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ABSTRACT

A full understanding of the Asian dust cycle can help with evaluation of the profound impact of mineral dust on
human health, the ecosystem, the terrestrial and oceanic biogeochemical cycles, and the weather and climate.
The Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP)-based 3-D dust detection and routine sampling
capability, with the accurate dust mass extinction efficiency from Dust Constraints from joint Observational-
Modelling-experimental analysis (DustCOMM) dataset, has made it possible to estimate the climatology of
Asian dust mass loading (DML) and its transport flux. This study draws on this to provide new insights into the
Asian dust cycle, especially the variability of its mass-weighted dust transport central axis (TCA), the contri-
bution of different desert sources to its downstream effects, and the resulting dust budgets in terrestrial and
oceanic regions. Dust aerosols emitted from the East Asian and Central Asian deserts together form a heavy dust
transport belt stretching from the Taklimakan Desert (TD) and Gobi Desert (GD) to the Pacific Ocean. South
Asian dust from the Thar Desert (ThD) can also affect southern China by crossing the Hengduan Mountains and
the Yunnan-Guizhou Plateau. The dust TCA is controlled by the terrain of northwest inland China, but shifts in
remote regions in the range of 35-50°N due to the western Pacific subtropical high and Aleutian low, and it trend
towards a zonal straight line as the altitude increases. The dust transport contribution of the East Asian deserts to
the mainland of China and adjacent sea is about 7 times than that of South Asia, with the annual transport fluxes
being 214.28 and 30.43 Tg, respectively. The GD dominates the contribution of Asian deserts to the downstream
effects and accounts for about 60% of the dust. This can be attributed to its maximum transport flux being near
the surface, while the dust transport of the TD and ThD is above 3 km because of the blocking effect of the
surrounding terrain. The deposition of Asian dust in the adjacent seas decreases significantly along the dust TCA,
with the annual deposition rates being about 40.12, 20.41, and 4.01 g m? in the Yellow Sea, Japan Sea and the
Northwest Pacific Ocean, respectively. These new findings and quantification of the Asian dust cycle will help
with validation of the simulations provided by global and regional climate models and enable further evaluation
of the impact of Asian dust on various related Earth systems.

1. Introduction

et al., 2014; Paulot et al., 2018) and affect regional and global weather
and climate (Kaufman et al., 2002; Kudo et al., 2016). It has been proved

Asia is the second-largest dust source in the world after Africa,
resulting from the extensive deserts distributed across Kazakhstan,
northwest China, Mongolia and India. A large amount of the dust from
these deserts is ejected into the atmosphere and transported to down-
stream areas. The direct, semi-direct and indirect effects of this dust can
modulate the radiation budget of the earth-atmosphere system (Huang

that dust from South Asia can be lifted and transported over the Tibetan
Plateau (TP) (Lau et al., 2006; Wang et al., 2021b), potentially accel-
erating the decline of glaciers (Lau et al., 2018; Usha et al., 2021; Wang
et al., 2020a). Approximately 600 Tg of East Asian dust, mainly emitted
from the Taklimakan Desert (TD) and Gobi Desert (GD), is released into
the atmosphere annually (Zhang et al., 1997). This dust can sweep
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across the whole of northern China (Ginoux and Deroubaix, 2017; Yu
et al., 2019b) and a large portion of eastern China (Zhang et al., 2005),
Korea and Japan (Kim et al., 2010; Yu et al., 2020), before being
deposited into the Pacific (Huang et al., 2008; Kim et al., 2019). It can
even be transported to the west of America (Guo et al., 2017; Schuerger
et al., 2018; Uno et al.,, 2011; Yu et al., 2012). As a result, large quan-
tities of microelements can be carried by the dust aerosols and deposited
into the ocean, making it an important part of the terrestrial and oceanic
biogeochemical cycle (Maki et al., 2021; Prospero et al., 2020). This has
led to the connections between the Asian dust cycle, biogeochemical
cycles and the global climate becoming a core theme in Earth system
science (Shao et al., 2011). Accurate assessment of the dust cycle process
(e.g., dust emission, transport and deposition) over Asia is of key sci-
entific concern.

To date, model simulations and reanalysis datasets have been widely
used to depict the dust cycle over Asia. These provide valuable infor-
mation at a mechanistic level, shedding light on dust phenomena and
their detailed physical processes at a regional and global scale and
improving our understanding of dust-related processes and the effects of
dust on the environment and climate (Shao and Dong, 2006; Uno et al.,
2006). Chen et al. (2017a) investigated the contribution of the TD and
GD to the dust loading of East Asia by drawing upon the Weather
Research and Forecasting model coupled with Chemistry (WRF-Chem).
The study found that the TD has the highest dust emission capability -
about 70.54 Tg yr'! in the spring - but makes a smaller contribution to
the dust loading of East Asia than the GD. Liu et al. (2015) used the
Spectral Radiation-Transport Model for Aerosol Species (SPRINTARS)
with a non-hydrostatic regional model (NHM) to prove that anthropo-
genic aerosols from South Asia transport to the southern slopes of the TP
via southwesterly winds. This is consistent with the results of Sun et al.
(2020), which are based on the Second Modern-Era Retrospective
analysis for Research and Applications (MERRA-2). However, large
uncertainties exist in the simulated results due to differences in dust
emission parameterization schemes, deposition schemes, meteorolog-
ical conditions, underlying surface effects, and so on (Huneeus et al.,
2011; Sicard et al., 2021; Uno et al., 2009). Independent and effective
observation of the dust cycle is therefore the most powerful way to
evaluate, constrain, and improve existing model simulations (Chen
et al., 2017b; Klose et al., 2014).

The recent boom in satellite-based observations has provided ideal
tools for studying the global distribution of dust aerosols because of their
large spatial and temporal coverage (Ginoux and Deroubaix, 2017).
Previous studies have used satellite observations of dust-related phe-
nomena and its optical properties to expose a number of important as-
pects of the dust cycle process over Asia (Cheng et al., 2020; Lakshmi
etal., 2021; Song et al., 2021; Toth et al., 2016). For example, Proestakis
et al. (2018) used the seasonal dust event frequency, dust optical depth
(DOD), and particulate depolarization ratio (PDR) captured by the
Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP) to reveal
the high dust emissions from the deserts in South Asia and East Asia and
their potential transport variation. Kim et al. (2019) described the sea-
sonal and vertical distribution of dust aerosols over Asia and the North
Pacific by using the DOD provided by multiple satellite and ground-
based measurements, thereby revealing the longitudinal gradient dur-
ing the trans-Pacific transport. Song et al. (2021) also analyzed dust
records from CALIOP and the Moderate Resolution Imaging Spectror-
adiometer (MODIS) and found a decreasing trend of dust from the Gobi
Desert (associated with increased vegetation cover) and over the
Northwest Pacific Ocean (NPO). However, for a more comprehensive
understanding of dust transport, researchers need to use the satellite
observed DOD to acquire more accurate dust mass loading measure-
ments (Kaufman et al., 2005). They will then be able to better depict the
actual amount of dust mass in the atmosphere (Xu et al., 2018) and its
deposition into the oceans (Maki et al., 2021). This will improve the
forecasting capacity of regional and global simulation models (Shi et al.,
2020).
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The factor used to convert DOD to dust mass concentration (DMC) is
the dust mass extinction efficiency (MEE) (Kim et al., 2019). This
changes according to variations in the physical and chemical properties
of dust aerosols (Denjean et al., 2020; Ginoux et al., 2012). However,
due to the limitations of existing satellite remote sensing technology, it is
fiendishly hard to directly derive real-time dust MEE. To address this
issue, most studies tend to treat it as either a fixed constant of 0.37 m? g'!
(Yu et al., 2015a), 0.6 m? g (Huang et al., 2015), or a linearly-varying
function (Yu et al., 2019a). Unfortunately, this can introduce a large
amount of uncertainty in DMC inversion algorithms (Miiller et al.,
2010). The assumption of a dust MEE of 0.37 (0.60) m? g can over-
estimate (or underestimate) the DMC by about 20-40% (15-30%) in
northwestern China (Wang et al., 2021a). Although effort has been
devoted to acquiring a dust MEE based on joint lidar and sun-
photometer observations (Ansmann et al., 2019; Ansmann et al., 2011;
Wang et al., 2021a), it is difficult to obtain a spatially and temporally
continuous dust MEE because of the non-uniform distribution of the
acquisition sites. Fortunately, a new Dust Constraints from joint
Observational-Modelling-experimental analysis (DustCOMM) dataset
has recently been developed by Adebiyi et al. (2020). This can provide
the 3-D size distribution of dust aerosols by using multiple satellites and
global AERONET products and by coupling six leading atmospheric
global models, and further obtain a well-contrained dust MEE at a global
scale. So, it has now become possible to accurately evaluate the regional
and global dust cycle.

