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Abstract. Dushanbe, located in Central Asia, resides in the global dust belt, fundamental for the emission and transport of
dust. The Central Asian Dust EXperiment (CADEX, 2015 to 2016) provided foundational insights into the optical properties
of atmospheric dust in Central Asia by means of lidar observations. A follow-up dataset of high-quality multi-year (2019 to
2025) lidar observations from a newly established Aerosol Clouds and Trace Gases Research Infrastructure (ACTRIS) site
in Dushanbe, Tajikistan have been analyzed with the goal to deepen the knowledge of the extent, duration and interannual
characteristics of the annual dust cycle in the Central Asian region. The dataset consists of automatically processed lidar
data, including the application of the POlarization Lidar and PHOtometer Network (POLIPHON) method to separate the
measured total particle backscatter coefficient into a dust and non-dust fraction. The study found a pronounced cycle of the
dust backscatter coefficient over the course of several years with low values in winter, also in the planetary boundary layer, and a
slow onset of the dust season in spring with an increased occurrence of lofted dust layers. The main dust season spans from July
to September with a sharp end in September/October. During summer, non-dust particles, likely local pollution, additionally
get lifted above the PBL. The PBL is normally well-mixed and shows rather constant contribution of local pollution. These
results show the importance of long-term lidar observations in the Central Asian region and the value of high-quality automated

processing of the retrieved data.

1 Introduction

Mineral dust is an integral component of the atmospheric aerosol load, affecting the climate, air quality, ecosystems and
human health (Prospero and Lamb, 2003; Baars et al., 2012). Earth’s radiation budget is directly affected by mineral dust,
since it scatters and absorbs solar and terrestrial radiation (Tegen et al., 1996), but also indirectly, since dust particles act as
cloud condensation nuclei (CCN) and ice nucleating particles (INP), thus influencing cloud formation and their properties
(Twomey, 1977; Albrecht, 1989). The radiative impact of mineral dust (Sokolik and Golitsyn, 1993; Golitsyn et al., 1993;

Nazarov et al., 2010a, b) is dependent on its mineralogical composition, which influences its optical properties and is related to
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the source region of the dust particles (Sokolik et al., 1993; Caquineau et al., 2002; Su and Toon, 2011; Schuster et al., 2012;
Mamouri et al., 2013). Apart from its radiative impact on climate, mineral dust particles are also negatively affecting human
health (Wiggs et al., 2003; Karanasiou et al., 2012; Zhang et al., 2016). In addition, they are influencing the Earth’s ecosystem,
e.g., acting as fertilizer of large rain forests or, when deposited in the ocean, as driver of phytoplankton production (Zhou et al.,
2021; Wang et al., 2023; Nogueira et al., 2021; Madhusoodhanan et al., 2024; Mahowald et al., 2017).

The vertical aerosol distribution is a key factor for the evaluation of the radiative impacts of mineral dust, since these effects
are altitude-dependent (Hansen et al., 1997). Lidars are powerful instruments that provide vertically-resolved measurements
of the optical and microphysical properties of different aerosol types, including mineral dust (Ansmann and Miiller, 2005). To
better understand the aforementioned radiative impacts of dust, several lidar-based campaigns have been conducted close to,
both, dust source and dust outflow regions. In 2006 and 2008, within the Saharan Mineral Dust Experiment (SAMUM), which
comprised of two field campaigns in Morocco and Cabo Verde (Ansmann et al., 2011), the relationship between the shape
morphology, size distribution, optical, microphysical and chemical properties of Saharan dust was investigated (Ansmann et al.,
2011). In 2013 and 2014 the Saharan Aerosol Long-range Transport and Aerosol-Cloud interaction Experiment (SALTRACE)
took place in Barbados also investigated Saharan dust, but with focus on its microphysical and optical characterization after
long-range transport, using aircraft in-situ and ground-based remote sensing measurements (Weinzierl et al., 2017; Gro8 et al.,
2015; Haarig et al., 2017b, a). A field campaign, conducted in the city of Dushanbe in Tajikistan, Central Asia, was the Central
Asian Dust Experiment (CADEX). From March 2015 to August 2016, CADEX took place in Dushanbe, Tajikistan, with
the goal to study the optical and microphysical properties of atmospheric aerosol particles, especially dust, within Central
Asia (Hofer et al., 2017, 2020a, b). The BACCHUS (Impact of Biogenic versus Anthropogenic emissions on Clouds and
Climate: towards a Holistic Understanding) campaign involved measurements with a PollyXT Raman lidar in Nicosia, Cyprus,
in spring 2015, investigating aerosol mixtures as well as characterizing pure aerosol types such as dust from different origins,
marine and pollution (Kaduk, 2017). Other field campaigns such as CyCARE (Cyprus Clouds Aerosol and Rain Experiment)
(Ansmann et al., 2019a) and A-LIFE (Absorbing aerosol layers in a changing climate - Lifetime and Dynamics) helped to gain
crucial knowledge of atmospheric dust (Grof} et al., 2025; Teri et al., 2025). Raman lidar measurements of aerosol particles on
the Arabian Peninsula were conducted during the Optimization of Aerosol Seeding In rain enhancement Strategies (OASIS)
project (Filioglou et al., 2020), characterizing dust and dust mixtures within the atmosphere. The characterization of dust and
dust mixtures on Cabo Verde was also recently studied by Gebauer et al. (2026).

The aforementioned campaigns were strongly focused on the Saharan region. The Central Asian region remains still under-
sampled, even though it was focused on in CADEX that took place in Dushanbe, Tajikistan. Only a few round-based lidar
observations have been already conducted in Central Asia before, namely in Kyrgyzstan (Chen and Sverdlik, 2007; Miller-
Schulze et al., 2011; Chen et al., 2013a, b). The interest in observations, especially of dust, in Central Asia is, however,
growing, with more recent studies concentrating on measurements in the south of Tajikistan (Bi et al., 2025; Huang et al.,
2025).

