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Abstract. Aerosols are key players in Earth’s climate system, with mineral dust being a major component of
the atmospheric aerosol load. While former campaigns focused on investigating the properties and effects of
layers of rather pure mineral dust, the A-LIFE (Absorbing aerosol layers in a changing climate: aging, lifetime
and dynamics) campaign in April 2017 aimed to characterize dust in complex aerosol mixtures. In this study
we present ground-based lidar measurements that were performed at Limassol, Cyprus, in April 2017. During
our measurement period, the measurement site was affected by complex mixtures of dust from different sources
and pollution aerosols from local as well as long-range transported sources. Considering the lidar measurements
from two ground-based systems, POLIS (portable lidar system) and PollyXT (portable lidar system with extended
capabilities). We found mean values and mean systematic errors (standard deviation, SD, given in brackets) of the
particle linear depolarization ratio and extinction-to-backscatter ratio (lidar ratio) of 0.26± 0.03 (SD of 0.02) and
41± 5 sr (SD of 3 sr) at 355 nm and of 0.29± 0.02 (SD of 0.02) and 38± 5 sr (SD of 6 sr) at 532 nm for Arabian
dust and of 0.26± 0.03 (SD of 0.03) and 55± 8 sr (SD of 6 sr) at 355 nm and of 0.28± 0.02 (SD of 0.01)
and 54± 8 sr (SD of 8 sr) at 532 nm for Saharan dust. The values found for pollution aerosols of the particle
linear depolarization ratio and the lidar ratio are 0.06± 0.02 (SD of 0.04) and 64± 13 sr (SD of 5 sr) at 355 nm
and of 0.04± 0.02 (SD of 0.01) and 64± 12 sr (SD of 4 sr) at 532 nm, respectively. We use our measurements
for aerosol typing and compare them to aerosol typing from sun photometer data, in situ measurements, and
trajectory analysis. The different methods agree well for the derived aerosol type, but looking at the derived
dust mass concentration from different methods, the trajectory analysis frequently underestimates high dust
concentrations that were found in major mineral dust events.
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1 Introduction

Aerosol particles are omnipresent and can affect Earth’s at-
mosphere in different ways: they directly interact with in-
coming solar or outgoing terrestrial radiation by scattering
and absorption, and they indirectly affect the formation and
properties of clouds by acting as cloud condensation nu-
clei or ice nuclei. Additionally, they can also change the
atmosphere’s temperature and stability profile. Up to now,
aerosols have contributed to the largest uncertainties in es-
timating changes in Earth’s climate system (Forster et al.,
2007; Boucher et al., 2013; Bender, 2020). One reason is
the aerosol’s strong temporal and spatial variability. Further-
more, the sign and the magnitude of their radiative impact
strongly depends on the microphysical and chemical proper-
ties of the aerosol particles as well as on their vertical distri-
bution. During their lifetime and transport the aerosol parti-
cles are exposed to transformation processes such as particle
ageing or mixing process. These can change the optical and
microphysical properties and the ability of the aerosol to act
as cloud condensation nuclei. In addition, the aerosol prop-
erties can change due to mixing of different types.

In situ measurements directly measure the microphysical
(e.g. Kaaden et al., 2009; Weinzierl et al., 2011) and chem-
ical particle properties (Kandler et al., 2009) and can be
used to derive the aerosol particle’s ability to act as cloud
condensation nuclei (e.g. Kumar et al., 2011; Haarig et al.,
2019). These in situ measurements are strongly limited in
space and time. Remote sensing data from airborne or space-
borne measurements provide information on a continental
and global scale. But they cannot directly derive the parti-
cles’ microphysical properties or chemical composition and
thus their radiative effect and capability to act as cloud or
ice nuclei. However, those properties strongly depend on
the type of particle (e.g. Groß et al., 2013b; Wandinger
et al., 2023). Thus, to estimate the radiative and cloud-
influencing properties of aerosol layers from remote sensing
measurements, further information and/or aerosol classifica-
tion schemes are crucial, as different particle types interact
differently with incoming and outgoing radiation and have
a different impact on cloud formation and properties. Pas-
sive remote sensing measurements with sun photometers pro-
vide column-integrated values of aerosol properties and thus
can only give a column-integrated typing (Toledano et al.,
2011). Lidar measurements provide profile information of
the aerosol and cloud structure. Polarization-sensitive Raman
or high-spectral-resolution lidar (HSRL) systems provide
height-resolved information about intensive optical proper-
ties (i.e. lidar ratio and particle linear depolarization ratio)
that can be used for aerosol typing (Burton et al., 2012;
Groß et al., 2011b, 2015b; Nicolae et al., 2018). In a next
step, the aerosol layers can be linked to typical microphysi-
cal properties for the derived aerosol type (Groß et al., 2013b;

Wandinger et al., 2023; Floutsi et al., 2023) to calculate the
radiative effect of the aerosol layer (Gutleben et al., 2019,
2020) or their ability to act as cloud condensation nuclei
(Ansmann et al., 2019) or ice nuclei (Mamouri and Ans-
mann, 2016; Marinou et al., 2019). However, aerosol classi-
fication schemes are limited by the considered aerosol types.
Additionally, different classification schemes rely on differ-
ent measurement properties and thus might differ in the de-
rived results e.g. for aerosol mixtures. It is thus necessary to
constantly further develop aerosol typing schemes and to re-
evaluate them by comparison of classification schemes based
on different measurement methods.

Mineral dust is a main contributor to the atmospheric
aerosol load (Haywood and Boucher, 2000). Mineral dust
scatters and absorbs the incoming and outgoing radiation,
but the magnitude and sign of the dust radiative forcing are
still not fully clear (e.g. Kok et al., 2018; Adebiyi et al.,
2023). It strongly depends on the microphysical properties
and chemical composition of the dust particles, which dif-
fer for dust particles from different sources (Kandler et al.,
2009; Lieke et al., 2011). Dust microphysics and chemi-
cal composition have an impact on their optical properties
(e.g. Groß et al., 2011b; Schuster et al., 2012; Nisantzi et
al., 2015). In addition, the irregular shape of the dust par-
ticles causes difficulties in the modelling of the dust radia-
tive effects (Gasteiger et al., 2011; Saito et al., 2021). To
expand our knowledge, a large number of studies were per-
formed. For example, lidar measurements in the framework
of the European Aerosol Research Lidar Network (EAR-
LINET; Pappalardo et al., 2014) at different measurement
sites in Europe were analysed to study mineral dust transport
towards southern Europe (e.g. Cachorro et al., 2008; Bravo-
Aranda et al., 2015; Mona et al., 2014; Navas-Guzman et al.,
2013), central Europe (e.g. Ansmann et al., 2003; Wiegner et
al., 2011; Haarig et al., 2022), eastern Europe (Binietoglou
et al., 2015; Talianu et al., 2007), and the Mediterranean
(Amiridis et al., 2009; Papayannis et al., 2009; Mamouri et
al., 2013; Soupiona et al., 2020). In addition, several field
experiments have taken place to study mineral dust at dif-
ferent locations and lifetime stages (e.g. SHADE, Tanré et
al., 2003; PRIDE, Reid et al., 2003; Fennec, Ryder et al.,
2013). The most comprehensive field experiment to study
mineral dust was the Saharan Mineral Dust Experiment (SA-
MUM; Ansmann et al., 2011), which was followed by the
Saharan Aerosol Long-range Transport and Aerosol-Cloud-
Interaction Experiment (SALTRACE; Weinzierl et al., 2017).
SAMUM and SALTRACE were designed as closure studies,
combining airborne and ground-based in situ, lidar, and radi-
ation measurements together with modelling efforts. In these
campaigns, the optical, microphysical, chemical, and radia-
tive properties of Saharan mineral dust were studied close
to the source region, at the beginning and after long-range
transport towards the Caribbean.
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With a similar concept, the A-LIFE (Absorbing aerosol
layers in a changing climate: aging, lifetime and dynam-
ics) field experiment was performed in Cyprus in April 2017
(https://a-life.at, last access: 4 December 2024). The eastern
Mediterranean is a hotspot for different types of aerosols.
Mineral dust from Africa, Asia, and the Arabian Peninsula
are frequently transported towards Cyprus. In addition, the
region is affected by biomass burning aerosol from forest
fires and by local and transported pollution. This makes this
region an ideal location to study mineral dust from differ-
ent source regions and to investigate the impact of ageing
and mixing. In this study, we aim to investigate the optical
properties of mineral dust from source regions in the Sahara
and from the Arabian Peninsula, to study differences of the
different dust types and other absorbing aerosol, and to deter-
mine how these results impact aerosol classification schemes.
For this it is important to compare the different methods for
aerosol type classification and their ability to retrieve dust
mass concentration. In Sect. 2, we present the used measure-
ments and methods. Section 3 gives the results of this study,
focusing on the characterization of the general measurement
situation, the optical properties of the observed aerosol types,
and an aerosol typing from different methods. In Sect. 4, we
discuss the agreement of the different typing methods as well
as the derived dust contribution. Section 5 concludes this
work.

