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Abstract. For the first time, continuous, vertically resolved
long-term aerosol measurements were conducted with a
state-of-the-art multiwavelength lidar over a Central Asian
site. Such observations are urgently required in efforts to
predict future climate and environmental conditions and to
support spaceborne remote sensing (ground truth activities).
The lidar observations were performed in the framework of
the Central Asian Dust Experiment (CADEX) at Dushanbe,
Tajikistan, from March 2015 to August 2016. An AERONET
(AErosol RObotic NETwork) sun photometer was operated
at the lidar field site. During the 18-month campaign, mix-
tures of continental aerosol pollution and mineral dust were
frequently detected from ground to cirrus height level. Re-
gional sources of dust and pollution as well as long-range
transport of mineral dust mainly from Middle Eastern and
the Saharan deserts determine the aerosol conditions over
Tajikistan. In this study, we summarize our findings and
present seasonally resolved statistics regarding aerosol lay-
ering (main aerosol layer depth, lofted layer occurrence);
optical properties (aerosol and dust optical thicknesses at
500–532 nm, vertically resolved light-extinction coefficient
at 532 nm); profiles of dust and non-dust mass concentrations
and dust fraction; and profiles of particle parameters relevant
for liquid water, mixed-phase cloud, and cirrus formation
such as cloud condensation nuclei (CCN) and ice-nucleating
particle (INP) concentrations. The main aerosol layer over
Dushanbe typically reaches 4–5 km height in spring to au-
tumn. Frequently lofted dust-containing aerosol layers were
observed at heights from 5 to 10 km, indicating a sensi-

tive potential of dust to influence cloud ice formation. Typ-
ical dust mass fractions were of the order of 60 %–80 %.
A considerable fraction is thus anthropogenic pollution and
biomass burning smoke. The highest aerosol pollution lev-
els (in the relatively shallow winter boundary layer) occur
during the winter months. The seasonal mean 500 nm AOT
(aerosol optical thickness) ranges from 0.15 in winter to 0.36
in summer during the CADEX period (March 2015 to Au-
gust 2016); DOTs (dust optical thicknesses) were usually be-
low 0.2; seasonally mean particle extinction coefficients were
of the order of 100–500 Mm−1 in the main aerosol layer dur-
ing the summer half year and about 100–150 Mm−1 in win-
ter but were mainly caused by anthropogenic haze. Accord-
ingly, the highest dust mass concentrations occurred in the
summer season (200–600 µg m−3) and the lowest during the
winter months (20–50 µg m−3) in the main aerosol layer. In
winter, the aerosol pollution mass concentrations were 20–
50 µg m−3, while during the summer half year (spring to
autumn), the mass concentration caused by urban haze and
biomass burning smoke decreases to 10–20 µg m−3 in the
lower troposphere. The CCN concentration levels are always
controlled by aerosol pollution. The INP concentrations were
found to be high enough in the middle and upper troposphere
to significantly influence ice formation in mixed-phase and
ice clouds during spring and summer seasons.
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Figure 1. The five countries defining Central Asia (within the
thick boundaries). Highlighted is the lidar station (red star)
at Dushanbe, Tajikistan. (http://www.shadedrelief.com/political/
Political_Map_Pat.pdf, last access: 15 October 2019 ©Tom Patter-
son, adapted).

1 Introduction

Shrinking glaciers (Sorg et al., 2012, 2014; Ji et al., 2016;
Farinotti et al., 2015; Kraaijenbrink et al., 2017; Schmale
et al., 2017) and the desiccating Aral Sea (Issanova et al.,
2015; Li and Sokolik, 2017) are clear and unambiguous signs
of major and threatening effects of human activities and cli-
mate change in Central Asia (Kazakhstan, Turkmenistan,
Uzbekistan, Kyrgyzstan, Tajikistan; see Fig. 1). Aerosol pol-
lution and mineral dust are important components in the envi-
ronmental and atmospheric system in this region, which be-
longs to the northern hemispheric dust belt extending from
the Sahara in northern Africa to the Taklamakan and Gobi
deserts in China (Ginoux et al., 2012; Ridley et al., 2016;
Hofer et al., 2017). Long-range transport of desert dust from
the Sahara and the Middle Eastern deserts and additional lo-
cal and regional emissions of dust and aerosol pollution (an-
thropogenic haze, biomass burning smoke) lead to a complex
aerosol mixture and complex vertical layering of aerosols in
the planetary boundary layer and free troposphere over, for
example, Dushanbe in Tajikistan (Hofer et al., 2017).

Although Central Asia is a hot spot region of severe envi-
ronmental problems and potentially dramatic climate-change
effects, only a few observational studies on atmospheric
aerosols were performed so far (e.g., Pachenko et al., 1993;
Golitsyn and Gillette, 1993; Chen et al., 2013; and with a
focus on Tajikistan by Abdullaev and Sokolik, 2019). The
first systematic characterization of atmospheric aerosol, pol-
lution, and dust conditions in terms of maps of aerosol op-
tical thickness (AOT) and Ångström exponent (AE, describ-

ing the spectral dependence of AOT) for Central Asia was
recently presented by Li and Sokolik (2018) and Rupakheti
et al. (2019). AOT is a proxy for the tropospheric aerosol bur-
den in the vertical column and AE can be used to identify and
separate dust and non-dust fine-mode aerosol pollution frac-
tions in the observed aerosol mixtures. These two studies are
based on well-established methods of passive remote sens-
ing from space. However, passive remote sensing does not
allow us to adequately resolve the vertical aerosol structures
as needed in state-of-the-art environmental and climate re-
search and modeling efforts (Wiggs et al., 2003; Yorks et al.,
2009; Lioubimtseva and Henebry, 2009; Huang et al., 2014;
Xu et al., 2016; Bi et al., 2016; Kipling et al., 2016; Kok
et al., 2018; Shi et al., 2019). Active remote sensing with
ground-based and spaceborne lidars is required to provide the
missing information on dust plume heights, long-range dust
transport features, and to detect even thin dust layers in the
upper troposphere which influence cloud and precipitation
formation (Creamean et al., 2013; Ansmann et al., 2019a,
b). Liu et al. (2008), Marinou et al. (2017), and Georgou-
lias et al. (2018) provide height-resolved dust climatologies
based on active remote sensing from space with lidar aboard
the CALIPSO (Cloud-Aerosol Lidar and Infrared Pathfinder
Satellite Observations) satellite. These studies focused on
main dust source regions such as the North African, Middle
Eastern, and East Asian dust source regions. However, such
a dust profile climatology is still missing for Central Asia.

Motivated by these observational gaps, we deployed
a multiwavelength polarization Raman aerosol lidar at
Dushanbe (38.6◦ N, 68.9◦ E; 864 m height above sea level,
a.s.l.), Tajikistan, in the framework of the CADEX (Central
Asian Dust Experiment) project. The lidar (Polly: POrtabLe
Lidar sYstem) (Engelmann et al., 2016; Baars et al., 2016)
was continuously operated over a 18-month period from
March 2015 to August 2016. First results were presented by
Hofer et al. (2017). Profiles of basic aerosol optical proper-
ties and dust mass concentration in combination with ver-
tically resolved dust source identification for representative
aerosol scenarios were discussed based on case studies. The
final results of this campaign are presented in this article (in
Sect. 3). More than 300 individual (day-by-day) nighttime
observations are analyzed and cover the annual cycle of dust
and aerosol pollution layering. As a follow-up project, we
recently build a containerized Polly instrument and deployed
this new lidar at Dushanbe (June 2019) for long-term obser-
vations over the next 5–10 years. In addition, we organized
the first Central Asian Dust Conference (CADUC 2019, 8–
12 April 2019) to emphasize the importance of Central Asian
pollution and dust in the global climate system and need for
more research in this region (Althausen et al., 2019).

