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Abstract: Central Asia is one of the most important sources of mineral saline dust worldwide. A
comprehensive understanding of Central Asian dust transport is essential for evaluating its impacts
on human health, ecological safety, weather and climate. This study first puts forward an observation-
based climatology of Central Asian dust transport flux by using the 3-D dust detection of Cloud-
Aerosol LiDAR with Orthogonal Polarization (CALIOP). The seasonal difference of transport flux and
downstream contribution are evaluated and compared with those of the Modern-Era Retrospective
Analysis for Research and Applications, version 2 (MERRA-2). Central Asian dust can be transported
not only southward in summer under the effect of the South Asian summer monsoon, but also
eastward in other seasons under the control of the westerly jet. Additionally, the transport of Central
Asian dust across the Pamir Plateau to the Tibetan Plateau is also non-negligible, especially during
spring (with a transport flux rate of 150 kg m−1 day−1). The annual CALIOP-based downstream
contribution of Central Asian dust to South Asian (164.01 Tg) is 2.1 times that to East Asia (78.36 Tg).
This can be attributed to the blocking effect of the higher terrain between Central and East Asia.
Additionally, the downstream contributions to South and East Asia from MERRA-2 are only 0.36 and
0.84 times that of CALIOP, respectively. This difference implies the overestimation of the wet and
dry depositions of the model, especially in the low latitude zone. The quantification of the Central
Asian dust transport allows a better understanding of the Central Asian dust cycle, and supports the
calibration/validation of aerosol-related modules of regional and global climate models.

Keywords: Central Asia; dust transport flux; dust transport contribution; CALIOP; MERRA-2

1. Introduction

Central Asia, a key node in the Belt and Road Initiative, is located in inland arid and
semi-arid regions, with some important deserts, e.g., Karakum Desert (KkD) and Kyzylkum
Desert (KlD). Increased desertification has exposed the region to severe dust storm hazards
driven by global warming, and increased its contribution to the global dust cycle [1,2].
Especially over the past 50 years, the surface areas of the Caspian Sea and the Aral Sea
have been shrinking [3,4]. A large amount of high-density saline-alkali dust along with
heavy metal elements has been discharged into the atmosphere by wind erosion on dry
lakes. This saline dust is carried downstream by the westerly jet to the Pamir and Tibetan
Plateau [5–7], and even to Northern China [8,9], where it can cause a serious threat to the
surrounding environment, ecosystem and human health [3,10–12].

Dust aerosol can affect the regional weather and climate by modulating the radiation
budget of the earth-atmosphere system [13–17]. When dust aerosol is deposited into snow,
it can darken the snow and reduce the surface albedo, and then warm the surface by
absorbing radiation. Meanwhile, salt has a strong ability to remove snow; thus, saline dust
may accelerate the melting process of snowpack and affect the cryosphere when deposited
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into snow [18–22]. Additionally, saline-alkali dust always carries a large amount of minerals
and heavy metal elements, which can affect the downstream ecological environment and
biochemical cycle [10,23–25]. Since saline dust is highly hygroscopic, with a stronger
ability of ice nucleus (IN) and cloud condensation nucleus (CCN) activation, it plays an
important role in cloud microphysical processes and precipitation in local and downstream
areas [23,26,27]. Therefore, a comprehensive analysis of the Central Asian dust distribution
and transport process can provide scientific and effective support to understanding its
potential role in and response to climate change and the land-atmosphere ecological cycle.

Advances in remote sensing and model simulation provide a good foundation for
the study of Central Asian dust. Researchers have established long-term observations of
the optical properties of Central Asian dust based on the observation of AErosol RObotic
NETwork (AERONET) [28–32] and some meteorological stations [33–35]. However, ground
observation cannot obtain appropriate 3-D distribution information in a vast space due to
limited ground-based stations. By contrast, satellite measurements can supplement the
information of dust distribution in Central Asia with the advantages of large-scale, high-
resolution observations [3,13]. Based on MODerate-resolution Imaging Spectroradiometer
(MODIS) data, Wang et al. [3] analyzed the spatiotemporal variability of aerosol optical
depth in Central Asia. Moreover, the Cloud-Aerosol LiDAR with Orthogonal Polarization
(CALIOP), onboard the Cloud-Aerosol LiDAR and Infrared Pathfinder Satellite Observa-
tions (CALIPSO), was used to characterize the vertical distribution of aerosols [36,37]. Such
efforts set the stage for model developments which can provide an opportunity to analyze
the Central Asian dust cycle [38,39]. Nevertheless, there are still large uncertainties in
model simulations due to the settings of different parameterization schemes, especially in
the regional models [1,40,41]. Therefore, an independent and effective observation-based
dataset on the transport characteristics of Central Asian dust is essential for constraining
and improving model simulation and prediction [42].

