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Abstract: Two measurement campaigns were conducted at Thessaloniki, an urban station, (40.5◦N,
22.9◦E; 60 m) in the frame of the PANhellenic infrastructure for Atmospheric Composition and
climatEchAnge (PANACEA) project. The first one covers the period from July to August 2019 and
the second one from January to February An overview of the aerosol optical properties (columnar
and height resolved), acquired with the remote sensing infrastructure of the Laboratory of Atmo-
spheric Physics (LAP) of the Aristotle University of Thessaloniki (AUTH), as well as the additional
instrumentation that participated during the PANACEA campaigns is presented. The majority of
the detected layers (16 out of 40, ranged between 0.8 and 4.5 km) are classified as biomass burning
aerosols, attributed to either city sources or long range transport. Concerning the other aerosol types,
the Clean Continental cluster has an occurrence ratio of 23%, while dust layers and mixtures with
urban particles transported to Thessaloniki are also identified. Our findings are discussed along
with the surface information, i.e., the particulate matter (PM2.5 and PM10) concentrations and the
black carbon (BC) concentration, separated into fossil fuel (BCff) and biomass/wood burning (BCwb)
fractions. This is the first time that collocated in situ and remote sensing instruments are deployed in
Thessaloniki in order to assess the presence of aerosols and the predominant aerosol type both in situ
and at elevated heights. Overall, our study showed that the BCwb contribution to the BC values in
Thessaloniki is quite low (11%), whilst the majority of the biomass burning layers identified with the
lidar system, are also linked with enhanced BC contribution and high Fine Mode Fraction values.

Keywords: aerosol layers; aerosol typing; remote-sensing; in-situ measurements; black
carbon concentrations

1. Introduction

Aerosols represent an important component of the Earth’s system with a significant impact
on climate [1], weather [2], air quality [3], biogeochemical cycles [4], and health [5]. Systematic ob-
servations of the aerosol load are regularly performed and dedicated field campaigns have been car-
ried out for monitoring the aerosol properties and the predominant aerosol type using combined
observations from in-situ and active and passive remote sensing instruments [6]. A number of field
campaigns have been also carried out during the last years in the Eastern Mediterranean region
(e.g., CyCARE, https://www.tropos.de/institut/abteilungen/fernerkundung-atmosphaerischer-
prozesse-neu/ag-bodengebundene-fernerkundung/cyprus-clouds-aerosols-and-rain-experiment-
cycare (accessed on 6 October 2022) PRE-TECT, http://pre-tect.space.noa.gr/ (accessed
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on 6 October 2022)), an area that is acknowledged as a hot spot for climate change [7,8].
However, for the first time, a coordinated initiative with the goal of studying the atmo-
spheric composition and the climate change within Greece, was established and carried out,
under the PANhellenic infrastructure for Atmospheric Composition and climatEchAnge
(PANACEA). Under this frame, dedicated campaigns were performed, using a set of in-
situ and remote sensing instruments at numerous Greek selected cities, along summer in
2019 [9] and winter 2020 [10], aiming to: (i) monitor air pollution and the resulting human
exposure to the atmospheric pollution in Greece and (ii) to advance the knowledge of the
PM characterization. The overall outcome is the provision of services with collaboration
of the existing national facilities, to crucial national economy sectors that are affected by
air pollution and climate change, such as public health, agriculture/food security, tourism,
shipping and energy sources.

During the 2019 PANACEA summer campaign (PANACEA 2019) and the 2020
PANACEA winter campaign (PANACEA 2020), simultaneous measurements of the aerosol
load and their health relevant properties were performed in or close to six big urban centers
of Greece (i.e., Athens, Thessaloniki, Volos, Ioannina, Xanthi and Patras) and the regional
background station of Finokalia in Crete. Aim of the campaigns was primarily to monitor
the particulate air pollution and secondly the resulting human exposure to the atmospheric
pollution in these regions. One of the urban centers where PANACEA measurements took
place is the Laboratory of Atmospheric Physics that is located in the Physics Department of
the Aristotle University of Thessaloniki (40.5◦N, 22.9◦E; 60 m). The Laboratory operates a
wide range of instrumentation, including a multiwavelength Raman Depolarization Lidar
(Thessaloniki Lidar System—THELISYS) and a CIMEL sunphotometer. Along with the
permanent instrumentation during the two campaigns, LAP was further equipped with
an Aethalometer.

Thessaloniki station was chosen among others, since variable aerosol types have been
systematically observed with high temporal and spatial distribution over the city [11–14].
Mineral dust intrusions, originating from the Sahara desert are dominant during summer
and autumn [13,15], whilst, intense biomass burning episodes tend to occur during summer
in the free troposphere, mainly associated with wildfires [13]. Continental aerosol layers
are frequently observed and attributed to mixtures of anthropogenic pollution and particles
from natural sources, while marine particles are produced at the sea surface and usually
exist in the lowest troposphere. Voudouri et al. [14] concluded that the Polluted Smoke
and the Clean Continental categories are the main sources of the aerosol layers observed
in 3 years of nighttime lidar measurements over Thessaloniki accounting for 43–47%
and 18–24%, correspondingly, while pure Dusty layers accounts for about 10–17% of the
cases. Another climatologically aerosol classification study over Thessaloniki, based on
the Brewer spectrophotometer dataset for the period 1998-2017 [16], reveals that Fine non
absorbing (FNA) mixtures are generally prevalent and they appear more frequently before
2007 [17], while after 2007 the Black Carbon (BC) and Dust mixtures seem to appear more
frequently [17]. The occurrence ratio of BC mixtures is found generally higher in winter,
mainly associated with the increased use of wood and pellets emissions from domestic
heating and the lower boundary layer [17].

