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Abstract: In recent years, climate change and the intervention of anthropogenic activities have altered
the seasonal features of Asian dust storms. This may also cause seasonal variations (including
dust occurrence frequency and optical/microphysical properties) in dust aerosols transported to
downstream regions. The Jianghan Plain is dramatically influenced by multiple dust sources due to its
geographical location in central China. In this study, we focused on the climatology of dust aerosols
over the Jianghan Plain based on the 15-year (2006-2021) continuous space-borne observations of the
Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP) as well as Modern-Era Retrospective
Analysis for Research and Applications version 2 (MERRA-2) reanalysis data. A typical dust event
that intrudes the Jianghan Plain was studied in detail. According to the statistical results, dust
aerosols frequently intrude into the Jianghan Plain in spring and winter, with occurrence frequencies
(under cloud free condition hereafter) exceeding 0.70 and higher altitudes of 4-6 km. The dust
occurrence frequency declined to approximately 0.40 in autumn and nearly zero in summer, while
the dust plumes were generally located at lower altitudes of 1-3 km. The dust plumes observed in
the Jianghan Plain were simultaneously linked to the Taklimakan Desert and Gobi Desert in spring
and mainly originated from the Taklimakan Desert in winter and autumn. The dust particles were
mainly distributed below 4-km altitude, with the largest dust extinction coefficients and dust mass
concentrations in spring. In all seasons, the particle depolarization ratios are 0.1-0.2 below 4-km
altitude, suggesting a possible mix with local anthropogenic aerosols. The mean dust column mass
concentrations in spring showed an evident declining trend from 210 g m~2 in 2006 to 100 ug m~2 in
2021 in the Jianghan Plain, attributed to the reduced dust activity in the source regions of Asian dust.

Keywords: Asian dust; seasonal variation; dust transport; Jianghan Plain; CALIOP; MERRA-2

1. Introduction

Dust is one of the major aerosol types in the atmosphere and plays a crucial role in
the climate system. Airborne dust aerosols directly scatter and absorb solar radiation,
resulting in the alteration of the Earth’s radiation budget (direct effect) [1,2]. Dust particles
can also serve as cloud condensation nuclei (CCN) and ice nucleating particles (INP) to
initiate cloud formation and further interact with clouds, which is known as the indirect
effect [3-6]. Additionally, their absorbing property causes the heating of the atmosphere
and thus accelerates the evaporation of clouds; this process is the so-called semidirect
effect [7].

It is estimated that approximately 1000-2150 Tg dust aerosols are emitted into the
atmosphere annually [8]. The majority of dust aerosols spread in the atmosphere of the
northern hemisphere, forming a dust belt linking the west coast of North Africa, the Arabian
Peninsula, and central and southern Asia [9,10]. The source region of Asian dust, primarily
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encompassing the Taklimakan and Gobi deserts, is considered one of the most important
dust contributors and accounts for approximately 40% of the total dust emissions to the
atmosphere [11]. The dust storms in East Asia usually show a distinct seasonal variation.
Spring is the most active season for dust storms owing to the low cover of vegetation
and favorable meteorological conditions triggered by frequent Mongolian cyclones, while
dust storms are rare in summer because the summer monsoon over the Jianghan Plain
region is always easterly and southeasterly and thus inhibits the southeastward transport
of dust particles from northwest China. However, climate change and the intervention of
anthropogenic activities may alter the seasonal features of Asian dust storms, including
not only the dust occurrence frequency, but also the intensity, optical and microphysical
properties, and vertical distribution of dust plumes and dust particles [12,13]. Therefore, it
is of great importance to revisit the climatology of dust aerosols in this area, especially for
the past one or two decades.

The Jianghan Plain is located in central China (around the latitude of 30°N, the
longitude of 113°E) 2000 km from the Taklimakan and Gobi deserts. Long-range transported
dust plumes frequently intrude the Jianghan Plain in spring and winter every year [14].
Some of their optical and microphysical properties were found to be changed, due to
the combined influences of the dense water vapor resources from surrounding rivers
and lakes and local particle pollution [3,4]. In addition, the westerlies of the northern
hemisphere are divided into northern and southern branches by the natural barrier of the
Tibetan Plateau and converge at the location of the Jianghan Plain. The dust aerosols can
be brought from northwest China (Taklimakan and Gobi deserts) and south Asia (Thar
desert) simultaneously. Wang et al. reported a transport mechanism of dust aerosols
over South Asia to the Tibetan Plateau under typical circulation conditions [15]. They
found that the downward energy transport of the upper-level jet stream causes the low-
level jet stream, resulting in the south-north secondary circulation along with an intensive
updraft that further elevates the dust particles from the Thar Desert to a much higher
altitude, which may further influence the weather and climate of downstream areas [16].
The differences in seasonal variations and characteristics of dust, which are potentially
impacted by multiple dust sources, may change the cloud properties and precipitation
above the Jianghan Plain; however, relevant statistical studies are still scarce, and attention
to the dust plumes over this region is insufficient [17], since previous studies mainly focus
on the regions north of 30°N latitude over mainland China [18]. Therefore, it is necessary
to conduct a comprehensive investigation of long-term observations of dust aerosols on the
Jianghan Plain, especially their vertical distributions, which could trigger ice formation of
mixed-phase and cirrus clouds due to the strong temperature sensitivity of dust particles
to be activated as ice-nucleating particles (INPs) [3,4,6].

