement methods to improve
understanding of the role of aerosol in the atmosphere [56]. CALIPSO is the first satellite to
provide global atmospheric measurements, aerosol type and aerosol extinction coefficient
vertical profiles [57]. Further, numerous studies have shown that CALIPSO has a good
performance in observing dust aerosols, which provides a strong foundation for studying
dust events [58,59]. In this study, the aerosol vertical extinction coefficient at 532 nm and
aerosol type are used to study the dust transport path and vertical structures. The altitudes
are between the surface and 4 km to analyze. There are two orbits used in this study.
One orbit passed from 30.04◦N, 105.58◦E to 49.97◦N, 112.08◦E and the other passed from
49.96◦N, 105.26◦E to 30.02◦N, 111.76◦E. The times of two orbits in this event are at 19:18
March 15 and 06:55 March 16.

3. Results

Since this dust event does not affect South China, the PM2.5 and PM10 surface mass
concentrations in South China do not change significantly [36]. To better analyze the dust
emissions and transport, the simulation domain has been zoomed to the region of 26.78◦N
to 56.43◦N and 65.37◦E to 138.63◦E, which is significantly affected by this dust event. As
shown in Figure 1, the Taklimakan, Kumtag, Qaidam Desert, and Gobi Desert are mostly
covered by sand, sandy clay loam, sandy loam, silty clay loam and loam. Due to the covered
soil type, the deserts in East Asia can emit lots of dust under certain meteorological fields.



Remote Sens. 2022, 14, 3795 5 of 17

Remote Sens. 2022, 14, x FOR PEER REVIEW 5 of 18 
 

 

3. Results 
Since this dust event does not affect South China, the PM2.5 and PM10 surface mass 

concentrations in South China do not change significantly [36]. To better analyze the dust 
emissions and transport, the simulation domain has been zoomed to the region of 26.78°N 
to 56.43°N and 65.37°E to 138.63°E, which is significantly affected by this dust event. As 
shown in Figure 1, the Taklimakan, Kumtag, Qaidam Desert, and Gobi Desert are mostly 
covered by sand, sandy clay loam, sandy loam, silty clay loam and loam. Due to the cov-
ered soil type, the deserts in East Asia can emit lots of dust under certain meteorological 
fields. 

 
Figure 1. WRF-Chem-generated soil categorizations based on United States Geological Survey 
(USGS) soil data of the enlarged simulation domain. 1. sand; 2. loamy sand; 3. sandy loam; 4. silt 
loam; 5. silt; 6. loam; 7. sandy clay loam; 8. silty clay loam; 9. clay loam; 10. sandy clay; 11. silty 
clay; 12. clay; 13. organic material; 14. water; 15. bedrock; 16. land ice. The green box represents the 
East Asian desert. A. the Taklimakan Desert; B. the Kumtag Desert; C. the Qaidam Desert; D. the 
Gobi Desert. 

3.1. Temporal and Spatial Distributions of Simulated Dust Emissions 
The simulated spatial distributions of daily accumulated dust emissions over 14–16 

March 2021 are shown in Figure 2a–c. Generally speaking, dust emissions of this severe 
dust storm are from the Gobi, Kumtag, Qaidam and Taklimakan Deserts, and the Gobi 
and Taklimakan Deserts are the dominant dust sources. It is found that both the Gobi 
Desert and Taklimakan Desert emit dust on 14 March, and the spatial coverages of the 
simulated dust emissions are larger than the ones in the subsequent two days. On 14 
March, the dust emission areas of the northern Gobi Desert are the largest. On 15 March, 
the dust emissions in the southern Gobi Desert are dominant. On 16 March, there are lim-
ited dust emission areas over the Gobi Desert, and the Taklimakan and Kumtag Deserts 
emit less dust. As shown in Figure 2d, the hourly accumulated dust emissions in Mongolia 
are generally much greater than that in China on 14 March with a peak value of 1490.18 
kt at approximately 7:00 UTC. The dust emissions in Mongolia decrease sharply on the 
next day, whereas the dust emissions in China reached their peak value of 821.70 kt at 2:00 
UTC on 15 March. There are almost no dust emissions after 16:00 UTC on 16 March. 

Figure 1. WRF-Chem-generated soil categorizations based on United States Geological Survey (USGS)
soil data of the enlarged simulation domain. 1. sand; 2. loamy sand; 3. sandy loam; 4. silt loam; 5. silt;
6. loam; 7. sandy clay loam; 8. silty clay loam; 9. clay loam; 10. sandy clay; 11. silty clay; 12. clay;
13. organic material; 14. water; 15. bedrock; 16. land ice. The green box represents the East Asian
desert. A. the Taklimakan Desert; B. the Kumtag Desert; C. the Qaidam Desert; D. the Gobi Desert.