The CADEX field campaign was a pioneering field campaign in Central Asia, including measurements with an atmospheric

lidar of the PollyXT type and a sun-photometer, which is also part of the AErosol RObotic NETwork (AERONET; Holben
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et al., 1998, 2001). CADEX lasted from 17 March 2015 until 31 August 2016 (Hofer et al., 2017) and provided the first
height-resolved dust optical properties in the region, filling thus a rather critical knowledge gap. Based on 18 months of con-
tinuous observations, the optical, microphysical and chemical characteristics of dust were investigated along with the seasonal
variability of aerosol layer heights. The CADEX key findings are summarized in Sect. 2.2.1.

CADEX highlighted the importance of height-resolved lidar measurements in the region and in June 2019 an updated
PollyXT lidar system has been deployed in Dushanbe permanently as part of PollyNET (Baars et al., 2016; Engelmann et al.,
2016). PollyNET is part of the European Aerosol Research Lidar Network (EARLINET; Pappalardo et al., 2014), which is
part of the Aerosol, Clouds and Trace Gases Research Infrastructure (ACTRIS; Laj et al., 2024), which is a European research
infrastructure dedicated to investigate the atmospheric role and impact of atmospheric constituents such as aerosols, trace gases
and clouds. A detailed description of the lidar instrument is provided in Sect.2.2.2. Data from the extended data set acquired
by the continuous lidar measurements in Dushanbe have supported the validation efforts for ATLID (Atmospheric Lidar), a
355 nm high-spectral-resolution lidar (HSRL) onboard the Earth Cloud, Aerosol and Radiation Explorer (EarthCARE; Wehr
et al., 2023).

This study provides for the first time insights into the annual cycle and interannual development of the dust and non-dust
fraction of particles over the course of 5 years. In contrast to CADEX, the full available dataset was used without manual
selection of data. In particular, the seasonality of the particle backscatter coefficient and its separation in a dust and non-dust
fraction has been investigated in the lower and middle troposphere on a monthly and seasonal basis.

With the continuous and ongoing lidar measurements in Dushanbe since 2019, this study wants to evaluate the represen-
tativeness of the results from CADEX, strongly extending the analysis period, investigating the intra-annual variability of
atmospheric aerosols above Dushanbe. Furthermore, this study provides first characteristics of the evolution of vertical dust
mass concentration profiles in the Central Asian region which can be further used for regional and global climate models. The
investigations regarding the abundance of dust and non-dust aerosol particles and the fundamental seasonal characteristics of
atmospheric aerosol particles above Dushanbe can also further synergize with studies investigating for example aerosol cloud
interactions within the Central Asian region (Jimenez et al., 2026).

The paper is structured as follows. In Sect. 2, the study region (Sect. 2.1), the previous and ongoing lidar observations in
Dushanbe (Sect. 2.2), and the applied methods (Sect. 2.3) are introduced. The results are presented and discussed in Sect. 3

followed by a conclusion and outlook in Sect. 4.
2 Study region, previous activities, and instrumentation

2.1 Study region

Dushanbe, Tajikistan (38°34’ N, 68°46’ E), is located within the global dust belt, which extends from the west coast of North
Africa to China, as indicated in Fig. 1. Dry, continental climate prevails in the city. Dushanbe lies in a valley surrounded by
mountains (specially in the north, east and west of the city) reaching heights of 4000 m and more. It is in close vicinity to major

dust sources such as the Taklamakan, the Karakum and Kyzylkum deserts, but is also influenced by aerosol outflow from the
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Figure 1. Map of the dust belt (yellow dashed line) region, including the location of Dushanbe, the capital of Tajikistan (indicated with
red star); (adapted from: Blue Marble imagery © NASA Earth Observatory, https://science.nasa.gov/earth/earth-observatory/, last access: 10
June 2026).

Aral Sea region, which due to its phenomenal desertification drives an intense dust and salt transport from the exposed sea-bed
to the surrounding regions (Banks et al., 2022). The Gobi Desert and deserts areas covering parts of Iran and Afghanistan are
also in close proximity to Dushanbe. Due to its location, Dushanbe is frequently exposed to intense dust events (Hofer et al.,
2017, 2020a, b).

2.2 Lidar observations in Dushanbe

Lidar and sun-photometer measurements have been conducted, partly accompanied by in-situ measurements of aerosols, at
the Poligon measurement site of the Physical Technical Institute of the Academy of Science of Tajikistan (38°33'34" N,
68°51’22” E and at an elevation of 864 m height above sea level (a.s.l.); Hofer et al., 2017) since 2015 (Start of CADEX

campaign, see below). The site is situated within a rural surrounding of the city of Dushanbe on a slight hill.
2.2.1 CADEX campaign

The Central Asian Dust EXperiment (CADEX) was a joint German-Tajik project that took place in Dushanbe, Tajikistan, from
March 2015 to August 2016 (Hofer et al., 2017, 2020a, b) with the main goal to investigate the optical and microphysical

properties and the annual cycle of Central Asian mineral dust in the atmosphere. Within this time frame the Poligon measure-
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ment site (Hofer et al., 2017) has been equipped with a PollyXT lidar and a sun photometer. The PollyXT lidar (Engelmann
et al., 2016) has been operated at three wavelengths (355, 532 and 1064 nm). The extensive dataset acquired over a continuous
period of 18 months not only enabled the detailed investigation of single dust outbreaks, but also the temporal evolution of
atmospheric aerosols.

