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Chapter 1

Introduction

Clouds play a key role in the Earth's atmospheric dynamics, as they interact
with both solar and terrestrial radiation, cause precipitation, and transport
heat (Voigt et al., 2021). Despite their signi cant in uence on the planet's
radiation budget and water cycle, clouds remain the greatest source of un-
certainty in assessing future climate, as the IPCC (Intergovernmental Panel
on Climate Change) acknowledges (IPCC, 2014). Their complicated inter-
nal mechanisms and microphysical properties are closely connected to local
atmospheric conditions, with aerosol particles playing a fundamental role in
the formation, development, and lifetime of clouds.

Aerosols have a direct e ect on radiation through scattering and absorption.
Under favorable atmospheric conditions, some particles can act as cloud con-
densation nuclei (CCN) or ice nucleating particles (INP), which initiate cloud
formation and therefore indirectly in uence radiation and the hydrological
cycle. Aerosol amount and compositions, meteorological conditions such as
relative humidity and updraft (e.g., Reutter et al., 2009; Jimenez, 2021), and
cloud formation processes are spatially and temporally versatile (Novakov
and Penner, 1993). Therefore, clouds, aerosols, and their interactions, need
to be resolved in the context of their environment. Ground-based active
remote sensing approaches have shown potential in this matter given their
ability to monitor aerosol and clouds simultaneously (Jimenez, 2021).

This thesis aims to delve into the topic by means of a state-of-the-art ground-
based lidar, located in Dushanbe, Tajikistan (3833 34°N, 68 51° 22°F),
which provides relevant information about aerosol and clouds, such as the
concentration of water droplets in the cloud-base region (Jimenez et al.,
2020a) and the concentration of potential CCN in the cloud surroundings
(e.g., Hofer, 2020; Mamouri and Ansmann, 2016). The observatory located at
864 m a.s.l. at the S.U. Umarov Physical Technical Institute of the Academy
of Sciences of the Republic of Tajikistan in partnership with the Leibniz In-



Figure 1.1: Map of dust belt (enclosed in green dashed line) with desert
regions (black text), dust belt (bright), and Dushanbe, Tajikistan (marked
with red star), adapted from Hofer (2020).

stitute for Tropospheric Research in Leipzig (TROPOS), Germany, is one of
the few experimental measurement sites in this region (Hofer, 2020). The
country is located within the dust belt (Fig. 1.1 Hofer, 2020), which reaches
from the north-west African desert Sahara to the Gobi desert in Northeast
Asia, containing regions that are a ected by dust and dust storms. Addition-
ally, to the deserti cation and the glacier retreat that are taking place within
Tajikistan (e.g., Jiang et al., 2019; Goerlich et al., 2020), the deserti cation
of surrounding areas also represent great potential of dust sources (e.g., Jiang
et al., 2019; Goerlich et al., 2020). One example is the drying out of the Aral
Sea which now has mostly become the Aralkum which translates to Aral
desert (Abuduwaili et al., 2018). Local e orts are being made in investigat-
ing atmospheric processes, but most studies are restricted to satellite-based
measurements (e.g., Liu et al., 2019; Rupakheti et al., 2019; Wang et al., 2020;
Wu et al., 2022; Gan et al., 2024), which show, despite their great value, lim-
itations regarding vertical high-resolved aerosol and cloud measurements at
cloud-base and below clouds (Jimenez, 2021). In 2015{2016, rst continuous
lidar measurements were conducted in Dushanbe (Hofer et al., 2017). The
18-month campaign allowed the rst long-term assessment of the aerosol sit-
uation in Dushanbe. In 2019, a new and upgraded permanent lidar station,
now with Dual-Field-of-View capabilities, was deployed in Dushanbe (Engel-
mann et al., 2019; Jimenez et al., 2020b). The Dual-Field-of-View (DFOV)
polarization method extends the capabilities of a lidar to assess microphysi-
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cal information not only of aerosols (Mamouri and Ansmann, 2016) but also
from activated droplets in real liquid water clouds in the continental-arid
climate of Dushanbe, a location mostly in uenced by pollution and dust.
The continuous, long-term high-resolution measurements from 2019 to 2023
are subject of this study and were used to investigate the aerosol and cloud
microphysical properties and their interactions in Dushanbe, Tajikistan.
Since the climate is changing due to anthropogenic in uences, and the bio-
sphere and other parts of the climate system are changing accordingly, contin-
uous, mature knowledge about human-climate interaction is essential in order
to understand the consequences of this change. Regarding aerosol-cloud in-
teractions, Dushanbe itself, characterized by its continental, dusty, and often
polluted conditions, o ers an attractive scenario to study the primary aerosol-
cloud relationship, commonly related to the Twomey e ect (Twomey, 1974;
Quaas et al., 2022) and is of essential character to assess further adjustments
that a ect cloud coverage and lifetime (Gryspeerdt et al., 2019).

Satellite observations have provided valuable knowledge regarding aerosol-
cloud interactions, providing quantitative assessments of the Twomey e ect
(Quaas et al., 2006, 2008) and have set a path to evaluate the the adjust-
ments by means of the cloud fraction and liquid-water path (Gryspeerdt
et al., 2019). The coarse resolution of spaceborne observations often suits to
climate scales, but the aerosol-cloud processes that occur in shorter temporal
scales cannot be addressed. Airborne in situ measurements have been used
to tackle shorter scales (Werner et al., 2014), but such measurements are
limited in time and quantity. Ground-based lidar, on the other hand, can
vertically resolve one location spot continuously and over long periods, and
the recent developments into the lidar system and into the analysis chain
open the chance to approach the experimental gap from the short to long
time scales.

In this context, (Jimenez et al., 2020b,a) extended the Dual-Field-of-View
concept initiated by Schmidt et al. (2013) towards depolarization, allowing
the assessment of cloud properties during day and night time and with tem-
poral resolutions of a few minutes. Such lidar systems are located at multiple
regions across the globe, including the continental semi-arid environment of
Dushanbe, Tajikistan.

The rst lidar measurements in 2015{2016 in Dushanbe at the Physical Tech-
nical Institute of Tajikistan initially focused on aerosol properties and their
cloud-relevant information such as the concentration of potential CCN and
INP (Hofer et al., 2017). The extension to DFOV polarization lidar and
the capacity to measure cloud microphysical properties enabled the rst
short-term results on aerosol-cloud-interaction to be obtained, which Jimenez
(2021) evaluated. The present thesis deals with the data of the longer time
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period from 2019{2023, covering about 28 months of measurements, with a
focus on aerosol-cloud interactions and their properties in Dushanbe.

The thesis is structured starting with Chapter 2, which deals with the theo-
retical basis of lidar technology and describes the instrument speci cations,
methodological framework, and data analysis procedures. Chapter 3 presents
the core analysis based on the obtained aerosol-cloud properties. Three case
studies are discussed in detail and the aerosol-cloud relationship was eval-
uated by means of the aerosol-cloud-interaction index by consideration of
environmental conditions and the temporal scale. To broaden the view of
the aerosol situation, a comparison with recent datasets from spaceborne
lidar and model outputs was performed. Finally, a summary and an out-
look are provided to emphasize the importance of ongoing research for the
understanding of the aerosol-cloud problem.



Chapter 2

Instruments and methods

This work aims to investigate aerosol-cloud interactions (ACI) in the Central
Asian region. The PollyXT (POrtabLe Lidar sYstem PollyXT Althausen

et al., 2009) system is measuring since 2019 in Dushanbe, Tajikistan, and
the continuous vertical information that it provides form the base of this
study.

First, this chapter covers the fundamentals of the lidar theory, the PollyXT
lidar system, and the automated data processing chain PollyNET (Portable
Lidar NETwork). Afterwards, methods to analyze aerosol, cloud, and air
mass properties are described. The strategy to investigate the relationship
between aerosol and cloud properties is then presented.