The article is structured as follows: in Sect. 2, we briefly
provide technical details to the Polly lidar and the data anal-
ysis. The POLIPHON (Polarization Lidar Photometer Net-
working) data analysis scheme (Mamouri and Ansmann,
2016, 2017; Ansmann et al., 2019b) was applied to de-
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rive aerosol-type-dependent particle optical properties, dust
and non-dust (haze, smoke) mass concentration profiles, and
cloud-process-relevant aerosol parameters such as cloud con-
densation nuclei (CCN) and ice-nucleating particle (INP)
concentrations. In Sect. 3, the main findings are discussed
and summarized. Concluding remarks are given in Sect. 4.

2 CADEX lidar data analysis

During the 18-month CADEX campaign, a Polly-type multi-
wavelength polarization Raman lidar (Althausen et al., 2009;
Engelmann et al., 2016; Hofer et al., 2017) was operated in
Dushanbe, Tajikistan. The Dushanbe lidar station is part of
PollyNET, a network of permanent or campaign-based Polly
lidar stations (Baars et al., 2016) and is the first outpost of the
European Aerosol Research Lidar Network (EARLINET)
(Pappalardo et al., 2014). The polarization Raman lidar per-
mits us to measure height profiles of the particle backscat-
ter coefficient at the laser wavelengths of 355, 532, and
1064 nm; particle extinction coefficients at 355 and 532 nm
by means of 387 and 607 nm nitrogen Raman signal profil-
ing; the particle linear depolarization ratio at 355 and 532 nm
by means of additional cross-polarized lidar return detection
at 355 and 532 nm; and of the water-vapor-to-dry-air mixing
ratio by using the Raman lidar return signals at 407 nm (wa-
ter vapor channel) and 387 nm nitrogen Raman channel (e.g.,
Mattis et al., 2004; Baars et al., 2012; Engelmann et al., 2016;
Hofer et al., 2017; Dai et al., 2018). Technical details of the
lidar system are described in Engelmann et al. (2016). The
specifically used Polly, the field site, and the CADEX mea-
surement campaign, including ancillary instrumentation, are
described in Hofer et al. (2017).

The lidar observations were manually analyzed. During
the 18-month CADEX campaign (535 d), the Polly lidar ac-
quired data for 487 d for at least a 3 h time period. To achieve
a representative coverage of aerosol conditions, profiles were
calculated on a day-by-day basis for each night at which the
application of the Raman lidar methods was possible, i.e.,
when low clouds and fog were absent. For the most favor-
able measurement period, the collected signal profiles were
averaged, typically over 60–180 min, and corrected for back-
ground noise and system-dependent effects, such as the in-
complete overlap between laser beam and receiver field-of-
view in the lowermost 1.5 km above the lidar (Hofer et al.,
2017). Raman lidar profiles of the particle extinction coef-
ficient and extinction-to-backscatter ratio (lidar ratio) at 355
and 532 nm could be obtained for 276 nights.

The 532 nm particle backscatter coefficient and linear
depolarization-ratio profiles are input into the POLIPHON
(polarization lidar photometer networking) data analysis to
derive height profiles of dust mass concentration, dust mass
fraction, INP-relevant aerosol parameters, and of CCN and
INP concentrations (Mamouri and Ansmann, 2016, 2017).
An overview of the entire data analysis scheme is given in

Table 1. The POLIPHON methodology could be applied to
328 nighttime observations. The technique was recently dis-
cussed with a focus on desert dust by Ansmann et al. (2019b).
A case study from Dushanbe was shown in that article to pro-
vide an overview of the potential of the POLIPHON method.
Thus, only a brief description is given here.

In a first step, dust and non-dust optical and associated
microphysical properties are separated based on typical par-
ticle linear depolarization ratio values (Müller et al., 2007;
Tesche et al., 2009) for dust (0.31) and non-dust (≤ 0.05). In
Central Asia, the non-dust aerosol component covers contri-
butions of anthropogenic haze and biomass burning smoke.
The separated backscatter profiles are converted into dust and
aerosol-pollution extinction profiles by using typical lidar ra-
tio values for Central Asian, Middle Eastern, and eastern Sa-
haran dust of (40 sr) and for Central Asian aerosol pollution
(50 sr) (Hofer et al., 2017). The lidar ratio observations are
presented in Hofer et al. (2020).

The dust and non-dust extinction profiles are then directly
converted to number, volume, and surface-area concentra-
tion profiles by means of the conversion factors listed in Ta-
ble 2. In this article, we mainly concentrate on the retrieval
of height profiles of dust mass concentrations and cloud-
relevant dust properties (CCN and INP concentration). The
required dust conversion factors and parameters are derived
from extended AErosol RObotic NETwork (AERONET) ob-
servations at Dushanbe (Ansmann et al., 2019b). For the non-
dust extinction-to-volume conversion, we used typical fine-
mode conversion factors as presented by Mamouri and Ans-
mann (2017) for central Europe (Leipzig, Germany). Simi-
larly, we used Leipzig conversion parameters to obtain esti-
mates for the non-dust CCN concentrations for Dushanbe,
but we assumed aerosol pollution background conditions,
i.e., a factor of 2 less fine-mode particles for a given non-dust
extinction coefficient then in highly polluted central Europe
(Haarig et al., 2019). Volume concentration profiles are con-
verted to mass concentration profiles by using generic den-
sities of dust (2.6 g cm−3) and non-dust (1.5 g cm−3) (Ans-
mann et al., 2012). To finally estimate INP concentrations
for the most relevant ice nucleation modes (immersion freez-
ing, deposition nucleation) (Mamouri and Ansmann, 2016),
parameterizations are applied with dust particle number con-
centration n250,d (considering particles with radii larger than
250 nm only) as input to obtain immersion-freezing INP con-
centrations (DeMott et al., 2015) and dust particle surface-
area concentration sd as input to obtain deposition-nucleation
INP concentrations (Ullrich et al., 2017). In the latter re-
trieval, the ice supersaturation level during the ice crystal
nucleation process is required, and a typical value of 1.15
(115 % relative humidity over ice) is assumed. Dust CCN
concentrations are estimated from profiles of number con-
centration of dust particles with a radii larger than 100 nm
n100,d (Ansmann et al., 2019b; Lv et al., 2018). In the estima-
tion of the aerosol-pollution-related CCN concentration, the
dry activation radius is assumed to be 50 nm. The respective
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Table 1. Overview of the data analysis from the basic lidar-derived aerosol optical properties (particle backscatter and extinction coefficients,
particle linear depolarization ratio) to the height profiles of CCN and INP concentrations. r denotes the particle radius.

Step Description

1 Retrieval of particle backscatter coefficient and
particle linear depolarization ratio profiles at 532 nm wavelength

2 Separation of dust and non-dust backscatter coefficients
using thresholds of the particle depolarization ratio for dust and non-dust

3 Conversion to dust and non-dust extinction coefficients from dust and non-dust
particle backscatter coefficients using dust and non-dust lidar ratios

4 Conversion to dust and non-dust particle mass, number, and surface area
concentrations from dust and non-dust extinction coefficient

5 Estimation of CCN concentration from dust (r > 100 nm)
and non-dust number concentration (r > 50 nm)

6 Estimation of INP concentration using dust number concentration (r > 250 nm)
and temperature (immersion freezing) and using dust surface area concentration
and temperature (deposition nucleation)

Table 2. Applied values of the conversion parameters required in the
POLIPHON retrieval (Mamouri and Ansmann, 2016, 2017; Ans-
mann et al., 2019b). The conversion factors are explained in the text
and are needed to convert particle extinction coefficients into par-
ticle mass concentrations and cloud-relevant parameters (CCN and
INP concentrations). Indexes d and c denote dust and continental
fine-mode aerosol pollution, respectively.