The results granted highly valuable insights in the aerosol properties within the atmosphere above Dushanbe. To ensure the
usage of high-quality data for the analysis of the CADEX field campaign performed by Hofer et al. (2017, 2020a, b), the vertical
profiles retried by the lidar were chosen and analyzed manually. Hofer et al. (2017) found a clear seasonal transition of the
aerosol optical depth (AOD) at 500 nm and the Angstrom exponent with respect to 440 — 870 nm being present between winter
and summer in the sun-photometer data acquired during the campaign. While the AOD was highest in the summer season,
the fine mode aerosol fraction is behaving the opposite way. This inverse relationship indicates a dust-rich summer season
with lowest values of the ;\ngstrom exponent way below 1 present during summer and higher values above 1 during the winter
season. The lidar measurements performed during CADEX (Hofer et al., 2020b) also support these findings with particle linear
depolarization ratios retrieved at 355 and 532 nm being highest in summer and lowest in winter. Hofer et al. (2020b) found
seasonal mean values of the particle linear depolarization ratio at 355 and 532 nm of 0.14 4 0.05 and 0.23 4= 0.06 in summer
and 0.05+0.02 and 0.0940.05 in winter, respectively. The lidar-derived Angstrﬁm exponent also supports the aforementioned
findings.

Additionally, the manual selection of the vertical profiles enabled the creation of an accurate climatology of the predominant
geometric aerosol layer height as well as the height of the upmost aerosol layers (Hofer et al., 2020a). The analysis revealed
a strong main aerosol layer in late spring and summer up to a height range of 4 to 6.5 km with the upmost layers reaching
as high as 11 km. In parallel, the main aerosol layers in winter were situated mainly below 4 km altitude. The selected cases
were also analyzed regarding the lidar-derived optical and microphysical properties of the atmospheric aerosol particles. This
gave valuable insights into strong dust outbreaks occurring during the summer months, which were able to reach dust mass
concentrations of over 2000 ugm~? in the lower troposphere (Hofer et al., 2017). Nevertheless, local pollution, especially in

the planetary boundary layer (PBL) was also occasionally observed as a strong contributor to the total aerosol load.
2.2.2 ACTRIS observational site and instrumentation in Dushanbe, Tajikistan

After the successful lidar deployment in the context of CADEX, a new permanent PollyNET station commenced operations
in Dushanbe in June 2019 in the framework of ACTRIS. The PollyNET lidar is also part of EARLINET (European Research
Lidar Network, Pappalardo et al., 2014). The station is equipped with a containerized PollyXT lidar system that, compared with
the previously deployed PollyXT lidar (Althausen et al., 2009; Hofer et al., 2017), contains additional features (Engelmann
et al., 2016, 2019). The lidar operates a diode-pumped laser at 100 Hz. The far-range receiver consists of 8 channels, which
enable measurements of the elastically- and Raman-scattered light at the wavelengths of 355, 532, 1064 nm and 387 and
607 nm, respectively, the cross-polarized signal at 355 and 532 nm and the inelastic signal from water vapor at 407 nm. The
near-range receiver reduces the height of full overlap of scattered light at 355, 387, 532 and 607 nm to around 60-80m a.g.l. In

addition, the instrument is equipped with a dual-field-of-view depolarization channel at 532 nm (Jimenez et al., 2020b), which
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allows the determination of microphysical properties of liquid water droplets (Jimenez et al., 2020a) and enables aerosol-
cloud-interaction studies (Jimenez et al., 2026). Data from all 13 channels are acquired with a vertical resolution of 7.5 m and
a temporal resolution of 30 s (Engelmann et al., 2016).

In this study, we consider the complete timeseries (i.e., June 2019 to February 2025) from the aforementioned upgraded
PollyXT lidar in Dushanbe. Next to the lidar, an AERONET sun-photometer (Cimel CE318) is also operated at the site since
the CADEX field campaign.

2.2.3 Airmass source attribution method

Complementing the lidar measurements, airmass source attribution has been performed for a timeframe of five years from
2020 until 2025. For this purpose, the automated time—height-resolved airmass source attribution method TRACE (Radenz,
2021; Radenz et al., 2021) has been employed. Backward simulations with the LPDM Flexpart are combined with land cover
classification schemes (Stohl et al., 2005; Pisso et al., 2019). The land cover classification used is a simplified version of the
MODIS classification (Friedl et al., 2002), providing seven different surface classes that can influence the passing air parcels.
Underlying meteorological data is taken from the Global Forecast Model (GFS) with a resolution of 1° (NCEP, 2000). Air
parcels are simulated for a duration of 10days back in time with emissions every 3h and 500 m vertically. Air parcels are
considered to be influenced by the surface they pass when they fall below a predefined altitude threshold, often referred to as
reception height. For this study, a widely used value of 2 km (Val Martin et al., 2018) is used.

Figure 2 shows the simplified MODIS land cover classification. As the figure indicates, the close surroundings of the mea-
surement site in Dushanbe are characterized mostly by a mixture if barren and grass/cropland. While the regions West of
Dushanbe, like Persia, the Arabian Peninsula and the North-African deserts like the Saharan desert, mostly consist of barren-

typed surface, the northern and southern proximity are dominated by grass and cropland.
2.3 Methodology
2.3.1 Data coverage

For the evaluation of the annual aerosol and dust cycle in Dushanbe, the lidar observations for summer 2019 until the beginning
of spring 2025 have been used. A simplified overview of the available data is shown in Fig. 3. Within one month, typically
between 500 and 700 datasets are available, which usually corresponds to 24 hourly vertical lidar profiles each day. Due to
the differences between the derivation of atmospheric optical properties from the lidar measurements using the Klett- (Klett,
1981, 1985; Fernald, 1984; Sasano et al., 1985) and Raman-method (Ansmann et al., 1990, 1992a, b), results from both retrieval
methods are not always available simultaneously. Since the application of the Raman retrieval requires a low background
signal to detect inelastic molecular scattering, it is more reliable and often only possible during nighttime. Since, therefore,
only nighttime measurements are used and cloudy periods are excluded, the actual fraction of usable vertical profiles available

mainly ranges between 20 and 50 % (orange dots).
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Figure 2. Simplified MODIS land cover classification (adapted from Radenz, 2021). The red triangle represents the location of the measure-

ment site in Dushanbe.

Unfortunately, technical problems with the lidar system caused multiple gaps within the data. The first data gap affected a
long period between February 2020 and October 2021. Due to travel restrictions related to the COVID-19 pandemic, a repair
of the instrument was not possible. A problem with the laser of the system occurred in the beginning summer 2023 due to
short-term power outages scattered over the year. Another issue with the laser forced the shutdown of the system in March
2025. Nevertheless, operation could be resumed in August 2025.