This is the first time that collocated in situ and remote sensing instruments are de-
ployed in Thessaloniki in order to assess the presence of aerosols and the predominant
aerosol type both insitu at the surface and at elevated heights and investigate possible
dependencies. Whilst the identification of the aerosol type in individual layers is possible
with lidars, this is not the case for sunphotometric measurements that provide information
on the whole atmospheric column. Moreover, insitu instruments are excellent in identi-
fying the aerosol components near the earth’s surface, where the lidar system’s overlap
is limiting the aerosol retrievals. Thus, the main objectives of the study are summarized
as: (i) to analyze the temporal variability of the insitu and columnar measurements dur-
ing the two PANACEA campaigns that include a wide range of atmospheric conditions
over Thessaloniki, (ii) to examine the dependency between the insitu and columnar mea-
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surements with the multispectral information acquired with the lidar system and (iii) to
identify the shortcomings of the insitu and columnar instruments to provide aerosol typing
especially when aerosol layers of different origin and type are observed with the collocated
lidar instrument.

The article is structured as follows: the instrumentation and the derived optical
products of the collocated measurements for Thessaloniki station is presented in Section
The automatic aerosol classification method and the methodology used to characterize
the layers into basic aerosol types are presented in Section In Section 4 the retrievals from
the two PANACEA campaigns are presented and the temporal distribution of the aerosol
optical properties is discussed in terms of the variability of surface and column and layers.
Finally, Section 5 contains the summary and main conclusions of this article.

2. Instrumentation and Products
2.1. Thessaloniki LIdar SYStem (THELISYS)

THELISYS is being operated for the aerosol particles detection as member station
of the European Aerosol Research Lidar NETwork (EARLINET) [18] since 2000 and now
as member of the Aerosols, Clouds, and Trace gases Research InfraStructure (ACTRIS;
https://www.actris.eu/ (accessed on 6 October 2022)). Systematic measurements are
performed following the EARLINET’s schedule (i.e., every Monday morning, and every
Monday and Thursday evening after sunset), whilst complementary measurements are
performed during Saharan dust outbreaks, smoke advection from biomass burning, volcano
eruptions, and satellite collocated and coincident measurements (e.g., Cloud-Aerosol Lidar
and Infrared Pathfinder Satellite Observation, CALIPSO [19] and ESA’s AEOLUS wind
mission [20]). The system is based on the first (1064 nm), second (532 nm), and third
harmonic (355 nm) frequency of a compact, pulsed Nd:YAG laser which emittes with
a 10 Hz repetition rate. THELISYS setup includes three elastic backscatter channels at
355nm, 532 and 1064 nm, two nitrogen Raman channels at 387 nm and 607 nm and
two polarization sensitive channels one parallel and one cross-polarization channel at
532 nm. The retrieved optical products are the backscatter coefficient profiles at 355, 532 and
1064 nm, the extinction coefficient profiles at 355 and 532 nm and the linear depolarization
ratio at 532 nm. The full overlap height of THELISYS is reached at 800m above ground
level. A detailed description of THELISYS technical characteristics and the processing of
the aerosol optical products can be found in Siomos et al. [13] and Voudouri et al. [21],
correspondingly. THELISYS dataset is quality assured, following all the QA procedures
within EARLINET and is publicly available upon request at https://www.earlinet.org/
(accessed on 6 October 2022).

2.2. Cimel Sunphotometer

THELISYS is collocated with a multiband sunphometer [22], which provides automat-
ically and almost continuously measurements since 2003, as part of the Aerosol Robotic
Network network global network (AERONET). The sunphotometer observations allow
the retrieval of the aerosol optical depth (AOD) for up to 9 wavelengths (i.e., 340, 380, 440,
500, 670, 870, 1020 and 1640 nm). Measurements are automatically gathered, processed, and
distributed by AERONET at https://aeronet.gsfc.nasa.gov/ (accessed on 6 October 2022).
The AOD and the fine mode AOD values at all available wavelengths, as well as the Single
Scattering Albedo (SSA) at 440 nm are provided directly from the standard AERONET
algorithms. The Fine Mode Fraction (FMF) product is based on the spectral deconvolution
(SDA) method [23–25]. In our analysis, we used Version 3 level 2.0 [26] data (quality-assured
data), and Level 1.5 products (cloud-screened and quality controlled data) whenever the
Level 2.0 were not available. The availability of the Level 1.5 products reaches up to 100%
of the total data during the summer period, and the 76% of the total data during the
winter period. The sunphotometer measurements have already been compared both on
a short term period [27] and on a climatological base [13] with Thessaloniki’s EARLINET
lidar dataset.

https://www.actris.eu/
https://www.earlinet.org/
https://aeronet.gsfc.nasa.gov/
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2.3. Aethalometer

Real-time data of aerosol absorption at seven wavelengths (370, 470, 520, 590, 660,
880 and 950 nm) and of equivalent black carbon (eBC) at 880 nm were collected from
a 7-wavelength aethalometer (Rack Mount Aethalometer Model AE31, Magee Scientific
Corp., Berkeley, CA, USA). Black carbon particles originating from incomplete combustion
are particularly potential absorbers of solar radiation and comprise a complex part of the
climate system [28]. The Aethalometer provides continuous Black Carbon concentrations,
at 5 min resolution. The 5-min resolution BC measurements are then averaged on an hourly
basis. Source specific BC fractions, namely those related to wood burning (BCwb) and fossil
fuel combustion (BCff) were calculated by Aethalometer, based on the absorption Ångstrom
exponent (AAE470-950) values, assuming a fixed value for wood burning (AAEwb = 2) and
fossil fuel combustion (AAEff = 1). This assumption is also applied in previous studies
that support that these AAE values for fossil fuel and wood burning assumptions for BC
absorption are considered fairly robust [29].