2 Methodology

2.1 A-LIFE field experiment

For the analysis presented in this study we use ground-based
lidar measurements that were performed during the A-LIFE
field experiment as part of the ERC-funded (European Re-
search Council-funded) project A-LIFE (https://a-life.at, last
access: 4 December 2024; Weinzierl et al., 2025b). The ex-
periment was designed as a closure experiment, combining
airborne remote sensing and in situ measurements on board
the Deutsches Zentrum für Luft- und Raumfahrt (DLR) Fal-
con together with ground-based observations, long-term ob-
servations, and modelling efforts. Measurements were per-
formed in Cyprus in April 2017. The DLR Falcon was based
at the airport at Paphos, where also ground-based in situ
measurements were performed. The lidar measurements with
POLIS (portable lidar system) and PollyXT (portable lidar
system with extended capabilities) together with sun pho-
tometer measurements were performed at Limassol. A de-
tailed description of the experiment is given in Weinzierl et
al. (2025b).

2.2 POLIS lidar system

POLIS (portable lidar system) is a small, six-channel, dual-
wavelength polarization-sensitive Raman lidar system which
was developed and built at Ludwig-Maximilians-Universität

München (LMU; Groß et al., 2015a). POLIS simultaneously
measures the co- and cross-polarized light at 355 and 532 nm.
During nighttime additional measurements of the N2 Raman-
shifted wavelengths at 387 and 607 nm are performed. The
distance of full overlap of the small lidar system is ad-
justable from about 70 m and was about 200 m during the
campaign, allowing for highly accurate measurements within
the boundary layer. The measured raw data have a resolution
of 3.75 m in range and typically 10 s in time. Additionally, a
25-bin sliding average, i.e. ∼ 94 m, is used to reduce signal
noise. For the nighttime Raman measurements, the data are
typically averaged over 1.5–2 h in time, with a 151-bin slid-
ing average, i.e. ∼ 566 m. The Raman approach described
by Ansmann et al. (1990, 1992) is used to directly retrieve
the extinction coefficient and backscatter coefficient and thus
the extinction-to-backscatter ratio (lidar ratio). The lidar ratio
is then used in the Fernald–Klett algorithm (Fernald, 1984;
Klett, 1985) to retrieve the particle linear depolarization ratio
(PLDR) with higher spatial resolution (sliding average of 25
or 51 bins) and for the daytime measurements. To verify that
the lidar ratio from nighttime measurements is valid for the
daytime analysis, we analyse the next Raman measurements
at nighttime together with an evaluation of the stability of
the aerosol situation. This allows for using the classification
at nighttime as a first proxy for the daytime measurements.
This first guess is then confirmed by the temporal continuity
of the PLDR and verified by the evaluation of air mass source
regions. For the daytime analysis, the measurements are av-
eraged over 1 h around coordinated in situ measurements on
board the DLR Falcon aircraft. For the analysis of the PLDR
the highly accurate 190 calibration method (Freudenthaler,
2016; Freudenthaler et al., 2009, 2016) was used. The un-
certainties in retrieved properties were calculated following
the procedure described by Freudenthaler et al. (2009) and
Groß et al. (2011c). The systematic error in the particle de-
polarization ratio includes uncertainties in the backscatter ra-
tio and the volume depolarization ratio. The systematic er-
ror in the extinction coefficient from Raman measurements
include uncertainties in the molecular extinction coefficient
and the Ångström exponent. Together with the systematic er-
rors in the backscatter coefficient, including uncertainties in
the scattering ratio and the molecular backscatter coefficient,
the errors are combined to determine the uncertainties in the
lidar ratio.

POLIS measurements were analysed by the lidar experts
from DLR and LMU.

2.3 PollyXT

The TROPOS (Leibniz-Institut für Troposphärenforschung)
portable lidar system with extended capabilities (PollyXT) is
described in Engelmann et al. (2016). The latest status of
data analysis can be found in Baars et al. (2016), Hofer et
al. (2017), and Ohneiser et al. (2020). The capabilities of the
multiwavelength polarization-sensitive Raman lidar are sim-
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ilar to those of POLIS described above. The PollyXT instru-
ment was continuously operated over the 1-month A-LIFE
campaign. The same quality standards regarding data and un-
certainty analysis as in the case of the POLIS data analysis
are applied.

While POLIS measures the co- and cross-polarized
backscatter signal component, PollyXT measures the total
and cross-polarized backscatter signal component. While it
is not in the focus of this paper to discuss minor differences
resulting from the differences in the system setup, it is still
worthwhile to intercompare the measurements and the result-
ing classification.

PollyXT measurements were analysed by the lidar group
of TROPOS.

2.4 Aerosol typing and aerosol type separation based
on lidar measurements

To determine the aerosol type in the case of rather pure
aerosol situations, i.e. no mixture of different aerosol types,
we used the retrieved the PLDR and lidar ratio based on
the classification schemes described by Groß et al. (2013b,
2015b). To describe the contribution of different aerosol
types in an aerosol mixture, we use the PLDR and the
backscatter coefficient measured at 532 nm following the
procedure described by Tesche et al. (2009a) and Groß et
al. (2011a, 2016). Based on findings from former studies on
Saharan dust (e.g. Petzold et al., 2011), we assume a two-
type external mixture of mineral dust and pollution. This
assumption is in good agreement with the coordinated in
situ measurements (see Sect. 4). We follow the procedure
described by Tesche et al. (2009a) and Groß et al. (2011a,
2016) to derive the dust and non-dust backscatter coeffi-
cient and extinction coefficient. As input for the type sepa-
ration at 532 nm we use PLDR= 0.3 for dust aerosols and
PLDR= 0.03 for non-dust aerosols according to findings of
pure mineral dust (e.g. Freudenthaler et al., 2009; Tesche et
al., 2009b; Groß et al., 2011b, 2015a, and findings of this
study) and for anthropogenic pollution/smoke (e.g. Groß et
al., 2013a; Hofer et al., 2017). It has to be considered that
a deviation of the actual measured PLDR and the one used
for the type separation can lead to an over- or underestima-
tion of the contribution of the two contribution aerosol types.
And thus, it is important to investigate the uncertainties in the
type separation, also including the input values. The other in-
puts for the type separation at 532 nm are a lidar ratio of 55 sr
for Saharan mineral dust (e.g. Tesche et al., 2009b; Groß et
al., 2013b), of 45 sr for Arabian dust (Mamouri et al., 2013;
Nisantzi et al., 2015; this study), and of 70 sr for anthro-
pogenic pollution (Groß et al., 2013a; this study).