In recent decades, researchers have been constructing and refining methods for quanti-
fying dust transport using satellite observations. For example, Kaufman et al. [43] proposed
a retrieval method of dust mass concentration (DMC) from MODIS observations by setting
the layer height, dust mass extinction efficiency (MEE) and effective particle radius. That
study estimated the trans-Atlantic dust transport and sedimentation flux by combining
the wind field data. However, it is worth noting that the distribution of dust optical depth
(DOD) or DMC is not able to better illustrate dust transport characteristics, because dust
transport is largely determined by wind regime and geomorphology. Yu et al. [44] further
quantified 3-D trans-Atlantic dust transport using the profiles of dust extinction coefficient
observed by CALIPSO with an assumed dust MEE. Nonetheless, that assumption of MEE
could result in an uncertainty of about 30% in the dust mass flux estimation [44]. Yu
et al. [45] also attempted to improve the estimation of dust transport by assuming the linear
increment of dust MEE with dust transport distance. To further reduce the uncertainty
induced by dust MEE, the seasonal dust MEE of the new Dust Constraints from joint
Observational-Modelling-experiMental analysis (DustCOMM) dataset is employed in this
study. The DustCOMM uses the constrained size distributions to achieve size integration,
and it has been proven that the column-integrated MEE has a mean difference of less than
1% compared with observed MEE [46,47], as was also introduced by Han et al. [48]. Their
purpose was to construct East Asian dust transport fluxes and the downstream contribu-
tions of East and South Asian desert-sources by using CALIPSO observations. These newly
updated retrieval methods are better able to quantify dust transport characteristics and
even understand the dust cycle.

In this study, the new retrieval method developed by Han et al. [48] is employed
to further quantify the Central Asian dust transport flux and evaluate its downstream
contribution based on CALIPSO observations. Additionally, the CALIOP-based results are
analyzed by comparing them with those of MERRA-2. The paper is organized as follows.
All datasets and methods are introduced in Section 2. Sections 3.1 and 3.2 provide analyses
of the climatology of DOD and the dust transport characteristics over the Central Asia.
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The quantitative evaluation of the downstream contributions of Central Asian dust are
discussed in Section 3.3. Discussions and conclusions are presented in Sections 4 and 5,
respectively.

2. Data and Method
2.1. CALIOP and MODIS Data

To obtain a 3-D distribution of the optical properties of the Central Asian dust, the
latest CALIOP version 4 level 2 Aerosol Profile (APRO) products during 2007–2018 are used.
Following Wang et al. [20] and Han et al. [48], a data filtering scheme with cloud-aerosol
discrimination (CAD) score between −70 and −100 and extinction quality control flag
(Ext_QC) flag values of 0, 1, 2, 16 and 18 are used to further ensure the high quality re-
trieval data. The CALIOP can identify three dust-related subtypes, being “dust”, “polluted
dust”, and “dusty marine”. Using “dust” alone would result in an underestimation of the
actual atmospheric dust loading, while introducing the full value of polluted dust would
overestimate the dust loading. Therefore, we set an a priori threshold value of particulate
depolarization ratio (PDR) for dust (0.31) and non-dust (0.05) to extract dust components
from “polluted dust” and “dusty marine” (see detailed description of the method in Wang
et al. [20]), considering irregular dust particles with a significantly larger PDR than pollu-
tants [49]. The total dust backscatter coefficient at 532 nm is calculated as the sum of “dust”
and dust component of “polluted dust” and “dusty marine”. Dust extinction coefficient at
532 nm is then calculated as the dust backscatter coefficient (multiplying by the dust LiDAR
ratio of 44 sr), consistent with the number used in the CALIOP V4 product [37,50]. Finally,
the total DOD is calculated by integrating the vertical dust extinction profile. Considering
the complex topography of Central Asia, the monthly mean dust extinction coefficient and
DOD of CALIPSO are re-gridded at a resolution of 0.5◦ (latitude) × 1.5◦ (longitude).

