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Abstract: Mean optical and microphysical aerosol properties of long-range transported biomass
burning (BB) particles and mixtures are presented from a 9-year (2011–2019) data set of multiwave-
length Raman lidar data, obtained by the EOLE lidar over the city of Athens (37.58◦ N, 23.47◦ E),
Greece. We studied 34 aerosol layers characterized as: (1) smoke; (2) smoke + continental polluted,
and (3) smoke + mixed dust. We found, mainly, small-sized aerosols with mean backscatter-related
(355 nm/532 nm, 532 nm/1064 nm) values and Ångström exponent (AE) values in the range 1.4–1.7.
The lidar ratio (LR) value at 355 nm was found to be 57 ± 10 sr, 51 ± 5 sr, and 38 ± 9 sr for the
aerosol categories (1), (2), and (3), respectively; while at 532 nm, we observed LR values of 73 ± 11 sr,
59 ± 10 sr, and 62 ± 12 for the same categories. Regarding the retrieved microphysical properties,
the effective radius (reff) ranged from 0.24 ± 0.11 to 0.24 ± 0.14 µm for all aerosol categories, while
the volume density (vd) ranged from 8.6 ± 3.2 to 20.7 ± 14.1 µm−3cm−3 with the higher values
linked to aerosol categories (1) and (2); the real part of the refractive index (mR) ranged between 1.49
and 1.53, while for the imaginary part (mI), we found values within 0.0108 i and 0.0126 i. Finally,
the single scattering albedo (SSA) of the propped particles varied from 0.915 to 0.936 at all three
wavelengths (355–532–1064 nm). The novelty of this study is the provision of typical values of BB
aerosol properties from the UV to the near IR, which can be used in forecasting the aerosol climatic
effects in the European region.

Keywords: biomass burning aerosols; multiwavelength Raman lidar; optical aerosol properties;
microphysical aerosol properties; mixtures of biomass with continental pollution and dust

1. Introduction

Fire has been a part of human life ever since the origin of our species and, as a
result, air pollution from the smoke of biomass fires has been humanity’s companion for
some 2 million years. Its impact on the environment is evident through soot and black
carbon deposits in glaciers [1,2] and on human health through soot deposit in the lungs of
mummies [3]. Yet, systematic studies on the BB aerosols and their effect on the environment
began only in the late 1970s, when the first publication on the role of BB aerosol contributors
to increased air pollution levels appeared [4]. Moreover, large-scale forest fires produce
BB particles which can be long-range transported from the source region to a hemispheric
level (e.g., from Canada to Central–Southern Europe as shown in [5–7]). Recently, the
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study in [8] showed that smoke is the most predominant aerosol type in Europe regarding
long-range air mass transport.

BB aerosols are estimated to constitute to ~62% of the global particulate organic carbon
(OC) and 27 % of black carbon (BC) emissions annually [9]; thus, they remain an important
contributor to global particulate matter (PM) concentrations in the atmosphere affecting
air pollution, radiative forcing, climate change, and the Earth’s biochemistry [10]. BC and
OC aerosols have a 2–4 week mean lifetime in the free troposphere far from precipitating
regions. It is estimated that they affect the radiation budget up to and above the layer
in which they are embedded [11]. Additionally, when on ice, BC and OC can reduce
its reflectance, enhancing glacial melting [11]. BB aerosols can affect cloud formation,
acting as cloud condensation nuclei (CCN) or ice nuclei (IN), and change their optical
properties [12,13].

Their impact on radiative forcing may be either a positive or negative impact on
radiative forcing, depending on their OC and BC content, on their size, and on their spatial
distribution in the atmosphere [14–17]. These properties are related to their source region,
the combustion type and phase [17]. Specifically, fresh smoke aerosols have different
optical properties than aged smoke and pure smoke ones and behave differently than
mixed ones [18–20].