2.1 Lidar theory

A lidar (LIght Detection And Ranging) is an active instrument based on
the emission of a laser beam and the detection of scattered light in the
atmosphere. It emits a linearly polarized laser pulse at selected wavelengths
into the atmosphere. The laser beam will be scattered by air molecules and
particles like aerosols and hydrometeors. The light scattered in the backward
direction is detected by a telescope as part of the receiving unit of the lidar.
The powerP(R, ) of the detected photons depends on the wavelengthof
the emitted laser beam and is a function of distancR between the receiver
of the lidar and the atmospheric component that scattered the light back.
This distance R can be calculated with the speed of light and the travel
time t of the two-way trip of the photons:
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Then, the received powerP(R, ) for elastic backscattered signals can be
described as follows (Weitkamp, 2005):
Z
O (R) R

e Cs() (e 2 - (dr
where Pq is the power of the emitted laser beamQ (R) accounts for the
overlap of the laser beam and receiver eld of vievs is the system constant
to consider the e ciency of the detection, (R) is the volume backscatter
coe cient, which describes how much light is scattered back and can be
described by means of particle and molecular contribution:

P(R; )= Po (2.2)

(R)= PR+ ™ (R): (2.3)

The volume extinction coe cient  (r), when integrated over the range
from the lidar to the atmospheric component that scattered the light back,
represents the attenuated light (Beer-Lamber-Bouguer law). The volume
extinction coe cient can also be divided into particle and molecular parts:

(= ™+ m™(): (2.4)
In order to determine particle properties, the lidar equation must be solved
for the two unknown properties and . For this purpose, the Klett or

Raman method can be applied. Although the Klett method allows high tem-
poral and spatial resolution during day and night, it requires an assumption
of the lidar ratio S . This ratio between particle extinction and backscatter
coe cient is de ned as:

(R) .

S (R) R) (2.5)
To avoid the assumption of the lidar ratio the Raman method is introduced.
For the Raman retrieval of particle properties the inelastic backscattering of
Nitrogen molecules is utilized, and an additional equation for the received
power can be expressed (Ansmann et al., 1990):

Z R
Cs() n(R)exp . [ O+ .(Dldr
(2.6)
where , is the Raman-shifted wavelength. The volume extinction coe -
cient at the Raman-shifted wavelength _(r) is again containing particle

and molecular parts and the Raman-shifted backscatter coe cient _(r) is
described as:
d (; r) .

d )

O (R)
RZ

P (R; ra) = Po

« (R) = N (R) (2.7)
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whereN,(R) is the molecule number density of the Raman-active gas, which
can be calculated from temperature and pressure pro les (Bucholtz, 1995).
The second part of the equation describes the range-independent di erential
Raman backscatter cross section. These equations allow an independent
calculation of the particle extinction and backscatter coe cients, which is
described in Sect.2.1.1.

2.1.1 Retrieval of aerosol optical properties

Based on Eq. 2.6 for elastic and inelastic backscattering, the particle extinc-
tion coe cient P can be calculated as follows (Ansmann et al., 1990):

h i
dn Na(R)O (R) moI(R) mol(R)
drR RZP(R; ra) ra
par (R) = ® . (28)
1+ —

ra

To calculate the particle backscatter coe cient P'(r), the Eqgs. 2.2 and 2.6
are combined (Ansmann et al., 1992a,b):

PIR)= ™(R)+[ P'(Ro)+ ™!(Ro)]
P(Ro; ra)P(R; ) Npa(R)
P(qu; )P(R; ra) Nra(RO)
exp gl PN+ m(r)]dr

] F=Y
L

exp [P+ ™)l

(2.9)

For this calculation, a reference heighRy, where almost particle free condi-
tions can be assumed, must be chosen and a generic small particle backscatter
coe cient value at that reference height ( ' (Ry)) has to be set.

Based on the retrieved particle extinction and backscatter coe cient the
particle lidar ratio can be calculated, which is de ned as:

" (R) .

Spar (R) — par—(R) :

(2.10)

Depolarization ratio

For the polarization lidar, additional equations, which describe the power
that is received at the optical channel for parallel polarization k) and at
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the optical channel for perpendicular polarization ? ), as these components
of the light are distinguished with an adjusted polarizer, can be stated as
follows (e.g., Hofer, 2020):

Z
kP (R; ):kPokoR#sz( ¥ (R)exp 2 OR ko (r)dr (2.11)
and
, Z
P(R; )= kF’OOR—Z(R)"’CS( )’ (R)exp OR “<o(M+7 () dr

(2.12)
From these equations, the change of polarization due to atmospheric compo-
nents based on the shape-induced scattering can be determined. This change
is represented by the volume linear depolarization ratio”' de ned as:

? (R) _ ? Paf(R)+? moI(R) .
k (R) k Paf(R)+k moI(R) !

vol —

(2.13)

with the particle linear depolarization ratio ":

? Paf(R)
par _ W (2.14)
and the molecular linear depolarization ratio ™':

_ 7 ™(R)

mol

(2.15)

For the PollyXT lidar system, which measures the total and perpendicular
polarization components, the volume depolarization ratio can be calculated
as follows:

ol e 1 °"(R)=V
(R) = "R) D®=V D’ (2.16)
with b (R
*(R) = %: (2.17)

Here,D denotes the transmission ratio for the total and the perpendicular-
polarized channels. In order to calculate these transmission ratios, calibration
measurements were performed (Mattis et al., 2009; Hofer, 2020). The cal-
ibration constant V is calculated with the 90 -method (Freudenthaler
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et al., 2009; Freudenthaler, 2016; Freudenthaler et al., 2018) and is de ned as:

1+ Dtotq
1+ D?

For the 90 -method, calibration measurements are conducted at +45
(*** °(R)) and 45 ( % °(R)) in relation to the laser polarization plane.
The calibration constant V represents the ratio of transmission through the
optics of the two channels, which may vary over time e.g.,, due to a decrease
in detector e ciency of one of the channels. Therefore, periodic calibration
measurements are conducted.

Then, the particle linear depolarization ratio can be calculated as follows
(e.g., Tesche et al., 2009):

V (R) = 5 °(R) 45 °(R): (2.18)

by

™R ™R R, 1: (2.19)

TR = PR+ PAI(R) 1+ ™I (R)

Angstem exponent

The wavelength dependence of optical parameters like extinction and
backscatter is described by theAngstem exponent (e.g., Hofer, 2020).
Based on pairs of particle backscatter coe cients at the emitted wavelengths
355nm, 532nm, and 1064 nm the backscatter-relateéingstem exponent
can be calculated:

log [ 555(R)= 555(R)].

a 3s5=532(R) = l0g(532355) (2.20)
log[ 2(R)= P2 (R
2 )= L e @21
and
par — par
a sso1064(R) = log [ 532(R)= 1064(R)] : 2.22)

log(1064532)
The extinction-related Angst®m exponent can be calculated based on mea-
sured pairs of particle extinction coe cients at 355nm and 532 nm wave-
length:

log[ 555(R)= E33(R)] .
log(532=355) '

a 3s5-532(R) = (2.23)
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2.2 The PollyXT lidar system

The rst Polly, a portable automated two-channel aerosol Raman lidar
system Althausen et al. (Polly 2004), was developed at TROPOS in 2003
with the aim to identify vertical pro les of optical properties, aerosol layers
in the troposphere and stratosphere, humidity, aerosol type, and aerosol mi-
crophysical properties (Althausen et al., 2009; Engelmann et al., 2016). Over
the last two decades, the lidar group at TROPOS has continuously improved
the instrument and established a network of multiple neXT generation
PollyXT systems (Engelmann et al., 2016) called PollyNET (Baars et al.,
2016). The lidars are distributed globally with most operating systems
in Europe. Therefore supporting European networks like EARLINET
(European Aerosol Research Lidar Network)(Pappalardo et al.,, 2014) as
part of ACTRIS (Wandinger et al., 2020; Laj et al., 2024) and Cloudnet
(Nlingworth et al., 2007) via international collaboration, eld campaigns and
exchange of knowledge and data (e.g., Hofer et al., 2017; Mamouri et al.,
2021). The state-of-the-art PollyXT is a dual- eld-of-view multiwavelength
polarization Raman lidar, which allows the retrieval of aerosol and cloud
microphysical properties. A detailed description of such PollyXT systems
is given by Engelmann et al. (2016); Jimenez et al. (2020a) and a technical
overview is provided in Fig.2.1. The lidar in Dushanbe contains a laser that
emits light pulses at 1064 nm wavelength, which passes through second and
third harmonic generators to simultaneously create additional light pulses at
532nm and 355 nm wavelength. Since this generation can cause a decrease
in purity of the polarization or rotate the polarization plane, a wave-plate
and a Brewster-cut Glan-laser polarizer are implemented in the optical path
to ensure the purity of the linear polarization of the emitted light. The
remaining polarization impurity (fraction of non-linearly polarized light)
amounts to less than 0.1 %, which is low enough regarding typical molecular
linear depolarization ratios. Before the light is emitted into the atmosphere,
a beam expander is used to expand the laser light to 45 mm diameter and
reduce the laser divergence to less than 0.2 mrad.