The MODIS on board Aqua and Terra satellites provides observations in 36 spectral
bands around 0.41–14 µm, with a coverage of 2330 km and almost daily global coverage.
Based on two complementary aerosol inversion algorithms, the “Dark Target” algorithm
(DT) and the “Deep Blue” algorithm (DB), the information of the global aerosol optical
properties can be obtained. Following the method of Song et al. [51] and Yu et al. [52],
the MODIS DOD over ocean can be extracted by using the AOD and fine mode fraction
retrieved from DT algorithm, while the DOD over land is calculated by using the AOD,
Ångström exponent and single-scattering albedo at 470 nm retrieved from DB algorithm.
Next, the MODIS DOD is used to evaluate and compare with the results of CALIOP.

2.2. MERRA-2 Data

The MERRA-2 dataset was generated by coupling the Goddard Earth Observation
System of Systems v5 (GEOS-5) with the Goddard Chemical Aerosol Radiation and Trans-
port (GOCART) model [53]. This can provide the fundamental meteorological field data as
an atmospheric model using the three-dimensional variational data analysis (3DVAR) Grid-
point Statistical Interpolation (GSI) meteorological analysis scheme [54,55]. The DOD at
550 nm is also given by MERRA-2 by assimilating multisource aerosol observations, such as
MODIS, Multiangle Imaging Spectroradiometer (MISR) and AERONET [56–58]. Addition-
ally, the MERRA-2 can directly offer aerosol diagnostics not easily observed, such as dust
emission, transport and deposition fluxes, which are simulated using a radiatively coupled
version of GOCART. All these variations are driven with a resolution of 0.5◦ × 0.625◦ and
72 hybrid-eta levels from the surface and to 0.01 hPa. In this study, the U and V components
of the monthly mean wind speed are resampled to the same resolution of CALIOP so as to
calculate the dust transport flux. In addition, the one-hourly dust column transport flux
rate and DOD data are also used for comparison with the CALIOP-based estimation. To
facilitate calculations and comparative analysis, all variables are re-gridded to 0.5◦ × 1.5◦

resolution at monthly scale.
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2.3. Estimates of Dust Transport Flux and Downstream Contribution

The dust transport flux and downstream contribution are estimated by following the
method described in our previous studies [48]. Here, we simply describe the retrieval
diagrams. First, the CALIOP-based extinction observations are used to obtain the monthly
averaged 3-D distribution of total dust extinction coefficient profiles (as described in
Section 2.1). Second, the DMC is calculated by dividing the DOD by the seasonal dust MEE
from DustCOMM dataset. In addition, the uncertainties of DMC and dust transport flux
caused by dust MEE are also evaluated by employing one standard deviation of dust MEE.
Third, to characterize the dust transport flux and downstream contribution, the monthly
mean dust transport flux rates (DFR) in the longitudinal and latitudinal directions are
calculated by combining dust mass concentration and monthly mean wind field provided
by MERRA-2.

According to the previous study, Central Asian dust can be transported eastward
across the Pamirs Plateau and Tianshan Mountains and then sweep through the Tibetan
Plateau and Northern China [5,7], and also move southeast into Pakistan and the Indian
peninsula [59–61]. Therefore, the study region of Central Asia is defined as the region
connecting Europe and Asia at latitude range of 25–55◦N and a longitude range of 45–88◦E,
which covers the Uzbekistan, Kyrgyzstan, Turkmenistan, Tajikistan, Kazakhstan and Ira-
nian plateau (see Figure 1). To conveniently quantify the transport contribution of Central
Asian dust to South and East Asia based on the calculated DFR, two cross-sections, C1
(69◦E) and C2 (along the Tianshan Mountains, Junggar Xibu Shandi Mountains, western
Altai Mountains), are also defined (refer to Figure 1). The integrated dust transport fluxes
at zonal and meridional directions along the two cross sections are used to understand the
contributions of Central Asian dust to South and East Asia, respectively.

Figure 1. The geographical distribution of dust sources and major mountains in Central Asia. The
dust sources include: the Lut desert, the Karakum Desert (KkD), the Kyzylkum Desert (KlD), the
Aralkum Desert (AD), the Pre-Balkhash Desert (PbD), the Caspian Depression deserts (CdD), the
Taklimakan Desert (TD) and, the Thar Desert (ThD). The downstream contribution of Central Asian
dust will be estimated at two cross-sections (yellow lines) of C1 (~69◦E) and C2 (along the Tianshan
Mountains, the Junggar Xibu Shandi Mountains, the western of Altai Mountains), respectively.

