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Abstract: The average monthly profiles of the dust extinction coefficient (ε) were analyzed according
to the CALIOP lidar data from 2006–2021 for 24 cells (size of 2◦ × 5◦) in the Aral-Caspian arid region
(ACAR; 38–48◦N, 50–70◦E). Using the NOAA HYSPLIT_4 trajectory model and the NCEP GDAS1
gridded (resolution of 1◦ × 1◦) archive of meteorological data, the array of >1 million 10-day forward
trajectories (FTs) of air particles that started from the centers of the ACAR cells was calculated. On the
basis of the FT array, the average seasonal heights of the mixed layer (ML) for the ACAR cells were
reconstructed. Estimates of the average seasonal dust optical depth (DOD) were obtained for ACAR’s
lower troposphere, for ACAR’s ML (“dust emission layer” (EL)), and for the lower troposphere above
the ML (“dust transit layer” (TL)) above each of the ACAR cells. Using the example of ACAR, it is
shown that the analysis of DOD for the EL, TL and the surface layer (SL; the first 200 m AGL) makes it
possible to identify dusty surfaces that are not detected on DOD diagrams for the entire atmospheric
column, as well as regions where the regular transport of aged dust from remote sources can generate
false sources. Based on FT array, the fields of the potential contribution of both the ACAR’s dust
transit and the ACAR’s dust emission layers as well as of the entire ACAR’s lower troposphere into
the DOD of the surrounding and remote regions are retrieved using the original method of potential
impact of a three-dimensional source (3D-PSI). It has been found out that ACAR dust spreads over
almost the entire Northern Hemisphere; the south and southeast regions of the ACAR are subject
to the maximum impact of the ACAR dust. Quantitative estimates of the potential contribution of
ACAR dust to the regional DODs are given for a number of control sites in the Northern Hemisphere.
The results could be useful for climatological studies.

Keywords: Aral−Caspian arid region; long-range dust transport; Central Asian dust emission;
CALIPSO CALIOP; HYSPLIT_4; 3D-source potential impact (3D-SPI) method

1. Introduction

Atmospheric aerosols, including dust, affect air quality, human and animal health [1–4],
vegetation productivity [5,6], solar and thermal radiation balance and climate [7–12], ice
composition and glaciers [13–15], and snow cover [16–19]. Dust is the largest contributor
to global atmospheric aerosol mass [8,20–23], and in the 20th century, according to the
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estimates of [3], the global dust content in the atmosphere more than doubled. The main
dust source is the surface of arid regions of the desert belt of North Africa, the Middle East,
and Central Asia [24–26]. The main mechanism of desert dust emission is wind removal
of mineral particles from the underlying surface [27,28]. Under weak wind conditions,
convective processes (including vortexes) become significant drivers of dust emissions,
which was found numerically [29–32] and confirmed experimentally [33–37].

Dust impacts greatly on the environment in the same regions where it is emitted from
the underlying surface and in surrounding areas (see, for example, [38]). At the same
time, because of the relatively small particle size of transported dust particles (median
aerodynamic diameter in the range of 3–7 µm according to [39]), they are carried out by
turbulent and convective flows from the near-surface layer to the atmospheric boundary
layer (ABL). Subsequently, dust is transported by winds over intercontinental distances,
affecting the troposphere and the objects at the underlying surface of a significant part,
if not all, of the Northern Hemisphere [26,40,41]. According to [42], Saharan dust is
found over the tropical waters of the Atlantic Ocean at a distance of 3500–4000 km from
the African coast. Dust reaches the western (through the Pacific Ocean; ~19,000 km en
route [43]) and eastern (through the Atlantic Ocean) coasts of North America, in the Yucatan
Peninsula [44]. It is found near the Caribbean Islands and the Amazon Basin [39,45–48] and
over Europe [49]. Dust from the deserts of Central Asia reaches North America (through
the Pacific Ocean [50] and through the Arctic [51]), Russian and North American Arctic
regions [51,52], European [53,54] and Asian [52,53] territories of Russia and affects large
areas of Southeast Asia [52,55]. According to [56], backward trajectories for cases of extreme
contents of chemical elements characteristic of mineral dust (Al, Fe, Mn, Ti, Cr, and V)
indicate that the Svalbard glaciers are exposed to the dust from Eurasia, including from
Kazakhstan. According to [57], dust transported from Central Asia (Taklimakan Desert) is
indicated as one of the likely reasons for pollution of the Greenland glaciers.

The long-range dust transport from the desert belt to the territory of Russia has
not been studied enough; less than 1000 km from the southern borders of Russia is the
Aral−Caspian Arid Region (ACAR), which includes vast dust sources, from the deserts of
Karakum, Kyzylkum, and Aralkum, the desert on the site of Aral Sea’s dried bottom [58,59].
The purpose of this work is to assess the dust transported from ACAR to the surrounding
and remote territories in the last two decades. ACAR’s “sphere of influence” in terms
of [60] is reconstructed based on both the modeling of Lagrangian trajectories of air particles
and the vertical profiles of the tropospheric dust extinction coefficient by CALIOP lidar
sounding data from the NASA/CNES CALIPSO satellite that are conjoined in the original
three-dimensional source potential impact (3D-SPI) method.

2. Materials and Methods
2.1. The Region under Study

The studied region and source of the dust, namely ACAR, occupies ~1.8 million km2

in the west of Central Asia in an area approximated by rectangle of 37–49◦N, 50–70◦E
(1332 × 1623 km2; see Figure 1).
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Figure 1. Satellite image of the Aral−Caspian Arid Region on 23 August 2017 according to NASA
EOSDIS WorldWide data [61]. The numbered cells 2◦ × 5◦ of the monthly averaging of the vertical
tropospheric profiles of the aerosol extinction coefficient according to the CALIOP sounding data
are shown. Afghanistan is marked as “AFGH”. One can see a dust storm over the dried bottom of
the Aral Sea (cells 14–15 and 18–19) and dust clouds over the Caspian Sea (cells 1 and 5) due to the
removal of dust from deserted territories (the estuary of the dried ancient Uzboy River) in the eastern
part of cells 1 and 5.

This is a predominantly flat territory; highlands are only near the ACAR’s southern
(cell 2; north of Iranian Highlands) and southeastern (cells 4 and 8; Fann Mountains and
Pamir Alai) borders. As can be seen from Figure 1, the ACAR territory is located mainly
(~95%) in Kazakhstan, Uzbekistan, and Turkmenistan; the rest covers the west of Tajikistan
and northern parts of Iran and Afghanistan. The sandy deserts of Karakum and Kyzylkum;
the sandy-salt Aralkum Desert; the stony-clayey Ustyurt Plateau, Solonchaks, and Takyrs;
and semi-arid steppes cover about ~80% of ACAR territory. The first three deserts are
considered in [38] as the main dust sources of the region, among which, according to [62],
Aralkum Desert dominates. The Karakum and Kyzylkum Deserts are “aged” deserts,
and it can be expected that most of the dust capable of long-range transport has already
left the deserts’ surfaces, while a significant part of the south and east of the Aralkum
Desert is formed by vast alluvial deposits in the former estuaries of the Amu Darya and
Syr Darya Rivers, which have been experienced erosion relatively recently. According
to [63], the density of point dust emission sources (dust hotspots) in the south and east of
the Aralkum Desert is one of the highest in the ACAR and in Central Asia. Based on the
average annual runoff and water turbidity [64], the average solid runoff of the Amu Darya
and Syr Darya Rivers in the first half of the 20th century has been estimated as ~100 × 106

and ~12 × 106 tons per year, respectively (see, e.g., [65]), of clayey matter washed off in
the upper parts of these rivers. If the past solid runoff was comparable with the estimates,
it can be expected that over the last centuries, the bottom of the Aral Sea near the rivers’
estuaries has accumulated tens, if not hundreds, of billions of tons of particulate matter. In
addition, Aral Sea salt deposits, according to [66], can reach up to 6 × 109 tons. With an
average annual dust removal of 150 × 106 tons per year [67,68], these alluvial deposits can
emit dust at the same intensity now for decades.

The stony-argillaceous Ustyurt Plateau in [63] is considered to be predominantly a
dust sink, while [60] the dust emission in spring and summer is significant here as it is in
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the Karakum Desert. The steppes of northern and western Kazakhstan may also be a dust
source, especially in dry years.

Regular study of dust emissions in ACAR deserts is difficult because of their difficult
accessibility and extreme conditions throughout the year. In the recent decades, episodic
and sporadic field studies have been carried out on the distribution function, chemical
composition, and optical parameters of aerosol in the surface layer and in the atmospheric
column in Tajikistan [69–73], as well as the optical and microphysical characteristics of
dust in the Aralkum Desert [74]; dust deposition at various sites of the ACAR [38,75];
horizontal flows dust, sand, and salt from Aralkum Desert [62]; lidar-derived parameters
of aerosol (including dust) in the atmosphere in Tajikistan [76,77]; fine aerosol emission
under convective conditions in Aralkum Desert [78]; and vertical mass fluxes and size
distributions of dust particles during wind and convective/vortex dust emissions from
Aralkum Desert [35,79]. The only station of AERONET (AErosol RObotic NETwork [80])
is located in Dushanbe (Tajikistan; see [81]) on the southeastern periphery of ACAR.
Therefore, only satellites can provide regular experimental data on aerosol parameters in
the troposphere of the entire ACAR.

The most detailed time (daily data) and space (resolution of up to 1 × 1 km2) modern
data on the aerosol optical depth (AOD) of the total aerosol comes from the MODIS
(MODerate resolution Infrared Spectroradiometer) instrument mounted at the Terra (since
2000) and Aqua (since 2002) satellites [82]. Because of the lack of information on the vertical
aerosol profile and the proportion of dust in AOD, MODIS-based dust outputs from the
surface may be overestimated [63]. Moreover, according to [63], there is not correct AOD
retrieval for an ephemeral water body such as the Aral Sea. The second longest operating
data source is the CALIOP lidar installed on the NASA/CNES CALIPSO satellite [83],
which, since June 2006, has been providing instantaneous vertical profiles of the extinction
coefficient of total aerosols and its components including dust, but with a lower resolution
in time and space than that of MODIS.

2.2. Satellite Data

CALIOP (Cloud-Aerosol LIdar with Orthogonal Polarization; see [83]) measures the
vertical profiles of the aerosol extinction coefficient, ε [km−1], at a frequency of ~20 Hz at
wavelengths of 532 and 1064 nm. ε profiles are retrieved for the total tropospheric (and
stratospheric) aerosols, as well as for tropospheric aerosol fractions (dust, smoke, polluted
dust, etc.). The CALIPSO satellite flies in a sun-synchronous orbit (inclination of 98.05◦)
at an altitude of ~700 km, crossing the Equator around 13:30 p.m. and 01:30 a.m. local
solar time (LST) on daytime “ascending” (from south to north) and nighttime “descending”
(north-south) parts of the orbit, respectively. The satellite performs 14.6 turns per day
(period of ~98 min; offset between orbits in longitude of ~24.6◦), moving along the orbit at
an angular velocity of ~3.6◦/min and crossing ACAR’s average latitude (43◦N) by ~12 min
after (before) the Equator in the daytime (nighttime) segments of the orbit. Similarly, each
of the 14 turns in this new day are shifted relative to the corresponding turns of the previous
day. Thus, the satellite flies over ACAR (longitude range of 20◦) almost every day. The
parameters of the CALIPSO satellite orbit, and the equipment and sounding techniques
are described in detail in [84]. The type of aerosols, including dust, in a layer at a certain
altitude is determined by comparing the integrated backscatter coefficient, γ’, and volume
depolarization ratio, δ, within this layer measured by CALIOP, with known γ’ and δ for
dust (as well as for smoke, salt, and some other aerosol). Then, knowing the type of aerosols,
and from literature ratio of the aerosol extinction coefficient to the lidar backscattering
coefficient (lidar ratio) for this type of aerosol, the aerosol extinction coefficient for this
layer was calculated. The aerosol type detection technique is described in details in [85].