2.5 Conversion to volume and mass concentration

The extinction-to-volume conversion factor of mineral dust
from different source regions (e.g. North Africa and the Mid-

dle East) was intensively studied by Mamouri and Ansmann
(2017) and Ansmann et al. (2019) using AERONET (Aerosol
Robotic Network; Holben et al., 1998) measurements and in-
version products. They found a mean extinction-to-volume
conversion factor for dust of 0.65× 10−6 m. The dust mass
concentration is then calculated using the dust volume con-
centration and multiplying it with the particle density, which
we assume to be 2.5 gcm−3 according to previous studies
(e.g. Wagner et al., 2009; Groß et al., 2016). For the conver-
sion from extinction to volume of pollution aerosols we use
a conversion factor of 0.41× 10−6 m and a particle density
of 1.5 gcm−3 as proposed by Mamouri and Ansmann (2017)
from Limassol AERONET data. Considering the overall as-
sumptions, the relative uncertainty in the estimated dust frac-
tion is 10 %–20 %, while that in the calculated dust volume
and mass concentration is about 10 %–15 %.

2.6 AERONET sun photometer

AERONET measurements were performed on the rooftop
of the Cyprus University of Technology in Limassol about
200 m from the lidar site (site name: CUT-TEPAK). Direct
sun observations provide the aerosol optical depth (AOD)
at eight spectral channels at wavelengths between 340 and
1640 nm. Additionally, optical and microphysical aerosol
properties are derived from the multi-angle and multi-
spectral measurements of sky radiance (almucantar and hy-
brid scan geometries every hour). For details on the instru-
ment calibration and data products see Holben et al. (1998),
Dubovik and King (2000), and Dubovik et al. (2006). For
this study we use the AOD measurements at 340, 500, and
1020 nm as well as the retrieved coarse- and fine-mode AOD
at 500 nm and the Ångström exponent (440–870 and 380–
500 nm) from the AERONET version 3 database (Giles et al.,
2019). Further information on the sun photometer measure-
ments during A-LIFE is provided by Mateos et al. (2025).

2.7 Aerosol typing based on AERONET measurements

For the AERONET-based aerosol typing we use the scatter-
plot of the Ångström exponent (440–870 nm) vs. AOD at
500 nm as proposed by Toledano et al. (2009, 2011). Val-
ues of the Ångström exponent (AE)> 1.2 serve as an indica-
tion of smoke/pollution, independent of the AOD. Ångström
exponents of < 0.5 serve as an indication of dust (Toledano
et al., 2009, 2011, 2019) or marine aerosols. Following
Toledano et al. (2011), a threshold of AOD= 0.15 is used
to separate dust and marine aerosols. Measurement points
with AOD< 0.15 and AE< 0.5 are classified as marine,
while measurement points with AOD> 0.15 and AE< 0.5
are classified as dust. Ångström exponents between 0.5 and
1.2 serve as an indication of mixtures. We further subdivide
this value range in dust mixtures for AE> 0.5 and a value
of the AERONET-derived fine-mode fraction larger than 0.5
(AE values of∼ 0.8). A fine-mode fraction of< 0.5 (AE val-
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ues of & 0.8) and AE of < 1.2 are classified as a polluted
mixture.

2.8 Aerosol in situ measurements and the A-LIFE in situ
aerosol classification scheme

For A-LIFE, the DLR Falcon research aircraft was equipped
with comprehensive aerosol in situ instrumentation, a wind
lidar, and sensors for measuring meteorological parameters.
The particle size distribution was measured with a combi-
nation of condensation nuclei counters, optical spectrome-
ters, and an optical array probe covering the particle diam-
eter range from 10 nm to 930 µm (Weinzierl et al., 2025b;
Schöberl et al., 2024). The particle scattering coefficients
were determined at three different wavelengths (λ= 450,
525, 635 nm) with a polar nephelometer (Teri et al., 2022,
2024). The absorption coefficient was measured using a tri-
colour absorption photometer at multiple wavelengths (λ=
465, 520, 640 nm), while the black carbon mass concentra-
tion was determined with a single-particle soot photometer
(Teri et al., 2024).

An algorithm was developed to classify the airborne
aerosol data into 12 aerosol types grouped in four main
aerosol types (Saharan dust, Arabian dust, and mixtures with
and without a coarse mode). Each of the four main aerosol
types are further separated into three subclasses (pure, mod-
erately polluted, and polluted) based on the relative contri-
bution of pollution. The classification scheme is based on in
situ measurements of the coarse-mode particle number con-
centration and refractory black carbon mass concentration.
Furthermore, it uses information about the dust source region
from the Lagrangian transport and dispersion model FLEX-
PART version 8.2 (Stohl et al., 1998; Seibert and Frank,
2004). FLEXPART was driven by meteorological data from
the European Centre for Medium-Range Weather Forecasts
(ECMWF). Coupled with emission data from the Coperni-
cus Atmospheric Monitoring Service, it provides quantitative
information about observed aerosol types and their origins.
Here we use the results of the in situ classification for 23 pe-
riods of co-located measurements when the Falcon research
aircraft was overflying the ground-based lidar site (see Ta-
ble 2).

2.9 Atmospheric-transport simulations with FLEXPART

Backward atmospheric-transport simulations were carried
out along the flight paths with the Lagrangian particle dis-
persion model FLEXPART (Stohl et al., 1998; Seibert and
Frank, 2004; Stohl et al., 2005). Source–receptor relation-
ships obtained were then combined with emission inven-
tory data from the Copernicus Atmospheric Monitoring Ser-
vice to get simulated mass concentrations of different species
(dust, black carbon, organic matter, sulfate, sea salt). Further-
more, the contributions per species were split into source re-

gions. Based on this output, each 1 min section of the flight
track’s aerosol components were assigned.

2.10 HYSPLIT

To identify the source regions and transport ways of the ob-
served aerosol layers by ground-based lidar and sun pho-
tometer measurements, we use back-trajectory calculations.
The trajectories were calculated with the Hybrid Single-
Particle Lagrangian Integrated Trajectory (HYSPLIT) model
(Draxler and Rolph, 2012) and reanalysis meteorological
data. The start time and height of the trajectories were cho-
sen according to the analysed lidar measurement time peri-
ods and the height ranges of the presumed aerosol layer. The
duration of the backward trajectories is 48 h.

3 Results

3.1 General measurement situation

During the A-LIFE field experiment we observed a high
variability in aerosol types transported to our measurement
site in Limassol, Cyprus. Satellite measurements (e.g. MSG,
Meteosat Second Generation; MODIS) as well as trajec-
tory calculations indicated that the main contributing aerosol
types were Arabian dust, Saharan dust, and pollution/smoke
aerosols. The different aerosol events showed a variety of
aerosol layer heights and aerosol optical properties. Fre-
quently, mixtures of different aerosol types or different
aerosol types at different height levels were found (https:
//a-life.at, last access: 4 December 2024). Figure 1 gives an
overview of the measurement situation that was continuously
monitored by the PollyXT system. The lidar measurements
confirmed the high variability in the aerosol and its distri-
bution. On some days during the intense measurement pe-
riod from 1 April to 1 May 2017 the main aerosol load was
found in the boundary layer. Those days were connected with
low values of the volume linear depolarization ratio. On other
days high depolarizing aerosol was transported over our mea-
surement site. The aerosol layers reached higher altitudes
during those events. Signatures of aerosol structures were
found up to 9 km altitude. Clouds were frequently embedded
within or on top of those aerosol layers.