The receiver unit of the used PollyXT consists of a far-range (FR) and
near-range (NR) optical set-up. A Newtonian telescope with a 300 mm
primary mirror and a eld-of-view (FOV) of 1 mrad is used for the far-range
measurements. The overlap function of this telescope reaches unity at
800-{900 m (Engelmann et al., 2016). Additionally, the implementation of a
NR receiver unit with two separate 50 mm refracting telescopes and FOV's
of 2 mrad reduces the overlap-a ected height range to 120 m above the lidar,
which is favorable for measurements in the planetary boundary layer (PBL)
and can be used for data quality insurance and overlap determination for
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Figure 2.1: The right side of the gure illustrates the dual-FOV polarization
lidar geometrical con guration, showing the laser beam and di erent FOV's
with height. On the left the optical setup of the PollyXT lidar (similar to
Engelmann et al. (2016)) is shown. The upper left part shows the front
view of the system, the lower left part the view from above. Mounted to
the left of the main lidar telescope (in blue) is the transmitter unit where
the laser light (green circle) is transmitted. As part of the receiver unit the
backscattered light is collected with the far-range (FR) telescope (blue circle,
FOV =1 mrad) and then passed to the optical elements and detector channels
(enclosed in blue frame for FR receiver). Next to the detector channels are
written their wavelengths in nanometers, and® indicates the cross-polarized
channels. For the near-range (NR) receiver unit a 5cm receiver telescope
(purple circle, FOV =2 mrad) is mounted above the secondary mirror of the
FR telescope to collect the cross-polarized signal component. The detector
channels of the NR unit are enclosed in the purple frame. Adapted from
Jimenez et al. (2020b).
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the FR unit. Based on the size of each FOV, the FR unit is the inner FOV
and the NR is the outer FOV, which is explained in Sect.2.4.2. After the
telescope, the received light is collimated with optical lenses and spectrally
separated into the di erent wavelengths by dichroic beam splitters. The
receiver unit consists of thirteen channels, which measure the backscattered
light and partially the cross-polarized and total components of the signal
(Jimenez et al.,, 2020b). The NR channels are at wavelengths of 355nm,
387 nm, 532 nm, and 607 nm. An additional channel at 532 nm connected to
the second telescope of the NR unit is measuring only the cross-polarized
light component, which is crucial for the DFOV method described in
Sect.2.4.2. The FR unit consists of channels at wavelengths of 355nm,
387 nm, 407 nm, 532 nm, 607 nm and 1064 nm as well as two channels for the
detection of cross polarized components at 355nm and 532 nm.

After the detection, every single-shot lidar pro le is then transferred to a
PC where pro les are averaged to 30s temporal resolution sampled at 7.5m
vertical resolution.

Since precise measurements of volume and particle depolarization ratio
proles are fundamental for detecting aerosol and cloud microphysical
properties, a 90 calibration (see Sect.2.1.1) is being performed three
times a day (Freudenthaler et al., 2009; Freudenthaler, 2016; Engelmann
et al., 2016; Jimenez et al., 2020b). For this purpose, a remote-controlled
rotatable sheet polarizer is mounted at the FR receiver in front of the
pinhole. In order to retrieve the absolute calibration constanV , which is
given in EQ. 2.18, the polarizer is rotated automatically by 45 and +45
with respect to the laser polarization plane in the light path for calibration
to determine % °(R) and *** °(R). Because of signal noise and varying
atmospheric conditions during calibration measurements, the resulting
pro les of V vary with height. Therefore, cloud-free, clear-sky conditions
are most favorable for the measurement of . Additionally, proles are
vertically averaged over several kilometers to reduce the impact of signal
noise onV . Based on the assumption that the depolarization ratios for
FOVi, and FOV, are equal when cloud-free, clear-sky conditions are given,
the calibration constant for the NR (FOV,,) is also derived. Both,V
and V, are used for the calculation of the inner and outer FOV volume
depolarization ratio.
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2.3 PollyNET Processing Chain

The PollyNET processing chain is described in the following section based
on Baars et al. (2016). The automatized processing chain provides the
aerosol information, while the cloud products were computed automatically
with an external module.

The continuous observations with PollyNET lidars are screened for ap-
propriate weather conditions and processed in near-real time. Proles of
the particle backscatter coe cient (355, 532, and 1064 nm), the particle
extinction coe cient (355 and 532nm), the particle depolarization ratio
(355 and 532 nm) and water vapor mixing ratio are retrieved in an automatic
framework. An overview of the retrieved parameters and further relevant in-
formation are available on the webpage of PollyNET (link: polly.tropos.de).

In detail, the processing chain monitors and discards measurement periods
which are aected by inappropriate weather conditions like fog. Several
corrections are performed on the preprocessing stage, such as deadtime,
background and range correction. Additionally, to improve near-range
capabilities, an overlap correction can be applied (Wandinger and Ansmann,
2002). To avoid erroneous retrievals due to incomplete overlap, for example
caused by small temperature uctuations, the lowermost height bins are
discarded. Afterwards, cloud screening is performed based on range- and
background-corrected signals following Baars et al. (2008). After the
whole measurement period has been analyzed and screened for clouds, the
preprocessing algorithm looks for as many 30 min intervals as possible that
are fully cloud-free in the lowest 9 km. The range- and background-corrected
lidar signals in the selected 30{90 min intervals are averaged and are used as
input for nding the reference height. The search for the cloud-free signals is
not xed to speci c times and only based on nding a clear-sky time period.
The 30min averaging of lidar signals increases the signal-to-noise-ratio
(SNR).

In order to nd the optimal reference height interval, a Rayleigh t (e.g.,
Freudenthaler et al., 2018) is performed for as many height intervals, for
which the total SNR is greater than a wavelength-dependent threshold.
After several tests, the reference height interval with the best results is
selected. Lastly, the aerosol classication algorithm, based on retrieved
optical properties like Angstem exponent and depolarization ratio which
are in uenced by size and shape of the particles, is implemented.

15



2.3.1 High-temporal-resolution products

In order to achieve high-temporal-resolution products, which have been
referred to as quasi-products in earlier studies (e.g., Baars et al., 2017;
Jimenez, 2021), the lidar signal is calibrated with a lidar calibration con-
stant as described by Jimenez (2021). This constant is calculated based on
high-quality backscatter and extinction pro les obtained during cloud-free
conditions. The lidar system parameter C, also called lidar constant, can
be computed as:
Z
P(R; )R? R
"(R) +( mo')(R) o 02, TOr mOa@

(2.24)

C (R) =

This parameter is used to calculate the attenuated backscatter coe cient
at as follows
. _ P(R; )R? _
C O (R)

atl

PR+ ™R) TRIT™(R);  (2.25)

where TP*(R) and T™!(R) represent the transmission through aerosol par-
ticles and molecules.
The attenuated backscatter is a very practical quantity as it contains only in-
formation about the optical atmospheric situation, from which the backscat-
ter coe cient can be constructed. Because, initially, the particle backscatter
over the whole atmosphere, and therefof€”®, is unknown. The backscatter
coe cient can be computed in an iterative manner starting with a transmis-
sion valueTP¥ = 1 as a rst guess. The initial particle backscatter **'(R)
is calculated as:

att (R)
Tmol (R)

Then, by assuming a value of8°*, a rst guess of the particle extinction
coe cient P¥(R) can be calculated as:

P(R) = ™(R) : (2.26)

PR) = P*(R) P¥(R): (2.27)

Afterwards, the high resolution extinction coe cient is used to calculate the
transmission through aerosol particle3 ** (R) by
Z R

TP(R)=exp 2 Pafdr - (2.28)
0
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Finally, the high resolution aerosol backscatter coe cient™ P¥(R) can be
retrieved:

att (R)
TM(R)TP(R)

which subsequently allows the retrieval of further high resolved optical
properties like the particle depolarization ratio at 355 and 532 nm.

The obtained high resolution products have a temporal resolution of 30 s and
a vertical resolution of 30 m and are obtained for each 6 h measurement pe-
riod. Such high resolution parameters improve the detection of atmospheric
aerosol layers and enable the investigation of aerosol-cloud-interactions as
presented in this study.

HR par(R) — moI(R) ; (229)

2.4 Aerosol particle, cloud and air mass char-
acterization

The objective of this study is to combine the outcomes from two di erent
methods, namely the The Polarization Lidar Photometer Networking method
(POLIPHON) and the Dual-Field-of-View (DFOV) method. By utilizing
POLIPHON, comprehensive details about the properties of aerosols can be
obtained. Additionally, the DFOV-method enables the retrieval of cloud mi-
crophysical properties from cloud base up to 75m into the cloud.

The combined approach is expected to provide a more complete understand-
ing of atmospheric microphysical processes by integrating the knowledge ac-
quired from both methods. This allows a comprehensive analysis of the
interaction between aerosols and clouds, as well as their impact on the cli-
mate.