Parameter Value Uncertainty Unit

Cvd 0.79× 10−12 0.1× 10−12 Mm
Csd 3.11× 10−12 0.6× 10−12 Mm m2 cm−3

Cn250,d 0.135 0.0278 Mm cm−3

Cn100,d 12.4 3 Mm cm−3

bd 0.71 0.05 –
Cn60,c 25.7 1.7 Mm cm−3

bc 0.94 0.03 –
Cvc 0.24 0.08 Mm

conversion parameter Cn60,c
in Table 2 with index 60 con-

siders that particles at ambient aerosol conditions are usually
slightly larger than dry particles. The conversion factor Cn60,c

assumes that hygroscopic haze particles with radii >60 nm
(at ambient conditions) are representing dry haze particles
with dry radii of > 50 nm. For the n100,d and n50,c conver-
sions, the exponents bd and bc are used (Table 2).

The Dushanbe lidar site was colocated with an AERONET
sun photometer station (AERONET, 2019; Holben et al.,
1998), which has been operated since 2010 (Abdullaev et al.,
2012). The sun photometer provides AOT at eight wave-
lengths and further particle optical and microphysical proper-
ties retrieved from the column-integrated daytime measure-
ment (Hofer et al., 2017).

As auxiliary meteorological observations we used GDAS
(Global Data Assimilation System) temperature and pressure
profiles from the US National Weather Service’s National
Centers for Environmental Prediction (NCEP) for the coor-
dinates of 39◦ N, 69◦ E (GDAS modeling resolution of 1◦)
(GDAS, 2019). The temperature and pressure profiles are
required in the lidar data analysis for the correction of air
backscatter and extinction effects and also, for example, in
the computation of relative humidity from the water vapor
mixing ratio profile (Dai et al., 2018).

Furthermore, the HYSPLIT model (HYbrid Single-
Particle Lagrangian Integrated Trajectory) (HYSPLIT, 2019;
Stein et al., 2015; Rolph, 2016) based on 1◦ GDAS reanal-
ysis data was used to calculate backward trajectories. From
March 2015 to August 2016 daily 120 h backward trajecto-
ries were calculated for Dushanbe arrival heights of 1.5, 2.5,
4.5, and 7.5 km (above ground level, a.g.l.). To describe the
general air mass origin and the long-range transport features
over Dushanbe, a seasonally resolved HYSPLIT cluster anal-
ysis was performed based on the backward trajectories from
2009 to 2018. The main results are shown in the next section.

3 Results

3.1 Aerosol layering and main aerosol transport
features

Based on the 328 aerosol profiles, we analyzed the annual
cycle of aerosol layering in the lower, middle, and upper tro-
posphere over Dushanbe. By visual inspection, we found two
main regimes: (a) the main aerosol layer that typically ex-
tends from the surface to about 3–6 km height and contributes
to 500 nm AOT by usually more than 90 % and (b) frequently
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Figure 2. (a) Aerosol layering over Dushanbe, Tajikistan, observed with lidar on 8 June 2016 from 18:00 to 23:58 UTC in terms of the
range-corrected signal at 1064 nm wavelength. The vertical blue column indicates the time interval of automated depolarization calibration
(excluded for the data analysis in b to d). From the signal profiles collected within the period from 20:00 to 22:59 UTC (red box in a), mean
profiles of (b) the particle backscatter coefficient at 1064 nm (23 m vertical smoothing length), (c) respective 1064 nm backscatter ratio,
and (d) particle linear depolarization ratio at 355 nm (blue) and 532 nm (green) are calculated (308 m vertical smoothing length). Error bars
indicate the uncertainty in the computed values. The solid green and light blue horizontal lines in (b–d) indicate the manually determined
top heights of the main aerosol layer and of the uppermost aerosol layer, respectively. The red dashed lines in (b) and (c) show the respective
top heights when using the backscatter threshold methods with the threshold values of bsc= 2.5×10−5 m−1 sr−1 (in b) and bsc ratio of 1.8
(in c). The blue dashed line in (b) indicates the height z at which the column integrated backscatter IB(z) value reached the 90 % IB level.

Table 3. Mean value and standard deviation of the top height of the main aerosol layer and of the uppermost detected layer (by indi-
vidual inspection, no automated retrieval), as well as by automated retrieval (two different methods with threshold values of bsc= 2.5×
10−5 m−1 sr−1, bsc ratio of 1.8) in the case of the main layer top height. Mean and SD values are given separately for spring (MAM),
summer (JJA), autumn (SON), and winter (DJF). The numbers of the considered nighttime observations per season are given in brackets.
IB denotes the integrated (column) backscatter coefficient, and the given height at which the 90 % IB level is reached indicates roughly the
vertical extend of the layer that contributes to AOT by 90 %. For more explanations of the automated retrieval methods (two last lines) and
of the abbreviations IB, bsc, and bsc ratio see the text.

Season MAM (88) JJA (144) SON (59) DJF (37)

Main layer depth (km) 4.3± 1.2 4.7± 0.9 3.6± 0.9 2.9± 1.2
Uppermost layer top height (km) 7.7± 1.8 7.0± 1.3 6.4± 1.8 5.5± 1.8
90 % IB height (km) 4.6± 1.4 3.7± 0.7 2.8± 1.8 3.0± 1.2
bsc= 2.5× 10−5 m−1 sr−1 threshold height (km) 5.5± 1.7 5.2± 1.2 3.7± 1.0 2.9± 1.1
bsc ratio= 1.8 threshold height (km) 4.6± 1.7 5.0± 1.1 3.4± 1.1 2.3± 1.3

occurring thin dust layers between 5 and 10 km height that
mainly contained aerosol from remote source regions such
as the Arabian deserts and Sahara. We call the top height of
the highest layer containing dust the uppermost aerosol layer
top in the following discussion. A measurement example of
this layering is shown in Fig. 2.

Besides the visual inspection of the lidar backscatter pro-
files, we tested several automated top-height detection meth-
ods. The most useful approaches (three in total) are consid-
ered in Fig. 2b and c. The first technique searches for the
height (of the main layer) at which the backscatter coeffi-
cient (bsc) at 1064 nm wavelength drops below a threshold
value of 2.5× 10−5 m−1 sr−1 (in Fig. 2b) for the first time
above a starting height of, for example, 500 m above the li-

dar. The second approach analyses the 1064 nm backscatter
ratio (ratio of total-to-Rayleigh backscatter) profile and uses
a threshold value (bsc ratio) of 1.8 (in Fig. 2c). The agree-
ment between the different results is good.

In Fig. 2b, the blue dashed horizontal line shows the height
level at which the integrated backscatter coefficient (IB, col-
umn backscatter) from the surface up to this specific height
reaches 90 % of the total column backscatter value IB (third
method). The 90 % IB height level of about 4 km means that
most of the aerosol is in the main aerosol layer reaching up
to about 5 km on this day. The depolarization ratios for 355
and 532 nm in Fig. 2c are far below the depolarization ratios
for pure dust of 0.25 (355 nm) and 0.30 (532 nm) and thus
indicate a mixture of mineral dust and air pollution.
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Figure 3. Top heights of the main aerosol layer (red) and of the
uppermost aerosol layer (blue). All lidar backscatter profiles were
inspected manually, i.e., an automated retrieval of layer top heights
was not applied.