During our measurement period we were able to observe
two events of Arabian dust (5 and 27–29 April 2017) and
one event with major Saharan dust transport towards our
measurement site starting on 20 April 2017 and lasting un-
til 22 April 2017. Both events are characterized by a low
Ångström exponent, indicating no or low wavelength depen-
dence (see Fig. 2). But while the Ångström exponent (440–
870 and 380–500 nm) during the Saharan dust event shows
typical values of ∼ 0.2 (Toledano et al., 2009; Groß et al.,
2011a), the Ångström exponent (440–870 and 380–500 nm)
during the Arabian dust event shows slightly larger values
of ∼ 0.6 for 440–870 nm and ∼ 0.8 for 380–500 nm. Both
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Figure 1. PollyXT lidar range-corrected (RC) signal at 1064 nm (a) and the volume linear depolarization ratio at 532 nm (b) over Limassol,
Cyprus, from 1 to 30 April 2017. Layers containing dust and dust mixtures can be identified by the greenish to reddish colours in (b). The
red boxes indicate the days used for the case studies.

events show a large contribution of the coarse-mode particles
to the overall AOD at 500 nm. The maximum AOD during
the Saharan dust event was reached on 21 April 2017 with al-
most wavelength-independent values around 0.5 (Ångström
exponents of< 0.5), and during the Arabian dust event at the
end of the measurement period an AOD as high as 0.7 was
observed. Besides those mineral dust events we were able to
characterize two cases with a dominance of anthropogenic
pollution on 9 and 25 April 2017. While the AOD on 9 April
was moderate with values between 0.1 and 0.25 at 1020 and
340 nm, respectively, the AOD during the second event was
higher with values of up to ∼ 0.7 at 340 nm, up to ∼ 0.5
at 500 nm, and ∼ 0.15 at 1020 nm. In contrast to the dust
cases, the fine-mode fraction contributed most to the AOD at
500 nm, while the contribution of the coarse-mode particles
was almost negligible with AOD< 0.05. This dominance of
the fine-mode particles is also reflected in the Ångström ex-

ponent, which was as high as 1.5. During the other days of the
campaign we observed a mixture of different aerosol types,
mainly of variable amounts of dust and pollution. Those days
were characterized by quite strong wavelength dependence
of the AOD measurements and large values of the Ångström
exponent.

3.2 Case studies

In the following we concentrate on three case studies which
represent pure Arabian dust (5 April 2017), pollution aerosol
(9 April 2017), and Saharan dust (21 April 2017). The main
focus of this investigation is the optical properties of pure
aerosol types over Cyprus based on lidar measurements.
Those analyses are valuable for advanced aerosol typing and
determining the contribution of different aerosol types to
aerosol mixtures. Figure 3 shows the calculated HYSPLIT
backward trajectories for the selected case studies.
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Figure 2. AERONET sun photometer measurements and analysis during the A-LIFE field experiment at Limassol, Cyprus, showing the
aerosol optical depth (AOD) at 340 nm (blue), 500 nm (green), and 1020 nm (orange) together with the retrieved coarse-mode AOD (brown)
and fine-mode AOD (grey) at 500 nm (b) and the Ångström exponent between 440 and 870 nm (light-blue dots) and between 380 and 500 nm
(blue diamonds) (a).

Figure 3. The 48 h backward trajectories calculated with the Hy-
brid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT)
model (Draxler and Rolph, 2012) and reanalysis meteorological
data for the observed aerosol layers on 5 April 2017 at 18:00 UTC
(green, Arabian dust), 9 April 2017 at 21:00 UTC (light blue, pol-
lution), and 21 April at 22:00 UTC (dark blue, Saharan dust). The
stars along the trajectories indicate 24 h time steps.

3.2.1 Arabian dust – 5 April 2017 (17:00–19:00 UTC)

A dust event with dust aerosols from the Middle East could
be observed at the beginning of the campaign. Backward tra-
jectories together (Fig. 3) with satellite images (not shown)
helped to identify the source region of the air masses, which
were advected from southerly directions. The AOD during
this event reached values of 0.2 at 500 nm, and the situa-
tion was characterized by a low Ångström exponent (440–
870 nm) of about 0.6. The lidar measurement (Fig. 4) shows
that the main aerosol load was concentrated within the low-
est 2 km. The particle linear depolarization ratio (PLDR) at
355 and 532 nm shows large mean values (and mean system-
atic errors) of 0.21± 0.02 and 0.27± 0.01, respectively, at a
height range between about 0.8 and 21.8 km. Those values
are clear indications of a large dust contribution within the
observed aerosol layer (Tesche et al., 2009a; Freudenthaler
et al., 2009; Groß et al., 2011b). The corresponding lidar ra-
tio within this layer shows a wavelength-independent value
of 40± 6 sr for 355 and 532 nm. Those values are signifi-
cantly lower than the values found for Saharan dust but agree
well with the measurements of a significantly lower lidar ra-
tio of Arabian dust compared to Saharan dust (Mamouri et
al., 2013; Nisantzi et al., 2015; Filioglou et al., 2020). The
extinction coefficient within the Arabian dust layer shows
moderate values of about 0.1 km−1 at 355 nm and of about
0.07 km−1 at 532 nm. Above the dust layer, the extinction co-
efficient strongly decreases. In the subjacent boundary layer,
the PLDR values drop to about 0.1 to 0.15 at 355 and 532 nm,
respectively, indicating that the dust was mixed with a differ-
ent aerosol type. The corresponding lidar ratio increases to
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wavelength-independent values of about 50 to 60 sr, again
indicating a change in the aerosol type and mixing state.

3.2.2 Pollution – 9 April 2017 (20:16–22:16 UTC)

On 9 April 2017 air masses were advected from north-
western directions (Fig. 3) towards our measurement site.
The situation was characterized by an AOD of about 0.15
at 500 nm together with a large Ångström exponent of
about 1.5. These values are clear indications of predomi-
nant fine-mode aerosols. Lidar measurements between 20:16
and 22:16 UTC are analysed to characterize the optical prop-
erties of this aerosol event. The main aerosol load was lo-
cated within the lowermost 2.0 km (Fig. 5). Within a height
range of about 0.75 to 2 km the retrieved extinction coeffi-
cient shows a significant wavelength dependence with val-
ues of > 0.1 km−1 at 355 nm and values around 0.07 km−1

at 532 nm. The mean values (and mean systematic errors) of
the retrieved lidar ratio are about 69± 15 sr and wavelength
independent between 355 and 532 nm. The corresponding
PLDR is low, with mean values of about 0.03± 0.02 at
355 nm and of 0.04± 0.02 at 532 nm. Those values have been
reported before for smoke/anthropogenic pollution aerosols
(e.g. Groß et al., 2013a; Baars et al., 2021).

