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Abstract. In this study, we present the first fluorescence lidar observations over Thessaloniki, Greece,
(40.63°N, 22.96°E; 60ma.s.l.) using a multiwavelength Raman and depolarization lidar with fluorescence
capabilities. For the first time in the Eastern Mediterranean fluorescence backscattering coefficient and the
spectral fluorescence capacity parameter are retrieved and combined with particle depolarization ratio, lidar
ratios, and Angstrom exponents to characterize the aerosol load over Thessaloniki, a region influenced by di-
verse aerosol sources. Representative case studies of biomass-burning smoke, Saharan dust, and mixed pollen
showing distinct fluorescence properties are discussed in detail, while an extended dataset covering the period
April 2024-December 2025 is further analysed, comprising 108 aerosol layers from 50 measurement cases.
A sub-dataset is also compared with the EARLINET Mahalanobis distance—based typing algorithm, highlight-
ing the importance and complementarity of fluorescence lidar observations on the aerosol characterization in
complex environments. Based on the spectral fluorescence capacity and the particle depolarization ratio, the
identified layers are classified into smoke, dust, polluted continental, clean continental and mixed pollen. THE-
LISYS retrievals show that the spectral fluorescence capacity depends on aerosol type, with smoke showing the
highest values (3.5 x 1070 —12.7 x 10~ nm~1), followed by mixed pollen (2.3 x 1070 —4.8 x 10~% nm~1), pol-
luted continental (1.0 x 1070—-3.3x107° nm~ 1), clean continental (0.3 x 107°—1.2x107° nm~") and dust
(0.4 x 107° — 1.3 x 1074 nm~!). The fluorescence capacity values observed for all aerosol types are comparable
with other studies across central and northern Europe, however the linear particle depolarization ratio measure-
ments attributed to pollen differ from those reported at more northern latitudes, possibly reflecting differences in
pollen type.
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1 Introduction

Atmospheric aerosols play a crucial role in Earth’s climate
system, air quality, and public health. Conventional lidar
techniques, including elastic backscatter, Raman, depolariza-
tion, and high-spectral-resolution lidar (HSRL), provide in-
formation on aerosol optical properties, shape, size distribu-
tions, and concentrations (Klett, 1981; Fernald, 1984; Ans-
mann et al., 1990; Sassen, 2005; Whiteman, 2003; Burton
et al., 2015). However, these methods lack the sensitivity
required for reliable discrimination among biologically de-
rived particles. Over the past decade, fluorescence lidar has
emerged as a powerful complementary technique, enabling
the detection of biochemical constituents and fluorescence
properties of aerosols and thereby enhancing aerosol classi-
fication capabilities.

Early applications of fluorescence lidar were primarily
focused on environmental monitoring, including vegetation
characterization, water quality assessment, and geosphere
studies, as summarized by Saito et al. (2018). Since ap-
proximately 2014, fluorescence lidar has increasingly been
applied to atmospheric research. Two principal approaches
for aerosol fluorescence retrieval have been established, the
spectrometric fluorescence lidar and the single channel flu-
orescence detection implemented within Mie-Raman lidar
systems.

In the context of aerosol fluorescence spectroscopy, Re-
ichardt (2014) integrated a multi-channel fluorescence spec-
trometer into a standard Raman lidar system, enabling the
first quantitative retrievals of aerosol fluorescence. This
methodology was subsequently refined through improved
calibration and retrieval techniques (Reichardt et al., 2023)
and extended to a multi-year dataset (2020-2023) that could
only be obtained by spectrometric measurements (Reichardt
et al., 2025). A key outcome of these studies was the in-
troduction of the spectrum of fluorescence capacity and the
connections between aerosol fluorescence and other parame-
ters and influencing factors, such as the elastic-optical parti-
cle properties, the type and origin of the aerosols, the atmo-
spheric state variables, and clouds.

In parallel, Veselovskii et al. (2020) extended the op-
erational capabilities of lidar systems compatible with the
Aerosol, Clouds and Trace Gases Research Infrastructure
(ACTRIS; https://www.actris.eu/, last access: 20 September
2026) Aerosol Remote Sensing requirements (CARS; https://
www.actris.eu/topical-centre/cars, last access: 20 September
2026). These requirements include lidar systems equipped
with at least one-wavelength Raman or High-Spectral-
Resolution (HSR) lidar with polarization discrimination,
combined with an automatic sun/sky photometer, to which
an additional broadband channel can be readily added. Their
approach involved the integration of a single broadband flu-
orescence channel centered at 466 nm into the multiwave-
length Mie-Raman lidar system LILAS (Lille Lidar for At-
mospheric Study). Initial feasibility studies conducted be-
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tween 2018 and 2020 demonstrated that even a single flu-
orescence channel allows for the retrieval of fluorescence
backscattering coefficients and the derivation of an intensive
fluorescence capacity parameter.

The standardisation of quantitative particle fluorescence
retrievals into operational lidar systems represents a ma-
jor challenge in aerosol classification using remote sens-
ing. By combining fluorescence capacity with particle de-
polarization ratio, intensive aerosol classification has been
achieved (Veselovskii et al., 2022b, 2025; Miri et al., 2025).
Veselovskii et al. (2021, 2022a, 2023) demonstrated discrim-
ination among pollen, biomass-burning smoke, mineral dust,
urban aerosols, and cirrus clouds with high spatial and tem-
poral resolution. These studies conducted over Lille revealed
that smoke layers transported from North America exhibited
fluorescence capacities up to an order of magnitude higher
than urban aerosols, while Saharan dust was characterized
by low fluorescence capacity but high depolarization ratios.
Pollen events were identified by concurrent enhancements
in both depolarization and fluorescence capacity, frequently
forming mixed layers with urban aerosols within the plane-
tary boundary layer. Furthermore, Hu et al. (2022) extended
this methodology to complex atmospheric scenarios involv-
ing overlapping smoke and cirrus layers, demonstrating that
fluorescence based classification remains useful even under
cloud-contaminated conditions. More recently, Gast et al.
(2025) validated the general applicability of this approach
by demonstrating consistent aerosol classification across dif-
ferent lidar systems and geographic regions.

Collectively, these studies demonstrate that fluorescence
based aerosol classification enhances aerosol typing, partic-
ularly under conditions where traditional multiwavelength
Mie-Raman approaches encounter limitations. This capa-
bility provides a powerful tool for atmospheric monitoring
and for advancing the understanding of aerosol-cloud in-
teractions (Reichardt, 2014; Reichardt et al., 2018). In this
context, aerosol typing over Thessaloniki during the pe-
riod 2024-2025 represents a particularly valuable case study.
Thessaloniki is a densely populated urban site in the Eastern
Mediterranean, where mineral dust, biomass-burning smoke,
anthropogenic pollution, pollen and marine aerosols fre-
quently coexist, rendering it an ideal location for evaluating
and refining aerosol classification methodologies (Voudouri
et al., 2020).