2.4.1 Retrieval of microphysical and cloud-relevant
properties

The Polarization Lidar Photometer Networking method (POLIPHON
Mamouri and Ansmann, 2016; Ansmann et al., 2019) utilizes the particle
backscatter coe cient and the particle linear depolarization ratio pro les at
532 nm wavelength to rst separate dust and non-dust particle backscatter
coe cients (Mamouri and Ansmann, 2016). The method is based on typ-
ical particle linear depolarization ratios for dust (4 = 0:31) and non-dust
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( ng = 0:05) (Muller et al., 2007; Tesche et al.,, 2009). The calculations of
the dust 4 and non-dust particle backscatter coe cient .4 are as follows:
par (P )X+ )

S e (2:30)

and
nd = par d - (2.31)

The separation is applicable for particle depolarization ratios,q par q-

nd = P& is set for P g and 4= P for P 4, respectively.
Afterwards, these dust and non-dust backscatter coe cient pro les along
with typical lidar ratio values for dust (Sq = 40 sr, (Hofer, 2020)) and non-
dust (Spq = 50sr, (Hofer, 2020)) are used to calculate dust and non-dust
particle extinction coe cient pro les as follows:

d— d Sgar (232)

and
nd = nd Sri (2.33)

Then, conversion factors and generic densities of dust and non-dust are used
to convert the extinction pro les to number concentration pro les as

Niood = Cniood o ; (2.34)

with the exponent for dustby = 0:71 and the conversion factoiCpi004 =
124Mmcm 2 and

Nsond = Creond (2.35)

with the exponent for non-dust by = 0:94 and the conversion factor
Creond = 25:7Mmcm 2 (Ansmann et al., 2019; Hofer, 2020). For pollution-
related estimations of CCN concentrations, a dry activation radius of 50 nm
is assumed. However, accounting for typical moisture conditions which can
cause hygroscopic haze aerosol particles to grow, the conversion fa€t@b ng
assumes that these particles of radi# 60 nm are representing dry haze aerosol
particles that have dry radii of > 50 nm (Hofer, 2020). These conversion fac-
tors originate from long-term AERONET (Aerosol Robotic Network, Holben
et al. (1998, 2001)) measurements of aerosol optical thickness (AOT) and
retrieved particle number concentrations (Dubovik and King, 2000; Dubovik
et al.,, 2006) in Dushanbe (Ansmann et al., 2019). The threshold for dust
( < 03, AOT > 0:1) and non-dust ( > 1:4) scenarios was applied to
the Angstrem exponent ( ) from the 440{880 nm spectral range and AOT
at 500 nm (Mamouri and Ansmann, 2016; Ansmann et al., 2019). In the

18



case of dust, the conversion links the extinction coe cient to the number
concentration of particles with a radius larger than 100 nm :

Neend = fed Niood ; (2.36)

with the enhancement factor for dustf¢ 4 = 1.

For the estimation of non-dust CCN concentrations pro les of number con-
centration of non-dust particles with a radius larger than 50 nmr{sp nq) are
used (Ansmann et al., 2019; Lv et al., 2018):

Ncenind = fend Nsoind | (2.37)

with the enhancement factor for non-dustf¢,y = 1. Both enhancement
factors are dependent on supersaturation. These CCN concentration
estimates are based on the assumption of typical water supersaturation of
0.2% (Siebert and Shaw, 2017). Since this study only involves liquid water
clouds, the retrieval procedure for INP-relevant properties is not included
but can be found in e.g., Hofer et al. (2020a) .

2.4.2 Dual-Field-of-View depolarization method

The Dual-Field-of-View polarization method expands the lidar measure-
ments to observe liquid water cloud properties. This method is based on
multiple scattering (MS), which is related to optical and microphysical
properties of cloud droplets and is described by Jimenez (2021).

In dense liquid water clouds, one or more forward scattering events occur.
Forward scattering changes dependent on the size of the cloud droplet. For
smaller droplets, the forward scattering will be spread wider as for larger
droplets, where forward scattering will take place with a much narrower for-
ward scattering lobe. This can be seen in the phase function of two droplets
of dierent sizes. This is shown in Fig.2.2 on the left, where the phase
function for droplets with e ective radii of 3 um, 8um, 13um and 18um are
displayed. Especially in the forward scattering regime, di erences between
small and large droplets can be observed, which represents a dependency of
the scattering angle with droplet sizes. In the backscattering region, these
size-related features might be out smoothed, but in the depolarization ratio,
the size information remains.

If the lidar detects photons, backward scattering had to take place, but
if rst forward scattering took place and then backward scattering, the
scattering angle at which the photons are scattered back to the lidar is close
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Figure 2.2: (a) Phase function versus scattering angle for di erent droplet
sizes. (b) Linear depolarization ratio versus scattering angle for di erent
droplet sizes. (c) lllustration of size dependency between the droplet size
and the elongation of the phase function in the near-forward direction. (d)
lllustration of multiple scattering (MS) events with a picture of the MS e ect

of the laser beam at a cloud layer. Adapted from Jimenez (2021).

to 180 but di erent from it.

Usually, cloud droplets during single scattering events do not change the
polarization of light due to their spherical shape if the light is backscattered
at 180 . But if multiple scattering occurs and the nal backscatter angle is
close to 180 but di erent from it, the depolarization increases strongly. This
also changes for di erent e ective radii of cloud droplets, because for smaller
droplets, the forward scattering will be spread wider as for larger droplets
with a more narrow forward scattering lobe, which is shown in Fig.2.2 for
two droplets with their respective forward scattering of the laser beam.
This size dependency also in uences the linear depolarization ratio between
the inner and outer FOV shown in Fig.2.2. Measuring depolarization at
two di erent FOV's, one inner and one outer FOV, allows to retrieve cloud
properties due to the dependency of the polarization state on the size of the
cloud droplets.

Based on these size dependencies, due to multiple scattering (MS), liquid
water cloud properties in high temporal resolution of 30{120 s can be derived
from day and nighttime observations.

This relationship between size of cloud droplets and depolarization can be
used to nally derive the cloud properties e ective radius, cloud extinction
coe cient, liquid water content, and cloud droplet number concentration.
For this retrieval, a MS model is used to simulate polarization lidar mea-
surements for various di erent parameters (Jimenez et al., 2020a). Vertical
pro les of the cloud properties are computed for a penetration height into
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the cloud of 75m above cloud basez{s). The calculated vertical pro les

of the cloud properties are used to simulate cross- and co-polarized lidar
backscatter coe cients, which subsequently return volume depolarization
ratios. The performed simulations are based on the assumption of subadia-
batic conditions regarding constant cloud droplet number concentration and
linearly increasing liquid-water content, because of computational limits of
the MS model regarding time and costs. The overall concept is illustrated in
Fig.2.3. The computations are made for two FOV's and 720 di erent cloud

Figure 2.3: lllustration of the overall concept to investigate clouds and
aerosol-cloud interactions. Assumptions and parameterizations are subadia-
batic conditions in the lowest part of the cloud layer, a height-independent
droplet number concentration, and a linearly increasing liquid-water content.
The cloud extinction coe cient and droplet e ective radius pro les are cal-
culated. Adapted from Jimenez (2021).

scenarios with a cloud depth of 200m and a vertical resolution of 7.5m.
The inner eld-of-view FOV;, is 1 mrad and the outer eld-of-view FOV,
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is 2mrad, based on sensitivity towards droplet e ective radius and cloud
inhomogeneities. Combining the modelled relationship between e ective
radius and depolarization ratio of FO\}, and FOV,, for di erent scenarios,
which has a low dependency on the cloud extinction coe cient, with actual
measured ratios of FOY, and FOV,,; depolarization allows the retrieval of
the e ective radius, which is calculated as follows:

Re (Zet =75m) = Bo+ B3 rat T B2 rzat + Bs rgat ; (2.38)

with the polynomial coe cients Ry, R;, R,, and R3 (Jimenez et al., 2020a)
and the DFQV ratio of depolarization ratios 5, which can be described as:

in (Zbot ; Zref) .