The space-borne lidar carried on the Cloud-Aerosol Lidar and Infrared Pathfinder
Satellite Observation (CALIPSO) satellite that was launched in 2006 provides a unique
opportunity to investigate the climatology of dust aerosols regionally and globally, owing
to the successful operations since then [19]. Together with other observation instruments
and data (e.g., surface environment monitoring data, space-borne passive remote sensing,
and reanalysis data), a comprehensive picture of dust aerosols over the Jianghan Plain
can be drawn. In this study, we focused on the dust aerosols over the Jianghan Plain
observed over the past 15 years (from 2006-2021) to correspond with the operation period
of CALIPSO. We first briefly introduce the instruments, data, and methodology employed.
Then, a typical case study is given followed by the 15-year statistics of dust occurrence
frequency and vertical-resolved physical properties of dust particles. In the last section, a
summary and conclusions are presented.

2. Data and Methodology
2.1. Study Area

The Jianghan Plain, has an area of 46,000 square kilometers and an average elevation
of 27 m above sea level, is one of the lowest plains in China, lying between 29°26'-31°37'N
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and 111°14'-114°36'E as seen in Figure 1. Potential dust sources that contribute to the
plain are the Taklimakan and Gobi deserts over northwest China (Figure 1). The prevailing
westerly is divided into two branches, i.e., the southern and northern branches, by the
Qinghai-Tibet Plateau, and then converges at a latitude of approximately 30°N, which
is the Jianghan Plain. These two branches possibly carry dust particles from different
dust sources to the Jianghan Plain. Dust from the Taklimakan region can be transported
eastward to North Korea, South Korea, and Japan, and even across the Pacific Ocean to
North America driven by prevailing westerly winds [20,21].

Turkest‘a_n Dl't Taklimakan Desert

e

, Qinghai-Tibet Jiahghan Plain
=

Figure 1. Geographical location of the Jianghan Plain, surrounding dust sources, and the main dust
transport path to the Jianghan Plain (D, @). The westerly is divided into the southern and northern
branches over the Qinghai-Tibet Plateau and converges at approximately 30°N after crossing the
plateau (yellow arrow). The topographic map comes from ArcGIS (https:/ /www.arcgis.com/index.
html, accessed on 22 July 2022).

Water vapor supply is abundant in the Jianghan Plain, which is favorable for cloud
formation. Dust particles transported to the Jianghan Plain play a crucial role in cloud
glaciation (either for mixed-phase clouds or for cirrus clouds) by acting as ice-nucleating
particles [3-6,17,22,23]. The ice-nucleating activity of dust particles is closely related to
their vertical distribution (i.e., corresponding to temperature for heterogeneous nucleation)
as well as their optical and microphysical properties. For example, the dust extinction coef-
ficient determines the number concentration of dust INPs [24,25]; particle depolarization
ratio indicates the level of aging process, which may influence the onset temperature of
dust-related ice formation [26]. Based on ground-based polarization lidar observations in
this region during 2010-2012 [14], local emissions of anthropogenic aerosols may cause
an external mix with dust particles, which can also alter the observed optical and micro-
physical properties of dust aerosols. However, the emissions of anthropogenic aerosols
have undergone a significant decline over the past ten years as observed in Wuhan (a mega
city in Jianghan Plain); thus, their impact on dust optical and microphysical properties as
well as ice-nucleating activity may also vary year by year [27,28]. This possible influence
on ice formation in clouds will further alter the precipitation feature over this region. In
addition, it is also of great interest to determine the response of dust occurrence frequency
over the Jianghan Plain to the general decreasing tendency of dust outbreaks in Asian dust
sources over the past decade [29]. Therefore, it is necessary to conduct a comprehensive
investigation of long-term observations of dust aerosols on the Jianghan Plain.
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2.2. CALIOP Space-Borne Lidar

The Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP) instrument is a
collaborative NASA and CNES project, which is carried on the Cloud-Aerosol Lidar and
Infrared Pathfinder Satellite Observation (CALIPSO) launched in 2006. CALIOP measures
the total and polarized components of backscattered light and provides height-resolved
information on the detailed vertical structure of the atmosphere [30]. The nearest CALIOP
orbits pass close to the Jianghan Plain at approximately 0200 local time (LT) and 1400 LT.