Beyond mineral and anthropogenic particles, biological
aerosols, especially pollen, constitute a significant yet still
insufficiently characterized fraction of atmospheric aerosols.
Extensive research has investigated various aspects of air-
borne pollen in Thessaloniki (Papadogiannaki et al., 2025;
Vokou et al., 2024; Charalampopoulos et al., 2021). Based
on long-term observations of 16 pollen taxa, the local pollen
spectrum is dominated by Cupressaceae (24.9 %), Quercus
(20.8 %), Parietaria (13.6 %), Olea (9.1 %), Pinaceae (8.9 %),
and Poaceae (6.3 %) (Gioulekas et al., 2004). Building on
these findings, Damialis et al. (2007) analysed long-term
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pollen trends (1987-2005), revealing a general doubling of
airborne pollen concentrations per decade across several
taxa. Furthermore, they conducted one of the few vertical
profiling studies in the region using ground based and air-
borne platforms, confirming the presence of pollen — partic-
ularly Pinaceae and Quercus — at altitudes up to 2 km above
ground level. These observations indicate that pollen grains
can remain airborne for extended periods and undergo long-
range transport, thereby expanding the spatial scale of human
exposure. Such findings underscore the need for continuous,
high-resolution vertical profiling techniques. In this regard,
fluorescence lidar provides a unique capability for investi-
gating the vertical distribution of pollen by exploiting their
intrinsic fluorescent properties to distinguish biological from
non-biological aerosols.

Within this framework, the present study reports, for the
first time, vertical measurements of aerosol and pollen over
Thessaloniki during 2024-2025, using fluorescence lidar ob-
servations in a complex urban Mediterranean environment.
The paper is organized as follows: Sect. 2 describes the li-
dar system and the analysis methodology, including system
configuration, data pre-processing, and fluorescence retrieval
techniques with different interference filters (IF). Section 3
presents and discusses the results of three case studies and
the classification scheme based on fluorescence capacity and
particle depolarization ratio, while Sect. 4 summarizes the
main conclusions of the study.

2 Instrument and methods

2.1 Thessaloniki’s lidar system upgrade

Thessaloniki’s lidar system (THELISYS) is part of the mul-
titype ground-based instruments that belong to the Lab-
oratory of Atmospheric Physics (LAP), located in the
Physics Department of the Aristotle University of Thessa-
loniki (AUTH), Greece (40.63°N, 22.96°E; 60ma.s.l.) and
is part of the European Aerosol Research Lidar Network
(EARLINET: https://www.earlinet.org/, last access: 10 Oc-
tober 2026). Quality assurance procedures for lidar signals
are guaranteed using the Automated Lidar Analysis Soft-
ware (ATLAS; https://github.com/nikolaos-siomos/ATLAS,
last access: 10 October 2026) passing all the quality as-
surance standards established within EARLINET (Freuden-
thaler et al., 2018), providing quality assured aerosol prod-
ucts.

THELISYS lidar has been gradually upgraded since 2021,
to be fully automated, providing continuous measurements
of aerosol and cirrus cloud properties in the frame of the
project “Panhellenic infrastructure for Atmospheric Compo-
sition and climate change” (PANACEA; https://panacea-ri.
gr, , last access: 10 September 2025). More details about the
THELISYS setups through the last decades can be found in
previous studies (Siomos et al., 2018; Voudouri et al., 2020;
Michailidis, 2023).
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Table 1. Technical characteristics of the optical components for the
water vapor and fluorescence interference filters of THELISYS.

Center Wavelength (nm) 408nm 470nm 466 nm

Full Width at Half 1 100 44
Maximum (nm)
Peak Transmission (%) > 80 > 98 > 08

THELISYS is a 38 + 20 + 16 + IWV + 1G lidar system
that retrieves the aerosol backscatter coefficient (Baer) at
3 wavelengths (355, 532, 1064 nm), the aerosol fluores-
cence backscatter coefficient (Bg) at 466 nm (since Febru-
ary 2025), the aerosol extinction coefficient (otger) at 2
wavelengths (355, 532 nm), alongside aerosol extensive and
intensive properties such as backscatter- and extinction-
related Angstrﬁm exponents (BAE3ss/532, EAE3ss5/532,
BAEs32/1064), lidar ratio (LRs32 LR355), volume and parti-
cle linear depolarization ratio (VLDRs3,, PLDRs3,), water
vapor mixing ratio (MR40g) and fluorescence capacity (G).
All collected signals undergo processing for the retrieval
of the lidar profiles using the Single Calculus Chain (SCC;
D’Amico et al., 2015) algorithm, the fully automated algo-
rithm, which has been developed to provide a common lidar
processing tool, within EARLINET stations. However, SCC
in its current version does not handle water vapor and fluores-
cence channels so for the new products the signals undergo
processing using the in-house Semi-automated multiwave-
length Lidar Algorithm (SULA; Paschou et al., 2022) de-
veloped by the National Observatory of Athens (NOA) with
contribution from AUTH on the water vapor and fluorescence
retrievals.

More specifically about the latest upgrades, in June 2023,
THELISYS was equipped with a single dual-use channel,
one centered at 470 nm for deriving the aerosol fluorescence
capacity similar with the lidar system LIF (lidar Laser In-
duced Fluorescence; Gidarakou et al., 2026) and the other
one centered at 408 nm for deriving the water vapor mix-
ing ratio profile using appropriate IFs. In February 2025,
the IF centered at 470 nm with full width at half maximum
(FWHM) of 100nm in the fluorescence channel was re-
placed by an IF at 466 nm with 44 nm FWHM, in order to
ensure comparability with lidar systems operating in Lille
(Veselovskii et al., 2021) and Leipzig (Gast et al., 2025).
Differences in retrievals arising from the use of different fil-
ters can be adjusted as described in Sect. 2.3. The two IF are
resided in a single photomultiplier tube (PMT) that employs
a motorized shutter to insert the appropriate IF whenever we
intend to acquire water vapor or fluorescence measurements.
The technical characteristics of the IF are presented in Ta-
ble 1.
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2.1.1 Fluorescence measurements and analysis

In this study, the aerosol fluorescence backscatter coefficient
and fluorescence capacity were retrieved using the method
described by Veselovskii et al. (2020). The method relies on
the fluorescence signal Pr and the nitrogen Raman signal PR,
which are described by the following equations:

Pr(z) = CrBr (2) TL(D) TR (2) ey
Pr(z) = CrPR (2) TL(2) TR (2), @

where C represents the calibration constants, B the backscat-
ter coefficients and 7 the atmospheric transmission terms.
The subscripts F, R and L denote fluorescence, nitrogen Ra-
man and elastic scattering, respectively.