3.1. Temporal and Spatial Distributions of Simulated Dust Emissions

The simulated spatial distributions of daily accumulated dust emissions over 14–16
March 2021 are shown in Figure 2a–c. Generally speaking, dust emissions of this severe
dust storm are from the Gobi, Kumtag, Qaidam and Taklimakan Deserts, and the Gobi and
Taklimakan Deserts are the dominant dust sources. It is found that both the Gobi Desert
and Taklimakan Desert emit dust on 14 March, and the spatial coverages of the simulated
dust emissions are larger than the ones in the subsequent two days. On 14 March, the
dust emission areas of the northern Gobi Desert are the largest. On 15 March, the dust
emissions in the southern Gobi Desert are dominant. On 16 March, there are limited dust
emission areas over the Gobi Desert, and the Taklimakan and Kumtag Deserts emit less
dust. As shown in Figure 2d, the hourly accumulated dust emissions in Mongolia are
generally much greater than that in China on 14 March with a peak value of 1490.18 kt at
approximately 7:00 UTC. The dust emissions in Mongolia decrease sharply on the next day,
whereas the dust emissions in China reached their peak value of 821.70 kt at 2:00 UTC on
15 March. There are almost no dust emissions after 16:00 UTC on 16 March.

As shown in Table 2, daily accumulated dust emissions and the percentage of each
bin in the daily total dust emissions contribute to further studying the emitted dust char-
acteristics with different dust sizes. On 14 March, the accumulated dust emissions in bin
1 are 1245.54 kt over the dust source regions, accounting for 7.4%, whereas cumulative
dust emissions in bin 5 are 5770.91 kt. This indicates that the dust source areas emit the
amount of dust particle radius of 6–10 µm (i.e., bin 5). On 15 March, the accumulated dust
emissions in bin 1 are 603.98 kt which decrease by 641.56 kt from the previous day, and
the accumulated dust emissions in bin 5 are 2553.22 kt which decrease by 3217.69 kt from
the previous day. On March 16, the accumulated dust emissions of bin 5 are 1479.83 kt on
16 March, nearly one-third of the total dust emissions, and the percentage of cumulative
dust emissions in bin 5 decrease from the previous day, but the percentage is still 31.9%.
The accumulated dust emissions in bin 1–3 are decreased but the percentage of bin 1–3 is
increased slightly on 16 March. During the dust event, the cumulative dust emissions in
bin 1 is the least with 2216.12 kt, accounting for 7.6% of the total dust emission, and the
dust emissions of bin 4 decreased day by day. The percentage of dust emissions in bin 4
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remains the same as the previous days. The dust emissions with a radius of 3–10 µm (i.e.,
bin 4 and bin 5) are dominant during this dust event, accounting for 64.1%.
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14–16 March 2021 (a–c) and temporal distributions of hourly accumulated total dust emissions (units:
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Table 2. Daily accumulated dust emissions (kt) and the percentage of daily total dust emissions in
dust size bin 1 1–5.

Date bin 1 bin 2 bin 3 bin 4 bin 5

14 March 2021 1245.54
(7.4%)

2197.35
(13.0%)

2490.76
(14.7%)

5180.84
(30.7%)

5770.91
(34.2%)

15 March 2021 603.98
(7.7%)

1061.72
(13.6%)

1186.51
(15.2%)

2397.07
(30.8%)

2553.22
(32.7%)

16 March 2021 366.60
(8.0%)

643.82
(13.8%)

716.84
(15.5%)

1429.60
(30.8%)

1479.83
(31.9%)

1 The radius range of each bin is 0.1–1.0 µm (bin 1), 1.0–1.8 µm (bin 2), 1.8–3.0 µm (bin 3), 3.0–6.0 µm (bin 4), and
6.0–10.0 µm (bin 5).