The CALIOP level-2 product at version 4.20 and version 4.21 divide the detected layers
into characterized features, which are named clear air, cloud, aerosol, stratospheric, surface,
subsurface, totally attenuated, or invalid feature types [31]. The classification algorithm
is based on the linear volume depolarization ratio and the attenuated backscatter signal
along the satellite footprint to classify the feature types into aerosol subtypes, named clean
marine, dust, clean continental, polluted continental, polluted dust, and smoke [32,33].

CALIOP level-2 Vertical Feature Mask (VEM) and 5-km Aerosol Profile (5 km-APro)
products were used to identify dust aerosols. The VEM product was originally sampled
with a horizontal resolution of 333 m and a vertical resolution of 30 m, and the 5 km-APro
resampled product had a horizontal resolution of 5 km and a vertical resolution of 30 m.
In this study, 911 nighttime CALIPSO trajectories passing over the Jianghan Plain from
June 2006 to March 2021 were used to characterize the vertical distribution of dust optical
and microphysical properties. The detailed descriptions of data retrievals can be found in
He et al. [4,5]

2.3. MERRA-2 Aerosol Reanalysis Data

Modern-Era Retrospective Analysis for Research and Applications version 2 (MERRA-
2) is a long-term atmospheric reanalysis since 1980 produced by combining NASA’s God-
dard Earth Observing System Model, Version 5 (GEOS-5) with a 3D variational data
assimilation (3D-Var) algorithm to assimilate large-scale atmospheric datasets [34,35]. In
this study, the MERRA-2 monthly dust column mass concentration at a horizontal resolu-
tion of 0.5° x 0.625° from tavgM_2d_aer_Nx was used to study the long-term variation
in the Jianghan Plain. In addition, atmospheric composition (2D) maps provided by the
MERRA-2 visualization tool were used to obtain the distributions of the dust column mass
concentration and dust mass flux every 12 h in a case study.

2.4. Method of Dust Case Selection

The dust occurrence frequency (DOF, which is considered under cloud-free condition
hereafter) is used for the selection of dust cases, as defined by Liu et al. [36]:

DOF = _ Naust 1)
Ncloudffree

Ngust is the number of dust profiles in which dust and polluted dust were identified
at each segment of 15 consecutive profiles of the CALIPSO vertical feature mask (VFM).
Neloud—free 18 the number of profiles without the presence of one or more identified cloud
layers. [37].

In addition, the Cloud-Aerosol-Discrimination (CAD) algorithm is used to classify the
cloud or aerosol layers. CAD algorithm provides a score that represents the confidence level
for the classification [38]. The higher the absolute value of the CAD score, the more reliable
the feature classification. In this study, a CAD score of >70 was used to classify clouds and
<—70 was used to classify dust aerosols [39]. In addition, only nighttime profiles were used
to obtain a better signal-to-noise ratio [40].
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2.5. Retrieval of Dust Optical Properties

The mass concentration of dust M, can be derived from the dust extinction coefficient
«ap using the POLIPHON method [24], as seen in Figure 2. The particle depolarization ratio
(PDR) 6, can be given by:

_ Bnd(2)0nd (1 +64) + Ba(2)d4(1 + dng)

5p(z) = )
P ﬁnd(z)(l+5d) +:Bd(z)(1+5nd)
Pure Dust §
Non Dust §,4
CALIOP space- Particle )
borne lidar backscatter No;;d;:s; P Dust o
observation coefficient 4, ¢
Particle Dust Mass
» depolarization Dust S | concentration
ratio 4, Mj

Figure 2. Flowchart of the dust extinction coefficient a;, and the mass concentration of dust My using
the POLIPHON method.

The particle backscatter coefficient B, can be separated into a dust component 4 and
a non-dust component f;4:

Bp(z) = Ba(z) + Bna(2) 3)

Thus, Equation (2) can be rearranged as:

(0p(2) — dna) (1 +da)
(04 — 0na) (1+ 0p(2))

The formula is valid under the condition that 6,q < dp < dq. Bq = 0is set if 6p < dpg,
while B4 = By is set if 6, > 4 [24]. PDR values of 30-35% are typical for dust particles
from Asian deserts [24,41,42]. Therefore, the characteristic particle depolarization ratio
for the dust component is set to §3 = 0.31, and that for the non-dust component is set to
Ong = 0.05 [43].