The ratio of the Eq. (1) to the Eq. (2) is used to obtain the
aerosol fluorescence backscatter coefficient Sr(z):

G P Tr(2)
Br(z) = )

Cr Pr(2)
where og = 2.744 x 1073 cm? sr—! (Venable et al., 2011) is
the vibrational-rotational Raman differential backscattering
cross section of molecular nitrogen at 355 nm and the number
density of nitrogen is given by the relation:

NRr(2)or , 3)

NRr(z) = CN, Niol(2) = 0.78 Nyyol, 4)

where ¢, is the volume fraction of nitrogen in air and Nyl
is the molecular number density of air for a given temper-
ature and pressure, considering the compressibility of air.
The ratio Tr(z)/Tr(z) of the atmospheric transmissions at
the Raman and fluorescence wavelengths is calculated from
the extinction coefficients at the corresponding wavelengths
applying the related extinction Angstrdm exponent corre-
lation, EAE355/532 (Ansmann et al., 1990). The calibration
constants Cr and CR are range-independent system constants
accounting for the overall optical and electronic response of
the fluorescence and Raman detection channels, respectively.
The calibration factors ratio Cr/CF therefore represents the
relative calibration factor between the Raman and fluores-
cence channels; it corrects for their different instrumental ef-
ficiencies and is calculated following the calibration proce-
dure described by Veselovskii et al. (2020) and analysed by
Gast et al. (2025). This procedure is based on the ratio of
the electronic gains of the PMTs and considers each compo-
nent in the respective detection path of the two channels, as
described above, thus the calibration factor is given by the
relationship:

Cr _ R TiFR

= . 5)
Cr  gr TIpF

The electronic gain (g) was obtained by exchanging the
PMTs of the two channels without changing the IF and calcu-
lating the ratio of the mean signals measured by both PMTs
for the fluorescence or the Raman channel. The test produced
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a PMT gain ratio (gr/gr) of 1.63. Considering the transmis-
sion of the different IFs of the channels (71r r/Tir.F ~ 0.75)
one obtains a value of ~ 1.59 for Cr/CF, the ratio of the
calibration factors.

Once the fluorescence backscatter coefficient is derived,
the fluorescence capacity G can be calculated using the ra-
tio of the fluorescence backscatter to the aerosol backscatter
coefficient at 532 nm retrieved with the Raman backscatter
method (Ferrare et al., 1998):

Ge= % ©)

Bsz

Although fluorescence is excited at 355nm and it would
therefore be preferable to use the aerosol backscatter co-
efficient at the same wavelength (B3s55), the elastic aerosol
backscatter coefficient at 532 nm is used here in order to en-
able comparison with existing literature.

For improved intercomparison with other fluorescence
lidar configurations, particularly lidar systems employing
broadband fluorescence channels with varying filter widths
or spectrometers, we convert the retrieved fluorescence ca-
pacity to a spectral quantity. The spectral fluorescence ca-
pacity G%SS is calculated according to Gast et al. (2025) as

G =P ™
B3ssdip

with dir representing the effective bandwidth of the fluores-
cence IF. Both spectral fluorescence capacity (G%SS) and flu-
orescence capacity (Gp) are presented in the results below to
allow comparison with the existing literature. In the text, G
is given in parentheses.

2.1.2 Comparison of different fluorescence interference
filters

In lidar instruments that deploy broadband fluorescence
channels, the characteristics of the IFs that are being used,
such as the central wavelength and the FWHM, are selected
according to the fluorescence emission spectrum of the fluo-
rescing particles of interest. The particle fluorescence spec-
trum depends both on the excitation laser line (here 355 nm)
and on the particle chemical composition and mixing state.
For an excitation with the 355 (more precisely 354.71 nm)
line, an IF with central wavelength between 466 to 470 nm
and bandwidths ranging up to 100 nm has been preferred for
broadband fluorescence applications. Although not necessar-
ily located at the maximum of the fluorescence spectrum, the
spectral region 415-525 nm avoids contamination of other
major Nd:Yag-related and Raman lines such as the water va-
por Raman line at 408 nm and the 2nd Nd:Yag laser harmonic
at 532 nm and its Anti-Stokes purely rotational Raman band.
In THELISYS, an IF centered at 469.55 nm (approximately
470 nm) with 100nm FWHM was initially deployed to iso-
late part of the fluorescence spectrum. However, differences
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in the IF transmission hindered direct comparison with flu-
orescence measurements performed in Lille (Veselovskii et
al., 2021) and Leipzig (Gast et al., 2025). In addition, Re-
ichardt et al. (2023) and Veselovskii et al. (2023) reported
that the 424.4 nm second-order vibrational Raman line of N,
can introduce biases to the fluorescence spectrum (Reichardt
et al., 2023). To improve the consistency of THELISYS li-
dar with the lidars in Lille and Leipzig, the IF at 470 nm was
replaced by an IF with transmission centered at 465.73 nm
(approximately 466 nm) and with 44 nm FWHM. We will re-
fer to those filters as IF470, 100 and IF466 44 respectively.

The mean G355 calculated using such a broad IF will differ
from the actual G13:55 at the IF center wavelengths. Using the
G%SS spectrum measured by Reichardt et al. (2025) as a ref-
erence (Fig. 1) we can estimate the systematic relative bias
OGr,IF445 ANd OG 47, Of GF 166 and G%ifm which are intro-
duced when using IF466 44 and IF470.100, respectively, as

355 355
GF ,MF GF,)»O

— (®)
355
GE2

OGr,IF;, =

where G355 the spectral fluorescence capacity at Ag = 466

or 470nm and G%sf is the spectral fluorescence weighted
mean signal. The latter is calculated using the filter transmis-
sion as weighting function:

o _ JGR W) X Tie(dA
B = [ Tip()da

©))

The values are summarized in Table 2. The lower and up-
per systematic relative biases correspond to the most nega-
tive and positive bias calculated from each spectrum of Fig.
1 (including both spectra from biomass burning aerosol and
dust). This ensures that the error bars are conservative and
cover the whole uncertainty range of the dataset displayed
in Fig. 1. We see that IF479 100 leads to generally larger bi-
ases, even at its central wavelength, with a tendency to un-
derestimate the actual G355 value. We further compare the

biased G; 170 and GF 166 Values which occur after transmis-
sion through 1F47¢ and IF 466, respectively. The relative dif-

ference between G]3:5270 and GF 466w1th respect to GF 166 18
defined as

355 _ 355
GF 470 GF 466

355
GF 466

OAIF = , (10)

and can range from —5.8 % to 0.6 % for the different spectra
of Fig. 1.

