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Abstract: Vertical profiling of aerosol particles was performed during the PANhellenic infrastructure
for Atmospheric Composition and climatE chAnge (PANACEA) winter campaign (10 January 2020–
7 February 2020) over the city of Ioannina, Greece (39.65◦ N, 20.85◦ E, 500 m a.s.l.). The middle-sized
city of Ioannina suffers from wintertime air pollution episodes due to biomass burning (BB) domestic
heating activities. The lidar technique was applied during the PANACEA winter campaign on
Ioannina city, to fill the gap of knowledge of the spatio-temporal evolution of the vertical mixing
of the particles occurring during these winter-time air pollution episodes. During this campaign
the mobile single-wavelength (532 nm) depolarization Aerosol lIdAr System (AIAS) was used
to measure the spatio-temporal evolution of the aerosols’ vertical profiles within the Planetary
Boundary Layer (PBL) and the lower free troposphere (LFT; up to 4 km height a.s.l.). AIAS performed
almost continuous lidar measurements from morning to late evening hours (typically from 07:00 to
19:00 UTC), under cloud-free conditions, to provide the vertical profiles of the aerosol backscatter
coefficient (baer) and the particle linear depolarization ratio (PLDR), both at 532 nm. In this study we
emphasized on the vertical profiling of very fresh (~hours) biomass burning (BB) particles originating
from local domestic heating activities in the area. In total, 33 out of 34 aerosol layers in the lower
free troposphere were characterized as fresh biomass burning ones of local origin, showing a mean
particle linear depolarization value of 0.04 ± 0.02 with a range of 0.01 to 0.09 (532 nm) in a height
region 1.21–2.23 km a.s.l. To corroborate our findings, we used in situ data, particulate matter
(PM) concentrations (PM2.5) from a particulate sensor located close to our station, and the total
black carbon (BC) concentrations along with the respective contribution of the fossil fuel (BCff) and
biomass/wood burning (BCwb) from the Aethalometer. The PM2.5 mass concentrations ranged from
5.6 to 175.7 µg/m3, while the wood burning emissions from residential heating were increasing
during the evening hours, with decreasing temperatures. The BCwb concentrations ranged from 0.5
to 17.5 µg/m3, with an extremely high mean contribution of BCwb equal to 85.4%, which in some
cases during night-time reached up to 100% during the studied period.

Keywords: lidar; depolarization ratio; fresh biomass burning aerosols; domestic heating; black
carbon; PM2.5
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1. Introduction

Wildfires, agricultural fires, and the use of wood as fuel for domestic heating during
the winter season, are the major sources of the biomass burning (BB) particles [1–3]. Biomass
combustion is considered one of the main global sources of air pollution, especially when
they are related to residential heating; it is calculated to contribute more than 50% of Black
Carbon (BC) and Organic Carbon (OC) and approximately 45% of PM2.5 [4]. In urban
environments, BC is mainly emitted from traffic and residential heating as a result of
incomplete combustion of fossil and/or biomass fuel [3].

During the last decade, Greece has faced a severe financial crisis. Many households
contributed to the already existing problem of air particle pollution by using wood as
heating material [5–9]. Thus, the local emissions of BB related particles may have led
to a sharp increase in the intensity of air pollution episodes during cold winter periods,
especially under specific meteorological conditions (e.g., stagnant air masses under tem-
perature inversions) within a shallow Planetary Boundary Layer (PBL) as discussed by
Kassomenos et al. (2003) and Sindosi et al. (2003, 2019, 2021) [10–13].

Several middle- and large-sized Greek cities are suffering from high particulate matter
(PM) concentrations, either locally produced or transported long distances. The PANhel-
lenic infrastructure for Atmospheric Composition and climatE chAnge (PANACEA) gives
the opportunity to study the atmospheric composition in these cities, focusing on the anthro-
pogenic sources (e.g., industrial, transportation, and domestic heating activities). Within
the PANACEA context, simultaneous measurements of aerosols have been performed in
several Greek urban and regional background stations during different seasons, using a
synergy of in situ and remote sensing instrumentation (https://panacea-ri.gr (accessed on
12 February 2021) [14] to assess the emission sources, the physicochemical properties, as
well as the climate and health impacts.

The middle-sized city of Ioannina (~112,486 inhabitants) is situated in the Epirus
mountainous region in Northwestern Greece. Ioannina frequently suffers from wintertime
air pollution episodes due to BB domestic heating activities [12,15], mainly due to its local
topography leading to the formation of stagnant air masses over the city. The high levels of
particulate matter concentrations, at ground level, exceed the current annual limit value
of 25 µg/m3 [13] as set by the European 2008/50/EC Air Quality Directive regarding
PM2.5 mass concentrations. Despite the severity of these air particulate pollution episodes
occurring during winter-time, there has been a lack of knowledge of the spatio-temporal
evolution of the vertical mixing of the particles over the Ioannina basin; this information
would be extremely valuable to forecast air pollution episodes and provide tools to policy
makers to reduce air pollution in the area and the relevant mortality and morbidity issues
attributed to PM exposure.

To fulfill this lack of information, the lidar technique was applied during the PANACEA
winter campaign (10 January 2020–7 February 2020) at Ioannina, as it is an ideal tool to
monitor the spatio-temporal evolution of the atmospheric structure and the PM distribution
with increased temporal (30–60 s) and spatial (7.5 m) resolution. Therefore, in this work
we present, for the first time, the evolution of the vertical distribution of aerosol optical
properties, the aerosol backscatter coefficient (baer), and the particle linear depolarization
ratio (PLDR), during 13-day measurements as retrieved from the mobile single-wavelength
(532 nm) depolarization Aerosol lIdAr System (AIAS), within the PBL and the lower free
troposphere (LFT), up to 4 km height a.s.l. The lidar measurements were complemented
by in situ fine aerosol (PM2.5) mass concentration and black carbon (BC) measurements,
as well as meteorological data (temperature (T), relative humidity (RH), wind speed, and
direction) obtained at the lidar site.