The extinction coefficients of the dust component a4 can be obtained as follows [44]:

ag(z) = Sq x Ba(z) (5)

Ba(z) = Pp(2) €Y

Sq is the lidar ratio of dust, which has been extensively measured worldwide. The
typical value is 45 £ 10 sr in the Asian region [45—48]. In this study, we set Sq = 45 sr.
Finally, the mass concentration of dust (M) is given by:

My(z) = pg X v4(z) (6)

where pq is the dust particle density, with pq = 2.6 g-cm™3 [49]. v4 is the dust volume
concentration, which is defined as:

04(z) = cyan X ag(2) )
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where cy 4 » is the extinction-to-volume conversion factor. It can be estimated by the Aerosol
Robotic Network (AERONET) in a long-term measurement database of Asian dust [50].
Cy,d,x is different in each area, and ¢, g 5 = (0.52+0.12) x 10~12 Mm was obtained for the
Jianghan Plain [34]. a4 5 (z) is the extinction coefficient of dust as a function of height z.

We calculated dp, ap, &g, and My at each vertical bin if dust was identified. Then, its
seasonal and annual statistics can be calculated based on the long-term measurements by
CALIPSO from June 2006 to March 2021.

3. Results
3.1. Seasonal Variation

Figure 3a shows the dust occurrence frequencies over the Jianghan Plain from June 2006
to March 2021. Evident seasonal variations in dust occurrence frequency can be observed.
Dust aerosols frequently intrude into the Jianghan Plain in spring and winter, with oc-
currence frequencies exceeding 0.70, while the dust occurrence frequency declines to
approximately 0.40 in autumn. In summer, dust plumes rarely occur over the Jianghan
Plain (the minima of the curves shown in Figure 3a). This seasonal variation is almost
consistent with the observations by He and Yi [14], in which the dust occurrence frequencies
over Wuhan (located in the eastern Jianghan Plain) were observed to be 0.68 in winter
and 0.73 in spring. Additionally, the vertical distributions of dust layers also have strong
seasonal patterns as seen in Figure 3b. The dust layers in spring and winter tend to arrive
at 4.0-6.0 km with larger geometrical layer thicknesses (usually >1.0 km) while those in
summer and autumn generally arrive at 1.0-3.0 km and the thicknesses were <0.5 km.

(a) Dust occurrence frequency
1 prrrer e e T IRanan: EEaRa T T e e RS man Ran

0.8
0.6

0.4

0.2

2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021
(b) The height of dust layer
T T T ]

Altitude [km]

N > o

T T T
ﬂs‘
3'0
aa o s o L s o L a2

2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021
Year

Figure 3. Monthly-averaged dust occurrence frequency (a), and the averaging top and base heights
of the dust layers (b) over the Jianghan Plain from June 2006 to March 2021 obtained from nighttime
CALIOP level-2 Vertical Feature Mask data. The solid lines in (b) denote the monthly averaged
altitudes; each point in (b) denotes the height for each dust layer. No valid data are available in
February 2016 and July 2020.

To investigate the vertical distribution of the optical properties of dust layers, the
seasonal-average aerosol extinction coefficient ap, dust extinction coefficient aq, dust mass
concentration My, and particle depolarization ratio é, were analyzed with the POLIPHON
method using the CALIOP level-2 aerosol profile product, as shown in Figure 4. All dust
layers were distinguished at each altitude window where dust was observed. Finally,
we calculated the data point number and the averaged value of ap, a4, My and 9, at
each vertical bin. The mean aerosol (dust + non-dust) extinction coefficient in spring was



Remote Sens. 2022, 14,4414

7 of 19

0.20 km~! and the mean dust extinction coefficient in spring was 0.07 km~1 at 0.5-1.0 km,
which is the largest in all seasons. However, the aerosol extinction and dust extinction
coefficients near the surface are larger in winter (0.25 km~! and 0.08 km ™!, respectively)
than in spring (0.23 km~! and 0.07 km !, respectively). In summer, ap and ay decrease
t0 0.12 km ! and 0.03 km ! at 0.5-1.0 km, respectively. At 4.0-8.0 km, ap and ag4 become
very small (0.03 km~! and 0.01 km~!, respectively) in spring, summer, and winter, except
for an abnormally larger value (xp and ag reaching 0.04 km~! and 0.02 km ') at 7.0 km in
autumn. However, the number of dust cases observed is very small (<50, see Figure 4c).
Therefore, a few extreme cases may lead to ap, and agq reaching 0.04 km~! and 0.02 km ™!,
respectively.
(a) @, [km™] (b) @y [km"]

(¢) Numbers of P&ad

—Spring

—— Summer |
~——— Autumn |
Winter

Altitude [km]
F=

0 0.2 04 0 005 041 015 0 1000 2000

(f) Numbers of § A

(d) M [ug m™]

Altitude [km]

0 0.2 0.4 06 0 1000 2000

Figure 4. Seasonally averaged (a) extinction coefficient ap, (b) dust extinction coefficient ag, (d) dust
mass concentration My, (e) particle depolarization ratio dp, and the number of (c) ap and ag, and
(f) 6p, observed by CALIOP over the Jianghan Plain (29°-32°N, 111°~114.5°E) from June 2006 to
March 2021. These are calculated by the annual average with altitude, which is the layer that contains
dust. Horizontal lines denote the standard deviation of each variable.

