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The 2021 East Asia sandstorm began from the Eastern Gobi desert steppe in
Mongolia on March 14, and later spread to northern China and the Korean
Peninsula. It was the biggest sandstorm to hit China in a decade, causing severe
air pollution and a significant threat to human health. Capturing and predicting such
extreme events is critical for society. The Lagrangian particle dispersion model
FLEXPART and the associated dust emission model FLEXDUST have been recently
developed and applied to simulate global dust cycles. However, how well the model
captures Asian dust storm events remains to be explored. In this study, we applied
FLEXPART to simulate the recent 2021 East Asia sandstorm, and evaluated its
performance comparing with observation and observation-constrained reanalysis
datasets, such as the Modern-Era Retrospective analysis for Research and
Applications, Version 2 (MERRA-2) and CAMS global atmospheric composition
forecasts (CAMS-F). We found that the default setting of FLEXDUST substantially
underestimates the strength of dust emission and FLEXPART modelled dust
concentration in this storm compared to that in MERRA-2 and CAMS-F. An
improvement of the parametrization of bare soil fraction, topographical scaling,
threshold friction velocity and vertical dust flux scheme based on Kok et al.
(Atmospheric Chemistry and Physics, 2014, 14, 13023–13041) in FLEXDUST can
reproduce the strength and spatio-temporal pattern of the dust storm comparable to
MERRA-2 and CAMS-F. However, it still underestimates the observed spike of dust
concentration during the dust storm event over northern China, and requires further
improvement in the future. The improved FLEXDUST and FLEXPART perform better
than MERRA-2 and CAMS-F in capturing the observed particle size distribution of
dust aerosols, highlighting the importance of using more dust size bins and size-
dependent parameterization for dust emission, and dry and wet deposition schemes
for modelling the Asian dust cycle and its climatic feedbacks.
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1 Introduction

Mineral dust aerosols have a large impact on climate, ecosystem
functioning and human health (Huang et al., 2014; Li et al., 2022b). Dust
can both scatter and absorb solar radiation (Li et al., 2022a), with a net
negative radiative impact of dust being widely documented, especially
over the dust source regions (Myhre and Stordal, 2001; Myhre et al.,
2003). The direct radiation effect of dust accounts for a substantial fraction
of the total dust aerosol feedback in the climate system (Li et al., 2021; Kok
et al., 2018). Dust can also exert an indirect radiative effect by aerosol-
cloud interactions. It can either serve as cloud condensation nuclei (CCN)
that increase cloud cover and exert a net negative radiative impact (Jia
et al., 2021), or modify the vertical profile of temperature and thus relative
humidity and stability of the atmosphere, likely inducing less clouds and a
net positive radiative impact (Huang et al., 2014). Better understanding
the natural processes of the dust cycle is essential for estimating and
projecting its climatic, ecological and societal impacts in the future, and
providing guidance to alleviate the issues caused by severe dust storms.

Dust models describing dust emission, transport and deposition,
are important tools for understanding the dust cycles. As part of the
aerosol module, it has been implemented in many global and regional
Earth system models or weather forecast models to describe complex
dust aerosol feedbacks in the Earth system and provide a forecast of
dust storms (Kok et al., 2014; Checa-Garcia et al., 2021). Most dust
models capture the spatial patterns and seasonal cycles of global dust
processes well. But large uncertainties and inter-model differences
remain, particularly with regard to dust emission, and the dust
seasonal cycles over North China and North America (Zeng et al.,
2020; Zhao et al., 2022). Observations, especially remotely sensed
aerosol optical depth, have been assimilated to improve dust
modelling (Gong and Zhang, 2008; Benedetti et al., 2019; Randles
et al., 2017). Nevertheless, dust emission and deposition are still poorly
constrained in these models.

Off-line Lagrangian dispersionmodels that can trace themovement of
an air parcel or particles in the atmopshere, provide an alternative way to
study dust cycles. They do not include dust-climate feedbacks, and
therefore can be focused on the dust emission and deposition processes
(Sodemann et al., 2015). They can be run in both forward and backward
modes and are particularly efficient for studying dust processes by
comparing with site observations. Since these models use a numerically
non-diffusive Lagrangian particle solver, they exhibit much less numerical
diffusion than the grid-based Eulerian approach (Cassiani et al., 2016;
Ramli and Esler, 2016) which is commonly employed in the weather
prediction models or Earth system models. When the meteorological
forcing data are available, these models require much less computing
resources, and therefore allow for high-resolution representation of dust
particle size bins in the simulation. However, there has been few
Lagrangian trajectory models that implement dust emission and
deposition schemes to properly describe the full dust cycle (Sodemann
et al., 2015; Mallia et al., 2017). The Lagrangian particle dispersion model
FLEXPART and the associated dust emission model FLEXDUST is one of
the fewmodels that can simulate the full global dust cycle and high-latitude
regions in particular (Sodemann et al., 2015; Groot Zwaaftink et al., 2017,
2016; Zamora et al., 2022). The model has also been shown valuable in
modelling regional dust events (Groot Zwaaftink et al., 2022), but its
application to modelling extreme dust storms in specific regions, like East
Asia, remains to be tested.

East Asia is one of the natural hot spots for dust storms (Shao and
Dong, 2006; Chen et al., 2017). The emitted dust from the desert

regions in central Asia, such as the Taklimakan and Gobi deserts, can
give rise to strong episodic dust storms swiping over East Asia, and
sometimes, even being transported to North America (Uno et al.,
2009) and high Arctic regions (Huang et al., 2015). Asian dust storms
mostly occur in spring, due to drier soil conditions, strong wind and
cold surges in the season (Shao and Dong, 2006). The frequency of
Asian dust storm events has decreased rapidly in the past decades,
particularly over northern China, which has been attributed to the
weakened temperature gradients and decreased zonal winds in spring
and winter associated with the enhanced warming in the Arctic (Liu
et al., 2019). In addition, the large-scale vegetation restoration projects
in the arid regions of northern China have also contributed to the
recent inhibition of dust emission (Wang et al., 2021).

Contrary to the long-term decline of the Asian dust storms, the
2021 East Asia sandstorm (Figure 1), beginning from the Eastern Gobi
desert steppe in Mongolia on 14 March, and later spreading over
North China and the Korean Peninsula, was the most severe
sandstorm to hit China in a decade (Filonchyk, 2022). It has been
found that the barer, drier and more loosened soil due to the
anomalous early snow melting and a lack of precipitation in spring
over the dust source region, together with the exceptionally strong
Mongolian cyclone developed over the source region (i.e., central and
eastern Mongolia), had triggered the emission and transport of
enormous amounts of dust to East Asia during this event (Gui
et al., 2022; Yin et al., 2022). The 2021 East Asia sandstorm has
provided a unique testbed for dust modelling, particularly in regard to
dust emission schemes which has the largest uncertainties (Jin et al.,
2022; Wang et al., 2022). The ability of dust models in reproducing
such extreme dust events will be critical for understanding the causes
and projecting the occurrences of such extreme events in the future.