2. Lidar Location and Methodology
2.1. Location and Description of the NTUA Lidar System

The city of Ioannina is the capital of the region of Epirus, in Northwestern Greece
(Figure 1a). It is located near Lake Pamvotis (coverage 19 km2) inside a basin surrounded
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by high mountains (Figure 1b): the Pindos mountains on the east, and other mountains
on the south and the southwest side of the city. Figure A1 depicts the mountains’ names
and the corresponding summits’ height. The location of the city plays a major role in
the air mass circulation over the studied area, which during the winter period usually
remains constraint within a shallow PBL accompanied by stagnant air masses due to strong
temperature inversions occurring from evening to late morning hours, especially during
cold winter nights. In this context, all emissions from the city’s anthropogenic activities
(transport and domestic heating) are trapped inside a shallow PBL, leading to the formation
of intense smog events and very poor air quality levels [12,13,15]

During the campaign, the AIAS elastic depolarization lidar system, operated by the
National and Technical University of Athens (NTUA) in cooperation with the Biomedical
Research Foundation Academy of Athens (BRFAA), was located 1–1.5 km from the city
center and Lake Pamvotis (39.65◦ N, 20.85◦ E, 500 m a.s.l). AIAS emits a linearly polarized
laser beam at 532 nm to the atmosphere and detects the parallel and vertical components of
the elastically backscattered lidar signal at 532 nm using a combination of analogue and
photon-counting signal digitizers. The spatial vertical resolution is equal to 7.5 m and the
temporal resolution of the acquired lidar signals is 1.5 min. The full overlap height of AIAS
is reached at 250 m above ground level (a.g.l.). The technical characteristics of the AIAS
lidar system are provided by Papayannis et al. (2020) and Mylonaki et al. (2021) [14,16].
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Figure 1. (a) PANACEA sites during the winter campaign 2020; (b) AIAS mobile lidar system location
(39.65◦ N, 20.85◦ E) inside the Ioannina basin. The map shows the Ioannina city, Lake Pamvotis, and
the surrounding area (Google Earth Pro v7.1.5. Epirus Region, Greece. Borders and labels, places
layers. NOAA. Accessed January, 2021).

2.2. Methods, Models and Tools

The AIAS lidar system was operated almost in a continuous mode from early morning
hours (~06:30 UTC) until the late evening ones (~19:30 UTC), with one-hour break in the
afternoon, to retrieve the vertical profiles of the baer and the PLDR at 532 nm. In total,
42 measurements were performed during morning, noon, and evening hours. Special
emphasis was given to the analysis of the vertical profiles of baer and PLDR during the late
afternoon and evening hours, when the BB activity for domestic heating purposes was more
intense and very fresh (~hours) BB particles were produced. By excluding the cloudy days
and the measurements that were not useable due to unfavorable meteorological conditions
(e.g., most of the morning measurements were under fog conditions), in total 17 aerosol
profiles of the optical properties were analyzed and presented in this study, showing the
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vertical mixing of the particles occurring during winter-time in Ioannina city. The late
afternoon and evening measurements, along with the one morning measurement that were
used in this study, can be seen in Figure 2.
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2.2.1. Lidar Data Processing

The acquired lidar data were processed, in a near real-time lidar mode, using the Single
Calculus Chain (SCC) as described by D’Amico et al. (2015) and Mattis et al. (2016) [17,18],
to retrieve the vertical profiles of the baer and the PLDR at 532 nm. Since AIAS is a
depolarization lidar system, a calibration constant was needed for the PLDR value to be
calculated. The calibration method used for AIAS was the “±45◦ calibration”, which uses
two measurements taken by rotating the depolarization analyzer at ±45◦ [19,20]. The
calculation of PLDR by the SCC is fully described by D’Amico et al. (2015, 2016), and
Mattis et al. (2016) [17,18,21]]. In order to retrieve the profiles of baer an assumption of a
constant lidar ratio (LR) has to be made [22,23], regarding the specific aerosol type [24]. In
this study, two aerosol types were identified: (i) the majority of the studied cases referred
to locally produced BB aerosols, while one case (ii) was identified as long-range transport
of dust aerosols in the free troposphere. Concerning the BB aerosols, as their LR values
may vary in the range 43 to 98 sr [25–31] the LR assumed for the studied BB cases in this
study was equal to 70 ± 20 sr, as mostly observed in this kind of aerosols. On the other
hand, the LR value used for the dust case was equal to 50 ± 15 sr according to Groß et al.
(2011), Sicard et al. (2016), Soupiona et al. (2020), and Mylonaki et al. (2021) [14,32–34].
The corresponding systematic errors of the retrieved baer and PLDR values using the SCC
processing chain can be found in [18,21]. In our case the corresponding uncertainty of baer
and PLDR is of the order of ~11 ± 8% and 16 ± 11%, respectively [14].

2.2.2. Planetary Boundary Layer Height Calculation

It is well established that the variability of the planetary boundary layer height (PBLH)
over ground depends mainly on the topographical characteristics of the area under study,
as well as on the prevailing synoptic and micrometeorological conditions site, taking into
account the season of the measurements [35,36]. On the other hand, the PBLH variation
is mostly related to the vertical mixing and thus, it can directly control the dispersion of
air pollutants inside the PBL [37,38]. Thus, the PBLH remains a crucial input parameter to
atmospheric models, enabling a realistic description of the lower atmospheric dynamics and
providing accurate and real-time air-pollution dispersion forecasts. The role of the PBLH
becomes more important during the cold winter periods, when low-altitude temperature
inversions form, which play a major role in the confinement of local emissions inside a
shallow PBL, leading to increased air pollutants loadings near ground. In our study, the
PBLH variation was estimated by applying the extended-Kalman filtering (EKF) technique
to the range-corrected and background-subtracted (RCS) lidar signals [39].

2.2.3. Hybrid Single Particle Langrangian Integrated Trajectory Model (HYSPLIT)

The air mass trajectories arriving over the Ioannina city from long ranges (greater
than several km distances) were calculated using the Hybrid Single-Particle Lagrangian
Integrated Trajectory model (HYSPLIT) in the backward mode (https://www.ready.noaa.
gov (accessed on 10 December 2020)) as described by Stein et al. (2015) [40]. This enabled
us to identify the origin of the air masses observed by the lidar in the LFT and consequently
the associated aerosols’ source region. For the backward air mass trajectory analysis,
the “normal” method was used, based on the GDAS1 (Global Data Analysis System)
meteorological data. The vertical motion used to calculate the air mass trajectories was
taken from the model’s vertical velocity. As initial values for the model, we used the
geographical coordinates of the AIAS lidar system (39.65◦ N, 20.85◦ E) and the altitude
(a.s.l.) of the observed aerosol layers. The duration of the air mass trajectories calculation
was set to 144 h in order to obtain representative results of the PM source regions.