2.4. MP101M

The MP101M of ENVEA (Environnement-sa, https://www.envea.global/ (accessed on
6 October 2022)) is a continuously monitoring system that measures suspended particulate
matter in ambient air, part of the municipality network. The analyzer is based on the
beta ray attenuation measurement technique; it determines the PM10 concentration by
measuring the amount of radiation that a sample, collected on a fiber tape, absorbs when
exposed to a radioactive source. Low energy beta rays are absorbed by collision with
electrons, whose number is proportional to density. Absorption is thus a function of the
mass of the irradiated material, independently of its physicochemical nature. Combined
with the optional CPM (Optical Particulate Monitor) module, the monitor allows a precise
and real time evaluation of PM2.5 and PMThe principle of CPM module (photometry) is
based on the measurement of the light scattered by the particles. A light source generates a
laser beam, which horizontally crosses the sampling tube. When a particulate crosses the
beam, light is scattered and the photodiode receives a pulse, which intensity depends on
the size of the particulate. An algorithm (developed in co-operation with French CNRS) is
applied to continuously convert the signal into mass concentration of particles.

3. Methodology

A summary of the methodology applied in this study is described in Figure 1. The
lidar derived aerosol typing and the column-integrated properties are discussed along with
the in situ retrievals; i.e., the particulate matter (PM) concentrations and the total black
carbon (BC) concentrations along with the respective contribution of the fossil fuel and the
biomass/wood burning.
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3.1. In Situ and Columnar Properties

The AOD and the fine mode AOD values at all available wavelengths, as well as the
SSA at 440 nm and the FMF at 500 nm are provided directly with the standard AERONET
algorithms [30]. These products are presented as 24-h averaged intervals. The Black Carbon
concentrations divided in black carbon from wood burning (BCwb) and the fossil fuel (BCff)
are provided by the Aethalometer, also averaged at 24-h intervals. Moreover, the PM2.5
and PM10, along with the PM2.5/PM10 ratio are also provided at 24-h intervals. Thus, in
the analysis below, 24-h averages have been used for all products to ensure compatibility
between the instruments. The availability of the dataset is presented below in Table 1.

Table 1. Availability of the dataset of the instrumentation that participated in the two
PANACEA campaigns.

Instrumentation Summer PANACEA
Campaign

Winter PANACEA
Campaign

Aethalometer 17 July–27 August 18 December–19 February

Sunphotometer 18 July–26 August 10 January–26 February

MP101M 15 July–10 August 1 January–29February

Lidar
Daytime and nighttime

measurements, according to
the weather conditions

Daytime and nighttime
measurements, according to

the weather conditions

3.2. Layering Properties

Apart from the vertical aerosol coefficient profiles derived by a lidar system, the layer-
ing aerosol optical properties can be derived from the multiwavelength lidar
products [13,14]. The wavelet covariance transform method (WCT) is used for the au-
tomatic aerosol layers’ geometrical properties (i.e., base, top, and center of mass), based on
the methodology of Siomos et al. [13]. Local extrema of the WCT profiles indicate points of
monotonic increase/decrease in the applied backscatter/extinction profiles and as a result,
at least one peak is included in the profiles within the layer boundaries. Masking threshold
values that exclude undesired layers (i.e., low backscatter values) are applied. The layers
identified above are used in order to be classified in specific aerosol types, based on their
optical properties.

The intensive properties per layer (i.e., the aerosol type-sensitive properties), rele-
vant to this study are the extinction-related Ångström exponent (AE), the backscatter-
related Ångström exponent (BAE), the ratio of the backscatter coefficients profiles (color
ratios—CRs), the lidar ratio (LR), and the ratio of the lidar ratios (RLR). The former depends
mainly on the aerosol size distribution, while the latter depends mostly on the absorption
and scattering aerosol properties.

All nighttime lidar profiles are processed with the Raman inversion [31], providing the
full information of the intensive aerosol properties inside the aerosol layers. From the other
hand, for the daytime lidar retrievals, the combined information from the sunphotome-
ter and the daytime lidar measurements is processed by LIRIC code (LIdar-Radiometer
Inversion Code, [32,33]), in order to retrieve the daytime extinction coefficient profiles.
LIRIC uses the range corrected signal at 355, 532 and 1064 nm and the AOD values and sky
radiance (almucantar scan) both at 440, 675, 870 and 1020 nm from AERONET version 3
level 1. With this configuration, LIRIC allows the vertical retrieval of the aerosol properties
for both fine and coarse modes separately. Besides, LIRIC provides the vertically-resolved
profiles of the extinction, absorption and scattering coefficients. LIRIC retrievals have been
tested for a variety of aerosol types and their mixtures, e.g., for dust, dust-pollution, smoke,
smoke-pollution and mixtures [34,35]. LIRIC has also been used to study dust transport
events and dust modelling performance over Europe [36], as well as to evaluate air quality
models [16].
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3.3. Typing Procedures