In order to compare the spectral fluorescence capacity con-
sidering the characteristics of IF466 44 and IF470 100 we use
Eq. (7). The IF comparison test was performed on seven
separate days in 2025. Here, we present two representative
cases: one dominated by dust aerosols and another character-
ized by urban and smoke aerosols, used to compare the two
IFs. Table 3 lists the dates and times of each measurement.
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Table 2. Relative systematic bias due to the IF transmission band.
Values are calculated relative to the true spectral fluorescence ca-
pacities at 466 and 470 nm which have been taken from Reichardt
et al. (2025).

Al Lowerog  Upper op

(nm) range (%) range (%)

OGF,IFy56 466 —-0.1 1.1
OGr,IFu66 470 —0.1 2.8
OGg,1Fy70 466 -5.5 -29
OGF,IF70 470 —6.7 2.9

Table 3. Observation dates and UTC time windows for IF466 44 and
IF470,100 fluorescence measurements.

Date Time (UTC) Time (UTC)  Aerosol Type
IF466,44 IF470,100
13/03/2025  18:35-20:15 20:17-21:20  Dust
14/05/2025  19:09-20:56  20:58-21:51  Polluted Continen-
tal and Smoke
Across the G%SS , small differences are observed when

comparing the IF466 44 and the IF470 100 over Thessaloniki
(Fig. 2). For instance, on 13 March 2025, an extreme dust
event passed over Thessaloniki, providing an opportunity to
evaluate the performance of the two IFs (Fig. 2a). The aerosol
layer extended from 0.65 to 3.2 km.

Applying Eq. (7), we calculated using IF466.44 and
G13:55 using IF470.100, as shown in Table 4. These results in-
dicate that the G13:55 retrieved using the two different IFs is
comparable and consistent with recent literature (Reichardt
et al., 2025) and that Eq. (7) provides a useful approach for
comparing G%SS values obtained between different lidar sys-
tems. As introduced by Reichardt et al. (2025), G%55 varies
with aerosol type, therefore, a second case characterized by
urban and smoke aerosols is presented in Fig. 2b and the cal-
culated G3 >3 are again shown in Table 4.

Here, the observed differences between G2, F 466 and GF 170
(Fig. 2b, c) are much bigger than the systematic error estima-
tion due to the IF transmission band especially for shallow
layers, and also according to the error bars the noise is too
low to explain the differences, which leads us to the conclu-
sion that the variations were probably related to atmospheric
changes between the two measurements as they were not per-
formed simultaneously or iteratively.

These findings highlight the importance of standardizing
spectral fluorescence capacity within EARLINET to enhance
the comparability of fluorescence measurements and to im-
prove aerosol characterization and typing schemes.

355
GF
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Figure 1. Spectral fluorescence capacity measurements of a biomass burning aerosol layer at 22:30 UTC on 4 July 2023 (a) and of a dust
layer at 22:30 and 01:00 UTC in the night of 22-23 February 2021 (b) (adapted from Reichardt et al., 2025). The blue and green lines
represent the transmission curves of the two THELISYS IFs, illustrating the different fluorescence spectral ranges they cover. (Altitude and
wavelength of the maximum of the fluorescence spectrum are indicated in the figures, and reference height is marked with an asterisk.)

Altitude [m]

Altitude [m]

5000 4
i G}” IF 25 42
4000 A — G IFs0,200
3000
2000
1000
0 T T T

13 March 2025 (Dust layer)

-10 -05 00 05 =0 0

o 1 2 3 4 14 =100 100
5000 14 May 2025 (Polluted continental and smoke layers)
- o - -
— G Fug '
4000 4 - GZ** IF34,100
3000 4
2000
1000 4
] T T T T T T T T T
0.0 25 5.0 75 W0 -10 -05 00 0.5 14 =100 =50 o 50 100
Spectral fluorescence Absolute difference Relative difference [%]
capacity [107% nm~!] [107°% nm!] ©
<

(a)

(b)

Figure 2. (a) Vertical profiles of mean G%SS for the two cases with subsequent measurements performed both with IF466 44 (green) and

with IF470, 100 (red) filters, (b) absolute difference and (c¢) relative difference expressed as percentage and normalized to Gl3:5270 on 13 March
2025 (dust layer) and 14 May 2025 (polluted continental and smoke layers). The uncertainties are propagated, assuming random errors using
standard Gaussian error propagation.

3 Observations and typing of fluorescence

measurements

Fluorescence measurements have been performed since

ometrical properties (i.e., base, top, and center of mass) of
the detected aerosol layers are analysed using the wavelet
covariance transform (WCT) method in signal regions with
sufficient signal-to-noise ratio. The WCT method allows the
identification of multiple aerosol layers within a single pro-

March 2024 in Thessaloniki. For all these measurements, ge-
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Table 4. Spectral fluorescence capacity mean, minimum and maximum values using the IF4¢6 44 and the IF47¢ 19ofor the two dates.

Date 13/03/2025 ‘ 14/05/2025
IF Mean G13=55 Minimum G%SS Maximum GI3~‘55 Mean G%SS Minimum G%SS Maximum GI3:55
(107 °nm~1) (10~°nm~1) 107°nm~1) | (107®nm~1) (10~°nm~1) (10~%nm~1h)
[Altitude (km)] [Altitude (km)] [Altitude (km)] [Altitude (km)]
IF 466,44 0.93 0.31[2.9] 1.24 [1.3] 2.11 0.75 [2.7] 5.21 [3.8]
IF470,100 0.86 0.38 [2.8] 1.14 [1.5] 1.96 0.68 [2.6] 5.10 [3.7]

file, thus, providing insights into internal layer structure. The
WCT method is applied in the aerosol backscatter coefficient
profiles, preferably at 1064 nm since they exhibit stronger
vertical gradients and clearer layer structures than extinction
coefficient, particularly at longer wavelengths (Baars et al.,
2008; Siomos et al., 2017). A key parameter in the analysis is
the dilation parameter value, as it controls the sensitivity of
the method to aerosol structures at different vertical scales.
Larger dilation values highlight major aerosol layers, while
smaller values allow the detection of finer structures. A dila-
tion value of 0.3 km is applied in this study for the detection
of lofted aerosol layers to be consistent with previous studies
(e.g. Brooks, 2003; Baars et al., 2008).