In this study, we applied FLEXDUST and FLEXPART to simulate
the 2021 East Asia dust storm event. We focus on evaluating and
improving the performance of FLEXDUST and FLEXPART in
reproducing the strength and spatio-temporal pattern of the dust
cycle during the event as shown by available observation and
observation-constrained reanalysis data. In Section 2, we introduce
the FLEXDUST and FLEXPART models and the observation and
reanalysis data used in this study. In Section 3, we examine the ability
of FLEXDUST and FLEXPART in depicting dust emission,
concentration and deposition during the dust storm event. In
Section 4, the consistency between forward and backward
FLEXPART simulations in simulating dust concentration at
individual sites are analyzed, followed by the discussion on the
biases of FLEXDUST and FLEXPART in representing the spike of
dust concentration during the dust storm event, and their comparison
with the reanalysis data. The results of this study are expected to
provide valuable insights into further development and application of
FLEXDUST and FLEXPART for studying the Asian dust cycles on
longer time scales.

2 Materials and methods

2.1 FLEXPART and FLEXDUST

We used a recent FLEXPART development branch (v10.4-36-
g1228ef7) based on version 10.4 (Pisso et al., 2019) (access from:
https://www.flexpart.eu/browser/flexpart.git). Compared to the
previous model versions, FLEXPART version 10.4 has been
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improved in several aspects, including a new turbulence scheme for
the convective boundary layer considering the skewness in the vertical
velocity distribution and vertical air density gradient, a new
gravitational settling parameterization for aerosols, a rewritten wet
deposition scheme based on cloud information from the
meteorological input fields, and a new dust mobilization tool
(i.e., FLEXDUST) to work with FLEXPART for simulating the full
dust cycle. More details about these improvements and available
options for these processes can be found in Pisso et al. (2019). In
this study, the original FLEXPART code was only adapted for using
new meteorological forcing.

FLEXDUST is a stand-alone dust emission model that can provide
mineral dust emissions as gridded output or release files which contain
the position and number of dust particles emitted at each time step
that can be directly read by FLEXPART as input (Groot Zwaaftink
et al., 2016). Depending on the types of FLEXPART simulations,
FLEXDUST can be used as either a preprocessing tool providing
release files for the forward simulation of FLEXPART, or a
postprocessing tool yielding gridded output that can work together
with the output of the backward simulation of FLEXPART to estimate
dust concentration or deposition at a receptor point. The vertical dust
flux in FLEXDUST is estimated based on Marticorena and Bergametti
(1995) by default. A soil texture-dependent minimum threshold
friction velocity for wind erosion according to Shao and Lu (2000)
is assumed for dust emission to occur. The dust emission rate is further
scaled by the erodibility of the surface, which is parameterized
according to the bare ground fraction estimated using land cover
data from Global Land Cover by National Mapping Organizations
(GLCNMO), topographic depressions using Eq. 1 (Ginoux et al.,
2001), as well as soil moisture and snow cover. We refer to Groot
Zwaaftink et al. (2016) for more detailed description of FLEXDUST.

In this study, we used the most recent version of FLEXDUST
(https://git.nilu.no/christine/flexdust, commit: e60cabd). For the default
setting experiment (referred to as FLEXDUST-default hereafter), the
model was only modified to use new meteorological forcing, and write
specific output. In addition, soil texture data from World Soil
Information (ISRIC) (Poggio et al., 2021) and land cover data from
GLCNMO version 3 (Kobayashi et al., 2017) were used, following the
study by Haugvaldstad (2021) who found that the update of soil texture
data is necessary for capturing the dust source regions in Asia.

For the improved setting experiment (referred to as FLEXDUST-
update), we further improved the model in the following aspects to
reduce the biases in simulating dust emission.

(1) Default topographic scaling accounting for the potential influence
of local topography on the erodibility of soil in FLEXDUST is
based on Ginoux et al. (2001) (see Eq. 1).

S � zmax − zi
zmax − zmin

( )5

(1)

Here zi is the local elevation, zmax and zmin are the maximum and
minimum elevation in a 10° × 10° area. A 10° × 10° box is commonly
used when topographical data are on coarse spatial resolution. But
when topographical data have high spatial resolution, local
depressions at finer scale can be missed by this definition.
Therefore, we used different sizes of the box to derive a
topographic scaling S similar to the approach proposed for creating
global Sand and Dust Storms Source Base-map (https://maps.unccd.
int/sds/).

S � S9×9 + S6×6 + S3×3 + S1.2×1.2( )
4

(2)

where S9 × 9, S6 × 6, S3 × 3 and S1.2 × 1.2 are topographic scaling factors
using 9°, 6°, 3°, and 1.2°boxes, respectively.

(2) In FLEXDUST-default, the land cover types that could emit
dust are limited to bare ground, and sparse vegetation types in
GLCNMO classification scheme. It has, however, been widely
observed that both herbaceous and crop land cover types in
GLCNMO may have at least seasonal dust emission,
especially in winter and spring. Hence, we expand the land
cover types in GLCNMO that can contribute to bare ground
fraction and thus dust emission in FLEXDUST-update. The
total effect of the updates (1) and (2) on the erodibility is
shown in Figure 2.

(3) In FLEXDUST, the threshold friction velocity u*t is calculated
using the expression from Shao and Lu (2000):

u*t dp( ) � �����������������
An

ρp
ρa

gdp + γ

ρadp
( )√

(3)

FIGURE 1
Terra MODIS true color image showing the 2021 East Asia dust storm event during March 14-18, 2021 (A–E) (from: https://worldview.earthdata.nasa.
gov). The green arrows denotes the dust storm visible from the images. The red triangles in (A) denote the sites for the backward simulations of FLEXPART and
the observation sites used in Figure 5. The blue triangles in (A) denote the observation sites used in Figure 6. The blue, green and purple boxes in (A) denote the
Taklimakan Desert (TA), Gobi Desert (GB), and North China (NC) used in Table 2, respectively.
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where ρp and ρa are density of dust particle and air, respectively.
dp is particle diameter, g is acceleration due to gravity. The
parameters An = .0123 and γ = 2.9 × 104 kg/s2 are from Shao

and Lu (2000) in FLEXDUST-default. In FLEXDUST-update, we
modified An to .0025 to lower the threshold friction velocity for
dust emission.

FIGURE 2
Erodibility of the default FLEXDUST (FLEXDUST-default) (A) and updated FLEXDUST (FLEXDUST-update) (B).

TABLE 1 Summary of the settings for dust modelling in FLEXDUST and FLEXPART, MERRA-2 and CAMS-F.