Thus, to better understand the BB aerosol effects on the Earth’s climate, their optical
and microphysical properties are urgently needed to be measured with a very high spatio-
temporal resolution. An ideal tool for such studies is the light detection and ranging
(lidar) technique from which vertical profiles of the aerosol backscatter coefficient (baer),
the extinction coefficient (aaer), the lidar ratio (LR), and the Ångström exponent (AE) can be
extracted. From these products, the aerosol microphysical properties, such as the effective
radius (reff), the volume density (vd), the real part (mR), and the imaginary part (mI) of
the refractive index and the single scattering albedo (SSA) can also be derived.

There have been many studies concerning the vertical profiles of the optical and
microphysical properties of BB aerosols over all continents using the lidar technique. Some
of these studies were conducted with airborne flights of high spectral resolution lidar
(HSRL) [21–23] and the UK’s Facility for Airborne Atmospheric Measurements (FAAM)
aircraft [24], or with the space-borne lidar cloud–aerosol lidar with orthogonal polarization
(CALIOP) system [7]. However, the majority of these studies concerned ground-based lidar
measurements at different lidar sites: Japan [25]; Washington, DC [26]; South Africa [27];
the Amazon Basin [28]; over Europe (Athens [29], Thessaloniki [30,31], Granada [32], and
Warsaw [5], as well as over Germany [19,33,34]).

More specifically, the work in [6], which studied different BB aerosols transported
from Canada and observed over various European sites, revealed the wide range of BB
optical properties depending on the type of burning area. Additionally, the work in [35]
and [18] studied the modification of the physico-chemical properties of the BB aerosols
along their transportation paths.

Recently, [36] published a study concerning a large number of BB lidar measurements
from different lidar sites within the European Aerosol Lidar Network (EARLINET; https:
//www.earlinet.org/index.php?id=105, last access: 22 March 2021). Pure BB aerosols are
not commonly found in the atmosphere, as they are usually mixed with other aerosol types
(e.g., continental polluted, dust, marine; [27,37,38]). In fact, [20] highlighted the importance
of well-knowing the source of the aerosols to better calculate their microphysical properties,
since depending on particles’ shapes and sizes, different processes are followed in order to
calculate their microphysical properties, with the lowest possible uncertainty

In this paper, we present for the first time a comprehensive study based on a 9-year
data set (2011–2019) of multi-wavelength Raman lidar nighttime measurements obtained
over Athens, Greece, from which we retrieved the vertical profiles of the optical and the
microphysical properties of aged BB (pure and mixed) aerosols in different free tropospheric
layers. The results derived from this study provide typical values of the BB aerosol
properties over Europe, which may be useful in global climatic models, in reducing the
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currently large uncertainty in climate forcing due to this kind of aerosols. The total
industrial era climate forcing of BC is estimated to be +1.1 Wm−2 with ~90% uncertainty
bounds of 0.11–2.1 Wm−2. Of the total estimate of 1.1 Wm−2, up to 0.18 Wm−2 (with
a large uncertainty range) is derived from effects of the cloud thermodynamic phase
alone. Towards the elimination of this uncertainty range, the enhancement of the existing
literature with relative studies is important. On top of that, here, we worked also on
the classification of small and spherical particles (such as the biomass burning ones) into
various sub-categories in different mixtures. We propose a new method for distinguishing
between pure smoke and layers mixed with continental polluted aerosols. These aerosol
layers are frequently observed over Europe due to the presence of anthropogenic pollution
and are difficult to be discriminated due to the fact of their aerosol optical properties’
overlapping values. Finally, we provide a narrower range of mean values for the three
aerosol categories.

The vertical profiles of the aerosol optical properties were retrieved using the single
calculus chain (SCC) tool [39,40] in a homogeneous and quality-assured manner providing
the values of LR at 355 and 532 nm, the AE extinction-related 355/532 coefficients as well as
the AE backscatter-related 355/532 and 532/1064 coefficients. The aerosol characterization
was based on a recently published study [38]. Finally, the aerosol microphysical properties
reff, mR and mI, the vd, and the SSA at 355 nm, 532 nm, and 1064 nm of the BB layers
were calculated according to [41]. Further details about the abovementioned methods are
provided in the next sections.