3. Results
3.1. Climatology of Central Asian Dust

Figure 2 shows the seasonal climatology of DOD over Central Asia and surroundings
captured by CALIOP, MODIS observation and MERRA-2 Reanalysis dataset. Apparently,
the Central Asian dust loading exhibits significant seasonal variation, which peaks (more
than 0.3) in spring and summer, and bottoms out (below 0.15) in autumn and winter. Over
an annual cycle, the DOD in the north of Central Asia is much lower than that in the
north throughout the year because of its higher vegetation coverage [26]. Additionally, the
DOD of Central Asia decreases gradually from west to east, with the peak center in the
Caspian Sea, Aral Sea, and the surrounding deserts, i.e., KkD and KlD. This is consistent
with the findings of previous studies [62–64]. The annual mean DODs for these four
regions are about 0.18, 0.12, 0.15 and 0.11, respectively. The high DOD usually extends
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from the Caspian Sea and Aral Sea to the Indo-Gangetic Plain throughout the whole year.
Additionally, a weak DOD belt (DOD > 0.05) comes from Central Asia and extends to the
Junggar Basin and TD, especially in spring. However, comparing the DOD in TD of East
Asia and the Indo-Gangetic Plain (IGP)of South Asia, the DOD of Central Asia is relatively
small due to the high dust emission from ThD and TD themselves [65,66].

Figure 2. The seasonal climatology of DOD from CALIOP (left), MODIS (middle) and MERRA-2
(right) over Central Asia in (a–c) spring (MAM: March–April–May), (d–f) summer (JJA: June–July–
August), (g–i) autumn (SON: September–October–November), and (j–l) winter (DJF: December–
January–February).

Although the CALIOP, MODIS and MERRA-2 DOD have consistent seasonal char-
acteristics, there are still significant differences between them in terms of the magnitude
of DOD. The CALIOP DOD is significantly smaller than the MODIS DOD in the north of
Central Asia and the TP, while it is higher than that in Pakistan and the Indo-Gangetic
Plain. This phenomenon can be attributed to differences in sensors and retrieval methods.
On one hand, the CALIOP has some missing detections caused by the detection threshold
and periods. On the other hand, the retrieval algorithms of MODIS AOD contain some
uncertainties due to instrument calibration errors, cloud-masking errors, inappropriate
assumptions regarding surface reflectance, and aerosol model selection [67,68]. Addition-
ally, the extraction of MODIS DOD over land depends on the dust size and absorption
characteristics, which also introduces some uncertainties, especially in areas with large
snow, ice or cloud coverage [51]. Compared with the CALIOP DOD, the distribution of
MERRA-2 DOD is more consistent with MODIS DOD. This is because the MODIS AOD is
one of the most important aerosol observation sources when the MERRA-2 produced the
DOD by using the atmospheric assimilation system [53].

3.2. Climatology of Central Asian Dust Transport
3.2.1. Horizontal Distribution

To clearly characterize the transport of Central Asian dust, the column-integrated
DFR at zonal and meridional direction is compounded. Figure 3 displays the composite
column-integrated DFR over Central Asia, which clearly describes the magnitude (color
scale) and directions (arrows) of Central dust transport in each season. Obviously, a heavy
dust transport belt is distributed in the south of Central Asia at a latitude range of 25–40◦N,
extending from the southern Caspian Sea to the Iranian Plateau. This belt possesses the
highest DFR (>100 kg m−1 day−1) and significant seasonal-varying transport direction.
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The peak DFR occurs in spring and summer (beyond 250 kg m−1 day−1) and the trough
occurs in winter (less than 150 kg m−1 day−1). Notably, a distinct center of convergence
can be found in Central Asia during summer, and thus the Central Asian dust can be
transported from KkD to Iranian Plateau under the prevailing north winds and then turn
southeast under the effect of South Asian summer monsoon with a DFR of no less than
150 kg m−1 day−1. This leads to a significant accumulation of dust in the Sulaiman Range,
with a high DOD (>0.4) in Pakistan (Figure 2c–f).

Figure 3. A composite of column–integrated zonal and meridional DFRs (kg m−1 day−1) derived
from CALIOP (left) and MERRA–2 (right) in (a,b) spring (MAM: March–April–May), (c,d) summer
(JJA: June–July–August), (e,f) autumn (SON: September–October–November), and (g,h) winter (DJF:
December–January–February), showing the magnitude (color scale) and direction (arrow of vector)
of dust transport in the atmosphere and its seasonal variations.