Figure 3 shows the comparison of the daily mean wind fields at 10 m and surface
pressure simulated by WRF-Chem and those of the Final Reanalysis Data (FNL) during the
study period. Generally speaking, the spatial distributions of the wind fields simulated by
the model are consistent with those of the reanalysis data. On 14 March, both the FNL and
Model show that the Gobi Desert area is prevailed by the Northwest winds of a cyclone,
inducing the higher Gobi dust emissions in Mongolia due to the stronger wind speeds in
the south of Mongolia. Those indicate that the high wind speed is among the important
meteorological factors resulting in the dust emissions during this dust event. On 15 March,
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the wind speeds in Southern Mongolia significantly decreased compared to the previous
day; however, the wind speeds in the Gobi Desert in China become larger than those of
the previous day. Those induce the dust emissions of the Gobi Desert in China with a
significant increase. The east winds dominate the west of 110◦E, causing the dust of the
Gobi Desert in Southern Mongolia to be transported partly to the east, which pollutes
Northwest China. Additionally, the west winds dominate the east of 110◦E, causing the
dust of the Gobi Desert in Southern Mongolia to be transported partly to the east, which
pollutes the East China. On 16 March, wind speeds in Southern Mongolia and Northern
China are lower than the previous days, inducing no dust emissions. It is also found that
the model simulated wind speeds at 10 m are generally larger than those of FNL, although
the wind fields in all layers are nudged with the ERA5. This may induce an overestimation
of the dust emissions.
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Figure 3. Daily mean 10 m wind fields (units: m/s) over the surface pressure (hPa) derived from
Final Reanalysis Data (FNL) (a–c) and WRF-Chem (d–f) from 14 to 16 March 2021. The color contours
show the daily mean surface pressure. Vectors represent the daily mean wind fields at 10 m.

3.2. Spatial Distribution of Simulated Dust Mass Concentrations

The spatial distributions of the observed and simulated PM10 and PM2.5 surface mass
concentrations are shown in Figures 4 and 5, respectively. Due to the limitations of the
observation datum, the simulated dust mass concentrations are evaluated only by the
observations in China.
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The simulated higher surface PM10 concentrations are found over the Gobi Desert,
especially in Mongolia on 14 March, and the PM10 concentrations decrease in Southern
Mongolia over time. This is related to the reduction in dust emissions in Mongolia as shown
in Figure 2. The strong north wind transports the emitted Gobi dust to the downwind
regions as higher simulated PM10 mass concentrations appear in North and East China
on 15 and 16 March. The observed PM10 mass concentrations also have relatively higher
values on March 15 and 16 over Northern China, and this demonstrates that the simulated
dust emissions and the transportations are generally reasonable. It is also found that the
simulated PM10 values over the North and West China on 15 and 16 March are higher
than the observed ones but lower over the Shandong province in East China. It is because
the model tends to overestimate the dust transportation to Northwest China due to the
simulated higher northeast wind as shown in Figure 3. Dust emitted from the Taklimakan
Desert and Gobi Desert has led to the simulated PM10 mass concentrations in Northwest
China exceeding 4000 µg/m3 on 15 March, which are also seen in the sparse observations in
Northwest China. The dust in North China continues to move southward due to northwest
wind, leading to the increase in the simulated and observed PM10 mass concentrations over
the Henan and Shandong provinces on 16 March.

As shown in Figure 5, the simulated surface PM2.5 mass concentrations are compared
with the observed ones. It is found that the spatial and temporal distributions of the
simulated PM2.5 mass concentrations are agreed well with the observed ones. Higher
simulated and observed PM2.5 mass concentrations are both found over the southwest of
inner Mongolia and Gansu province on 15 March. On 16 March, the higher simulated and
observed PM2.5 mass concentrations are located over the Gansu and Ningxia provinces. It
is interesting that both observation and simulated results reveal that there is no significant
increase in the PM2.5 mass concentrations over the North China Plain (NCP) on 15 and
16 March, whereas the PM10 mass concentrations are significantly increased over NCP,
especially on 15 March as shown in Figure 4.

As shown in Figure 6, the observed and simulated surface mass concentrations of
PM10 minus PM2.5, representing coarse dust particles, are further used to investigate
the transportation of this dust event. On 14 March, there are high-value areas of coarse
dust particles located in Southern Mongolia and Western Inner Mongolia due to the dust
emissions from the Gobi Desert. Accompanying the dust downwind transportation, the
observed and simulated mass concentration of coarse dust particles increased in Northwest
China and North China on 15 March. The model generally reproduces the front of dust over
the Beijing–Tianjin–Hebei region on 15 March, proving that the WRF-Chem can simulate the
emission and transportation characteristics of coarse dust particles in this dust storm. On
16 March, the simulated results indicate that the dust from the Gobi Desert is transported
to the Henan province as the increase in coarse dust particle mass concentrations, which is
also confirmed by the ground-based observations.