Figure 3 provides an overview of the 18-month observa-
tions in terms of top heights of the main aerosol layer and
the uppermost lofted aerosol layer, obtained from the visual
inspection. In 184 cases out of the 328 available nighttime
observations, a lofted aerosol layer (above the main layer)
was present. As can be seen, the top height of the main layer
increases from about 2.5–4.5 km in March to about 4–6.5 km
in July 2015. From August 2015 the top heights decrease to
minimum heights of about 1–2 km in December 2015 and
January 2016. During February and March 2016 the top
heights increased steeply. Later in the year 2016, the top
heights are rather variable from day to day.

The top heights of the detected uppermost dust layer also
vary strongly and indicate the frequent occurrence of dust
traces up to the upper troposphere from late winter (Febru-
ary) to autumn (October). Such lofted layers are seldom dur-
ing November to January. Although optically thin, dust lay-
ers in the middle and upper troposphere may have a sensitive
impact on ice formation in mixed-phase and ice clouds (Ans-
mann et al., 2019a). Figure 4 provides a statistical overview
of the top heights of the main and uppermost layer for the
entire 18-month measurement period.

Table 3 summarizes the seasonal mean top heights of the
main aerosol layer and the highest detected layer in the tropo-
sphere. The results obtained by case-by-case visual inspec-
tion and by applying the automated retrievals for the main
layer depth are in good agreement (mostly within a range of
10 % deviation). The seasonal means for the 90 % IB level
height indicate that most of the time the aerosol within the
main layer (Fig. 2b) contributes 90 % or even more to the
overall IB or AOT (as will be shown later). As a conse-
quence, we may conclude from the height-resolved observa-
tions that many snow-covered (glaciated) regions of Central
Asia (Pamir mountains, Tien Shan) located at heights below
5 km (Treichler et al., 2019) are continuously exposed to dust
and aerosol pollution during the summer half year.

Figure 5 provides an overview of the main air flow and
aerosol transport towards Dushanbe. During the winter sea-

Figure 4. Histograms of layer top heights for (a) the uppermost
layer (blue) and (b) the main aerosol layer (red). Total number of
observations is 328.

son (Fig. 5a), local sources and regional aerosols (clus-
ters 1, 2, and 5, 84 %) contribute to the aerosol conditions
in the main aerosol layer over Dushanbe. Source regions
are northern Afghanistan, southwestern Tajikistan, Turk-
menistan, southern Uzbekistan, and the region downwind the
Caspian Sea and the Aralkum Desert.

During the summer season, again regional air mass trans-
port prevails (Fig. 5b, clusters 2, 3, and 4, 80 %) in the main
aerosol layer. Source regions are Uzbekistan, western Tajik-
istan, Aralkum Desert, and southern Kazakhstan. Regarding
the upper tropospheric air mass transport, Fig. 5c shows that
the aerosol originates mainly (62 %) from Middle Eastern
deserts (cluster 5) and northern Africa (clusters 2 and 4) but
also from polluted Mediterranean (cluster 1) and eastern Eu-
ropean regions (cluster 3). This also holds for the summer
season.

The cluster analysis suggests that the air masses are trans-
ported further to the east, crossing eastern Asia, continuously
diluting, but mixing with, new dust and pollution over China,
and traveling across the Pacific. The upper tropospheric dust
and aerosol pollution mixtures as observed over the lidar
station at Dushanbe will become part of the northern hemi-
spheric upper tropospheric aerosol background reservoir that
influences cirrus formation and precipitation processes on
continental to hemispheric scales.

3.2 Aerosol optical properties: AOT, DOT, and particle
extinction profile

The characterization of the aerosol optical properties is based
on the lidar and AERONET sun photometer observations.
Figure 6 provides an overview of the basic optical proper-
ties obtained from the lidar measurements. For the compar-
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Figure 5. Results of the seasonally resolved HYSPLIT cluster anal-
ysis of daily 120 h backward trajectories arriving above Dushanbe
at (a) 1.5 km height a.g.l. (winter season, DJF), (b) 2.5 km height
(summer season, JJA), and (c) 7.5 km height (spring season, MAM).
A period of 10 years (2009–2018) of daily HYSPLIT backward
trajectories are considered, about 900 trajectories per season. Five
clusters are determined for each season. The relative frequency of
occurrence of air mass transport belonging to a specific cluster is
given in percent at the beginning of the cluster trajectory together
with the cluster number. Local and regional aerosol sources con-
trol the environmental conditions in the main aerosol layer (below
4–5 km height) in winter (a) as well as in summer (b), while long-
range transport of dust from the Middle Eastern deserts and the Sa-
hara mainly determine the aerosol conditions in the upper tropo-
sphere (above the main aerosol layer) in spring (c) and summer (not
shown).

ison with AERONET products (column-integrated values),
the lidar-derived 532 nm AOT was determined from the par-
ticle extinction profile in Fig. 6b. By means of the Raman li-
dar method (Ansmann et al., 1992; Baars et al., 2012) the 355
and 532 nm particle extinction coefficients are directly com-
puted from the respective 387 and 607 nm nitrogen Raman
signal profiles for heights > 1 km above the lidar. The large

Figure 6. Overview of the basic lidar products obtained from the
Dushanbe lidar observations. The Polly measurement was taken on
28 June 2016, 18:00–20:59 UTC: (a) particle backscatter coefficient
at 355 nm (blue, 743 m vertical smoothing length) and 532 nm (dark
green, 23 m vertical smoothing, green, 743 m vertical smoothing);
(b) particle extinction coefficient at 355 (blue) and 532 nm (green),
743 m vertical smoothing, and 532 nm particle extinction coefficient
(dark green) calculated from the 532 nm particle backscatter coeffi-
cient (dark green in b) and the 532 nm lidar ratio at 1.4 km (magenta
dashed line indicates the 1.4 km height); (c) lidar ratio at 355 (blue)
and 532 nm (green), 743 m vertical smoothing; (d) particle linear
depolarization ratio at 355 and 532 nm; and (e) relative humidity.
The 532 nm AOT is computed from the extinction profile segments
from the surface to 1.4 km height (in b, dark green) and from 1.4 to
6.0 km (in b, green). Error bars show the uncertainty in the profile
data.

uncertainty in the correction of the incomplete laser-beam
receiver field-of-view overlap prohibits a trustworthy extinc-
tion coefficient retrieval from the nitrogen Raman signal pro-
files in the near range, i.e., for the lowest 1000 m above the
lidar. To extend the particle extinction profiles towards the
ground, we use the 532 nm particle backscatter coefficient
in Fig. 6a. This quantity is obtained from the ratio of the
elastic backscatter signal to the respective nitrogen Raman
backscatter signal (Ansmann et al., 1992; Baars et al., 2012)
so that overlap effects widely cancel out. The 532 nm particle
backscatter coefficients are trustworthy down to about 100 m
above the lidar. We estimate the respective particle extinc-
tion coefficient for heights below 1–1.5 km by multiplying
the backscatter coefficient with the lidar ratio of the actual
measurement, in the present case measured at about 1.4 km
height as shown in Fig. 6c and indicated by a dashed magenta
line. The 532 nm AOT is finally obtained by the integration
of the entire extinction profile up to 6 km height. In this way,
we obtained 276 nighttime extinction profiles. Residual AOT
contributions from heights above 6 km were usually < 0.02.