CALIOP data are widely used to study aerosols on a global scale (see, for example, [86–88]).
The transport of Saharan dust was identified over the Atlantic Ocean [89], which reached the
islands of the Caribbean Sea [39,45,47,48,90] and moved towards Europe [49]. According
to the CALIOP data, Asian dust transported from the Taklimakan Desert to the Tibetan
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Plateau was found in [91]; from the Gobi Desert to Taiwan [92], Japan, and the North
Pacific [93]; from the Gobi/Taklimakan Deserts to Southeast Asia [52,55,94] and North
America (Rocky Mountains; see [50]); from the Gobi/Taklimakan Deserts to eastern Siberia
and the Arctic [51,52]; from the arid regions of Mongolia and Taklimakan Desert to the east
coast of China [52,95]; and the Japanese Islands [52,96,97]. In the work of [53], according
to the CALIOP data, the frequencies of detection for various types of dust in the Aral Sea
region were analyzed. According to [41], based on the CALIOP retrievals and modeling of
the 10-day backward trajectories of air particles, the “dust belt” was studied in the upper
troposphere. In the work of [55], based on the CALIOP datasets and average monthly wind
speeds from the MERRA-2 [98] reanalysis using the method described in [99], the average
seasonal fields of horizontal dust flux for Central Asia in the area of 25–55◦N, 45–95◦E were
reconstructed.

Instantaneous and monthly profiles of ε for the indicated types of aerosols, obtained
from night and day sounding separately under cloudless, broken cloud, and overcast
conditions, were accumulated in the NASA archive [100]. Monthly tropospheric profiles
of dust ε (CALIOP level 3 aerosol profile product version; see [101]) reconstructed from
daytime sounding in cloudless conditions at a wavelength of 532 nm were used in this
work. Initially, we also used the nighttime CALIOP-profiles conjugated to the nighttime
trajectories. However, based on the analysis of 1 million nighttime trajectories, only about
20% of all nighttime data showed a pronounced mixed layer above the ACAR, while
in daytime conditions it was present in more than 98% of cases. Thus, the goals and
methodology of the work were based on the analysis of the section of profiles (see below)
within the mixed layer, which were most consistent with daytime data. The tropospheric
profiles refer to the altitude range of 0.04–12.02 km (hereinafter ASL, unless otherwise
noted) with an altitude resolution of 60 m. Monthly profiles were related to a 2◦ × 5◦

(latitude × longitude) cell spanning area of 222 km × 406 km for the cells at the middle
latitude (43◦N) of ACAR, which covered 24 cells (see Figure 1). Thus, each monthly profile
was the average of all instantaneous profiles obtained under cloudless conditions along all
satellite tracks that crossed the 2◦ × 5◦ cell in that month. The number of days of cloudless
sounding per season, depending on the season and latitude of the cell, is given in Table A1
(see Appendix A). As an example, average dust extinction profiles in April 2021 for eight
central ACAR cells are shown in Figure A1 in Appendix A. Taking into account the lidar
sounding frequency and the time of the satellite movement over the cell (~33 s), each
monthly profile was the average of up to hundreds, if not thousands, of instantaneous
profiles. The dates of all tracks for all cells stored in the archive were subsequently used
as the start dates of the forward trajectories of air particles (see below). To reduce the
trajectory calculations, the profiles used were in the range of 0.04–5.02 km, i.e., for the lower
troposphere (LT), for all ACAR’s cells and seasons, ~97% (in the range of 90–99%) of the
total tropospheric dust εwas present in this range.

It should be noted that according to the modeling data of dust emissions from Central
Asia for 2015–2016 [60], up to two thirds of all of the strongest dust storms in the region were
initiated by winds at the periphery of cold atmospheric fronts, which were accompanied
by dense clouds or even overcast, limiting sufficient satellite sensing.

2.3. Lagrangian Trajectories Modelling

Forward trajectories (FTs) of air particles (elementary air masses) were simulated
using the NOAA HYSPLIT_4 (HYbrib Single Particle Lagrangian Integrated Trajectory
model; see [102,103]) and gridded (resolution of 1◦ × 1◦) global archive of meteorolog-
ical data NCEP (National Center for Environmental Prediction) GDAS1 (Global Data
Assimilation System [104]) from the NOAA archive in [105]. The HYSPLIT model is
widely used to estimate the long-range transport of gaseous and aerosol atmospheric
admixtures [53,54,106–115], including Aralkum Desert dust. For example, in the work
of [53], the area of potential dust transport to the surrounding areas was reconstructed
based on the modeling of three-day FTs for several dust storms in the Aralkum Desert.
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In this work, the FTs were launched over the centers of the ACAR cells (for example,
for cell 1, over the point 38◦N, 52.5◦E; see Figure 1) at 30 altitudes in the range [0.04 km . . .
1.78 km] and 27 altitudes in the range (1.78 km . . . 5.02 km]. In the first range, each step in
the altitude was 60 m, while in the second one, the step was increased to 120 m to reduce
the FT calculations. Thus, the most detailed modeling was performed for the first range
covering most of the mixed layer (ML) in the region during the entire year (see below).
The CALIPSO satellite flows over the ACAR at ~LST 13:42 p.m., and taking into account
the shift in LST relative to UTC for the ACAR cells in the ranges of 50–55◦E (UTC+3:30),
55–60◦E (UTC+3:50), 60–65◦E (UTC+4:20), and 65–70◦E (UTC+4:40), FTs started at UTC
10:12 a.m., 09:52 a.m., 09:32 a.m., and 09:12 a.m., respectively. For all FT points (time
interval of 1 h), HYSPLIT retrieved the altitude of the air particle, h [km]; the height (AGL)
of the upper boundary of the mixed layer (ML), H [m]; the flight time from the starting
point, T [days]; and the relative air humidity, r [%]. Note that, according to [116], under
convective conditions, the ML (i.e., air layer within which air temperature, air humidity,
and concentration of air pollutants are quite homogenous) was practically equal to ABL.
According to [102], H was assumed as the height at which the potential temperature first
exceeded the value at the ground by 2 K. Average seasonal H for all the ACAR cells are
given in Table A2 in Appendix A.

2.4. Trajectory Duration

The duration of the FTs, T0 [days], was chosen from the following considerations.
The aerosol lifetime in the lower troposphere was mainly limited by gravitational settling
and wet deposition [7,21,22,117]. The steady rate of gravitational settling of a particle is
usually estimated by the Stokes formula [118], for example, according to [27], dust particles
(without specifying the sphericity and density of its substance) with a diameter of 10 µm fall
in the air at a steady speed of ~10 mm/s, i.e., over ~1.2 days from a height of 1 km. However,
in [119], it was found out that even giant (>75 µm) mineral particles (quartz grains) could be
transported for many days at distances >10,000 km from their sources, although the fallout
time of such particles from any height of the lower troposphere (<5 km), according to [27],
should not exceed a few hours. Moreover, Sahara dust particles with a size of hundreds of
microns have been found over Europe [120] at distances of the order of 4000 km north of
the Sahara Desert and over the Atlantic 3500–4000 km west of Africa [42,46]. In the work
of [121], the ultra-long-range transport of giant particles is explained by the rise in particles
to high altitudes, where horizontal winds are very strong, and by the electric charge of the
particles, which significantly compensates for gravity in the Earth’s electric field (for the
charge of the same sign).

From measurements of the distribution of the aerodynamic diameter (i.e., diameter
determined via particle mass rather than its optical characteristics) of dust particles in
various geographic and climatic conditions over oceans [122]; coastal areas of the Atlantic
near the Canary Islands [123] and over the islands of the Caribbean Sea [39,124]; and over
arid regions of Africa [125,126], the Middle East [127,128], Central Asia [72,129], and North
America [130,131], the main mode of distribution function of transported dust is in the
diameter range of 3–7 µm. Even if giant particles can fly in the air for several days, then it
should be expected that the dust of this main mode can stay in the troposphere many times
(if not orders of magnitude) longer than giant particles, i.e., weeks. In addition, the Stokes
formula is hardly applicable to dust, as mineral particles are rarely spherical. For example,
using electron microscopy, the authors of [45] found particles of Saharan dust with sizes of
10–20 µm in the form of plates and aggregates in airborne aerosol samples collected in the
Saharan Aerosol Layer (SAL) [39,132] at an altitude of 3–4 km above the Puerto Rico Island
(Caribbean Sea). In the samples, >50% of the particles were aggregates while the proportion
of particles with a size ratio of >1.75 was >70% of all (>19,000) of the identified particles [45].
A similar aggregated aerosol structure was observed using electron microscopy for the
aerosol particles of tens of microns in size collected in the altitude range of 3–5 km above
southwestern Siberia [133]. After analyzing 10 days of backward trajectories starting
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from the altitude layer, it was found that the particles probably originated from North
Africa [133].

The following estimates of the dust transport duration were found in the literature,
and were obtained on the basis of the analysis of backward trajectories. For Saharan dust,
6 days [90] and 7 days [48] were found for the dust transported across the Atlantic to the
Caribbean Islands, and 14 days were found when the dust moved across Eurasia and the
Pacific Ocean to Vancouver (western Canada; see [43]); meanwhile, 10–12 days were found
from the Caribbean Islands and the basin of Amazon River [47]. For Central Asian dust,
in [56], it was revealed that the transport of dust to Svalbard was 10 days; the authors of
work [51] studied the transport of dust to the Arctic Canada and found it to be within
7–8 days; in the work of [41], the transport of dust in the upper troposphere (“dust belt”)
was found to be a duration of 10 days. The authors of [134] reported a “full circuit of the
Central Asian dust cloud around the globe” (within the Northern Hemisphere) in 13 days.
In the work of [50], aerosol clouds that started in the Gobi and Taklimakan Deserts were
transported across the Pacific Ocean to the Rocky Mountains (North America) in 10 days.

Thus, both the vast experimental data and the modeling of dust trajectories to different
regions indicate that in the case of transported dust with particle sizes of <10 µm, we
neglected gravitational settling calculating trajectories with a duration of at least 10 days,
while for particles of a submicron fraction, this could possibly be several weeks.

2.5. Accounting for Relative Humidity in the Transport Area

Although the methods of trajectory statistics (e.g., [106]) do not estimate the effect
of air moisture on admixture transport duration, we tried to take into account the rela-
tive humidity of air along the trajectory. In the lower troposphere, the propagation of
coarsely dispersed aerosols lasts 1–2 weeks depending on the geography of the aerosol
transport [21,117,135]. Obviously, in the case of dust transport in very humid air, T0 is only
a few hours—to the nearest water vapor saturation zone (r > 98%), where the probability
of wet deposition is high. Because of water vapor condensation on particles, which is
most intense when approaching r = 100%, the number and mass concentration of particles
decreases in the saturation zone at a rate that depends, among other parameters, on the
particle size [136]. The scavenging coefficient is SC [h−1] = 1/∆t × (C1 − C2)/C1 [137],
where C1 and C2 are aerosol count (or mass) concentrations at times t1 and t2, ∆t = t2 − t1,
t2 > t1. According to [136], for particles with a diameter of 3–7 µm, SC in the case of most
probable warm low clouds is in the range of 0.6–0.8 h−1. At ∆t = 1 h and SC = 0.7 h−1,
the concentration will decrease to C2 = 0.3 × C1, i.e., by 70%. As applied to the analysis
of trajectories, this means that after the air particles have been in the saturation zone for
∆t = 1 h, the weight of the trajectory (proportional to the content of particles with a size
of 3–7 microns, which account for the bulk of the transported aerosols) will be 30% of the
weight up until entering this (1 h) zone. When an air particle is in the saturation zone for n
hours (consequently or totally), the weight of the trajectory at the end of the nth hour will
be 0.3n of the initial one (at the moment of launch over ACAR). For example, after 4 h in
the saturation zone, the weight of the trajectory will decrease by ~123 times.