: 2.39
out (Zbot ; Zref) ( )

rat (Zoot s Zref) =

Here,z, represents the height of the cloud base. Using the obtained e ective
radius and the inner FOV depolarization ratio allows the retrieval of the cloud
extinction coe cient which is calculated with:

(Zet =75m) = o(Re ;Zoot)* 1(Re ;Zoot) in+ 2(Re ;Zoot) 2 : (2.40)

Based on the e ective radius and the cloud extinction coe cient, the liquid
water content LWC can be derived from:

2

and the cloud droplet number concentration can be calculated with

Ng = Zi R, % (2.42)

e 7

with  describing the ratio between the volume mean droplet radiuR, and
the e ective radius R, based on in situ measurements in warm strati ed
clouds by Matrtin et al. (1994):

R3
= —-=0:75: (2.43)
e

The described retrieval is shown exemplary in Fig.2.4. On the left side of
Fig. 2.4, the known relationship between the linear depolarization ratio of the
FOV;, and FOV, with the e ective radius of the cloud droplet is represented
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Figure 2.4: Example for two-step approach to retrieve e ective radius and
cloud extinction coe cient. (a) The droplet e ective radius (circled in red)
versus the measured ratio of the linear depolarization ratios of the FQV
and FOV, (circled in blue) for di erent cloud extinction coe cients. The
exemplary ratio of the linear depolarization ratio of the FOV, and FOV,,
is indicated with the blue dotted line. The red dotted line then show the
retrieval of the droplet e ective radius, which is here 7.am. The next step
of the retrieval is shown on the right. (b) Here the cloud extinction coe cient
versus the measured FO) depolarization ratio for di erent e ective radii

is shown. The exemplary FOY, depolarization ratio is indicated with the
blue dotted line. Based on this and the previous obtained e ective radius of
7.9um, the cloud extinction coe cient can be retrieved, indicated by the red
dotted line. Adapted from Jimenez et al. (2020a).

for di erent cloud extinction coe cients, which has a low dependency on the
linear depolarization ratio. The linear depolarization ratio of the FOV, and
FOV ., which is marked with a blue circle, is measured and used to derive
the e ective radius, indicated with the dotted lines. In this example, an ef-
fective radius of 7.9um is obtained. The next step makes use of the measured
FOVi, depolarization and calculated cloud extinction coe cients for di erent

e ective radii, which show a clear dependency of the cloud extinction coe -
cient on the e ective radius and the depolarization ratio of the FOYV,. Since
the e ective radius as well as the FOY, depolarization are known, the cloud
extinction coe cient can be retrieved, indicated by the dotted lines. Based
on both cloud properties, the liquid water content as described in Eq.2.41
and the cloud droplet number concentration as described in Eq.2.42 can be
calculated.
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The technical implementation of the DFOV technique into PollyXT is shown

in Fig. 2.1. The channels for the FOY, are marked with the blue box and for
the FOV,y, with a purple box. For the realization of the DFOV method, a
new cross-polarized channel at 532 nm and a lens-telescope with a polarizer
on top to ensure angular adjustments of the polarizer and to measure the
cross-polarized light were built into PollyXT. Otherwise, the systematic and
optical set-up is the same and can be found in detail in Engelmann et al.
(2016).

2.4.3 Analysis scheme

This section describes in detail the data processing that was performed for
this thesis. The base data set comes from high-resolution measurements from
the DFOV Raman polarization lidar PollyXT stationed in Dushanbe, Tajik-
istan (38 33 34N, 68 51°22%°E) at an altitude of 864 m a.s.l. This data
baseline, which covers the period from June 2019 to July 2023 with interrup-
tions due to repairs, provides the foundation for this aerosol-cloud study.
The DFOV dataset comes as time series of the cloud parameters, such as
cloud base (CB), cloud extinction coe cient ., liquid water content LWC
and cloud droplet number concentrationdNy with their respective uncertain-
ties. They have a temporal resolution of 3 minutes. The PollyNET optical
products come as averaged pro les during cloud free periods, and as high-
temporal-resolution pro les, based on calibration constants (see Sect.2.3.1).
The high-resolution products are still under development, and during this
study, e orts were put into these products to extend the coverage of the
analysis, covering scales from some minutes to seasonal scale.

To study the long-term observations, the averaged pro les were considered,
while for short-term cases, the high-resolution products were considered only.
With regard to the aerosol, the particle backscatter coe cient is the primary
operational product provided by the PollyNET automatic processing chain.
There are two product versions available: high quality pro les from averaged
cloud-free periods in which a Rayleigh t in the free troposphere is possi-
ble (Baars et al., 2016), and high-temporal-resolution products that cover
even cloudy periods (see Sect.2.3.1). Both versions are considered in this
study. The averaged pro les provide the most accurate information about
the aerosol situation and were used to study the aerosol-cloud relation in the
long-term. However, this version cannot be used to look into the cloud prop-
erties below an evolving cloud. For single cloud cases, the high-resolution
products were used. The automatic retrieval is performed in a 6 h frame and
depends on the calibration constant derived from the high-quality cloud-free
backscatter coe cient pro les within the 6 h-period. The product is still a
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task under development, and discontinuities were present when looking at
longer periods. For this work, local runs of the PollyNET automatic pro-
cessing chain were performed to provide this product. For the selected cloud
cases, the lidar calibration constants needed for the high-temporal-resolution
products were set as the average of the constants from all cloud-free pro les
close to the scene.

From the whole data set, single individual clouds were identi ed and indexed.
To identify cloud scenes, a time gap of 1 h was set as criterion to separate
individual clouds. So if the previous cloud time bin was longer than an hour
ago, a new cloud was counted. Overall, based on the one hour break in be-
tween clouds, 1602 liquid water clouds were detected during the 28 months
of measurements.

For the entire data set, the information associated to the cloud scenes de-
tected was extracted, and the POLIPHON method was applied using the
particle backscatter coe cient and particle depolarization ratio at 532 nm
wavelength. Then for each pro le the set of POLIPHON products, namely
the dust and non-dust backscatter coe cients, and the CCN number con-
centrations of dust and non-dust, were computed.

For the short-term study, the POLIPHON method was applied to the aver-
aged particle backscatter coe cient pro les and particle depolarization ratio
pro les of the two days before and the two days after the cloud event to
obtain temporal averages of vertical pro les of those properties.

To look into single cases in detail, the high-temporal-resolution products were
the input for the POLIPHON method.

For the long-term analysis, collocated data sets were generated from the
aerosol and cloud properties. For each single cloud, the properties were aver-
aged to obtain one mean value per cloud. Then, the corresponding pro les of
CCN number concentrationsSNccn, Which were calculated from all available
backscatter coe cient and depolarization ratio pro les, were averaged tem-
porally for the time range between two days before the cloud event and two
days after the cloud event. Then, these meaNccy pro les were vertically
averaged between 500 m above ground and 300 m below cloud base to retrieve
mean CCN concentration values. The measurements from 500 m above the
lidar were selected to obtain su cient overlap between laser beam and tele-
scope (Jimenez et al., 2020b). The rst 300 m below CB were discarded to
exclude aerosol particles that are potentially in uenced by hygroscopicity ef-
fects, because directly below the cloud, the moisture is higher, which causes
growth of the aerosol particles causing invalid retrievals of CCN number con-
centrations (Jimenez et al., 2020b).

Updraft velocity is the other important parameter in the aerosol-cloud re-
lation. Because no measurements of this quantity are available, as indi-
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cation and to consider the inuence of the meteorological situation, the
Brunt-Vaisala frequency was calculated to obtain information about the at-
mospheric stability. It was calculated based on meteorological data from
GDAS (Global Data Assimilation System) (GDAS, 2024) (for the location
39 N,68 E). The same GDAS data was used for pressure and temperature
input in the PollyNET retrieval of the aerosol products.

The Brunt-Vaisala frequency is the frequency of an oscillating air parcel in a
stable atmosphere. A positive value of the Brunt-Vaisala-frequency indicates
stable atmospheric conditions, a value close to zero indicates neutral stability
and negative values represent rather unstable atmospheric conditions. The
Brunt-Vaisala-frequency is calculated as follows (Stull, 2017):

N?= = ; (2.44)
with the potential temperature

-1 P (2.45)

P

with the speci ¢ gas constantR = 287:05kgLK, the speci ¢ heat capacity for

a constant pressurec, = 1004@%}(, the standard pressure at ground level

Po = 1000 hPa and the virtual potential temperature :
v= (1+0:61 WVMR) ; (2.46)
with the water vapor mixing ratio WVMR being:
WVMR=RH !g; (2.47)

with RH is the relative humidity and the water vapor mass mixing ratio:

Es

ls=0:622 (2.48)
S
and the saturation vapor pressure:
173
Es = 6:107 hPa exp 238 + ; (2.49)

where represents the temperature in degree Celcius.

The temperature gradientr T was calculated using the di erence in temper-
ature of the GDAS data. In the calculation, zrepresents the di erence in
altitude between data points, with each point corresponding to an altitude
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range of 100 meters:

rT= (2.50)

T .
_Z .
And based on Choudhury and Tesche (2022a), they: and r4 were cal-
culated to be applied to the relative humidity (RH) from the GDAS data.
Subsequently, they were used to correct aNl o\ Values, because in moist
conditions, hygroscopic aerosol particles can grow, which needs to be ac-
counted for before retrievingN cyy from optical quantities that are related
to size. The hygroscopoicity correction can be expressed as (Choudhury and
Tesche, 2022a):

wl=

- I = + - . )
I'40 1 100 RH ’ (2 51)

with  chosen as 0.4. For the dry factor 4, in the region of Tajikistan, a
RH of 40% was chosen.

