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Abstract

This study describes a quite special and interesting atmospheric event characterized by
the simultaneous presence of fresh and aged smoke layers. These peculiar conditions
occurred on 16 July 2024 at the CNR-IMAA atmospheric observatory (CIAO) in Potenza
(Italy), and represent an ideal case for the evaluation of the impact of aging and transport
mechanisms on both the optical and microphysical properties of biomass burning aerosol.
The fresh smoke was originated by a local wildfire about 2 km from the measurement site
and observed about one hour after its ignition. The other smoke layer was due to a wide
wildfire occurring in Canada that, according to backward trajectory analysis, traveled for
about 5-6 days before reaching the observatory. Synergetic use of lidar, ceilometer, radar,
and microwave radiometer measurements revealed that particles from the local wildfire,
located at about 3 km a.s.l., acted as condensation nuclei for cloud formation as a result
of high humidity concentrations at this altitude range. Optical characterization of the
fresh smoke layer based on Raman lidar measurements provided lidar ratio (LR) values of
46 + 4 sr and 34 £ 3 sr, at 355 and 532 nm, respectively. The particle linear depolarization
ratio (PLDR) at 532 nm was 0.067 £ 0.002, while backscatter-related Angstrt')m exponent
(AEP) values were 1.21 4+ 0.03, 1.23 £ 0.03, and 1.22 £ 0.04 in the spectral ranges of
355-532 nm, 355-1064 nm and 532-1064 nm, respectively. Microphysical inversion caused
by these intensive optical parameters indicates a low contribution of black carbon (BC)
and, despite their small size, particles remained outside the ultrafine range. Moreover,
a combined use of CIAO remote sensing and in situ instrumentation shows that the
particle properties are affected by humidity variations, thus suggesting a marked particle
hygroscopic behavior. In contrast, the smoke plume from the Canadian wildfire traveled at
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altitudes between 6 and 8 km a.s.l., remaining unaffected by local humidity. Absorption in
this case was higher, and, as observed in other aged wildfires, the LR at 532 nm was larger
than that at 355 nm. Specifically, the LR at 355 nm was 55 =+ 2 sr, while at 532 nm it was
82 4 3 sr. The AEp values were 1.77 £ 0.13 and 1.41 + 0.07 at 355-532 nm and 532-1064 nm,
respectively and the PLDR at 532 nm was 0.040 £ 0.003. Microphysical analysis suggests
the presence of larger, yet much more absorbent particles. This analysis indicates that both
optical and microphysical properties of smoke can vary significantly depending on its
origin, persistence, and transport in the atmosphere. These factors that must be carefully
incorporated into future climate models, especially considering the frequent occurrences of
fire events worldwide.

Keywords: fresh biomass burning; aged biomass burning; smoke; Raman lidar; relative
humidity

1. Introduction

Biomass burning events have a significant effect on the chemical composition of the
atmosphere, leading to the emission of large quantities of aerosols and greenhouse gases.
Emitted particles may have significant impacts on air quality and human health. Smoke
from wildfires includes chemical components severely degrading air quality and causing
health risks [1,2]. For example, human exposure to wildfire smoke may lead to respiratory
and cardiovascular diseases, as fine particles can extensively penetrate the lungs and be
deposited in the airways or alveoli, with the extent of penetration depending on particle
size and microphysical properties [3].

Atmospheric particles from biomass burning and wildfire events also play a signifi-
cant role in shaping weather and climate patterns. These events are associated with the
capability of altering radiative forcing at both regional and global scales [4]. Wildfires are
considered a major contributor to the overall atmospheric aerosol load, particularly during
fire seasons. It is estimated that biomass burning accounts for approximately 30% of global
aerosol emissions [5].

A comprehensive characterization of the impact of aerosols from biomass combustion
on climate remains difficult. Particle direct radiative effects can be both positive and
negative due to the opposing influences of their two main components: black carbon
(BC) and organic carbon (OC). BC is highly absorbing, thus causing a positive radiative
effect, while OC primarily scatters light, leading to a negative radiative effect [5,6]. In large
wildfires, high temperatures may favor more efficient combustion processes, leading to
higher BC concentrations [7,8]. Furthermore, when absorbing aerosols, such as BC, interact
with purely scattering aerosols, additional complexities arise. One notable scenario is the
internal mixing of BC with scattering aerosols, which are possibly in biomass-burning
and fossil fuel emissions. This mixing can enhance BC absorption by a factor of 1 to 2.5,
depending on the structure and morphology of the mixture [9].

Additionally, aerosol particles emitted by biomass burning may indirectly modulate
cloud microphysics by serving as cloud condensation nuclei (CCN) or ice nucleating
particles (INPs). CCN promote liquid cloud droplet formation, enhancing cloud albedo
and leading to a cooling effect. INPs, instead, facilitate ice crystal formation in supercooled
clouds, influencing cloud lifetime and precipitation. Given the distinct role of CCN and
INPs in cloud formation mechanisms, additional complexity is added to the assessment of
wildfire aerosols on climate [10].
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During its transport, wildfire smoke undergoes aging processes, including coagulation,
oxidation, and condensation [11]. Such processes affect particle morphology, size distribu-
tion, and chemical composition, often resulting in diminished absorptive efficiency [12]
due to secondary material coating and structural changes [13,14].

Studies have shown that fire plumes can traverse the Atlantic Ocean, significantly
influencing air quality and climate across continents [15-17]. In this context, the establish-
ment of the EARLINET lidar network [18] has been crucial for characterizing these smoke
plumes at the continental level and understanding their impact on the atmosphere [19].

While extensive research has focused on large wildfires, especially in terms of their
optical and microphysical properties, there is a notable gap in the study of smoke from
smaller fires, and their possible influence on boundary-layer aerosol dynamics and cloud
processes. For the few cases reported in the literature, the fraction of BC [20,21] is typically
lower than the one characterizing large wildfires.

Notably, although characterized by lower emission intensities and spatial extents,
small wildfires occur with high frequency and represent a non-negligible source of atmo-
spheric aerosols on a global scale. In many cases, the plumes from these smaller fires
remain undetected by satellite-based sensors due to their limited spatial resolution. As
a consequence, their contribution to the atmospheric radiative budget is frequently over-
looked or underestimated, emphasizing the necessity of ground-based observations to
accurately assess their true impact [22,23]. Some studies have shown that even small
wildfires can trigger cloud formation, as a result of aerosol particles acting as CCN [24,25].
However, the interaction between wildfire aerosols and cloud microphysics is a complex
and still poorly understood process, especially for small-scale fires. The exact nature of
these mechanisms is highly dependent on local atmospheric conditions, including humidity
and temperature. For instance, in regions with high humidity, even relatively large and
less hygroscopic particles can act as CCN, potentially leading to the formation of small,
short-lived clouds [26,27], as observed in this study. Furthermore, although still poorly
studied, the interactions between aerosols and clouds in small wildfires are particularly
significant due to their potential to modify the local radiation budget [28-30].

In this context, active remote sensing techniques, with their high temporal and vertical
resolutions, are valuable tools for quantifying and monitoring these changes in aerosol
properties, allowing for more accurate modeling of the impact of wildfires on the climate
system and at regional and global scales.