In this study, the accurate 3-D dust detection from CALIOP and dust
MEE from the DustCOMM dataset have been used to estimate the 3-D
total dust mass loading (DML) and dust mass transport flux rate (DFR)
over Asia from 2007 to 2018. This contains both natural and anthro-
pogenic dust extracted from dust-containing aerosol types, e.g., polluted
dust and dusty marine. The DML results were evaluated and compared
with those provided by the MERRA-2 and DustCOMM datasets. The
seasonal 3-D evolution of Asian dust along mass-weighted transport
central axis (TCA) was then characterized. In view of the limitations of
satellite observation, it is hard to acquire the dust emission mass over
source areas directly. However, it was possible to use the DFR to
quantitatively evaluate the downstream contribution of three dust
sources (S1-S3) and the dust budget of five transport regions along the
dust TCA (see Fig. 1). This study offers new insights into the Asian dust
cycle using satellite observations and can provide effective support for
related research based using model simulations.

2. Datasets and methodology
2.1. DustCOMM dataset

Obtaining accurate constraints regarding the wide variety of impacts
dust can have on Earth systems requires accurate knowledge of the size,
abundance, and optical properties of atmospheric dust particles
(Mahowald et al., 2014). Global model simulations of the dust cycle can
therefore be subject to the numerous important biases from these above
properties. To address the problem of size and shape bias in simulations
of dust properties, Adebiyi et al. (2020) developed the DustCOMM
dataset. This combines an ensemble of six global simulations with
observational and experimental constraints relating to dust size distri-
bution and shape. DustCOMM offers more accurate atmospheric dust
properties than independent measurements and other model ensembles
(Adebiyi et al., 2020; Kok et al., 2017). The dust properties include an
annual and seasonal climatology of 3-D dust size distribution, the 2-D
dust MEE at 550 nm, and atmospheric dust loading. The DustCOMM
MEE makes a negligible difference (~1%) relative to other measure-
ments of MEE (Adebiyi et al., 2020; Kok et al., 2017). This dataset not
only helps to improve the accuracy of the impact of dust in earth system
simulations, but also assists in the evaluation of the climatology of DML-
based satellite observations by providing an accurate dust MEE, as will
be seen below. Here, the seasonal dust MEE climatology with a
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latitudinal and longitudinal horizontal resolution of 1.9° and 2.5°,
respectively, was used to convert the DMC profiles from the CALIOP-
based dust extinction coefficient (DEC) at 532 nm (see Section 2.2).
Fig. 2 shows the seasonal climatology of Asian dust MEE (m? g). The
lower dust MEE related to the dust source and adjacent transport region
and increased with the transport distance. This agrees well with other
research (Hand and Malm, 2007; Kaufman et al., 2005) and results from
there being a significant inverse correlation between the dust MEE and
particle size (Ansmann et al., 2011; Wang et al., 2021a).

2.2. MERRA-2 dataset

The MERRA-2 dataset was produced by coupling the Goddard Earth
Observing System version 5 (GEOS-5) with the Goddard Chemistry
Aerosol Radiation and Transport (GOCART) model (Gelaro et al., 2017).
It assimilates not only meteorological observations but also the aerosol
optical depth at 550 nm, which is derived from various ground- and
space- borne remote sensing platforms, such as the Aerosol Robotic
Network (AERONET), the MODIS, the Advanced Very High Resolution
Radiometer (AVHRR), and the Multiangle Imaging Spectroradiometer
(MISR) (Randles et al., 2017). The MERRA-2 wind field data can also
effectively reproduce the main characteristics of the tropospheric hori-
zontal wind, especially in winter and summer. This is highly correlated
with observations by stratosphere-troposphere wind profiler radar (STR)
at 205 MHz, with a correlation coefficient of up to 0.9 (Sivan et al.,
2021). In this study, the daily aerosol and meteorological products from

70 92 114 136 158 18070 92 114 136 158 180
I I
0.20 0.34 0.48 0.62 0.76 0.90

Dust MEE(m® g™")

Fig. 2. The climatology of dust MEE over Asia from DustCOMM dataset in (a)
spring (March-April-May, MAM), (b) summer (June-July-August, JJA), (c)
autumn (September-October-November, SON), and winter (December-January-
February, DJF).
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Fig. 1. The distribution of three dust sources over
East and South Asia and five transport regions inter-
ested in this study. Three dust sources include that:
S1: the Taklimakan Desert (TD), the Gurbantunggut
Desert (GuD), and Qaidam Desert (QD); S2: the Gobi
Desert (GD); S3: Thar Desert (ThD). Five transport
regions are the North China (NC: [30-40°N, 110-
119°E]), the South China (SC: [18-30°N, 103-
119°E]), the Yellow Sea (YS: [30-40°N, 120-128°E]),
the Japan Sea (JS: [35-45°N, 129-140°E]), and the
northwest Pacific Ocean (NPO: [30-50°N, 145-
180°E]), respectively. The downstream contribution
of three dust sources will be evaluated at three
meridional cross-sections (white lines) of 95 °E for S1
(CS1), 110 °E for S2 (CS2), and 103 °E for S3 (CS3),
respectively.

the MERRA2 reanalysis, which have gridded resolutions of 0.5° at lati-
tude and 0.625 ° at longitude, were used to provide information relating
to the horizontal wind field and DMC at several pressure levels to
calculate the dust transport flux. The column-integrated DOD and DMC
were also used to explore the Asian dust distribution and to compare it to
that derived from CALIOP.