Due to the outages of the system, several analyzed months only show a limited data coverage. For this reason, an additional
data selection was performed to increase the representation of the averaged data: months in which less than 100 vertical profiles
were available are not included in the following results of monthly averaged data. However, the data is included when analyzing

the seasonal characteristics of the measurements, using the data of three continuous months.
2.3.2 Automatic data processing

As introduced above, this study relies on a dataset of fully automatically processed lidar data. The lidar data was processed
automatically by the PollyNET processing chain (PPC, Klamt et al., 2024), which is a tool designed to automatically re-
trieve quality-assured vertical profiles of optical properties in near-real-time (NRT). Retrievals based on both Klett- (Klett,
1981, 1985; Fernald, 1984; Sasano et al., 1985) and Raman-method (Ansmann et al., 1990, 1992a, b) are available as well
as further properties such as water vapor and a target classification (Baars et al., 2017). The PPC is constantly improved
by adding new features and products. Recently, the first step of the POlarization LIdar PHOtometer Networking method
(POLIPHON, Mamouri and Ansmann, 2014, 2017), retrieving dust and non-dust backscatter profiles from the Raman- and
Klett-measurements at 355, 532 and 1064 nm, was recently implemented. This step is further being explained in section 2.3.4.

Within this study, only the retrievals for 532 nm are used because the POLIPHON separation technique is well established for
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Figure 3. Overview of the number of monthly available profiles, using the aerosol backscatter coefficient derived with the Raman method
as reference. Total number of timeframes over which the derivation of a vertical profile was technically suitable for the PPC (black) and the

actual count out of this number when profiles were derived for the POLIPHON method (orange).

this wavelength. Quicklooks of the lidar products retrieved by the PPC are available on the PollyNET web-page polly.tropos.de
(last access: 10 June 2026). For this study, only the Raman measurements are used. Since the Raman method works best at

nighttime, mostly nighttime measurements serve as basis for the analysis.
2.3.3 Post-processing: Cloud screening and data quality

One of the largest sources of errors in the retrieval of aerosol properties from lidar measurements is cloud contamination.
Clouds, especially liquid and mixed-phase clouds, are optically thick with respect to the lidar and, therefore, strongly attenuate
the signal. They also cause nonphysical artifacts within the lidar signal. High cirrus clouds containing ice may, however, be
penetrated by the lidar. Since ice particles are strongly depolarizing, these clouds may be seen as dust-rich aerosol layers and
interpreted as such (see Sect.2.3.4). The PPC already includes a cloud-screening routine to only derive profiles that are not
influenced by clouds. In addition, an automated target-classification performed by the PPC based on the retrieved lidar data
is used to identify different aerosol and cloud types within the measurement (Baars et al., 2017). Regardless of the cloud
screening and the quality assurance routines in place, in some cases cloud-influenced profiles might be still present. Within the
PPC, vertical profiles are derived by averaging the signal over a time period, typically in 1 h intervals. This period needs to be
flagged as cloud free by the PPC. If clouds are detected via a threshold of the vertical slope within the raw signal, the averaging
period is either reduced, thus, avoiding the cloudy period or omitted completely. Nevertheless, random inspections of the data
revealed, that some vertical profiles were not correctly screened and showed strong signal peaks caused by clouds within the
averaging period. For the profiles which were meant to be used for long-term analysis without further detailed inspection, it is
necessary to rely on the automatically processed data to be cloud free.

To ensure the maximum number of cloud-screened profiles possible for the long-term analysis, two additional preliminary

steps were considered. In the first approach, the target-classification of the PPC was considered and used to characterize
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timeframes of clouds present above the lidar. Although effective and perhaps suitable for future applications, this target-
classification based method proved to be not suitable for the present dataset and was therefore not further pursued.

The second approach is the one that has been applied to the data shown within this study, which is a threshold-based method.
Different thresholds for the retrieved lidar properties have been found empirically for this study and are applied on the data as
such, that the data within the individual vertical profiles exceeding these thresholds is neglected. A threshold of 6 Mm~!sr—!
was found suitable to be applied on the backscatter coefficient at 532 nm. Furthermore, a threshold of 0.60 was applied for
the particle linear depolarization ratio at 532 nm. In addition, the lower limit of the reference height of each individual vertical
profile was also used as an upper boundary of the profile, which is cut at this respective height.

Although the vertical profiles of the backscatter coefficient and particle linear depolarization ratio reach a full overlap close
to the ground, a lower boundary of 700 m a.g.1. has been chosen for the analysis of the vertical profiles. This is mainly due to

the profiles of the extinction coefficient being influenced more strongly by the overlap and showing meaningful values above

700 m a.g.1. To enable for later comparisons, this lower boundary is generally applied on all vertical profiles within this study.
2.3.4 POLIPHON method

To quantify the dust and non-dust contributions to the total particle backscatter coefficient measured within the atmosphere, the
POLIPHON method has been used. POLIPHON is a powerful approach to link the aerosol optical properties retrieved from
lidar measurements to the microphysical properties. In the first step of the POLIPHON method, the measured backscatter signal
from the lidar is split into a dust and non-dust fraction using the particle linear depolarization ratio. The separation is performed
according to Tesche et al. (2009). Two thresholds for the particle linear depolarization ratio are chosen, above and below which
the aerosol particles measured are classified as pure dust or non-dust, respectively. These values are 0.31 as upper threshold,
above which pure dust particles are assumed and 0.05 as lower thresholds, below which pure non-dust particles are assumed.
The thresholds correspond to the observations at 532 nm. If the measured particle linear depolarization ratio lies in between
the two thresholds, an interpolation is performed using the actual measured particle linear depolarization ratio. The first step
of the POLIPHON method has already been implemented in the PPC and is automatically applied on the retrieved lidar data
within PollyNET. Within this study, the method is only applied on data measured at 532 nm. From the separated backscatter
coefficients, the extinction coefficient of the respective aerosol subtype can be calculated using an estimated lidar ratio. For
the majority of dust species, Ansmann et al. (2019b) recommend a lidar ratio of 40 sr with the exception of west Saharan dust
with a slightly higher lidar ratio of 50 sr. For the conversion within this study, 40 sr have been used. A fixed lidar ratio for
dust over the whole timeframe covered by the analysis has been used. However, since the composition of the non-dust aerosol
particles may change over the course of time (e.g., between the seasons), choosing one non-dust lidar ratio is more challenging.
Therefore, within the scope of this study, only the dust backscatter coefficient has been converted further into an extinction
coefficient. The retrieved extinction coefficient can then be used to calculate various microphysical properties, such as the
mass, volume and surface concentration as well as the number concentration of different size regimes. This retrieval makes use
of correlation studies with AERONET sun photometer measurements (Mamouri and Ansmann, 2014, 2016, 2017). Using these