In this study, we focus on multi-wavelength lidar measurements carried out in Potenza,
Italy, on 16 July 2024 aimed at characterizing the optical and microphysical properties of
smoke particles from two distinct wildfire events: one ignited locally, and one ignited in
Canada, the latter having experienced long-range oversea transport.

The present study addresses a significant gap in the literature by offering a concurrent
observational comparison of the optical and microphysical characteristics of both locally
ignited and long-range transported wildfire events.

Unlike previous studies focused primarily on large wildfires, this analysis emphasizes
the unique features of emissions from smaller fires, their role in cloud formation, and their
implications for climate dynamics. Consequently, this study provides novel insights that
are essential for refining climate models and improving aerosol radiative forcing estimates.

These findings offer quantitative constraints on key aerosol properties, such as size
distribution, chemical composition, and hygroscopic growth factors, which can be directly
integrated into global climate model parameterizations. Specifically, the observed vari-
ability in aerosol optical properties across different atmospheric regimes provides critical
input for refining aerosol radiation and aerosol cloud interaction schemes. Implementing
these empirically derived parameters in Earth system models can reduce the uncertainty
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in aerosol radiative forcing estimates, especially for short-lived climate forcers. Future
modeling efforts should aim to assimilate these observational constraints to evaluate their
influence on climate sensitivity and long-term projections.

This paper is structured as follows: Section 2 provides a detailed description of the
instrumentation used in this study, including its technical specifications and operational
settings. Section 3 presents an overview of the case study, focusing on the characterization
and origin of the two distinct aerosol layers detected during the observations. In Section 4,
the characterization of the local and the Canadian wildfire is reported using a multisensory
approach. At the end of the section, the optical and microphysical properties of the
two smoke plumes were compared. Conclusions are reported in Section 5.

2. Materials and Methods

The measurements presented in this paper were collected at the CNR-IMAA Atmo-
spheric Observatory (CIAO) [31-33]. CIAO is located in the heart of the Mediterranean
Basin on the Apennine Mountains (40.60°N, 15.72°E, 760 m above sea level), and has oper-
ated since 2000. CIAO serves as a strategic site for studying a wide variety of aerosol types
under diverse meteorological conditions, influenced by both Mediterranean atmospheric
circulation and regional orography. Its location, less than 150 km from both the Tyrrhenian
and Ionian Seas, enhances its capability to effectively monitor aerosol dynamics. Addition-
ally, CIAO is situated near forested areas, allowing for the observation of local wildfires,
particularly during the dry and hot summer months when such events are more likely to
occur [20]. This makes CIAO an invaluable and strategic site for the characterization of
aerosol properties.

Since the early 2000s, CIAO has been committed to providing long-term aerosol remote
sensing observations. CIAO was a core member of the European Aerosol Research Lidar
Network (EARLINET), established in 2000 with the aim of creating a harmonized network
of lidar stations in Europe to study the vertical distribution of aerosols. The site has always
been among the pillars of EARLINET for the quality and continuity of observations, as well
as for methodological and instrumental development.

Today, the observatory has a relevant role in ACTRIS [34] (Aerosol, Clouds, and Trace
Gases Research Infrastructure, https:/ /www.actris.eu, accessed on 11 April 2025). ACTRIS
is a European Research Infrastructure (RI) for the characterization of aerosols, clouds, and
trace gases using and integrating remote sensing and in situ observations, and experimen-
tal platforms for the characterization of atmospheric components. CIAO, combining a
multitude of aerosol remote sensing and in situ sensors, allows for multidimensional and
in-depth studies.

Currently, CIAO is the Italian node of the ACTRIS Central Facility CARS (Centre for
Aerosol Remote Sensing), which provides services to users as well as operation support to
all the ACTRIS National Facilities (NFs) operating aerosol remote sensing instruments. The
Potenza Lidar for Particle Observation (POLPO) is not only an observational platform of
ACTRIS, but also one of the ACTRIS reference lidar systems operative of CARS, established
to test and calibrate high-power lidar systems through direct intercomparison. The system
significantly surpasses the baseline requirements for National Facilities, offering enhanced
performance and an extended range of measurable atmospheric parameters.

All the instruments involved in this study are listed in Table 1.
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Table 1. List of all the instruments used for this study.

Instrument Main Products

Aerosol backscatter @1064, 532 and 355 nm
Raman Lidar (POLPO—Potenza Lidar Aerosol depolarization ratio @1064, 532 and 355 nm

for Particle Observation) Aerosol extinction @532 and 355 nm
Water vapor mixing ratio
Doppler spectrum
Doppler Radar (MIRA35—METEK) Doppler velocity
Linear Depolarization Ratio
Ceilometer (CL51—VAISALA) Acelf)‘l’fglbzzzkﬁgfgtﬁr
Microwave Radiometer Temperature, humidity and cloud liquid water profiles
(RPG-HATPRO-G5—Radiometer Integrated Precipitable Water Vapor (IPWV)
Physics) Cloud Liquid Water Path (LWP)
ACSM Chemical composition and mass (<1 um)
Aethalometer AE33 Black Carbon (BC) concentration

2.1. Multi-Wavelength Raman Lidar POLPO

POLPO is strategically located within a thermally insulated container, and is inte-
grated with a dedicated ground weather station, enabling continuous monitoring of local
atmospheric conditions during measurements. This advanced lidar system is designed for
remote control via internet access, ensuring flexible operation and facilitating easy access to
the collected data. To maintain the reliability of the measurements, the system automatically
suspends data collection in the event of rain, resuming operations after a 10 min interval,
which is crucial for avoiding measurements that may be compromised by adverse weather
conditions. The POLPO lidar incorporates two distinct laser sources, both of them emitting
linearly polarized pulses. The first laser emits exclusively at 1064 nm, in order to avoid loss
of polarization purity due to second and third harmonic crystal generators, allowing for
enhanced measurements of aerosol depolarization at this wavelength, with a single-pulse
energy output of 150 m], a repetition frequency of 20 Hz, and a divergence of less than
1.2 mrad. The second laser emits pulses with an energy of 200 mJ at 355 nm and 100 m] at
532 nm, operating at a repetition frequency of 10 Hz, with beam divergence being less than
1.2 mrad for all wavelengths.

From a ray-tracing analysis, the system is equipped with two telescopes, one for mea-
surements in the far-range (classical Cassegrain telescope with a primary mirror diameter of
400 mm), and the other for measurements in the near-range (Dall-Kirkham telescope with a
primary mirror diameter of 200 mm). The gluing of the signals measured by two telescopes
allows us to highly extend the detected dynamic range, spanning from about 200 m (full
overlap height of the near-range telescope) up to about 25 km (considering the far-range
telescope) with a good linearity and signal to noise ratio.