Furthermore, the transcontinental transport of Central Asian dust to East Asia is also
non-negligible. As shown in Figure 3, on one hand, the Central Asian dust from KlD
can be lifted and transported to the Tibetan Plateau across the Pamirs Plateau, especially
during spring (~150 kg m−1 day−1) and summer (~90 kg m−1 day−1), under the co-
configuration of upper and lower air circulation. On the other hand, Central Asian dust
can also be transported along the Tianshan and Altai Mountains under the prevailing
westerlies, and then arrive in the mainland of China and Mongolia. This is related to the
westerly circulation [69,70], which occurs almost all year round, with a peak in spring
(~120 kg m−1 day−1) and a trough in winter (~55 kg m−1 day−1). Similarly, the above
transcontinental transport of Central Asian dust can also be clearly described by the
MERRA-2 DFR. However, the MERRA-2 has a much smaller magnitude of DFR than
that of CALIOP, which means the MERRA-2 reanalysis dataset would underestimate the
cross-continental transport of Central Asian dust to East and South Asia.

3.2.2. Vertical Distribution

To further understand the transcontinental transport of Central Asian dust, we divide
them into two parts by taking the latitude of 40◦N as the boundary, which represents
dust transport to South Asia and East Asia, respectively. The CALIOP-based longitude-
height cross-section of DFR at zonal (DFR_U) and meridional (DFR_V) direction, averaged
over the southern (25–40◦N) and northern portions (40–55◦N), is employed to depict the
transport characteristics of dust from Central Asia to South Asia and East Asia, respectively
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(as shown in Figures 4 and 5). Here, the positive DFRs represent the eastward or northward
transport of dust aerosol, while negative DFRs stand for westward or southward transport.
The mass center (solid line) and canopy (dashed line) of the dust layer are also plotted to
characterize the vertical evolution process, which are calculated as the 50th percentile and
90th percentile of DMC, respectively.

Figure 4. Seasonal longitude–height cross-section of DFRs derived from CALIOP at (left panel) zonal
and (right panel) meridional directions in (a,b) spring (MAM: March–April–May), (c,d) summer
(JJA: June–July–August), (e,f) autumn (SON: September–October–November), and (g,h) winter (DJF:
December–January–February), averaged over the southern portion of the regions (25–−40◦N). The
black lines indicate that 50% (solid line) and 90% (dashed line) of DMC lies below that height. Here
the positive DFRs represent the dust transport eastward and northward.

Figure 5. Same as the Figure 4, but for the northern portion of the regions (40–55◦N) in (a,b) spring
(MAM: March–April–May), (c,d) summer (JJA: June–July–August), (e,f) autumn (SON: September–
October–November), and (g,h) winter (DJF: December–January–February).
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For the transport to South Asia (Figure 4), the seasonal variation of DFRs both at the
zonal and meridional directions are clearly visible, while the altitude of the dust mass center
and canopy is almost unchanged in all seasons except for winter. Overall, the mass canopy of
the dust layer is trapped below 4.0 km in winter and 5.0 km in other seasons. This is directly
related to the smallest DOD in this region (see Figure 2g), and related to a lower frequency
of dust events in winter [71]. Correspondingly, the altitude of dust mass center is trapped
below 1.1 km in winter, while it is below 1.5 km in other seasons. Notably, the altitude of dust
mass center and canopy is significantly increased when the dust is transported to the east
of 80◦E. This stems from the fact that dust can be lifted to the atmosphere over the Tibetan
Plateau by the convective updrafts caused by the topography of the plateau. Although the
largest dust mass is focused near the surface, this is not always consistent with the transport
flux. In addition, the dust transport direction exhibits significant changes between seasons.
In spring and autumn, dust is always carried eastward (positive DFR_U) and southward
(negative DFR_V) over Central Asia and transported northward (positive DFR_V) at the
Indus plain (65–75◦E) below 3 km. After that, it is transported southward and northward at
the longitude of 85◦E once again. This is consistent with the two transport pathways of dust
from South Asia to the highlands proposed by Wang et al. [72], and implies the contribution
of Central Asian dust as well as South Asian dust to the Tibetan Plateau. Additionally, the
dust transport process during summer is similar to that during spring. However, there
is negative DFR_U occurring at Iranian plateau (48–62◦E), which is consistent with the
column-integrated DFR (see Figure 3c). This phenomenon demonstrates that the Central
Asian dust can be transported to South Asia, which makes a small contribution to the Persian
Gulf and Arabian Peninsula during summer.