The applied typing technique is based on the Mahalanobis distance metric [37] which
is rather common in cluster analysis. It has already been applied for the classification of
columnar aerosol data acquired by a Brewer spectrometer [38] and of aerosol individual
layers detected by lidar systems [14,39]. Mahalanobis typing algorithm provides its classifi-
cation of each aerosol layer by calculating the Mahalanobis distance of an observation from
predefined reference classes and by attributing each observation to a specific class based on
the minimum distance [39]. The Mahalanobis distance is given by the following equation:

MDi,j =
√(

x̂i,j − µ̂j
)T ·S−1

J ·
(
x̂i,j − µ̂j

)
MDi,j corresponds to the Mahalanobis distance of the point i from the reference clusters

j. The vectors x̂ and µ̂ consist of pairs of the mean-layer-intensive optical parameters
retrieved with lidar (i.e., lidar ratio at 532 nm, Ångström exponent, color ratio (CLR532/355)),
while µ̂ contains the mean values per cluster j and x̂ includes the respective pairs per
measurement i. Sj is the variance co-variance matrix per cluster j. By identifying the
reference dataset, any case can be attributed to one of the clusters based on a number of
threshold criteria [39].

The MD method was applied for the identification of five predominant aerosol types,
corresponding to the following aerosol clusters: (i) large particles with medium lidar ratios
(i.e., dust-like particles), (ii) large particles with low lidar ratios (i.e., maritime particles),
(iii) small particles with high lidar ratios (i.e., pollution and/or smoke particles), (iv) small
particles with low to medium lidar ratios (i.e., clean continental particles) and (v) small
spherical particles, medium absorbing (i.e., Polluted continental). The method has already
been evaluated for aerosol typing on the lidar dataset of Thessaloniki [14].

4. Results

The results for each measured parameter are presented in this section. The PM surface
variability and the black carbon mass concentration levels are discussed in Section 4.1.
Section 4.2 displays the aerosol columnar properties, while Section 4.3 includes the domi-
nant aerosol types observed over Thessaloniki during the summer and winter PANACEA
campaigns and the results of two selected case studies.

4.1. Surface Variability

The particulate matter (PM) measurements show average daily concentrations during
the summer campaign much lower than those of the winter season, with extreme val-
ues observed in winter (Figure 2). The PM2.5 daily concentrations ranged between 8 to
25 µg/m3, with a mean value of 14 ± 5 µg/m3 during the summer campaign and between
2 and 55 µg/m3 during the winter campaign, with a mean value of 18 ± 12 µg/m. On
the other hand, the PM10 average daily concentrations ranged between 13 to 31 µg/m3

during the summer period and between 8 to 67 µg/m3 during the winter period with a
mean value of 20 ± 5 µg/m3 and 28 ± 13 µg/m3, correspondingly. Generally, the PM
concentrations are found within the range reported for typical urban areas in the Eastern
Mediterranean [40–42]. In general, PM10 concentrations escalate during the cold period of
the year (November–February), while lower levels have been observed during the sum-
mer season. In addition, considerably higher winter (27.4 ± 8.7 µg/m3) than summer
(14.7 ± 1.2 µg/m3) PM2.5 concentrations were reported at an urban background site in
Athens from a 3 years study [43]. The higher PM levels during winter are attributed, on one
hand to enhanced emissions related to residential heating (mostly wood burning during
the last years), and on the other, to the lower boundary layer that traps the pollutants near
the surface and thus limiting dilution and dispersion [43,44]. Figure 2 presents the daily
mean PM concentrations monitored during the summer (Figure 2a) and the winter period
(Figure 2b). The levels of the particulate matter concentrations at ground level were found
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within the 24-h mean limits (for the majority of the days) which are set equal to 15 and
45 µg/m3, for the PM2.5 and PM10, respectively (WHO 2006).
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Significant differences are detected in the PM2.5/PM10 ratios between the two
PANACEA campaigns (Figure 3). PM2.5/PM10 ratios exhibit higher variability during
the winter period, reaching higher values (even up to 1.0) linked with urban pollution.
However the PM2.5/PM10 ratios decreased significantly (around 0.3–0.4), during Saharan
dust events [45,46], reported during January and February of In general, large PM2.5/PM10
ratios are mostly reported for urban sites [42,47], whereas the ratio values are lower at
regional/background sites [48].

The equivalent black carbon mass concentration levels, along with the BC contribution
of the fossil fuel and wood burning to the total BC mass concentrations measured by the
Aethalometer is presented in Figure 4. The total BC values are found to be ranging between
0.64 and 3.5 µg/m3, with a mean value of 1.9 µg/m3, while the daily mean Black Carbon
concentration is found equal to 0.8 ± 0.5 µg/m3 during summer and 1.6 ± 1 µg/m3 during
the winter campaign. In general, the cycle is more pronounced during the winter period.
Moreover, a weekly cycle of minima and maxima is marked (dashed lines in Figure 4),
mainly attributed to the decreased number of vehicles during the weekend.
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Figure 3. PM2.5 and PM10 ratio monitored during (a) the summer and (b) winter PANACEA
campaigns in Thessaloniki station. The periods with transported dust particles, according to the
Hybrid Single Particle Lagrangian Integrated Trajectory model (HYSPLIT; https://www.arl.noaa.
gov/hysplit/ (accessed on 6 October 2022)) are also plotted with dashed lines.