2.2.4. Moderate Resolution Imaging Spectroradiometer (MODIS)

In this study active fire data from the Moderate Resolution Imaging Spectroradiometer
(MODIS) flying on the Terra and Aqua satellites in complementary orbits [41], were used
during the time period of the campaign. The data were distributed through the Fire
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Information for Resource Management System (FIRMS) (https://firms.modaps.eosdis.nasa.
gov/map/ (accessed on 11 December 2020)). In order to have a better estimation of the
active fires during the studied period, the confidence of the fire data was selected to be
higher than 70%. The active fire data were used in order to ensure that the BB aerosols
observed with the AIAS mobile lidar system over the Ioannina city were locally originated
and there was no other contribution from other relevant sources in Greece, Balkans, and
Europe during this time period. However, since these data were only used for a specific
reason (i.e., to confirm the local origin of the emitted BB aerosols) no further results related
to the active fires are presented here.

2.2.5. Low-Cost Sensors

The Purple Air PA-II sensor (PurpleAir Inc., Draper, UT, USA) is a low-cost PM
monitoring device, based on an optical particle counter (OPC), PMS5003, Plantower Ltd.,
Beijing, China), which provides mass concentrations (PM1, PM2.5, and PM10 fractions),
along with the T, RH, and barometric pressure (P) data at a 2-min resolution. The sampled
air mass is guided throw a built-in fan to the laser detector after two 90◦ turns. As an
output the sensor provides PM1, PM2.5, and PM10 mass concentrations, as well as the
cumulative particle size distribution in six size ranges (lower than 0.3 µm, 0.5 µm, 1 µm,
2.5 µm, 5 µm, and 10 µm) among other parameters [42,43]. In this study we used the
PM2.5 mass concentration, as well as T and RH data derived from the sensor PANACEA-
013 located at Anatoli in the south suburbs of Ioannina city after applying a quadratic
regression model correction derived during an extensive characterization campaign held
at Ioannina during winter and spring time 2019–2020, using as reference a 32 channel
HORIBA APDA-372 (Horiba Ltd., Kyoto, Japan) optical particle counter, an instrument that
is a reference-equivalent method for determining PM2.5 and PM10 according to EN 14,907
and EN 12,341 standards. The correction, when applied, was found to yield significant
decrease in the normalized Root Mean Squared Error (nRMSE) as well as an almost 10-fold
decrease in the Mean Absolute Error (MAE). A detailed description on the PA-II correction,
specific for the Ioannina environment can be found in Stavroulas et al. (2020) [42].

2.2.6. Aethalometer

BC measurements were obtained using a seven-wavelength dual spot aethalometer
(AE-33, Magee Scientific, Berkeley, CA, USA in the same sampling site as the lidar system.
The AE-33 was sampling total suspended particles at 2 lt/min, through short conductive
tubing, on a PTFE-coated glass-fiber filter tape (Part No, 8060). BC concentration was
determined using the 880 nm aethalometer channel using an MAE provided by the man-
ufacturer. The AE-33 compensates for the filter loading effect in real-time utilizing the
Dual Spot technology while a correction specific to the filter material used; it also applied
regarding the multiple scattering artefact [44]. The 1-min resolution BC measurements
were averaged on an hourly basis. Source specific BC fractions, namely those related to
wood burning (BCwb) and fossil fuel combustion (BCff) were calculated by the instrument,
applying the “Aethalometer Model” at the 470 and 950 nm wavelength pair, assuming a
fixed Absorption Ångström Exponent (AAE) for wood burning (AAEwb = 2) and fossil fuel
combustion (AAEff = 1) [45].

3. Results and Discussion

Figure 2 presents the vertical distribution of baer and PLDR at 532 nm, as observed by
the AIAS mobile depolarization lidar during the winter PANACEA campaign over the city
of Ioannina. The under-study cases are presented with a different color for each day and
time. The PBLH along with its standard deviation (std) is also shown by the black solid
and dashed lines, respectively.

The majority of the cases presented here show low altitude aerosol layers (from near
ground up to 2.40 km a.s.l.) with quite low PLDR values (lower than 0.11), except for
the case of the 26 January 2020, when dust aerosol layers (Figure 3; purple solid line)

https://firms.modaps.eosdis.nasa.gov/map/
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were observed from 2.71 up to 3.48 km altitude, showing increased PLDR values reaching
up to 0.34. The mean value of PBLH of all the under-study cases was found equal to
1.13 ± 0.07 km a.s.l. The mean values of the aerosol optical properties (baer and PLDR)
were calculated within the PBL and inside each one of the aerosol layers observed above it.
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Figure 3. Vertical distribution of baer (Mm−1sr−1) and PLDR at 532 nm, as observed by the AIAS
mobile lidar during the winter PANACEA campaign over the city of Ioannina. Each case shown is
presented with different color. The PBLH along with its standard deviation is presented with the
black solid and dashed lines, respectively.

In Figure 4, we present the geometrical and optical properties observed over Ioannina
during this campaign. The black rhombus denotes the PBLH values, while the different-
colored-bars denote the top and bottom of the aerosol layers (AL) above it (Figure 4a). The
mean values of baer and PLDR at 532 nm, along with their standard deviation (std) as they
were calculated inside the PBL (black rhombus) and the AL (different-colored-squares),
are also presented (Figure 4b,c). In the same graph can also be found, the wind speed and
direction (Figure 4d), the PM2.5 mass concentrations, with the T and RH (Figure 4), and
the BC (wb, ff) mass concentrations (Figure 4f), as obtained during the available days of
the winter PANACEA campaign. The results presented in Figure 4 and the corresponding
meteorological data are extensively presented in Tables A1 and A2, while the timeseries
analysis of the BC, along with the BCwb, BCff and PM2.5 mass concentrations during the
campaign are also presented in Figure A2.
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mean altitude of the AL found in the FT was equal to 1.21 ± 0.06 km for the BB smoke 

Figure 4. Temporal variation of (a) the PBL altitude (a.s.l.; black rhombus) along with the base and
top of each aerosol layer (AL; colored bars) (km) and the corresponding mean values of (b) baer and
std (Mm−1sr−1) and (c) PLDR and std at 532 nm, as obtained by the AIAS mobile depolarization
lidar, along with the (d) wind speed (m/s) and direction (◦), (e) PM2.5 mass concentrations (µg/m3),
T (◦C), RH (%), (f) the BC mass concentrations (µg/m3) along with the contribution of the fossil fuel
and wood burning to the total BC mass concentrations, during the PANACEA winter campaign in
Ioannina. All data presented are averaged for the same time periods during which the lidar profiles
were retrieved.