For transport to East Asia (Figure 5), the altitude of dust mass center (canopy) decreases
with the change of season. The highest mass canopy (center) of dust layer appears in spring
with an altitude as high as 6.0 (2.0) km, while the lowest mass canopy occurs in winter,
with an altitude below 3.2 (1.0) km. Since the north portion (40–−55◦N) of Central Asia is
located in the Northern Hemisphere westerly zone, the dust shows an obvious eastward
transport trend (positive DFR_U) above 1.0 km throughout the year, apart from a slight
westward transport (negative DFR_U) near the surface. However, seasonal variation of
DFR_V causes a significant difference in the transport process from Central Asia to East
Asia in different seasons. In spring and winter, the dust over Central Asia (45–80◦E) is
transported eastward and northward in its entirety. When dust aerosols are travel eastward
across the Tianshan Mountains and the Ili River valley (75–85◦E), the DFR_V changes from
positive to negative, i.e., they travel southeast to the northwest China under the combined
effect of atmospheric circulation and terrain. While the situation is the opposite in summer;
a little dust can be transported across the Tianshan Mountains to downstream East Asia via
the westerly jet, as there are smaller positive DFR_V appearing above 3 km at the longitude
of 75–95◦E. In addition, the widespread larger negative DFR_V, especially near the surface
in summer, indicating that most dust from KkD and KlD prefers to move southward.

3.3. Downstream Contribution of Central Asian Dust

To quantify the downstream contribution of Central Asian dust, the dust transport flux
along two the cross-sections C1 and C2 (as shown in Figure 1) are integrated to represent
the transport contribution to South Asia and East Asia, respectively. Although the Central
Asia is also a long-range transport region, we ignore the upstream transport from Central
Asia, as it is difficult to distinguish. Hence, the downstream contributions of Central
Asian dust are overestimated to some extent. As shown in Table 1, the CALIOP-based
transport contribution of Central Asian dust to South Asia is much greater than that to East
Asia. The annual dust transport flux to South Asia is 164.01 Tg, which is about 2.1 times
that to East Asia (78.36 Tg). The highest transport flux to South Asia appears in summer
(69.03 Tg), while that to East Asia appears in spring (30.84 Tg), and the lowest appears
in winter. However, it is worth noting that, compared to the CALIOP-based estimation,
dust transport contribution to South Asia and East Asia based on MERRA-2 are much
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smaller, which is only about 0.36 and 0.84 times than that of CALIOP, respectively. This is
mainly attributed to the overestimation of dry and wet depositions during dust transport
process in the model simulation [73], especially the large wet deposition associated with
model simulations of rainfall rate in the low latitude [45,74]. It even leads to the conclusion,
contrary to the CALIOP-based estimation, that the annual transport contribution of Central
Asian dust to South Asia (~58.52 Tg) is smaller than that to East Asia (~66.17 Tg). This
phenomenon also indicates that long-range dust transport described by model simulation
needs to be carefully considered in quantifying and evaluating dust cycle.

Table 1. Dust transport contribution (unit: Tg) from Central Asia to South Asia (C1) and East Asia
(C2) based on CALIOP observation and MERRA-2 reanalysis data.

MAM JJA SON DJF Annual

C1
CALIOP 55.59 69.03 26.08 13.31 164.01

MERRA-2 24.10 20.77 5.94 7.71 58.52

C2
CALIOP 30.84 16.70 19.48 11.34 78.36

MERRA-2 29.31 16.05 11.63 9.18 66.17

To better understand the vertical distribution of downstream contribution of Central
Asian dust, the profiles of CALIOP DFR_U and DFR_V along the two cross-sections are
shown in Figures 6 and 7. For C1 (shown in Figure 6), the overall positive DFR_U reveals a
significant eastward transport through the Indus Valley and Sulaiman Range (25–35◦N)
before reaching the Indo-Gangetic Plain in all seasons. At the same time, the large DFR_V
here is positive near the surface and negative above 2 km except for in winter. This suggests
that dust from Central Asia at lower levels can manifest itself mainly as northward transport
affects the Ganges plain and causes dust accumulation on the southern slope of the plateau,
while at higher levels it can spread southward across the Indian peninsula. However, the
positive DFR_U and DFR_V at the latitude of 35–40◦N, which is the west slope of the
Hindu Kush, encourages the dust to climb along the Hindu Kush and spread northward
to the whole TP. Generally, the integrated composited DFR (shown in the right column
of Figure 6) along C1 decreases with increasing altitude, especially during summer. The
maximum DFR reaches 80 kg m−1 day−1 in spring (Figure 6c) and 162 kg m−1 day−1 in
summer (Figure 6f) at the surface, and 35 kg m−1 day−1 in autumn at 4.0 km (Figure 6i).