For the particle depolarization ratio, there are no distinct seasonal differences. ¢, is
slightly larger in spring and smaller in summer. In addition, the particle depolarization
ratio increased with altitude in general, which is 0.15 near the surface and increases to
0.25 at altitudes of 6.0-8.0 km. The particle depolarization ratios were approximately 0.3,
indicating the dominance of pure coarse dust particles in this dust layer [51]. Although
a great number of coarse dust particles may have been removed during transport, a few
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coarse dust particles remaining in the aloft dust plume can still induce this large particle
depolarization ratio (~0.3) [24,52]. J;, is approximately 0.39 for coarse-mode dust particles
and 0.2 for fine-mode dust particles [51]. However, d is 0.25 at 6.0-8.0 km over the Jianghan
Plain, reflecting the possible mixing of dust particles with other spherical aerosols or the
partial sedimentation of coarse-mode dust particles. A smaller J;, reflects the mixing of dust
particles with abundant local anthropogenic aerosols [53]. Mixing can also play a role in
reducing the particle depolarization ratio [54]. Jp is smaller than 0.2 at 0-4.0 km, indicating
the mixture of dust particles and anthropogenic aerosols over the Jianghan Plain. He and Yi
stated that in winter, many anthropogenic aerosols can mix with transported dust plumes
over Wuhan (a mega city located in the eastern Jianghan Plain) and chemical processes may
take place in this process, resulting in a reduction in the particle depolarization ratio [14].

To determine the long-term variations in dust column mass concentrations over the
Jianghan Plain, the seasonally averaged dust column mass concentration from June 2006 to
March 2021 was investigated, as shown in Figure 5. The dust column mass concentration in
spring dramatically declined from 210 mg m~2 in 2006 to 100 mg m~2 in 2021. The declining
rate for spring is —5.97 mg m~2 year ! according to linear regression with a p-value of
1.9 x 107>, indicating the statistical significance of the declining trend. In contrast, there
were no significant changes in summer, autumn, and winter. The reduction of dust in spring
can be explained through dust source variation as seen in Figure 5. Dust originated from TD
and GD in spring, which showed a decreasing dust activity trend. An et al., observed that
the number and intensity of dust events in spring showed a decreasing trend in East Asia
during 2007-2016, mainly attributed to the decline in surface wind speeds [55]. An et al.,
also observed that the overall average annual variation in the surface dust concentration
over the main dust source regions in East Asia (TD and GD) had decreased. Li et al., found
that TD dust displayed no significant trends in the frequency of occurrence, and GD dust
exhibited a decreasing trend [15]. The reduction in dust activity over desert sources reduces
the amount of dust transported to the Jianghan Plain in spring, leading to decreased dust
column mass concentrations.

200

300 L B B B BN B B B B B N L B B L E
-5.97"\«'9.,’-"'1 ——Spring 4
-1.41 year™' Summer |
0.01 year™ Autumn
-0.5 ve: = Winter .

-
[=]
o

T T T T T T T T T T T T T T T T T Y

Dust column mass concentration (mg m™2)

2006 2007 2008 2009 2010 2011 2012 201% 2014 2015 2016 2017 2018 2019 2020 2021
ear

o

Figure 5. Dust column mass concentration of MERRA-2 tavgM_2d_aer_Nx monthly data over the
Jianghan Plain from 2006 to 2021. The different colors indicate in spring, summer, autumn, and
winter. The straight lines are the linear fits of the corresponding data points. The slopes for each
season are given accordingly.