From the analysis of the data presented in Figure 4a, we found that the PBLH ranged
from 1.02 to 1.31 km a.s.l during the afternoon and evening hours of the campaign. The
mean altitude of the AL found in the FT was equal to 1.21 ± 0.06 km for the BB smoke
particles, and of 3.16 ± 0.27 km for the dust aerosol layer on 26 January. Specifically, the
BB aerosols were initially emitted in the PBL during daytime, and were later convected
into the LFT due to the prevailing unstable conditions which are connected to thermals
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of warm air rising from ground up to the top of the PBL, in the form of updrafts [36,46].
Thus, BB smoke layers were found during the campaign in the LFT (1.21 to 2.23 km), while
the long-range transported dust layer was detected at higher altitudes (3.16 km). This
could also be related to the fact that the sources of the BB aerosols (fireplaces and wood
stoves) are local ones at near ground levels, typically smoldering fires with low injection
heights [47,48], in contrast to the dust and mixed dust aerosols, which are generally found
in higher heights, typically between 3–6 km a.s.l. [49].

The mean value of baer at 532 nm within the PBL during the campaign (Figure 4b)
was found equal to 4.61 ± 2.88 Mm−1sr−1. However, in some days of measurements
(i.e., 19, 22 and 26 January) the mean baer was greater than 7.96 Mm−1sr−1 reach-
ing up to the value of 12.19 Mm−1sr−1, while in the rest of the days it ranged from
2.03 ± 0.74 to 6.05 ± 0.91 Mm−1sr−1. The FT BB aerosol layers showed a mean baer of
1.45 ± 0.43 Mm−1sr−1, ranging between 0.37 ± 0.11 and 2.91 ± 0.91 Mm−1sr−1. The
mixed dust aerosol layer showed a value of baer equal to 1.50 ± 0.59 Mm−1sr−1. The
mean values of the PLDR (Figure 4c), indicative of the aerosols’ shape, were found
to be extremely low inside the PBL and ranged between 0.01 ± 0.01 and 0.03 ± 0.01.
Regarding the FT aerosol layers, the mean PLDR values were found equal to 0.04 ± 0.02
and reached values up to 0.09 ± 0.03, which are typical for BB aerosol and BB mix-
tures (Table 1) [1,14,26,30,31,50–53]. On the other hand, the mean PLDR value of the
aerosol layer on 26 January 2020, was equal 0.20 ± 0.10, indicating the presence of dust
aerosols [14,33,53–55].

Table 1. PLDR (532 nm) values of fresh BB aerosols as cited in the relevant literature (2012–today).

Reference PLDR

Burton et al., 2012 [30] 0.02–0.05

Nicolae et al., 2013 [31] <0.05 (0.02–0.04)

Burton et al., 2013 [26] 0.03–0.06

Nepomuceno Pereira et al., 2014 [1] ≤0.05

Burton et al., 2015 [52] 0.02–0.03

Stachlewska et al., 2018 [50] ≤0.065

Papanikolaou et al., 2020 [51] 0.05 ± 0.04

This study 0.02 ± 0.01 (PBL)
0.04 ± 0.02 (FT)

At ground level, the average wind speed during the period of measurements was
extremely low (0.7 ± 0.2 m/s) with values ranging from 0.3 to 1.2 m/s, with a mean
North-Northwest direction (Figure 4d). At the same level, the PM2.5 mass concentrations
ranged from 5.6 to 175.7 µg/m3, while the T and RH did not vary significantly during the
campaign time period ranged from 3.7 to 11.1 ◦C and 34 to 93%, respectively (Figure 4e,
Table A2). The BC concentrations presented a mean value of 6.6 ± 5.1 µg/m3 (0.8 to
17.5 µg/m3) and exhibit a similar trend to the PM2.5 concentrations. It is evident, that the
increase in the BC consternations at the surface, especially during evening hours, can be
attributed mostly to wood burning activities. There is no clear linkage between the wind
direction-intensity (Figure 4d) and the recorded hourly BC values (Figure 4f), at least for
the cases examined and presented in this study, which are characterized by small wind
intensities (0.3–1.3 m/s) and limited direction range (90o range covering from W to NNE),
even though the aforementioned meteorological properties (along with temperature) are
playing an important role in the development of the PBLH, which may affect also the
distribution of particles at the lowest atmospheric height. The reason behind this can be the
amount of wood burning, that is higher than any other anthropogenic-industrial activity
that take place in the area. According to previous studies [3,7,8] related to wood burning,
the BC concentrations seem to also increase with the absence of precipitation, along with
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wind speeds lower than 3 m /s and a shallow PBL, it should be noted that the period
of measurements was very dry, essentially there was no rain except for the 26 January
(0.6 mm). The participation of the fossil fuel in the BC mass concentrations values was
nearly negligible throughout most of the period (0.1 to 35.8%), with extremely low values
ranging from 0 to 1.3 µg/m3, while the wood burning BCwb mass concentrations (0.5 to
17.5 µg/m3), at most times, were almost largely dominated by the BC, with contribution
that for two cases (i.e., 10 January and 1 February) reached the extreme value of 100%
(64.1–100%). According to [42], during the period 15 December 2019 to 13 January 2020,
an average BC concentration of 5.02 µg/m3 was measured in Ioannina reaching up to
31 µg/m3 (hourly max), with an extremely high BCwb contribution of 75%, that during
night-time was reaching up to 88%.

Relevant studies related to BC measurements showed that in Athens (Greece), during
the last few years, the BC concentrations reached values up to 32.7 µg/m3, while the BCwb
contribution ranged from 20–25% up to 40% of the BC, during the night [3,7,8,56]. In other
European cities (e.g., Granada, Lisbon, London, Madrid, Paris, Porto, Rome, or Zurich)
measurements during the winter period showed mean BC concentrations lower than
13.1 µg/m3 with a BCwb contribution that did not exceed 47 ± 6% of the BC [56–61] apart
from the BCwb contribution of 88% in rural area of Spain, during the winter of 2014–2015,
as described by Becerril-valle et al. (2017) [62]. It is of interest to mention that BC concentra-
tions emitted in a middle-sized urban city such as Ioannina (~280 inhabitants/km2) during
winter is of the same order, and in some cases even greater, than the BC emissions in some
of the biggest European cities and capitals (~3000–20,000 inhabitants/km2). This is the
result of a decrease in consumption of conventional fuel for residential heating (e.g., oil) in
Ioannina and the strengthened use of cheaper wood or pellet burning during the times of
austerity in Greece.