Resolution
(lon × lat
× lev)

Size bins
(μm in
diameter)

Density
(kg/m−3)

Emission Dry
deposition

Wet
deposition

Assimilation References

FLEXDUST
and
FLEXPART

0.3° × 0.3° × 137L 0.04, 0.22, 0.71,
1.304, 2.057,
3.53, 6.1, 8.63,
12.25, 17.32

2500 TFV: Shao and
Lu. (2000);
Vertical fluxes:
Marticorena and
Bergametti.
(1995) or Kok
et al. (2014); Size
distribution:
Kok. (2011);
Erodibility:
Ginoux et al.
(2001)

Gravitational
settling: a function
of particle size,
density and
dynamic viscosity
of air Näslund and
Thaning, (2007).
Dry deposition: a
function of
gravitantional
settling, surface
type and
meteorological
conditions Wesely.
(1989)

In-cloud
scavenging:
efficiencies
increase with
particle size
Grythe et al.
(2017). Below-
cloud scavenging:
a function of the
sizes of both the
aerosol and falling
hydrometeors
Kyrö et al. (2009);
Laakso et al.
(2003)

No Pisso et al.
(2019); Grythe
et al. (2017);
Groot
Zwaaftink et al.
(2016)

MERRA-2 0.5° × 0.625° × 72L 1.46(0.2–2.0),
2.8(2.0–3.6),
4.8(3.6–6.0),
9(6.0–12.0),
16(12–20)

2500, 2650,
2650, 2650,
2650

TFV:
Marticorena and
Bergametti.
(1995); Vertical
fluxes: Ginoux
et al. (2001); Size
distribution:
Tegen and Lacis.
(1996);
Erodibility:
Ginoux et al.
(2001)

Gravitational
settling: a function
of particle size,
density and
viscosity of air
Fuks. (1989). Dry
deposition: a
function of surface
type and
meteorological
conditions Wesely.
(1989)

In-cloud
scavenging: Chin
et al. (2000);
Ginoux et al.
(2001). Below-
cloud scavenging:
Chin et al. (2000);
Ginoux et al.
(2001)

AOD from MODIS
Collection 5,
AVHRR, MISR and
AERONET.

Gelaro et al.
(2017); Randles
et al. (2017);
Chin et al.
(2002)

CAMS-F 0.4° × 0.4° × 137L 0.06–1.1,
1.1–1.8, 1.8–40

2610 TFV:
Marticorena and
Bergametti.
(1995); Vertical
fluxes:
Marticorena and
Bergametti.
(1995); Size
distribution:
Kok. (2011);
Erodibility:
Ginoux et al.
(2012)

Gravitational
settling: a function
of particle size,
density and
viscosity of air
Morcrette et al.
(2009). Dry
deposition: a
function of particle
diameter, surface
type and
meteorological
conditions Zhang
et al. (2001)

In-cloud
scavenging: fixed
efficiencies for
dust, the release of
aerosol particles
due to re-
evaporation is
considered.
Below-cloud
scavenging: fixed
efficiencies for
dust

AOD from MODIS
collection 6, MODIS
Dark Target and
Deep Blue data; the
MetOp Polar Multi-
sensor Aerosol
product (PMAp)
provided by
EUMETSAT

Rémy et al.
(2022)
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(4) The default scheme describing vertical dust fluxes from the surface
is based on Marticorena and Bergametti (1995) (referred to as
MB95 scheme) and is used in FLEXDUST-default. In contrast, the
scheme based on Kok et al. (2014) (referred to as KOK14) is used
in FLEXDUST-update. We note that different global tuning
factors have been used in the MB95 scheme (4.8 × 10−4) and
the KOK14 scheme (4.8 × 10−3) to produce comparable results.

2.2 Model experiments

The 3-hourly meteorological forcings for both FLEXDUST and
FLEXPART are derived from the fifth generation atmospheric
reanalysis of the global climate (ERA5) produced by the European
Centre for Medium-Range Weather Forecasts (ECMWF) (Hersbach
et al., 2018) using Flex_extract (version 7.0.4, downloaded from:
https://www.flexpart.eu/wiki/FpInputMetEcmwf), a pre-processing
tool developed for preparing the GRIB files needed by FLEXDUST
and FLEXPART from the ECMWF Meteorological Archival and
Retrieval System (Tipka et al., 2020). The domain of the
meteorological forcing in our application covers 10–160° east
longitude and 10–80° north latitude with 30 km horizontal
resolution (T639) and 137 vertical levels from surface to .01 hPa
(80 km).

In this study, both FLEXDUST-default and FLEXDUST-update
were run for the whole month of March in 2021 with spatial resolution
of .1° covering the major dust source regions (20°–62° north latitude
and 40°-128° east longitude), and temporal resolution of 1 h. The
emitted dust particles are assumed to be spherical, and are represented
by 10 size bins (see Table 1). The volume size distribution of the 10 size
bins follows the brittle fragmentation theory according to Kok (2011)
(see Supplementary Figure S1) and is assumed to be independent of
soil texture and wind conditions as saltation and sand-blasting have
been considered as the main mechanisms contributing to dust
emission.

FLEXPART was run in both forward and backward modes in this
study. Results are independent of whether the model is run forward or
backward in time. Direction of modelling is therefore chosen based on
what is numerically efficient and what analyses are desired. The
forward simulation (referred to as FLEXPART-F) started on
01.03.2021 well before the dust storm events (14-18.03.2021) to
capture the potential contribution of long-living dust aerosols (> 5
days) emitted prior to the event. We followed the default model
settings as indicated in Pisso et al. (2019), except that the influence of
sub-grid scale orographic variations on atmospheric boundary layer
height was turned on, and the dust particles in the model have an age
limit of 20 days. The output of FLEXPART-F, e.g., dust concentration,
and dry and wet deposition, has a spatial resolution of .1°covering
20°–65°north latitude and 50°-140°east longitude and 25 vertical levels
from near surface (100 m above surface) to the stratosphere (18 km
above surface) to allow better comparison with different observation
data. The original output of FLEXPART-F in a binary format was
converted into a netcdf format using REFLEXIBLE (https://github.
com/spectraphilic/reflexible) for further analyses.

Backward FLEXPART simulations (referred to as FLEXPART-B)
were setup for specific receptor sites. In each simulation,
computational dust tracer particles were released at hourly intervals
throughout the dust storm event (from 10.03.2021 to 20.03.2021).
Following the release at the receptor, the particles were traced

backwards in time for 10 days (240 h), which has been shown to
be sufficient for capturing the Asian dust cycle (Haugvaldstad, 2021).
The output of FLEXPART-B is the emission sensitivity (ES) which
corresponds to a distribution of all possible dust sources that could
influence the dust concentration at the receptor location at a given
time interval over the 10 days backward period. The predefined output
region of ES is at a resolution of .1°covering 25°–65° latitude and
50°–128° longitude. The ES is then combined with the dust emission
field from FLEXDUST with the same time stamp and summed up
temporally over the 10 days backward period to yield a map of source
contribution (SC) at a given time (see Eq. 4). Summing up the (SC)
spatially over the output domain then gives the concentration at the
receptor at specific time interval (1-hourly averaged). The details of the
FLEXPART-B derivation and how it is related to FLEXPART-F are
described in Seibert and Frank (2004).

SCr t, j, i( ) � ∑−240
bt�0

ESr t + tb, j, i( )E t + bt, j, i( )
H

( ) (4)

where ESr is the emission sensitivity field (unit: s) for a receptor from
FLEXPART-B simulation. E is the emission field from FLEXDUST
(unit: kgm−2s−1). H = 100 is the hight (m) of the surface atmospheric
level where ESr is derived. SCr is the source contribution (unit: kgm−3)
for a receptor. t and bt denote the time when particles are released
from the receptor, and the backward tracing time (unit: hour),
respectively. j and i are the indices of latitude and longitude of a
grid cell, respectively.

In FLEXPART-B, the same 10 dust size bins as in FLEXPART-F
were simulated individually to generate ES for each dust size bin. The
emission of each dust size bin was derived by scaling the total emission
with their volumetric fraction assumed in FLEXDUST (See
Supplementary Figure S1), so that the variations of emission in
space and time were taken into account equally in FLEXPART-B
and FLEXPART-F simulations. Summing up the estimated dust
concentration of each size bin at a receptor gives the total dust
concentration and also the distribution of the 10 dust size bins at a
receptor. There are in total 7 receptor sites across North China chosen
for the FLEXPART-B simulations (see Figure 1), as they cover the area
that experienced the most severe dust storm during the event, and also
show certain differences in the timing and strength of the dust storm
along the west-east and north-south gradient.