The participation of the fossil fuel in the BC mass concentration values is generally
high (even up to 100%) throughout the two PANACEA campaigns over Thessaloniki,
indicating the high presence of fossil fuel activities, in the majority of the days in the
campaigns. At the same time, the wood burning mass concentration is almost negligible
during the summer campaign and low to moderate during the winter campaign (up to 11%),
linked to the biomass burning activities for domestic heating purposes during the winter
period.Similar analyses of the BC source apportionment in Athens revealed a dominance
of the fossil-fuel combustion component (BCff), but with a significant contribution of wood-
burning emissions to the total BC mass (BCwb fraction) in the range between 25% and 35%
during wintertime [49,50].

https://www.arl.noaa.gov/hysplit/
https://www.arl.noaa.gov/hysplit/
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Figure 4. Daily mean variation of the BC mass concentrations (µg/m3) along with the contribution of
the fossil fuel and wood burning to the total BC mass concentrations, during (a) the summer and
(b) winter PANACEA campaign in Thessaloniki station. Sundays are also marked with dashed lines.

The monitored BC levels are quite similar to another urban background [44], while
are characterized as low to moderate, compared to the values reported in similar studies
during the same measuring period [10]. For example, Liakakou et al. [44] found the average
BC concentration to be equal to 1.9 ± 2.5 µg/m3 (ranging from 0.1 to 32.7 µg/m3; hourly
values), based on a 4 year Aethalometer measurements over Athens. The BC value found
to exhibit a well-defined seasonality from 1.3 ± 1.1 µg/m3 in summer to 3.0 ± 4.0 µg/m3 in
winter. Similar BC pattern, with winter maximum and summer minimum, are also found
at urban environments along the central and western Mediterranean [49].

In what follows, we examine the diurnal variability of the BC, BCff and BCwb concentra-
tions during the two campaigns (Figure 5). Two peaks of higher BC and BCff concentrations
are found during the summer PANACEA campaign, one between 06:00 and 07:00 (local
time) and the second one between 20:00 and 22:00 (local time). Two peaks are also found
during the winter campaign, however at different time intervals (i.e., between 08:00 and
10:00, and 18:00 and 20:00, local time). Both of them are linked with the traffic intensity and
the corresponding rush hours during the daytime and nighttime activities. On the contrary,
the BCwb diurnal cycle is more pronounced only during the winter period, after 16 UTC,
highlighting the increased use of wood and pellets emissions from domestic heating, which
is typically operated during the night hours. The wood burning contribution is found to
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remain at relatively high levels until about the next morning owing mostly to the shallow
nocturnal boundary layer.
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Figure 5. Diurnal mean variation and standard deviation of the BC mass concentrations (µg/m3)
along with the contribution of the fossil fuel and wood burning to the total BC mass concentrations,
during (a) the summer and (b) winter PANACEA campaign in Thessaloniki station.

According to existing studies [51], pronounced BC peaks were observed during the
morning and evening (secondarily) traffic hours at an urban cite, but with very low contri-
bution of the wood-burning emissions. Additionally, Liakakou et al. [44] reported that the
fossil-fuel combustion (BCff) component (traffic emissions and domestic heating) dominates
during summer (83%) and in the morning hours, whilst the BCwb exhibits higher contribu-
tion in winter (32%), especially during the night hours (39%), based on a climatologically
study over an urban site in Athens.

4.2. Columnar Variability

The temporal variability of the columnar Ångström exponent, Aerosol Optical Depth
at 500 nm and the Fine Mode Fraction at 500nm from the AERONET version 3 retrievals
during the two PANACEA campaigns is shown in Figure 6.The gaps in the time series
during the winter period are caused due to the cloudy skies. During the summer period,
the Ångström exponent varied from 0.87 to 2.03 with a mean value of 1.66 ± 0.18, while
the AOD at 500 nm has mean value of 0.24 ± 0.During the winter period, the Ångström
exponent varied from 0.99 to 1.91 with a mean value of 1.49 ± 0.19, while the AOD at
500 nm has mean value of 0.14 ± 0. The AODs and Ångström exponent’s values observed
are typical for the study area [13]. Additionally, the FMF is indicative of the aerosol size.
High values, close to 1, indicate dominant fine aerosol mixtures, while low values, close to
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zero indicate dominant coarse aerosol mixtures. The FMF values ranged between 0.53 and
0.96 during the summer campaign and between 0.47 and 0.97 during the winter campaign,
revealing the dominance both of coarse particles and high anthropogenic emissions. Large
AODs and low FMF values (0.53) as those observed on 3rd August 2019 are related to
Saharan dust outbreaks, while large AODs and AE values as those observed on 25th August
2019 are related to a biomass burning transport.
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Figure 6. Temporal evolution of aerosol optical depth (AOD) at 500 nm, Fine mode fraction at
500 nm and Ångström exponent, along with their standard deviation retrieved by the sunphotometer
measurements during (a) the summer and (b) winter PANACEA campaigns in Thessaloniki station.