The hygroscopicity corrected CCN number concentratiomN ccncorr IS re-
trieved with:

rWet(RH) .

l40

NCCN,corr - (2.52)

2.4.4 Aerosols and clouds in Tajikistan

In earlier studies with lidar measurements in Tajikistan from Hofer (2020);
Jimenez (2021); Engelmann et al. (2019), aerosol properties and cloud
microphysical properties have been investigated during short time periods of
8 (Jimenez, 2021) to 16 months (Hofer, 2020). First, the lidar measurements
obtained during the CADEX (Central Asian Dust Experiment, Hofer
et al. (2017)) campaign resulted that the aerosol composition in Dushanbe
varied vertically and temporally, with complex mixtures of pollution and
dust. High depolarization ratios which indicate polluted dust aerosol were
measured while simultaneously showing low lidar ratios which potentially
indicate salty dust. This can be explained by lakes in Central Asia which
have dried out like the Aral Sea, and left behind ne sand that has higher
contributions of evaporates and can be easily lifted up into the atmosphere
and transported long distances (Abuduwaili et al., 2010). Such salty dust
has been observed at di erent measurements sites in Central Asia, (e.g.,
Hofer, 2020; Abuduwaili et al., 2010; Singer et al., 2003) and transport
trajectories have shown that air masses reach Dushanbe from north west
(Uzbekistan) crossing the Aralkum, from Afghanistan (south west), from
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the Arabian Peninsula, and from local emissions (Lipken et al., 2024). Such
salty aerosol mixtures could a ect the solubility of aerosols and therefore
make them more favorable for CCN activation.
Still, Tajikistan has a dry-continental climate, a ected by dust which is
more likely to work as an ice-nucleating particle, supporting the formation of
ice-containing mixed-phase clouds at high altitudes (Hofer, 2020). Jimenez
(2021) has additionally investigated cloud properties based on only 8 months
of measurements. During this period, the observations showed that in
Dushanbe many CCN particles were not activated, based on the low value of
droplet number concentrations compared to the CCN number concentration
estimates. The suggested explanations for such observations are that
Tajikistan represents an updraft-limited regime. An updraft-limited regime
is characterized by low updraft strength, a water-vapor supersaturation
of usually less than 0.2%, and the ACI index may be as low as 0.2 { 0.5
(Reutter et al., 2009; Huang et al., 2022). Conversely, in an aerosol-limited
regime, updrafts are strong, water-vapor supersaturation typically exceeds
0.5%, and therefore, the ACI index is high (close to 1)(Reutter et al.,
2009; Jimenez, 2021; Huang et al., 2022). Another explanation or in uence
is the available moisture, which is limited in Tajikistan. Currently, the
CCN concentrations estimated with the POLIPHON method (Mamouri
and Ansmann, 2016; Tesche et al., 2009) are based on the assumption of
a supersaturation of 0.2% for the activation of the CCN particle. When
less droplets are activated tharNy are present, this indicates that a super-
saturation of 0.2% was potentially not reached. Warm clouds, which cover
about one-third of the Earth's surface, constitute roughly half of all cloud
formations globally (Lohmann et al., 2016). These clouds primarily develop
in the planetary boundary layer (PBL) and play a signi cant role in aerosol
radiative forcing through aerosol-cloud interactions (ACI) (Heyn et al.,
2017). Low-altitude clouds re ect a signi cant portion of incoming solar
radiation, exerting a cooling in uence on the Earth's surface. In contrast,
high, semi-transparent clouds contribute to warming by trapping outgoing
thermal radiation (Rosenfeld et al., 2014). The e ect on warm clouds largely
stems from variations in droplet number concentration. In regions with
high levels of cloud condensation nuclei (CCN), typically polluted areas,
clouds exhibit more numerous and smaller droplets compared to those in
cleaner environments with identical water content. This increase in droplet
surface area and optical thickness enhances the cloud's albedo, making them
more re ective and reducing the solar radiation that reaches the Earth's
surface, a phenomenon known as the Twomey e ect (Twomey, 1959, 1977).
Satellite observations estimate that this e ect contributes approximately
1:1W/m?2 to global anthropogenic radiative forcing (Hasekamp et al.,
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2019). The magnitude of this radiative forcing is dependent on the number
of aerosol particles acting as CCN and their activation properties. Under
dry atmospheric conditions above the PBL, increased cooling at the cloud
tops and enhanced cloud-top entrainment in polluted clouds accelerate the
evaporation of cloud droplets, reducing the liquid water content in polluted
clouds relative to their clean counterparts (Ackerman et al., 2004). This
interplay of processes highlights the complex mechanisms that in uence
cloud microphysical properties.

In order to quantify aerosol and liquid water-cloud interactions, the e -
ciency or aerosol-cloud-interaction indeL< can be calculated based on the
CCN number concentrationNccy and droplet number concentrationN 4
(Jimenez, 2021):

EN¢ = _@Nq
act @NCCN .
Since aerosols and clouds act on various temporal scales, it is important
to examine the index on di erent scales (Jimenez, 2021). Therefore, when
evaluating the ACI index, the choice of temporal scales, such as short-term,
monthly, or seasonal, is crucial since it signi cantly in uences the interpre-
tation and results of the index (Jimenez, 2021; McComiskey and Feingold,
2012).

(2.53)

2.4.5 Time-height resolved air mass source attribution
tool

As an additional source of information on the air masses in Dushanbe and
therefore the aerosol conditions, the air mass source attribution tool de-
scribed by Radenz et al. (2021b) was prepared for the application to the
region of Dushanbe, Tajikistan, by selecting distinct source regions in uenc-
ing Dushanbe (Lipken et al., 2024).

The spatial and temporal resolved air mass source attribution scheme uti-
lizes automated backward trajectory calculations and geographical informa-
tion, which are based on a land cover classi cation mask and manually de-
ned geographical areas. For the computation of the transport pathway
of an air mass arriving over Dushanbe, either mean-wind trajectories us-
ing the HYSPLIT (HYbrid Single-Particle Lagrangeian Integrated Trajec-
tory) Model (Stein et al., 2015) or the particle dispersion model FLEXPART
(FLEXible PARTiIcle dispersion model) (Stohl et al., 2005; Pisso et al., 2019)
can be used. For the former, meteorological input data from the Global Data
Assimilation System data set at 1 horizontal resolution (GDAS) from the
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Air Resources Laboratory (ARL) of the U.S. National Weather Service's Na-
tional Centers for Environmental Prediction (NCEP) is used and the location
of the air parcel is stored in 1h steps. For the latter, meteorological data
are obtained from the GFS (Global Forecast System) analysis at a horizontal
resolution of 1. Here, for each height level, 500 particle releases are used,
with the particle positions being stored every 3h. For this study, FLEX-
PART backward trajectories were used.

Figure 2.5: View from space (height 10908 km) of map of seven geographi-
cal regionsCentral Asia, North East Asia, Europe Persia, Arabian Penin-
sula India and Sahara selected for the air mass source attribution for
Dushanbe, Tajikistan (marked with red star) (Lipken et al., 2024). Made
with Google Earth (Data SIO, NOAA, U.S. Navy, NGA, GEBCO, Image
Landsat/Copernicus, Image IBCAO).

The properties of an air parcel arriving over a location of interest are char-
acterized by a certain surface type if the air was close to the surface during
its traveled path. The proximity to the surface can be parameterized as
a reception height. Fixed thresholds of 2km and 5km were chosen as the
reception height. The residence time - the time an air parcel spent over
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a speci ¢ surface and below the reception height { gives indications of the
aerosol characteristics of the air parcel. The method applied for Dushanbe,
Tajikistan, involves seven custom de ned areas as polygons, which were se-
lected in the course of this research and are shown in Fig. 2.5. The locations
are named according to their geographical contex@entral Asia, North East
Asia, Europe Persia, Arabian Peninsula India and Sahara The residence
times at each time and height step are summed for each land cover class or
polygon, where the air parcel was below the reception height. The residence
times for each category and each height are visualized as pro les.

2.5 Model-reanalysis-retrieved CCN concen-
trations

Block et al. (2024) derived CCN number concentrations from aerosol mass
mixing ratios from the Copernicus Atmosphere Monitoring Service reanalysis
(CAMSRA), which were used for comparison in Sect. 3.3. The reanalysis was
produced by ECMWEF (European Centre for Medium-Range Weather Fore-
casts) within the framework of the European Copernicus program to provide
information on aerosol particles, trace gases and greenhouse gases combined
with operational numerical weather prediction.

The model reanalysis CCN dataset (Block, 2023) contains 3-D CCN number
concentrations of global coverage for di erent supersaturations and aerosol
species between the years 2003|2021 with daily values at a resolution of
0:75 O 0:75 and 60 vertical levels.