2.6. Dust Emission Detection Technique

The authors of [63] pointed out that the use of a constant criterion, such as AOD > 0.2 [24,25],
to identify dust emitting areas by satellite data can lead to false dust sources that are actually
produced by high-altitude clouds of aged dust transported from remote sources. Located
in the desert belt, ACAR is both a donor and a recipient of dust, so the dust load of ACAR’s
lower troposphere depends both on emissions from local sources and on advection from
remote sources. The use of dust profiles makes it possible to cut off dust clouds and discover
dusty surfaces in the following way. From general considerations, it can be expected that
with a decrease in the thickness of the air layer above a dusting surface within a certain
cell, the effect of the dust emission from this surface on the total dust ε of this thinning
layer will grow, while the influence of dust advection to the cell will decrease. Near dusting
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surfaces, dust is transported first in the surface layer (SL) of 100–200 m depth, and then
in the ABL [74], i.e., after transit to the SL above a dusting surface, its dust load will be
dominated by emissions from the surface.

Over and in the immediate vicinity of a dusting surface, it can be expected that the
dust optical depth (DOD) in ML, DODML, due to convective and/or turbulent mixing,
will be higher than over a non-dusting surface. In this case, one can also expect a uniform
distribution of dust along the height in ML. Thus, dust emissions are most likely to be
attributed to those cells where the DODs within SL, DODSL, are disproportionately higher
than the DODML share attributable to SL (i.e., to the first 200 m AGL). This seasonal fraction
can be calculated as the seasonal ML heights are known (see Section 2.3). Note that, in
all cases, some aerosol layers from distant sources can be located above ML, which can
be identified by the difference between the DOD of the lower troposphere (in our case,
<5.02 km), DODLT, and DODML.

For all cells and seasons, DODLT, DODML, and DODSL are calculated using dust ε
profiles by the method described in [138] and the percentages of DODLT attributable to
the ML, α = DODML

DODLT
× 100%, and to the SL (i.e., to the first 200 m AGL), β = DODSL

DODLT
× 100%.

By interpolating DODML (taking into account H) onto the SL, we obtain the expected
DOD′SL = DODML × 200/H and the expected β′ = DOD′SL

DODLT
× 100%. Then, the cells where

β > β′ are likely to be dust sources.

2.7. Air Transport Repeatability Calculation Technique

The seasonal repeatability of air particle transport to the [ij] cell (i and j are numbers
in latitude and longitude) from the ACAR cell with number k, Fijk [days/season], was
determined as the average seasonal number of independent days of air transport to the [ij]
cell in 2006–2021. The Fijk value characterizes the average total duration of the seasonal
impact (“exposure”) of the ACAR k cell onto the spatial [ij] cell. Note the k cell and the
[ij] cells are not necessarily equal in size. When adding the sum of the total k = 1, . . . , 24
(excluding coinciding days of transfer from different cells), the average repeatability of air
transport to a [ij] cell from the entire ACAR is calculated as follows:

Fij = ∑ Fijk (1)

Note that Fij is an exposure estimate according to the CALIOP data, which are not
performed daily for an individual cell (see Table A1 in Appendix A), but for the entire
ACAR as a whole almost every day (see Section 2.2). The Fij value is calculated (and
displayed) for all [ij] (hereinafter size of 2◦ × 2◦) that was crossed with ≥1 FTs.

2.8. Three Dimensional Source Potential Influence (3D-SPI) Method

The CWT (concentration weighted trajectory; [106]) method is widely used to calculate
the field of potential sources of an atmospheric admixture from single-point measurements
of the admixture and backward trajectories (BTs) of air particles arriving to the recipient
point. According to this method, the average contribution of a [ij] cell to the admixture
concentration at the recipient point, Cij, is determined as follows [106]:

Cij =
∑ cn × tijn

∑ tijn
(2)

where cn is the admixture concentration at the moment of arrival for the nth air particle at
the observation point, tijn is the residence time of the nth air particle in [ij], with the sum
of all n = 1, . . . , N. It is important that Cij is not an estimate of the true concentration of
the admixture in the [ij] cell, as the CWT method does not take into account the admixture
transformation during the admixture transport, but allows (for sufficiently large N) for
estimating and comparing the influence (contribution) of remote regions on the admixture
content at the recipient point in terms of the quantity being measured. Admixture sources
identified by the CWT method are considered “potential”, and set Cij is considered a
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“field of potential sources”. Later, in [139], the CWT method was modified to reconstruct
the distribution of potential aerosol sources for the atmospheric column (i.e., for a linear
one-dimensional recipient) by the data on the integral volume aerosol concentration in the
atmospheric column at the AERONET station in Tomsk (Western Siberia) for seasonal and
aerosol backscattering coefficient profiles measured in the same place.

As the direction of time is not included in Formula (2), the CWT method can be
reversed by transiting from backward trajectories to forward ones. In this case, the mea-
surement point becomes the virtual source of the admixture, [ij] cells become recipients
of the admixture transported from this source, and the Cij value acquires the value of the
average impact (contribution) of the point source (point-source potential influence (PSPI))
on the admixture concentration (or content) in the [ij] cell. As the admixture transformation
processes are also not taken into account in this case, Cij characterizes the “potential impact”
(“potential contribution”) of a point source on the [ij] cell, and the totality of all Cij become
the “field of potential impact” of this virtual source on the surrounding and remote regions.

As the profile of dust ε can be considered as a vertically distributed set of point sources,
the average contribution of this line source (line-source potential impact (LSPI)) to the dust
extinction coefficient in the troposphere above some [ij] cells, Eij [km−1] can be obtained by
averaging all of the contributions from the point sources calculated by Formula (2) for all
altitudes m = 1, . . . , M:

Eij=
1
M∑m Eij(m)=

1
M∑m

∑l(m)

(
εijl(m) × tijl(m)

)
∑l(m) tijl(m)

(3)

where all quantities on the right side of the equation (after the operator of summation over
m) are similar to the quantities from (2), but are defined for a point source ε at an altitude
of m; the summation for all FTs l(m) from the array is 1, . . . , N(m), which starts at m.

Similarly (bypassing an intuitively understandable case of a two-dimensional source),
in the case of transport from the entire set of ACAR cells, we transited to a two-dimensional
distribution of dust ε profiles, i.e., to a three-dimensional dust source (to a tropospheric layer
above ACAR), the average potential contribution of which to Eij (the three-dimensional
source potential impact (3D-SPI)) can be reconstructed as follows:

Eij =
1

M× K ∑k ∑m Eij(m, k)=
1

M× K ∑k ∑m

∑l(m,k)

(
εijl(m,k) × tijl(m,k)

)
∑l(m,k) tijl(m,k)

(4)

where the sum of all FTs is l(m, k) = 1, . . . , N(m,k), starting at altitudes m = 1, . . . , M over
cells k = 1, . . . , K (note K = 24 for ACAR).

With the seasonal DOD estimates for the entire ACAR, as well as for its individual cells
(see Section 2.6) obtained from the CALIOP profiles of dust ε, it would be more interesting
to estimate the potential effect of an air layer over ACAR on the surrounding and remote
territories not in units of Eij, but for the potential DOD over [ij] cell, DOD’ij. The latter
assessment is more suitable for practical purposes, for example, if estimating the potential
radiation force on ACAR dust in a particular remote recipient region is investigated. For
example, the average seasonal regional DOD’ of 0.1, 0.01, and 0.001 means that, according
to the Beer−Lambert law [140], the average seasonal potential decreases in a downward
flux of short-wave solar radiation to the surface of this region by ~10%, ~1%, and ~0.1%,
respectively.

The transition from Eij to DOD’ij can be performed as follows. Air particles that started
over ACAR at different altitudes arrive into the troposphere above the [ij] cell at different
altitudes, and not necessarily at the same ones as at the starting point. By calculating
the average weight (i.e., average ε) of all FTs that crossed a unitary layer of air with a
thickness of d [km] at an altitude m’ above the [ij] cell, εijm’ [km−1], one can obtain the DOD
of this single layer as DODijm’ = d × εijm’. Note that the weight of the trajectory is corrected
(according technique described in Section 2.5) when the air particle moves into the area
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of saturated water vapor. The sum DODijm’ over all m’ within the selected altitude range
(i.e., within an air layer) is an estimate of the DOD’ij of this layer above the [ij] cell, because
of the transport from the studied three-dimensional source (i.e., from the ACAR) to this
layer. The distribution of εijm’ over the [ij] cell is a “potential profile” of dust ε over the [ij]
cell, i.e., profile, due to the dust transport from the ACAR only. The potential profiles were
calculated for the selected sites (see below), but are not analyzed in this article.

Seasonal arrays of DOD’ij were calculated for (a) the sections of profiles related to
the lower troposphere above ACAR (≤5.02 km; M = 57 for all seasons and cells) and
(b) sections of profiles for the altitude range of the lower troposphere of ACAR above ML
and (c) within the ML of ACAR. The number of levels M in the latter cases depends on the
height of the upper boundary of ML. In the first case, dust transport of the first type from
the lower troposphere over the ACAR is studied, i.e., the synergistic effect of dust emitted
from the ACAR surface and dust passing in the troposphere above ACAR (“transit dust”)
from remote sources outside the latter. In the second case, the (second type) transport of
predominantly transit dust is studied, so this layer will be designated as the “transit layer”
(TL). In the third case, only (the third type) transport from the ACAR ML, which is strongly
affected by local dust emissions, is studied. We designated this layer as the “emission layer”
(EL). In addition, seasonal fields DOD’ij were calculated for the case of (the forth type)
transport from EL to ML over surrounding and remote areas, where dust comes into direct
contact with the underlying surface, people, animals, plants, and so on. For this, only those
sections of FTs from EL that fell into the ML over regions outside the ACAR were taken
into account. In all cases, DOD’ij was displayed only for those [ij] cells that crossed (in the
troposphere or in the ML) with ≥50 FTs.

2.9. The Estimation of Average Travel Time, Average Transfer Altitude, and Average Relative
Humidity in the Dust Transport Area

The mean seasonal fields Tij, hij, and rij were reconstructed by simple averaging of the
air particle flight time from the starting point to [ij] cell, the altitude of the air particle over
[ij], and the relative humidity of air above [ij] cell over all FTs that crossed [ij], respectively.
The averages are displayed only for the [ij] cells crossed with ≥1FTs.