In addition, the reduction in dust aerosols is also closely associated with increases
in vegetation cover, precipitation, and volumetric soil water in the dust source areas [56].
Previous studies have shown that warmer surface air temperatures in winter are favorable
for weak dust events in spring [57]. More precipitation and higher soil moisture in spring
further inhibit dust activity [37]. Moreover, the increased precipitation and soil moisture
both contribute to the increase in local vegetation, leading to a decrease in dust activities.
Large-scale land-use management activities are also beneficial for enriching vegetation
cover, therefore decreasing dust events [58].
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3.2. Dust Event on 21-24 March 2018

A severe Asian dust event on 21-24 March 2018 was analyzed. To reveal the transport
of this dust event, the MERRA-2 dust column mass concentration in East Asia was examined
as seen in Figure 6. An enhanced dust column mass concentration (>210 mg m~2) was
observed in central and northern China at 0000 UTC on 21 March. At 1200 UTC on 21 March,
the enhanced dust column mass concentration occurred in the Jianghan Plain (Figure 6b).
Then, the enhanced dust column concentration mass occurred in eastward areas such as
Korea on 22 March. Additionally, the enhanced dust column mass concentration began
to decrease (180-210 mg m~2) on 22 March. Finally, the dust column mass concentration
decreased to approximately 120 mg m~2 over the Jianghan Plain at 1200 UTC on 24 March,
indicating the end of this dust event.

Dust Column Mass [mg/m?], Aerosol Transport
(a) 03/21/2018 00z - 03/22/2018 00z
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Figure 6. Evolution of the MERRA-2 dust column mass concentration during 21-25 March 2018.
These data represent the dust aerosols loading within the entire atmospheric column. Data come from
atmospheric composition (2D) maps provided by the MERRA-2 Visualization tool with an interval of
12 h (https://gmao.gsfc.nasa.gov/reanalysis/MERRA-2/data_access/, accessed on 22 July 2022).
The two-sectors on the maps denote the horizontal dust mass flux.

The influence of the dust storm on surface air quality is depicted in Figure 7 which
shows the PM;g concentration measurements over the cities in China during 21-25 March
2018. PMjg can be considered an indication of dust presence near the surface. Until 12 LT on
21 March, no significant enhancement of PM;g concentration (<100 pg m~3) was observed.
The dust plumes were transported aloft, and the dust particles had not yet undergone
noteworthy sedimentation. Therefore, the PM;o concentration was lower than 100 pg m—3
close to the surface. One day later (at 00 LT on 22 March), the PM;( concentration increased
to 150-250 pg m 2 in numerous cities located between latitudes of 30°N and 40°N in
China, indicating the arrival of dust plumes. The air quality worsened during the following
days. On 23 and 24 March, the PM;g concentration reached its peak at many observation
sites from south to north China, with a maximum level exceeding >500 g m~>. The
PMj concentration in most regions gradually decreased to <150 ug m~3 on 25 March,
suggesting the removal of dust particles. In addition, hourly PM;g and PM; 5 concentration
measurements over Wuhan (a mega city in the Jianghan Plain) during this dust event, as
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shown in Figure 8. The PMj( concentration began to increase after 1800 LT on 21 March and
reached 220 ug m~3 on 23 March, indicating that dust plumes intruded into the planetary
boundary layer of Wuhan.

(a)OOLT, 21 March

(b)12LT, 21 March

(¢)OOLT, 22 March
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Figure 7. Evolution of surface-observed PM;; concentrations over mainland China from 21 March to

25 March 2018. The location of the Jianghan Plain is marked by black rectangles.
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the Jianghan Plain) from 21 March to 25 March 2018.

CALIOP level-2 aerosol subtypes are beneficial for determining the spatial distribution
of dust plumes for this dust event. The CALIOP level-2 aerosol subtypes from the CALIPSO
orbits passing over the Jianghan Plain with a latitudinal range of 20°N to 50°N were
examined, as seen in Figure 9, which help to further reveal the vertical distribution of
the dust plumes. ‘Dust” and ‘polluted dust” were the dominant aerosol types on 21, 22,
and 24 March. On 21 March, dust occurred at the latitude of around 30°N (latitude of the
Jianghan Plain) with purer dust particles. On 22 March, polluted dust widely occurred at
approximately 30°N at 0-3.0 km. Dust aerosols were decreased over the Jianghan Plain
on 24 March. It should be noted that some dust-containing layers probably failed to be
detected, because of the presence of thick clouds. According to Vaillant et al. [59], some
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aerosol layers near clouds could be misclassified by the CALIOP CAD algorithm as cloud
layers. For example, dust aerosols may be inferred as clouds at latitudes of 29-30°N and
40-45°N (shown in Figure 10).