2.3. Total dust extinction profiles derived from CALIOP

The CALIOP, onboard Cloud-Aerosol Lidar and Infrared Pathfinder
Satellite Operations (CALIPSO) satellite, provided accurate aerosol types
and vertical structure at a global scale by using the advantages of po-
larization lidar (Winker et al., 2009). The quality of Version 4 product
was significantly improved, especially for the daytime. In this version,
the daytime calibration biases were reduced by lifting the molecular
normalization region from 30-34 km in Version 3 to 36-39 km (Gross
et al., 2016; Omar et al., 2009b). To better characterize the total dust
aerosol, we thus employed the all-day aerosol profiles in Version 4.2,
level 2 covering a 12-year period from 2007 to 2018, at a nominal res-
olution of 5 km along the track and vertical resolution of 60 m in the
troposphere. A cloud-aerosol discrimination score of between —70 and
—100 (Liu et al., 2019) and extinction quality control flag values of 0, 1,
2, 18, and 16 were first selected (Winker et al., 2013) to ensure high-
quality retrieval. The backscatter coefficient profiles of dust, polluted
dust and dusty marine were then separated from the total one according
to the types of aerosols in the Vertical Feature Mask (VFM) products. As
with Wang et al. (2020a) and Hayasaka et al. (2007), to exclude the
contamination of non-dust aerosols in polluted dust and dusty marine,
the total DEC (ag) was then obtained from an assumed dust lidar ratio
(Sq) and the total dust backscatter coefficient (54), which is separated
from the total aerosol backscatter coefficient (f,) according to the
determined PDR for dust (64) and non-dust (5,4) aerosol:

(8 — 8ua) (1 + 84)

(14 5)(5 — Bua) W

g = Safy = SaP, ¥

where, § is the PDR observed by CALIOP. As in previous studies (Freu-
denthaler et al., 2017; Mamouri and Ansmann, 2014; Sugimoto et al.,
2002), the values of 64 and &4 in this study were set at 0.31 and 0.05,
respectively, to avoid unnecessary exclusion or inclusion of dust events.
The value of 3 was set at f, or O for dust bins or non-dust bins,
respectively. The S; at 532 nm was set to 44 sr'l, asin previous studies
(Kim et al., 2018). The total DEC profile was then gridded with a reso-
lution of 0.5° at latitude and 1.5° at longitude by a single aerosol species
re-grid average approach that assumes extinction to be 0.0 km™* for all
other species prior to calculating the average dust extinction within a
grid (Amiridis et al., 2013). This ensures a higher resolution, especially
for the complex terrain around the Tibet Plateau, when seeking to un-
derstand the Asian dust distribution and transport pattern. It also
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maximizes the number of samples, thereby guaranteeing that there are
at least 150 dust-detection layer samples for each grid cell (over 800 for
an individual grid) for the desert sources across all seasons and 50 for the
long-range transport region in MAM and DJF (Fig. S1). The total DOD
can then be calculated by integrating the DEC profile.

2.4. Dust transport flux and TCA estimates

The dust transport flux was estimated in a similar way to Yu et al.
(2015a). First, we derived the DMC profiles (mg4(2), g m™>) from the total
DEC (a4(2)) by using the seasonal dust MEE climatology (kq) from the
DustCOMM dataset as follows:
ma(z) = 4 @

d

Generally, the seasonally-varying dust MEE climatology can signifi-
cantly improve the accuracy of the DMC estimation, when compared to
an assumed fixed or linearly-varying MEE (Kaufman et al., 2005; Yu
et al., 2015a). This is especially the case for long-range transported dust.
In view of the accuracy of dust MEE in DustCOMM, the column-
integrated values (weighted by the dust vertical distribution) were
used in this study. The DML was defined as the integrated DMC profiles
from the surface to 12 km. The dust flux rate (DFR, g m™ s) at each grid
in the meridional (south-north, Ry) and zonal (west-east, Ry) directions
was calculated separately:

m:fm@mm ®)

Ry = [Zz mq(z)U(z)dz @

21

where, mg(2) is the DMC at altitude 2; z; and 2 are the altitude ranges of
interest for the DFR; V(2) and U(2) are the monthly-averaged meridional
and zonal wind speed (m sD at altitude 2, which was taken from the
MERRA-2 reanalysis dataset. A positive Ry and Ry represent a northward
and eastward transport, respectively, and vice versa. To make it easier to
understand, the overall DFR unit was unified to kg m™! day™! in the whole
context, which are integrated to a daily scale. The monthly and seasonal
dust transport flux at given altitude ranges of interest were then
retrieved by multiplying the corresponding DFR and duration (day) in
that month or season.

To ensure a better understanding of the seasonal evolution of the
dust transport process over Asia, the mass-weighted dust TCA was
extracted in a similar way to Meng et al. (2017). First, the boundary of
the main dust transport belt was acquired using a Canny Edge Detector
based on the seasonal DML spatial distribution. The DML threshold
value of DMC was set at 0.05 g m'2. For each grid with longitude k, we
can get a dynamic southernmost and northernmost latitude of the dust
transport belt. The central latitude (laty) was then calculated using the
meridional DML weighted average (Meng et al., 2017):

S my; % lat;
latgy == (5)

n

Z My,
i=1

where, my ;and lat; are the DML and latitude of the corresponding grid, i,
respectively; n is the number of grids within the boundary of the main
dust transport belt at longitude k. As the main dust transport belt located
in East Asia contributes more than 80% of the dust in Asia (Zhang et al.,
2003Db), the grids on the south side of the TP were ignored in the above
calculation of the Asian dust TCA. Two heights, for 50% and 90% DMC,
were calculated to respectively depict the vertical mass-weighted center
and canopy of the dust layers along the dust TCA (as per Winker et al.
(2013)).
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2.5. Estimation of the downstream contribution of the desert sources

To estimate the downstream contribution of the East (S1 and S2) and
South (S3) Asian desert sources, the integrated dust transport flux along
three meridional cross-sections at 95 °E (CS1), 110 °E (CS2) and 103 °E
(CS3) (shown in Fig. 1) were investigated in this study. Note that the
composite DFR was used during the integration process, so as to fully
capture the total dust transport in the zonal and meridional direction.
However, it is worth noting that the above transport contribution of S2
will be overestimated because the dust aerosols from S1 are usually
mixed with those of S2. The estimation for S2 therefore needs to be
corrected to exclude the contribution of the dust aerosols from S1 in the
cross-section for S2. As S2 is located in an arid and semi-arid region with
an annual precipitation of less than 250 mm (Huang et al., 2015), we
only consider the dry deposition process and ignore the wet removal
process, so as to facilitate assessment of its contribution.

A schematic diagram of the correction process is shown in Fig. 3.
First, we calculate the dust lost fraction (fp) caused by the dry deposition
process at CS1, that is, a ratio of dust dry deposition flux (Fp) to the
integrated transport flux for CS1 (F1):
fo= %) = %Zmdj(zo)vbsi (6)
where, my i(20) and S; represent the near-surface DMC and area of the
corresponding grid, i, along the CS1, respectively. Here, we assume that
the dust is well-mixed from the surface to 300 m and, in addition, mg,
i(20) is taken to be the average of DMC in this range, thereby minimizing
the CALIOP retrieval errors near the surface. Vp is the dry deposition
velocity, assumed to be 0.02 m s, which is consistent with the figures
proposed by Wang et al. (2012) and the observations of Hsu et al. (2009)
for Asian dust in the East China Sea. We also assume that the fp remains
constant along the dust TCA from 95 °E to 110 °E. So, the dust transport
flux of S1 at each grid F" along the dust TCA and the net dust transport
flux (Fo*) of S2, excluding the contribution of S1, can be calculated
respectively as follows:

FC=F x (1 —fp)(k=0,...,n) %)
F,=F,—F} (8)

where, F, and F;" represent the integrated total dust flux at CS2 and the
integrated transport flux of S1 at cross-section CS2, respectively; and n is
the number of grids between CS1 and CS2 along the dust TCA. The
seasonal and annual downstream contribution of each desert source can
also be estimated by multiplying the corresponding duration.