In most of the studied cases, the PM2.5 and BCwb concentrations were lower during
early afternoon hours, than during night-time. These quantities were also decreasing as
T increased. Temperature plays a very important role in the development of the PBLH,
which may affect also the distribution of aerosols inside the PBL. Decreased solar radiation
and thus temperature can prevent the vertical mixing of aerosols. Especially during the
cold winter periods, when low-altitude temperature inversions can be formed and thus
the local emissions can be trapped inside a shallow PBL, leading to increased particle
concentrations near ground. Based on the relatively similar behavior of the PM2.5 and the
BCwb concentrations and the inversely proportional between PM2.5, BC, BCwb, and T, an
analysis was applied to find the correlation between the aforementioned quantities. In
Figure 5 we present the linear fits, along with the coefficients of determination and the
linear regression equations, as obtained for the following quantities: (a) BC and PM2.5,
(b) BCwb and BC, (c) BCwb and PM2.5, (d) BC and T, (e) BCwb and T, and, finally, (f) PM2.5
and T, respectively. The correlation plots between the BCff and the quantities BC, PM2.5,
and T can be found in Figure A3 in the Appendix A.

The coefficients of determination along with the linear regression equations for each
plot are revealing a significant correlation between the parameters presented in the corre-
lation plots in Figure 5. These results highlight the strong correlation between BC, BCwb,
and PM2.5 ((a) R2 = 0.90, (b) R2 = 0.99, (c) R2 = 0.89), along with the almost complete
composition of BC aerosols by biomass (wood) burning particles and the very important
contribution of wood burning. The inverse relationship between both BCwb and PM2.5
with T ((d) R2 = 0.69, (e) R2 = 0.69, and (f) R2 = 0.82) is also pointed out. In addition, the
trends in BC concentrations appeared to be almost similar to those of PM2.5 concentrations
(Figures 4 and A2). These similar trends, along with the highly correlated BC, BCwb, and
PM2.5 concentrations, suggesting that the PM2.5 may contain a significant proportion of BC,
and hence BCwb concentrations in the study area for the studied period.
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3.1. Case Studies

Moreover, we selected to analyze three cases of typical interest. The first two were
related to local BB aerosols emitted from local sources namely wood burning for heating
purposes, during afternoon and early night-time hours. The third case was related to the
long-range transport event of dust aerosols over the city.

3.1.1. Local Biomass Burning Aerosol: Case I

Figure 6a illustrates the spatio-temporal evolution of the range-corrected lidar signals
obtained by AIAS at 532 nm, from 0.52 up to 4 km height a.s.l., over the city of Ioannina,
on 22 January 2020 between 13:54 and 19:09 UTC. The color scale on the right side of
the figure indicates the range -corrected signal in arbitrary units (A.U.). Furthermore, in
the same figure we present the PBLH (black dots). What is easily observed is an intense
confinement of aerosols from ground up to 1.05 km height, which indicates the presence
of locally emitted aerosols. Increased aerosol backscattering is also observed near ground
during the lidar measurements that day (13:56–19:09 UTC). The green-colored rectangle
indicates the time window (14:39–15:41 UTC), in which the retrieval of the vertical profile
of the aerosol optical properties baer and PLDR took place.

In Figure 6b the 3-colored horizontal shadowed rectangles represent the geometrical
boundaries of the studied aerosol layers, while the black dashed line delineates the mean
value of the PBLH inside the temporal window. Finally, in Figure 6c we present (upper
graph) the hourly variation of the PM2.5 mass concentration (µg/m3), the T (◦C), the RH
(%), given by the Purple Air sensor, while in the same figure (lower graph) we show the BC
mass concentration levels ) (µg/m3) along with the contribution of the fossil fuel (BCff) and
wood burning (BCwb) to the total BC mass concentrations measured by the aethalometer.
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± 1.88 Mm−1sr−1. Regarding the three aerosol layers mentioned above (from the lower to 
the higher one), their mean baer values were found equal to 2.91 ± 0.91, 1.29 ± 0.18 and 0.80 
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Figure 6. (a) Spatio-temporal evolution of the range-corrected lidar signal at 532 nm, and (b) the
vertical distribution of baer (Mm−1sr−1) and PLDR at 532 nm, as observed by the AIAS mobile lidar
on 22 January 2020 between 14:39–15:41 UTC over the city of Ioannina. The 3-colored-shadowed
rectangles represent the geometrical boundaries of the studied aerosol layers. The black dashed line
represents the mean PBLH. (c) Upper graph: Temporal evolution of the PM2.5 mass concentration
(µg/m3), versus T (◦C), and RH (%); lower graph: BC mass concentrations (µg/m3) at ground
level, along with the contribution of the fossil fuel (BCff) and wood burning (BCwb) to the total BC
concentrations. (d) The wind speed and direction (hourly mean), during the measurement time.

On 22 January (Figure 6a,b) we observed three aerosol layers over the PBL that is
situated at 1.05 km a.s.l. The first layer (denoted by the blue shadowed rectangle) was
found between 1.15 and 1.57 km. The second one (green shadowed rectangle) was found
from 1.58 to 1.75 km and the last and higher one (orange shadowed rectangle) between
1.76 and 1.99 km. On that day the mean baer value inside the PBL was found equal to
7.96 ± 1.88 Mm−1sr−1. Regarding the three aerosol layers mentioned above (from the
lower to the higher one), their mean baer values were found equal to 2.91 ± 0.91, 1.29 ± 0.18
and 0.80 ± 0.25 Mm−1sr−1, respectively. The mean PLDR value was 0.02 ± 0.01 inside the
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PBL, while the mean PLDR values at the three layers were equal to 0.04 ± 0.01, 0.05 ± 0.01
and 0.06 ± 0.02, respectively, which are in accordance with values found in the literature
indicating the presence of fresh BB aerosols. During the lidar measurement time, the
ground level PM2.5 mass concentrations were very high ranging from 63.3 to 183.3 µg/m3,
in line with the decrease in temperature during late afternoon and night-time hours (from
9.6 ◦C at 14:00 UTC down to 2.5 ◦C at 19:00 UTC). In the same period the RH increased
from 44 to 65%, while the wind speed was extremely low (0.3 to 0.5 m/s) with the North
(Northeast, Northwest) direction during early afternoon (14:00–16:00), changed to the West
(Northwest, Southwest) direction during night-time (17:00–19:00). The BC concentration
levels, during the same time period, showed an increase from 7.4 to 26.0 µg/m3, with the
contribution of the BCwb concentrations (80.7 to 96.7%) being almost equal to the total BC
concentrations (6.0–24.6 µg/m3). The corresponding BCff concentrations showed a very
low variability, being always lower than 3.0 µg/m3.