3. Results and Discussion
3.1. The Vertical Profiles of the Tropospheric Dust Extinction Coefficient in ACAR

The average seasonal profiles of dust ε in 2006−2021 for all ACAR cells are shown in
Figure 2. The lower boundary of the profiles for different cells depends on the average cell’s
surface elevation and increases from 40 m (the lower boundary of profile recovery) for the
Caspian cells (1, 5, 9, 13, 17, and 21; see Figure 1) to 200–300 m near the eastern boundary
of ACAR. Note that in the mountainous southeastern part of ACAR (see Figure 1), where
northern Afghanistan borders Turkmenistan, Uzbekistan, and Tajikistan (cell 4; “Afghan
cell”), as well as in cells 2 (north of Iranian Highlands), the average height is rather arbitrary
because of the rugged relief there. In addition, the average seasonal elevations (m ASL) of
the ML upper boundary, obtained by summing H from Table A2 in Appendix A and the
surface elevation, are shown. As can be seen from Figure 2, the dust content in ML over
some cells depends non-univocally on the season and the geographic location of the cell,
as it is determined by many factors, including the type of underlying surface, seasonality
of wind impact and precipitation, and the type of prevailing atmospheric circulation. For
example, the dust content in ML in summer is minimal over the northern Caspian (cells 13,
17, and 21 in Figures 1 and 2), when the Caspian spur of the Azores High is located above
the west of the sea [141], which contributes to the transport of more clean air from the upper
troposphere and/or from more northerly (and thus less arid) latitudes. At the same time,
the south of ACAR is affected by the summer Iranian-Afghan minimum [141]. According
to [142,143], strong dust storms on the Iranian−Afghan border in the Sistan Region are
associated with an anticyclone over the northern Caspian, which probably contributes to
the intensification of northern winds, as well as an increase in dust content in ML in the
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south of ACAR (cells 1–8 in Figures 1 and 2). According to [60], this anticyclone, combined
with frequent baric depression in southern Afghanistan, favors an increase in surface wind
at the north of Iran and Afghanistan (i.e., in south ACAR). A detailed analysis of the factors
that determine the seasonal and spatial variability of dust ε profiles is beyond the scope of
this article.
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Figure 2. Average winter (blue lines), spring (green), summer (red), and autumn (brown) vertical
tropospheric profiles of the dust extinction coefficient, ε [km−1], according to the CALIOP data in
2006−2021 for the cells of the Aral−Caspian Arid Region. The cells numbers are in the top right;
with the numbering of the cells the same as in Figure 1.

The maximum average ε in ACAR were observed in spring in SL in cells 14–15–18–19
(“Aral cells”), within which the entire remains of the Aral Sea and Aralkum Desert are
located, as well as the northern Kyzylkum Desert (cell 15) and most of the Ustyurt Plateau
(cells 14 and 18). Large near-surface values of ε were probably determined by the high
density of dust emission hotspots in the south and east of the Aralkum Desert [63]. For
neighboring cells 20 and 16, and 10 and 11, far to the east and south of the Aralkum
Desert, the dust emissions in spring were much lower. Note that in all seasons (except
winter) in the southeast of the Ustyurt Plateau (cell 10), dust ε increased with the height
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decreasing up to the surface, which indicates dust emission and is consistent with the
conclusions of [63] about a significant amount of sources of dust emissions in this cell near
the Sarygamysh Lake.

We also note the high autumn and winter values of dust ε in the surface layer of the
Afghan cell. In the north of Afghanistan (the Balkh Province), in the upper part of the Amu
Darya River, there is a sandy-argillaceous southeastern spur in the Karakum Desert and, to
the south of the Afghan cell (i.e., outside the ACAR), alluvial deposits in the estuary of the
Balkh River, where, according to [63], the density of dusty hotspots is very high. This region
is a source of dust storms; in autumn these are especially strong (due to orography) in
west Tajikistan, and are known there as “Afghanets” (means “Afghan” in Russian; see [69]).
Apparently, in the last two decades, Afghanets dust storms have become frequent in the
winter season as well.

3.2. The Spatial Variability of Dust Optical Depth in the ACAR

The CALIOP DOD for ACAR in the layer of ≤5.02 km (lower troposphere), DODLT,
in different seasons (see Figure 3a,d,g,j) was in good agreement with the DOD estimates
for the entire atmospheric column obtained earlier for this region (see, for example, [88]).
The average DODLT in the ACAR was ~0.022 (winter), ~0.059 (spring), ~0.055 (summer),
and ~0.047 (autumn). In general, in all seasons, with the increase in ACAR latitude,
DODLT decreased; near the southern and northern boundaries of ACAR, DODLT differed
significantly, and the greatest zonal contrast was typical for summer and autumn. The
maximum average DODLT values in winter (0.06), spring (0.15), summer, and autumn (0.2)
were observed near the southern border of ACAR in the range of 37–39◦N. Taking into
account the standard deviation of DOD, which was close to 100% on average for all seasons
for ACAR, the maximum DODLT with a high probability reached twice the average values,
~0.4 (summer and autumn), ~0.3 (spring), and ~0.1 (winter).

The average DODLT over four dusty (estimated using the corresponding dust ε pro-
files in Figure 2) Aral cells was ~0.011 (winter), ~0.069 (spring), ~0.035 (summer), and
~0.035 (autumn). Thus, considering only DODLT (almost equal to the DOD of the tropo-
sphere), we conclude that only in spring does the Aralkum Desert surface emit more dust
than the average for the entire ACAR (see the average DODLT for ACAR in the previous
paragraph). At the same time, cell 1 appears to have the most dust in spring, while most
of the cell’s area is occupied by the Caspian Sea surface (see Figure 1). In fact, when
considering the seasonal share of DODLT attributable only to ML over ACAR (α [%]; see
Figure 3b,e,h,k), it turns out that the average α for the Aral cells of the Aralkum Desert
was 38% (in winter), 57% (in spring), 56% (summer), and 44% (autumn). At the same
time, the average α for the entire ACAR was 35% (in winter), 37% (in spring), 38% (in
summer), and 32% (in autumn). This means that in all seasons, the relative dust content of
the Aralkum Desert’s ML was higher than over the entire ACAR. We also note that in all
seasons, the transit layer contained a significant amount of lower tropospheric dust: 59% (in
autumn-winter) and 43% (in spring-summer), which, apparently, masked the dust-emitting
cells of ACAR. As for cell 1, its ML contained only 10–15% of the lower tropospheric
dust (Figure 3k), i.e., the high DODLT values in this cell (Figure 3j) were 85–90% because
of the transport of dust clouds in the transit layer over the cell from sources apparently
outside ACAR.

When considering parameter β (the proportion of DODLT in the lower 200 m AGL),
for the Aral cells, the average β was ~37% (in winter), ~37% (spring), ~29% (summer),
and ~28% (autumn). At the same time, the average β for the entire ACAR in the same
seasons was ~34%, ~17%, ~13%, and ~19%. In other words, when considering thinner
layers of the ACAR lower troposphere, the contrast between the dust emitting cells and
the whole ACAR increased, which is reflected in Figure 3. The layer-by-layer analysis of
DOD showed that in all seasons, ML and SL over the Aralkum Desert were dustier on
average than the layers over the entire ACAR, i.e., apparently there is an almost year-round
average dust emissions from the surface of the Aralkum Desert. This is consistent with
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the conclusions of [60], where modeling of the dust emissions in Central Asia for one year
(March 2015–March 2016) revealed that the Aralkum Desert likely generated dust in all of
the seasons. It should be noted that in almost all seasons, in most ACAR cells β > β’, and in
spring and summer in the southeast of the Aralkum Desert (cell 15), these differed multiple
times. In Figure 3, non-emitting (on average) dust cells are marked with an asterisk; cells
are shaded where H < 200 m (i.e., non-applicable for the calculation of the β’ parameter).
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numbers and sizes of cells are the same as in Figure 1. Hereinafter, the Aral Sea is shown within the
average boundaries of 1960. The cells with a mixed layer depth < 200 m are shaded. The non-emitting
(in average) dust cells are marked with an asterisk. Here and after, maps are displayed with free
distributable GIS-Software MeteoInfo [144].

In winter, the maximum DODLT values were realized near the southern border of
ACAR, over the Afghan cell and over the south of Turkmenistan (cells 3–4). At the same
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time, α and βwere higher in cell 4 than in cell 3, which indicates a greater dust emitting sur-
face in cell 4, which was probably the source of dust for ML and for the lower troposphere
above both cells.

In spring, DODLT was at a maximum over all of the cells of the southern Caspian
(1, 5 and 9); however, α was minimal in this part of ACAR, i.e., the vast majority of dust
was in the transition layer over the cells. It is most likely that the large DODLT values in
spring over the southern Caspian were due to transport from distant sources. Given the
prevailing eastward winds in the region during this season (see [55,138]), these sources
were likely to be from the deserts of the Middle East.

In summer, the lower troposphere was maximally dusty above the Afghan cell, and
the second highest DODLT value occurred on the south of the Caspian Sea (cell 1). At
the same time, most of the dust was related to the transit layer over it, possibly for the
same reason as in spring (transport from distant sources above the ML). By estimating the
values of α and β, which did not have a maximum above the Afghan cell, the large DODLT
above it could be associated with dust sources south of the Afghan cell, where most of the
southeastern spur of the Karakum Desert and Balkh River’s estuary are located.

In autumn, DODLT was maximal over the Afghan cell. There were also local maxima
for α and β, which indicates dust emissions from the surface in cell 4 and possibly to the
south of it (in the Balkh River’s estuary), which were associated with the Afghanets dust
storms at this time of year [69]. According to [60], dust emission within the Afghan cell
occurred in all seasons, but maximum dust emissions (as well as modeled DOD) were
related to spring and summer.

3.3. The Average Seasonal Repeatability of Air Transport from ACAR to Remote Areas

In total, ~1.01 million FTs were simulated, of which ~400,000 started in the emission
layer, with the rest from the transit layer. Figure 4 displays the fields for the average
seasonal repeatability of air particle transport, F [days/season], from ACAR as a whole.
Everywhere below, when mentioning a geographical region, indicates parts located in
the Northern Hemisphere. Depending on the season, the maximum achievable F is in
the range of 90–92 days/season; if F < 1, the air transport did not happen every year.
For convenience, we denoted the repeatability of ≥64 days/season as almost daily, with
32–63 meaning very often, 16–31 often, 8–15 non-rarely, 1–7 rarely, and <1 not every year.
In Tables 1 and 2, the values of F are given for a number of small control sites, whose titles
reflect the geographical region where the sites are located. The boundaries of these regions
are given in Table A3 in Appendix A. The seasonal patterns of transport from the ACAR
lower troposphere (ACAR-LT), from the ACAR dust transit layer (ACAR-TL), and from
the ACAR dust emission layer (ACAR-EL) were similar to each other. At the same time,
they were all very different from the corresponding seasonal patterns of transport from
ACAR-EL to the regional mixed layer, so this case is analyzed in a separate Section 3.3.2.
On the territory of ACAR itself, F (as DOD’) could be reconstructed incorrectly, thus the
ACAR values of F were not analyzed.

3.3.1. The Repeatability of Air Transport from the ACAR Lower Troposphere Layers

In general, air transport from the entire ACAR-LT (Figure 4a,e,l,m) was due to large-
scale atmospheric circulation, which is formed by the permanent and seasonal atmospheric
centers of action in the Northern Hemisphere, polar vortex, Icelandic Low, Siberian (Asian)
and Azores Highs, etc., as well as synoptic scale eddies, cyclones, and anticyclones. To-
gether, they cause a very complex configuration both of individual FT and the patterns
of air transport from the ACAR as a whole. Consequently, in all seasons, air from ACAR
spread for 10 days over most of the Northern Hemisphere (see Figure 4). The long range of
air particle propagation was facilitated by a rapid increase in the transport height east of the
ACAR to the altitudes above the lower troposphere (see Figure A2 in Appendix A), where
the influence of the polar vortex dominated for most of the year. According to [50,93], in
May 2007, dusty air in the immediate vicinity of ACAR (Tian Shan Mountains) ascended
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up to the tropopause, where the dust cloud was carried away by the polar jet stream and,
according to [134], performed one full circuit in 13 days around a globe in the Northern
Hemisphere. The authors of [41] explained the spring and winter rise of dust from North
Africa and the Arabian Peninsula to the upper troposphere during dust eastward transport
by the influence of mountain systems in the west of Central Asia. ACAR is closer to these
mountains than the Middle Eastern and African dust sources, so this lifting mechanism was
probably likely for ACAR dust as well. As can be seen from Figure A2 in Appendix A, in all
seasons, the average transport altitude increased abruptly to 5–6 km above the mountain
systems to the east (Tian Shan and Altai Mountains) and to the southeast (Pamir Mountains)
of ACAR, and further east in the same latitude range the average did not decrease. Even in
winter, the air that started in ACAR-EL reached altitudes of ~5 km over eastern Siberia and
6–7 km over North America. In winter, the average ML depth above ACAR was ~267 m
AGL (standard deviation of 91 m) and did not exceed 600 m AGL, even over the warm
southern part of the Caspian Sea (see Table A2 in Appendix A and Figure 2). In general, in
winter, the average altitude in the air transport area was less than in other seasons; there-
fore, in this season compared with the others, the propagation distance and, accordingly, F,
decreased faster as it moved further from ACAR. Unexpectedly (and currently inexplica-
bly), regardless of the starting layer (ACAR-LT, ACAR-EL, or ACAR-TL) and direction of
transport, after ~4 days, the average altitudes of air particles were approximately equal
(compare Figures A2 and A3 in Appendix A).