2. Materials and Methods

The lidar data used in this study were obtained over the city of Athens at the suburban
site of the National and Technical University of Athens (NTUA; 37.96◦ N, 23.78◦ E, elevation
220 m asl.) using the multi-wavelength elastic-Raman lidar system aerosol and ozone lidar
system (EOLE; [42]) of the Laser Remote Sensing Unit (LRSU; http://lrsu.physics.ntua.gr/;
last access: 26 March 2021) during the time period 2011–2019. During this period, the
EOLE performed systematic measurements twice per week, every Monday and Thursday,
except on rainy days, according to the European Aerosol Lidar Network (EARLINET)
protocol [43]. From this large lidar data set, only the cloud-free nighttime data containing
BB aerosol layers (and their mixtures) were selected and used here for aerosol classification
and further data processing. For the former, the source classification analysis (SCAN)
algorithm was used that requires the following input parameters: (a) the fire hot-spots
(identified by MODIS), (b) the air mass back-trajectories (HYSPLIT), and (c) the aerosol
layers (obtained by lidar) in order to classify the probed particles according to various
criteria. After classifying our data set, we utilized the SCC code for the lidar data processing.
Further information about the methodology pursued during this study is discussed in the
following subsections.

2.1. Aerosol Classification—SCAN

The geometrical boundaries of the 34 aerosol layers studied in this work were extracted
from the range-corrected lidar signals at 1064 nm, using the method described in [37].
This method identifies the vertical changes in the backscattered lidar signal at a given
wavelength (for this study at 1064 nm) and extracts the aerosol vertical layering of the
atmosphere. Using the geometrical characteristics of the aerosol layers retrieved from the
abovementioned method, we then used the hybrid single particle Lagrangian integrated
trajectory model (HYSPLIT; [44]) to locate the possible aerosol source regions, taking into
account the height of the aerosol layers and their observation time over the measuring site
(Athens). HYSPLIT is widely used in atmospheric studies, since it is able to provide spatial
information (latitude, longitude, height) of any air mass of interest for a selected number
of past hours. For this study, 8-day air mass backward trajectories were calculated using
this model.

http://lrsu.physics.ntua.gr/
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As collocated satellite measurements of the burnt areas, we used the moderate resolu-
tion imaging spectroradiometer (MODIS; [45]) Burnt Area product from the FIRMS Web
Fire Mapper (https://firms.modaps.eosdis.nasa.gov/map/; last accessed: 26 March 2021)
for the time period of the 8-day air mass backward trajectories starting from the day of
each observation.

The SCAN algorithm was then used to classify the aerosol layers, as described in [38].
SCAN is an important contributor in classifying aerosol layers and especially those of
smoke origin, because it applies strict rules concerning classification including the one that
concerns the variable “confidence” of the fire product of MODIS, and only the fire dots
with confidence levels higher than 80% are used. Additionally, the BSC-DREAM8b dust
model ([46]; https://ess.bsc.es/bsc-dust-daily-forecast; last access: 26 March 2021) was
implemented to effectively determine the dust aerosol load over the Athens lidar site.

Based on the abovementioned “tools” to characterize an aerosol layer, three different
aerosol categories were, finally, obtained: (1) smoke (s), (2) smoke and continental polluted
(s+cp), and (3) smoke and mixed dust (s+md). For instance, the smoke category [47]
consists of aerosols containing mostly carbonaceous compounds (OC, EC), PAHs, and
NH4

+; the continental polluted particles [48] mostly contain a mixture of trace elements
(Cd, Cr, Cu, Mn, Pb, V, Zn, Te, Co, Ni, Se, Sr, As, and Sb) and water-soluble ions (Cl−,
NO3

−, SO2
−, Na+, K+, Ca2

+, Mg2
+); the mixed dust category [49] contains a mixture of

minerals (Si, Al, Ca, Mg, Fe, K). However, no additional information is available about
“pure” aerosol categories, such as continental polluted and mixed dust, as these categories
were not examined in this study.