Cross and parallel polarization components at all wavelengths are detected individ-
ually, being separated through a beam splitter polarizing cube. Detection is performed
through photomultiplier tubes, except for 1064 nm, which is detected by means of an APD.
The backscattered radiation at all the wavelengths is acquired in both analogical and pho-
ton counting mode, except for 1064, which is acquired only in analogical mode. The lidar
respects all the Standard Operation Procedures (SOPs) implemented by ACTRIS for the
high-power lidar. Specifically, SOPs refer to the full set of quality assurance (QA) tests that
are submitted every two months to ensure that the system complies with the high standards
required by ACTRIS. These tests typically include telecover tests, Rayleigh fit analysis, po-
larization calibration, zero bin determination, and dark signal measurement [35-37] (https:
/ /www.actris.eu/sites /default/files /inline-files /SOPs-CARS-Nov2023-v01-rev08.pdf, ac-
cessed on 11 April 2025). POLPO performs continuous measurements of aerosol backscat-
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tering coefficients at 355 nm, 532 nm, and 1064 nm, aerosol extinction coefficients at 355 nm
and 532 nm, volume and particle depolarization ratios at 355 nm, 532 nm, and 1064 nm,
and water vapor mixing ratio assessment in both the planetary boundary layer (PBL)
and the free troposphere. The advanced capabilities of the POLPO system make it an
important tool for characterizing atmospheric properties and studying aerosols, signif-
icantly contributing to research in atmospheric science and environmental monitoring.
The data are centrally processed [38], curated, and made available by the ACTRIS ARES
(Aerosol Remote Sensing) Data Centre. Data products available include pre-processed
lidar data (a step further undertaken for raw data, including all instrumental corrections
and harmonizations), cloudmasking, aerosol optical properties profiles, combined lidar-
photometer products, and climatological products. Data are available at the ACTRIS data
portal at https://dc.actris.nilu.no (accessed on 18 January 2025) and at the specialized
ACTRIS/EARLINET database at https:/ /data.earlinet.org (accessed on 18 January 2025).

2.2. Radar, Ceilometer, and Microwave Radiometer

The CIAO ACTRIS observational platform is also equipped with the cloud remote
sensing component, including various instruments, such as a mono-static Ka-band Doppler
radar, a ceilometer, and a multi-channel microwave radiometer, all operating continuously
and automatically.

The radar (Metek, model: MIRA35) has a 1 m diameter antenna vertically emitting
linear polarized microwave pulses at 35.5 GHz, with a peak power of 30 kW, duration
of 200 ns, repetition rate of 5 KHz, and beam width of 0.6°. Parallel and cross polarized
backscattered radiation from atmospheric particles is detected to provide the tropospheric
profiles of their Doppler spectrum and related moments. The atmospheric particles de-
tectable by the radar are the hydrometeors forming clouds and precipitations, as well
as insects and giant aerosols [39,40]. The retrieved Doppler spectrum’s moments are the
signal-to-noise ratio (SNR), the mean Doppler velocity, the Doppler spectrum peak width,
and the equivalent reflectivity factor Ze, which depends on the particle size distribution.
Moreover, the ratio of SNRs measured in the cross and parallel channels, or the linear
depolarization ratio (LDR), is also provided, which depends on particles” asphericity. The
contributions to the Doppler spectrum and moments of non-meteorological targets (insects
and giant aerosols) are separated from those of hydrometeors and filtered, while all radar
profiles are provided with vertical and time resolution of 30 m and 10 s, respectively.

The ceilometer (Vaisala, model: CL51) employs an eye-safe diode laser transmitter,
emitting short light pulses at 910 &+ 10 nm, with energy of ~3 pJ, duration of ~110 ns,
repetition frequency of 6.5 kHz, and beam divergence of 0.15 x 0.25 mrad, in the near-zenith
direction and using a single-lens trans-receiver. The elastic backscattered radiation from
aerosol particles and cloud hydrometeors is detected by an avalanche photodiode receiver
with a 0.56 mrad field of view, providing the attenuated backscatter coefficient profiles for
the continuous characterization and monitoring of aerosols and clouds’ vertical layering
through the troposphere, as well as for the detection of fog layers and precipitation [41,42].
The ceilometer profiles have vertical and time resolutions of 10 m and 30 s, respectively.

The microwave radiometer (Radiometer Physics GmbH, model: RPG-HATPRO-G5)
measures the sky brightness temperature at 14 frequencies: 7 in the K-band, among which
6 are distributed from the center onto the wing of the 22 GHz water vapor resonance
absorption line (22-28 GHz), and one at 31.4 GHz; the rest are in the V-band, distributed on
one shoulder of the 60 GHz oxygen spin-rotation band (51-58 GHz). Although the mea-
surements are mainly performed in the zenith direction, the radiometer is equipped with
azimuth and elevation positioners for full sky scanning. From brightness temperature (Tb)
measurements, various atmospheric parameters can be retrieved, using neural network al-
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gorithms trained by forward modeling ingesting several years of historical radio-soundings
data [43,44]. From zenith measurements of Tbs in the K-band, the column-integrated water
vapor (IWV) and the cloud-integrated liquid water, or liquid water path (LWP), as well as
tropospheric profiles of humidity, are retrieved. From zenith measurements of Tbs in the
V-band, tropospheric temperature profiles are retrieved. In addition, Tbs are also measured
during elevation scans performed every 15 min, which improve the vertical resolution of
temperature profiles in the boundary layer. The microwave radiometer is also equipped
with an infrared radiometer (spectral range 9.6-11.5 um), which measures the Tb of cloud
base (if any) and allows estimation of the cloud base height using the temperature profile.
IWV and LWP are provided with a time resolution of 1 s, while temperature and humidity
profiles are provided with a time resolution of 1 min and vertical resolutions in the range
25-300 m, decreasing as the altitude increases.

Data from the above instruments, combined with those derived from ECMWEF models,
are processed by the ACTRIS Cloud Remote Sensing Data Centre Unit (CLU) using Cloud-
net algorithms and software [45,46], allowing height-resolved discrimination between
aerosols, insects, and the different types of hydrometeors (liquid droplets, ice crystals,
drizzle, and rain), and the retrieval of cloud geometrical and microphysical properties,
such as the height of cloud base and top, profiles of ice water content, and liquid water
content. Cloudnet products have time and vertical resolution of 30 s and 30 m, respec-
tively, and are available, together with source instrumental data, on the Cloudnet data
portal (https://cloudnet.fmi.fi, accessed on 11 April 2025) and on the ACTRIS data portal
(https://data.actris.eu, accessed on 11 April 2025).

2.3. Aethalometer and ACSM

CIAO is also an ACTRIS aerosol in situ observational platform. The aerosol instrumen-
tation and the laboratory setup follow the ACTRIS recommendations for aerosol sampling,
measurement, and analysis (https:/ /www.actris-ecac.eu/measurement-guidelines.html,
accessed on 11 April 2025). As the in situ component is a newly established ACTRIS
National Facility observation platform for aerosol observations and is currently undergoing
the official ACTRIS labeling process, the data collected by these instruments are not yet
available through ACTRIS public data portals.

The in situ aerosol facility at CIAO is equipped with a comprehensive set of advanced
instruments for real-time monitoring of the physical and chemical properties of atmospheric
aerosol particles [32]. Among these, the Aethalometer AE33-Dual Spot (Magee Scientific)
and the time-of-flight aerosol chemical speciation monitor (ToF-ACSM, Aerodyne Research)
are of particular relevance to the present study.