With greater or lesser repeatability, the air from all of the studied layers spread to the
whole of Europe, Asia, and the Arctic, and reached North America (up to the territory of
Mexico), most of the Pacific Ocean (especially in winter), and a significant part (entire in
summer) of Africa, southeastern Asia, the Indian Ocean, and the North Atlantic. At the
same time, for all seasons, transport to the Atlantic south of 25◦N, including the region
near the Caribbean Islands as well as to the American continent south of 20◦N, was very
low in probability. It can be argued that the dust from ACAR could likely not contribute
significantly to the aerosol load within SAL.

Greenland occupies a special position in the air transport patterns. For all seasons, air
transport to the island (especially to its southern part) from ACAR was difficult, despite
Greenland’s relative proximity to the ACAR in comparison, for example, with North
America. Air transport along the shortest northwestern (through Europe) or northern
(through the Barents Sea) route was relatively rare on average, even in summer (when
meridional air transport was most likely) due to the dominance of westerly winds in the
mid-latitudes of the Northern Hemisphere. The eastward transport (through Asia, the
Pacific Ocean, and North America) seemed to last longer than 10 days on average (see
Figure A3 in Appendix A), so only the fastest and rarest (as in the case described in [134])
air particles could reach Greenland via this route. Based on 7-day trajectories for 131 dust
episodes over Japan in 2001–2010, the authors of [52] identified the route of dust transport
from Central Asia to the Arctic through the Chukchi Sea. From [51], it can be seen that
this route can cross the Arctic Ocean and reach the Nunavut Region of Arctic Canada in
the immediate vicinity of Greenland. It is possible that dust from the Taklimakan Desert
identified in the Greenland aerosol samples [57] and possibly dust from the ACAR entered
the air over island in this way.

For all of the seasons, the dominance of eastward air transport in the Northern Hemi-
sphere mid-latitudes (where most of ACAR is located) determined the highest F for the
territories to the east and southeast of ACAR. The repeatability patterns for the transport
from ACAR’s lower troposphere were qualitatively similar to the results from [55] for
the seasonal horizontal dust flux in the troposphere throughout Central Asia, which is
dominantly eastward in winter, spring, and autumn, and mainly southward in summer
due to the influence of the eastern periphery of the Caspian anticyclone, where the air
moves from north to south.
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Figure 4. Average seasonal, winter (a–d), spring (e–h), summer (i–l), and autumn (m–p), repeatability
of air transport (the scale is logarithmic), F [days/season], from the Aral−Caspian Arid Region
(ACAR). The (a,e,i,m) are related to the air transport from ACAR’s entire lower troposphere, from
ACAR’s dust transit layer (b,f,j,n), and from ACAR’s dust emission layer (c,g,k,o). The (d,h,l,p)
display the repeatability of transport from the ACAR emission layer to the regional mixed layer. Here
and after, the black dots indicate the starting points of forward trajectories; white concentric lines
limit the average areas of air transport for the first 3, 5, and 7 days; the map resolution is 2◦ × 2◦.
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Table 1. Seasonal repeatability [days/season] of air transport from the layers of the ACAR lower
troposphere to the troposphere in some control areas of the Northern Hemisphere. Here and after in
the tables, seasons are marked as follows: I—winter (DJF), II—spring (MAM), III—summer (JJA),
and IV—autumn (SON). The following repeatability ranges are highlighted in color: ≥64 (dark red),
32–63 (red), 16–31 (orange), 8–15 (yellow), 1–7 (green), and <1 (blue).

Site ACAR’s Low Troposphere⇒
Regional Troposphere

ACAR’s Dust Transit layer⇒
Regional Troposphere

ACAR’s Dust Emission Layer⇒
Regional Troposphere

I II III IV I II III IV I II III IV
Moscow region 23 23 23 24 20 18 16 19 11 18 19 18

Volga region 39 42 37 38 36 35 29 32 19 32 30 29
Southern Urals 52 53 49 49 48 46 38 42 25 41 41 36
South-western

Siberia 59 63 62 61 57 56 51 55 25 48 52 44

Baikal Region 56 63 65 65 54 56 55 60 19 46 53 44
Amur Region 42 55 56 61 40 48 45 55 14 38 42 38

Prymorie region 53 66 57 70 52 59 46 66 16 45 41 42
Black

Sea−Caspian 28 34 44 35 24 27 35 27 18 27 37 29

Northwest Russia 25 22 23 24 23 17 17 19 11 16 19 18
Northern Urals 39 39 35 36 36 31 27 29 17 30 29 27

West Siberia 45 44 46 46 41 36 35 38 20 34 38 34
Yakutia 30 42 50 44 28 34 38 37 10 29 38 27

Chukotka 24 31 30 38 23 25 21 34 3 16 21 16
Barents Sea 18 16 14 17 16 11 9 12 6 11 11 11

Kara Sea 27 25 23 26 25 18 16 20 10 18 18 17
Laptev Sea 25 29 30 31 23 22 21 25 7 19 23 19

East Siberian Sea 20 25 23 29 18 19 15 24 4 14 16 14
West Iran 7 11 38 14 6 8 27 10 3 7 30 9
East Iran 24 39 81 52 20 31 72 43 12 27 73 37

Central Iran 7 14 59 23 6 10 48 18 3 9 49 14
South Iran 5 8 58 18 4 5 47 15 1 5 47 10
West China 24 39 55 39 23 33 42 35 3 21 41 16
North India 7 18 47 19 7 14 34 16 1 10 34 6

Southeast Asia 10 8 5 9 10 7 3 8 1 4 3 2
Mesopotamia 4 6 13 5 3 4 8 3 1 4 8 3

Arabian
Peninsula 2 2 20 6 2 1 14 5 <1 1 13 2

Northeast Africa 1 2 8 2 1 1 5 1 <1 1 5 1
Northwest Africa - <1 <1 - <1 <1 <1 <1 - - <1 -

North America
(USA) 11 17 9 17 10 14 6 16 1 6 4 4

East Europe
(outside Russia) 6 7 7 6 5 5 5 4 2 4 6 5

West Europe 3 4 2 3 3 3 1 2 1 3 1 2
North Pole region 10 11 8 11 9 8 5 8 2 6 5 6
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Table 2. Seasonal (I—winter, II—spring, III—summer, IV—autumn) repeatability [days/season] of air
transport from the ACAR’s emission layer to the mixed layer over the selected sites of the Northern
Hemisphere. The following repeatability ranges are highlighted in color:, 32–63 (red), 16–31 (orange),
8–15 (yellow), 1–7 (green), and <1 (blue).

Site I II III IV
Moscow Region 3 5 5 5

Volga Region 4 9 8 8
Southern Urals 7 10 8 9

South-western Siberia 4 8 8 8
Baikal Region 1 5 4 3
Amur Region - 2 1 1

Prymorie Region 2 2 <1 4
Black Sea−Caspian 10 14 21 19
Northwest Russia 2 2 2 3

Northern Urals 2 2 2 3
West Siberia 1 1 2 2

Yakutia - - 1 1
Chukotka - - - -

Barents Sea 3 1 <1 -
Kara Sea 1 1 - 1

Laptev Sea <1 <1 - 1
East Siberian Sea <1 - - <1

West Iran 2 4 19 6
East Iran 8 22 63 30

Central Iran 2 7 38 11
South Iran 1 3 23 6
West China 1 7 19 5
North India <1 6 10 3

Southeast Asia <1 1 - 1
Mesopotamia 1 2 5 2

Arabian Peninsula - 1 7 2
Northeast Africa <1 1 3 1
Northwest Africa - - - -

North America (USA) - - - -
East Europe (outside Russia) 1 1 1 2

West Europe <1 <1 - 1
North Pole Region - - - -

In winter, the zone of almost daily air transport from ACAR’s lower troposphere (see
Figure 4a) was the least compared with in other seasons (see Figure 4f,i,m), possibly due to
the collision of the dominant eastward airflow over central Eurasia driven by the Icelandic
Low and the polar vortex (strongest in this season) and oncoming air currents generated at
the southwestern periphery of the Asian (Siberian) anticyclone, which was also maximum
in winter. The superposition of these factors, probably, also determined the minimum
area of the zone of frequent and very frequent air transport from ACAR-EL (Figure 4c),
which only reached the Japan Islands in winter, while in other seasons it extended up to the
western coast of North America (Figure 4g,k,o). Generally, in winter, air transport from the
entire ACAR lower troposphere was determined by transport from ACAR-TL (Figure 4b).

In the transitional seasons (Figure 4e,m), when the Siberian anticyclone weakened
(in spring) or only intensified (in autumn), the zone of almost daily air transport from the
ACAR lower troposphere extended maximally to the east, reaching the Pacific Ocean south
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of the Aleutian Islands in a latitude range of 30–50◦N in spring (Figure 4e) and 40–50◦N in
autumn (Figure 4m). During these seasons, air masses from ACAR’s lower troposphere
were often reached, even the central regions of North America. The contribution of the air
transport from ACAR-EL to the air transport from the entire ACAR lower troposphere in
spring and autumn was much higher than in winter.

In summer (Figure 4d), the contribution of air transport from ACAR-EL to the air
transport from the entire lower troposphere of ACAR was maximal, as the average ML
depth above ACAR was the highest. In this season, the meridional component of air
transport intensified due to a decrease in the zonal temperature contrast in the Northern
Hemisphere and, as a result, a weakening in the polar vortex. In ACAR, this meridional
component was driven, probably, by the eastern spur of the Azores High. Regardless of FT’s
starting layer, air particles moving to the west of the ACAR were, on average, at a much
lower altitude (2–3 km) than for FTs moving to the east (Figure A2i–k; see Appendix A).
At the same time, the zone of almost daily air transport bifurcated into the eastern spur,
reaching only the eastern border of Mongolia, and the southern spur, extending to the
Arabian Sea.

For all of the seasons, the air from ACAR’s lower troposphere was often or very often
transported to almost the entire territory of Russia (see Table 1 and Figure 4). The zone of
almost daily air transport covered the Baikal Region (in summer and autumn) and Primorye
Region (in spring and autumn). During the entire year, the air transport was repeated very
often or often over the Urals; western Siberia; the Amur, Baikal, and Primorye Regions;
and the Black Sea−Caspian Region of Russia. In every season, the densely populated
north-west of the Russian Federation, including the Moscow Region, as well as the Kara,
Laptev, and East Siberian Seas, were often exposed to air intrusions from ACAR.