Cs1 Ccs2

s1 B S2 F,
[ l

I O N e

K

Fig. 3. Schematic diagram of the dust transport flux correction of S2. The
yellow and red arrows indicate the transport contribution of S1 and S2 to the
downstream, respectively. F; and F, are the integrated dust transport fluxes for
the cross-sections CS1 and CS2. F;* represents the transport flux of S1 at grid k
along the dust TCA. F,* is the corrected downstream contribution of S2.
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3. Results
3.1. Asian DML and TCA climatology

The CALIOP and MODIS observations, MERRA-2 reanalysis, and
DustCOMM datasets were used together to characterize the horizontal
distribution of Asian dust. Fig. 4 shows the resulting climatology for the
seasonal-mean DML across the area principally affected by Asian dust
(from 70°E to 180°E). The horizontal evolution of the DML, with sig-
nificant seasonal variation, can be seen clearly, moving from the source
regions downwind to northern and eastern China and even the NPO.
This is highly consistent with the measurements and modeling of the
DOD (Fig. S2). Similar results have been documented in previous studies
(Alizadeh-Choobari et al., 2014; Guo et al., 2017; Huang et al., 2007;
Zhang et al., 2003a). The DML peaks mainly occurred at the natural dust
sources, e.g., the TD, GD, and Thar Desert, and the anthropogenic dust
sources, e.g., the North China Plain where there is a large amount of
human activity (Huang et al., 2015), with these contributions being pure
and polluted dust, respectively (see Fig. S3). The annual-mean DML for
these four typical regions was about 0.51, 0.21, 0.68, and 0.28 g m™,
respectively. Dust aerosols over the TD and GD were also transported
into the Pacific Ocean, under the influence of the western Pacific sub-
tropical high and the Aleutian Low (Uno et al., 2011), with a maximum
DML of 1.18 g m2 in MAM, followed by JJA (0.73 g m') and DJF (0.42 g
m2). Similarly, a dust belt dominated by polluted dust (Fig. S3), espe-
cially in MAM, extended from the Indo-Gangetic Plain, across the
Yunnan-Guizhou Plateau and to eastern China. This may imply the
transport of South Asian dust to eastern China and even the Pacific

CALIOP
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Ocean, in addition to the Tibetan Plateau (Wang et al., 2021b).

Although the seasonal migration of Asian dust can be demonstrated
overall by the DML and DOD derived from CALIOP, the MERRA-2
reanalysis and DustCOMM dataset, there are significant differences be-
tween them. Compared to the CALIOP observations, the DML and DOD
of MERRA-2 are larger than that of CALIOP over the East Asian dust
source and its adjacent areas, especially in MAM and JJA. MERRA-2 may
be limited by its dependence on the dust size and how the emission
scheme was setup for the model used to produce the MERRA-2 dataset,
as suggested by Gueymard and Yang (2020) who undertook observa-
tions and simulations. Conversely, the DML and DOD over the anthro-
pogenic dust source (e.g., the North China Plain) and the long-range
transport region (e.g., the NPO) by MERRA-2 across all seasons were
significantly smaller than that of CALIIOP (see the middle column of
Fig. 4 and the third column of Fig. S2). This can be mainly attributed to
overestimation of dry and wet deposition (Wu et al., 2020). Also, the
DustCOMM dataset shows consistent distribution characteristics with
that of MERRA-2 (see the right column of Fig. 4 and Fig. S2).

To better understand variations in the Asian dust transport routes,
the vertical-column integrated and mass-weighted dust TCA at different
seasons were defined. These are superimposed on Fig. 4 using white
lines. These dust TCAs run all the way through the natural and anthro-
pogenic dust sources in northern China throughout the year, appearing
as a curve for the TD, Hexi Corridor, GD, Northern China, and NPO. This
reveals that the TD and GD are the greatest contributors for the total
DML column. Large amounts of dust aerosols emitted from the TD and
GD are transported to downstream areas along the dust TCA, mixing
with anthropogenic dust over North China to form a heavy dust loading

DustCOMM

60 3 s

MAM

JJA

SON

DJF

0.006 0.01

0.02

MERRA-2
=

0.04

180

0.05 0.06 0.1 0.3 0.5

DML (g m®)

Fig. 4. The seasonal climatology of DML from CALIOP (left) and MERRA-2 (middle) and DustCOMM dataset (right) in (a-c) MAM, (d-f) JJA, (g-i) SON, and (I-n) DJF.

The white lines represent the column-integrated dust TCA.
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belt across mainland China and the Pacific Ocean. However, there is a
significant northward or southward shift for the dust TCA over the long-
range transport regions as the season changes, especially in the Pacific
Ocean. The dust TCA arrives at its northernmost latitude of 50°N in JJA,
while its southernmost latitude of 35°E is in DJF. These shifts are
probably associated with the evolution of the subtropical high and
Aleutian low over the western Pacific (Uno et al., 2011).

In view of how the complex terrain over Asia can affect the dust
transport process, the vertical DML variation and dust TCA for different
seasons were also assessed. Fig. 5 shows the seasonal DML and dust TCA
climatology at 0-2.5, 2.5-5.0, 5.0-7.5, and 7.5-10 km, respectively. In
general, the heavier DML concentrates at a lower altitudes and decreases
as the altitude increases, regardless of the dust source or transport re-
gion. The DML over TD is significantly greater than it is over GD. The
zonal dust transport belt, stretching from northwest China to the Pacific
Ocean, can be clearly seen in both the surface and upper layers
throughout the year, especially in MAM and DJF. The mass-weighted
dust TCAs in the lower layer (< 5 km) are similar to those visible in
Fig. 4. This further confirms that more DML concentrates in the lower
layers. As the altitude increases, the TCAs gradually follow a zonal
straight line due to the strong westerly winds above 5 km, with their
location undergoing a southern shift over the TD and a northward or
southward shift over the NPO.

3.2. Dust transport flux climatology

To properly estimate the dust transport flux, both the zonal and
meridional DFR in the atmospheric column were calculated. Fig. 6
shows a composite of the column-integrated zonal and meridional DFR
derived from CALIOP 2007-2018. The mass-weighted dust TCA is
superimposed on top. The magnitude (color scale) and direction (vector
arrow) of the dust transport and its seasonal changes are clearly visible.
The typical DFR (>100 kg m* day™!) is mostly distributed in the range of
30-50°N, with its maxima mainly appearing in MAM and DJF. The
distribution of the dust TCA totally corresponds to the area with a higher
DFR. However, the dust TCA over the dust source is located at the
southern edge of the higher DRF. This can be attributed to the accu-
mulation of a large amount of dust carried by the northwest winds at the
northern foot of the Qinghai-Tibet Plateau. Contrariwise, the dust TCA
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over the Pacific Ocean is located at the northern edge of the higher DRF.
This is caused by the combined action of the subtropical high and the
Aleutian low, resulting in a southwest wind transport (Uno et al., 2011).
The DFR over GD is noticeably larger than it is over TD, with a maximum
of 250 kg m™! day™ in the northwest direction throughout MAM. This
phenomenon similarly exists in the DFR profiles of S1 and S2 (as shown
in Fig. S4). There are larger positive DFRs over GD than that over TD in
the atmospheric column throughout the year. This means that the
northwest wind can carry large amounts of dust across the China-
Mongolia border and affect most areas of China, especially northern
China. However, it is worth noting that the large negative DFR over TD
appears below 3 km, especially in MAM (Fig. S4a) and JJA (Fig. S4b),
which implies a potential dust backflow phenomenon in the Tarim
Basin, due to the dynamic forcing of the east wind near the surface (Zhou
et al., 2020a).