The Aethalometer AE33-Dual Spot, operating at seven different wavelengths in the
range of 370-950 nm, is used for the real-time detection of a light-absorbing particulate
component, known as BC, formed during the incomplete combustion of carbonaceous
matter from biomass burning and fossil fuel.

Among the in situ aerosol instruments, the Aethalometer is particularly valuable for
studying smoke from wildfires. It provides quantitative measurements of BC originating
from the incomplete combustion of carbonaceous matter and enables an estimation of the
contribution of biomass burning to the overall BC levels [47,48].

The Aethalometer is connected to the PM10 common inlet (shared with the Aero-
dynamic Particle Sizer and Nephelometer) and is equipped with a sample stream dryer
(Magee Scientific) exploiting a semi-permeable Nafion membrane, which keeps the RH
well below 40%. These environmental conditions, besides preventing possible instrument
damage caused by water condensation, also avoid the interaction of water with aerosol
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species, thus preventing changes in their physical and optical properties and inaccuracies
in the determination of BC content.

The ToF-ACSM is installed at the CIAO observatory for real-time characterization of at-
mospheric aerosols. Based on the technology of Aerosol Mass Spectrometers (AMSs) [49,50],
the ToF-ACSM is designed to provide continuous and reliable measurements of the non-
refractory fraction of fine particulate matter (NR-PM1). Its ability to operate autonomously
over extended periods makes it ideal for environmental studies and air quality monitoring.

The chemical composition of NR-PM1 includes the quantification of the organic aerosol
fraction (OA) and inorganic components such as NH4*, NO;~, S042~, and Cl~. Thanks to
its ability to identify and quantify both organic and inorganic components in the air, the
ToF-ACSM is an essential instrument for studying particles emitted during combustion.
By applying Positive Matrix Factorization (PMF) to the collected data, it is possible to
distinguish between different sources of organic compounds, including biomass burning.
This approach proves crucial for monitoring the temporal and spatial evolution of aerosol
chemical composition.

3. Results

This study takes advantage of a unique atmospheric condition observed on 16 July 2024,
enabling a comparative analysis of two smoke plumes originating from different sources.
Typically, the remote sensing of wildfire smoke layers is challenging due to their episodic
nature and variability in transport dynamics. However, during our observation on
16 July 2024, a unique atmospheric scenario occurred, allowing us to distinguish and
compare two separate smoke plumes at different altitudes, each originating from a
different source.

The lidar measurements of total attenuated backscatter coefficient at 1064 nm (Figure 1)
clearly show the presence of a lower layer, extending from the surface up to approximately
3 km of altitude a.s.1., and a secondary, thinner layer visible between 6 and 8 km.

POLPO - 1064 nm Attenuated backscatter coefficient, [Mm~1 sr—1]

|
‘ |
10} . 0.6

6+ Aged smoke

Altitude [km asl]
O C

20:30 20:45 21:00 21:15 21:30 21:45 22:00 22:15 22:30 22:45
Time UTC [HH:MM] 2024-Jul-16

Figure 1. Temporal evolution of the 1064 nm total attenuated backscatter coefficient obtained with
the POLPO system on 16 July 2024, 20:19-22:50 UTC.

Origin of the Two Observed Layers

The first observed layer is attributable to a local wildfire. On 16 July 2024, around
15:00 UTC, a fire started on a hill located 2 km from the CIAO observatory and was totally
under the control of the local fire brigade at about 22:00 UTC.

The burned forests belong to the category of mesophilic and meso-thermophilic oak
woods, primarily characterized by Turkey oak (Quercus cerris). These forests represent
one of the most extensive forest formations in Basilicata, dominating the region’s hilly and
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mountainous landscape [51]. The extent of the burnt area and the location of CIAO can
be seen in Figure 2, the former being estimated based on data from MSI (MultiSpectral
Instrument) onboard the Copernicus Sentinel-2. Specifically, we used MSI Level 2 data in the
short-wave infrared (SWIR) for a pre-fire and post-fire satellite overpass (i.e., 15 July 2024
at 00:00 UTC and 17 July 2024 at 00:00 UTC).
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Figure 2. The figure shows the wind rose created using the U and V wind components at 650 hPa from
ERADS reanalysis data, the location of CIAO and the extent of the burnt area. The latter is estimated
from MSI/Sentinel-2 SWIR data, which indicate the burnt oak forest fire on 16 July 2024 near the
CIAO observatory.

Newly burned land reflects strongly in SWIR bands, making them valuable for map-
ping fire damages. The burned area shown in the figure covers approximately 20 hectares
and is located 1.6 km southeast of CIAO. In addition, the wind rose in the figure indicates
prevailing winds from the southeast and a speed of 4-6 m/s. These support the transport of
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smoke from the fire area toward the observatory. The smoke from the wildfire corresponds
to the low-altitude layer observed in Map 1. Obviously, the layer present at 7 km must
have a different origin.

The back-trajectory analysis at 6.5 km reveals that these aerosols originated in Canada.
Canada’s frequent wildfires result from its vast boreal forests, where dry conditions and
lightning strikes are common ignition sources. Climate change has amplified the risk,
leading to increased fire frequency and severity due to rising temperatures, prolonged
droughts, and a reduced snowpack in spring. These factors create a more fire-prone
environment, as documented by several studies [52,53]. In 2024 alone, 6551 wildfires
burned 15 million hectares of land, making it the most destructive fire season in the
country’s history [52].

The wildfires in Canada during 2024 continued the unprecedented trend set by the
record-breaking fires of 2023 [53]. These smoke plumes severely impacted air quality,
not only across Canada and the United States, but also as far as Mexico and Europe [53].
The 2024 wildfire season was on track to be the second highest in terms of carbon emis-
sions since the Copernicus Atmosphere Monitoring Service began recording data in 2003,
surpassed only by the devastation of 2023. The total area affected by the fires exceeded
5.3 million hectares (13 million acres), making it one of the six worst fire years in the
past half-century [53].

The satellite maps accurately delineate the spatial distribution of smoke from a major
wildfire in Canada, which was most probably responsible for the long-range transported
smoke observed and reported in this paper. Figure 3a highlights the smoke plume in red via
an unsupervised k-means classification technique. Data for visualizing the smoke plume
were obtained from the Sentinel-3 OLCI sensor during consecutive overpasses over Canada
at 17:00, 18:00, and 19:00 UTC on 10 July 2024. Figure 3b shows a false-color representation
using Sentinel-3 OLCI bands 17 (865 nm), 6 (560 nm), and 3 (490 nm), which effectively
emphasizes the smoke in shades of gray and brown.

Figure 3c integrates backward trajectories, illustrated in blue, computed with the
HYSPLIT [54,55] model starting at 20:00 UTC on 16 July 2024 at an altitude of 6.5 km above
CIAOQ, and tracing back for a period of six days to identify origins of the air masses involved
with the smoke dispersion. The delineated area in yellow enhances the visualization of the
specific region being analyzed, providing detailed views of the smoke dispersion. Figure 3d
illustrates the trajectory heights as a function of time.