The above comparisons demonstrate that WRF-Chem can generally reproduce the
temporal and spatial distributions of the fine and coarse mode dust particles during this
dust event. In order to study the emissions and transport path of this severe dust storm,
the simulated dust concentrations in each bin are analyzed. Figure 7 shows the spatial
distributions of daily mean dust surface mass concentrations in each bin and the surface
wind fields. During this dust event, emitted dust in each bin is mainly found over the
Gobi Desert source regions on 14 March. Dust in bin 1, bin 2 and bin 3 is mainly located
in Southern Mongolia, North China and Northwest China. Dust in bin 4 and bin 5 can be
transported further south, which pollutes Qinghai Province. On 15 March, northwesterly
winds transport dust in each bin from the Gobi Desert to the downwind regions such
as the Beijing–Tianjin–Hebei area, and the coarser dust can affect wider regions. On 16
March, the dust in bin 4 and bin 5 is transported to the NCP, whereas the fine dust in
bins 1–3 can hardly affect the NCP. Those results that the PM10 mass concentrations over
NCP significantly increase during this dust event, but the PM2.5 mass concentrations do
not increase.
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3.3. Spatial Distribution of Simulated AODs and Extinction Coefficient

In this part, the spatial distribution of AODs and the vertical distribution of aerosol
extinction coefficient are analyzed. The observed and simulated daily mean AODs are
shown in Figure 8. Considering satellite retrieved AODs are only available during the
daytime, the simulated daily mean AODs are averaged over the daytime. Due to the
dust emissions being concentrated in the Gobi and Taklimakan Deserts on 14 March, the
AODs in the dust source regions are higher than those in downwind areas, and this is
also found in the Himawari-8 AOD retrievals over the Gobi Desert. It indicates from the
side that the model successfully reproduced the dust emissions during this dust event.
On 15 March, the simulated and observed AODs over the South of the Gansu, Ningxia
and Shanxi provinces are generally comparable. It is difficult to evaluate the simulated
AODs over the dust transport paths because the satellite retrieved AODs are unavailable.
On 16 March, both the Northern Anhui and Jiangsu provinces have higher observed and
simulated AODs due to the transported dust, indicating the simulated dust process of this
event is generally reasonable.

Figure 9 shows the comparisons between the simulated aerosol extinction coefficient
profiles and the CALIOP retrieved ones in the two CALIPSO orbit paths during this dust
event. According to the CALIOP aerosol subtypes, the aerosol extinction coefficient profiles
in the two paths are mainly dominated by pure dust and polluted dust. The dust layers
in the two orbit paths are both concentrated above 1 km altitude. The model generally
reproduces the vertical distributions of aerosol extinction coefficients of the two orbits. The
altitudes of extinction coefficients simulated by the model are higher than that observed but
the distribution characteristics are relatively consistent. On 15 March, both the observed
and simulated extinction coefficients exceed 2.1 km−1 between 1–2 km altitude across the
dust transport path near 40◦N and 108.5◦E, although the model tends to overestimate
the aerosol extinction coefficients over the 2 km altitude. On 16 March, the observed and
simulated results show that the higher aerosol extinction coefficients are located over 1 km
altitude across the dust path around 38◦N and 109◦E.
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Figure 7. Spatial distributions of the daily mean surface dust mass concentrations (units: µg/m3)
in bin 1 (the radius of 0.1–1.0 µm, a,f,k), bin 2 (the radius of 1.0–1.8 µm, b,g,l), bin 3 (the radius of
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overlaid surface wind fields (units: m/s) on 14–16 March 2021 simulated by WRF-Chem model.
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Figure 9. Spatial distribution of simulated AOD at 19:18 UTC on 15 March 2021 (a) and 05:55 UTC on
16 March 2021 (e). The green curves indicate the CALIPSO orbit paths (orbit 1 at 19:18 UTC on 15
March, orbit 2 at 05:55 UTC on 16 March). CALIPSO-derived vertical aerosol subtypes are (b, orbit 1
scanned) and (f, orbit 2 scanned). The CALIPSO-observed aerosol extinction coefficients (km−1) at
532 nm are (c, orbit 1 scanned) and (g, orbit 2 scanned) and WRF-Chem simulated ones at 550 nm are
(d, interpolate orbit 1) and (h, interpolate orbit 2) over the two CALIPSO orbit paths.
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4. Discussion

As the most severe dust storm in East Asia in the past decade, the dust event in the
spring of 2021 has brought great economic losses to the people of China and Mongolia and
even threatened human health. Through multiple platform sensors and numerical model
WRF-Chem, in-depth and accurate research on this serious dust event helps to predict
serious dust events in the future and economic losses.