In summer, the air transport was repeated very often to the entire territory of Iran, and
almost daily to the east and south of the country. Thermal low-pressure systems over low
topographic areas and the high-pressure Caspian Sea, along with intense surface winds over
the dust sources caused the dust outbreaks and transport over Iran in summer [145]. Many
dust storms in west, SW, and NW Iran were driven by the Shamal wind in summer [146]
and frontal system in winter [147–149]. In other seasons, the east (Khorasan Province)
and west (Western Azerbaijan Province; see [145]) of Iran were very often subject to the
influence of ACAR air.

3.3.2. The Repeatability of Air Transport from ACAR to the Regional Atmospheric
Mixed Layer

The duration and range of propagation of air particles in ML (as part of ABL) were
strongly influenced by ML depth, as well as synoptic-scale eddies, cyclones, and anticy-
clones. The former contributed to the movement of air particles from ABL into the free
troposphere, i.e., a decrease in the transport distance in ML, and the latter, on the contrary,
favored the preservation of an air particle in ABL, i.e., an increase in the air transport area
within ABL. In this section, we discussed the recurrence of the transport of air particles that
started in the ACAR-EL and moved into the ML outside ACAR. In this case, the same air
particle in some regions could move into ML (and would be taken into account in them) in
others regions it could move above ML (it would not be taken into account).

In winter, the only zone of often air transport from ACAR-EL to regional ML was
located over the Caspian Sea (Figure 4d). In this season, the transport was repeated
non-rarely to ML over the Russian Black Sea and Caspian territories, as well as over the
northeast of Kazakhstan and the northeast of Iran. The dominant wind direction was
southwesterly over the Urmia Lake and NW Iran [138,150], so saline dust from the dried
lake bed mostly affected the Caspian Sea area. For most of the European territory of Russia
(ETR) and the Barents Sea, the transport was non-rare. Over western Siberia and Mongolia,
there was a zone of rare or non-annual transport. The decrease in F for these regions could
be explained by the presence of a barrier to the movement of air particles in ML in the
form of counter descending air flows on the western and southwestern periphery of the
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Siberian (Asian) High. In addition, under the conditions of the winter anticyclone, ML
could decrease even in the daytime, until its disappearance [116]. From the east coast
of China, the zone of often transported from ACAR-EL to the regional ML again started
extending to almost 180◦E (Figure 4d). This area, apparently, was formed by those air
particles that started in the ACAR-EL and passed around the air barrier over western
Siberia and Mongolia, moving either much higher or to the south of it. The average altitude
of air particle transport from ACAR-EL (see Figure A2d in Appendix A) over western
Siberia and Mongolia was ~4 km but over the Pacific Ocean, east of the Japan Islands, it
was ~1.5 km, while in winter, the average ML depth in this transport area was also ~1.5 km
(see Figure A5 in Appendix A). It should be noted that according to [97], in February 2009,
samples of surface layer aerosols in Japan included Central Asian dust from the territories
east of Japan. Based on the analysis of 3-day backward trajectories, this dust was associated
with transport from Mongolia (Gobi Desert), although the use of longer trajectories could
indicate more western dust sources.

During the transitional seasons (Figure 4h,p), patterns of this type of air transport had
many common features. The zone of often transported extended to the Caspian territories
of Russia, the north-west of Kazakhstan (outside the ACAR), and almost the entire east
of Iran. In spring and autumn, the transport repeated non-rarely to the southern Volga
region and the southern Urals, as well as northwestern China, Pakistan, and Afghanistan.
In spring, in contrast with autumn, transport to Mongolia and northern India was non-rare.
The transport was rare to the ML of the Moscow Region, as well as to the northwestern and
western regions of the Russian Federation and most of the Asian territory of Russia (ATR).
ML over the Russian Arctic Seas was intruded as non-annual with air from ACAR-EL.

The summer bifurcation of the zone of maximal F into the eastern and southern spurs
manifested itself in the patterns of F for the regional ML (Figure 4h). During this season,
transport to the Black Sea and Caspian territories of Russia was realized often; for the rest of
the Russian territory, the transport pattern was the same as for the transitional seasons. Air
transport to the greater territory of Kazakhstan (outside the ACAR) and northwest China
also happened often. The highest F was characteristic for ML throughout the territory of
Iran, to which ACAR-EL air was transported very often, while to the north-east of the
country (to Khorasan Province) it was almost daily.

3.4. Potential Impact of the ACAR Dust on Regional DOD

Figure 5 displays the average seasonal contribution of ACAR’s dust emission layer
to the regional tropospheric DOD, DOD’LT, (the first column from the left), the average
seasonal contribution of the ACAR’s dust transit layer to DOD’LT (the second one), and
the ACAR’s dust emission layer to DOD’LT, (the third one), as well as the average seasonal
contribution of ACAR-EL to the DOD of the regional ML outside ACAR, DOD’ML (fourth
column). Only the [ij] cells crossed with ≥50 air particles are shown. Note that a very low
(or very high) contribution to the regional DOD’ does not mean that there could not have
been individual outbreaks of extremely dusty (or extremely clean) air from ACAR during
this season. Seasonal mean DOD’ × 103 (i.e., 50 represents DOD’ = 0.05) over the selected
control sites (see Table A3 in Appendix A), characterizing large geographic regions of the
Northern Hemisphere, are given in Table 3 (for 1one to three types of transport) and in
Table 4 (for transport of type 4). An asterisk indicates DOD’ values for the sites where all or
most of the [ij] cells were crossed with <50 air particles.

As shown above, in spring, summer, and autumn, ACAR-EL and ACAR-TL each
contained (in average by entire ACAR) 45–55% of tropospheric dust (see Section 3.2), and far
away from ACAR, air transport from both its layers occurred, on average, at approximately
the same altitudes (see Figure A2 in Appendix A). This led to an approximately equal
contribution of both layers to DOD’LT for most remote regions, so over them, the impact of
the two layers was not summed, but averaged. DOD’LT for the region adjoined immediately
to ACAR was most dependent on the DOD of ACAR cells that were the nearest to the region.
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Table 3. Seasonal (I—winter, II—spring, III—summer, and IV—autumn) regional dust optical depth
(DOD’ × 103) due to air transport from ACAR’s dust emission layer into the regional troposphere
over the control sites. DOD’ × 103 ranges are highlighted in color: ≥50 (red), 30–49 (orange),
10–29 (yellow), 1–9 (green), and <1 (blue). An asterisk (*) indicates statistically insignificant DODs.

Site ACAR’s Low Troposphere⇒
Regional Troposphere

ACAR’s Low Troposphere⇒
Regional Troposphere

ACAR’s Low Troposphere⇒
Regional Troposphere

I II III IV I II III IV I II III IV
Moscow Region <1 11 29 10 <1 13 34 10 <1 8 23 9

Volga region 1 13 32 11 1 13 38 6 1 11 22 14
Southern Urals <1 15 22 7 <1 17 24 6 <1 10 20 8
South-western

Siberia 1 10 16 8 1 8 16 5 1 12 16 12

Baikal Region <1 7 16 9 <1 6 16 6 <1 7 16 15
Amur Region 1 4 13 4 <1 4 12 3 <1 3 14 5

Prymorie Region <1 5 19 8 <1 5 15 7 <1 5 23 13
Black

Sea−Caspian 1 16 52 18 <1 19 71 15 1 11 36 21

Northwest Russia <1 6 22 4 <1 7 27 4 <1 4 17 4
Northern Urals <1 7 15 5 <1 8 17 6 <1 5 15 5

West Siberia <1 6 10 3 <1 6 10 2 <1 6 10 4
Yakutia <1 4 12 4 <1 4 13 4 <1 4 12 5

Chukotka <1 2 8 1 <1 2 6 1 <1 3 9 1
Barents Sea <1 2 14 3 <1 2 13 3 <1 2 12 3

Kara Sea <1 4 11 2 <1 4 13 2 <1 3 11 2
Laptev Sea <1 3 11 2 <1 3 12 2 <1 3 9 2

East Siberian Sea <1 3 9 4 <1 3 11 2 <1 2 7 7
West Iran 2 23 76 33 1 26 83 27 3 20 65 37
East Iran 4 35 71 37 2 41 77 33 7 29 65 45

Central Iran 3 28 67 39 3 29 75 35 5 26 54 44
South Iran 2 28 103 43 2 22 99 36 4 32 105 51
West China 2 25 58 49 2 25 50 28 5 * 25 64 107
North India 1 30 65 20 <1 14 63 16 <1 * 37 69 31

Southeast Asia 3 14 36 17 3 13 36 15 4 * 16 37 30
Mesopotamia <1 8 68 21 <1 10 75 19 1 * 6 47 19

Arabian
Peninsula 1 4 61 48 1 1 53 36 <1 * 7 * 62 64

Northeast Africa 1 * 30 * 71 22 1 13 98 13 1 * 38 * 47 27 *
Northwest Africa <1 * 8 * 12 * 9 * - 6 4 <1 <1 * 10 * 13 * 9 *

North America
(USA) <1 3 6 3 <1 2 6 2 <1 * 3 6 10

East Europe
(outside Russia) 2 7 26 20 2 6 39 34 1 * 8 17 7

West Europe 1 9 12 * 11 <1 10 22 23 <1 * 7 7 * 3
North Pole

Region <1 1 7 4 <1 2 7 2 <1 * 1 6 4
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Table 4. Seasonal regional dust optical depth (DOD’ × 103) due to air transport from the ACAR dust
emission layer into the mixed layer over the control sites. DOD’ × 103 ranges are highlighted in
color: ≥50 (red), 30–49 (orange), 10–29 (yellow), 1–9 (green), and <1 (blue). An asterisk (*) indicates
statistically insignificant DOD.

Site I II III IV
Moscow Region <1 * 5 13 6

Volga Region <1 5 8 2
Southern Urals <1 7 12 4

South-western Siberia <1 * 4 9 5
Baikal Region <1 * 4 * 11 * 5 *
Amur Region <1 * <1 4 * <1 *

Prymorie Region <1 * 2 * 4 * 1 *
Black Sea−Caspian <1 6 15 7
Northwest Russia <1 * 3 * 9 1

Northern Urals <1 1 5 1
West Siberia <1 * <1 * 8 * 1 *

Yakutia <1 * 1 * 3 * <1 *
Chukotka <1 * <1 * <1 * <1 *

Barents Sea <1 <1 * <1 * <1 *
Kara Sea <1 * <1 * 2 * <1 *

Laptev Sea <1 * <1 * 3 * <1 *
East Siberian Sea <1 * <1 * <1 * <1 *

West Iran 3 * 19 33 41
East Iran 6 20 38 38

Central Iran 3 * 19 43 44
South Iran 3 * 17 39 38
West China <1 * 13 59 73
North India <1 * 17 26 24

Southeast Asia 4 * 6 * 22 * 11 *
Mesopotamia 1 * 7 23 15

Arabian Peninsula <1 * 11 * 23 45 *
Northeast Africa 1 * 35 * 49 8 *
Northwest Africa <1 * 3 * 7 * 6 *

North America (USA) <1 * <1 * <1 * <1 *
East Europe (outside Russia) <1 * 5 8 8

West Europe <1 * <1 * <1 * 1 *
North Pole Region <1 * <1 * <1 * <1 *

3.4.1. The Potential Impact of the ACAR Lower Tropospheric Layers on the Regional DOD

Previously (see Section 3.2), it was found out that DODLT was minimal in winter,
both within the entire ACAR and within its individual cells (see Figure 3a). In addition,
in this season, the probability of an air particle entering the cloud layer was high near
ACAR, as evidenced by the field of average r in the air transport area (see Figure A4 in
Appendix A). These factors could explain the relatively low regional winter DOD’LT, even
near ACAR (Figure 5a–c), compared with other seasons. DOD’LT reached its maximum
values (0.003–0.005) south of ACAR, near the Iran−Afghan border (near Hamun Lake,
which is a major source of dust storms at the eastern border of Iran), over the Arabian Sea,
as well as over the Tibetan Plateau, southeast China, southern Europe, and the Balkan and
Apennine Peninsulas (Figure 5a). As can be seen from the comparison in Figure 5a–c, a
large air transport area over the Arabian Sea was formed by dusty air transported from
ACAR-TL, while dust from ACAR-EL (i.e., dust most likely from the surface of the ACAR
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itself) was transported to northeast Iran (Figure 5c). Such phenomena happened before and
dust emissions from the ACAR region were transported to NE Iran [145]. The transport
zone from ACAR-EL was significantly smaller than that for ACAR-TL; therefore, in winter,
ACAR-EL most strongly affected the surrounding territories near ACAR, in northeast Iran
(0.005–0.008), Tajikistan, and Kyrgyzstan (0.008–0.013), as well as some areas in west and
east China (up to 0.02).
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Figure 5. Average seasonal, winter (a–d), spring (e–h), summer (i–l), autumn (m–p), potential
contribution of the Aral−Caspian Arid Region (ACAR) to the regional dust optical depth, DOD’,
along trajectories that started from the lower troposphere above the ACAR (a,e,i,m), from ACAR’s
dust transit layer (b,f,j,n) and from ACAR’s dust emission layer (c,g,k,o). The (d,h,l,p) display the
average seasonal contribution of ACAR’s dust emission layer to the DOD of regional ML, DOD’ML.
The scale of DOD is logarithmic.