For each distinct layer, identified by the WCT method, we
calculated the mean value of the spectral fluorescence capac-
ity, Gl3:55, the particle linear depolarization ratio, PLDRs53,,
the backscatter related Angstrém exponents, BAE3ss/532
and BAE3s5/1064, and the lidar ratios, LR3s55 and LRs3;.
The type of each aerosol layer was classified using the
EARLINET Mahalanobis distance-based typing algorithm
(EMD), a method specifically developed for the use on the
EARLINET database with a high level of flexibility in or-
der to adapt to the different lidar setups and needs (Papa-
giannopoulos et al., 2018). The algorithm applies the Ma-
halanobis distance classifier (Mahalanobis, 2018) to classify
observations into a maximum of eight (i.e., Dust (D), Vol-
canic (V), Mixed Dust (MD), Polluted Dust (PD), Clean
Continental (CC), Mixed Marine (MM), Polluted Continen-
tal (PC), Smoke (S)) and a minimum of four (i.e., Dust, Mar-
itime, Polluted Smoke, Clean Continental) aerosol classes,
considering the needs of each user and the provided number
of the intensive properties. EMD classification has previous
been applied to the Thessaloniki EARLINET dataset during
the period 2012-2015 to derive the predominant aerosol type
(Voudouri et al., 2019). The intensive properties that held the
most weight among others in the classification and are used
in this analysis are the BAE3s5/532, LR532, the ratio of the
lidar ratios (LR537/LR35s5) and the PLDRs3;.

In addition, to verify the origin of the detected aerosol lay-
ers, we calculated back trajectories by using the HYSPLIT
model (Hybrid Single-Particle Lagrangian Integrated Trajec-
tory; https://www.ready.noaa.gov/HY SPLIT.php, last access:
29 January 2026; Stein et al., 2015). Below, three case stud-
ies involving different types of aerosols and their properties
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are presented and analysed (Sect. 3.1-3.3). An aerosol clas-
sification approach based on spectral fluorescence capacity
is applied to the full THELISYS dataset in Sect. 3.4.1. Fi-
nally, fluorescence-based aerosol typing and EMD classifica-
tion approach are compared, identifying similarities and dif-
ferences in the detected aerosol types and demonstrating the
complementary nature of the two methods for aerosol char-
acterization (Sect. 3.4.2).

3.1 Fluorescence properties of a smoke layer

During 2024 Canada experienced another severe wildfire
season (Parrington and Tomaso, 2024). The wildfire activ-
ity began in April and persisted through June and July,
with smoke plumes from these wildfires having undergone
episodes of long-range transport across the Atlantic, reaching
western, central and eastern Europe. THELISYS monitored
the smoke layers throughout this period, and the case pre-
sented in Fig. 3 corresponds to a smoke transport event that
persisted for 5 d (22-26 July 2024). The 5 d backward trajec-
tories from HYSPLIT (Fig. 3f), calculated at the altitudes of
the identified smoke layers (layers 3 and 4 in Table 5), in con-
junction with fire locations from the MODIS FIRMS product
(not shown here), confirm that the biomass-burning aerosol
was transported from Canada to the region of Thessaloniki.

The retrieved profiles of the particle and fluorescence
backscatter coefficients, spectral fluorescence capacity, parti-
cle depolarization ratio, lidar ratios and Angstrom exponents
are presented in Fig. 3a—e. Four distinct layers of different
aerosol types have been identified; the first two are below
4 km and the other two above 4.8 km.

The mean values for each layer are summarized in Table
5. Based on numerical values, as well as the corresponding
vertical distribution, the two lowermost layers exhibit similar
mean values of the aerosol optical properties, and their spec-
tral fluorescence capacity remains below 2.5 x 10~ nm~!,
indicating the presence of similar aerosols. Based on these
characteristics, and supported by the EMD classification,
both layers are identified as polluted continental. In the third
layer, although the mean values of PLDRs3;, BAE3s5/532,
LR3s55, and LRs37, together with the EMD, again point to
a polluted continental aerosol type, the mean spectral fluo-
rescence capacity G%SS value differs substantially, reaching
8.2 x 10~ nm~" (fluorescence capacity, Gg = 5.1 x 107%).

Atmos. Chem. Phys., 26, 15461-15478, 2026
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Figure 3. Vertical profiles of the backscatter coefficients (a), spectral fluorescence capacity (b), particle linear depolarization ratio (c),
Angstrom exponents (d), lidar ratios (e), HYSPLIT backward trajectory model (f) and temporal evolution of the range corrected signal at

470 nm (g) on 25 July 2024.

Table 5. Mean values of the aerosol optical properties for the aerosol layers and aerosol type by EMD.

Layer Layer  Layer G¥» PLDRs3; BAEsss;s3»  LRsss  LRsy  EMD
base (m) top(m) (10~ ®nm~1) (A) (sr) (sr)

Ist 1642 2760 24402 0.0540.003 1.814+022 86+6 73+4 PC

2nd 3180 3997 15402 0.03+0.001 1.74+0.17 81414 84+7 PC

3rd 5190 5700 82407 0.03+£0.002 1904017 78+22 75411 PC

4th 6247 7357 92409 0.03£0.004 1.954+0.18 49+19 83+11 S
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The increased G%SS value clearly indicates the presence of a
different aerosol type in this layer, and, following the findings
of Reichardt et al. (2025) for the spectral fluorescence capac-
ity and of Gast et al. (2025) and Veselovskii et al. (2022b)
for fluorescence capacity, we infer that this type corresponds
to smoke. Finally, in the third layer, both the mean values of
PLDRs3;, BAE3s5,532, LR3s5, LRs3; and the EMD, as well
as the mean G13:55 value, 9.0x 10~ nm™! (Gg=7.2x 10’4),
show that this layer corresponds to smoke.

3.2 Fluorescence properties of a dust layer

An extreme dust transport event was monitored by THE-
LISYS in mid-March 2025, lasting 6 d (11-16 March 2025,
Fig. 4). The 5d backward trajectory analysis using HYS-
PLIT, combined with the DREAMS8b-CAMS model (Basart
et al.,, 2012, not shown), confirms that the detected dust
plume originated from the Sahara and was transported to the
Thessaloniki region (Fig. 4f).