3.2.3 Saharan dust – 21 April 2017 (21:00–23:59 UTC)

Between 20 and 22 April 2017, the aerosol situation over the
measurement site was dominated by Saharan dust. Backward
trajectories (Fig. 3) indicated the western Saharan regions as
main source regions for those aerosol masses. The situation
was characterized by an AOD of about 0.5 at 500 nm and low
Ångström exponent of about 0.2. The lidar measurements in-
dicate that the top of the aerosol layer reached heights of
about 6 km (Fig. 6). The extinction coefficient within the
layer is wavelength independent between 355 and 532 nm,
with maximum values around 0.1 km−1 between about 4
and 6 km height; from 1 to 3.5 km it is about 0.05 km−1.
The retrieved mean lidar ratio and particle linear depolar-
ization ratio (and mean systematic errors) are quite constant,
with height showing wavelength-independent mean values of
59± 6 sr at 355 nm and of 58± 8 sr at 532 nm for the lidar ra-
tio and of 0.28± 0.03 at 355 nm and 0.29± 0.02 at 532 nm
for the PLDR. Similar values for Saharan dust after a trans-
port of several days were also reported from recent studies
(e.g. Groß et al., 2015a; Haarig et al., 2017).

3.3 General findings

To better characterize the optical properties and the general
aerosol situation with respect to dominating aerosol type dur-
ing the measurements, we analyse the PLDR and the extinc-
tion coefficient of the POLIS measurements for the corre-
sponding heights of the Falcon overpasses over our mea-
surement site (see Table A1 in Appendix A). As most of

the flights were performed during daytime, we were not
able to retrieve the lidar ratio. Figure 7 shows the retrieved
PLDR and the extinction coefficient for the Falcon over-
passes along with the flight altitude. As the signal-to-noise
ratio was too small to retrieve the PLDR with sufficient ac-
curacy for overpasses at flight altitudes of > 7 km with low
backscattering ratios, we restrict our evaluation to the extinc-
tion coefficient in those cases. The flight altitudes of most
of the overpasses over our measurement site were 1.57 km
and about 9.0 km. At the highest flight levels (around 9 km)
the extinction coefficients are quite low, with values of 0.001
to 0.003 km−1, and wavelength independent for 355 and
532 nm. Lidar and in situ measurements of the extinction co-
efficient in this height range agree within the estimated mea-
surement/retrieval uncertainty. In the lowermost layer the
values range between 0.02 and 0.15 km−1. Although the li-
dar and in situ-derived extinction coefficients show the same
behaviour, differences between both methods are obvious on
dust-dominated days, with the in situ values exceeding the
lidar-derived extinction coefficients. The largest difference
we found was about 0.05 km−1 within the Saharan dust layer.
The differences result partly from the different methods used
to derive the extinction coefficient with lidar and the assump-
tions to calculate the extinction coefficient from in situ mea-
surements and partly from the different volumes sampled by
in situ and lidar measurements. We also included the mea-
surements from PollyXT in our analysis and found an agree-
ment within the uncertainty ranges with the POLIS measure-
ments. For a better visualization, the PollyXT values are not
included in Fig. 7.

The PLDR in the corresponding height levels helps to
distinguish between different dominating aerosol types. For
overpass 7, 10, 24, 26, and 28 (see Table A1) low PLDR
values between 0.03 and 0.13 are found for 355 and 532 nm
(wavelength independent); for the other days or higher lev-
els, mean values of the PLDR between 0.2 and 0.32 are
found at both wavelengths. These large values are a clear
indication that the layer has a strong contribution of min-
eral dust particles or that mineral dust was even the only
aerosol type in this layer. The PLDR at 532 nm within the
layer is used to derive the contribution of dust and non-dust
(assuming anthropogenic pollution) of the extinction coef-
ficient at 532 nm. The analyses of the strong Saharan dust
event from 20–22 April and during the strong Arabian dust
event from 27–29 April show that dust by far dominates the
extinction coefficient of the layer and that the contribution
of anthropogenic pollution is only minor with values of max
0.01 km−1. On days with low mean PLDR values (∼ 0.05) at
flight altitude, anthropogenic pollution dominates the extinc-
tion coefficient at 532 nm within this layer, while dust has
only a minor contribution.
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Figure 4. POLIS lidar measurement showing the range-corrected signal (a) in arbitrary units from 17:00–19:00 UTC on 5 April 2017, with
the intensity increasing from blue, green, and orange to red, and profiles (b–d) of the extinction coefficient (EXCO) (b), the lidar ratio
(LR) (c), and the particle linear depolarization ratio (PLDR) (d). Blue lines indicate measurements at 355 nm, and green lines correspond to
measurements at 532 nm. The signals were averaged between 17:00 and 19:00 UTC. The error bars show the systematic uncertainty.

Figure 5. Same as Fig. 4 but for 9 April 2017 at 20:16–22:16 UTC.

3.4 Aerosol typing

To investigate how well we can classify the different aerosol
types and mixtures with lidar and the sun photometer, how
this is understood in transport simulations, and how well it
agrees with in situ measurements, we compare the different
techniques with one another.

3.4.1 AERONET

Figure 8 shows the scatterplot of the sun photometer mea-
surements during the A-LIFE field experiment. Marine
aerosol scenes were not observed as low Ångström expo-
nents with corresponding low AOD values are missing. Low
Ångström exponents during A-LIFE came along with large
AOD values. This is a typical signature of mineral dust
events. Those events are classified as dust. Large values
of the Ångström exponent with a corresponding AOD of
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Figure 6. Same as Fig. 4 but for 21 April 2017 at 21:00–23:59 UTC.

Figure 7. Falcon flight altitude (a) used for the analyses (b, c) of the PLDR (b) at 355 nm (blue) and 532 nm (green) and the extinction
coefficient (EXCO) from POLIS (c) at 355 nm (blue) and 532 nm (green), for in situ measurements at 355 nm (cyan) and 532 nm (olive), and
for the dust (orange) and non-dust (grey) extinction coefficient at 532 nm as derived from the lidar analysis. The error bars give the systematic
uncertainties.

about 0.2 to 0.4 are also frequently found during A-LIFE,
clearly indicating the dominance of anthropogenic pollution
or biomass burning aerosols during those days. All other days
show intermediate values which correspond to aerosol mix-
tures with varying contributions of dust and pollution/smoke.

This AOD–AE plot cannot be used to distinguish between
Saharan dust and Arabian dust. Dedicated analysis of this
difference is given by Mateos et al. (2025) using sun pho-
tometer inversion products. Along with the AOD–AE space,
Fig. 8 also shows the measurement in the AOD–coarse-mode
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Figure 8. AERONET sun photometer measurements and analysis
during the A-LIFE field experiment at Limassol, Cyprus, show-
ing the aerosol optical depth (AOD) at 500 nm vs. the Ångström
exponent between 440 and 870 nm (a) and vs. the coarse-mode
AOD at 500 nm (b). The measurements are colour-coded follow-
ing the AERONET aerosol type classification scheme introduced in
Sect. 2.7, where dust is indicated as orange, dust mixture is indi-
cated as green, polluted mixture is indicated as blue, and pollution
is indicated as black. The red symbols indicate the daily mean value
used in Table 2.

AOD space. This plot shows different arms of the distri-
bution. Low coarse-mode AOD along with low to moder-
ate AOD are found for pollution, which was also confirmed
by looking at the AOD–AE measurements. Measurements
of medium (0.2) to high coarse-mode AOD together with
medium to large AOD values are indications of mineral dust,
and the rest of the values are found for mixtures of dust and
pollution. If the dominating aerosol type is dust in those mix-
tures, the coarse-mode AOD is slightly higher than for the
mixtures with a dominance of pollution. The corresponding
classification for the Falcon overpasses is listed in Table 2.