2.2. Aerosol Optical Properties Retrieval—SCC

The lidar data processing was performed by the automated SCC tool [39,40] that en-
ables near real-time lidar data processing. The lidar signals were averaged over a 60 s time
period considering stable atmospheric conditions, as much as possible. The atmospheric
stability was validated through the observation of the spatio-temporal evolution of the
range-corrected lidar signals.

Regarding the value of the LRs (LR = aaer/baer) used for calculating the elastic baer
at 1064 nm vertical profiles by the SCC, a constant LR was assumed [50,51]. In fact, the
LR value can vary greatly depending on the shape and size of the backscattering particles
and, therefore, on the aerosol mixing processes [52]. In this study, the smoke and mixed
dust category were expected to have optical properties intermediate to those presented
by the dust and smoke and/or urban pollution aerosols and/or marine with LR values in
the range of 30–71 sr [53]. For this reason, in this study, an LR mean value of 50 ± 15 sr
was assumed for calculating the elastic baer value of this category. The LR of the smoke
aerosols can also vary greatly between 26 and 93 sr [23,33] depending on the aging of the
aerosols; thus, for fresh smoke, the LR ranged between 33 and 46 sr, although aged smoke
presented greater values (55–73 sr) [54]. In this study, for long-range transport of smoke
aerosols, a constant LR value equal to 60 ± 15 sr was assumed. Finally, for the smoke and
continental polluted category an LR value of 60 ± 15 sr was assumed according to [23,54],
which reported LR ranges between 33 and 72 sr for urban aerosols. In this study, only
nighttime lidar measurements were used; thus, the calculation of aaer and baer at 355 nm
and 532 nm was performed independently by the Raman technique [55].

As the lidar data in this work were processed by the SCC, the propagation of the errors
arising from the calculation of baer and aaer can be found in [39,40], where a total uncer-
tainty of ~5–15% and ~10–25%, respectively, was estimated. Therefore, the corresponding
uncertainty of the retrieved LR values was of the order of 11–30%, while the uncertainty
for AE backscatter- and extinction-related ranged between 0.02 and 0.04 and 0.03 and 0.08,
respectively, as estimated by propagation error calculations.

https://firms.modaps.eosdis.nasa.gov/map/
https://ess.bsc.es/bsc-dust-daily-forecast
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2.3. Aerosol Microphysical Properties Retrieval

The particle microphysical properties, reff, mR and mI, vd and the SSA can be esti-
mated when the aerosol vertical profiles of three backscattering and two extinction coeffi-
cients (the so-called 3β + 2α data set) are available by a Mie–Raman lidar system based on a
three-wavelength (355–532–1064 nm) emitting Nd:YAG laser. Thus far, different techniques
have been considered to invert these measurements into particle microphysics ([41,56]
and references therein), but the main issue in all these approaches is the small number of
inputs that can be provided through measurements, compared to the numerous param-
eters needed for describing the aerosol microphysical properties. This implies that the
inverse problem is underdetermined and that numerous solutions may reproduce the input
measurements with similar accuracy.

This family of solutions can be localized by applying constraints to the “search space”,
e.g., limiting the range of particle radii and refractive indices considered [41,57]. Such
an approach has proved to be efficient for the aerosols with a predominant fraction of
fine particles, so it is widely used for the analysis of smoke lidar observations [26]. An
additional assumption usually made is that the refractive index is spectrally independent.
Actually, smoke particles can demonstrate an increase in absorption in UV and at the
shorter wavelengths in the visible due to the presence of the “brown carbon” fraction.
However, the spectral properties of this fraction are not well known and remain highly
variable, so at the moment, we do not take into consideration these effects.