3.1.2. Local Biomass Burning Aerosol: Case II

The second case of local BB emissions is shown in Figure 7, where we present the
spatio-temporal evolution of the range-corrected lidar signals at 532 nm (as in Figure 6a)
from 0.52 up to 4 km height a.s.l., on 1 February 2020, between 14:32 to 19:31 UTC. In this
Figure we can observe the spatio-temporal evolution of the PBLH denoted by the black
dots, showing a shallow PBL confined from ground up to 1.24 km a.s.l. with a high aerosol
load. Over the PBL a distinct aerosol layer (with yellow-brownish color topped by a light
blue-yellowish thin layer) centered at ~1.39 km height extending up to 2 km height. We
selected to further analyze the lidar data obtained from 18:29 to 19:31 UTC (within the
green-colored rectangle, Figure 7a).

The corresponding aerosol optical properties within the selected time-range were
retrieved again by the SCC and are shown in Figure 7b; for two FT layers: the first between
1.24 and 1.57 km height a.s.l. (light blue shadowed rectangle) and the second (green
shadowed rectangle) from 1.57 to 2.04 km height a.s.l. and inside the PBL. In the FT
region the mean baer was found equal to 2.87 ± 1.06 and 0.80 ± 0.25 Mm−1sr−1, for
the light blue and green layer, while the relevant mean PLDR values were 0.01 ± 0.01
and 0.03 ± 0.02, respectively. Inside the PBL the mean value of baer was found equal to
4.23 ± 0.94 Mm−1sr−1, and the corresponding mean PLDR value was very low again, equal
to 0.01 ± 0.01. All values of PLDR measured inside the PBL and the FT. During the lidar
measurement time on that day the PM2.5 concentrations ranged from 4.9 to 116.4 µg/m3

inside the PBL, showing again the presence of local aerosol emissions, especially during the
cold (~8◦C) evening hours (17:00–19:00 UTC) with high (~91%) RH values (Figure 7c-upper
graph) and wind speed ranging from 0.3 to 0.9 m/s, while its direction changed from South
to North-Northwest. During these evening hours, the total BC concentrations increased
from 0.9 to 17.1 µg/m3 and the corresponding BCwb concentrations showed a very similar
growth rate and contribution reaching up to 100% of the total BC, thus proving that the
aerosol source is again the local BB activities. During the whole measurement period the
BCff remained extremely low (0.1–0.4 µg/m3), showing no contribution from other local
aerosol sources than the BB ones. During same hours, the PM2.5 concentrations were found
ranging from 5.0 to 116.4 µg/m3.

3.1.3. Dust Aerosol Mixtures

The third case concerns a long-range transport of dust aerosols over the measuring
site. In Figure 8a we present the spatio-temporal evolution of the range-corrected lidar
signals at 532 nm from 0.52 up to 4 km height a.s.l., on 26 January 2020 (07:28–09:07 UTC).
The PBLH (denoted by the black dots) at ~1.12 km a.s.l. can also be seen. Over the PBL we
clearly see an aerosol layer extending from the top of the PBL up to ~2.34 km height and a
filamented one at ~3.10 km height. We selected to analyze the aerosol data obtained in the
time period from 08:29 to 09:04 UTC, (green rectangle; Figure 8a). The vertical profile of the
aerosol optical properties (baer, PLDR) retrieved by the SCC is shown in Figure 8b. In this
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figure we have selected two different layer stratifications over the PBL (mean PBLH equal
to 1.12 km a.s.l.) denoted by two colors: the first one (blue shadowed rectangle) located
between 1.45 and 2.34 km and the second one (green shadowed rectangle) from 2.71 to
3.49 km a.s.l.
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Figure 7. (a) Spatio-temporal evolution of the range-corrected signal at 532 nm, (b) the vertical
distribution of baer (Mm−1sr−1) and PLDR at 532 nm, as observed by the AIAS mobile lidar on
1 February 2020 between 14:32 and 19:31 UTC over the city of Ioannina. The 2-colored-shadowed
rectangle represent the geometrical boundaries of the studied aerosol layers. The black dashed line
represents the mean PBLH. (c) Upper graph: Temporal evolution of the PM2.5 mass concentration
(µg/m3), versus T (◦C), and RH (%); lower graph: BC mass concentrations (µg/m3) at ground level,
along with the contribution of the fossil fuel (BCff) and wood burning (BCwb) activities to the total
BC concentrations. (d) The wind speed and direction (hourly mean), during the measurement time.
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Figure 8. (a) Spatio-temporal evolution of the range-corrected signal at 532 nm, (b) the vertical
distribution of baer (Mm−1sr−1) and PLDR at 532 nm, as observed by the AIAS mobile lidar during
the 26 January 2020 between 08:29 and 09:04 UTC over the city of Ioannina, the 2-colored-shoadowed
rectangles represent the geometrical boundaries of the studied aerosol layers. The black dashed
line represents the PBLH. (c) The PM2.5 concentration (µg/m3), the T (◦C), RH (%), and the BC
levels (µg/m3) along with the participation of the fossil fuel and wood burning to the total BC
concentrations. (d) The wind speed and direction (hourly mean), during the measurement time.
(e) The HYSPLIT air mass back trajectories for the 2 aerosol layers.