To check the accuracy of lidar-derived AOT values, we
compared the lidar-derived AOTs with respective AERONET
500 nm AOTs measured with the sun photometer in the af-

www.atmos-chem-phys.net/20/4695/2020/ Atmos. Chem. Phys., 20, 4695–4711, 2020



4702 J. Hofer et al.: Aerosol profiling in Central Asia

Figure 7. Lidar-derived 532 nm AOT vs. AERONET 500 nm AOT.
N = 192 lidar observations (performed after sunset, outside the city
center, vertical pointing) are compared with AERONET measure-
ments before sunset (frequently at low sun elevation angle, mea-
surement path across polluted Dushanbe). Different seasons are
contrasted by different colors (spring, MAM, summer, JJA, autumn,
SON, winter, DJF). The dashed magenta line is obtained from lin-
ear regression analysis; the corresponding equation and correlation
coefficient are given in magenta as well.

ternoon, preferably close to sunset. For this purpose, 192 li-
dar extinction profiles were computed. The averaging time
ranged from 15 min to 1 h 40 min with an average of about
1 h. The temporal distance to the last AERONET measure-
ment ranged from 2 h to about 5 h. Figure 7 shows the
comparison. The agreement is acceptable. A small bias is
observed and most probably related to the fact that the
AERONET observations are performed at relatively low sun
elevation angle across the city center of Dushanbe and lidar
observations were performed in the vertical direction. The
combined AERONET and lidar field site was located in a less
urbanized area, about 4 km east of the city center. The vari-
ability in the data is caused by temporally and spatially vary-
ing aerosol conditions and variations in the wavelength de-
pendence of AOT in the 500–532 nm range and thus aerosol
size distribution changes. The uncorrected wavelength de-
pendence can cause differences of the order of 5 %, only. It
is interesting to note that a similar bias (deviation from the
Dushanbe AERONET observations) was found when com-
paring MODIS (Moderate Resolution Imaging Spectrora-
diometer) long-term observations of 550 nm AOT with the
AERONET data shown in the supplementary material of Ru-
pakheti et al. (2019). One of the reasons could be an over-
estimation of multiple scattering effects (caused by mineral
dust) in the AERONET data analysis.

AOT histograms obtained from all 276 Dushanbe lidar
nighttime profiles and all sun photometer AOT measure-

Figure 8. Histograms of (a) AERONET 500 nm AOT, (b) lidar-
derived 532 nm AOT, and (c) lidar-derived dust optical thickness
(DOT). DOT is obtained from the height profile of the dust-
related backscatter coefficient multiplied by a typical dust lidar ratio
of 35 sr.

ments (from March 2015 to August 2016) (AERONET,
2019) are shown in Fig. 8. Similar AOT distributions are ob-
served with both instruments. Most AOTs are < 0.3. Large
values (> 0.5) indicate dust outbreak events. The specific
value of a polarization lidar is the potential to separate the
dust from non-dust backscattering and thus to obtain an ac-
curate estimate of the dust optical thickness (DOT). The dis-
tribution of DOT is given in Fig. 8c. Most DOT values are
≤ 0.2. This is in agreement with findings of Li and Soko-
lik (2018). These authors concluded from in-depth analysis
of long-term spaceborne passive remote sensing over Central
Asia that most DOTs are below 0.2 at 550 nm. Higher AOTs
over western than over eastern Tajikistan were observed, and,
as a general finding, more dust was observed in the western
parts of Central Asia (closer to the Caspian Sea) than in the
eastern parts.

Rupakheti et al. (2019) analyzed satellite (MODIS) ob-
servations from 2002 to 2017 and found for the southern
part of Central Asia (for the two southern countries Turk-
menistan and Tajikistan; see Fig. 1) seasonal mean 500 nm
AOT values of 0.18 (Tajikistan) to 0.22 (Turkmenistan) in
spring, 0.2–0.22 in summer, 0.16–0.18 in autumn, and 0.14–
0.17 during the winter months. In contrast, the Dushanbe
AERONET observations revealed seasonally mean values of
0.19 (spring), 0.36 (summer), 0.23 (autumn), and 0.15 (win-
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Figure 9. Seasonally resolved relative contributions of different
height regions to DOT (532 nm). The analysis is based on the data
shown in Fig. 8c and the respective height profiles of the particle
extinction coefficient. Numbers of available observations are given
in the lowest line. The figure is similar for AOT (not shown).

ter) for the CADEX period from March 2015 to August 2016.
The lidar observations provided seasonal mean DOT/AOT
ratios of 0.5 in spring, 0.8 in summer, 0.6 in autumn, and
0.1 in winter. Thus, a considerable part of the AOT is caused
by anthropogenic fine-mode aerosol pollution. Our findings
are in reasonable agreement with the MODIS observations of
the Ångström exponent with seasonally mean values of 1.0–
1.2 for Turkmenistan and 1.3–1.4 for Tajikistan. From the
Dushanbe 2015–2016 AERONET photometer observations,
we obtained, however, lower seasonal mean Ångström ex-
ponents (describing the AOT wavelength dependence in the
spectral range from 440 to 870 nm), namely 0.7 (spring), 0.5
(summer), 0.8 (autumn), and 1.15 (winter). The dust and non-
dust aerosol fractions of the total aerosol burden is further
discussed in the next sections.

Figure 9 shows the different contributions of different
height ranges to the measured DOT. For AOT (not shown),
the features are similar. In Figs. 3 and 4, it is shown that the
main aerosol layer reaches, on average, to 4–5 km height dur-
ing the summer half year. The planetary boundary layer (con-
vective mixing layer) typically covers the lowermost 1.5 km
(red AOT contribution) and contributes about 50 % to AOT
in spring and summer and 80 % during the winter months.
The remaining part of the main aerosol layer (from about 1.5
to 4.5 km height) causes almost the entire residual AOT con-
tribution. Only 10 % of the AOT is caused by particles in the
middle and upper troposphere during spring.

The 18-month climatology for the 532 nm extinction co-
efficient is shown in Fig. 10. The figure is based on the

Figure 10. Seasonal mean 532 nm total (dust+ non-dust) particle
extinction coefficient for (a) spring, (b) summer, (c) autumn, and
(d) winter. The thick dark green line shows the mean extinction
coefficient directly computed from the nitrogen Raman signal pro-
files. The red line is obtained from the same lidar nighttime obser-
vations but in terms of the respective 532 nm backscatter coefficient
profiles multiplied by a lidar ratio of 35 sr (in a–c, spring, summer,
autumn) and 50 sr (in d, winter). The green shadow shows the atmo-
spheric variability (one standard deviation) based on the backscat-
ter coefficient profiles per season. The N values show the number
of available Raman lidar observations per season. The maximum
near-surface aerosol extinction coefficient was about 1500 Mm−1

occurring in the summer season during severe dust outbreaks.