To invert the lidar observations into the aerosols’ microphysical properties, the regu-
larization algorithm was used [41]. As the BB particles are rather small, the effects related
to the particle non-sphericity were not considered and the inversion was made taking into
consideration the assumption of a spherical particle shape. The boundary of the inversion
window was set to minimum and maximum particle radii of 0.05 and 10 µm, respectively.
The mR was allowed to vary in the range 1.35–1.65, while the mI varied in the range
0–0.02 i. Based on numerous simulations and comparisons of inversion with AERONET
observations, we estimated the uncertainty of particle vd and reff to be below 25%. For the
mR, this uncertainty was ±0.05, while for the mI the uncertainty was approximately 50%.

3. Results

According to the lidar data selection and the classification procedure described in
the previous section, we revealed 34 aerosol layers in the time period 2011–2019, which
were sorted into three different aerosol categories: smoke (s), smoke and continental
polluted (s+cp), and smoke and mixed dust (s+md) (Figure 1, blue, red, and yellow colors,
respectively). All aerosol layers correspond to nighttime lidar measurements, thus from all
these layers the full set of aerosol optical properties is provided (baer, aaer, LR, AE).
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3.1. General Observations

In particular, these 34 aerosol layers were spread between the years 2011 and 2019,
with the majority of the aerosol layers observed in 2014 (eight layers) and the minority
in 2013, when no aerosol layers were found according to our methodology. Additionally,
aerosol layers from all the three aerosol categories were found during the years 2011, 2012,
and 2014, while at least two aerosol categories were found in the years 2015, 2016, 2017,
and 2019. The aerosol layers observed during 2018 were only from one aerosol category
(Figure 1a). Subsequently, out of the 34 aerosol layers in this study, 18% were characterized
as s, 29% as s+cp, and 53% as s+md (Figure 1b). More information about the aerosol layers
can be found in Table A1 presented in Appendix A.

3.2. Aerosol Optical and Microphysical Properties

After retrieving the vertical profiles of the aerosol optical properties, we calculated
the mean values of baer, aaer, LR, AE, and the ratio of the LRs (LR532/LR355), within
the geometrical boundaries of each aerosol layer, as well as the mean values of these
properties for each aerosol category. These values are presented in Figure 2 along with
their standard deviations.
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As observed in Figure 2a, the baer of the s+cp category (square symbol) had higher
mean values in all three wavelengths compared to the corresponding mean values of the
other two aerosol categories, while accordingly, the s category (circle symbol) had the lower
mean values. The same behavior was reported for the aaer in Figure 2b for the different
aerosol categories. Concerning the LR values reported in Figure 2c, they are higher at
532 nm (green color) than at 355 nm (blue color) for all aerosol categories, while for the
s+md category (diamond symbol), a great difference of 24 sr was observed between the two
wavelengths (38 ± 9 sr at 355 nm and 62 ± 14 sr at 532 nm). Additionally, the higher values
were reported for the s category (circle symbol): 57 ± 10 sr at 355 nm and 73 ± 11 sr at
532 nm. The AE backscatter-related mean values reported in Figure 2d were all higher than
one for the aerosol categories s and s+cp (Figure 2d, circle and square, respectively). The AE
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extinction-related values of the s+md category (Figure 2d, blue diamond) showed a lower
mean value and a larger standard deviation (0.5 ± 0.3). Finally, the ratio LR532/LR355
(Figure 2e) was observed to be >1 for all of the aerosol categories. The mean values of the
retrieved optical properties are summarized in Table 1.