microphysical properties and assuming a supersaturation as well as temperature regime, cloud condensation nuclei (CCN) and
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ice nucleating particles (INP) number concentrations can be estimated using empirical parameterizations (Shinozuka et al.,
2015; DeMott et al., 2010, 2015) or approaches based on classical nucleation theory (summarized in Ansmann et al., 2021).
Within this study, the dust mass concentration within the atmosphere is derived in addition to the dust and non-dust separa-
tion of the particle backscatter coefficient. The dust backscatter coefficient is therefore converted to a dust extinction coefficient
using a lidar ratio of 40 sr which is further used to derive the dust mass concentration as described by Mamouri and Ansmann
(2016). For the extinction-to-volume conversion factor as well as the density of dust, 0.79 Mm um? cm™2 (Ansmann et al.,
2019b) and 2.6 gcm 2 were used, respectively (Mamouri and Ansmann, 2016). The respective extinction-to-mass conversion
with the extinction-to-volume conversion factor was chosen to stay consistent with Hofer et al. (2020a, b) despite the avail-
ability of a recently updated set of conversion factors (Ansmann et al., 2026; Hofer et al., 2026). The resulting dust mass

concentrations are presented in Sect. 3.4.
2.3.5 Evaluation approach of the dust cycle above Dushanbe

To assess the dust cycle above Dushanbe and its interannual variability, two main steps of averaging the data have been under-
taken and are presented in the following. Firstly, all cloud-screened vertical profiles of the backscatter coefficient are averaged
to calculate median vertical profiles and 25 to 75 % quartile ranges on a monthly and seasonal basis (e.g., Fig. 4). In a second
step, the median vertical profiles are averaged between two selected altitude boundaries. Two height ranges have been chosen
for this purpose: 0.7 — 2.0 km and 2.0 — 5.0 km. Within these altitude boundaries, the mean values and standard deviations of
the median vertical profiles are calculated (e.g., Fig. 5). By performing these two steps, an analysis of the interannual variability

of the atmospheric dust cycle can be performed on a monthly and seasonal basis as well as for multiple altitude ranges.

3 Results and discussion
3.1 Seasonal dust and non-dust vertical backscatter profiles

Both 2022 and 2024 provide continuous data over all seasons. Therefore, the first part of the seasonal analysis of the dust and
non-dust backscatter coefficient mainly relies on the data from these years. The seasonal median profiles of the total, dust and
non-dust backscatter coefficient of 2022 is given in Fig. 4 panels a —d, for winter, spring, summer and autumn, respectively. The
data shows a predominant non-dust fraction for the winter months, with only a small contribution of atmospheric dust. The non-
dust fraction can most certainly be attributed to local pollution. Generally, the aerosol load is rather low compared to the rest
of the year, with median backscatter coefficient values staying well below 1 Mm~! sr—!. Close to the ground (below 700 m),
the backscatter coefficient can be expected to be larger than 1 Mm~! sr~! due to the continental, rather low PBL during winter
time, containing a larger amount of aerosol particles than the free troposphere above. Additionally, aerosol particles seem to
be confined within the lower part of the troposphere at altitudes below 3 km. This drastically changes within spring, when the
total aerosol load of the atmosphere strongly increases. While the non-dust fraction of the particle backscatter coefficient stays

roughly the same, compared with the winter season, the dust fraction is significantly increased regarding, both, the magnitude
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Figure 4. Seasonal median of the vertical profiles of the aerosol backscatter coefficient derived with the Raman method from the lidar
measurements in Dushanbe, Tajikistan in 2022 (panels a — d) and 2024 (panels e — h). For each year the winter, spring, summer and autumn
season are given along with the number of vertical profiles used per season being indicated with IV, respectively. The total backscatter
coefficient (black) has been separated in the dust (orange) and non-dust (cyan, dashed) fraction using the POLIPHON method. The shaded

areas around the vertical profiles indicate the 25 to 75 % percentile.

and vertical extent, dominating the contribution to the total particle backscatter coefficient. The increased values of the particle
backscatter coefficient at altitudes up to 6 km also indicate the presence of lofted aerosol layers. While the non-dust aerosol
contribution stays within a similar range throughout the summer season and fall, the dust fraction is again increased in summer
compared to spring. However, this increase of the number of dust particles within the lower troposphere comes with a sharp
decrease of the aerosol concentration with height and the absence of the signatures of lofted aerosol layers above 5 km within
the median profile. Since the 25 to 75 % quartile range of the backscatter coefficient is way narrower in summer compared
to spring, a generally higher load of dust aerosol particles with less temporal variability in the atmosphere is identified. In
autumn, with the end of the annual dust season, the spread of the 25 to 75 % quartile range gets broader with both conditions
of significant aerosol loads compared to summer and low aerosol concentrations being present. The gradual decrease of the
altitude in which the median backscatter coefficient becomes nearly 0Mm ™! sr—! from spring to autumn and consequently
winter implies the reduced dominance of aerosol and dust layers higher up within the atmosphere over the course of the year,
with most aerosol particles in autumn being present in the lowest 4 km of the troposphere.