In Figure 8e we present the backward air mass trajectories ending after 144 h over the
city of Ioannina at 08:00 UTC on 26 January, at the two heights where the aerosol layers
were observed. Based on the results of the HYSPLIT model (Figure 8e) we see that the air
mass (green colored trajectory) left the African continent on 25 January, having remained
over Libya, at 2–3 km height, for more than 112 h, and thus being enriched with dust
particles, which finally arrived over Ioannina at the level of the second layer above the PBL.
According to HYSPLIT, the air mass (blue colored trajectory) arriving at the first layer above
the PBL originated and travelled over not remotely located areas, i.e., Southern Greece
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and the Ionian Sea and thus being enriched with marine and local produced aerosols.
Regarding the properties of that layer (blue colored) we measured a mean baer value of
2.59 ± 1.03 Mm−1sr−1 and a mean PLDR value of 0.08 ± 0.05. Inside the second layer we
found a mean baer value of 1.50 ± 0.59 Mm−1sr−1 and a mean PLDR value of 0.20 ± 0.10.
The PLDR value obtained between 2.71–3.48 km height a.s.l. can be attributed to dust
aerosol mixtures that as indicated by HYSPLIT trajectories can enriched the air mass on the
way to Greece. Such PLDR values are in accordance with previous studies on dust aerosols
and dust mixtures [14,26,30,53–55,63–67].

During this case, the PM2.5 concentrations were still high (between 23.3 and 71.1 µg/m3)
with temperature variations, at ground level, between 7.2–10.1◦C, and RH values equal to
88 ± 5%. The wind speed for the measurement time ranged from 0.3 to 0.7 m/s, with North-
Northwest direction. The BC levels were found ranging in much lower levers, from 1.9 to
4.1 µg/m3. In contrast to the previous case studies, the PM2.5 and BC concentrations were
decreasing from 07:00 to 09:00 UTC in line with the increasing T and the expanding PBL,
leading to vertical mixing of particles accumulated within the surface and lower PBL. In this
case, the BCwb (1.5 to 2.9 µg/m3) contribution to the total BC concentrations (~64.1–78.6%)
was strongly differentiated from the previous two case studies. On the other hand, the BCff
contribution to the total BC concentrations was much higher compared to other days (21.4–
35.9%), indicating a much more important presence of fossil fuel burning activity during
that day.

4. Conclusions

During the PANACEA winter campaign (10 January–7 February 2020) the AIAS
mobile depolarization lidar was placed in the city of Ioannina at 500 m a.s.l, which during
cold winter days is characterized by extremely high (highest all over Greece) concentrations
of fine carbonaceous aerosols from BB. The aim was to study the spatio-temporal evolution
of the fresh BB aerosols within the PBL and LFT. In this study, we analyzed 17 cases as they
have been observed by AIAS, complemented with in situ (PM2.5, BC, BCff, and BCwb) and
meteorological (T, RH, wind speed, and direction) data.

In total, 33 out of 34 aerosol layers observed in the LFT were characterized as BB of
local origin. These layers showed mean baer (532 nm) values of 1.45 ± 0.43 Mm−1sr−1 (from
0.37 ± 0.11 to 2.91 ± 0.91 Mm−1sr−1), with a mean PLDR (532 nm) value of 0.04 ± 0.02 (from
0.01 to 0.09), at altitudes between 1.21 and 2.23 km a.s.l. There was a single case observed on
26 January 2020, attributed to dust with a mean baer value equal to 1.50 ± 0.59 Mm−1sr−1,
and a mean PLDR of 0.20 ± 0.10, in the altitude range from 2.71 to 3.49 km. The PBLH
during the campaign ranged from 1.02 to 1.31 km, with a mean value of 1.13 ± 0.07 km,
within it the mean baer value was found equal to 4.61 ± 2.88 Mm−1sr−1 (from 2.03 ± 0.74 to
12.19 ± 1.66 Mm−1sr−1), with the PLDR value ranging between 0.01 ± 0.01 and 0.03 ± 0.01,
indicating a strong presence of fresh BB aerosols, which is intensified within a shallow PBL
by extensive residential heating during cold and calm conditions.

At ground level, the PM2.5 mass concentrations ranged from 5.6 to 175.7 µg/m3, while
the T and RH ranged from 3.7 to 11.1 ◦C and 34 to 93%, respectively. Wind speed presented
extremely low values (0.33 to 1.16 m/s), contributing to increased BC concentrations, due to
air mass stagnant conditions. The BC presented a mean value of 6.6 ± 5.0 µg/m3 (from 0.8
to 17.5 µg/m3), while the wood burning emissions from residential heating, were increasing
during the evening hours and decreasing temperatures. The BCwb concentrations ranged
from 0.5 to 17.5 µg/m3, with an extremely high a mean BCwb to BC contribution of 85.4%,
which in some cases during night-time reached up to 100%. The diurnal pattern of the
BC was following almost identically the variation of BCwb. This could be attributed to
the almost constant meteorological conditions prevailed during the campaign period and
the high amount of wood burning activities which did not allow us to record significant
fingerprints of any other anthropogenic-industrial activity. The only exception in the above
statement is the small increase in BCff during North prevailing winds.
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Overall, our study showed that the BCwb to the BC values in Ioannina were very high,
and exacerbated by the shallow PBL and the stagnant air conditions during cold winter
days. The corresponding locally produced BB aerosol layers presented extremely low PLDR
values inside the PBL (0.02 ± 0.01) and in the FT (0.04 ± 0.02). The results of this work can
be used in different modelling schemes to forecast severe air pollution episodes in the city
of Ioannina and to provide tools to the Greek authorities to reduce the air pollution levels
of the city.
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Appendix A

Table A1. Date, time, and mean height of the aerosol layers (ALH; grey shadowed cells represent the
PBLH and mean values inside the PBL), mean baer, and PLDR at 532 nm inside the aerosol layers, as
observed by the AIAS lidar system, during the PANACEA winter campaign.

Date Time ALH baer PLDR

(DD/MM) (UTC) (km) (Mm−1sr−1)

10/01 19:00–19:30

1.07 3.38 ± 1.70 0.01 ± 0.01
1.21 ± 0.12 1.52 ± 0.16 0.02 ± 0.01

1.36 ± 0.15 1.12 ± 0.31 0.01 ± 0.01

1.75 ± 0.24 0.37 ± 0.11 0.02 ± 0.01

13/01 14:27–15:04

1.09 2.59 ± 0.57 0.01 ± 0.01
1.42 ± 0.33 1.12 ± 0.30 0.02 ± 0.01

2.05 ± 0.18 0.73 ± 0.18 0.03 ± 0.01

13/01 16:59–17:31

1.07 2.03 ± 0.74 0.01 ± 0.01
1.36 ± 0.21 1.02 ± 0.09 0.03 ± 0.01

1.96 ± 0.15 0.69 ± 0.08 0.04 ± 0.01

2.23 ± 0.12 0.48 ± 0.04 0.06 ± 0.01

17/01 16:14–16:47

1.15 3.14 ± 1.44 0.03 ± 0.01
1.21 ± 0.06 1.77 ± 0.22 0.05 ± 0.02

1.42 ± 0.15 1.82 ± 0.31 0.04 ± 0.01

https://www.ready.noaa.gov
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Table A1. Cont.