A clear laminar motion is observed. Indeed, when the energy of large wildfires
is insufficient to transport smoke into the stratosphere, aerosols remain within the free
troposphere. Larger particles tend to settle due to gravitational forces, while smaller
particles are influenced by two opposing forces. Gravity drives them downward, while,
simultaneously, the absorption of electromagnetic radiation by their BC component leads
to heating, inducing an upward motion. When these forces reach equilibrium, a laminar
flow can develop, allowing highly absorbing aerosols to persist in the troposphere for
several days [15]. Overall, tropospheric aerosols from wildfires tend to be smaller and more
spherical, contributing to a stronger warming direct effect [15].

The laminar motion in the figure appears more pronounced over the ocean, likely due
to lower atmospheric turbulence. Over oceanic surfaces, the absence of orographic obstacles
reduces airflow disturbances, creating more stable conditions that favor the persistence of
aerosol layers at specific altitudes.
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Figure 3. (a) Illustration of the smoke plume in red via an unsupervised k-means classification
technique. Data for visualizing the smoke plume were obtained from the Sentinel-3 OLCI sensor
during consecutive overpasses over Canada at 17:00, 18:00, and 19:00 UTC on 10 July 2024. (b) A false
color representation using Sentinel-3 OLCI bands 17 (865 nm), 6 (560 nm), and 3 (490 nm), which
effectively emphasizes the smoke in shades of gray and brown. (c) Integrates backward trajectories,
illustrated in blue, computed with the HYSPLIT [54,55] model starting at 20:00 UTC on 16 July 2024
at an altitude of 6.5 km above CIAO, and tracing back for a period of six day. (d) Illustrates the
trajectory heights as a function of time.

4. Discussion
4.1. Characterization of Smoke Plumes from a Local Wildfire

Continuous instrumental operation is essential for monitoring the onset of specific
events and capturing their full evolution. In the case of small fires, where pyro-convection
does not develop, the smoke plume tends to remain confined to the lower troposphere and
is typically well mixed in the vicinity of the emission source due to weak vertical transport
and local turbulence [20,56]. Moreover, the plume typically has a short lifetime due to
deposition processes. Figure 4a shows the attenuated backscatter at 910 nm, measured by
the CL51 ceilometer. At 16:30 UTC, an increase in aerosol signature is evident in the vertical
interval 1.5-3.5 km. At this time, the solar activity is still strong enough to initiate and
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sustain the development of a convective mixing layer (ML) driven by buoyant forces [57].
This turbulent motion is highly effective in vertically redistributing local air masses and
aerosol particles, allowing the smoke emitted by the local fire to be transported upward
to about 3 km. This mechanism facilitates the formation of elevated aerosol layers that
can remain aloft for several hours. Additionally, at approximately 17:00 UTC, the smoke
particles acted as cloud condensation nuclei and a thin cloud formed at 3 km (dashed
rectangle in Figure 4a). As solar activity started to decrease, the turbulent processes within
the mixing layer started to decay. Under these conditions, the mixing layer transits into a
quite shallow nocturnal boundary layer (no longer characterized by turbulence), which is
typically located below a residual layer characterized by a stratified and stable regime [58].
As a consequence, the elevated aerosol layer observed at approximately 3 km during night
was no longer sustained by active convection but instead resided within the residual layer,
where it remained decoupled from the surface. However, ceilometer observations indicate
that, after 20:00 UTC, the bottom of the residual layer started to penetrate the underlying
nocturnal layer following approximately the dashed white line reported in Figure 4a. This
hypothesis is subsequently confirmed by the in situ measurements shown later in the paper.
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Figure 4. (a) Time series of CL51 attenuated backscatter coefficient; the area where cloud formation
occurred is highlighted by a dashed rectangle; the dashed line shows the descending aerosols after
18:00 UTC. (b) POLPO attenuated backscatter coefficient at 1064 nm; Canadian fire layer visible above
7 km. (c¢) HATPRO relative humidity profiles measured on 16 July 2024 from 14:00 to 23:00 UTC. The
area where cloud formation occurred is highlighted by a dashed rectangle.
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Lidar measurements are not conducted continuously; therefore, they began only after
the smoke was visually observed. The daytime measurements start at 15:59 UTC and are
stopped at 17:29 UTC. Instead, the nighttime measurements start at 20:19 and finish at 22:50.
The time-height evolution of the attenuated backscatter at 1064 nm (Figure 4b), unlike
the CL51 measurements, shows a more detailed observation of the layers. Moreover, both
daytime and nighttime lidar observations reveal the presence of aerosol layers at altitudes
between 6 and 7 km. The microwave radiometer measurements (HATPRO G5) presented
in Figure 4c reveal a significant increase in relative humidity after 16:00 UTC above 2.5 km,
suggesting the onset of cloud formation. Indeed, in wildfire plumes, the smoke particles
can absorb moisture when the ambient relative humidity is sufficiently high, increasing
their size and causing them to become more spherical and effective at scattering light [59].
Moreover, smoke aerosols, particularly those rich in organic compounds, can act as CCN,
leading to clouds’ liquid droplet formation under favorable conditions [28].

The characterization of clouds formed from wildfires is widely studied in the litera-
ture, especially for larger-scale wildfires that produce substantial amounts of smoke and
aerosols [60]. However, fewer studies have focused on clouds triggered by smaller-scale
wildfires, which can still produce sufficient aerosols to initiate microphysical processes. In
our case study, the ACTRIS classification of atmospheric particles indicates the presence of
thin liquid water clouds from 16:30 to 20:00 UTC and above 3 km.

Figure 5 reports the ACTRIS cloud remote sensing products of the observed clouds,
which have a maximum duration of 6 min; the cloud base height (Figure 5a, orange
circle) in the range 3135-3465 m; the cloud top height (Figure 5a, blue circle) in the range
3255-3660 m; the liquid water content (Figure 5b) increasing with altitude and assuming
values in the range 0.01-0.15 g m~3; and the droplet effective radius (Figure 5c) increasing
with altitude and assuming values in the range 4-5 um. Consequentially, the clouds formed
tend to exhibit smaller droplet sizes, leading to increased cloud reflectivity, or “cloud
brightening” [29]. This phenomenon can result in net cooling, counteracting the warming
effects typically associated with BC [40]. These clouds correspond to the peaks of the LWP
measured by the HATPRO (Figure 5b, red line) for a total duration of about 20 min and are
interrupted by cloud-free regions with aerosol particles affected by hygroscopic growth,
given their high light-scattering efficiency and ambient relative humidity values of 40-60%
measured by the HATPRO at the considered heights and time range.