The ve aerosol species are sulfate aerosol, hydrophilic and hydrophobic black
carbon, hydrophilic and hydrophobic organic matter, mineral dust and sea
salt.

However, mineral dust was excluded for the CCN number concentration re-
trievals, because CAMS marks this aerosol type as insoluble, and no internal
mixing is enabled which could enable dust to act as CCN. Another reason
why dust was excluded is that Chen et al. (2020) stated that the hygroscopic
properties of mineral dust remain highly uncertain due to its low hygroscop-
icity and non-sphericity. Additionally, it was assumed that mineral dust has
small contributions to CCN due to its large size and low hygroscopicity.
After the number concentration for each aerosol type was computed, a mod-
i ed kappa-Kehler theory was applied to compute the amount of aerosols
that act as CCN for speci ¢ supersaturations (Block et al., 2024).
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2.6 Spaceborne-lidar-retrieved CCN concen-
trations

Additionally, the ground-based lidar CCN retrievals are compared to space-
borne lidar CCN retrievals, which are decribed by Choudhury and Tesche
(2023a,b). The polarization lidar CALIOP (Cloud-Aerosol Lidar with
Orthogonal Polarization), which was onboard the sun-synchronous polar-
orbiting satellite CALIPSO (Cloud-Aerosol Lidar and Infrared Path nder
Satellite Observations), measured aerosol and cloud property pro les which
range from the surface to 30km above mean sea (m.s.l.) level (Winker
et al., 2009). The lidar signals are devided into classes of aerosols, clouds,
clear air, and surface. Additionally, di erent aerosol subtypes with their
complementary modelled lidar ratios are distinguished (Omar et al., 2009).
Based on the lidar ratios, the aerosol extinction and backscatter coe cients
can be estimated. The horizontal resolution of the aerosol pro les is 5km
and the vertical resolution is 60 m for altitudes between 0.5 to 20 km and
180 m for altitudes higher than 20km a.s.l.

For the retrieval of CCN products, the aerosol extinction coe cient,
backscatter coe cient, and particle depolarization ratio at 532 nm wave-
length and aerosol subtype classi cation are used. Additionally, relative
humidity pro les from the Global Modelling and Assimilation O ce Data
Assimilation System (Molod et al.,, 2015) were used. The aerosol types
which are part of the CALIPSO aerosol model (CAMel) consist of dust,
smoke, clean continental, polluted continental, clean marine, and polluted
dust. The properties of aerosol subtypes are partially based on long-term
cloud-screened AERONET measurements (Omar et al., 2005), as well as
other measurements (e.g., Masonis et al., 2003). In order to retrieve the
corrected aerosol size distribution, the normalized size distribution from
CAMel is scaled and the data is preprocessed. Afterwards, a hygroscopicity
correction to account for water uptake by aerosol particles is performed
and a CCN parameterization based on Mamouri and Ansmann (2016) and
Tesche et al. (2009) (similar to Sect. 2.4.1) was applied. This was performed
for every bin of the CALIPSO prole. In case of dust mixtures, like dusty
marine and polluted dust, dust and non-dust extinction coe cients were
individually passing the CCN retrieval algorithm and were then added to
the total CCN concentration for each bin.
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Chapter 3

Results

This chapter starts with an overview of the results of aerosol and cloud prop-
erties over the entire measurements period from 2019{2023 conducted with
the PollyXT DFOV polarization lidar stationed in Dushanbe, Tajikistan.
The long-term data is investigated regarding seasonality and based on these
results, ACI were then assessed with consideration of the environmental sit-
uation and the temporal scale.

Then, three selected case studies are shown in detail, providing insights into
single cloud microphysical properties and the complementary aerosol and at-
mospheric conditions.

Lastly, a comparison between CCN concentrations in Tajikistan retrieved
from satellite-based lidar measurements with CALIOP on CALIPSO, model-
based CAMS data, and the PollyXT ground-based lidar is presented.

3.1 Long-term statistical analysis

To study the aerosol-wind-cloud relation, dierent perspectives were
adopted, going from a seasonal view towards the short-scale.

With regard to these results, aerosol and cloud properties were investigated
and as a measure for their relationship, the ACI index was calculated.

To complement the aerosol information, a statistical analysis of the source
regions for air masses that are transported to Dushanbe was conducted.
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3.1.1 Seasonality of aerosol, clouds and meteorological
situation

First to consider is the convective situation in Dushanbe. Pro les of pressure,
temperature and humidity from GDAS were used to assess the atmospheric
stability represented by the Brunt-Vaisala-Frequency Ngyr, in Fig.3.1(c).
The driven parameter forNgyr is the temperature gradientr T. Addition-
ally, from the humidity means, a correcting factorr, was calculated based
on Choudhury and Tesche (2022a), to account for hygroscopic growth due
to water uptake by aerosol particles. During winter,r T is smallest, and

Figure 3.1: Based on GDAS pro les from 01-01-2019 to 12-31-2023 at B9
68 E (a) the weekly mean temperature gradient T, (b) the weekly mean
relative humidity, and (c) the weekly mean Brunt-Vaisala frequency Ngyr
up to 5km.

complementary to this, the atmospheric stability values are highest, which
is unfavorable for vertical transport in the atmosphere. During summer, the
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Figure 3.2: Boxplots showing the distribution of cloud properties for the
four seasons (JJA=summer, SON =fall, DJF =winter, and MAM = spring)

in Dushanbe measured with PollyXT during 28 months between 2019{2023.
Each boxplot spans from the rst quartile to the third quartile (blue box)
and shown are the mean value (white circle), the median (black line), and the
absolute minimum and maximum values (extended lines outside blue box)
for (a) the cloud droplet number concentration N 4), (b) the cloud droplet

e ective radius (R ), and (c) the cloud base (CB).

RH is lowest which indicates low moisture in the atmosphere. The weekly
mean Ngyr has lowest values during summer as well, but no negative val-
ues are observed. Seasonally resolved cloud properties are shown in Fig. 3.2.
During winter, the droplet number concentrations are in the lowest range of
values with a medianN 4 of 94.01 cn?® and the e ective radius is the highest
with a mean value of 8.1fum. These observations emphasize that during win-
ter, when it is more stable, less but larger droplets are present. In summer,
the cloud droplet number concentrations are highest with a median number
concentration of 217.53 cm, and low mean e ective radius of 5.4pm, which
indicates that the majority of liquid water clouds are rather unfavorable for
precipitation, because the droplets are too small. Additionally, as expected,
the cloud base is the lowest in winter at a mean height of 1.97 km and highest

35



Figure 3.3: Histogram of the frequency of occurrence of cloud droplet num-
ber concentrations for stable (blue) and less stable (orange) atmospheric
conditions in Dushanbe measured with PollyXT during 28 months between
2019{2023. The time periods of stable atmospheric conditions were selected
to start each year on 1 December and end 1 March.

in summer at a mean height of 3.80 km.

Since less stable atmospheric conditions indicate more vertical movement in
the atmosphere, which is favorable for the activation of droplets, periods
of lower atmospheric stability were selected to investigate aerosol and cloud
interactions. The rst consideration is the e ect of stability on the cloud
droplet number for the whole data set. TheN4 was compared for stable
and less stable conditions and is shown in Fig. 3.3, which shows the logarith-
mic distribution of N4. Overall, during less stable conditionsN 4 is higher
than during stable conditions. These di erences expose a link between the
stability and the cloud properties.

3.1.2 Aerosol-cloud interaction index

To search now for the aerosol e ect, the aerosol-cloud interaction index,
described in Sect.2.4.4, was computed using as input the single clouds
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Figure 3.4: Mean number concentrations for each of the 1062 clouds that
have been observed during the 28 months of measurements with PolyXT
between 2019{2023 in Dushanbe. The mean cloud droplet number concen-
trations are depicted as blue circles, and the mean of the two-day before and
after the cloud event estimated CCN number concentrations are depicted as
orange triangles. The CCN number concentrations corrected for hygroscop-
icity growth are shown as green triangles. The red vertical lines indicate the
beginning of each year.

identi ed in the data set. The mean Nccy and N4 for all detected 1602
liquid water clouds is shown in Fig. 3.4, together with the corrected CCN
number concentrationsN ccncorr Dased on the calculated e to account for
humidity e ects on the lidar-based CCN retrieval(Choudhury and Tesche,
2022a). Throughout the measurement period, the retrievel 4 are much
lower than the Nccn. Additionally, the N4 is spread over a broader range
of number concentrations, showing more variability than theNccy. The
Ncencor Showed a slight reduction compared to the uncorrectetl ccy,
given the dry conditions predominant in the region studied.