2.3 Reanalysis and observation dataset

2.3.1 MERRA-2 and CAMS-F
To evaluate the performance of FLEXDUST and FLEXPART in

depicting the full dust cycle of the 2021 East Asia dust storm, the
Modern-Era Retrospective Analysis for Research and Applications,
version 2 (MERRA-2) produced by the NASA’s Global Modeling and
Assimilation Office (Gelaro et al., 2017) and the global atmospheric
composition forecast (referred to as CAMS-F) produced by the
Copernicus Atmosphere Monitoring Service (Inness et al., 2019)
were used. MERRA-2 was generated using the Goddard Earth
Observation System (GEOS-5) with a 3D variational data
assimilation system that assimilates aerosol optical depth (AOD)
from various ground- and space-based remote sensing platforms,
improving estimates of aerosol properties over the simulations
without AOD assimilation (Randles et al., 2017). MERRA-2 has an
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hourly output on spatial resolution of .5° × .625° and 72 hybrid-eta
levels from the surface to .01 hPa. The dust emission scheme in
MERRA-2 is based on Ginoux et al. (2001) and Marticorena and
Bergametti (1995) using five size bins (Table 1). The dry and wet
deposition are based on the GOCART aerosol module (Ginoux et al.,
2001; Chin et al., 2002). It has been demonstrated that MERRA-2 is
capable of characterizing the three-dimensional evolution of dust
aerosols in East Asia and Sahara (Buchard et al., 2017; Yao et al.,
2020) comparing with satellite and ground-based observations.

CAMS-F uses the Integrated Forecasting System (IFS) that also
produces ECMWF weather forecasts, but with additional modules
enabled for aerosols, reactive gases and greenhouse gases that have
been developed within CAMS (Rémy et al., 2022). It provides the
estimation of dust aerosols with three size bins (Table 1) and the
spatial resolution of .45° × .45° and 137 vertical levels. CAMS-F does
not assimilate observations throughout the prediction period. It,
however, starts every 12 h with initial conditions obtained by
combining a previous forecast with the satellite retrievals of many
atmospheric constituents including AOD from different remote
sensing platforms through data assimilation. CAMS-F, in 48 h
projection, has been shown to capture the Asian dust cycle
(especially the dust AOD) better than the unconstrained model
when comparing with observations (Benedetti et al., 2019). We use
CAMS-F instead of the CAMS global reanalysis (known as EAC4)
which assimilates observations at each time step, because CAMS-F
does not only provide the dust aerosol mixing ratio and optical depth,
but also emission, dry and wet deposition rates which are absent in
EAC4. This allows us to better quantify the full dust cycle during the
dust storm. Details of the dust emission, and dry and wet deposition
schemes used in CAMS-F are summarized in Table 1.

2.3.2 Observation dataset
2.3.2.1 PM10 concentrations from the CNEMC network

Hourly averaged PM10 (Particle matter with an aerodynamic
diameter smaller than 10 μ m) for different sites in northern China
(Figure 1) were obtained from the air quality monitoring network
operated by China National Environmental Monitoring Center
(CNEMC). The dataset was created in 2013 and is constantly
updated thereafter. The method for measuring PM10 is described
by the National Environmental Protection Standards HJ 653–2013
(MEP, 2013). The air quality monitoring stations are located at least
50 m from any noticeable stationary sources of pollution, and
instrument inlets were located at least 1 m above the roof of a
building or wall.

2.3.2.2 Particle size distrisbution
At the Semi-Arid Climate and Environment Observatory of

Lanzhou University (SACOL) (1477A in Figure 1), a GRIMM
Optical Aerosol Spectrometer (model EDM180) has been devised
to simultaneously measure dust particle size distribution and mass
concentrations (e.g., PM10, PM2.5, and PM1.0) based on the principle of
light scattering with scattering angle of 0°–90°. It can provide 31 size
bins ranging from .25 to 32 μm. The measurement range and accuracy
of mass concentration are expected to be .1-6000 and .2 μg.m−3,
respectively. An automatic Nafion isothermal dehumidification
system is installed inside the sampling tube, which could effectively
retain some semivolatile aerosol compounds. The sample flow rate is
1.2 L/min and the measurement uncertainty of the dust size
distribution is ±5% of the maximum range (Grimm and Eatough,

2009). Since the station is well selected to be representative of the
region (Huang et al., 2008), we consider the uncertainties caused by
spatial heterogeneity to be small. The size distribution of dust aerosol
measured during the 2021 East Asia dust storm event was used in this
study to compare with the modelled distribution of different dust
size bins.

2.3.2.3 Ground-based lidar observation
The Asian dust and aerosol lidar observation network (AD-Net)

(Shimizu et al., 2004) is a lidar network continuously monitoring the
vertical profile of dust and other aerosols with high temporal (15 min)
and vertical (30 m) resolution in real time. Over more than 20 sites in
East Asia are included in AD-Net. The standard lidar system at each
site is a two-wavelength (1,064 nm, 532 nm) polarization sensitive
Mie-scattering lidar. In this study, we chose one site close to the dust
source region (Zamynuud in Mongolia) and one site located in the
deposition region (Fukuoka in Japan) to evaluate the vertical dust
profile simulated by FLEXDUST and FLEXPART. The data was
downloaded from: https://www-lidar.nies.go.jp/AD-Net/. The
geographical locations of the two sites are shown in Figure 1. The
variables used in this study were the 532 nm aerosol extinction
coefficient and attenuated backscatter coefficient. For more details
on the processing of lidar data fromAD-Net and its quality control, we
refer to the original data website.

3 Results

3.1 Dust source of the 2021 East Asia dust
storm

Figure 3 shows daily averaged dust emission during the dust storm
event (13-17.03.2021) simulated by FLEXDUST-update, along with
MERRA-2 and CAMS-F. All the models show the strongest dust
emission over the Gobi Desert (especially the Eastern Gobi desert
steppe) at the start of the dust storm event (14.03.2021). Later on, the
center of high dust emission moved westward with weakened dust
emission in the Gobi Desert, but enhanced dust emission in the
Taklimakan desert. FLEXDUST-default seriously underestimates
dust emission compared to MERRA-2 and CAMS-F
(Supplementary Figure S2). In particular, dust emissions from the
Taklimakan desert and eastern Inner Mongolia are missing
throughout the dust storm event. In comparison, FLEXDUST-
update shows persistently high dust emission in both the
Taklimakan desert and Qaidam basin (Figure 3), which is more
consistent with MERRA-2 and CAMS-F. The strength of emission
over the main dust source regions (e.g., Gobi and Taklimakan deserts)
is the strongest in CAMS-F while FLEXDUST-update and MERRA-2
are similar to each other (Table 2). FLEXDUST-update still shows
slightly lower emission over North China than CAMS-F and
MERRA-2.