Concerning the columnar Lidar Ratio (LR) values, high values are observed during
both the summer and winter campaigns (up to 90 sr at 440 nm). During the summer period,
the LR at 440 nm had a mean value of 70 ± 9 sr, while the winter period the mean LR at
440 nm was found equal to 73 ± 14 sr. Generally, the LR values at a given wavelength
depend on both the chemical composition and the particle shapes, with higher values
representative for the existence of more absorbing aerosols.
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Moreover, low mean columnar linear particle depolarization ratio during the cam-
paigns are marked (mostly spherical particles observed), with higher values (up to 90.19)
during the Saharan dust event (non spherical particles) observed on 30 January 2020.

4.3. Aerosol Typing

In the period from 5 July to 30 August, 16 days were recorded with episodes of low to
strong dust transport from the Saharan desert (confirmed with BSC-DREAM8b model; [52]).
During the winter period from 30 December to 5 March, transported dust layers were
observed for 16 days, in total. The majority of them were characterized as episodes with
low intensity (<50 µg/m3), while two days were characterized as moderate to strong
intensity episodes. Moderate to high values of BC contributions were found both during
the summer and winter periods. Especially, during the winter campaign, a total of 9 days
exceeded the mean value of total BC concentration (>2.0 µg/m3) and during the summer
campaign, BC concentrations were found above 1.0 µg/m3 for 5 days.

In order to identify the shortcomings of the columnar instruments for automated
aerosol typing, especially when aerosol layers of different origin and type are observed
with a collocated lidar instrument, the dominant aerosol type observed over Thessaloniki
during the two PANACEA campaigns are presented below. Additionally, the aerosol typing
retrievals for two case studies are discussed, along with the surface information, i.e., the
particulate matter and the black carbon concentrations. These include a case of transported
pollution that took place on 5 August 2019 and a long-range transported Saharan dust layer,
on 25 January 2020.

4.3.1. Dominant Aerosol Types Observed over Thessaloniki during the Summer and
Winter PANACEA Campaigns

Figure 7a presents the geometrical boundaries of the detected elevated aerosol layers.
The majority of these layers are observed above 0.8 up to 4.2 km height a.s.l. The PBL top
height is used in order to separate the boundary layer and the free troposphere (FT). The
upper boundary PBL is identified in approximately 80% of the cases. The mean PBL height
is found 1.3 ± 0.3 km for the months January to February, whilst the mean PBL height for
the summer months (i.e., July to August) is found 1.6 ± 0.8 km.
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over Thessaloniki.

The boundaries of the aerosol layers during the summer campaign are found between
0.7 and 4.2 km, with mean geometrical thickness of 1.5 ± 0.7 km, and the majority (more
than 60%) being in the lower Free Troposphere (LFT). The identified layers in the win-
ter campaign are found at lower altitude levels (between 0.7 and 3 km), with the layer
geometrical thickness being equal to 0.9 ± 0.57 km.
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Figure 7b presents the percentages of the total typed layers (35 layers) into the defined
aerosol classes with the Mahalanobis classifier during the summer campaign. The majority
of the detected layers (above PBL height) during the summer campaign (up to 40%) are
attributed to biomass burning aerosols (Smoke category, highly absorbing particles) from
city sources or from remote sources (e.g., wildfires and agricultural fires). The Dust (pure
and mixtures) cluster comes next with an occurrence ratio of 29% during the summer
period. Clean continental particles are mainly observed during the summer campaign
(with a percentage up to 23%). Our results are in accordance with the typing retrievals from
the same time period over another urban city, Volos [9], where the majority of the detected
layers found to be both smoke and urban originated, during the summer PANACEA
campaign 2019.

The typing results from the winter campaign are not presented here, due to the limited
number of the identified layers (existence of medium to low level clouds), as in most of
the cases only the PBL height was identified from the lidar signal. However, the biomass
burning particles are also the dominant components during the winter period, mainly
attributed to the increasing use of wood.

Table 2 summarizes the mean aerosol geometrical and optical properties and the
surface information found during the two PANACEA campaigns, along with the dominant
aerosol type over Thessaloniki station.

Table 2. Mean insitu, layering and columnar retrievals, along with their standard deviation during
the two PANACEA campaigns.

Aerosol Properties Summer Winter

PBL 1.6 ± 0.8 km 1.3 ± 0.3 km
Aerosol thickness 1.5 km 0.9 km

AOD500 0.24 ± 0.07 0.14 ± 0.06
FMF500 0.86 ± 0.08 0.84 ± 0.1
PM2.5 14 ± 5 µg/m3 18 ± 12 µg/m3

PM10 20 ± 5 µg/m3 28 ± 13 µg/m3

Total BC 0.8 ± 0.5 µg/m3 1.6 ± 1 µg/m3

Predominant type Smoke Smoke

In order to verify whether Smoke particles are the dominant aerosol type, the BC con-
tribution (%) of the fossil fuel and the biomass/wood burning, along with the PM2.5/PM10
ratio and the optical thickness (of the first layer) and the lidar derived aerosol typing of
up to first three detected layers (layers above the PBL height) over Thessaloniki during
the PANACEA campaigns is presented in Figure 8. In total 15 cases (C#) have been iden-
tified and analyzed (days with simultaneous measurements with THELISYS, MP101M
and Aethalometer).