Compared to the DFR of C1, it is obvious that the vertical distribution of downstream
transport of C2 in both zonal and meridional directions is quite different, with a much
smaller value, as shown in Figure 7. Overall, the dust eastwards across the Tianshan
Mountains and the Ili River valley is transported northward to northwest China near the
surface with a positive DFR_V of less than 0.5 kg m−1 day−1, and southward weakly at
high altitude with a negative DFR_V of no more than 0.3 kg m−1 day−1 except in summer.
While a small positive DFR level (<0.3 kg m−1 day−1) occurs throughout the range from
the surface to 10 km in summer, demonstrating the tendency of Central Asian dust to
move to the Mongolia instead of northwest China. With increasing altitude, the integrated
composited DFR (Figure 7, right column) initially increases, and then decreases, with its
peak values being 48 kg m−1 day−1 at 4–6 km in spring, 28 kg m−1 day−1 at 5 km in summer,
36 kg m−1 day−1 at 3.6 km in autumn, and 20 kg m−1 day−1 at 4 km in winter, respectively.
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Figure 6. Vertical distribution of seasonal climatology of zonal (left) and meridional (middle) of
DFR derived from CALIOP along the meridional cross-section of C1 (69◦E) in (a–c) spring (MAM:
March–April–May), (d–f) summer (JJA: June–July–August), (g–i) autumn (SON: September–October–
November), and (j–l) winter (DJF: December–January–February). Here, the positive of zonal and
meridional DFRs represent the dust transport eastward and northward, respectively. The profiles of
integrated composited DFR (right) along the border at different seasons are also shown. Additionally,
the positive of composited DFR means the Central Asian dust transport to the downstream areas.

Figure 7. Same as the Figure 5, but for the cross-section of C2 in (a–c) spring (MAM: March–April–
May), (d–f) summer (JJA: June–July–August), (g–i) autumn (SON: September–October–November),
and (j–l) winter (DJF: December–January–February).

4. Discussion
4.1. Uncertainties of Central Asian Dust Transport

In this study, we constructed the dust transport flux data to quantify the evolution
of Central Asian dust transport with a similar method to that of Han et al. [48]. However,
there are still certain uncertainties in the calculation process that need to be considered.

The first important source of uncertainties is the dust extinction coefficient, which can
be attributed to the capacity of CALIPSO aerosol detection, the preset threshold value of
PDR for dust and non-dust in the separating process and the dust LiDAR ratio. Actually,
the various sources of uncertainties related to the dust extinction coefficient has been
summarized and discussed in detail by Han et al. [49]. The dust extinction coefficient has
an overall known uncertainty of ±(45–76%), which is related to the capacity of CALIPSO
aerosol detection (~10–20%) [75,76], the preset threshold value of PDR for dust and non-
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dust in the separating process (~15–34%), and the dust LiDAR ratio (~20%) [77]. More
details can be found in Han et al. [48].

Another source of uncertainty is related to the assumption of dust MEE. Considering
that the 2-D DustCOMM seasonal MEE ignores vertical variation, we use the dust MEE
with one standard deviation to access the sensitive of dust transport flux caused by MEE.
The results (see Table 2) show that the uncertainties for annual contribution of Central
Asian dust to South Asia and East Asia caused by MEE with one deviation are about
42.14 (25.7%) and 17.75 (22.7%), respectively. In addition, the seasonal variation of relative
uncertainties caused by MEE is negligible.

Table 2. The absolute (relative) uncertainties of dust contribution from Central Asia to South (C1)
and East Asia (C2) caused by MEE with one deviation based on CALIOP.

MAM JJA SON DJF Annual

C1 14.26
(25.7%)

17.93
(26.0%)

6.57
(25.7%)

3.38
(25.2%)

42.14
(25.7%)

C2 6.89
(22.3%)

3.92
(23.5%)

4.33
(22.2%)

2.61
(23.0%)

17.75
(22.7%)