The described seasonality of 2022 is generally depicting a pronounced annual aerosol cycle within the atmosphere above
Dushanbe. However, even when the general seasonality stays the same, substantial interannual variations can be observed when

comparing these findings to 2024. The same seasonal climatology of the aerosol backscatter coefficient depicted in Fig. 4 a—d
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Figure 5. Vertical mean of the monthly median vertical profiles of the particle backscatter coefficient with the standard deviation for the
height range between 0.7 and 2.0 km a.g.l. (panel b) and 2.0 and 5.0 km a.g.1. (panel a). The beginning of each year (first January) is indicated
by the years given on the horizontal axis; the beginning month of each new season is indicated by the dotted lines. The summer and winter

season are additionally highlighted with red and blue shaded areas, respectively.

for 2022 is shown for 2024 in the same figure e —h. While the atmospheric conditions in the winter and summer season are very
similar, autumn and especially spring strongly differ between the two years. In spring, the total amount of atmospheric aerosol
particles is strongly decreased compared to 2022. Additionally, the measured aerosol backscatter coefficient is dominated by
the non-dust fraction, suggesting aerosol types such as pollutants as primary factors of the aerosol particles measured. The dust
fraction only contributes in a smaller extent to the measured particle backscatter coefficient, with it being close to the values
measured within the winter season. The aerosol load in spring of 2023, which is not shown here due data discontinuities, lies
between the measurements of 2022 and 2024, with the dust and non-dust fraction being nearly equal.

As for the non-dust fraction in spring 2024, the non-dust fraction in autumn is also increased compared to 2022 with
the seasonal median of the dust and non-dust backscatter coefficient nearly being equal. The aerosol backscatter coefficient is
nevertheless close to the measurements of 2022 with an increased non-dust fraction in 2022 compensating a lower dust fraction

of the aerosol backscatter coefficient.
3.2 Interannual comparison of the monthly dust and non-dust backscatter coefficient

For a closer investigation of the annual cycle of atmospheric aerosol particles and dust, monthly median vertical profiles of the

available single vertical profiles of the backscatter coefficient have been calculated as described in Sect.2.3.5. For these two
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height ranges, the mean of the median backscatter coefficient profile has been calculated and is shown in Fig 5, along with the
standard deviation of the vertical median profile of the backscatter coefficient within the height range.

In both height ranges, a clear seasonal cycle of the occurrence of atmospheric aerosol particles can be observed. In the lower
layer (see Fig.5 b), this cycle is mainly driven by the dust fraction. The non-dust fraction is rather constant throughout the
year, as discussed above, most likely due to local residential and industrial pollution. A slightly decreased non-dust fraction
in 2022 compared with 2019 and 2024/2025 is most likely attributed to interannual variability. This interannual variability is
caused mostly by the dust fraction. In winter, a small amount of dust was present within the PBL with the total aerosol load
being dominated by the non-dust particle backscatter coefficient. The onset towards the dust season happens in spring with
the increase of the dust fraction of the particle backscatter coefficient. Another increase can be seen in summer, where the
peak of the dust season happens. In autumn, mainly in September and October, the dust season ends sharply with the dust-
related aerosol backscatter coefficient staying high in September, but returning to winter levels until November within about
one month. The comparably high standard deviation of the median vertical profile in September and October, observed in all
years analyzed, indicates a strongly inclined vertical profile and therefore suggests the gradual decrease of atmospheric dust
with altitude. This sharp end of the dust season contrasts the slow buildup taking from March until June/July. Generally, the
low standard deviation suggests a low vertical slope of the median backscatter profiles, which is most likely due to turbulent
mixing within the PBL and the low troposphere.

In the altitude range of 2.0 to 5.0 km (Fig. 5 a), a similar pattern compared to the altitude range of 0.7 to 2.0 km is observed
for the annual dust cycle. Nevertheless, not only the dust fraction of the particle backscatter coefficient shows a clear seasonal
cycle, but also the non-dust fraction does, with a peak about a month before the maximum of the respective dust fraction in the
same layer. This suggests an increased transport of local pollution in spring and summer into the middle troposphere. Both dust
and non-dust cycles, however, show a slower onset and especially decline compared to the PBL and low troposphere and show
a higher standard deviation within the median vertical backscatter profiles during the whole year. The peak of the dust season
is shorter within the upper layer with the decline in autumn being extended over a longer time, already starting in August/early
September.

In both height ranges, strong differences are observed comparing spring 2022 with spring 2024. As already discussed in
Sect. 3.1, the non-dust fraction of the aerosol backscatter coefficient is slightly increased throughout spring 2024 compared
to 2022, while the dust fraction is strongly reduced. This shows again the interannual variability of the atmospheric aerosol
seasonality. In this case, the differences may be at least partly attributed to the differences in the weather patterns throughout
the years. Compared to spring 2022, 2024 was colder and lower wind speeds were measured at the airport at Dushanbe.
The observed weather also showed more occasions of precipitation, in the beginning of March even in frozen state, in 2024
compared with 2022. The freezing of the ground as well as snow cover may in general be reasons for the low dust fraction of
the backscatter coefficient observed in winter and beginning of spring.