3.4.2 Lidar

The mean values of the lidar ratio and the PLDR for the dif-
ferent aerosol layers and different aerosol types measured
with the lidar systems POLIS and PollyXT during nighttime
are shown in Table 1 and Fig. 9. The values show the large
variability in the aerosol composition over the measurement
site at Limassol, Cyprus. For the aerosol typing based on li-
dar measurements we use a method proposed by Burton et
al. (2012) and Groß et al. (2013b, 2015b) extended for the
LR threshold to distinguish Saharan and Arabian dust. This
method depends on the fact that the lidar ratio and the PLDR
are quite different for different aerosol types. Up to now,
those schemes did not include the Arabian dust. Thus, our
measurements will expand these classification schemes by
another aerosol type of interest. Floutsi et al. (2023) already
included the separation between Saharan and Arabian dust.
But they performed data collection rather than classifica-
tion. HETEAC (Hybrid End-To-End Aerosol Classification;
Wandinger et al., 2023) was made more flexible regarding
application to multiwavelength observations. The resulting

HETEAC-Flex (Floutsi et al., 2024) includes optical proper-
ties for Saharan dust separate from Arabian dust. Figure 9
shows the PLDR vs. lidar ratio at 355 and 532 nm derived
from POLIS and PollyXT lidar measurements. In the back-
ground of both plots the measurements from former cam-
paigns that are already included in the typing schemes (Groß
et al., 2015a, b) are shown. In the foreground (large sym-
bols) the measurements during this campaign are shown. As
both lidar systems, POLIS and PollyXT, were located side
by side during the A-LIFE campaign, we can use the mea-
surements to check if and how the analysis of different lidar
systems with different algorithms done by different research
groups affects the outcome. As mentioned in Sect. 3.4, we
found significant differences in the retrieved extensive opti-
cal properties (i.e. the extinction coefficient). With the PLDR
and lidar ratio presented in Table 2 and Fig. 9 we can also
check if there are significant differences in the retrieved in-
tensive optical properties. Although the mean values for the
lidar ratio (both wavelengths) partly differ by 10 sr or more,
considering the uncertainty range of the retrieved values we
found no significant differences. For the PLDR at 532 nm
we found an agreement of the mean values within 0.02 be-
tween the two instruments. For the PLDR at 355 nm the dif-
ferences in the mean values are as large as 0.06 for the dust-
dominated day around 20 April 2017. However, considering
the uncertainty range, the differences are not significant. Dif-
ferences can occur from different averaging (time and height)
as well as from differences in the lidar performance (e.g. sig-
nal strength).

Applying the classification scheme on the intensive opti-
cal properties we find good agreement of the results between
the different systems and the different wavelengths. Only for
the pollution case on 11 April 2017 does the classification
at 355 and 523 nm show slight differences in the assigned
aerosol type. The difference in the PLDR (0.12± 0.02 at
355 nm and 0.04± 0.02 at 532 nm) causes this difference.
While the aerosol type was classified as polluted dust at
355 nm, it was classified as pollution/smoke at 532 nm. PO-
LIS measurements are missing for that day to check the va-
lidity of the PollyXT classification. The measurements during
the days dominated by anthropogenic pollution and Saharan
dust clearly fit in the former classification scheme (Groß et
al., 2015b). Thus, the aerosol type within these layers can be
clearly classified. Arabian dust has lower values of the lidar
ratio compared to Saharan dust, both at 355 and 532 nm. This
was also confirmed by Filioglou et al. (2020). They found
values of the lidar ratio of about 42–45 sr in lidar measure-
ments at 355 and 532 nm and corresponding PLDR values
of about 0.25 at 355 nm and of about 0.31 at 532 nm. Simi-
larly, for Asian dust, low values of the lidar ratio were found
by Hofer et al. (2017, 2020), who reported values of 39–45 sr
for 355 and 532 nm with a PLDR of about 0.24 at 355 nm and
of about 0.33 at 532 nm, while Hu et al. (2020) found larger
values of the PLDR for measurements near the Taklimakan
desert. They interpreted these large values as an indication
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Table 1. Mean values of the lidar ratio (LR) and particle linear depolarization ratio (PLDR) at 355 and 532 nm including the mean systematic
errors (±) for different aerosol days and height ranges. The values given were derived from nighttime measurements. If no measurements
were available, the corresponding values are missing in the table.

Date, time Height LR at 355 nm LR at 532 nm PLDR at 355 nm PLDR at 532 nm
(UTC) (km) (sr) (sr)

POLIS PollyXT POLIS PollyXT POLIS PollyXT POLIS PollyXT

5 April, 17:00–19:00 0.7–2.0 40± 6 39± 6 40± 6 32± 5 0.24± 0.02 0.24± 0.02 0.27± 0.01 0.27± 0.03
6 April, 18:00–19:45 1.5–3.0 43± 11 45± 7 44± 11 41± 7 0.10± 0.02 0.09± 0.02 0.14± 0.02 0.12± 0.02
9 April, 20:15–22:15 0.7–1.5 69± 15 69± 15 0.03± 0.02 0.04± 0.02
11 April, 04:30–06:00 1.0–1.4 67± 13 66± 32 0.12± 0.02 0.04± 0.02
14 April, 12:25–13:10 0.9–1.2 35± 6 32± 9 0.04± 0.02 0.02± 0.02
20 April, 17:00–21:00 3.0–4.5 61± 7 49± 8 62± 7 45± 9 0.28± 0.02 0.22± 0.04 0.29± 0.01 0.28± 0.03
21 April, 21:00–24:00 3.0–5.5 59± 6 50± 9 58± 8 50± 8 0.28± 0.03 0.23± 0.03 0.29± 0.03 0.28± 0.02
22 April, 20:00–22:00 1.5–3.0 48± 10 45± 4 0.29± 0.03 0.29± 0.01
25 April, 17:00–19:00 0.7–2.0 60± 10 60± 10 60± 10 61± 11 0.03± 0.03 0.06± 0.02 0.04± 0.03 0.06± 0.02
27 April, 19:00–21:00 1.5–3.0 45± 5 39± 7 45± 4 34± 7 0.29± 0.04 0.27± 0.03 0.30± 0.02 0.32± 0.03

Figure 9. Aerosol classification at 355 nm (a) and 532 nm (b) based on the particle linear depolarization ratio and the lidar ratio. Measure-
ments given by small symbols show findings from former studies (Groß et al., 2015a, b) and measurements given by large symbols show
measurements during A-LIFE, with diamonds showing POLIS measurements and hexagons showing PollyXT measurements. The error bars
show the mean systematic errors. The figure is adopted from Groß et al. (2015a). Olive-green and cyan data points in the background indicate
fresh biomass burning aerosol and marine aerosol, respectively, and blue data points indicate polluted marine.

of fresh dust close to the source regions with a large number
of coarse and giant particles. A PLDR of less than ∼ 0.07 at
355 and 532 nm together with high lidar ratios of about 60–
75 sr at both wavelengths indicated pollution aerosol layers.
In addition, the lidar measurements indicated different layers
with aerosol mixtures. Those layers are indicated by inter-
mediate values of the PLDR and the lidar ratio. Pure marine
aerosol layers could not be identified from the lidar measure-
ments during A-LIFE; they rather indicate mixtures with dust
and/or pollution.

4 Discussion

4.1 Comparison of aerosol typing methods

Aerosol type classification is one important point in deter-
mining the radiative properties of the aerosol layers as well
as estimating possible interactions, e.g. with clouds. Differ-
ent aerosol type classification schemes are based on different
measured properties, i.e. microphysical properties vs. opti-
cal properties (Sects. 2 and 3.5). Thus, the different meth-
ods might give slightly different results, depending also on
the number of types and subtypes involved. To ensure that
the different classification methods applied in A-LIFE (in
situ, lidar, sun photometer, transport simulations) give the
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same results, we intercompare the output of those methods
for selected overpasses. As we do not have the lidar ratio
for the aerosol type classification during daytime, we clas-
sify the aerosol type at flight level by a combination of dif-
ferent pieces of information as described in Sect. 2.2. The
lidar classification is not considered when we do not have
collocated measurements in the flight altitude or cannot do
an aerosol classification due to temporal variability or a low
signal-to-noise ratio.