When compared with the observations, it can be found that although the spatial
distribution of the simulated PM10, PM2.5, AODs and aerosol extinction coefficient is quite
consistent, the model tends to overestimate the value of the variable. It is found that the
WRF-Chem model overestimated dust mass concentrations. Consistent with a previous
study, the dust process occurs in the wind erosion area [28]. The high wind speeds are
among the most important meteorological factors resulting in the dust emissions during
this dust event [60,61]. Due to the overestimated wind speeds, more dust is emitted,
which increases the dust mass concentrations, leading to the overestimation of PM10
mass concentrations, PM2.5 mass concentrations, AODs and aerosol extinction coefficients
simulated by the model.

To estimate the overestimation of dust emissions caused by the overestimation of
wind field in the WRF-Chem, we made a new experiment. The ratio of the 10 m wind
speed of FNL and the simulated 10 m wind speed is taken as the reduced factor. The factor
is equal to 0.89. The factor is used to reduce the friction velocity when calculating the
dust emission flux. The boundary conditions of meteorological fields and the physics and
chemistry setup of WRF-Chem are same as no tuning test. As shown in Figure 10, the
dust emissions decrease by tuning the friction velocity. The positions of dust emission
are consistent. The Gobi Desert and Taklimakan Desert are the dominant dust emission
source. The dust emissions in tuning test are lower than the no tuning test. The dust
emissions from the Gobi Desert and the Kumtag Desert have significantly decreased. The
total dust emission in China is 4251.29 kt after tuning the wind speed, which decreases
54%, and the total dust emission in Mongolia is 9419.45 kt, which decreases 52%. From the
above discussion, the conclusion can be reached that overestimated wind speed leads to
overestimated dust emissions.
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5. Conclusions

In this study, we apply the WRF-Chem model and multiple platform observations
to research the most severe spring dust storm in the past decade over East Asia in 2021.
The temporal and spatial distribution characteristics of accumulated dust emission, optical
characteristics and dust mass concentration are studied to analyze the dust emission budget
and dust transport path of this serious dust event.

The daily accumulated dust emissions show that the Gobi and Taklimakan Deserts are
the dominant dust sources. It is also emitted dust from the Kumtag and Qaidam Deserts.
The hourly accumulated dust emissions from the Gobi Desert in Mongolia have a peak
value of 1490.18 kt at 7:00 UTC on 14 March, which is much greater than those in China.
On March 15, the hourly cumulative dust emissions are up to 821.70 kt in China. Because
the coarse mode bins (i.e., bin 4 and bin 5) of dust dominate the emissions, we find that
the cumulative dust emissions in bin 1 are the least with 2216.12 kt accounting for 7.6%
of the total dust emissions during the dust event, and the emitted dust in bin 4 and bin
5 is dominant during this dust event, accounting for 64.1%. It is shown that a powerful
cyclone over Mongolia on 14 March sent dust from the Gobi Desert into China. Due to the
dominant coarse mode dust emissions being very large, the high-value regions of PM2.5
mass concentrations are located in Northwest China while the high-value regions of PM10
mass concentrations are located in Northwest China and NCP.

The AODs in the dust source regions are larger than those in downwind areas due
to the main dust emissions over the Gobi Desert and the Taklimakan Desert on 14 March.
As time goes by, the emitted dust is transported eastward gradually, and the high AODs
regions shift from Gansu and Ningxia provinces to Anhui and Jiangsu provinces. The
spatial distributions of vertical aerosol extinction coefficients are helpful to analyze the
vertical structure of dust concentrations in this dust event. Most dust is located between
1–2 km altitude across the dust transport near 40◦N and 108.5◦E on 15 March, and the
aerosol extinction coefficients exceed 2.1 km−1 both in observed and simulated results. On
March 16, the higher aerosol extinction coefficients are located over 1 km altitude around
38◦N and 109◦E across the dust transport path.

It is also found that the WRF-Chem model overestimated wind speeds. Due to the
higher wind speeds, there are larger dust emissions in the Gobi Desert and Taklimakan
Desert. In other words, the simulated high wind fields lead to larger dust mass concentra-
tions, which leads to higher surface PM10 mass concentrations, PM2.5 mass concentrations,
aerosol extinction coefficients and AODs. Therefore, how to reduce the simulated wind
speeds and uncertainty of dust emissions to make the simulation more accurate deserves
further discussion in the future.
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