The retrieved profiles of the particle backscatter coeffi-
cients, spectral fluorescence capacity, particle depolarization
ratio, lidar ratios and Angstrom exponents are shown in Fig.
4a—e. There is one aerosol layer recognized and the mean val-
ues for this layer are presented in Table 6. The retrieved opti-
cal properties values indicate the presence of coarse particles
and are consistent with the typical mixed dust characteristics
observed over Thessaloniki (Siomos et al., 2018; Voudouri
et al., 2019). In addition, the mean spectral fluorescence ca-
pacity 0.92 x 107 nm~! (Gg =0.59 x 107%) is quite low,
in agreement with the findings of Reichardt et al. (2025) and
Veselovskii et al. (2020) for the fluorescence capacity regard-
ing the presence of mixed dust particles. The EMD likewise
identifies this layer as mixed dust.

3.3 Fluorescence properties of a mixed pollen layer

Komnos et al. (2022) findings showed that totally 10 pollen
families and two fungi were recognized over Northwestern
Greece. Damialis et al. (2007) reported that the taxa with
the most abundant pollen atmospheric levels in Thessaloniki
were those of Cupressaceae, Quercus, Urticaceae, Pinaceae,
and Oleaceae; these comprised 72.5 % of the total pollen
flora. A mixed pollen layer was detected by THELISYS on
20 February 2025 (Fig. 5). This observation coincides with
the beginning of the pollen season in Greece, which gener-
ally lasts from February to September (Komnos et al., 2022;
Damialis et al., 2007). The back-trajectory analysis demon-
strates that the air masses in this episode were transported
from the Balkans (Fig. 5f).

The retrieved vertical profiles of particle backscatter co-
efficients, spectral fluorescence capacity, particle linear de-
polarization ratio, Angstrém exponents and lidar ratio are
shown in Fig. 5a—e. Two distinct aerosol layers are identi-
fied where the first layer extends from 0.8 to 1.4 km and the
second from 1.6 to 2 km.

https://doi.org/10.5194/acp-26-15461-2026
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The mean values of the optical properties for each layer
are shown in Table 7. In the first layer, the mean G%SS is only
1.8x 10~ % nm~! (G = 1.05x 10™), indicating the presence
predominantly of polluted continental aerosols. The second
layer exhibits a higher mean G?fs equal to 4.5 x 107% nm ™!
(Gp=2.3x10"%), a similar PLDR (0.02), and a higher
BAEz3s5/532 (1.22). The retrieved values in the second at-
mospheric layer, particularly the high fluorescence capac-
ity observed at this altitude, together with the absence of
confirmed biomass-burning aerosols on that day, suggest the
presence of pollen. Veselovskii et al. (2021) reported fluo-
rescence capacity values around 1.5 x 10™* and particle lin-
ear depolarization ratio (PLDR) values at 532nm around
0.1 for pollen, while Filioglou et al. (2023) found higher
PLDR values under pollen-dominated conditions, approxi-
mately 0.28 for birch pollen and 0.43 for pine pollen when
background aerosol contributions were minimal. In Thessa-
loniki, lower particle linear depolarization ratio values were
retrieved, likely due to the mixing of pollen with urban
aerosols and/or the presence of different pollen taxa. Dur-
ing the end of February, Alder and Cupressaceae pollen are
present in the atmosphere (Komnos et al., 2022). Figure
6 presents the mean and accumulated Alnus (alder) pollen
concentrations simulated by the CAMS ensemble median
model over the broader Thessaloniki area for 19-20 February
2025. The figure also includes the daily Alnus pollen con-
centrations measured with a Hirst-type pollen trap in Thes-
saloniki during 2016-2022 (Charalampopoulos et al., 2021),
providing historical context for the seasonal occurrence of
alder pollen. Alnus pollen grains are approximately spheri-
cal, with diameters of 20-30 um (Smith, 2000), and therefore
fall within the coarse bioaerosol size range. Their presence
could consequently have influenced the optical properties of
the observed aerosol layer.

3.4 Variability of aerosol types in Thessaloniki

3.4.1 Aerosol typing including spectral fluorescence
capacity

The complete THELISYS dataset for the period between
April 2024 and December 2025 is analysed as the cases
above. From a total of 50 measurements, 108 layers are iden-
tified by the WCT method. All layers are located above the
full-overlap region (i.e., 0.35 km), extending to altitudes ex-
ceeding 10km, indicating the presence of both boundary-
layer aerosols and elevated layers in the free troposphere.
Figure 7a illustrates the individual layers, with colours
representing their corresponding G%SS values. The observed
G13:55 values span several orders of magnitude, from approx-
imately 10~/ to 1075. As shown, higher values (G%55 >
3 x 10~®nm™") are observed during the summer months at
mid to high altitudes, particularly between 3 and 8 km, sug-
gesting the presence of strongly fluorescent aerosols, com-
monly associated with biomass-burning smoke transported

Atmos. Chem. Phys., 26, 15461-15478, 2026
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Figure 4. Vertical profiles of the backscatter coefficients (a), spectral fluorescence capacity (b), particle linear depolarization ratio (c),
Angstrom exponents (d), lidar ratios (e), HYSPLIT backward trajectory model (f) and temporal resolution of the range corrected signal at
470 nm (g) on 13 March 2025. (Please note that for the spectral fluorescence capacity in panel (b) an x-axis scaling is employed which is

different from the one used in the other figures.)

Table 6. Mean values of the aerosol optical properties for the dust layer and aerosol type by EMD.

Layer Layer  Layer G  PLDRsy BAEsss;s3» LRsss LRsz; EMD
base (m)  top (m) (107%nm~1) (A) (sr) (sr)
Ist 555 3015  0.92+0.12 0.18+0.01 051+0.19 4945 44+3 MD

over long distances. Throughout the year, G%55 varies around

1 x 1079 nm™~! for aerosol layers residing mainly at low alti-
tudes (< 4 km), while lower values (G2 < 1 x 10~®nm~1)
are observed for some specific dust events, totally clear days.

The classification of all layers was primarily based on
the spectral fluorescence capacity and the particle depo-
larization ratio as shown in Table 8. For cases where the

Atmos. Chem. Phys., 26, 15461-15478, 2026

particle type was not clearly identified from these two
parameters, the lidar ratio and backscatter Angstrom ex-
ponent were also considered. In addition, the layer al-
titude was considered, since at different heights certain
aerosols may exhibit similar spectral fluorescence capac-
ity. For example, layers with biomass burning aerosols are
typically observed above 4km (Michailidis et al., 2024),
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Figure 5. Vertical profiles of the backscatter coefficients (a), spectral fluorescence capacity (b), particle linear depolarization ratio (c),
Angstrom exponents (d), lidar ratios (e), HYSPLIT backward trajectory model (f) and temporal resolution of the range corrected signal at

470 nm (g) on 20 February 2025.