4.2. Potential Applications of Dust Transport Flux

The CALIOP-based dust transport flux datasets generated in this study can quantify
the impacts of Central Asian dust on ecological security, human health, and land–ocean–
atmosphere water cycle. In general, Central Asia is an important source of saline dust,
globally [4,10]. Compared to pure dust, saline dust is more dangerous to human health
and ecology, because it carries a large amount of heavy metals [10,61]. Previous studies
have indicated that Central Asian dust contains a high percentage (about 8–10%) of various
salts (chlorides, sulfates, carbonate) [78,79] and a high concentration (126 mg kg−1) of
phosalone [80]. Based on this, the satellite-based dust transport flux datasets in our study
can be used to capture the quality of Central Asian dust along with the minerals and
heavy metals transported downstream, and thus assess their impacts on the ecological
environment and human health. Additionally, the Pan-Third Pole region has the second
largest snow cover and ice sheet all over the world [81], which is located downstream to
Central Asia. It is widely known that saline dust can accelerate snowmelt, as it can interfere
with the ice structure and absorb more heat. Therefore, the inflow of Central Asian saline
dust to the Pan-Third Pole is a serious threat to ice and glaciers in the region, which can
affect the global water cycle. The CALIOP-based transport flux data can provide direct and
accurate estimates of the influx of Central Asian dust to the Pan-Third Pole region. This
can fill the information gap of Central Asian dust transport to the Pan-Third Pole region
over interdecadal time spans, and provide a solid foundation to access the corresponding
response on the climate system, especially under global warming.

The satellite-based dust transport flux can be used to evaluate and constrain the
model simulations. Under the same wind field, we compared the CALIOP-based dust
transport flux with that of MERRA-2. Despite their consistent distribution pattern, large
numerical variations exist between the CALIOP observation and the MERRA-2 simulation.
For example, the downstream contribution of Central Asian dust to South Asia based
on CALIOP is 2.8 times that of MERRA-2, while it is 1.2 times the contribution to East
Asia. Differences between satellites and models could be due to uncertainties in model
representations associated with the parameterizations of dry and wet dust depositions,
model simulations of rainfall rate and vertical distributions of dust [46,73]. While it
is difficult to directly estimate the dust emission and deposition based on the satellite
(constrained by the detection method and sampling frequency), the satellite-based 3-D dust
transport flux can serve as a powerful tool to enhance the simulations of dust dynamics.
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5. Conclusions

Quantifying the transport characteristics of Central Asian dust is important for com-
prehending its impacts on regional/global weather and climate, global ecological cycle
and water cycle. Based on CALIPSO observation covering a period of 2007–2018, we
constructed the 3-D Central Asian dust transport flux and used it to reveal the seasonal
characteristics. We also investigated the downstream contribution to South and East Asia.
Meanwhile, the results were evaluated and compared with those of MERRA-2 reanalysis.
The key findings of this study are summarized below:

- The distribution of Central Asian dust DOD exhibits obvious spatial and temporal
variability. The DOD of southern Central Asia is larger than that of the northern region
throughout the year. Additionally, peak DOD appears in spring and summer, while a
trough occurs in winter.

- Central Asian dust can be transported to East and South Asia, with a significant
seasonal fluctuation. The dust transport activity is the strongest in spring and the
weakest in winter. The Central Asian dust mainly shifts southward in summer due
to the South Asian summer monsoon, while it has an obvious tendency of moving
eastward in other seasons under the control of the westerly jet.

- The transport of Central Asian dust across the Pamir Plateau to the Tibetan Plateau
is also non-negligible, especially in spring, with a DFR of 150 kg m−1 day−1, and in
summer, with a DFR of 90 kg m−1 day−1.

- Despite the consistent distribution pattern between the CALIOP observation and
MERRA-2 reanalysis for both DOD and DFR, their magnitudes are different. Com-
pared to CALIOP DOD, MERRA-2 DOD is larger over the Central Asian dust source
regions and their surrounding areas, especially in Kazakhstan, while it is smaller in
remote regions (i.e., Pakistan and the Indian peninsula). However, the MERRA-2
can underestimate the DFR in all regions throughout the year. This could be due
to the set scheme of dependence on dust size, dust emission, and deposition in the
MERRA-2 models.

- Based on CALIOP observations, the annual downstream contribution of Central Asian
to South Asia is the largest, with a value of 164.01 Tg (accounting about 68% of the total
contribution from Central Asia), while the contribution to East Asia is only 78.36 Tg.
However, these contributions estimated from MERRA-2 are 58.52 Tg and 78.36 Tg,
which are only 0.36 and 0.84 times that of CALIOP, respectively.

Despite the limitations and uncertainties associated with the dust extinction coeffi-
cient detection of CALIPSO, dust MEE and wind field, the dust transport flux datasets
from CALIPSO observations in our study revealed some important features of seasonal
variability of dust transport in Central Asia over interdecadal time spans. In the future, we
will perform a comparison between the multi-source satellite observations and ensemble of
regional/global model simulations. Such an effort would greatly benefit from thorough
and systematic evaluation of many variables, including DOD, dust extinction coefficient
profile, and transport flux, even the dust particle size and MEE. Insights gained from such
strategic efforts would provide help for improving model simulations of the Central Asian
dust cycle and its roles in the climate system.
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