In order to have a more comprehensive understanding of the observations, in situ
measurements were also analyzed. These measurements provided important insights
into the compositional properties of near-surface aerosol particles in order to assess the
deposition of smoke at the ground. As already mentioned previously, CL51 ceilometer
measurements (Figure 6a) show the presence of an aerosol layer progressively descending
from an altitude of 1.5-3.5 km at 17:00. Furthermore, a thin layer reaches the surface after
20:00 UTC due to gravitational settling. ACSM (Aerosol Chemical Speciation Monitor)
measurements (Figure 6b), on the other hand, show a peak in the organic component after
20:00 UTC, which indicates the deposition of the smoke particles on the ground. Indeed, the
organic component is strongly correlated with biomass burning due to the specific nature of
the emissions generated during the combustion process [60]. The temporal evolution of the
Absorption Angstrém exponent (AAE) and BC concentration (Figure 6¢,d), as measured by
the aethalometer, can be related to the presence of biomass burning associated with BC [61].
As shown, before 19:00 UTC, the aerosol particles are smaller, given the lower AAE values,
and the biomass burning component is minimal, likely indicating that the observed aerosols
are mainly from local vehicular traffic. Biomass burning particles, in contrast, tend to be
larger due to incomplete combustion and hygroscopic growth. The subsequent increase
in AAE aligns with the intrusion of smoke aerosols. In general, peaks in AAE correspond
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to the presence of biomass burning particles. Furthermore, the relative humidity map
(Figure 4c) consistently shows elevated values at ground level after 19:00 UTC. Under these
conditions, the particles continue to grow in size due to hygroscopic processes. Indeed,
organic aerosols, present in biomass burning, tend to be highly hygroscopic, meaning they
readily absorb water in humid atmospheric conditions. This can lead to the growth of the
particles and faster deposition.
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Figure 5. (a) Time series of cloud base height (a, orange circle), cloud top height (a, blue circle);
(b) liquid water content (LWC) retrieved from MIRA 35, CL51 and HATPRO measurements of
16 July 2024 from 16:30 to 20:00 UTC using Cloudnet algorithms. The red line is the time series
of cloud liquid water path (LWP) measured by the HATPRO. (c) Droplets’ effective radius pro-
files, retrieved from MIRA 35, CL51 measurements of 16 July 2024 from 16:30 to 20:00 UTC using
Cloudnet algorithms.
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Figure 6. (a) Temporal evolution of CL51 attenuated backscatter coefficient. (b) ACSM concen-
tration of aerosol chemical components. (c) Aethalometer Absorption Angstrt')m exponent (AAE),
(d) Aethalometer BC concentration, measured on 16 July 2024 from 14:00 to 23:00 UTC.

4.2. Optical Proprierties of Local Fire

To describe the temporal evolution of the optical properties of biomass burning
aerosols, two distinct time intervals were analyzed. The first corresponds to day-
time conditions (16:52-17:29 UTC), while the second is related to nocturnal conditions
(21:19-21:34 UTC). The data were processed using the Single Calculus Chain (SCC), a
centralized processing tool developed within the ACTRIS/EARLINET framework [38].

Figure 7 illustrates the vertical profiles of 3, AEB at 355-532, 355-1064, and
532-1064 nm, and PLDR at 355, 532 and 1064 nm, for the time interval 16:52-17:29 UTC.
The altitude interval 3-3.5 km is the altitude region in which hygroscopic effects appear to
be peaking. It is to be pointed out that, typically, particle hygroscopic behavior is dependent
upon aerosol composition and may range from the hygrophobic to a strongly hygroscopic
one, the latter with monotonic (smoothly varying) or deliquescent (step change) growth.
The hygroscopicity of smoke particles dominated by carbonaceous organic material from
biomass burning has been estimated to be typically characterized by relatively large en-
hancement factors [62].

The moderate values of PLDR from 1 to 3 km of 0.010 &+ 0.002 at 532 nm and
0.091 £ 0.001 at 1064 nm suggest the presence of moderately irregular particles, likely
indicative of freshly emitted biomass burning particles. In small fires, high temperatures
are not typically reached, resulting in incomplete combustion. Consequently, the produced
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particles tend to have a much more irregular shape compared to those generated by big
fires [30,63]. Between 1 and 3 km, the AE[3 values for the wavelength intervals 355-532 nm,
355-1064 nm, and 532-1064 nm are 1.79 & 0.05, 1.01 £ 0.04, and 1.30 & 0.04, respectively.
These values suggest the dominance in the smoke plume of fine-mode particles. A notice-
able decrease in AEf} occurs between 3 and 3.5 km, caused by the hygroscopic growth of
particles. Specifically, we found values of 1.55 &+ 0.04 for AEf 355-532 nm, 0.92 % 0.05 for
AEP 532-1064 nm, and 1.17 £ 0.05 for AE(3 355-532 nm. During this phase, the smoke
particles absorb water vapor, ultimately increasing their size.

Furthermore, the hygroscopic growth leads to a slight reduction in the PLDR values
(0.052 £ 0.001 at 532 nm and 0.050 £ 0.001 at 1064 nm) because, as the particles absorb
humidity, they become more spherical. In the higher level (3-3.7 km), the lower PLDR
values are a clear indication of the transition from irregularly shaped fresh biomass burning
particles to more spherical, hygroscopically grown particles. This behavior is well docu-
mented in the literature, particularly in cases involving fire plumes interacting with high
humidity environments [29]. Table 2 (in the first line) summarizes the smoke optical proper-
ties during the time interval when hygroscopic effects are more marked (16:50-17:29 UTC
on 16 July 2024 from 3 to 3.5 km).
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Figure 7. Vertical profiles of the aerosol optical parameters as measured in Potenza on 16 July 2024
from 16:50 to 17:29 UTC, with the multi-wavelength Raman lidar POLPO.

Table 2. The first line reports the values of AE at 355-532 nm, 532-1064 nm, and 355-1064 nm, and
PLDR at 532 nm and 1064 nm from 3 to 3.5 km for 16 July 2024 from 16:50-17:29 UTC. The second line
reports the values of LR at 532 nm, LR at 355 nm, AE at 355-532 nm, 532-1064 nm, and 355-1064 nm,
and PLDR at 532 and 1064 nm, from 2.6 to 2.9 km for the 16 July 2024 from 21:19-21:34 UTC.

, Alt LR Aep AEB AEB AEx PLDR
DateandTime —, .;  LRS32 LR35 o5 Rsss  355-532  355-1064  532-1064 355-532 TLDRS32Z 456

16July 2024, 5 . ) ) ) 155 + 117 + 092 + ) 0052+ 0050+
16:50-17:29 UTC. ' 0.04 0.05 0.05 0.002 0.001

16 July 2024, 26- 3429+ 4560+ 075+ 121+ 123+ 122+ 193+ 0067+ 0070+
21:19-21334 UTC. 29 2.8 3.54 0.09 0.03 0.03 0.04 0.05 0.002 0.001
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Altitude [km]

4.5

From 21:19 to 21:34 UTC (Figure 8), the same smoke aerosol layer seen before is
still visible, although with lower values of B (from 0.05 km~!sr~! to 0.02 km~!sr~! at
355 nm). The LR values are similar to those observed in other similar studies, and exhibit
decreasing values with increasing wavelength. In particular, from 2.6 to 2.9 km, the LR
at 355 nm (45.60 + 3.54 sr) is significantly higher than that at 532 nm (34.29 + 2.82 sr), a
characteristic indicating the presence of fresh smoke particles [20,64]. This difference in
LR at different wavelengths can be attributed to the size and composition of the aerosol
particles. Freshly emitted biomass burning aerosols typically comprise a mix of organic
and inorganic compounds, including BC, which exhibit strong light-absorption properties
at shorter wavelengths, i.e., 355 nm. Consequently, the ratio of lidar ratios (RLR), defined
as the ratio of LR532 to LR355 in our analysis, yields values below 1. Different studies
have demonstrated that RLR values less than 1 are characteristic of fresh biomass burning
aerosols, while values greater than or equal to 1 typically indicate aged biomass burning
particles [21]. In this study the RLR is 0.75 £ 0.09 from 2.6 to 2.9 km.
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Figure 8. Vertical profiles of smoke optical parameters as measured in Potenza on 16 July 2024 from
21:19 to 21:34 UTC, with the multi-wavelength Raman lidar POLPO.