Date Time ALH baer PLDR

(DD/MM) (UTC) (km) (Mm−1sr−1)

18/01 15:00–15:40
1.20 3.88 ± 0.96 0.02 ± 0.01

1.78 ± 0.27 1.53 ± 0.62 0.05 ± 0.02

19/01 13:03–13:40

1.18 9.43 ± 3.67 0.02 ± 0.01
1.54 ± 0.33 2.68 ± 1.04 0.05 ± 0.02

2.05 ± 0.18 1.02 ± 0.30 0.09 ± 0.03

20/01 15:04–15:37

1.08 5.11 ± 1.78 0.02 ± 0.01
1.51 ± 0.18 1.71 ± 0.26 0.04 ± 0.01

2.08 ± 0.33 1.46 ± 0.71 0.06 ± 0.03

20/01 18:49–19:19
1.09 6.05 ± 0.91 0.02 ± 0.01

1.72 ± 0.39 1.93 ± 1.07 0.06 ± 0.02

21/01 15:29–16:02

1.02 5.76 ± 2/72 0.02 ± 0.01
1.33 ± 0.18 1.91 ± 0.40 0.04 ± 0.01

1.66 ± 0.15 1.02 ± 0.23 0.05 ± 0.01

22/01 14:39–15:41

1.05 7.96 ± 1.89 0.02 ± 0.01
1.36 ± 0.21 2.91 ± 0.91 0.04 ± 0.01

1.66 ± 0.09 1.29 ± 0.18 0.05 ± 0.01

1.87 ± 0.12 0.80 ± 0.25 0.06 ± 0.02

26/01 08:29–09:04

1.12 12.19 ± 1.66 0.02 ± 0.01
1.89 ± 0.28 2.59 ± 1.03 0.08 ± 0.05

3.10 ± 0.25 1.50 ± 0.59 0.20 ± 0.10

31/01 13:30–14:05
1.18 2.34 ± 0.50 0.01 ± 0.01

1.69 ± 0.48 1.38 ± 0.46 0.02 ± 0.01

31/01 18:39–19:21
1.31 3.20 ± 0.50 0.01 ± 0.01

1.75 ± 0.36 2.09 ± 1.39 0.03 ± 0.01

01/02 15:28–16:02

1.13 2.44 ± 0.40 0.01 ± 0.01
1.42 ± 0.15 1.13 ± 0.17 0.02 ± 0.01

1.90 ± 0.15 0.72 ± 0.39 0.03 ± 0.02

01/02 18:29–19:31

1.24 4.23 ± 0.94 0.01 ± 0.01
1.39 ± 0.18 2.87 ± 1.06 0.01 ± 0.01

1.81 ± 0.24 1.05 ± 0.61 0.03 ± 0.02

02/02 15:19–15:45

1.11 2.16 ± 0.49 0.01 ± 0.01
1.45 ± 0.12 1.09 ± 0.07 0.02 ± 0.01

1.75 ± 0.18 0.92 ± 0.09 0.02 ± 0.01

2.14 ± 0.21 0.62 ± 0.28 0.03 ± 0.02

03/02 16:00–16:36

1.19 2.52 ± 0.46 0.01 ± 0.01
1.36 ± 0.15 1.86 ± 0.25 0.02 ± 0.01

1.81 ± 0.30 1.18 ± 0.48 0.02 ± 0.01

Table A2. Hourly averaged data of PM2.5 and BC, along with the meteorological parameters (T, RH,
wind speed, and direction), during the PANACEA winter campaign in Ioannina. All data presented
are averaged for the same time periods during which the lidar profiles were retrieved.

Date Time PM2.5 BC BCwb BCff T RH Wind Speed Wind Direction

(DD/M) (UTC) (µg/m3) (µg/m3) (µg/m3) (µg/m3) (◦C) (%) (m/s) (◦)

10/01 19:00–20:00 205.9 17.5 17.5 0.0 3.7 65 0.3 187.8

13/01 14:00–15:00 41.6 3.7 3.5 0.2 9.8 58 0.9 56.4

13/01 17:00–18:00 140.4 12.7 11.6 1.1 6.0 75 0.3 78.3

17/01 16:00–17:00 63.3 5.9 5.2 0.7 9.8 34 0.9 141.2
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Table A2. Cont.

Date Time PM2.5 BC BCwb BCff T RH Wind Speed Wind Direction

(DD/M) (UTC) (µg/m3) (µg/m3) (µg/m3) (µg/m3) (◦C) (%) (m/s) (◦)

18/01 15:00–16:00 50.4 2.2 1.5 0.7 8.3 71 0.5 104.1

19/01 13:00–14:00 46.6 2.1 2.0 0.1 8.6 61 0.5 116.0

20/01 15:00–16:00 65.5 3.9 2.8 1.1 8.6 62 0.9 94.1

20/01 18:00–20:00 137.1 10.7 10.3 0.4 4.0 82 0.6 202.1

21/01 15:00–16:00 96.7 9.8 8.9 0.9 6.8 48 0.6 101.2

22/01 14:00–16:00 106.7 7.7 6.5 1.2 9.1 45 0.7 106.7

26/01 08:00–09:00 55.4 3.6 2.3 1.3 8.8 88 0.3 194.8

31/01 13:00–14:00 6.7 0.8 0.5 0.3 10.1 59 0.8 97.9

31/01 18:00–19:00 104.5 10.3 10.0 0.3 5.6 86 0.8 185.2

01/02 15:00–16:00 16.1 2.5 2.2 0.3 11.1 72 1.2 36.3

01/02 18:00–20:00 145.5 14.4 14.4 0.0 7.5 93 0.7 213.1

02/02 16:00–17:00 11.1 1.0 0.6 0.3 11.1 73 0.8 125.5

03/02 16:00–17:00 52.1 3.8 2.7 1.1 10.6 81 0.8 64.5
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