In winter, throughout Russia, DOD’LT ≤ 0.001, and DOD’LT reached its maximum
values (0.001) over the Caspian−Black Sea Region, the southern Volga Region, the southern
Urals, and the south of western Siberia (Figure 5a–c). The dust transport to the territory of
Russia was likely prevented by a barrier from the zone of high r surrounding ACAR from
the north and extending over the whole of Russia (see Figure A4a–c in Appendix A). In
Iran in winter, DOD’LT reached its maximum values (~0.003) over the territories bordering
Afghanistan in the Hamun Lake dust source. In the remaining territory of Iran, DOD’LT
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was in the range of 0.008–0.012, excluding the Urmia Lake Region, where DOD’LT < 0.001
in winter month.

In spring, the average ML depth in ACAR was significantly higher (see Table A2 in
Appendix A), while the average r in the transport area was noticeably lower than in winter
(Figure A4e–g; see Appendix A); therefore (ceteris paribus), ACAR dust could spread to
larger areas. This also applied to summer and autumn dust transport patterns. In spring, F
for all layers above ACAR was maximum for the zone to the east of ACAR, in the same
range of latitudes (see Figure 4e–g), where ACAR itself was located. One could also expect
the maximum average DOD’LT for all layers for this zone, given that in spring, ACAR-TL
contained ~43% of tropospheric dust (see Section 3.2); however, the average contribution of
ACAR here was high (0.013–0.02), but not maximal (Figure 5e–g). On average, the regions
located to the south in a wide latitude, ranging from the southern border of ACAR to the
Mediterranean Sea in the west, the Arabian Sea in the south, and the Bay of Bengal in the
southeast, were subject to the greatest potential impact from both layers of ACAR’s lower
troposphere (Figure 5e–g). Apparently, in spring, a zone of high pressure started to develop
over the Caspian Sea, supporting dust transport to the south of ACAR at relatively low
transport altitudes. In the pointed latitudinal zone, air particles moved at altitudes in the
range of 2 to 3 km for all of the layers studied (Figure A2 in Appendix A). ACAR-EL and
ACAR-TL contributed approximately equally (0.02–0.03) to DOD’LT in the northeast of
Iran, Afghanistan, Tajikistan, and Kyrgyzstan. The impact of ACAR-EL extended over the
territories of Pakistan (0.02–0.03) and northern India (>0.03), while ACAR-TL impacted
the northwest of the Bay of Bengal more. Although in spring, the main dust transport was
southward, the ACAR dust plume spread eastward as far as North America (0.002–0.005),
including the Rocky Mountain Region. In some cases (see [134]), a dusty cloud moving
along this route could circumnavigate the entire globe. Backward trajectory modeling for
131 dusty episodes recorded over Japan in 2001–2010 indicated transport from the arid
Central Asian regions west of Japan [52]. The eastward dust transport is also confirmed by
observations of dust clouds in the lower troposphere over Japan [50].

In the Russian territory, the maximum spring values of DOD’LT (0.02–0.03) were
realized in the Caspian regions (in Dagestan and Kalmykia) because of the impact of
the dust transit layer (compare Figure 5a,b). The other Russian regions were affected
approximately equally by both the emission and transit layers, and larger mean DOD’s
were realized for ETR (0.008–0.02) than for ATR (0.002–0.008). In the Moscow Region,
DOD’LT was about 0.008. The authors of [151] found out that during the warm season
(April–September), extreme volume concentrations of aerosols in the range of 2.5–5 µm
(typical for dust) in the atmosphere above Moscow (according to the data of Moscow
AERONET site in 2001–2018) were associated with air transport from ML over the Turan
Lowland in the immediate vicinity of the Aralkum Desert. The impact of ACAR on the
content of silicates (one of the markers of dust) in the surface layer samples of aerosols in
the range of >2 µm taken using a cascade impactor in the western Moscow Region was also
confirmed in [54].

In summer (Figure 5i–k), the impact of ACAR on the regions to the southeast, south,
and southwest of it increased by an average of ~2.5 times compared with spring, and the
area of impact of ACAR-EL and ACAR-TL expanded almost to the Equator. The height
of ML’s upper boundary in summer exceeded 1 km in most ACAR cells (see Table A2 in
Appendix A), so the transport patterns from ACAR-EL and ACAR-TL were almost identical
in geographic coverage, but not in DOD’LT distribution. The maximum dust impact (>0.08)
was exerted by ACAR-TL on the Caspian territories of Russia, over the African continent,
and near the southern boundary of the Arabian Sea (Figure 5j). At the same time, the
emission layer had a maximum contribution (>0.08) in the southern part of Iran (maybe
added with dust outbreak from the dust sources in SW Iran and northern border of the
Persian Gulf; see [147,152]) and in the eastern part of the Arabian Peninsula (Oman). The
impact of the emission layer (Figure 5k) of 0.05–0.08 affected the regions of Iran south of
the Caspian Sea, northern India, southwest China, southeast Saudi Arabia, the Arabian Sea,
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and some regions in the eastern part of Africa. ACAR-TL made a comparable contribution
(Figure 5j) throughout the entire Black Sea−Caspian territory of Russia, throughout Iran, in
northwestern India, in most of the Arabian Sea, and in central Africa (the Bodele region).
The eastward plume contributed more to DOD’LT over SE Asia and the Pacific in summer
than in spring, but its impact over North America in summer was generally weaker than
in spring.

On ETR, the summer contribution of both studied ACAR layers increased by a factor
of 3–4 (from ~0.008 to ~0.03) compared with spring, while on ATR, a similar increase was
only ~60% (from ~0.01 to ~0.016). In general, in summer, DOD’LT for ETP and ATP differed
by two to three times. This difference could be explained by a decrease in the air particle
flight time to ETR (and an increase to the ATR) in view of the summer increase in the
meridional component of the large-scale atmospheric circulation.

In autumn (Figure 5m–o), the main feature of potential dust transport was the drastic
contrast between the impact patterns for ACAR-EL and ACAR-TL. The impact of the
first layer was maximum (~0.09) near ACAR, in the territory of Tajikistan, in the north-
west of Afghanistan and Pakistan, in the north of India, and in the west of China, while
the influence of ACAR-TL (Figure 5n) in the same regions was weaker by two to three
times and reached maximum values (0.03–0.05) south of ACAR and over southern Europe
(Apennine Peninsula and the Balkans). The high DOD’LT values from ACAR-EL were
probably due (Figure 5o) to the high dust load of the surface layer within the Afghan cell
(see Figures 2 and 3j), i.e., the impact of the Afghanets dust storms in this season. If there
was no air transport from other, less dusty, ACAR cells in autumn, then the average impact
of the emission layer of one Afghan cell onto the regions to the east of it would be in the
range of 0.13–0.2 (see Figure A6 in Appendix A), i.e., 1.5–2 times higher than from the entire
ACAR (~0.09). However, as there was also air transport from other ACAR cells, and on
average at the same altitudes, then due to “dilution” of Afghan cell air with more clean
air from others cells, the average DOD’LT to the southeast of the ACAR decreased. During
a strong Afghanets dust storm in September 1989, the average daily AOD in Dushanbe
(Tajikistan), according to [71], reached 0.7. The authors of [77], based on the data of lidar
sounding (at 532 nm) of aerosols in Dushanbe City in March 2015–August 2016, found out
that during dust outbreaks intrusions to the city, the values of lidar-derived DOD were over
0.5 (maximum of ~3.2). Note that the DOD’LT field in Figure 5o was obtained by averaging,
firstly, over the three months of autumn and, secondly, over the entire period of 2006–2021.
For some autumn months in some years, the contribution of the Afghan cell to the regional
DOD to the east of it was significantly higher than the average DOD’LT. In addition, our
work did not take into account the dust transport from the Balkh River’s estuary (south of
the Afghan cell, i.e., beyond ACAR), where, according to [63], most of the dust hotspots
revealed for this region of Afghanistan were concentrated. Note that according [153], in
autumn, other dust sources of ACAR can greatly affect west Tajikistan.

The impact of ACAR-TL and ACAR-EL on the area south of ACAR was approximately
the same (~0.03–0.05), and this area itself was much less extensive, apparently due to a
decrease in the repeatability of meridional air transport during the transition from summer
to autumn.

In the territory of Russia, the effect of ACAR-TL in autumn was minimal (<0.005)
compared with spring (~0.008) and summer (0.02). The exception was Russian Caspian
territories, where the impact of ACAR-EL was in the range of 0.02–0.03, and of ACAR-TL
it was in the range of 0.013–0.02. Note that according to [154], in autumn arid territories
in the Caspian regions of Russia (Kalmykia) were sources of mineral particles reaching
the Moscow Region. Thus, the dust arriving into the Moscow Region from Kalmykia in
autumn may have included dust particles from ACAR-EL transited over the Caspian region
of Russia.

Another difference in the dust transport patterns of the two ACAR layers was the
relatively high impact of ACAR-TL over southern Europe (Figure 5n). In the territory
of Iran, the autumn contribution of ACAR-EL was quite uniform (0.03–0.05), while the
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impact of ACAR-TL was higher in the western and southern parts of the country (0.03–0.05)
compared with the east and north of Iran (0.02–0.03). In addition, the authors of [146]
showed dust storms mostly occurred from April to August and weakened after August in
south, SW, and west of Iran. In addition, 84% of these areas were affected by dust storms
from the Tigris–Euphrates plain in Iran and Syria, and internal dust sources had a smaller
role in these hazards.

3.4.2. The Potential Impact of ACAR’s Dust Emission Layer on the Regional Mixed Layer

In winter, ACAR-EL mainly affected the ML over Russia, Kazakhstan, and Iran
(Figure 5d). This impact was maximum in the north-east of Iran (0.005–0.008); in the
territory of Russia (and Kazakhstan), the influence of ACAR-EL was minimal (<0.0003),
except for the Caspian territories of Russia (0.0013).