3.2 Dust concentration of the 2021 East Asia
dust storm

Figure 4 illustrates vertically integrated total dust concentration
simulated by FLEXPART-F using the emission from FLEXDUST-
update. Similar to CAMS-F and MERRA-2, the highest total dust
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concentration over the dust source region (Taklimakan and Gobi
deserts) is well depicted in FLEXPART. In addition, the movement of
the high dust concentration belt swiping from Mongolia at the
beginning of the dust storm event to northern China and southern
Japan in the later stage of the dust storm event (Figure 4), as observed
in MERRA-2 and CAMS-F as well as the satellite image (Figure 1), is
also captured in FLEXPART-F. In contrast, FLEXPART-F using the
emission from FLEXDUST-default shows much lower total dust
concentration than that in MERRA-2 and CAMS-F
(Supplementary Figure S3). In general, the spatio-temporal pattern
of total dust concentration in FLEXPART-F is more similar to that in
CAMS-F than in MERRA-2. While MERRA-2 shows dust (> 10−5 kg
m−3) all over the Asian domain during the dust storm event (Figure 4),
both CAMS-F and FLEXPART-F indicate an absence or very low
concentration of the dust aerosol in southern China, central Asia, and
northern India.

To further evaluate the performance of FLEXDUST and
FLEXPART in simulating surface dust concentration, we compared
the modelled dust PM10 with the observed dust PM10 at individual
sites over North China (Figure 5). The concentration estimated by

FLEXPART-B are shown together with FLEXPART-F to test the
consistency and robustness of the two approaches for estimating
dust concentration at a site. All the models underestimate the dust
PM10 peak as indicated by observation by an order of magnitude,
except Xi’an (1466A), where the model and observation match well
with each other. The dust PM10 simulated by FLEXPART-F and
FLEXPART-B agrees well with each other and is also consistent
with that from MERRA-2 and CAMS-F in terms of both timing
and magnitude. Over the Beijing (1010A) and Hohhot (1096A) sites,
CAMS-F exhibits a higher dust PM10 peak than MERRA-2 and
FLEXPART, likely owing to the higher emission strength of
CAMS-F over Mongolia and the eastern Inner Mongolia, which are
the major dust source for the two sites. In contrast, at the more western
and southern sites such as Xi’an (1466A), Yan’an (1926A) and
Yinchuan (1484A), dust PM10 simulated by MERRA-2 and
FLEXPART are generally higher than that in CAMS-F, especially
for the dust PM10 peak during 19-20.03.2021.

Figure 6 shows the temporal evolution of the vertical profile of dust
concentration over sites with lidar measurement of dust aerosols. At
the Mongolian site (Zamynuud) which is in the dust source region, the

FIGURE 3
Daily average of dust emission (kgm−2 s−1) during the dust storm event, each of the days from 13.03 to 17.03.2021. (A,D,G,J,M) FLEXDUST-update,
(B,E,H,K,N) MERRA-2, (C,F,I,L,O) CAMS-F. Dust emission of FLEXDUST-default using MB95 scheme is shown in Supplementary Material.
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starting of the dust storm (i.e., high local dust emission from the
surface) on 14.03.2021 is visible in both attenuated backscatter
coefficient and aerosol extinction coefficient at 532 nm (Figures 6A,
C). The dust event is followed by a reduced local dust emission, but a
salient high-level transport of dust from other source regions during
15-16.03.2021. The presence of high-level (as high as 10 km above
surface) dust plume at the location, is consistent with the results from
CALIPSO (Filonchyk, 2022). A second local dust emission occurred
on 18.03.2021, but this dust event is mostly restricted to the lower and
middle troposphere. FLEXPART-F captures these observed features
well (Figure 6E), and the temporal-vertical structure is quite similar to
that in CAMS-F, except that a strong local dust emission persists
during 15-16.03.2021 in CAMS-F. Compared to FLEXPART-F and
CAMS-F, MERRA-2 tends to overestimate dust concentration in the
middle and upper troposphere (Figures 6G,I).

At the Fukuoka site in Japan which is far from the dust source
regions, the influence of the dust storm event is clearly shown in both
FLEXPART-F and CAMS-F (Figures 6F,J), and is also present but less
obvious in the lidar observation andMERRA-2. The arrival of the dust
plume first appears in the upper troposphere on 16.03.2021, while
the majority of the dust transported through mid-troposphere
arrived on 17.03 and 18.03.2021. As the location is at the coast, the
constantly high extinction attenuated backscatter coefficient
(Figure 6D) likely arises from the influence of sea salt aerosols.
Both FLEXPART-F and the reanalysis data suggest low dust
concentration in the lower troposphere for the entire period except
the beginning of 17.03.2021.

The ability of FLEXPART in simulating the size distribution of dust
aerosols at the surface is evaluated against the observation from the
SACOL site (Figure 7). The fluctuation in dust size distribution mainly
occurs on 14.03, 16.03, and 19.03.2021 with a sharp increase of coarse
particles (> 10 μm), but a decrease of medium size particles (1–10 μm).
The changes of the particle size distribution correspond well to the start of
the local dust storm events (i.e., high PM10 peak) (cf. Figures 5E, 7). It is
noticed that such changes in dust particle size distribution are hardly
captured by MERRA-2 and CAMS-F, both of which show little variation
throughout the dust storm event. Both FLEXPART-F and FLEXPART-B
exhibit larger variation in the dust particle size distribution thanMERRA-
2 and CAMS-F, such as the decrease (increase) of 1–10 μm (0–1 μm) dust
size bin on 19.03.2021. The size distribution derived from FLEXPART-F
(0.1 × 0.1° box) appears to be more fluctuated than FLEXPART-B during
the dust storm event (Figure 7C). The spatial averaging (1 × 1° box) of the
results of FLEXPART-F significantly smoothes the variation and displays
a better agreement with the results from FLEXPART-B.

To further analyze the cause of the variations in the dust particle size
distribution at the SACOL site, the emission sensitivity and the source
contribution for different dust size bins during individual episodes with a
strong increase in coarse particles, i.e., 14.03, 16.03, 19.03.2021 are shown
in Figures 8, 9 and Supplementary Figure S5, respectively. The major dust
source regions on 14.03 and 19.03.2021 are quite different. On 14.03.2021,
the dust, including coarse particles, was mainly from the west along the
northern slope of the Tibetan Plateau, transported by energetic westerly
and north westerly wind (Figure 8). In contrast, on 19.03.2021, the dust
was mainly from the northern and northeastern source regions, and the

TABLE 2 Dust budget over the major dust source and deposition regions during the 2021 East Asia dust storm event (14/03/2021 00:00 - 18/03/2021 00:00, Beijing
time). TA: Taklimakan desert (77–89°E, 37–42°N), GB: Gobi desert (93–108°E, 40–47.5°N), NC: North China (105–120°E, 35–40°N), AD: Asian domain (50–140°E, 20–65°N).