The transcontinental transport of dust from Central Asia and South
Asia to the Tibetan Plateau, mainland China, and even the Pacific Ocean,
should also not be ignored. As shown in Fig. 6a, a large number of dust
aerosols emitted from Central Asian sources can be transported not only
across the Pamir plateau and Tianshan Mountains, but also across
Kazakhstan, Russia and Mongolia, with a subsequent impact on north-
west and northern China, especially in MAM, where the DFR is 90 kg m™
day™ and SON, with a DFR of 70 kg m™ day!. Under the prevailing
northwest winds, these dust aerosols can affect the northeastern Tibetan
Plateau, northern China, and the Pacific Ocean, together with local dust
from East China. South Asian is not only lifted into the TP across the
Himalayas under the co-configuration of upper- and lower-air circula-
tion (Wang et al., 2021b), but also across the Hengduan Mountains and
the Yunnan-Guizhou Plateau, meeting up with the East Asian dust in
southern China and producing a higher DFR of 150 kg m™! day™! in MAM.

The vertical variation in the DFR clearly reflects differences in the
dust transport downstream from various dust sources. Fig. 7 shows the
seasonal climatology in terms of the magnitude and direction of the DFR
at 0-2.5, 2.5-5.0, 5.0-7.5, and 7.5-10 km. Generally, as the altitude in-
creases, the DFR decreases significantly across the seasons, whatever the
source or transport area. An exception is TD, where it initially increases,
then decreases. This is closely related to the terrain and atmospheric
circulation. Note also that, unlike the DML distribution in Fig. 5, the DFR
over GD is significantly greater than it is for TD in MAM and DJF. This

180
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Fig. 5. Same as Fig. 4 but for the layer-integrated DML in the (a-d) 7.5-10 km, (e-h) 5.0-7.5 km, (i-1) 2.5-5.0 km, and (m-p) 0-2.5 km during different seasons. The

white lines represent the layer-integrated dust TCA.
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Fig. 6. A composite of column-integrated zonal and meridional DFRs (kg m™ day™) derived from CALIOP 2007-2018 climatology, showing the magnitude (color
scale) and direction (arrow of vector) of dust transport in the atmosphere and its seasonal variations. The white lines represent the mass-weighted dust TCA.
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Fig. 7. Same as Fig. 6 but for the composite of layer-integrated DFR (kg m? day'l) at (a-d) 7.5-10 km, (e-h) 5.0-7.5 km, (i-1) 2.5-5.0 km, and (m-p) 0-2.5 km during

different seasons. The white lines represent the layer-integrated dust TCA.

suggests that the dust aerosols over GD are more easily transported
downstream, while, over TD, they have to be lifted to a certain height
and then carried away by the northwest winds. The dust transport di-
rection shows significant seasonal and vertical differences and tends to
match the zonal direction as the altitude increases. This is consistent
with the layer-integrated TCA. A significant transcontinental transport
of South Asian dust can also be clearly observed at 2.5-5 km, especially
in MAM and DJF.

To better characterize the vertical evolution of the dust transport
process over Asia, Fig. 8 depicts the vertical distribution of the DMC and
DFR in the zonal and meridional directions along with the column-
integrated dust TCA over all four seasons. The mass center (solid line)

and canopy (dashed line) of the dust layer in a vertical direction are also
indicated by the 50% and 90% DMC, respectively. Overall, 90% of the
mass canopy of the dust layer is trapped below 6 km in MAM, 5 km in
JJA and SON, and 4 km in DJF. With the increase of transport distances,
the mass canopy (dashed lines) shows a wave-like decrease along the
dust TCA as a result of changes in the terrain and the dry and wet
removal process, especially in JJA and SON. The variation in the dust
mass center is fully consistent with the canopy, but is trapped below 3
km. Although the largest DML associated with the dust TCA occurs in TD
(73-92 °E) throughout the year, the dust transport flux is not at its
maximum here, and there are significant changes in the transport di-
rection, as shown in the middle panel of Fig. 8. The dust aerosols over TD
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Fig. 8. Vertical distribution of the seasonal climatology of DMC (left), zonal (middle) and meridional (right) DFR derived from CALIOP along the column-integrated
dust TCA. The positive DFR indicates eastward or northward transport, but the negative indicates the opposite. The black lines indicate that the 50% (solid line) and

90% (dashed line) DMC lies the height below, respectively.

are generally transported westward and southward (giving a negative
DFR) under 2.5 km in MAM, 4 km in JJA, and 2 km in SON and DJF. This
encourages an accumulation of dust on the north slope of the Tibetan
Plateau. Dust aerosols can be transported eastward to affect downstream
areas when they are lifted above these heights. However, dust aerosols
at all altitudes over GD and North China (95-120 °E) are transported
eastward and southward in their entirety, apart from a northward
transport near the surface in JJA. When dust aerosols travel eastward
over the Sea of Japan (135 °E), the DFR changes from negative to pos-
itive in the meridional direction, that is, they travel northeast to the
North Pacific under the effect of atmospheric circulation.

3.3. Contribution of Asian desert sources

As discussed in Sections 3.1 and 3.2, there are significant differences
in the DML and DFR over the East and South Asian desert sources and
downstream transport regions, regardless of seasonal or vertical distri-
bution. However, the contribution of different desert sources to the

mainland of China and adjacent seas remains an open question. As
described in Section 2.5, we used the integrated dust transport flux along
three meridional cross-sections to address this question. Fig. 9 shows the
climatology of the net dust transport flux (as a table) and the relative
downstream contribution (as pie charts) for S1, S2 and S3 at seasonal
and annual scales. It will be recalled that the downstream contribution
of S2 was corrected by assuming dry deposition and ignoring the wet
removal of dust particles, implying that the dust transport flux from S1
to S2 is overestimated, while that of S2 is underestimated. Nonetheless,
the downstream contribution of S2 is still the largest of the three desert
sources. The annual dust transport flux of S2 is 145.88 Tg, about 2.1 and
4.8 times that of S1 (68.40 Tg) and S3 (30.43 Tg), respectively. There are
significant seasonal differences, with the largest figure being in MAM
(64.76 Tg), followed by DJF (36.41 Tg), and then SON and JJA. Note
that S1 and S3 have similar season variations, though the dust transport
flux for S1 in SON is larger than DJF. This may be related to the long-
range transport at higher altitudes. Although S2 has the smallest
annual-mean dust mass load of 0.21 g m™ out of all the Asian deserts, it