The relatively large values and the di erences between observedy and
Ncen estimates can be explained by overall restricting atmospheric condi-
tions given by the over abundance of particles and low available moisture.
This would suggest that and updraft-limited regime prevails for this region.
In the time series of the cloud droplet and CCN number concentrations two
features can be noted. First during winter, the increased CCN number do
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not correlate with the cloud droplet numbers, which in fact, are the lowest,
showing rst the low e ect of aerosol conditions on droplet number during
the cold season and this might be partially driven by the stable conditions
that prevail in winter. From this data, the stability seems also to have
an e ect in the maximum supersaturation resulting in less droplets during
winter. In the warmer season a sort of correlation appears. However, to keep
in mind that the meteorological situation not only changes in a seasonal
scale, the ACI index was calculated from shorter periods considering
single-cloud averages under similar meteorological situation.

Since less stable atmospheric conditions indicate more vertical movement in
the atmosphere, which is favorable for the activation of CCN particles and
aerosol-cloud interaction as well, periods of lower atmospheric stability were
selected to derive the ACI index. Eight periods with prevailing less stable
conditions were selected for this assessment. During those periods, the
mean atmospheric stability was lower than a threshold of 0.00011'sand
Ng4 and Nccny showed similar values and similar behavior over time. The
meanN 4 and N ccy during those periods, which contained between 9 to 50
clouds, are shown in Fig.3.5. The ACI index for each period, the slope of a
log-log diagram, is written as well. The periods cover di erent time ranges,
starting from three days up to ten weeks, to investigate the in uence of
shorter and longer time periods when investigating ACI. During all periods
the slopes are showing positive correlations between thigy and N ccny. The
lowest value of ACI index amounts to 0.197 where only nine cloud events
over the course of three days were present. The highest ACI index of 1.256
was obtained during the longest time period of ten weeks. 52 cloud events
had occurred during this time. This di erence emphasizes the importance
of dierent time scales when investigating aerosol and cloud interactions.
Overall, this analysis shows, that during less stable atmospheric conditions,
an increased correlation between aersols and clouds can be observed, which
supports the explanation of an updraft-limited regime by Reutter et al.
(2009) and matches investigations of Jimenez (2021). In order to investigate
aerosol-cloud interactions for medium time scalesNg and Nccy were
averaged monthly. Based on the log-log regression of tiNy and Nccen,
the ACI index was calculated and is shown in Fig. 3.6. Months, where only
few liquid water clouds occurred, were excluded. Therefore, twenty-four
monthly mean number concentrations of CCN and cloud droplets were used.
The resulting ACI index amounts to 0.325. Comparing this to the previous
short temporal scale analysis of ACI, where the maximum was 1.256 and the
minimum was 0.197, the medium temporal scale analysis can be connected
to a rather low but considerable positive correlation between aerosols and
clouds.
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Figure 3.5: Scatter plot with mean values for each cloud &4 and N ccy
with log-log regression (red line) to determine the ACI index. (a) 14 clouds
during time period from 07-09-2019 to 08-02-2019 obtaining an ACI index
E,'fgl = 0:662. (b) 37 clouds during time period from 08-14-2019 to 09-
30-2019 obtainingE,’fgI = 0:415. (c) 37 clouds during time period from
04-21-2022 to 05-05-2022 obtainirt@';‘g, =0:881. (d) 26 clouds during time
period from 05-22-2022 to 06-03-2022 obtainirghd, = 0:560. (e) 19 clouds
during time period from 06-10-2022 to 06-17-2022 obtainirigg, = 0:869.
(f) 40 clouds during time period from 08-14-2022 to 10-07-2022 obtaining
E,'ﬁgl = 0:651. (g) 11 clouds during time period from 04-02-2022 to 05-
04-2023 obtainingEQg, = 0:197. (h) 52 clouds during time period from
05-14-2022 to 07-30-2023 obtainiri@t‘\g| =1:256.
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Figure 3.6: Scatter plot with monthly mean values ofN4 and Nccy tO
represent medium long periods.

To investigate larger time-periods for aerosol-cloud interactions, twelve pe-
riods were selected with each period covering multiple liquid water cloud
occurrences and multiple months. The complementary measy and N ccn

for each cloud were averaged for each period and the resulting scatter plot is
shown in Fig.3.7. The ACI index for these periods is 0.549, which indicates
a relatively strong in uence of aerosol particles on cloud droplets. This ap-
proach emphasizes the in uence of the chosen time scale when investigating
ACI.
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Figure 3.7: Scatter plot with mean values oN 4 and N ccy for longer periods

with multiple cloud occurrences and with a log-log regression (red line) to
determine the ACI index EN¢, = 0:549. Each point represents the averaged
values ofN 4 and N ccy for twelve di erent time periods. These periods are
from 06-19-2019 to 11-03-2019 covering 154 clouds, from 12-01Figure-2019 to
01-11-2020 covering 118 clouds, from 02-06-2020 to 12-13-2021 covering 63
clouds, from 12-19-2021 to 01-03-2022 covering 28 clouds, from 03-04-2022
to 03-19-2022 covering 57 clouds, from 04-01-2022 to 05-05-2022 covering 82
clouds, from 06-18-2022 to 10-17-2022 covering 91 clouds, from 11-18-2022
to 12-09-2022 covering 73 clouds, from 12-25-2022 to 01-05-2023 covering 27
clouds, from 03-10-2023 to 04-17-2023 covering 82 clouds, from 04-26-2023 to
05-23-2023 covering 65 clouds, and from 06-01-2023 to 07-30-2023 covering
24 clouds.

3.1.3 Seasonal air mass source attribution

Previously and in the context of describing the aerosol conditions observed
during the CADEX campaign (see Sect. 2.4.4), the air mass source origins in
Tajikistan were investigated by individual trajectories for case studies (Hofer
et al., 2017, 2020b) and seasonal cluster analysis for certain heights (Hofer
et al.,, 2020a), only. At that time, the time-height-resolved air mass source
attribution tool introduced by Radenz et al. (2021b) was not yet available.
Now available and readily used (e.g.,, Radenz et al., 2021a; Floutsi et al.,
2021; Hofer et al., 2024b), it was further updated with additional named ge-
ographical areas for the application to Central Asia (see Sect. 2.4.5, Lipken
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et al.,, 2024). Motivated by the low lidar ratios at elevated depolarization
ratios in background conditions (low extinction) in Dushanbe, which led to
the salty dust hypothesis Hofer et al. (2020b), the new air mass source attri-
bution tool adapted for Central Asia was already applied to investigate the
layer-mean values already reported by Hofer et al. (2020b) on a case-by-case
basis Hofer et al. (2024a). They found on average similar air mass origins for
all cases regardless of their optical properties. However, indication of slightly
more southern and south-western in uenced air masses for cases with larger
lidar ratios than for cases with lower lidar ratios was found (Hofer et al.,
2024a).

The adapted air mass source attribution tool described in Sect.2.4.5 and
Radenz et al. (2021b) was applied for the entire measurement period and
the di erent classi cations (geographic regions: Central Asia, North East
Asia, Continental Europg Persia, Arabian Peninsulg India, and Sahara
Latitude bands: > 60, 60 :::30, 30 :::0, 0 ::: 30, 30::: 60,

< 60. Land surface types: Water, Grass/cropland, Savanna/shrubland
Urban, Forest, Snow/ice, and Barren) were investigated regarding the sea-
sonal contribution in terms of normed residence times of air parcels for a
standard reception height of 2 km arriving in Dushanbe.

Regarding the named geographical areas (Fig. 3.8al{a4), the seasonally re-
solved air mass source attribution shows as expected that in all seasons, the
lowest altitudes are dominated byCentral Asia up to heights of 2km (win-
ter) to 6km (summer). These are roughly the heights which Hofer et al.
(2020a) reported to be the main aerosol layer heights for those seasdrer-

sia is always the second largest contribution inside this main layer, except in
summer, whereContinental Europe contribution is equal to it and also, the
contribution of Northeast Asiais elevated (Fig. 3.8a3). Even though the air
mass source attribution shows signi cant contributions of sources other than
Central Asia in winter, upper-tropospheric aerosol layers were only detected
in the non-winter seasons as reported by Hofer et al. (2020a). Such lofted
layers were most distinct in spring (Hofer et al., 2020a), where above about
4 km (Fig. 3.8a2), contributions ofPersia, Saharg and Arabian Peninsulaare
found, and the latter two even dominate above about 8 km.

Regarding the latitude bands (Fig. 3.8b1{b4), again not surprisingly, con-
tributions of 30{60 degrees are largest during all seasons, followed ®380
degrees. However, this is less distinct during summer, when the contribution
of 0{30 degrees only becomes dominant above 8 km and even the contribution
of > 60 degrees is slightly enhanced in the lowermost heights (Fig. 3.8b3).
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