Emission
(kg/s)

Dry deposition
(kg/s)

Wet deposition
(kg/s)

Total deposition
(kg/s)

Concentration change
(kg/s)

Net transport
(kg/s)

FLEXPART-F

TA 2,238 1,070 92 1,162 1,340 264

GB 2,231 990 49 1,039 −27 −1,218

NC 85 121 52 173 145 233

AD 11,653 5,066 1,159 6,225 1,297 −41,31a

MERRA-2

TA 2,273 1,496 23 1,511 1,102 340

GB 2,056 945 24 965 −239 −1,330

NC 133 163 41 203 −38 32

AD 16,104 12,752 3,483 15,533 4,937 4,366

Globalb 50,545 35,610 15,379 50,989

CAMS-F

TA 6,820 6,935 219 7,154 1,627 1,961

GB 7,774 5,913 64 5,977 250 −1,547

NC 331 584 117 700 230 600

AD 25,494 24,487 4,623 29,110 4,764 8,380

Globalb 51,497 144,216 65,005 209,221

aThe negative value arises because there is no dust transportation from the outside of the model domain in FLEXPART-F.
bMultiyear global average from Zhao et al. (2022).
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transport of coarse dust particles to the SACOL site was much weaker
than that of the finer dust particles (Figure 9). The difference in the
dominant wind system and source regions may explain why the high
proportion of coarse dust particles on 14.03.2021 are well captured in
FLEXPART, but not on 19.03.2021. The coarse dust particles observed on
19.03.2021 were likely derived from the nearby regions northeast of the
SACOL site (Figure 9C), where there is little dust emission in FLEXDUST.

3.3 Dust deposition of the 2021 East Asia dust
storm

The spatio-temporal pattern of dry deposition is quite similar to
that of the dust concentration (cf. Figures 4, 10). Both FLEXPART-F
and reanalysis data show high dry deposition in dust source regions
such as the Taklimakan and the Gobi deserts. On average, CAMS-F
has the strongest dry deposition, while FLEXPART-F has lower dry
deposition similar to MERRA-2.

The wet deposition in FLEXPART-F is also weaker than in CAMS-
F and the strength is closer to MERRA-2 (Figure 11). The spatial

pattern of wet deposition is closely related to precipitation in the
model. The precipitation and cloud fields used in FLEXPART-F are
derived from ERA5, which shares the same IFS modelling system as
CAMS-F, and thus exhibits good similarity to CAMS-F in their spatial
structures (see Supplementary Figures S6, S7). Accordingly,
FLEXPART-F and CAMS-F display quite similar spatio-temporal
pattern of wet deposition compared to that of MERRA-2. For
instance, the presence of wet deposition in northern China on
16.03.2021 (Figures 11G–I), and the strong wet deposition over the
Tibetan Plateau and the Taklimakan desert on 18.03.2021 (Figures
11M–O), are observed in both FLEXPART-F and CAMS-F, but not
shown in MERRA-2 due to its different precipitation and cloud fields.

3.4 Dust budget of the 2021 East Asia dust
storm

The total dust budget for the major source and deposition regions
of the East Asia dust storm in FLEXPART-F is rather consistent with
that in CAMS-F and MERRA-2 (Table 2). All the models indicate that

FIGURE 4
Daily average of vertically integrated dust concentration (kg m−2) during the dust storm event. (A,D,G,J,M) FLEXPART-F using the emission from
FLEXDUST-update, (B,E,H,K,N) MERRA-2, (C,F,I,L,O) CAMS-F.
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the Gobi Desert (GB) is the major dust source region for the dust
storm, having a net outward transport of dust from the region. In
contrast, although the Taklimakan desert (TK) is a dust region, it has a
net dust transport into the region. North China (NC) is a major region
for dust deposition, and hence has a net dust transport into the region.
The net dust transport for the larger Asian domain (AD) is negative in
FLEXPART-F (Table 2), while it is positive in CAMS-F and MERRA-
2. This is because FLEXDUST and FLEXPART cover only the AD, and
do not account for the dust transport from outside of the AD, as
opposed to the global datasets of MERRA-2 and CAMS-F. Dusts from
the middle East and eastern Europe were likely to be transported to the
AD during the dust storm event. But they probably deposited in the
western part of the AD (Figure 10), and had minor influence on the
dust concentration over East Asia (see Figure 4). This explains why
there are much higher dust deposition rate and greater increase of dust

concentration over the AD in MERRA-2 and CAMS-F than in
FLEXPART-F, while the dust budgets over TA, GB and NC in
MERRA-2 and CAMS-F are more consistent with that in
FLEXPART-F (Table 2).

4 Discussion

4.1 Consistency between backward and
forward FLEXPART simulations

Numerous studies have shown that running FLEXPART in
forward and backward mode to simulate aerosol concentration or
deposition at a site yields consistent results, given the sources and
parameter settings are the same (Seibert and Frank, 2004; Eckhardt

FIGURE 5
Comparison of modelled dust PM10 (μg.m−3) at the surface (0–100 m) with observations over sites in China. (A) Beijing (1010A), (B) Taiyuan (1081A), (C)
Hohhot (1096A), (D) Xi’an (1466A), (E) SACOL (1477A), (F) Yinchuan (1484A), (G) Yan’an (1926A). The names in brackets are the site codes used in the CNEMC
network. The observed dust PM10 is derived fromobserved total PM10 scaled by dust:total PM10 ratio estimated by CAMS-F. The location of the sites are shown
in Figure 1. How dust PM10 was derived for FLEXPART, MERRA-2 and CAMS-F can be found in the Supplementary Material. Note that local time
(i.e., Beijing time) is adopted in this figure.
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et al., 2017). Direction of modelling is therefore chosen based on what
is numerically efficient and what analyses are desired. When the
number of sources exceed the number of receptors it is generally
more cost efficient to run backward simulations. Our results further
confirm that both FLEXPART-F and FLEXPART-B can consistently
depict dust concentration changes at a site during the 2021 East Asia
dust storm event (Figures 5, 7). However, the results from

FLEXPART-F are in general noisier than FLEXPART-B. We find
that increasing backward tracing time and the number of particles
released at each time in FLEXPART-B do not significantly improve the
consistency between FLEXPART-F and FLEXPART-B. Instead, the
spatial averaging of the results of FLEXPART-F from .1 × .1° to 1 × 1 °

can greatly reduce the discrepancies between forward and backward
simulations (Figure 7). This implies that the particles reaching at the

FIGURE 6
Modelled temporal-vertical profile of dust concentration (kgm−3) and its comparision with lidar measurement over Zamynuud, Mongolia (A,C,E,G,I) and
Fukuoka, Japan (B,D,F,H,J). (A,B) Attenuated backscatter coefficient at 532 nm, (C,D) Dust extinction coefficient at 532 nm, (E,F) FLEXPART-F, (G,H)MERRA-
2, (I,J) CAMS-F. The locations of the two sites are shown in Figure 1. The red boxes denote the dust storm event at the locations.
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FIGURE 7
Observed and modelled particle size distribution at the SACOL site. (A) Fine size bin (0-1 μm), (B) Medium size bin (1-10 μ m), (C) Coarse size bin
(> 10 μm). For FLEXPART-F, data from 0 to 100 m above surface is used. The time axis is in Beijing time.

FIGURE 8
Emission sensitivity (ES, unit: s) (A–C) and source contribution (SC, unit: kgm−3) (D–F) for the dust aerosol concentration near surface (0–100 m) at
SACOL during 18:00 13.03-06:00 14.03.2021 (Beijing time) estimated by FLEXPART-B. The blue triangle denotes the location of the SACOL site.
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site (namely .1 × .1° box) in the forward simulation may not be
sufficient to achieve statistical robust results, even though the total
number of particles released in FLEXPART-F is already quite high.
The spatial resolution and representativeness of the forward
simulation at a site are strongly limited by the number of particles
reaching to the site, and therefore need to be tested for each individual
cases.