MAM TIA SON DIJF Annual
S1  27.90(7.90) 12.58 (4.01) 15.54(4.36) 12.38(3.63) 68.40 (19.90)
S2  6476(11.52) 17.00 (3.95) 27.21 (4.95) 36.41(5.75) 14588 (26.17)
S3  1629(321) 2.18(043) 5.18(1.05) 6.78(1.49)  30.43 (6.18)
(a) MAM (b) JJA (c) SON (e) Annual

| Elst

Bl s2

Fig. 9. The net dust transport flux (shown in table, unit: Tg) and relative contribution (pie charts) of East (S1 and S2) and South (S3) Asian desert sources to the
mainland of China and adjacent sea area. The numbers in parentheses represent the uncertainty caused by one standard deviation of dust MEE.
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produces the greatest downstream dust transport flux, followed by S1
and S3, accounting for about 68% in East Asia and 60% in Asia overall. If
we represent the contribution of the different desert sources in Asia to
mainland China and its adjacent seas by using the transport flux in the
three cross-sections, the East Asian deserts (S1 and S2) contribute up to
88% overall, which is significantly greater than that of the South Asian
deserts (S3). The CALIOP-based quantification of the East Asian dust
contribution is generally consistent with the results of model simula-
tions, though there is a slight bias. For example, Zhang et al. (2003b)
estimated that the deserts in Mongolia and western and northern China
contribute about 80% of the total Asian dust emissions, based on size-
dependent soil dust emission and transport model simulations. There
are two possible reasons for the bias, (1) the net dust aerosol transport
flux for S1 and S2 was overestimated as a result of ignoring the wet
deposition process, or (2) the transcontinental dust aerosol transports
from Central Asia at the western side of S1 and northern side of S2 (as
shown in Fig. 6a) need to be excluded.

To better assess the downstream contribution of the East and South
Asian deserts, the DMC and composite DFR vertical distributions along
the meridional cross-sections were analyzed, as shown in Figs. 10-12.
For S1 (Fig. 10), the overall zonal DFRs reveal a significant eastward
transport through the Hexi Corridor and the Qaidam Basin throughout
the year, apart from a slight westward transport near the surface. The
most significant downstream contribution of S1 occurs at an altitude of
2-6 km from 36-42 °N, but is at 4-6 km over the Tibetan Plateau (35 °N),
which differs from the decrease in the DMC with height. The altitude of
the maximum DFR varies according to the season, especially over the
Hexi Corridor, with it concentrating at 2-4 km in DJF (Fig. 10m) and 4-6
km in JJA (Fig. 10e). The integrated DRF along CS1 initially increases,
then decreases with height, with the maximum DFR of 49 kg m™ day!
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being at 4.5 km in MAM (Fig. 10c) and 28 kg m™ day™! at 6 km in DJF.

However, in the case of S2 (Fig. 11), in addition to it having a larger
net zonal dust transport flux than S1 (Fig. 10), the vertical distribution of
the downstream contribution is significantly different. Higher DFR
levels (> 0.9 kg m™ day™) occur throughout the range from the surface
to 9 km and extend southward from 44°N to 29°N, especially in MAM
and DJF. This is a significantly wider distribution than that of S1. The
integrated DFR along CS2 decreases overall with an increase in altitude,
except in JJA, as shown in the middle and right panels in Fig 11. The
maximum DFR appears at 2.5 km in MAM, 2.0 km in SON, and 2.0 and
4.5 km in DJF. This is lower than the figures for S1, suggesting that dust
aerosols from S1 and S2 can be transported downstream at different
altitudes, affecting wider areas, such as the Pacific Ocean and even
North America (Naeger et al., 2016).

For S3, the overall zonal DFRs in CS3 show a significant eastward
transport across the Hengduan Mountains and the Yunnan-Guizhou
Plateau, especially in MAM and DJF (Fig. 12). The most significant
dust transport from S3 to China occurs at an altitude of 3.5 km, from 21-
28 °N in MAM. This moves southward to18-23 °N in DJF and is
accompanied by a decrease in the DFR. This suggests that, in addition to
dust aerosols, other pollutants (e.g., coal combustion, biomass burning)
over South Asia can be effectively transported by the prevailing west-
erlies into southern China and affect the haze pollution levels. This
finding is fully consistent with chemical composition analyses and the
source apportionment of PM; 5 in Kunming City in China (Zhou et al.,
2020b). Zhou et al. (2020b) found that the concentrations and fractions
of Ca" and Mg?" in spring were much higher than in other seasons,
with them being mainly derived from soil dust (Shen et al., 2010),
having been released into the atmosphere during biomass burning and
dust emission.
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Fig. 10. Vertical distribution of seasonal climatology of DMC (left) and composite of DFR (middle) derived from CALIOP along the meridional cross-section of 95 °E
(CS1). The profiles of integrated zonal DFR along the border at different seasons are also shown (right).
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Fig. 12. Same as Fig. 9 but only for the meridional cross-section of 103 °E (CS3) at MAM and DJF.

In addition, a DFR stratification phenomenon can be observed,
especially at higher altitudes, for both S1 and S2 throughout the year
(see Figs. 10 and 11). This is because the higher DFR not only depends on
the DMC but also the wind speed, although the DMC decreases with an
increase in altitude. During DJF, two distinct transport layers with
different depths and DFR levels can be observed below and above 4 km
in CS1 and CS2. This clearly indicates a superposition of local and long-
range transported dust on the downstream flow (Sugimoto et al., 2019).
In addition, although the integrated DFR above 6 km along CS1 and CS2

10

in JJA and SON is generally small (~0.3-2.5 kg m™ day™), the down-
stream contribution of dust cannot be ignored, with it accounting for
42% and 41% of the column transport flux for S1 in JJA and SON, and
29% and 31% for S2, respectively.

3.4. Dust budget of typical transport regions

As discussed in Section 3.3, dust aerosols from East and South Asia
can be transported to northern and eastern China and the adjacent seas
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by the prevailing westerlies. While an accurate assessment of dust
deposition over oceanic areas can assist with estimation of the deposi-
tion flux of nutrients (e.g., ferrum, phosphorus, nitrogen, and so on)
carried by dust aerosols, thereby enhancing evaluation of the role of dust
in the oceanic biogeochemical cycle (Maki et al., 2021; Schepanski,
2018; Shi et al., 2012; Zhang et al., 2020). In general, the deposition
fluxes of these nutrients are estimated according to their constituent
proportions in dust deposition fluxes (e.g., Jickells et al., 2005; Schulz
et al., 2012). In this study, the dust budget over five typical transport
regions along the dust TCA was estimated, as in Yu et al. (2015b), by
using the net inflow/outflow in latitudinal and longitudinal cross-
sections, which can reflect the net difference between the deposition
and emission of dust aerosols at the defined areas. For oceanic areas,
where there is no dust emission, the total dust deposition into the ocean
can be best represented by the dust budget. Taking into account the
difference in the area of the transport regions, the dust budget rate was
defined as the ratio of the total dust budget to the size of the region. This
can be used to evaluate the contribution of dust deposition in these
regions.