276 height profiles discussed above. Typical particle ex-
tinction values are 25–50 Mm−1 in spring and autumn, 50–
100 Mm−1 in summer, and 50–150 Mm−1 during the win-
ter season. According to the shown seasonal mean extinction
profiles, the main aerosol layer reaches up to 5–5.5 km in
spring, summer, and autumn and to about 2 km in winter. A
moderate atmospheric variability in terms of particle extinc-
tion is observed in spring, autumn, and winter, but a strong
variability is found during the summer season. This is the re-
sult of partly major dust storms with extreme particle extinc-
tion values of the order of 1500 Mm−1 and related horizon-
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Figure 11. Overview of microphysical and cloud-relevant parti-
cle properties obtained by applying the POLIPHON method to the
polarization lidar measurements. The lidar measurement was per-
formed on 23 April 2015, 21:00–21:34 UTC. (a) The 532 nm parti-
cle backscatter coefficient (in green) and the particle linear depolar-
ization ratio (in dark green) are used as input to obtain the results in
(a)–(e). The POLIPHON products are (a) the derived 532 nm dust
backscatter coefficient (yellow) and the non-dust backscatter coef-
ficient (light blue), (b) dust mass concentration (yellow) and the
non-dust mass concentration (light blue), and the dust mass frac-
tion (black, ratio of the dust to total particle mass concentration,
dashed black vertical line shows a dust mass fraction of 1), (c) dust
and non-dust CCN concentrations (nCCN), (d) dust particle num-
ber concentration n250 and surface area concentration, and (e) dust-
related INP concentration profiles when applying the INP param-
eterizations for deposition nucleation (dep, in red, use of the dust
surface area concentration as input) and immersion freezing (imm,
in blue, with n250 as input). Horizontal lines in (e) show the tem-
perature levels on 23 April 2015. Error bars and ranges (shadows)
indicate the uncertainty in the retrieved values.

tal visibilities of 2 km or less. Near-surface extinction values
are highest in winter during the domestic heating period. The
pollution is then trapped in the shallow aerosol layer with a
depth of 2 km only.

3.3 Aerosol microphysical and cloud-relevant
properties: profiles of mass, CCN, and INP
concentration

The POLIPHON method permits the conversion of dust and
non-dust extinction coefficients into height profiles of dust
and non-dust mass, CCN, and INP concentration. The full re-
trieval procedure, starting from the basic data sets of 532 nm
particle backscatter and linear depolarization ratio profiles is
described in Sect. 2 and shown in Fig. 11. Recently, the re-
quired conversion parameters for mineral dust were updated
and now include Central Asian and Middle Eastern dust con-
ditions (Ansmann et al., 2019b). The measured particle de-
polarization ratio at 532 nm was close to 0.3 at heights above

Figure 12. Seasonal mean dust (yellow) and non-dust (light blue)
mass concentration profiles for (a) spring, (b) summer, (c) au-
tumn, and (d) winter. The dotted lines show the (mean+SD) val-
ues and provide an impression of the atmospheric variability. The
(mean−SD) values are close to zero. Considered nighttime obser-
vations N are given as numbers.

3 km and indicated the presence of an almost pure dust layer
up to 8 km height. Only in the lower part (below 2.5 km
height) the depolarization ratio dropped below 0.2 and in-
dicates a mixture of mineral dust, aerosol pollution (urban
industrial particles, biomass burning smoke), and continen-
tal background aerosol. This case was already discussed by
Hofer et al. (2017).

In the shown example, the dust mass concentration was
low (< 25 µg m−3) in the polluted layer and > 150 µg m−3

in the center of the lofted dust layer. The mass concentration
of continental aerosol pollution was much lower with val-
ues < 5 µg m−3 throughout the troposphere. The estimated
profiles for the dust and non-dust CCN concentrations show
values of up 300 cm−3 in the center of the lofted dust plume
and a total CCN concentration of about 150 cm−3 in the pol-
luted layer below 2 km height (see Fig. 11c). By means of the
derived height profiles of dust particle number concentration
considering particles with radii > 250 nm only and the dust
particle surface area concentration in Fig. 11 together with
the respective GDAS temperature profile, the profile seg-
ments for the INP concentrations are obtained in Fig. 11e. We
distinguish profiles relevant for immersion freezing (DeMott
et al., 2015) and deposition nucleation of ice crystals (Ullrich
et al., 2017). Immersion freezing dominates in mixed-phase
clouds at temperatures >−30◦C, whereas deposition nucle-
ation is the relevant heterogeneous ice nucleation process at
temperatures <−30◦C, e.g., in cirrus layers. We only show
the dust INP values because non-dust aerosol components
(such as soot particles) are inefficient INPs at the given tem-
peratures.

Figures 12, 13, and 14 summarize the findings regarding
dust and non-dust mass concentrations and dust mass fraction
for the 18-month lidar campaign. According to Fig. 12, typi-
cal (mean) dust mass concentrations in the lowermost 2.5 km
of the atmosphere are 100 (spring), 200–600 (summer), 100–
300 (autumn), and 20–50 µg m−3 (winter). The season mean
values for anthropogenic haze and biomass burning smoke
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Figure 13. Mean dust mass fraction as a function of height up to
(a) 3 km, (b) 4 km, (c) 5 km, (d) 6 km, (e) 7 km, (f) 8 km, (g) 9 km,
and (h) 10 km. Each profile considers a different (decreasing) num-
ber N of observations (given in each of the eight panels, total num-
ber of observations is 328). Only observations with a backscatter
coefficient clearly above zero up to the top height of the profile,
so that a dust mass fraction could be calculated, are considered.
Profiles showing pure Rayleigh scattering in the upper part of the
height profiles (below the defined (a)–(h) top height) are excluded
from the averaging. The bars indicate the atmospheric variability (1
SD). The profile mean dust mass fraction obtained from the shown 8
mean dust profiles are given as numbers together with the available
number, N , of profiles in each of the eight averaging processes (see
text for more details).

Figure 14. Relative frequency of occurrence of dust up to a given
top height, ranging from 2 to 10 km top height (shown with a top
height resolution of 0.5 km). The given red numbers are column
mean dust mass fractions calculated in the same way as in Fig. 13.
Total number of available dust mass fraction profiles is again N =

328.

are an order of magnitude lower with typical values (up to
2.5 km height) of 10–20 µg m−3 (spring to autumn) and 20–
50 µg m−3 during the domestic heating period.

Figure 13 shows the mean dust mass fraction as a function
of height. Each mean profile is based on a different set of sin-
gle profiles. In each of the eight computations, we considered
only profiles with significant particle backscatter and depo-
larization ratio up to the given top height from 3 (in panel a)
to 10 km (in panel h). This means we did not consider mea-

Figure 15. Same as Fig. 12 except for seasonal mean dust and non-
dust CCN concentrations (for 0.2 % supersaturation) in (a) spring,
(b) summer, (c) autumn, and (d) winter. The dotted lines again show
the (mean+SD) values. Considered nighttime observations N are
given as numbers.

surements when the backscatter coefficient indicated clear air
in the upper part of the profile, i.e., below the defined top
height. The aim was to determine the mean dust fraction in
the occurring dust layers. By excluding all cases with clear
air in the upper part of the averaging height range, the num-
ber of considered night-by-night observations decreases from
310 profiles (out of a total set of 328 profiles) in the case of
the top height of 3 km (Fig. 13a) to nine profiles when con-
sidering and averaging all profiles that show dust from the
surface up to 10 km height (Fig. 13h). As can be seen, the
profile-mean dust mass fraction is in most cases 70 %–80 %.
The dust mass fraction typically decreases with height from
90 % to about 50 % in the uppermost part of the profile. The
other way around, the anthropogenic aerosol mass fraction is
always of the order of 20 %–30 % in the main aerosol layer
up to 4–5 km height, and also in the lofted dust layers higher
up (5–10 km height range). This is consistent with the DOT
and AOT mean values and DOT/AOT ratios discussed above.