In the lower altitude ranges (first and second detected layer), equal percentage of
appearance of aerosols types (pure and mixtures) are present, mainly attributed to local
sources. Two regions with the highest fossil fuel contribution are marked (green circle).
These high BCff percentages are also linked with biomass burning particles identified
in the low troposphere (first layer) from the lidar retrievals and with high PM2.5/PM10
ratio measured by MP101M. On the other hand, PM2.5/PM10 ratios decreased significant,
during Saharan dust events. Additionally, only smoke layers are detected as elevated layers
(third layer) in the FT, mainly transported from agricultural fires in the Balkans, Belarus,
and European Russia [13] during the summer period. The mean AOD value for the first
aerosol layer is found 0.068 ± 0.04, denoting the rather thin first aerosol layer identified by
the lidar in the lower Troposphere.
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Figure 8. Black Carbon contribution of the fossil fuel and the biomass/wood burning, along with
the PM2.5/PM10 ratio and the optical thickness (of the first layer) and the aerosol typing of up to
three detected layers over Thessaloniki during the PANACEA campaigns are presented. In total
15 cases (C#) have been identified (days with simultaneous measurements with THELISYS, MP101M
and Aethalometer).
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The dependency on the first layer lidar retrieved aerosol type with the total BC con-
tribution and the Fine Mode Fraction at 500 nm is further examined in Figure 9. The
results are retrieved from the synergistic information of the 3 instruments (i.e., Sunpho-
tometer, Aethalometer and THELISYS) that performed collocated measurements during
the PANACEA campaigns.
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Figure 9. Dependence on the first typed aerosol layer identified with THELISYS with the Black
Carbon percentages of the fossil fuel (BCff) to the Total Black Carbon contribution and the Fine
Mode Fraction at 500 nm, from the synergistic information of the 3 instruments (i.e., Sunphotometer,
Aethalometer and THELISYS) that performed measurements during the PANACEA campaigns.

Figure 9 shows that the highest values of the columnar FMF correspond to absorbing
aerosol layers (i.e., pure biomass burning and mixtures with dust or continental particles)
and general high BCff concentrations. According to Figure 9, FMF values below 0.92
correspond to dominant coarse aerosols while values above 0.92 to dominant fine ones.
The green marked ellipsoid marks the biomass burning layers identified with THELISYS,
linked also with generally high BC contribution and FMF values above 0. However, the
BC concentrations cannot be used as an evaluation source of the smoke presence retrieved
from the automated lidar based typing, in all atmospheric situations, as the biomass layers
and urban mixtures with moderate absorbing particles observed by the lidar system are
usually found as elevated layers in the FT. Additionally, two clusters of dust are marked;
one with high BCff concentrations (the yellow marked ellipsoid) and a second one with
lower BCff concentrations, both linked with lower FMF values (<0.9) and low PM2.5/PM10
ratioMoreover, clustering continental layers based on the BC values is quite challenging as
BC can still be present to a certain degree in continental layers [38].

4.3.2. Nighttime Retrievals of Transported Pollution, on 5 of August 2019: Case I

A case of transported pollution that occurred on 5 August 2019 is analyzed. Figure 10a
illustrates the temporal evolution of the range corrected signal at 1064 nm, from 0.6 up
to 6km height a.s.l, over Thessaloniki, between 18:15 and 18:56 UTC. The color scale on
the right side of the figure indicates the range corrected signal in arbitrary units. The
5-day backward trajectories calculated using the HYSPLIT in conjunction with fire spots
from MODIS satellite product FIRMS (Fire Information for Resource Management System;
https://firms.modaps.eosdis.nasa.gov/map/ (accessed on 6 October 2022)) indicate the
areas of the air parcels traveling below 3.5 km before reaching the study area. Continental
particles, along with biomass burning particles, were transported from central Europe in
the region of Thessaloniki (Figure 10b).

https://firms.modaps.eosdis.nasa.gov/map/
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Figure 10. (a) Temporal evolution of the 1064nm range corrected signal obtained with THELISYS in
Thessaloniki on 5 August 2019, 18:15–18:50 UTC. The two layer boundaries are marked with black
line. (b) The HYSPLIT 5-day air mass backward trajectories arriving at 1, 2 and 3.5 km at 15:00 UTC
at Thessaloniki.
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The measurement is characterized by two particle layers: the first one is between 0.7
and 1.7 km (Layer 1) and the second one between 2.03 and 3.25 km (Layer 2). The mean
lidar ratio is calculated as 20 ± 9 for 355 nm and 12 ± 5 for 532 nm (Layer 1) and for
Layer 2 it is 44 ± 5sr for 355 nm and 47 ± 12 sr for 532 nm. The ratio of the lidar ratio
values (LR532/LR355) for Layer 1 is 0.6 ± 0.004 and for Layer 2 it is 1.06 ± 0.The mean
AOD at 355nm for each layer is estimated at 0.013 (Layer 1) and 0.1 (Layer 2), whilst the
mean backscatter-related Ångström exponent (BAE) at 355-1064 nm is 1.83 ± 0.15 (Layer 1)
and 1.54 ± 0.16 (Layer 2), respectively. The first layer is characterized by the Mahalanobis
typing algorithm as a Polluted Continental layer (pollution from local particles and biomass
burning aerosols) and the second one, as a Continental one (urban particles).