The classification algorithm used in this study, which is described in [38], was also able
to retrieve the resident time (i.e., number of hours) of a HYSPLIT backward trajectory above
a burned area. This information versus the variable LR532/LR355 for each aerosol layer
of s and s+cp categories is presented in Figure 3. Concerning the s aerosol category, the
LR532/LR355 variable increased as the number of hours over the burned areas increased,
resulting in a high correlation between these two variables (correlation coefficient R2 = 0.82).
On the other hand, the corresponding correlation coefficient for the s+cp category was
extremely low (equal to 0.01) thus showing no correlation at all between the two variables
for this aerosol category.
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The mean values of the aerosol microphysical properties (i.e., reff, mR and mI, vd, and
SSA) at three different wavelengths, calculated according to [41], can be found in Figure 4.
No significant differences within the error bars were observed between the mean values
of each one of them, for the three different sub-aerosol categories of this study, except
the vd mean value of the s+cp aerosol category (Figure 4d, square symbol), which found
to be slightly higher compared to the rest of the categories. Finally, the mean values of
SSA at 532 nm were slightly larger than the mean values of SSA at 355 nm and 1064 nm,
although when considering the corresponding standard deviations, this difference was
negligible. The mean values of the aerosol microphysical properties along with their
standard deviations are also summarized in Table 1.
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According to Table 1, the mean LR values of 57 ± 10 sr and 73 ± 11 were observed
for the s category at 355 nm and 532 nm, respectively. The corresponding LR values of
the s+cp category were 51 ± 5 sr and 59 ± 10 sr, respectively, while for the s+md category
they were equal to 39 ± 5 sr and 62 ± 12 sr, respectively. The AE backscatter-related mean
values were all higher than 1.4. On the other hand, the AE extinction-related coefficient,
especially for the s+md category, had a significantly low mean value (0.49 ± 0.88). The
ratio of the LRs (LR532/LR355) was found >1 for all cases.

Table 1. Mean values along with their standard deviation of s, s+cp, and s+md aerosol categories for aerosol optical and
microphysical properties presented in this study.

Aerosol Category

s s+cp s+md

Optical properties

LR 355 nm (sr)
this study 57 ± 10 51 ± 5 * 39 ± 5
literature 21–67 35–92

LR 532 nm (sr)
this study 73 ± 11 59 ± 10 * 62 ± 12
literature 26–80 32–75

AE ext 355/532
this study 0.90 ± 0.52 1.13 ± 0.44 * 0.49 ± 0.88
literature 0.64–2.3 0.50–1.70

AE bsc 355/532
this study 1.43 ± 0.27 1.35 ± 0.09 * 1.56 ± 0.21
literature ~1.90 0.44–1.50

AE bsc 532/1064
this study 1.67 ± 0.15 1.70 ± 0.09 * 1.58 ± 0.14
literature ~1.90 0.44–1.50

LR532/LR355 this study 1.27 ± 0.36 1.17 ± 0.34 * 1.39 ± 0.57

literature 0.9–1.4 0.7–1.0

References [18,22,25,28,32,33,58] [27,35,59]
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Table 1. Cont.

Aerosol Category

s s+cp s+md

Microphysical properties

reff (µm)
this study 0.24 ± 0.14 0.24 ± 0.13 * 0.24 ± 0.11

literature 0.13–0.44 0.17–0.45

mR
this study 1.49 ± 0.06 1.50 ± 0.07 * 1.53 ± 0.07

literature 1.37–1.6 1.37–1.50

mI
this study 0.013 ± 0.004 i 0.011 ± 0.005 i * 0.011 ± 0.005 i

literature 0.001–0.053 i 0.004–0.007 i

vd (µm−3cm−3)
this study 8.6 ± 3.2 20.7 ± 14.1 * 9.7 ± 6.1

literature 8–50 7.4–24.0

SSA 355 nm
this study 0.916 ± 0.042 0.929 ± 0.036 * 0.928 ± 0.037

literature 0.760–0.890 0.948–0.964

SSA 532 nm
this study 0.932 ± 0.023 0.936 ± 0.024 * 0.933 ± 0.025

literature 0.790–0.997 0.937–0.958

SSA 1064 nm
this study 0.918 ± 0.008 0.923 ± 0.031 * 0.915 ± 0.045 *

literature 0.740–0.980

References [5,17–19,25–27,30,35,58,60] [5,35,59]

* Introduced in the literature within this study.