Corresponding to the aerosol backscatter coefficient, the mean values of the median monthly vertical profiles of the particle
linear depolarization ratio, serving as basis for the POLIPHON method, are shown in Fig. 6. In both height ranges, a similar

behavior of the depolarization ratio can be observed with very low values below 0.1 in winter and high values in summer. Since
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the values shown represent the measured aerosol mixture present, no statement about the particle linear depolarization of dust
can be made. Nevertheless, the observed and averaged particle linear depolarization ratios in summer lie between observations
of dust and pollution or dust and smoke and pure dust measurements (Floutsi et al., 2023), partially exceeding 0.25 at 532 nm.
The values observed in winter in the lower layers are, however, significantly higher than the values observed typically for
pollution and smoke. This indicates either the influence of the low amount of dust present in the PBL or the presence of other
depolarizing non-dust particles, e.g., fresh smoke, with a higher particle linear depolarization ratio. In the upper layer, the same
pattern can be observed but with slightly reduced mean values of the particle linear depolarization ratio. It should be noted, that
for the upper height range and especially in winter, the retrieved particle linear depolarization ratio at 355 nm is slightly higher
than at 532 nm. The spectral slope of the measured particle linear depolarization ratio with higher values in the dust season at
532 nm (domination of coarse-mode particles) has been described by Haarig et al. (2017b). Therefore, the measurements of

the particle linear depolarization at 355 and 532 nm support the dust and non-dust seasonality.
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Figure 6. Vertical mean of the monthly median vertical profiles of the particle linear depolarization ratio with the standard deviation at 355 nm
(blue triangles) and 532 nm (green circles) for the height range between 0.7 and 2.0 km a.g.l. (panel b) and 2.0 and 5.0 km a.g.l. (panel a). The
beginning of each year (January) is indicated by the years given on the horizontal axis; the beginning month of each new season is indicated

by the dotted lines. The summer and winter season are additionally highlighted with red and blue shaded areas, respectively.

The seasonal characteristics of the particle linear depolarization ratio visualized in Fig. 6 on a monthly basis can also be
generalized on a seasonal basis. Tab. 1 shows the seasonal average of the particle linear depolarization ratio within the upper
and lower height ranges, 2.0 — 5.0 and 0.7 — 2.0 km, respectively as well as for 355 and 532 nm. The values given are the

means =+ the standard deviation of the vertical mean values for the respective height ranges (as they are shown in Fig. 6) for the
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Table 1. Average seasonal particle linear depolarization ratio over the whole timeframe of the dataset from July 2019 to February 2025 for
two selected height ranges at 355 and 532 nm. The mean values of the monthly vertical profiles of the particle linear depolarization ratio as
shown in Fig. 6 have been averaged for all months belonging to the respective season. The resulting mean values =+ the standard deviation

are given below.

Par. lin. depol. ratio
Range [km] | Wavelength [nm]
DIJF MAM JIA SON
2050 355 0.04540.017 0.1064+0.041 0.110+£0.021  0.068 & 0.036
R 532 0.03940.027 0.1394+0.047 0.158£0.024 0.076 = 0.050
0720 355 0.0524+0.022 0.131+0.060 0.164+0.025 0.112=+0.060
R 532 0.067+0.027 0.181+0.065 0.227+0.027 0.146 + 0.080

respective months of each season over the whole dataset. As from Fig. 6, the seasonal characteristic of dust in spring, autumn
and, especially, summer can be seen. The onset and end of the dust season can again be seen in the comparably high standard
deviation in spring and autumn. While the mean values at 532 nm are usually larger than the ones at 355 nm, the measured
particle linear depolarization ratio is similar at both wavelengths in winter, with the mean value at 355 nm in the upper height

range even exceed the mean at 532 nm, indicating the dominance of non-dust particles.
3.3 Airmass source seasonality

Figure 7 shows the normalized residence time of the air parcels within the reception height, and therefore the influence of
the surface, surface types “barren” or “’grass/cropland”, determined using the TRACE airmass source attribution introduced
in Sect.2.2.3. It is apparent, that the airmasses advected to Dushanbe follow a strong seasonality. In the winter season, the
advected airmasses are strongly influenced by their transport across the surface characterized as barren, while airmasses in the
summer season are more often originating from regions of grass- and cropland. The change of the dominant airmass source
regions might affect the type of aerosol particles advected to Central Asia and also imply an annual change within the aerosol
characteristics observed at the measurement site in Dushanbe. Since surfaces classified as barren are mostly found in Northern
Africa, the Arabian Peninsula and the close western proximity of Tajikistan, a strong influence of airmasses and therefore
aerosols from these regions in winter and spring can be assumed. However, it has to be considered that the dust load within the
atmosphere is lower in winter, presumably because of fewer emissions due to snow cover and lower wind speeds. At the end
of spring and in summer, the relatively higher influence of grass- and cropland on the normed residence time of the airmasses
being advected to Dushanbe is higher compared to the rest of the year. This suggests the advection of these airmasses from local
sources around Dushanbe as well as possibly from North-Westerly to North-Easterly regions. Within the summer season and
early fall, grass- and cropland can be expected to dry out, making it a possible dust-source too. This confirms the conclusions

by Hofer et al. (2020a) made based on their one-year dataset.

15



375

380

https://doi.org/10.5194/egusphere-2026-3390
Preprint. Discussion started: 3 August 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

w I“\ I‘ ‘iimii“l ! W “ M ‘JM M ‘lm !

—
o
L

Height [km]

Normalized residence time Normalized residence time

0.00
062020 192020 (902} ) 902} (09022 ) 9022 (69023 59023 (09024 ) 9028

Figure 7. Normalized residence time of airmasses reaching Dushanbe over the surface type “barren” (panel a) and “grass- and cropland”
(panel b) according to the TRACE backward trajectory model. The reception height has been set to 2km. The trajectories include the
timeframe from the 1 January 2020 to the 1 January 2025 and use the land cover classification given in Fig. 2. The vertical solid and dotted
lines indicate the beginning of June and December, respectively, and therefore the summer and winter season. The purple and blue lines
(right y-axis) within the panels a and b, respectively, additionally show the mean of the normalized residence time (colorbar at the right side)
above barren and grass- and cropland, respectively, from O to 12 km at every timestep. A running mean of 7 days has been applied on the

averaged normalized residence time.