Table 7. Mean values of the aerosol optical properties for the aerosol layers and aerosol type by EMD.

Layer Layer  Layer G PLDRs3;  BAEsss/s3 LR3s5 LRs3, EMD
base (m) top (m) (10_6 nm_l) A) (sr) (sr)

Ist 817 1417 1.84£0.06 0.02+0.0003 1.0940.13 593843 5440+1 PC

2nd 1635 2002 45+0.15 0.02+0.0002 1214+0.08 6583+4 714142 PC

whereas transported pollen layers are observed below 2.5 km
(Damialis et al., 2017). Furthermore, the maximum layer
value of the spectral fluorescence capacity was used to
discriminate among clean continental (0.6 x 107%nm~!

<
G?ﬁsrsnax <1.8x 10 %nm™), polluted continental (1.4 x

10 °nm~! < G

Fomax < 3-6 X 1079 nm~") and mixed pollen

https://doi.org/10.5194/acp-26-15461-2026

(2.3x107°nm~! < G%Sgax < 6.4x107%nm~!) aerosol. The
presence of smoke and dust is further confirmed by the HY S-
PLIT trajectory model, other forecasting models, and satel-
lite observations, as discussed in the two corresponding cases
in Sect. 3.1 and 3.2. Table 8 summarizes the thresholds con-

sidered for the characterization of the different aerosol layers.

Atmos. Chem. Phys., 26, 15461-15478, 2026
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Figure 7. Vertical distribution of aerosol layers observed by THELISYS from April 2024 until December 2025. (a) Mean spectral fluores-
cence capacity G%SS for each detected aerosol layer, colours represent logarithmically scaled G%SS values. (b) Aerosol layer classification
based mainly on spectral fluorescence capacity, with colours indicating the aerosol type. The vertical extent of each band denotes the base
and top altitude of the detected layer. Blue hatched layers correspond to mixed pollen aerosol layers, for which the classification is considered
less certain and remains under investigation compared to other aerosol types (the same applies to other figures).

Based on the above criteria, Fig. 7b shows the classi-
fied aerosol types; smoke (green), dust (orange), continental
(brown), clean continental (red), mixed pollen (blue). Over-
all, increased G13:55 values are observed during the period
from March to October, indicating enhanced concentrations
of fluorescent aerosol components. This seasonal increase is

Atmos. Chem. Phys., 26, 15461-15478, 2026

attributed to the presence of aerosol mixtures influenced by
both pollen emissions and biomass-burning aerosols. Espe-
cially, during the summer months (i.e., June—August), higher
values in G13:55 are evident, consistent with the frequent oc-
currence of smoke aerosols originating from regional wild-
fires in Greece or the Balkans as well as long-range trans-
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Table 8. Thresholds of fluorescence capacity, spectral fluorescence capacity, particle depolarization ratio and maximum spectral fluorescence

capacity used for the characterization of the aerosol layers.

Aerosol type Fluorescence capacity ~ Spectral fluorescence PLDRs3; G%Sriax
Gp (10~*nm~1) capacity (10”9 nm~1) (10~ %nm™1)
2.0-6.0 ! <7.0% 2-101 3.0-16.0

Smoke 1.0-4.02 2-16'!

2.0-7.03

Dust 0.1-0.5! <0.84 20-35 1 0.8-1.5
Urban  Polluted Continental  0.1-1.0 ! - 1-10! 1.5-3.5
Urban  Clean Continental 0.1-1.0 1 - 1-101! 0.5-2.0
Pollen 0.8-3.0 1 - 15-351 2.0-7.0

1 Veselovskii et al. (2022b), 2 Huet al. (2022), 3 Gastet al. (2025), 4 Reichardt et al. (2025).

ported biomass-burning plumes from North America (e.g.,
Canada), Russia, Eastern Europe (Amiridis et al., 2009).
These smoke plumes are detected not only within the bound-
ary layer but also at higher altitudes.

Based on the analysis of 50 cases of fluorescence lidar
measurements obtained by THELISYS, Fig. 8 and Table
9, summarize the aerosol typing framework adopted in this
study that relies on the combined use of spectral fluores-
cence capacity, with IF center wavelengths of either 466
or 470nm, and the particle linear depolarization ratio at
532 nm. Dust particles, including mixed dust in this cate-
gory, are characterized by low spectral fluorescence capac-
ity and high depolarization ratios, which is consistent with
their non-spherical mineral nature. Smoke aerosols exhibit
significantly enhanced spectral fluorescence capacity com-
bined with low depolarization values, reflecting the pres-
ence of biomass-burning particles at high altitudes during
the summer months. Pollen particles exhibit a fairly high
spectral fluorescence capacity with relatively low depolar-
ization, supporting their identification primarily at lower to
mid-tropospheric altitudes during the pollen season. It is im-
portant to note that their characterization is complicated by
the fact that pollen particles frequently occur as part of mixed
aerosol layers, often combined with urban, smoke or other
aerosol types. Moreover, the particle linear depolarization ra-
tio of pollen strongly depends on the dominant pollen taxa,
which varies with geographic region and season, leading to
additional variability in the observed optical properties. Con-
tinental aerosols show lower spectral fluorescence capacity
and depolarization ratios compared to smoke and dust, in-
dicating weaklier fluorescent and small particles, which are
typically confined to the lower atmospheric layers.

The results obtained from the analysed THELISYS mea-
surement cases (colored boxes) show some differences from
the values reported by Miri et al. (2025) (empty boxes) in
Fig. 8b. For dust and smoke, consistent typing is observed,
taking into account that the measurements were performed
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at different locations and during different periods. For ur-
ban aerosol, higher fluorescence capacity values are observed
in the THELISYS measurements, indicating a contribution
from fluorescent particles, that may be related to the influ-
ence of locally emitted smoke. More pronounced differences
are observed for the mixed pollen layers, particularly in the
particle depolarization ratio. As discussed in Sect. 3.3, these
differences are likely related to the mixing of pollen with ur-
ban aerosols observed at the Thessaloniki lidar station or to
differences in the dominant pollen taxa. Pollen grains from
different taxa can exhibit different sizes, shapes, and morpho-
logical characteristics, which may consequently affect their
optical properties, and particularly the particle depolarization
ratio. It should also be noted that the proposed typing scheme
may be influenced by particle hygroscopic growth, particu-
larly under conditions of high relative humidity, as water up-
take can modify particle size and consequently their optical
properties, including the elastic backscatter coefficient and
particle depolarization ratio (Miri et al., 2024).