At 0551 UTC on 21 March, the dust layer seemed to sediment at altitudes of 1.0-3.0 km
with a dust extinction coefficient of 0.15 km~!. The dust mass concentration reached
250 ug m 3 at 2.0-3.0 km, as estimated by the POLIPHON method (see Figure 11b). The
particle depolarization ratio values below 2.0 km were 0.10-0.20, which indicates that the
dust particles mixed with local aerosols [53,60]. Mixture with aerosols during transport
in the lower troposphere may also reduce the particle depolarization ratio [54]. Another
weaker dust loading layer was located at altitudes of 3.5-5.0 km, with dust extinction
coefficients of 0.07 km~! and particle depolarization ratios of 0.25-0.40, indicating that this
layer mainly consists of pure dust particles. Compared with 21 March, dust aerosols on
22 March seemed to sediment to altitudes of 1.0-2.5 km with a dust extinction coefficient of
0.10 km~!. It seems that dust particles decreased. The dust mass concentration decreased
to 100 pg m~3 at 1.0-2.5 km. The particle depolarization ratio values were 0.10~0.20 below
2.0 km, and 0.20-0.30 at 2.0-3.0 km, indicating that the mixture between dust particles and
local aerosols increased at 2.0-3.0 km.

To determine the sources of this dust over the Jianghan Plain, the HYSPLIT model
was used to simulate the backward trajectories of the dust plumes detected by CALIOP
(see Figure 12). The air masses on 21 March at the different heights originated in three
regions. The air mass at 1.0 km came from the Gobi regions. The air mass at 2km was
from the Taklimakan regions before its appearance over the Jianghan Plain. The highest
layer at 4.5 km was traced back to the Middle East, converged with the air mass from the
Taklimakan regions, and transported to the Jianghan Plain. The air masses on 22 March at
1.0 km can be traced back to the Taklimakan regions. The air mass at 4.5 km also came from
the Middle East.
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Figure 9. Vertical distributions of aerosol subtypes derived from the CALIOP level-2 aerosol prod-
uct Vertical Feature Mask (VFM) on 21, 22, and 24 March 2018 (a—c). The corresponding satellite
trajectories for (a—c) are presented in (d).
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Figure 11. Profiles of dust and total particle (dust + non-dust) extinction coefficients (a), dust mass
concentrations (b), and particle depolarization ratios (c) observed by CALIOP over the Jianghan Plain
(29.0°-32.0°N, 113.0°-113.7°E) from 05:51:46 to 05:52:35 UTC on 21 March. (d) shows the number of
data points in each vertical bin for calculating the averaging ap,, 4, Mg, and dp. (e-h) are the same
but over another part of the Jianghan Plain (30.0°-32.0°N, 111.0°-111.5°E) from 18:39:44 to 18:40:15
UTC on 22 March. The error bars represent the standard deviations. The aerosol profile on 24 March
has little valid data so it is not shown.
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Figure 12. Five-day backward trajectories arrived in the Jianghan Plain at altitudes of 1.0, 2.0, and
4.5 km (in red, blue, and green) at 06:00 UTC on 21 March 2018 (a) and 18:00 UTC on 22 March 2018 (b).
Tracing altitudes are determined by the altitudes of dust layers from CALIOP level-2 vertical feature
mask products. Calculations are performed with the HYSPLIT model [61].

4. Discussions

To further reveal the occurrence frequencies and heights of the dust plumes, clusters
of dust layer backward trajectories were calculated to examine the sources and long-
range transport pathways, as shown in Figure 13. The Hybrid Single-Particle Lagrangian
Integrated Trajectory (HYSPLIT) model was used to track the backward trajectory starting
from a fixed location (30°N, 112.5°E, the center of Jianghan Plain) at the arriving dust
altitudes. In spring, the air mass trajectories cluster mainly originates from northwest
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China, including the Gobi Desert (GD) and the Taklimakan Desert (TD); there is also an air
mass trajectory cluster from the Arabian Desert (AD). However, the possibility of AD dust
transport to the Jianghan Plain should be validated further. In winter, the contributions
of GD and TD dust decrease compared with those in spring. Therefore, the different
contributions of dust sources should be responsible for the distinct seasonal variations in
dust occurrence frequencies and vertical distributions over the Jianghan Plain.

(a) Spring (822 backward trajectories) (b) Summer (523 backward trajectories)
53] 53] 2(-34%,
A s e z (31%)
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Figure 13. Clusters of dust reaching the center of the Jianghan Plain (30°N, 112.5°E) in (a) spring,
(b) summer, (c) autumn, and (d) winter, from June 2006 to March 2021 as calculated by the HYSPLIT
model. All backward trajectories of the dust layers observed by CALIOP were considered.