3.4 Seasonal dust mass concentrations profiles

The vertical profiles of the seasonal median dust mass concentration for the four seasons retrieved using the POLIPHON
method are shown in Fig. 8. As the conversion relates the dust backscatter coefficient and the dust mass concentration linearly,
the retrieved values show the same characteristics as the results presented in Sect.3.1. The respective conversions from the
dust backscatter coefficient to the dust mass concentration are discussed in Sect. 2.3.4. Generally, the results agree well with
the findings from CADEX. Especially the frequent occurrence of high-reaching dust in spring and summer can be seen from
Fig. 8. As discussed by Hofer et al. (2017), dust can potentially be deposited within the mountains and on glaciers around
Dushanbe, possibly accelerating their melting. The interannual variability in spring and autumn is visible in the median dust
mass concentration. It should be noted that the median dust mass concentration profiles of autumn 2023 are likely biased by the
absence of measurements in September 2023 and the following slow onset of measurements in October, as indicated in Fig. 3.

Nevertheless, the transition function of spring and autumn between the dust-lacking winter season and the dust-rich summer
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season (and reversely) can be seen. While the dust mass concentration in 2022 already reached values close to the values at
the peak of the dust season during spring, the values of the dust mass concentration during spring in 2024 are closer to the
winter level. Although the dust mass concentration stayed at rather low levels during spring 2024, increased values compared
to the winter season could be seen in higher altitude, showing patterns comparable with 2023 and 2024. While the median
values of the dust mass concentrations are again similar in summer, they, as indicated above, strongly differ in autumn, e.g.,
with the dust season apparently ending earlier in 2024 and 2019 compared to 2022. The exact reasons for the differences in
the extent and duration of the dust season might be interannual differences in advection patterns as well as differences in the
meteorological conditions, influencing the emission of dust from local sources, such as wind speeds, precipitation and the extent
of frozen grounds. Despite the strong interannual variability observed within the seasonal dust mass concentration, the height
for each season in which the dust mass concentration approaches 0 pum/m? is rather constant throughout the years investigated.
Therefore it can be assumed that the majority of dust aerosol particles, continuously present within the atmosphere, are confined

in a rather constant height range during each season.
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Figure 8. Seasonal median vertical profiles of the dust mass concentration estimated using the POLIPHON method for all investigated
years (Summer 2019 — Spring 2025). The estimation was based on the vertical profiles of the aerosol backscatter coefficient retrieved using
the Raman method. For the conversion from the backscatter coefficient to an extinction coefficient estimate, a dust lidar ratio of 40 sr was

assumed.

4 Conclusion and outlook

Within the presented study, the seasonality of atmospheric dust and non-dust aerosol in Central Asia was evaluated using a novel

dataset of long-term, continuous lidar observations in Dushanbe, Tajikistan, from summer 2019 to spring 2025. Analyzing this
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fully automatically processed set of lidar data, which strongly extends the period of the CADEX field campaign (2015 and
2016), grants valuable insights into the interannual development of the annual dust cycle above Dushanbe.

The dust cycle within the atmosphere has shown a strong interannual variability with respect to its buildup, duration and
strength. The main dust season, characterized by dominating dust backscatter coefficient, is clearly identified from July to
September, with the dust not only dominating the PBL, but also the troposphere above. The dust season is flanked by a slow
buildup of high atmospheric dust concentrations in spring and a rather sharp decrease towards winter, especially evident in
September and October. In winter, only low amounts of dust are present even within the lower troposphere. The year-round,
vertically-nearly-constant values of the median non-dust backscatter coefficient in the lowermost 0.7 to 2.0 km, indicate the
presence of local pollution within the well-mixed PBL. However, the non-dust backscatter coefficient shows a clear seasonality
in the atmosphere at altitudes between 2.0 and 5.0 km, indicating lofting of local pollution. Nevertheless, the examination of the
seasonal vertical profiles of the backscatter coefficient implies that most aerosol particles present within the atmosphere reside
in the lowermost 5.0 km. Seasonal mean values of the particle linear depolarization ratio from 0.7 to 2.0 km of 0.164 £ 0.025
at 355nm and 0.227 £ 0.027 at 532 nm can be reported for all summer seasons combined. In the winter seasons, these values
are comparably smaller with 0.052 £0.022 and 0.067 = 0.027, respectively, and show a less steep spectral slope. Between 2.0
and 5.0 km, the particle linear depolarization at 355 nm is even higher compared to 532 nm. These values as well as the spectral
slope identified between 355 and 532 nm show the dominance of dust and non-dust in summer and winter, respectively (Haarig
et al., 2017a).

Within the dust season, values of the seasonal median vertical profiles of the dust mass concentrations from 0.7 to 2.0 km
determined using the POLIPHON method of up to 125.5 ug/m3 were observed. In winter, the dust mass concentration reaches
values of approximately 1.0 pg/m?. Information on the seasonal vertical profiles of the dust mass concentration is important for
monitoring air-quality and assessing its climatic impact and may also be valuable for the improvement of atmospheric models.

Overall, the present study not only confirmed the knowledge gained during the time-limited CADEX field campaign in
Dushanbe (Hofer et al., 2017, 2020a, b), but also extended it. The frequent occurrence of dust layers in higher altitudes
during spring, which was also observed during CADEX, was observed in for the long-term period between 2019-2025. This
is important, since dust residing above mountains and glaciers in Central Asia has not been studied yet and needs to be
investigated further, as it can potentially impact the snow-covered surfaces either via altering atmospheric radiative effects or
directly by settling on top of the snow cover.

The long-term analysis presented here has been enabled by the automatically-derived PPC products and to our knowledge
this study is one of the first ones to use the fully automated PPC lidar products. However, the possible cloud contamination,
required for an additional data filtering, which has reduced the data coverage in addition to data losses due to technical is-
sues. Both factors do not however affect the findings presented within this study. On the contrary, they motivate the need
of continuation of the measurements to further populate the existing dataset, especially in climatic-sensitive regions such as
Dushanbe, Tajikistan, which is envisaged in the framework of ACTRIS. It is also planned to further investigate the transport

and modification of atmospheric dust in the Central Asian region using ground-based and spaceborne remote sensing.
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Code availability. The PPC source code is available at (https://zenodo.org/records/13379737, Klamt et al., 2024). The TRACE source code
is available at (https://doi.org/10.5281/zenodo.4438051, Radenz et al., 2021).
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