In spring, the maximum DOD’ML values (over Iran) were about twice as high as in
winter (compare Figure 5d,h). The direct impact of ACAR dust on ML extended to most of
ETR and the south of Western Siberia in ATR, Kazakhstan, Mongolia, and Northern China
(0.005 each), as well as almost the entire territory of Iran and Afghanistan (0.0013–0.02),
Pakistan, and northern India (0.0013). In spring, dust transport to both the Primorye Region
of Russia and to the Japanese Islands was maximal (0.0013–0.002). This was consistent with
the data of [96] for their observation in April 2007 in Japan on episodes of rising ground
PM10 in response to dust storms in Central Asia.

In summer, the probability of potential dust transport to the west increased, and
decreased to the east (Figure 5l). During this season, the influence of a high probability
of ACAR-EL extended to the ML on the Arabian Peninsula (0.02–0.03) and in the east of
Africa. The maximum contribution (0.03–0.05) of ACAR-EL was reached in central Iran and
in the territory southeast of the ACAR, in Tajikistan, in northern Afghanistan and Pakistan,
and in western China.

In the territory of Russia, the maximum DOD’ML values (0.013–0.02) were realized in
the ML on the entire western outskirts of ETR from Kalmykia and Astrakhan Region in the
south to the Leningrad Region in the north. Apparently, this arc of relatively high DOD’ML
values was formed by the regular clockwise dust outbreaks from ACAR in the northwest
and north directions, which indicates air movement along the western periphery of the
anticyclone. This was consistent with the conclusions of [151], that the episodes of extreme
loads of aerosols in the range 2.5–5 µm in the atmospheric column over the Moscow Region
were associated with the western periphery of the area of the anticyclonic geopotential
anomaly at a level of 850 mb with the center over the Volga Region, which favored aerosol
transport from the Aral Sea Region. For the rest of ETP, DOD’ML values were in the range
of 0.005–0.008, on ATP it was in the range of 0.003–0.005.

In autumn, the ACAR-EL contributed maximally to the ML of Tajikistan and Kyr-
gyzstan (0.03–0.05) and the west of China. The pattern of potential dust impact over the
entire territory of Iran was similar to the summer pattern, and both patterns were close
each other in terms of the average contribution (~0.03). In the territory of Russia, the
maximum DOD’ML values were realized in the Caspian regions (Kalmykia and Astrakhan
Oblast). Throughout the rest of ETR, as in ATR (represented only by western Siberia), the
contribution of ACAR-EL was on average close to 0.002. Note that, in all seasons, dust
transport from the ACAR-EL into the ML over the Russian Arctic Seas and over Eastern
Siberia and the Russian Far East was unlikely.

4. Conclusions

Layer-by-layer analysis of the average seasonal profiles of the dust extinction coeffi-
cient, ε, according to CALIOP data and taking into account the average seasonal heights of
the mixed layer (ML), made it possible to identify areas where the dust optical depth (DOD)
was maximum in the ML and in the surface layer (SL) due to the emission of local dust
from the underlying surface. At the same time, the territories where DOD was maximum
in the troposphere layer above the ML were rather a zone of dust transit from remote



Remote Sens. 2023, 15, 2819 27 of 39

sources. Thus, ML can be considered as a “dust emission layer” (EP) from local sources,
and the troposphere above the PS can be considered as a “dust transit layer” (TL) from
remote sources.

The average seasonal DOD for the ACAR’s SE and ST of 24 cells (2◦ × 5◦ in size)
within the Aral−Caspian Arid Region (ACAR; 38–48◦N, 50–70◦E) was analyzed according
to CALIOP data from 2006–2021. In spring, summer, and autumn, most of the ACAR
territory was a source of dust emissions. Throughout the year, the Aralkum Desert emitted
more dust than the entire ACAR on average, i.e., the Aralkum Desert, according to CALIOP,
is the most powerful source of dust in ACAR.

A method for reconstructing the potential impact of a three-dimensional source
(3D-PSI) is proposed. Using data on the content of atmospheric admixture in a three-
dimensional layer and modeled forward trajectories of air particles starting in the layer, the
method allows for retrieving the field of the average potential contribution of this 3D layer
to the content of atmospheric admixture in the surrounding and remote regions.

Based on the array of 1 million of 10-day forward trajectories of air particles starting
from ACAR lower troposphere in 2006–2021, it was found out that air from the ACAR’s
lower troposphere was transported to the troposphere of almost the entire Northern Hemi-
sphere. In all seasons except summer, western air transport dominated. In summer, air
transport to the east and south of the ACAR was approximately equally probable.

Using the 3D-SPI method, ACAR’s monthly averaged profiles of ε and the array of
1 million of forward trajectories, the fields of the average potential impact of the entire
ACAR’s lower troposphere, of the ACAR’s dust emission layer, and of the ACAR’s dust
transit layer onto the tropospheric DOD of surrounding and remote regions were recon-
structed. The maximum potential impact ACAR was contributed to the regions to the
south and southeast. In summer and autumn, the potential dust impact of the ACAR to
the regional DOD for some regions of Central Asia (south of Iran) could reach 0.1. The
Caspian Regions of Russia (Dagestan, Kalmykia, and Astrakhan Oblast) were subject to the
maximum potential impact of ACAR on the territory of Russia, where the contribution of
ACAR to DOD could reach 0.05-0.08. In all seasons (especially in summer), the dust impact
of ACAR on the European Territory of Russia was on average higher than on the Asian one.
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Appendix A

Table A1. Number of CALIPSO sounding days by cell (centered with the longitude and the latitude)
and by season in 2006–2021: I—winter (DJF); II—spring (MAM); III—summer (JJA); IV—autumn
(SON).

52.5◦E 57.5◦E 62.5◦E 67.5◦E

I II III IV I II III IV I II III IV I II III IV

48◦N 9 12 16 13 11 13 18 14 12 14 18 16 10 13 17 13

46◦N 11 14 18 15 9 10 15 14 11 12 16 13 11 14 18 15

44◦N 11 12 17 15 12 14 19 17 12 14 20 17 10 12 15 14

42◦N 11 13 18 16 10 11 15 15 12 13 19 17 12 13 19 16

40◦N 12 13 19 17 14 14 19 18 12 13 19 17 9 10 15 13

38◦N 11 11 15 14 12 12 16 14 14 14 20 18 12 13 19 17

Table A2. Daytime upper height (m, AGL) of mean mixed layer by cell (centered with the longitude
and the latitude) and by season in in 2006–2021: I—winter (DJF); II—spring (MAM); III—summer
(JJA); IV—autumn (SON).

52.5E 57.5E 62.5E 67.5E

I II III IV I II III IV I II III IV I II III IV

48N 173 678 1278 470 114 629 1316 444 111 669 1332 460 106 616 1259 452

46N 240 523 854 456 241 606 1081 489 225 670 1036 466 141 738 1303 484

44N 281 721 1043 513 309 673 986 502 249 786 1112 478 178 783 1207 456

42N 455 539 667 544 234 865 1239 482 235 911 1224 473 229 813 1177 479

40N 539 404 452 534 289 872 1187 500 281 908 1175 492 238 740 948 486

38N 576 367 443 607 324 812 1033 524 357 959 1098 521 272 836 1011 542

mean 377 539 790 521 252 743 1140 490 243 817 1163 482 194 754 1151 483

Table A3. Titles, latitudes, and longitudes of the control sites used for estimating the mean seasonal
repeatability of the air transport from ACAR. Each site is titled as the geographical region where the
area is included.

Site Latitude Range Longitude Range

Moscow region 53N . . . 58N 32E . . . 42E

Volga region 53N . . . 58N 47E . . . 57E

Southern Urals 55N . . . 60N 65E . . . 75E

South-Western Siberia 53N . . . 58N 80E . . . 90E

Baikal region 52N . . . 57N 105E . . . 115E

Amur region 54N . . . 59N 125E . . . 135E

Prymorie region 44N . . . 50N 135E . . . 140E

Black Sea−Caspian 44N . . . 50N 40E . . . 46E

Northwest Russia 62N . . . 67N 35E . . . 55E

Northern Urals 63N . . . 68N 65E . . . 75E

West Siberia 63N . . . 68N 80E . . . 90E

Yakutia 63N . . . 68N 120E . . . 140E

Chukotka 63N . . . 68N 170E . . . 180E
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Table A3. Cont.

Site Latitude Range Longitude Range

Barents Sea 73N . . . 78N 35E . . . 55E

Kara Sea 73N . . . 78N 65E . . . 95E

Laptev Sea 73N . . . 78N 105E . . . 140E

East Siberian Sea 73N . . . 78N 150E . . . 180E

West Iran 34N . . . 39N 45E . . . 50E

East Iran 34N . . . 38N 53E . . . 60E

Central Iran 30N . . . 34N 48E . . . 60E

South Iran 26N . . . 30N 50E . . . 60E

West China 35N . . . 41N 78E . . . 88E

North India 23N . . . 28N 73E . . . 80E

Southeast Asia 10N . . . 30N 100E . . . 120E

Mesopotamia 31N . . . 36N 35E . . . 45E

Arabian Peninsula 22N . . . 27N 42E . . . 47E

Northeast Africa 20N . . . 30N 20E . . . 30E

Northwest Africa 20N . . . 30N 10W . . . 0E

North America (USA) 43N . . . 53N 95W . . . 115W

East Europe (outside Russia) 42N . . . 52N 14E . . . 24E

West Europe 42N . . . 52N 0E . . . 10E

North Pole region 80N . . . 90N 180W . . . 180E
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Figure A1. Monthly average (April 2021) vertical tropospheric dust extinction coefficient profiles,
ε [km−1], for eight 2◦ × 5◦ cells in the region of 55–65◦N, 45–47◦E. The profile numbers correspond
to the cell numbers in Figure 1.
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remote  territories,  starting  from  the  lower  troposphere  (the  first  column  on  the  left),  from  the 
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Figure A2. Average seasonal, winter (a–c), spring (d–f), summer (g–i), and autumn (j–l), transport
height, h [km], of air particles from the Aral−Caspian Arid Region (ACAR) to surrounding and
remote territories, starting from the lower troposphere (a,d,g,j), from the ACAR’s dust emission layer
(b,e,h,k) and from the ACAR’s dust transit layer (c,f,i,l). Here and after: black dots indicate the
starting points of the trajectories; map resolution 2◦ × 2◦.
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Figure A3. Average seasonal, winter (a–c), spring (d–f), summer (g–i), and autumn (j–l), air particle 

flight time, T [days], from the Aral−Caspian Arid Region (ACAR) to the surrounding and remote 

territories, starting from the lower troposphere (the first column on the left), from the ACAR’s dust 

emission layer (the second) and from the ACAR’s dust transit layer (the third). 

Figure A3. Average seasonal, winter (a–c), spring (d–f), summer (g–i), and autumn (j–l), air particle
flight time, T [days], from the Aral−Caspian Arid Region (ACAR) to the surrounding and remote
territories, starting from the lower troposphere (a,d,g,j), from the ACAR’s dust emission layer (b,e,h,k)
and from the ACAR’s dust transit layer (c,f,i,l).
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humidity, r [%], in the zone of air particle transport from the Aral−Caspian Arid Region (ACAR) to 

the surrounding and remote territories, starting from the Aral−Caspian Arid Region (ACAR) to the 
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third). 

Figure A4. Average seasonal, winter (a–c), spring (d–f), summer (g–i), and autumn (j–l), relative
humidity, r [%], in the zone of air particle transport from the Aral−Caspian Arid Region (ACAR) to
the surrounding and remote territories, starting from the Aral−Caspian Arid Region (ACAR) to the
surrounding and remote territories, starting from the lower troposphere (a,d,g,j), from the ACAR’s
dust emission layer (b,e,h,k) and from the ACAR’s dust transit layer (c,f,i,l).
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