Furthermore, the persistence of high AE values during the nocturnal observations em-
phasizes the ongoing presence of these fine particles. Specifically, the extinction Angstrom
exponent (AEw) at 355-532 is 1.93+ 0.05, AEP 355-532 is 1.21 £ 0.03, AEf 355-1064 is
1.23 + 0.03, and AE 532-1064 is 1.22 + 0.04.

Finally, the depolarization here is also lower in the upper layer. Indeed, from
1 to 2.5 km, the PLDR at 532 nm is 0.100 & 0.003, and at 355 nm is 0.107 4 0.002, while from
2.6 t0 2.9 km it is 0.067 £ 0.002 at 532 nm and 0.070 £ 0.001 at 1064 nm. The values of the
smoke optical properties during the time interval 21:19-21:34 UTC are summarized in the
second line of Table 2 (second line).

4.3. Microphysical Properties of Local Fire

The B values at 1064, 532, and 355 nm and the aerosol extinction («) coefficients
at 355 and 532 were used to determine particle microphysical properties using regular-
ization [65]. The inversion method with regularization [66,67] is based on the so-called
Fredholm integral equations of the first kind. These equations describe the relation between
aerosol optical and microphysical properties. Five integral equations are solved using
Tikhonov’s regularization method with constraints [68]. As the inverse problem is strongly
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underdetermined, a number of a priori assumptions are necessary in the retrieval. Further-
more, only accurate aerosol optical property profiles can allow the retrieval of accurate
microphysical properties [69].

In our study, the microphysical properties of the aerosol particles were retrieved for
the vertical range 1.5-3 km, based on the optical parameter profiles measured between
21:19 and 21:34 UTC. In Figure 9a, we report the relative humidity measured by the
HATPRO, due to its correlation with microphysical properties. The correlation between
microphysical properties and humidity is crucial. Indeed, even when conditions are not
favorable for cloud formation, aerosols produced by wildfires can undergo hygroscopic
growth in the presence of high humidity levels, increasing their efficiency in absorbing
radiation compared to those in dry air, with consequent influences on climate balance and
air quality [29].
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Figure 9. (a) Relative humidity measured by the HATPRO. (b) Particle volume size distribution at
2.08 km a.s.l. (c) Real (red) and imaginary (blue) part of refractive index. (d) Volume concentration
(red) and effective radius (blue), retrieved from lidar measurements of 16 July 2024 from 21:19 to
21:34 UTC.

In this case, the particle volume size distribution at 2.08 km (Figure 9b) is bimodal and
is dominated by the fine fraction around 0.1 um. This distribution can be interpreted as a
result of incomplete combustion processes and hygroscopic growth.

Particles at lower altitudes, swollen by humidity, exhibit a lower real refractive index,
around 1.5 (Figure 9c, red line). This occurs because water, which has a low refractive
index, dilutes the scattering power of the solid particles. In this scenario, the decrease in
the real refractive index is not primarily due to the chemical composition of the particles,
but rather to the increase in particle size and the presence of water. Therefore, the water
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uptake alters the particle optical properties and significantly influences the interaction with
radiation. Conversely, the hygroscopic growth significantly enhances the absorption of
electromagnetic radiation by aerosol particles. Consequently, the values of the imaginary
part of the refractive index are higher near the surface. As particles absorb moisture, their
size increases, which in turn boosts their surface area and makes them more efficient
at absorbing radiation, especially in the visible and infrared spectra. This process also
modifies the particle’s refractive index, as water has different optical properties than
dry aerosol components, leading to a greater contrast between scattering and absorption
(e.g., BC). Additionally, hygroscopic particles can exhibit a “lensing effect”, where the
water coating focuses radiation on the particle core, amplifying the absorption efficiency of
light-absorbing substances like BC.

At higher altitudes, the aerosol particles tend to be smaller and drier due to the lower
humidity levels, which results in less pronounced hygroscopic growth. These smaller
particles exhibit a higher real part of the refractive index, as they are primarily composed of
solid components such as sulphates or other secondary aerosols, which are highly effective
at scattering radiation. The values range between 1.5 and 1.55 and are similar to those
observed in other studies [63,70]. Conversely, the values of the imaginary part of the
refractive index (Figure 9c, blue line) range from 0.004 to 0.009, and are lower up 1.8 km,
as the absence of significant hygroscopic growth means they translate into smaller less-
absorbing capabilities. The values are around 1.34 and are slightly higher than those found
in another study [20].

The volume concentration (Figure 9d, red line), shown in Figure 9d, exhibits
two distinct peaks, one near the surface and another around 2.6 km. These findings are
consistent with the earlier lidar measurements, which detected multiple aerosol layers in
this altitude range. The particle effective radius of particles (Figure 9d, blue line) near the
surface is approximately 0.2 um, larger than those at higher altitudes. The particles that
have settled to the surface presumably underwent significant hygroscopic growth and
continued to remain in a high-humidity environment. This is in agreement with what was
previously stated from the analysis of the in situ and radiometer measurements. In contrast,
above 2 km, low humidity inhibits hygroscopic growth. As a result, aerosols at these
altitudes have a smaller effective radius of around 0.15 um. Alados-Arboledas et al. [70]
and Pereira et al. [63], in similar conditions, obtained a comparable range of effective radii,
ranging from 0.13 to 0.17 um and 0.14 to 0.19 um, respectively. O’Neill et al. [71], based on
sunphotometer observations, also found effective radii around 0.14 um.

It is reasonable to assume that the smoke particles observed in the vertical range
1.5-3.5 km during the time interval 20:19-21:34 UTC, less than an hour after the observation
of the thin liquid clouds above 3 km from 16:30 to 20:00 UTC, have the same microphysical
properties as those that acted as CCN leading to the formation of these clouds. Therefore,
the microphysical properties of smoke particles described above, together with those
of clouds (Figure 4), can be of great interest to improve our understanding of liquid
droplet formation on smoke particles, as well as to validate and improve the related
parameterizations in atmospheric models [72-74]. Moreover, the same microphysical
properties are key input parameters in the algorithms for estimating direct and indirect
radiative effects of biomass burning aerosols [75,76].