4.2 Underestimation of dust emission and
concentration in FLEXDUST and FLEXPART

It has previously been found that FLEXDUST and FLEXPART
considerably underestimate monthly dust concentrations and
annual dust deposition over an East Asian site (Cheju) (Groot
Zwaaftink et al., 2016). Consistent to this study, we found that
FLEXPART using the output of FLEXDUST-default underestimates
the strength of the 2021 Asian dust storm compared to observations
and reanalysis data (see Supplementary Figures S2, S3). This can be
largely attributed to the underestimation of dust emission in
FLEXDUST-default owing to the limited types of vegetation used
to infer the bare soil fraction in FLEXDUST, and the coarse
topographical scaling used to depict the erodibility of the surface
(Figures 2, 12A,B). In addition, the threshold friction velocity (TFV)
for dust emission is also overestimated, prohibiting dust emission
during the dust storm event (Figure 12C). This is in line with
previous studies showing that TFV parameterization is the main
source of the uncertainties for accurate dust-emission forecasts (Jin
et al., 2018). The parameters (e.g., An) used in Eq. 3 to estimate TFV
were derived from wind tunnel experiments (Shao and Lu, 2000)
using loosely spread spherical particles on a dry and bare surface.
The finer the particles, the larger are the uncertainties of Eq. 3 in
predicting TFV. We found that lowering An is necessary to increase
the extent and strength of dust emission during this dust storm
event, while the modification of γ in Eq. 3 has only a minor effect.

According to Shao and Lu (2000), the deviation from default
parameters in the equation would implies that dust particles
emitted during the dust storm are likely to be finer or less
spherical than that originally assumed when deriving the equation.

We also note that the KOK14 scheme in general performs better
than the MB95 scheme in depicting the vertical dust flux from the
surface during the strong Asian dust storm event. In particular, the
KOK14 scheme simulates more (less) emission over Taklimakan
desert (northeastern China) than the MB95 scheme (Figure 12D;
Supplementary Figure S8), which is more consistent with MERRA-2
and CAMS-F. The better performance of the KOK14 scheme has been
demonstrated in Kok et al. (2014) and has been shown in previous
studies that the KOK14 scheme tends to predict more dust emission
than the MB95 scheme during the Asian dust storm event (Wu et al.,
2019; Zeng et al., 2020; Wang et al., 2022) and thus shows better
agreement with observation. This can be linked to the high sensitivity
of dust flux in the KOK14 scheme to the soil’s threshold friction
velocity, as it accounts for soil’s increased ability to produce dust under
continuous saltation bombardment, taking also into account an
increased scaling of the vertical dust flux with wind speed (Kok
et al., 2014). Moreover, soil texture (i.e., the fraction of soil clay
content) exerts a linear influence on dust emission throughout its
range (0%–100%) in the KOK14 scheme (Kok et al., 2014), while it has
an exponential impact on dust emission, only within a limited range
(0%–20%), in the MB95 scheme (Marticorena and Bergametti, 1995).
The reduced sensitivity to the soil clay fraction in the KOK14 scheme
enhances the dust emissions from the sandy deserts where the soil clay
fraction is small, e.g the Taklimakan desert (Figure 12D).

FLEXPART using the output of FLEXDUST-update yields
comparable results to MERRA-2 and CAMS-F, and similar to the
two dataset, it still underestimates the observed peak of surface PM10

(by an order of magnitude at some sites) during the dust storm event
(Figure 5). It is also noticed that studies using the meso-scale model
WRF-CHEM and an offline chemical transport model CAMx also
exhibit a similar magnitude of underestimation of surface PM10 during

FIGURE 9
The same as Figure 8 but for 00:00-12:00 19.03.2021 (Beijing time).
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the East Asian dust storm events using their default settings (Song
et al., 2019; Wang et al., 2022).

The underestimation of the observed surface PM10 peak during
the dust storm event can be largely ascribed to the underestimation of
the dust emission in the models. The analysis of global dust emission
using inversion model constrained by available observation data
reveals that current dust models on average underestimate the
Asian dust emission (Kok et al., 2021). Consistently, a recent study
applying data assimilation to derive dust emission suggests
> 15 million tons of dust emitted from the Chinese and Mongolian
Gobi Desert during the 2021 East Asia dust storm event (Jin et al.,
2022). This is much higher than that in FLEXDUST-update, MERRA-
2 and CAMS-F, suggesting that the dust emission schemes used in
these models may miss important processes that can invigorate
extreme dust emission during the dust storm event. For instance,
the soil might have become extremely susceptible with a lot of loose
material at the surface when the storm started.

Moreover, the biases in surface wind speed, soil moisture and
vegetation cover, which are critical for dust emission may also

contribute to the underestimation. These data were all derived
from ERA5. For surface wind speed and soil moisture, ERA5 has
been shown to exhibit the least biases against station observations
among the available reanalysis data (Li et al., 2020; Fan et al., 2021),
hence is unlikely to be the main reason for the underestimation of dust
emission in FLEXDUST. To further confirm this, we calculated the
mean surface wind speed for the available observation stations (Dunn,
2019) over the TA (2.8 m/s), GB (4.5 m/s) and NC (2.8 m/s) regions
during the 2021 East Asia dust storm event. ERA5 indeed exhibits
small biases in themean wind speed in TA (+.3 m/s), GB (−.2 m/s) and
NC (+.1 m/s). On the other hand, Wang et al. (2022) has shown that
the use of gusty wind to capture short-term variation in wind speed
can increase dust emission and concentration by more than 50% for
the 2021 dust storm. Using gusty wind instead of hourly-average wind
speed in FLEXDUST may help reducing the underestimation of dust
emission.

For vegetation cover, the data from ERA5 is low in the main desert
areas (such as Taklimakan Desert, Gobi Desert and Qaidam basin)
(Supplementary Figure S4). But other regions (e.g., North China),

FIGURE 10
Daily average of total dry dust deposition (including gravitational settling) (kgm−2 s−1) during the dust storm event. (A,D,G,J,M) FLEXPART-F using
emission from FLEXDUST-update; (B,E,H,K,N) MERRA-2; (C,F,I,L,O) CAMS-F.
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FIGURE 11
The same as Figure 10, but for wet deposition.

FIGURE 12
Average dust emission (kgm−2 s−1) during the whole dust storm event (13.03.2021-17.03.2021) simulated by FLEXDUST-default with MB95 scheme (A),
and the changes in emission (kgm−2 s−1) due to improved erodibity (B), improved TFV (C), and the switch from MB95 to KOK14 scheme (D).
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which can potentially be a seasonal dust source in spring, have quite
high static vegetation cover throughout the year. The lack of
seasonality in the vegetation cover data from ERA5 may explain
the underestimation of the dust emission, especially over northern
China, an important nearby local dust sources for the observation sites
of surface PM10 in Figure 5. Further improvement, such as using leaf
area index (LAI) instead of total vegetation cover from ERA5, to infer
the seasonal variation in vegetation and its potential impact on dust
emission, would be needed.