Table 2 gives an overview of the aerosol type classifica-
tion of all used classification methods for the selected Fal-
con overpasses over the Limassol site. The different meth-
ods agree well in the classification of the dominating aerosol
type, but it is also obvious that small differences occur.
AERONET sun photometer measurements can only provide
a classification for the whole atmospheric column due to the
measurement setup. Thus, at days with different aerosol lay-
ers consisting of different aerosol types, the combination will
be reflected in the classification. This is the case for the com-
plex situation on 5, 6, and 11 April, for example. If only one
main aerosol type is present, the classification is very com-
parable with the height-resolved classification from the li-
dar and the in situ measurements. Comparing the lidar and
in situ classifications, we also see a good agreement in gen-
eral. However, moderate contributions (e.g. from pollution)
cannot be characterized with the lidar when the optical prop-
erties of the layer are strongly dominated by dust aerosols.
This is shown e.g. for the Arabian dust outbreak on 5, 27, and
29 April and for the Saharan dust cases on 21 and 22 April.
The investigation into how pollution within the mineral dust
layers affects the optical and radiative properties goes beyond
the objectives of this paper and is presented in a separated
publication (Teri et al., 2024). A summary of the main op-
tical properties measured in the cabin of the Falcon aircraft
for these overflights is given in the Supplement of this pub-
lication. As another source of aerosol type characterization,
we use atmospheric-transport calculations with the FLEX-
PART model in this study. This method considers a larger
number of aerosol types than derived from AERONET, li-
dar, and in situ classification (including source allocation).
We see that the FLEXPART-based classification in principle
fits well in the in situ and lidar classifications. The compari-
son of the different aerosol typing schemes highlight that, al-
though the dominating aerosol type is captured quite well, it
is hard to directly compare the outcome in detail. As the dif-
ferent aerosol classification schemes rely on different mea-
sured quantities (e.g. optical properties vs. size distribution
and microphysical properties), the results can provide a dif-
ferent degree of detail. It is important to carefully investigate
if the chosen method provides sufficient information for the
specific study for which is used.

4.2 Dust and non-dust fraction

From the aerosol typing comparison above we find that the
different methods agree quite well. However, to better char-
acterize the aerosol situation and thus investigate the impact
of the different aerosols, not only the aerosol type but also the
fractional contribution of a specific aerosol type to the opti-
cal properties or the volume concentration as well as its mass
concentration is of importance. To intercompare the different
methods with respect to the given dust mass concentration,
we first calculate the dust fraction of the backscatter coef-
ficient and of the volume concentration and the dust mass
concentration for the different overpasses (Fig. 10) and com-
pare the latter to the estimated dust mass concentration from
the FLEXPART simulation as well as the total mass concen-
tration.

The contribution of the dust fraction to the backscatter co-
efficient at 532 nm is similar to the dust contribution to the
extinction coefficient (Fig. 7). During the major dust events
the dust fraction of the layer mean backscatter coefficient
varies between about 0.8 at the first events of Arabian dust at
the beginning of the campaign to ∼ 1.0 at the strong Arabian
dust event at the end of the campaign. As we find a deviation
of the measured value of the PLDR of 0.32 on 27 April 2017
and the input value used for type separation of 0.3, the re-
trieved dust fraction to the backscatter coefficient (BSC) and
the volume is overestimated, leading to mean values slightly
larger than 1. For the Saharan dust event the dust fraction
of the layer mean backscatter coefficient was about 0.9. And
even during the days with a dominance of anthropogenic pol-
lution, the dust fraction of the backscatter coefficient is still
about 0.3, except during the pure pollution event where we
find dust fractions of the layer mean backscatter coefficient
of < 0.1. The derived volume fraction of dust aerosols fol-
lows the dust fraction of the optical properties. Both dust
fractions agree well within the uncertainty ranges, except
for 11 April 2017, when the dust fraction to the BSC sig-
nificantly exceeds the volume dust fraction. This difference
might be caused by a wrong assumption of the contributing
types and thus of the chosen conversion factor. In general,
one can conclude that the dominance in the optical proper-
ties is a result of the dominance in volume.

Derived mean dust mass concentrations from the li-
dar measurements at 532 nm at flight altitude reflect the
large variability during the measurement period. Large val-
ues of dust mass concentration at flight altitude of around
300 µgm−3 are found during the strong Arabian dust event at
the end of the campaign. The backscatter and extinction co-
efficients at flight altitude at those days are also quite large,
which perfectly fits to the large values of the dust mass con-
centrations. During all other dust events we find dust mass
concentrations between about 50 µgm−3 during the first Ara-
bian dust event and about 170 µgm−3 during the major Sa-
haran dust event. For measurements with dust and non-dust
mixtures we find a dust mass of < 35 µgm−3 or even none at
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Table 2. Date, time, height, and number of Falcon overpasses over the Limassol measurement site together with the resulting aerosol
classification from in situ, AERONET and lidar measurements, and atmospheric-transport simulations with FLEXPART. AD stands for
Arabian dust, SD stands for Saharan dust, OM stands for organic matter, SS stands for sea salt, SO4 stands for sulfate aerosols, and CM
stands for coarse mode. Missing values for the uppermost flight legs indicate that no lidar- and FLEXPART-based classification was possible
in this layer.

Date Time Height Overpass In situ AERONET Lidar FLEXPART
(UTC) (km) no.

5 April 08:52 1.57 1 Polluted AD
Dust mixture

AD AD, OM, SS

11:13 9.03 2 Polluted mixture (low CM) –

6 April 04:33 1.57 3 Moderately polluted SD
Dust mixture

Dust mixture (marine) SD, OM, SO4, SS

07:31 9.57 4 Polluted mixture (low CM) – –

11 April 05:07 1.54 7 Polluted mixture (enhanced CM) Pollution OM

06:15 7.48 8 Pure SD – –

06:58 3.11 9 Pure SD Dust mixture Dust SD

08:24 9.04 5 Moderately polluted SD – –

08:33 7.8 6 Moderately polluted SD – –

14 April 04:13 1.55 14 Moderately polluted AD
Polluted mixture

Pollution AD, SD, SS, OM

11:37 8.91 15 Polluted mixture (low CM) – –

20 April 18:21 1.25 18 Polluted SD Dust mixture SD –

21 April 11:52 1.57 19 Moderately polluted SD Dust SD SD, OM, SS

22 April 06:10 1.59 20 Moderately polluted SD SD SD, OM

06:35 8.81 21 Moderately polluted SD (low CM) Dust –

07:27 5.06 22 Pure SD SD SD

25 April 08:07 1.54 24 Polluted mixture (enhanced CM)
Pollution

Pollution OM, SO4, SS

09:50 9.03 25 Moderately polluted SD – SD

27 April 07:17 1.57 30 Moderately polluted AD AD AD, OM

08:47 9.05 31 Moderately polluted mixture (low CM) Dust –

09:57 1.58 29 Moderately polluted AD AD AD, OM

29 April 07:09 1.58 32 Moderately polluted AD Dust AD AD, OM

all during the pollution events. Comparing the lidar-derived
dust mass concentrations with the calculated dust mass con-
centrations from FLEXPART, we find a good agreement for
the low- and moderate-dust cases, e.g. the Arabian dust event
at the beginning of the campaign, or for the moderate Saha-
ran dust event around the 11 April 2017. In contrast, FLEX-
PART was not able to reproduce the dust mass concentra-
tions for the strong dust events like the Saharan dust event
around 21 April 2017, when FLEXPART estimated only
about 50 µgm−3 compared to about 170 µgm−3 derived from
the lidar measurements. The disagreement is even worse for
the strong Arabian dust event at the end of the campaign.
The dust mass concentration derived from the lidar measure-
ments shows values as high as 285 µgm−3, while FLEX-
PART estimates only about 30 µgm−3. The lower values of
the dust mass concentration from FLEXPART might result
from an assumption of spherical or spheroidal dust particles.