Fig. 13 shows the annual and seasonal dust budget climatology (bar
plot) and budget rate (red line) for the five typical transport regions in
the Asian dust TCA. North China (NC) and South China (SC) are
terrestrial regions typically affected by Asian dust. The superposition of
the natural dust transport and local anthropogenic dust emission reveals
a more pronounced DOD center in NC (Fig. S2). We set the southern
boundary of NC at 30 °N to distinguish SC, as they can be jointly affected
by East and South Asian dust (Fig. 6a). The annual dust budget for NC
(18.01 Tg), with a maximum of 7.74 Tg in MAM and 5.48 Tg in DJF, is
significantly greater than it is for SC (3.06 Tg), with a maximum of 1.75
Tg in MAM. The annual dust budget rate for NC is about 21.58 g m?,
which is again significantly larger than it is for SC (2.75 g m2). This
means that the climatic and environmental impact of Asian dust is much
greater in NC than in SC. The annual dust budget of the three adjacent
seas, the Yellow Sea (YS), the Japan Sea (JS), and the NPO, was 29.76,
20.82, and 26.01 Tg, respectively. Disregarding local dust emissions, the
dust budget in these oceanic regions may well represent the total dust
deposition into the ocean. The annual dust deposition in NPO is slightly
higher than it is in YS and JS. This is mainly because it covers a larger
area. The corresponding annual dust budget rates were 40.12, 20.41,
and 4.01 g m™2, respectively. Generally, both the seasonal and annual
dust deposition rate decreases as the transport distance increases, as a
result of dry and wet deposition processes.

4. Uncertainties relating to the CALIOP-based DMC retrieval

Although high-quality datasets were employed in this study, i.e., the
CALIOP V4 measurements, the MERRA-2 wind data, and the DustCOMM
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Fig. 13. The climatology of annual and seasonal dust budget (bar plots, unit:
Tg) and budget rate (blue line, unit: g m? year™) over five typical transport
regions along Asian dust TCA. The error bars represent the uncertainty of
annual dust budget caused by MEE with one standard deviation.
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MEE, there are inevitable uncertainties in estimating the DMC and dust
transport flux for the Asian dust sources and their transport regions.
These relate in particular to the separation of dust from non-dust aero-
sols, the estimation of dust extinction, and the setting aside of vertical
changes in the dust MEE. We discuss each of these below, to help readers
to acquire a more objective understanding of our findings and
conclusions.

4.1. Uncertainties regarding dust separation

To fully characterize the dust aerosols floating in the atmosphere, all
the dust-type aerosols (e.g., dust, polluted dust, and dusty marine)
classified by CALIOP along the Asian dust TCA were included in this
study. We separated dust from non-dust aerosols by using the CALIOP
PDR measurements. This was based on a priori knowledge of the ex-
pected PDR for dust and non-dust aerosols. We had to do this because
there is a significant mix of dust and anthropogenic pollutants in Asian
dust. However, the PDR values associated with dust and non-dust
aerosols vary according to the physical and chemical properties of the
aerosol particles (Sugimoto and Huang, 2014; Wandinger et al., 2010).
Surface-based lidar observations show that East Asian dust has a higher
PDR (0.31) than non-dust (Freudenthaler et al., 2017; Sugimoto et al.,
2002). The PDR can also decrease as the particle sizes decrease during
long-range transport. Non-dust has a non-negligible PDR of up to 0.07,
depending on the type of non-dust aerosol and its hygroscopicity (Yu
et al., 2015a). Thus, the a priori assumption of the PDR for dust (0.31)
and non-dust (0.05) in this study constitutes an important source of
uncertainty when separating dust from non-dust aerosols using the PDR
measurement. Yu et al. (2015a) estimated the relative uncertainties
regarding the trans-Atlantic dust transport flux associated with their
dust and non-dust separation scheme, which was based on two sets of
PDR thresholds for dust and non-dust to represent the lower- and upper-
bound estimation of dust extinction and mass flux. This was over £15%
and even increased with transport distance.

4.2. Uncertainties regarding dust extinction

The accuracy of the CALIOP-based dust extinction profile is not only
related to its capacity to detect dust aerosols, but also depends on the
assumed dust lidar ratio. Most studies show that the official cloud-
aerosol discrimination algorithm can correctly identify dust aerosol
(Omar et al., 2009a; Tesche et al., 2013), but sometimes heavy dust
storms are misclassified as clouds (Luo et al., 2015; Pan et al., 2020). So,
when the dust layer is below thick opaque cloud or its DOD is over 3, it is
hard to obtain an accurate and complete dust profile because the CAL-
IOP lidar signal can be completely attenuated (Hu et al., 2007). Apart
from this, some tenuous aerosol layers are difficult to detect for CALIOP,
especially in the North Pacific (Song et al., 2021). This can result in
underestimation of dust samples and dust transport flux over desert
sources, where there are frequent heavy dust storms (An et al., 2018; Fu
et al., 2008), and over the Pacific Ocean, where there is a high occur-
rence of cloud (Uno et al., 2011) or tenuous aerosol layers. These un-
certainties cannot be assessed because there are no available
observations. In addition, it should be that CALIOP V3’s operational
AOD shows an underestimation of about 30% when compared to AER-
ONET clear-sky measurements (Omar et al., 2013). The updated V4 AOD
increased by 0.044 (0.036) or 52% (40%) for nighttime (daytime)
because of the increase in the lidar ratio (Kim et al., 2018), so the AOD
discrepancies between CALIOP and AERONET or MODIS were reduced
in V4, when compared to V3. In this study, the new averaged lidar ratio
of 44 in the CALIOP V4 dataset (Kim et al., 2018) was assumed, which is
consistent with observations from ground-based Raman lidar observa-
tions over TD (Hu et al., 2020) and Central Asia (Hofer et al., 2020).
Therefore, any uncertainties regarding dust extinction are mainly
caused by deviation (£9) in the lidar ratio, which is about +20% (Wang
et al., 2021a).
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In view of the above uncertainties, such as how best to separate dust
from non-dust based aerosols and the most effective lidar ratio
assumption, accurate partition of the CALIOP-based DOD from AOD is
an important prerequisite for quantitative research on the Asian dust
cycle. The CALIOP DOD was compared to that of MERRA2 reanalysis
and DustCOMM dataset in Section 3.1. A MODIS-based DOD partition
from AOD was also employed to indirectly verify the accuracy of the
CALIOP DOD Partition from AOD. The MODIS DOD over the ocean was
estimated by using the AOD and fine mode fraction, as retrieved by the
Dark Target algorithm, while the MODIS DOD over the land was esti-
mated by using the AOD, Angstrom exponent, and single-scattering al-
bedo at 470 nm, as retrieved by the Deep Blue algorithm. The detailed
method matched that used by Song et al. (2021). It is worth noting that,
for the sake of consistency with the method used for averaging the
CALIOP DOD within a grid, the single aerosol species re-grid average
approach was also used for the MODIS DOD. As shown in Fig. S2, it is
very clear that the CALIOP DOD is more consistent with the MODIS DOD
than it is with MERRA-2 or DustCOMM, regardless of seasonal and
spatial variation. This is especially the case for the dust TCA extending
from the TD to the GD and even to the NPO. There are, of course, still
significant differences (relative error > 30%, marked in red in Tables S1
and S2) across the three deserts and five transport regions, especially
throughout the year in SC. This could be a result of using different
sensors and retrieval methods. However, even if uncertainty about the
absolute magnitude of the CALIOP DOD estimates cannot be entirely
removed, the consistency of the above methods actively advances our
understanding of the dust TCA, transport flux, and downstream contri-
bution of desert sources.