At ground level, the PM10 mass concentrations exhibit values of 13 µg/m3, whilst the
PM2.5 mass concentrations are found moderate at that day, equal to 8 µg/m. The equivalent
black carbon mass concentration levels, along with the BC contribution of the fossil fuel and
the wood burning to the total BC mass concentrations are further analyzed and presented
in Figure 11. The total BC values ranged between 0.09 and 0.91 µg/m3, through the day,
with a mean value of 0.4 µg/m. The contribution of the BCwb concentrations to the total
BC concentrations is extremely low, whereas the contribution of the BCff concentrations is
almost equal to the total BC concentrations. The event is generally not characterized by the
highest Black Carbon concentrations during the summer PANACEA campaign. The BC
concentrations seem to be in accordance with the Polluted Continental layer (mixed urban
layers with moderate absorbing aerosol layers) identified by THELISYS, in the LFT.
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Figure 11. Temporal variation of the BC mass concentrations (µg/m3) along with the contribution of
the fossil fuel and wood burning to the total BC mass concentration on 5 August 2019.

4.3.3. Daytime Retrievals of a Transported Dust Episode on 25 of January 2020: Case II

The second case refers to the occurrence of a dust plume over the station of Thessa-
loniki on 21 January Figure 12a illustrates the temporal evolution of the range corrected
signal at 1064 nm, from 0.6 up to 6 km height a.s.l, over Thessaloniki, between 16:25 and
16:55 UTC. The color scale on the right side of the figure indicates the range corrected signal
in arbitrary units. The 5-day backward trajectories from HYSPLIT in conjunction with the
BSC-DREAM8b model are used to verify the long-range transport of Saharan dust over
Thessaloniki (Figure 12b). The measurement is characterized by one thick layer between
1.9 and 3.0 km (layer boundaries colored with white lines), whilst the PBL height is found
at 0.86 km. The mean lidar ratio is calculated as 45 ± 1 for 355 nm and 58 ± 3 for 532 nm.
The ratio of the lidar ratio values (LR532/LR355) is 1.3 ± 0. The mean AOD at 355 nm
for the layer is estimated at 0.21, whilst the mean Ångström exponent at 355–532 nm is
−0.15 ± 0. The retrieved values indicate the presence of coarse particles (Dust layer), being
in agreement with the typical dust values observed over Thessaloniki [13].
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Figure 12. (a) Temporal evolution of the 1064 nm range corrected signal obtained with THELISYS in
Thessaloniki on 25 January 2020, 16:25–16:55 UTC. The layer boundaries are marked with black line.
(b) The HYSPLIT 5-day air mass backward trajectories arriving at 1.5, 2.5 and 3.5 km at 16:00 UTC
at Thessaloniki.

At ground level, the PM10 mass concentrations exhibit high values of 42 µg/m3, whilst
the PM2.5 mass concentrations are found moderate to high at that day, equal to 31 µg/m.
The equivalent black carbon mass concentration levels, along with the BC contribution
of the fossil fuel and wood burning to the total BC mass concentrations measured by the
Aethalometer is presented in Figure 13. The BC values are found to be ranging between
0.64 and 3.5 µg/m3, with a mean value of 1.9 µg/m3, and high BCff contribution to the total
BC (80%), indicating the high presence of fossil fuel burning activity during that day. Even
if the monitored layer is identified as an elevated one in the FT, both THELISYS retrievals
and PM concentration show the dominance of coarse particles.
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5. Conclusions

Continuous observations of the aerosol properties over Thessaloniki station, during
two distinct PANACEA campaign periods, with collocated in situ and remote sensing
instruments allow us to perform an assessment of the aerosol load, based on the optical
properties and the chemical composition.

At ground level, the PM2.5 daily concentrations ranged between 8 to 25 µg/m3 during
the summer campaign and between 2 and 55 µg/m3 during the winter campaign, mainly
associated with biomass burning particles. On the other hand, the PM10 average daily
concentrations ranged between 13 to 30 µg/m3 during the summer period and between 8
and 67 µg/m3 during the winter period, mainly attributed to transported dust aerosols.
The average Black Carbon (BC) concentration is found to be 0.8 ± 0.5 µg/m3 during
summer and 1.6 ± 1 µg/m3 during the winter campaign. In general, the BC concentrations
are affected by both the BC emissions, however, measurements show the predominance
of combustion-related aerosol from burning fossil fuels and a rather low to moderate
enhancement of the domestic wood burning contribution (11%) during the winter period
over Thessaloniki.

Concerning the aerosol layers identified in the Lower Free Troposphere in the vertical
lidar profiles, in total 40 aerosol layers are typed (out of 44). The majority of the detected
layers are classified as biomass burning aerosols (with percentages up to 40% and 25%
during the summer and the winter period, respectively) attributed to either city sources
or remote sources (e.g., wildfires and agricultural fires). Pure dusty layers or mixtures
with urban particles are also identified during the summer and the winter period (with
percentages up to 28% and 25%, respectively), whilst the Clean Continental cluster follows
with an occurrence ratio of 23%, mainly observed during the summer campaign.

The general convergence between the columnar and layering analysis are regarded
as a signature of reliability of the dominant aerosol component. Thessaloniki is a coastal
metropolitan area, with urban aerosols affecting the lower layers and being present during
both the summer and winter season. Overall, our study showed that the majority of
the biomass burning layers identified with THELISYS, are also linked with enhanced BC
contribution and enhanced Fine Mode Fraction values. Thus, BC concentrations can be
used as a signature of biomass burning presence over the station of Thessaloniki, especially
when the biomass burning particles are present in the Lower Troposphere and not as
elevated layers.

Overall, the PANACEA campaigns highlight the importance of the synergistic use of
the remote sensing and the in-situ instrumentation to perform a full characterization
of the aerosol load, based on the extensive and intensive aerosol properties and the
chemical composition.
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