The sphericity is supposed to promote gravitational settling
and thus leads to an earlier loss of coarse dust particles dur-
ing transport (Huang et al., 2020).

In a next step, we include the in situ-derived total mass
concentration in the comparison. The total mass concen-
tration has in general a better agreement with the lidar-
derived dust mass concentration. That confirms the large
mass concentration during the strong Saharan dust event
around 21 April and the strong Arabian dust event at the
end of the campaign that are derived from the lidar measure-
ments. The total mass concentration even exceeds the lidar-
derived dust mass concentration for most of those days, espe-
cially when the dust mass concentration was large. Also con-
sidering the non-dust contribution in the comparison does not
result in a significant improvement of the comparison. The
lidar-derived optical properties during a dust-dominating day
are mainly determined by dust aerosol, while the in situ mea-
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Figure 10. Volume (red) and backscatter coefficient (blue) dust fraction derived from POLIS lidar measurements (a) and dust mass concen-
tration (b) derived from POLIS lidar measurements (orange), FLEXPART (light brown), and in situ total mass concentration (red stars) for
the Falcon overpasses.

surements better characterize the minor contributing aerosol
components which are included in the in situ-derived total
mass concentration. Further differences occur due to the dif-
ferent averaging time of the lidar and the in situ measure-
ments and thus the sampled volume.

5 Summary and conclusion

In this study we investigated the optical properties of com-
plex mineral dust and other absorbing aerosol mixtures in the
eastern Mediterranean. We found significant lower values of
the lidar ratio with means of 41± 5 sr at 355 nm and 39± 5 sr
at 532 nm for Arabian dust transported to our measurement
site compared to the lidar ratio found for Saharan dust of
55± 8 sr at 355 nm and 54± 8 sr at 532 nm. These findings
are in good agreement with previous lidar studies (Mamouri
et al., 2013; Nisantzi et al., 2015). The PLDR of Arabian dust
of 0.26± 0.03 at 355 nm and of 0.29± 0.02 at 532 nm and
of Saharan dust of 0.26± 0.03 355 nm and of 0.28± 0.02 at
532 nm is similar to what was found for Saharan mineral dust
close to the source region (e.g. Tesche et al., 2009b; Freuden-
thaler et al., 2009; Groß et al., 2011b) and to the values found
for transported Saharan dust (e.g. Groß et al., 2015a; Haarig
et al., 2017). For pollution aerosol we found mean values
of the PLDR and lidar ratio of 0.05± 0.02 and 65± 12 sr
at 355 nm and 0.04± 0.02 and 60± 16 sr at 532 nm. Those
values of the PLDR and the lidar ratio for pollution aerosol
confirm the values reported by Groß et al. (2015a) and the
papers cited therein.

We compared the findings of the lidar-based classification
to aerosol typing based on in situ measurements, sun pho-
tometer values, and FLEXPART transport simulations. The
different classification schemes showed a very good agree-
ment, although the sun-photometer-based classification can

only give a column-integrated value. We frequently found
that pollution aerosol was mixed into the dust layers. Never-
theless, the lidar-derived extensive optical properties (i.e. ex-
tinction coefficient and backscatter coefficient) were domi-
nated by mineral dust during significant dust events. The de-
rived volume fraction of the dust aerosols partly showed a
lower contribution to the total volume compared to its con-
tribution to the optical properties.

The derived dust mass concentration varied strongly
throughout the measurement period. The highest values of
about 170 µgm−3 and of about 300 µgm−3, derived from li-
dar, were found during a major Saharan and Arabian dust
event, respectively. While the FLEXPART-derived dust mass
concentration agreed quite well with the lidar-derived dust
mass concentration for low and moderate dust load, FLEX-
PART could not reflect the high dust concentrations dur-
ing strong mineral dust events, although it could predict the
dust transport in general. Models generally assume that dust
aerosols are spherical or spheroidal; this leads to the assump-
tion of more gravitational settling and thus helps to explain
the underestimation of coarse dust transport (Huang et al.,
2020). In order to improve the confidence in the high dust
mass concentration derived from lidar measurements during
these events, we compared them to the in situ-derived to-
tal mass concentration. During our measurement period we
found a general good agreement of the total mass concen-
tration and the lidar-derived dust mass concentration. How-
ever, during strong dust events the in situ-derived total mass
concentration exceeded the lidar-derived dust mass concen-
tration. The even higher values from the in situ values could
result from e.g. both methods sampling a different volume
due to time averaging and distance in the measurement loca-
tion.
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Appendix A

Table A1. Overpasses.

Date Start time Height Overpass
(UTC) (km) no.

5 April 2017 08:52 1.57 1
5 April 2017 11:13 9.03 2
6 April 2017 04:33 1.57 3
6 April 2017 07:31 9.56 4
11 April 2017 08:24 9.04 5
11 April 2017 08:33 7.8 6
11 April 2017 05:07 1.54 7
11 April 2017 06:15 7.48 8
11 April 2017 06:58 3.11 9
11 April 2017 12:46 1.54 10
11 April 2017 10:01 2.48 11
11 April 2017 11:30 4.99 12
13 April 2017 11:10 8.92 13
14 April 2017 04:13 1.55 14
14 April 2017 11:37 8.91 15
19 April 2017 17:57 9.03 16
20 April 2017 17:38 9.13 17
20 April 2017 18:21 1.25 18
21 April 2017 11:52 1.57 19
22 April 2017 06:10 1.59 20
22 April 2017 06:35 8.81 21
22 April 2017 07:27 5.06 22
22 April 2017 08:24 1.28 23
25 April 2017 08:07 1.54 24
25 April 2017 09:50 9.03 25
26 April 2017 12:09 1.56 26
26 April 2017 13:07 9.06 27
26 April 2017 14:26 1.58 28
27 April 2017 09:57 1.58 29
27 April 2017 07:17 1.57 30
27 April 2017 08:47 9.05 31
29 April 2017 07:09 1.58 32

Data availability. The PollyXT lidar data are available
at https://polly-tmp.tropos.de/calendar/location/43 (Leib-
niz Institute for Tropospheric Research, 2025). POLIS
lidar data are publicly available via Open Data LMU
https://doi.org/10.5282/ubm/data.564, Groß and Freuden-
thaler, 2025). Airborne in situ data will be made pub-
licly available in the University of Vienna data archive
PHAIDRA (https://doi.org/10.25365/phaidra.649, Weinzierl
et al., 2025a). Sun photometer measurements are provided by
https://aeronet.gsfc.nasa.gov/cgi-bin/data_display_aod_v3?site=
CUT-TEPAK&nachal=2&level=2&place_code=10 (AERONET,
2025).

Supplement. The supplement related to this article is available
online at https://doi.org/10.5194/acp-25-3191-2025-supplement.
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