4.3. Uncertainties regarding the dust MEE

The dust MEE is closely related to the physical and chemical prop-
erties of dust aerosols (Denjean et al., 2020; Ginoux et al., 2012),
especially with regard to particle size (Wang et al., 2021a). The accurate
seasonal climatology of dust MEE from the DustCOMM dataset was
employed in this study. This is significantly better than assuming MEE to
be a fixed constant (Huang et al., 2015; Yu et al., 2015a) or a linearly-
varying function (Yu et al., 2019a). However, at the same time, verti-
cal changes in the dust particle size and MEE were ignored. It has been
proved that the column mean MEE of DustCOMM has a negligible dif-
ference (~1%) relative to the MEE measurements. Nonetheless, the
DustCOMM dataset is produced based on a constrained model ensemble
estimate and there has been a certain amount of uncertainty in the
vertical variation in 3-D model simulations (Mahowald et al., 2014;
Wang et al., 2020b). To minimize any error relating to this as much as
possible, the column mean dust MEE was applied instead of the 3-D dust
MEE in our research. Usually, the dust particle size decreases with an
increase in altitude, which may cause a higher MEE bias at lower alti-
tudes and a lower MEE bias at higher altitudes. Therefore, we introduce
an MEE with one standard deviation to explore the uncertainties caused
by the assumption of a vertically unchanged MEE. We give, here, the
uncertainties relating to the dust contribution for the sources and the
budget in the transport areas caused by having an MEE with one stan-
dard deviation. It can be seen in the Table in Fig. 9 that the uncertainty
for the source contribution caused by having an MEE with one standard
deviation is about 19.90 (29%), 26.17 (18%) and 6.18 (20%) Tg for S1,
S2 and S3, respectively. Turning to the transport (see Fig. 13), the ab-
solute (relative) uncertainties for the dust budget are about 7.29 Tg
(29%) in NC, 0.3 Tg (10%) in SC, 8.64 Tg (29%) in YS, 6.71 Tg (32%) in
JS, and 4.62 Tg (18%) in NPO.

5. Conclusion and discussion
Quantifying the Asian dust cycle from its source to remote regions is

essential to understanding the profound impact of dust on the health of
human beings and the ecosystem, the terrestrial and oceanic
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biogeochemical cycles, and the weather and the climate. In this study,
we used 3-D dust detection from CALIOP observations between 2007
and 2018 and the seasonal dust MEE climatology from the DustCOMM
dataset. The Asian dust DML and transport flux were first estimated and
used to validate that the MERRA-2 and DustCOMM datasets. To better
characterize the total dust aerosol, the all-day dust extinction was
extracted from the natural dust, polluted dust, and dusty marine. The
seasonal column-mean MEE from DustCOMM was also used instead of a
constant MEE, thereby significantly reducing the uncertainties relating
to estimation of the DML and transport flux. The seasonally- and
vertically-resolved mass-weighted dust TCA were defined to charac-
terize the variability of the transport routes of Asian dust. Three desert
sources and five transport regions were defined to understand the
downstream transport contribution from different desert sources and the
difference in the dust budgets for terrestrial and oceanic regions. The
principal results derived from this study are:

- Although the MERRA-2 reanalysis and DustCOMM datasets have
almost the same pattern as the CALIOP-based DOD and DML, both
model simulations generally overestimate them for East Asian dust
sources and adjacent areas and underestimate them for anthropo-
genic dust sources (e.g., the North China Plain) and remote regions
(e.g., the NPO). This may result from their dependence on the dust
size and assumptions made about emission and deposition when
setting up the related models.
There are two typical dust transport routes for Asian dust that affect
mainland China and its adjacent seas under the action of the pre-
vailing westerlies. One is the dust aerosols from the deserts in
northwest China, together with those from central Asia, which form a
heavy transport belt extending from northwest China to the NPO.
The other is the dust from South Asia crossing the Hengduan
Mountains and the Yunnan-Guizhou Plateau, which mixes with the
East Asian dust, before being deposited into the ocean.
- The dust TCA mainly runs across the TD and Hexi Corridor and is
controlled by the terrain of northwest inland China. There is an
obvious north-south movement over the long-range transport re-
gions across the seasons, which is influenced by the location of the
western Pacific subtropical high and Aleutian low. This shifts to the
north, reaching up 50°N in the summer, and south, reaching a lati-
tude of at most 35°N in the winter. In addition, with an increase in
altitude, the dust TCA and transport direction tend to become a zonal
straight line as a result of the strong westerlies.

The annual transport contribution of the East Asian deserts to

mainland China and its adjacent seas is up to 214.28 Tg, accounting

for about 88% of the contribution from Asian deserts. This is
significantly greater than the contribution from the South Asian
deserts (30.43 Tg). The GD is the largest overall contributor to dust
transport in Asia, with an annual transport flux of 145.88 Tg, despite
it having the smallest DML (~0.21 g m2). This is largely because the
flat terrain and strong northwesterly wind in that region make it
easier for the dust aerosol to be transported downstream close to the
surface. However, the dust aerosols from TD and ThD can only be

transported downstream after having being raised to more than 3

km, because of the elevation of the surrounding terrain.

- The superposition of the natural dust transport and local anthropo-
genic dust emissions results in a more pronounced dust budget in NC
(18.01 Tg) than in SC (3.06 Tg), with the annual budget rate being
21.58 g m2. The annual budget rate for NC is about 21.58 g m™
larger than that of SC (2.75 g m™2). The dust budget over the ocean
may well represent deposition into the ocean, which depends
significantly on the dry and wet deposition processes for dust aero-
sols. The dust deposition rate in YS, JS and NPO is 40.12, 20.41, and
4.01 g m2, respectively, which decreases as the transport distance
increases.

The quantification of the Asian dust cycle in this study fully
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encompasses all of the dust components floating in the atmosphere and
the seasonal and spatial variation in the dust MEE, thereby giving a more
accurate estimation of the Asian dust mass load for future studies. This
includes the dust transport flux, the contribution of different desert
sources, and even the deposition flux of nutrients into the ocean. The
results should assist significantly with providing relevant constraints
and improving the simulation ability of the aerosol-related modules in
climate models. However, it is should be noted that the dust emissions
from different desert sources are difficult to estimate directly because of
limitation in the detection methods used by satellites and the frequency
of their measurements. Their contribution was therefore indirectly
estimated in this study by using the dust transport flux along the dust
TCA. It is likely that the East Asian dust contribution is overestimated to
some degree, because it includes the transcontinental dust transport
contribution of the Central Asian deserts.

There are also some uncertainties associated with assessment of the
MEE, the accuracy of the reanalysis of the circulation field and the as-
sumptions made in this study. As mentioned above, dust MEE is nega-
tively correlated with the dust particle effective radius (Wang et al.,
2021a). Efforts devoted to retrieving the real-time dust particle effective
radius by using multi-wavelength lidar would benefit assessment of the
real-time MEE and improve the DML accuracy in future studies. The
wind profiles observed by the Aeolus satellite launched in August, 2018
could also be used to improve the accuracy of the atmospheric circula-
tion field provided by the various kinds of reanalysis data (Guo et al.,
2021). On that basis, satellite-based remote sensing of the dust cycle
could be further strengthened by combining real-time MEE with the
observed wind field as an addition to the dust detection capabilities of
CALISPO-like in future research. This would provide even deeper and
more accurate insights.
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