Figure 14 highlights the decreasing number of dust cases
(available for dust profile averaging up to a given top height)
with increasing height. Figure 14 is similar to Fig. 13, but
considers a higher resolution concerning the defined top
heights in the averaging procedure. The main result is a very
smooth, decreasing curve for the frequency of occurrence of
dust layers. In terms of the number of observed dust cases,
close to 100 % (with 80 % mean dust mass fraction) out of
all 328 nighttime profiles show dust up to 3 km top height,
as already mentioned above; 65 % in the case of the 5 km top
height (mean dust fraction of 74 %); and only a few cases of
dust (< 10 %) when the defined top height is > 9 km.

Figures 15 to 18 summarize the results concerning the
cloud-relevant dust and non-dust aerosol parameters. As a
general impression, CCN and INP concentrations decrease
with height because of the decreasing dust particle number
concentration. To facilitate the comparison of CCN and INP
concentration levels for the different seasons, we define typ-
ical height ranges as representative reservoirs for CCN and
INPs. The 3–4 km height range can be regarded as the main
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Figure 16. Same as Fig. 12 except for the seasonal mean dust parti-
cle number concentration n250,d (considering particles with radius
> 250 nm) and dust surface area concentration.

CCN and immersion-freezing INP reservoir for convective
cloud formation (liquid-water and mixed-phase clouds) over
Dushanbe during the spring, summer, and autumn seasons.
The INP levels at 7–8 km height may be representative of a
deposition INP reservoir in the upper troposphere and thus
relevant for cirrus formation. Table 4 summarizes the layer
mean values of the cloud-relevant aerosol quantities for the
3–4 and 7–8 km height ranges and for the different seasons.

The results for CCN concentrations in Fig. 15 show that
dust particles lead to mean dust CCN concentrations of
the order of 50 cm−3 (spring), 100 cm−3 (summer), and
30–50 cm−3 (autumn) and non-dust CCN concentrations of
the order of 200 cm−3 (spring), 400 cm−3 (summer), and
250 cm−3 (autumn) in the 3–4 km height layer during the
summer half year (spring to autumn). The shown SD val-
ues (difference between the solid and dotted lines in Fig. 15)
indicate an atmospheric variability according to a factor of
2 (thus a value range from almost zero to 2× mean). For
comparison, Schmale et al. (2018) summarized European
CCN observations (for a supersaturation values of 0.2 %)
and compared them with other measurements in Alaska and
Amazonia. They found mean CCN concentrations of 1200–
1500 cm−3 in central Europe, 100 cm−3 at the Atlantic coast
in Ireland, < 100 cm−3 in Alaska during the summer half
year, and 100 cm−3 in the wet season to 700 cm−3 in the
dry season in the Amazon, Brazil. Haarig et al. (2019) re-
ported CCN concentrations of 140–270 cm−3 in the lofted
Saharan air layer (containing pure dust) over Barbados in
the Caribbean during the summer season of 2013 and 400–
500 cm−3 in spring (March 2014) for a mixture of dust and
pollution over Barbados originating from Africa. Thus, the
CCN levels over Dushanbe indicate moderately polluted con-
tinental aerosol background conditions.

Figure 16 provides an overview of the observations of dust
properties that are used as aerosol input in the INP concen-
tration retrievals. Dust is the main INP-relevant aerosol com-
ponent. The uncertainty in these input profiles is only 30 %.
The large uncertainty in the INP concentration estimates of
a factor of 3–5 is caused by the use of the published INP

Figure 17. Same as Fig. 12 except for seasonal mean dust-related
INP concentrations (nINP). The dotted lines show the (mean+SD)
values. INP concentration is shown for fixed temperatures of
−25 ◦C (blue, immersion freezing parameterization by DeMott
et al. (2015) is used) and−50 ◦C (red, deposition nucleation param-
eterization by Ullrich et al. (2017) for an ice supersaturation value
of 1.15).

parameterization schemes. Figure 17 shows seasonal mean
INP concentration profiles for an air temperature of −25 ◦C
relevant for immersion freezing and for −50 ◦C and thus a
temperature relevant for deposition nucleation of ice crystals.

The seasonal mean values in the 3–4 km aerosol layer
range from 0.9 to 3.3 cm−3 (n250,d), 20–75 µm2 cm−3 (dust
particle surface area concentration), and 2.3–12 L−1 (immer-
sion freezing INP concentration), during the three non-winter
seasons (spring to autumn). The atmospheric variability is
again roughly described by a factor of 2. In the case of cloud
formation and the evolution of the ice phase, significant lift-
ing of cloud parcels and cooling of the air parcels occur.
Note that the INP concentration then increases by an order
of magnitude for the given aerosol concentration when the
air temperature decreases by 5 K triggered, for example, by
the strong lifting in updrafts.

To compare the Dushanbe INP concentration levels with
the ones in other dust regions, we checked the literature.
Price et al. (2018) performed airborne in situ measurements
and found INP concentrations (immersion freezing, −25 ◦C)
from 10 to 1000 L−1 in dust layers from 300 to 3500 m height
over Cabo Verde in the summer of 2015 in the outflow regime
of Saharan dust, less than 1000 km west of the African coast.
The maximum values of the large particle number concentra-
tion (coarse mode fraction) reached 200 cm−3 and the max-
imum particle surface area concentrations were as high as
1500 µm2 cm−3. DeMott et al. (2015) reported in situ mea-
sured values of n250,d = 15–20 cm−3 and INP concentrations
(immersion freezing,−25 ◦C) of 60–100 L−1 in a lofted dust
layer around 2 km height over Cabo Verde in July 2011.
Haarig et al. (2019) discussed observations taken in the Saha-
ran dust layer between 2 and 4 km height in the Caribbean in
the summer of 2013, more than 5000 km west of the African
dust sources, and found INP concentrations of 30–60 L−1

(immersion freezing, −25 ◦C) and 10 L−1 in the spring sea-
son (March 2014, 2–3 km height). Ansmann et al. (2019a)
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Table 4. Overview of layer mean values of INP-relevant aerosol properties (n250 for large particle concentration, sa for surface area con-
centration) and CCN and INP concentrations for the 3–4 and 7–8 km layers for spring (MAM), summer (JJA), autumn (SON), and winter
(DJF). Immersion-freezing INP concentrations (INP-imm) are given for−25 ◦C and deposition-nucleation INP concentrations (INP-dep) for
−50 ◦C and an ice supersaturation value of 1.15. The range of values is indicated by the sum of the mean values +SD (in parentheses).

Height range (km) 3–4 7–8 3–4 7–8 3–4 7–8 3–4

Season MAM MAM JJA JJA SON SON DJF

Dust CCN (CCN+SD) (cm−3) 52 (117) 9 (25) 108 (180) 2 (10) 34 (85) 0.3 (1.6) 7 (27)
Non-dust CCN (CCN+SD) (cm−3) 214 (401) 32 (81) 425 (650) 13 (38) 250 (511) 5 (23) 104 (228)
Dust n250 (n250+SD) (cm−3) 1.4 (3.9) 0.14 (0.53) 3.3 (6.4) 0.03 (0.16) 0.9 (2.5) 0.002 (0.015) 0.15 (0.63)
Dust sa (sa+SD) (10−12 m2 cm−3) 32 (89) 3.3 (12.2) 75 (147) 0.76 (3.8) 20 (58) 0.06 (0.36) 3.4 (14.5)
Dust INP-imm (INP+SD) (L−1) 4 (8) – 12 (24) – 2.3 (4.7) – 0.24 (0.49)
Dust INP-dep (INP+SD) (L−1) – 2.4 (8.9) – 0.6 (2.7) – 0.04 (0.26) –

Figure 18. Same as Fig. 17 except considering actual temperature
and pressure profiles.

reported a mixed-phase cloud layer (at 5–6 km height) oc-
curring in desert dust over Cyprus in the Eastern Mediter-
ranean in March 2015, and the INP concentration was esti-
mated to be of the order of 1 L−1 at −20 ◦C, which means
about 10 L−1 at −25 ◦C. Thus the seasonal mean Dushanbe
INP concentration levels at 3–4 km height indicate typical
INP conditions in regions influenced by long-range transport
of dust.