The mean values of the aerosol microphysical properties had no noticeable differences
between the various aerosol categories, except the vd property (20.7 ± 14.1 µm−3cm−3)
for the s+cp category, which was found to be ~100% greater than the corresponding mean
values for the s and s+md categories (8.6 ± 3.2 µm−3cm−3 and 9.7 ± 6.1 µm−3cm−3,
respectively). On the other hand, the mean value of reff was found to be 0.24 ± 0.14 µm for
all aerosol categories, the mean value of mR ranged between 1.49 ± 0.06 and 1.53 ± 0.07,
and the mI value ranged between 0.0108 ± 0.0048 i and 0.0126 ± 0.0043 i. Finally, the mean
value of SSA (at all three wavelengths 355, 532, and 1064 nm) ranged between 0.915 ± 0.045
and 0.936 ± 0.024.

4. Discussion

As observed in Figure 2b, the aaer of the s+cp category (square symbol) had higher
mean values in all three wavelengths compared to the corresponding mean values of the
other two aerosol categories, while, accordingly, the s category (circle symbol) had the
lower mean values. This behavior indicates amplified scattering mechanisms for the s+cp
aerosols and less for the s aerosols.

The AE backscatter-related mean values, reported in Figure 2d, were all higher than
one for the aerosol categories s and s+cp (Figure 2d, circle and square, respectively) indi-
cating the presence of smaller particles. The AE extinction-related coefficient of the s+md
category (Figure 2d, blue diamond) showed a lower mean value and a large standard
deviation (0.5 ± 0.3) indicating the presence of larger aerosols as well in this category [35].

The mean value of LR at 532 nm for all aerosol categories was higher than the corre-
sponding value at 355 nm in accordance with [19,34,35]. Additionally, the ratio of the LRs
at the two wavelengths (LR532/LR355) was found >1 for all particles inside the observed
layers which, according to [18], indicate the presence of aged smoke particles, thus sup-
porting also our classification methodology, which also marked as aged all aerosol layers
in this study.
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Finally, all the calculated mean values of aerosol optical properties were found to be
consistent with those reported in the literature for the s [24,28,31,34,38,39] and s+md [33,41]
particle categories.

Concerning the microphysical properties, no significant differences were observed
between their mean values with respect to the aerosol classification performed. Neverthe-
less, without taking into account the high retrieval uncertainty, some differences in the
mR and mI of the refractive index could be identified. The highest mI for the s category
clearly denoted the high absorptivity of the pure aerosol type, while for the mixture of
various other types with dust, the scattering effect became more prominent. Notice, also,
that during the inversion process, the effects related to the particle non-sphericity were
not considered and the inversion was made with the assumption of a spherical particle
shape, since the main component studied here was biomass burning particles which are
rather small.

Concerning the reff, Figure 4 does not reflect clearly the variability of this property per
case, because the information is lost when averaging within each category. Nevertheless,
for completeness, we provide Figure A1 in Appendix A, where we demonstrate the case-
by-case variability of the reff, showing that for our data set, this property took values from
0.11 to 0.52 µm.

High discrepancy per aerosol cluster was identified for the vd mean values, taking a
maximum under the s+cp aerosol category (Figure 4d, square symbol), something that can
be attributed to the low atmospheric heights (Table A1 of the Appendix A) of the observed
layers of that specific type [26].

Finally, all aerosol microphysical properties retrieved in this study were compared
to those reported in the literature and found to be in good accordance with
them [5,17–19,22,25,27,28,30,34,35,59,60]. However, comparing our results to those in the
literature can be misleading because the latter might reflect factors different from what is
found over Athens.