The dust over Jianghan Plain mainly comes from the GD and TD, so its seasonal
pattern of dust features should be linked to that of the GD and TD. Liu et al. reported
seasonal dust activities in the major dust sources of East Asia [36]. They found that in
the Gobi region, spring is the most active season for the outbreak of dust storms; dust
activities over TD also reach a maximum in spring and a minimum in winter. High dust
occurrence frequencies appear in spring and summer in the Indian Subcontinent. Ge et al.
observed that events of dust entrainment and lofting are the most frequent and active
during spring and summer over the Tarim Basin (i.e., where TD is located), explaining the
frequent occurrences of dust in spring there [62]. Moreover, dust aerosols generated in
the Taklimakan and Gobi areas can be carried eastward by prevailing westerlies and pass
over China, North and South Korea, Japan, and the central North Pacific [20,21,63], which
is more common in spring, as reported by Liu et al. [36]. The seasonal variations in dust
occurrence frequency in the GD and TD substantially coincide with our observations of
their downstream area on the Jianghan Plain.

In addition, the seasonal pattern of dust vertical distribution over the Jianghan Plain
can also be attributed to the contribution of different dust sources in different seasons.
Hu et al. found that dust plumes can pass over the Qinghai-Tibet Plateau with a column
mass of 10mg m~2 at 6.0-9.0 km and 5 mg m 2 at 9.0-12.0 km [64], which can subsequently
move to downstream areas. This proves that a small portion of dust particles may occa-
sionally undergo topographic uplift caused by the Qinghai-Tibet Plateau. Considering
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that dust plumes from the Middle East can hardly be transported eastward due to Shamal
winds [65-67], the west-east trajectory clusters indicate that dust plumes from the Middle
East may occasionally be transported to central and east China in winter (see Figure 13). In
summer, the air flows under the control of the subtropical high leading to a drop in dust
particles while moving from northwest to southeast. The seasonal variations in the vertical
distribution of dust substantially coincide with our observations.

5. Conclusions

In this study, we evaluated the dust occurrence frequency and altitude distribution
from the observations by CALIOP, dust column mass concentration from MERRA-2 re-
analysis data, and trajectory clusters from the HYSPLIT model over the Jianghan Plain
(29-32°N, 111-114.5°E) from June 2006 to March 2021. Evident seasonal variation patterns
can be summarized by ‘strong in spring and winter, weak in summer and autumn’. The
dust occurrence frequency (under cloud-free conditions) could reach up to 0.7 in spring and
winter, and less than 0.4 in summer and autumn. The dust layers in spring were generally
higher and thicker than those in the other seasons. In the period from 2006-2021, the dust
column mass concentration substantially decreased in spring because the amount of dust
originating from the Gobi reduced with the weaker wind, richer vegetation cover, and
the enhancement of precipitation. This could be corroborated by the dust contribution in
different seasons.

Additionally, we studied a representative Asian dust event in China on 21-24 March 2018
with the dust column mass concentrations from MERRA-2 reanalysis data, surface PMyg
and PM; 5 concentrations from environmental monitoring data, aerosol subtype data and
aerosol profiles from CALIOP space-borne lidar, which included the horizontal distribution,
transport path, dissipation, and influence on surface air quality at a large horizontal scale.
On 21 March, the dust plumes were found to be transported southward to northern and
central China. A part of the dust plume arrived in the Jianghan Plain on 21 March, while
the rest moved eastward to downstream areas, such as Korea. Therefore, a large area
of mainland China suffered from severe air quality during 21-24 March due to long-
range transported dust. Moreover, the influences of this dust event on the Jianghan Plain
were studied in detail. The CALIOP observations were used to obtain the respective
vertical profiles of the particle extinction coefficient, particle backscatter coefficient, particle
depolarization ratio, and aerosol mass concentration over the Jianghan Plain on 21 and
22 March. These parameters were divided into the respective contributions from dust and
non-dust components with the POLIPHON method. On 21 March, the dust plume showed
a double-layer vertical structure over the search area and each layer came from different
sources. The bottom layer concentrated a large proportion of dust particles but mixed with
local anthropogenic aerosols, while the upper layer mainly concentrated much lower dust
mass concentrations but contained pure dust particles. On 22 March, only the dust layer at
altitudes of 1.0-3.0 km can be observed.

Owing to the long-term observation datasets from CALIOP, a primary picture of
dust aerosols over the Jianghan Plain is drawn in this study. In this study, we mainly
focus on dust occurrence frequency, vertical distribution, optical properties, and dust
column mass. However, there is still much effort needed to thoroughly understand the
characteristics of dust aerosols intruding into the Jianghan Plain area and their associated
impacts on the regional environment, cloud process, and climate system. In the future, we
will attempt to further link the seasonal variations in dust occurrence frequency, optical
properties, and concentration with different origins [15]. In addition, we found a potential
transport pathway of dust plumes from the southern slope of the Qinghai-Tibet Plateau,
which, however, should be verified further based on observations and simulations [64].
Additionally, long-term dust-cloud interactions in this region should be studied based on
the combined observation of CALIOP and CloudSat, since dust particles can be considered
a type of effective ice nucleating particle [6,68].
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