We also notice that with the strength and spatial distribution of
dust emission similar to FLEXDUST-update, Wang et al. (2022) show
that the use of the KOK14 scheme for dust emission in CAMx is
sufficient to reproduce the observed peak of surface PM10 during the
2021 East Asia dust storm. This indicates that the underestimation of
the observed surface PM10 in FLEXPART may result from the too
short lifetime of dust particles in the atmosphere. A modelling study of
the East Asian dust storm in 2017 (Song et al., 2019) also found that
increasing the proportion of the finer dust particles emitted from the
surface and thus longer lifetime in the atmosphere, can significantly
alleviate the underestimation of the surface PM10 during the dust
storm event. Following this study, we have tested different size
distributions of the emitted dust in FLEXPART-B, but found little
improvement in the predicted surface PM10 (Figure not shown). This
suggests that further tuning of the dust transport and deposition
parameters in FLEXPART seem to be necessary to fully resolve the
underestimation of the observed strength of the extreme Asian dust
storms.

4.3 Comparison with MERRA-2 and CAMS-F

Owing to the lack of observation data on dust emission and
deposition, we have employed the state-of-the-art reanalysis data,
such as MERRA-2 and CAMS-F to evaluate the performance of
FLEXDUST and FLEXPART. We note that MERRA-2 and CAMS-
F are still model results and may suffer from large potential biases
compared to observation (e.g., Figure 5) when simulating the dust
cycle, even though they have assimilated remote-sensed aerosol optical
depth (AOD). The comparison with MERRA-2 and CAMS-F can only
tell how much FLEXDUST and FLEXPART deviate from the
observation-constrained dust cycle as represented in MERRA-2 and
CAMS-F.

It is found that using FLEXDUST-update, FLEXPART-F can well
capture the strength and spatio-temporal evolution of the dust storm
consistent with that in MERRA-2 and CAMS-F. In general, the
strength of the dust emission, concentration and deposition in
FLEXPART-F resemble those in MERRA-2 (Table 2), likely due to
the similarity in their emission and deposition schemes (Table 1). In
contrast, the spatio-temporal pattern of the dust cycle in FLEXPART is
more consistent with that in CAMS-F than in MERRA-2 (Figures 3, 4,
10, 11). This can result from the similarity in their atmospheric forcing
fields, such as wind, temperature and precipitation, as FLEXPART-F
uses forcings from ERA5, which is produced with the same IFS system
as CAMS-F (see Supplementary Figures S4, S6, S7).

The stronger dust emission, and dry and wet deposition in
CAMS-F during the dust storm event than that in MERRA-2 and
FLEXPAR-F are consistent with the finding by Zhao et al. (2022) on
global scale (Table 2). Due to the lack of observation data, it remains
uncertain whether CAMS-F is better in capturing the full dust cycle

during the dust storm event. Given that CAMS-F is better in
capturing the magnitude and temporal changes of the observed
surface PM10 (Figure 5), the high dust emission in CAMS-F
might be more realistic than MERRA-2 and FLEXPART-F.
However, the analyses on AEROVAL (https://aeroval.met.no/)
reveal that CAMS generally overestimates PM10 in North China
on seasonal and yearly scale. The higher dust emission in CAMS-F
can be related to its use of a more recent observation-based approach
to quantify erodibility, instead of the topographic scaling adopted in
both MERRA-2 and FLEXDUST (Table 1). In addition, soil map (e.g.
, soil texture) used in CAMS-F is different from MERRA-2 and
FLEXDUST, which may also explain the differences in emission
(Rémy et al., 2022).

We note that FLEXPART-F shows a noticeable weak wet
deposition compared to CAMS-F and even MERRA-2 in some
regions (Figure 11). This can be ascribed to the parameterization of
wet deposition scheme in FLEXPART-F where dust particles are set up
as very poor cloud condensation nuclei and thus are inefficiently
removed by in-cloud scavenging (Grythe et al., 2017). Furthermore,
there is initially very little precipitation close to the source, which gives
time for dry deposition of the larger particles leaving mainly smaller
particles that are less efficiently removed by below-cloud scavenging.
Also the wet deposition in FLEXPLART-F displays a more “patchy”
pattern compared to that in CAMS-F and MERRA-2. This can be
related to the number of particles used in the simulation, but also to
the issue of precipitation disaggregation using Flex_extract and the
spatial interpolation of the variables (e.g., cloud water content and
total cloud cover) required by the wet scavenging scheme, as pointed
out by Hittmeir et al. (2018) and Tipka et al. (2020).

Our results reveal a high capability of FLEXDUST and
FLEXPART in simulating the particle size distribution and its
variation (Figure 7). Although a fixed size distribution of emitted
dust (i.e., 10 dust size bins) has been assumed in FLEXDUST (see
Supplementary Figure S1), FLEXPART is still able to reproduce the
variation of the particle size distribution well during the dust storm
event, owing to the particle-size dependent parameterization
employed in both dry (e.g. gravitational settling) and wet
deposition (e.g., below-cloud scavenging) in FLEXPART.
Compared to FLEXDUST and FLEXPART, CAMS-F and
MERRA-2 use less size-dependent parameterizations for dry and
wet deposition (Table 1), and less dust size bins, namely 3 and 5 size
bins for CAMS-F and MERRA-2, respectively. This can explains the
lower performance of CAMS-F and MERRA-2 in simulating the
particle size distribution and its changes during the dust storm event
at the SACOL site. Further improvement of the dust emission, and
dry and wet deposition in FLEXDUST and FLEXPART and other
dust models with size-segregated/size-resolved schemes (e.g.,
Holopainen et al., 2020; Zeng et al., 2020), will likely help to
better simulate the size distribution of the Asian dust aerosol and
its climatic impact.

5 Conclusion

In this study, the performance of the Lagrangian trajectory
model system FLEXDUST and FLEXPART in simulating the
2021 East Asia dust storm was evaluated against available
observation data and observation-constrained reanalysis/forecast
data of the atmospheric compositions (i.e., MERRA-2 and
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CAMS-F). It is found that the default FLEXDUST underestimates
dust emission during the event compared to MERRA-2 and CAMS-
F. Modification of the parameterization of the topographic scaling,
bare soil fraction as well as threshold friction velocity in FLEXDUST
can reproduce the strength and spatial extent of the dust emission,
and the resultant concentration, and dry and wet deposition
comparable to MERRA-2 and CAMS-F. Both FLEXPART and
the reanalysis data, however, underestimate the peak of surface
dust PM10 over North China during the dust storm event, even
though the timing of the peak is well reproduced. This can be
attributed to various reasons, such as the lack of nearby natural
or anthropogenic dust sources and positive feedback between
soil erodibility and dust emission in the models, the biases in
surface wind speed, and the size distribution of emitted dust, and
other factors leading to the too-short lifetime of dust in the model.
More studies are needed to improve the dust models to
better represent the dust cycle during the extreme Asian dust
storms without deteriorating the performance during normal
conditions. FLEXDUST and FLEXPART can better represent the
observed size distribution of dust aerosol than MERRA-2 and
CAMS-F, highlighting the importance of using a high number of
dust size bins (e.g., more than 10) and size-dependent dust emission
and deposition schemes in depicting the Asian dust storms and its
climatic, ecological and socio-economic impacts. This evaluation
study provides not only a direction for futher improvements of
FLEXDUST and FLEXPART in representing Asian dust cycle, but
also a basis for employing FLEXDUST and FLEXPART in studying
the spatio-temporal dynamics of Asian dust in the past, present and
future conditions.
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