The INP reservoir between 7 and 8 km height contains
significant amounts of INPs over Dushanbe only during
the spring and summer seasons. The atmospheric variabil-
ity is high and characterized by a factor of 4–6 (1 positive
SD). The seasonal mean particle surface area concentrations
ranged from 0.7 to 3.3 µm2 cm−3 in spring and summer and
were around 0.057 µm2 cm−3 in autumn, and they indicate
seasonal mean INP concentrations (deposition nucleation,
−50 ◦C, ice supersaturation of 1.15) of 2.4 (spring), 0.55
(summer), and 0.041 L−1 (autumn). For comparison, Ans-
mann et al. (2019a) found over Cyprus in lofted dust at cirrus
level (10–11 km height, −50 ◦C) INP concentrations (depo-
sition nucleation for an ice supersaturation value of 1.1) of
5 L−1 and corresponding particle surface area concentrations
around 30 µm2 cm−3. The dust had a strong influence on the
cirrus evolution and life cycle. Thus, during times with strong
dust advection to Dushanbe at greater heights, predominantly

during spring and summer, a significant impact of dust on ice
formation in the upper troposphere can be expected.

As a final result, we present the INP concentration profiles
for the found aerosol conditions in combination with the ac-
tual pressure and temperature profiles from GDAS (2019) in
Fig. 18 to give an impression of typical (actual) INP con-
centration values for an ice supersaturation of 1.15. It can be
seen that only in spring and summer significant levels of INP
concentrations (0.01–1 L−1) occurred in the 6–8 km height
range (mixed-phase cloud and immersion freezing regime)
and from 8 to 10 km height (ice cloud and deposition nucle-
ation regime). In autumn and winter, the seasonal means in-
dicate a rather low potential for heterogeneous ice formation
at the given height levels.

4 Conclusion and outlook

Deteriorating environmental conditions expressed by melting
glaciers and desiccating lakes, strong risks for further severe
changes in the near future, and the lack of advanced aerosol
observations in Central Asia were the motivations for the 18-
month CADEX campaign. The main results are presented
here. For the first time, vertical profiling of the annual cycle
of aerosol conditions over Dushanbe, Tajikistan, with a state-
of-the-art multiwavelength aerosol lidar was conducted. By
applying modern data analysis techniques, the mixtures of
mineral dust and anthropogenic aerosol pollution were de-
scribed in terms of DOT, AOT, seasonal mean height profiles
of 532 nm particle extinction coefficient, dust and non-dust
mass concentration and dust fraction profiles, as well as in
terms of cloud-relevant aerosol properties such as large par-
ticle number concentration n250, particle surface area con-
centration, CCN, and INP concentrations. These latter pa-
rameters describe the impact of aerosols on cloud formation
processes. The Dushanbe lidar long-term study demonstrates
the strong potential of modern lidar instruments to contribute
to aerosol and aerosol–cloud interaction research and envi-
ronmental (air quality) monitoring.
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The key results can be summarized as follows. The main
aerosol layer over Dushanbe (which may be a representa-
tive site for Central Asia) reaches typically 4–5 km height in
spring to autumn so that most of the local glacier regions are
exposed to polluted and dusty air throughout the year, except
the winter period. Frequently lofted dust-containing aerosol
layers were observed at heights from 5 to 10 km, indicating
a sensitive potential of dust to influence cloud ice formation.
Typical dust mass fractions were of the order of 60 %–80 %,
i.e., a considerable part of the aerosol is anthropogenic pol-
lution and biomass burning smoke. The highest aerosol pol-
lution levels over Dushanbe occur during the winter months.
The seasonal mean 500 nm AOT ranges from 0.15 in winter
to 0.36 in summer during the CADEX period (March 2015
to August 2016), DOTs were typically below 0.2, seasonal
mean particle extinction coefficients were of the order of
100–500 Mm−1 in the main aerosol layer during the sum-
mer half year and about 100–150 Mm−1 in winter but were
mainly caused by anthropogenic haze.

Similarly, the highest dust mass concentrations occurred in
the summer season (200–600 µg m−3) and the lowest during
the winter months (20–50 µg m−3) in the main aerosol layer.
In winter, the anthropogenic aerosol pollution caused mass
concentrations of 20–50 µg m−3, while during the summer
half year (spring to autumn) the mass concentration caused
by urban haze and biomass burning smoke decreases to 10–
20 µg m−3 in the lowest part of the troposphere. The de-
rived CCN concentration levels indicate moderately polluted
aerosol background conditions. The INP concentrations dur-
ing spring and summer seasons were found to be high enough
in the middle and upper troposphere to significantly influence
ice formation in mixed-phase and ice clouds. During autumn
and winter, however, the INP concentration levels are very
low in the 5–10 km height range.

As an outlook, there is a clear request for continuous
monitoring and documentation of environmental conditions
(and changes during the upcoming years) in Central Asia
by means of in situ measurements (surface network) and
ground-based and spaceborne active and passive remote
sensing. The Central Asian region must be better integrated
into international research activities. It is a key region of cli-
mate change, air pollution, and degradation of living condi-
tions. Continuous network observations are needed to sup-
port decision-makers, the atmospheric research community,
and weather (dust) prediction and environmental services.
From the point of view of lidar profiling of aerosols, we need
an extension of the existing well-organized ground-based li-
dar network infrastructure in Europe and eastern Asia to
cover this key region of climate and environmental changes,
which ranges from the Eastern Mediterranean over the Mid-
dle East to western China. Coherent aerosol profile observa-
tions are required to improve our understanding of northern
hemispheric dust and aerosol pollution long-range transport
and aerosol life cycles as a whole. As a first step to improve
the current unsatisfactory network situation in Central Asia,

we deployed a new Polly lidar at Dushanbe in June 2019 to
conduct continuous observations over the next 5–10 years.
Besides tropospheric monitoring, we also need more ground-
based systems in this region of the world for an improved
stratospheric aerosol monitoring. Complex mixtures of vol-
canic ash, sulfuric acid droplets, and soot particles occur and
need to be documented and characterized in detail by modern
lidar networks to assist atmospheric modeling and climate
prediction efforts.

Data availability. Polly lidar observations (level 0 data and mea-
sured signals) are in the PollyNET database (http://polly.rsd.tropos.
de/, PollyNet, 2019). All analysis products are available at TRO-
POS upon request (info@tropos.de). The backward trajectory anal-
ysis has been supported by air mass transport computation with the
NOAA (National Oceanic and Atmospheric Administration) HYS-
PLIT (HYbrid Single-Particle Lagrangian Integrated Trajectory)
model (HYSPLIT, 2019). AERONET data are available via the
AERONET web page (AERONET, 2019). GDAS1 data are avail-
able via the ARL web page at https://www.ready.noaa.gov/gdas1.
php (GDAS, 2019).
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