It is important to note that the microphysical properties of the s+cp aerosol category
and the corresponding values of SSA at UV and IR are the first to be introduced into the
literature within this study, since so far no report of such a combined aerosol mixture can
be found. Here, it seems that this mixture has to be taken into account when trying to
discriminate between small and spherical particles.

5. Conclusions

Summarizing this work:

• We studied 34 aerosol layers derived from multiwavelength (3β + 2α) lidar data
measured over a 9-year period (i.e., 2011–2019) over the city of Athens at the suburban
site of the National and Technical University of Athens;

• We obtained the following three aerosol categories: smoke, smoke + continental pol-
luted, and smoke + mixed dust. The smoke category consisted mostly of aerosols
containing carbonaceous compounds; the continental polluted particles mostly con-
tained a mixture of trace elements and water-soluble ions, and the mixed dust category
contained a mixture of minerals;

• We retrieved the optical and microphysical properties of BB aerosols and their mixtures.

We found:

• A positive correlation between the LR532/355 variable and the time that the air mass
had spent over the burned area for the s aerosol category, which seems not to be the
case for the s+cp category;

• Higher LR mean values at 532 nm than 355 nm;
• High discrepancy per aerosol cluster for the vd mean values, taking a maximum under

the s+cp aerosol category;
• The microphysical properties of the s+cp aerosol category and the corresponding

values of SSA at UV and IR are the first to be introduced into the literature with
this study.
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In the future:

• It is important to have as large data set as possible in order to have statistically
valid results;

• The non-sphericity of the aerosols in a mixture must be taken into consideration
during the retrieval of microphysical aerosol properties;

• The uncertainties of the SCAN algorithm should be examined.
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Table A1. Date, bottom, top, and aerosol category of each aerosol layer of this study. 

No  Date  Bottom  Top  Aerosol Category 

1  20110516  3062  3542  s 

9  20120326  2402  3182  s 

13  20121025  2282  2522  s 

21  20140901  3422  3902  s 

27  20160915  3002  3242  s 

34  20190909  2522  3062  s 

2  20110630  1502  1922  s+cp 

6  20110915  1442  2042  s+cp 

7  20120315  1622  2042  s+cp 

10  20120406  1442  2102  s+cp 

16  20140523  1082  2042  s+cp 
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Appendix A

Table A1. Date, bottom, top, and aerosol category of each aerosol layer of this study.

No Date Bottom Top Aerosol Category

1 20110516 3062 3542 s

9 20120326 2402 3182 s

13 20121025 2282 2522 s

21 20140901 3422 3902 s

27 20160915 3002 3242 s

34 20190909 2522 3062 s

2 20110630 1502 1922 s+cp

6 20110915 1442 2042 s+cp

7 20120315 1622 2042 s+cp

10 20120406 1442 2102 s+cp

16 20140523 1082 2042 s+cp

18 20140622 1382 2102 s+cp

20 20140724 1322 1622 s+cp

23 20150713 2402 2882 s+cp

24 20150727 1382 2222 s+cp

28 20170710 1382 1922 s+cp

3 20110728 1562 1802 s+md

12 20120919 2162 3482 s+md

30 20170828 2342 2942 s+md

11 20120612 1442 1982 s+md

31 20170911 1622 4682 s+md

33 20190826 1382 3962 s+md

5 20110909 1742 2042 s+md

8 20120322 1442 1802 s+md

17 20140617 1262 3242 s+md

29 20170724 1442 2942 s+md

35 20191029 1682 2282 s+md

14 20140517 1682 1862 s+md

15 20140520 1202 2102 s+md

19 20140717 1382 1742 s+md

22 20150219 1442 1562 s+md

25 20150727 1622 2222 s+md

26 20160704 1562 1982 s+md

32 20180913 2222 2762 s+md
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