3.4.2 Comparison of aerosol typing methods

The THELISYS lidar sub-dataset covering March 2024 to
April 2025 was analysed for aerosol typing using both the
EMD and the fluorescence capacity classification. For the 16
cases, 31 layers are identified by the WCT and all of them are
above 350 m, as previously. EMD classified 29 layers (93 %),
and 2 layers (7 %) were not assigned to any cluster show-
ing an overall higher identification rate. Figure 9 presents
the vertical distribution and temporal evolution of the aerosol
layer types detected over Thessaloniki area. Across this pe-
riod, layers are observed from near the surface up to approx-
imately 8 km, indicating the presence of both boundary layer
aerosols and elevated free-tropospheric layers. The dominant
aerosol categories include dust and mixed/polluted dust (or-
ange and dark orange), smoke (green), pollen (blue), clean
continental (red), polluted continental (brown), and a small
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Table 9. Characteristic ranges of layer mean spectral fluorescence capacity (G13:55) and particle linear depolarization ratio (PLDR53,) for

selected aerosol types.

G (10~ nm™1) \ PLDRs3,
Aerosol type Minimum value Maximum value  Mean error ‘ Minimum value ~ Maximum value
Smoke 35 12.7 +0.40 0.02 0.11
Dust 0.4 1.3 +0.25 0.10 0.28
Pollen 23 4.8 +0.25 0.02 0.14
Continental 1.0 33 +0.22 0.02 0.08
Clean continental 0.3 1.2 +0.55 0.02 0.08

number of unclassified or unknown layers (grey), as inferred
from the application of both EMD and fluorescence based
aerosol typing.

From this dataset, it is evident that altitude layers be-
low 2km are dominated by clean and polluted continental
aerosols, reflecting local and regional sources, while higher
altitude layers are more frequently classified as dust, mixed
dust, or smoke, indicating long-range transport processes.
The highest altitude layers, occasionally extending beyond
8-9km, are predominantly classified as polluted continental
or smoke, especially in the EMD classification.

Figure 10 illustrates the overall differences in aerosol typ-
ing within the THELISYS dataset that emerge from the com-
parison of the two classification approaches. We considered
the EMD output as the reference in our study because EMD
has previously been applied in EARLINET dataset and been
validated as a reliable method for typing (Voudouri et al.,
2019; Mylonaki et al., 2021). Thus, each row is normalized
by the total number of components identified by the EMD
algorithm. Dust and mixed-dust layers (summarized as dust
in Fig. 10) are consistently detected by both methods (75 %
agreement), as the particle depolarization ratio plays a criti-
cal role in the separation of dust aerosols. A similarly high
agreement is observed for smoke aerosols, with all EMD
classified smoke layers assigned to the smoke fluorescence
category. However, the number of smoke cases in the dataset

Atmos. Chem. Phys., 26, 15461-15478, 2026

is limited. For polluted continental aerosols, a partial agree-
ment (53.3 %) is found between the two methods. The EMD
classification overlaps with multiple fluorescence categories
(e.g. smoke 20 %) suggesting that the spectral fluorescence
capacity is a very useful parameter especially for the sepa-
ration between smoke and polluted continental aerosols, as
smoke is a highly fluorescing aerosol compared to others.
Clean continental aerosols exhibit a lower agreement (50 %),
with difficulty in separation of polluted and clean continental
aerosols. This separation based on their fluorescence capac-
ity values is at an initial stage of analysis and remains under
investigation. The same applies to pollen detection. In the
present dataset, only two mixed pollen layers were identified
based on high fluorescence capacity values. Of these, one
was classified as polluted continental by the EMD method,
while the other remained unclassified. Mixed pollen layers
are also under investigation and represent a promising oppor-
tunity for further development of aerosol typing algorithms.

We conclude that aerosol typing using fluorescence chan-
nel capabilities, in combination with existing aerosol proper-
ties (e.g., particle depolarization ratio, Angstrém exponent,
and lidar ratio), could help in clearer separation between
dust, smoke and mixed pollen layers. Overall, the compar-
ison makes their combined use valuable for a more accurate
characterization of aerosol vertical structure and source attri-
bution.

https://doi.org/10.5194/acp-26-15461-2026
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4 Conclusion

In this study, fluorescence lidar observations from the up-
graded THELISYS system were used to investigate aerosol
typing over Thessaloniki, an urban site strongly influenced
by a wide range of natural and anthropogenic aerosol
sources. The detected aerosol layers were classified, for the
first time, using both the spectral fluorescence capacity and
the particle depolarization ratio, and were further intercom-
pared with a conventional lidar derived optical properties
classification scheme, developed within EARLINET.

Case studies of long-range transported biomass-burning
smoke, Saharan dust intrusions, and mixed pollen layers
highlighted the added value of fluorescence measurements
in discriminating between these and polluted continental
aerosols. Dust layers consistently exhibited low spectral flu-
orescence capacity and high depolarization ratios, while
mixed pollen layers showed enhanced spectral fluorescence
capacity at lower altitudes (> 2 x 107% nm™"), reflecting the
biological origin of the particles. These results confirm that
spectral fluorescence capacity could provide complementary
information for aerosol typing.

The analysis of a larger THELISYS dataset spanning
more than one year of measurements revealed clear sea-
sonal and vertical patterns in spectral fluorescence capacity.
High values (greater than 3.6 x 10"°nm~!) were predomi-
nantly observed during the summer months and at elevated
altitudes, associated with biomass-burning smoke, whereas

Atmos. Chem. Phys., 26, 15461-15478, 2026
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values around unity occurred throughout the year, mainly
within the boundary layer. Low spectral fluorescence capac-
ity (< 1 x 10~ nm~") values were linked to dust events.
Overall, this work demonstrates that the integration of flu-
orescence measurements into operational Raman lidar sys-
tems significantly improves the aerosol classification, partic-
ularly in complex environments such as the Eastern Mediter-
ranean. The results support the future inclusion of spec-
tral fluorescence capacity as a standard intensive parameter
within EARLINET and ACTRIS frameworks and underline
the need for harmonized fluorescence retrievals across the
different lidar configurations. Future work will focus on ex-
panding the statistical basis of the dataset, refining mixed-
aerosol classification, and exploiting spectral fluorescence
information to further enhance aerosol source attribution.

Data availability. Lidar data and products are available upon re-
quest at balis@auth.gr. The backward trajectory analysis is based on
air mass transport computation with the NOAA (National Oceanic
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