4.4. Characterization of Smoke Plumes from Canadian Wildfires

Figure 10 shows the optical parameters retrieved starting from the POLPO lidar
measurements from 22:19 to 22:50 UTC on 16 July 2024. The {3 profile clearly shows
the presence of a biomass burning aerosol layer between 6 and 6.5 km originating from
Canada, with a thin layer also visible between 7 and 8 km. From 6 to 6.5 km, the particle
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depolarization values are very low, specifically 0.040 &+ 0.003, significantly lower than
those characterizing the smoke particles at lower levels (see Figure 6). Damiano et al. [77]
reported similar values, ranging between 0.025 and 0.066, for long-range transported fire
smoke layers generated by Canadian wildfires.

2024-07-16 22:19-22:50 UTC

8.5 T T T
— 355 nm —— AEB (355-532)
— 532mm AEB (532-1064)
= 1064 nm
- AEa (355-532)
%.%000 0.0005 0.00 0.01 0.02 0.030.0 0.2 04 0 50 100 -2 0 2 4
B [lcm‘1 Sr—l] a [km‘l] PLDR LR [sr] AE

Figure 10. Vertical profiles of the aerosol optical parameters retrieved from lidar measurements
provided by multi-wavelength Raman lidar POLPO in Potenza on 16 July 2024 from 22:19 to 22:50.

The comparison with the depolarization measured by [78] is also interesting. In this
paper, LR values at the ACTRIS/EARLINET station in Leipzig indicate the presence of
two layers related to a Canadian wildfire. The first layer, between 5 and 6.5 km, showed
a PLDR at 532 nm of 0.03, very similar to what was measured in our case. Conversely,
the layer at 15-16 km exhibited an incredibly high depolarization of approximately 0.22.
Hu et al. [79] also showed an increase in PLDR with altitude in the biomass burning layer.
Specifically in the layer at 5-6 km, the PLDR at 532 nm was below 0.03. Instead, between
6.5 and 9 km, the PLDR at 532 nm increased significantly up to 0.12 & 0.02 at 532 nm.

This correlation between the PLDR of aged smoke and altitude is likely driven by
altitude-dependent atmospheric factors, such as relative humidity (RH) and tempera-
ture, which influence the morphology of biomass burning particles during the aging
process [80-82]. Furthermore, smoke reaching the stratosphere has typically enough energy
to raise even larger and coarser particles. In our case, the back-trajectory analysis shows
that the air masses always moved at altitudes between 6 and 7 km. In these cases, a balance
is established between gravitational deposition and the heating of the air mass caused by
the absorption of solar radiation by the soot particles. Unlike large-scale fires capable of
injecting particles into the stratosphere, the energy associated with this event was likely
insufficient to loft the largest and most irregular particles to high altitudes. Furthermore, in
the upper troposphere, coarse particles tend to be efficiently removed during transport due
to gravitational settling, unlike in the more stable stratosphere where larger particles can
persist for longer periods [79]

As reported in previous studies [83-86] of aged wildfire events, the 3 of aged
wildfire smoke particles in the troposphere presents a high wavelength dependence at
355 and 532 nm. Specifically, the 3 at 355 nm is higher. Instead, the corresponding extinc-
tion coefficient dependence on wavelength is considerably lower. Consequently, the LR
at 532 nm is higher than the LR at 355 nm for aged smoke. For fresh smoke, instead, the
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LR at 355 nm is generally greater than the LR at 532 nm. Specifically, in this case, the LR
referring to the Canadian wildfire between 6 and 6.5 km is 82.26 £ 3.32 sr at 532 nm and
55.10 £ 2.29 at 355 nm. The RLR between 532 and 355 nm is 1.49 (Table 3). Conversely,
in the local fire, the RLR is 0.75. Previous studies confirm that the RLR between 532 and
355 nm is usually greater than 1 for aged smoke particles and less than 1 for fresh smoke
particles [20]. The AEf 355-532 nm is 1.78 + 0.14, for AEf 532/1064 nm it is 1.41 £ 0.07,
and for AEo« 355-532 nm it is 1.11 £ 0.14, suggesting moderately smaller particles.

Table 3. Comparison between optical proprieties values calculated from 22:19 to 22:50 UTC at
6-6.5 km, and values calculated from 20:19 to 21:19 UTC at 2.6-2.9 km of LR at 532, LR at 355, AEp at
355-532 nm and 532-1064, AEx at 355-532 nm, and PLDR at 532 and 1064.

. Alt a.s.l. LR AEx
Date and Time (km) LR 532 LR 355 532/LR355 AEf 355-532 532-1064 AE«x 355-532 PLDR 532
16 July 2024,
29:19-23-50 UTC. 6-6.5 82.26 + 3.32 55.10 +2.29 1.49 + 0.09 1.77 £ 0.13 1.41 £0.07 1.11 £0.14 0.040 £ 0.003
16 July 2024, 2.6-2.9 3429 +£2.82 45.60 + 3.54 0.75 £ 0.09 1.21 £ 0.03 1.21 £0.04 1.93 £ 0.09 0.067 £ 0.002

21:19-21:34 UTC.

Additionally, Nicolae et al. [21] observed AE( at the 355-532 nm wavelength interval
is higher in the troposphere than in the stratosphere, and this is in agreement with the
previous considerations referring to PLDR at 532 nm. The observed values align with other
cases of tropospheric Canadian wildfires [87-89].

Table 3 shows the comparisons between the optical parameters measured for the fire
from Canada and the local fire.

The microphysical inversion, shown in Figure 11, was also performed for the aerosol
layer between 6 and 6.5 km. Figure 11a shows the relative humidity measured by the
HATPRO and highlights how the air became drier in correspondence with the arrival of
the plume from Canada.

The size distribution in Figure 11b exhibits a peak at 0.21 um, which is noticeably
larger than that observed in local fires, which was around 0.13 pm. However, a bimodal
distribution is not present, as all particles are homogeneous. In general, smoke plumes orig-
inating from North American wildfires typically contain larger aerosol particles compared
to those from fires in Brazil [90]. This difference is also influenced by the combustion phase;
in North America, a considerable fraction of the burned material comes from smoldering
subsurface layers, which enhances the emission of coarse particles. However, during the
travel in the free troposphere, the coarse component is removed through sedimentation. Ad-
ditionally. variations due to mixing with other aerosol types or interactions with humidity
are minimal.

In Figure 11c, the real part of the refractive index is 1.5 and is consistent with previous
measurements reported in the literature [91,92]. In contrast, the imaginary part is 0.09,
almost twice as large as the one of local smoke particles. This is consistent with earlier
findings regarding LR at 355 and 532 nm, where higher values of the complex refractive
index correlate with increased absorption. This indicates that the BC content is significantly
greater in large wildfires compared to smaller ones, where this contribution is almost
negligible. In general, such high values of the imaginary part of the complex refractive
index have rarely been measured [82], and this may be associated with the fact that, in the
case under investigation, aging processes were limited. Indeed, during aging, the absorbing
efficiency of aerosol particles decreases due to processes like coagulation, oxidation, and
condensation of secondary compounds. As particles combine and grow in size, their
surface area relative to their volume diminishes, reducing the efficiency of absorption [93].
The oxidation of BC and the formation of organic coatings further decrease absorption,



Remote Sens. 2025, 17, 2538

22 of 29

dv/dinr [pm3/cm?3]

making the particles more reflective [93]. In addition, strong absorption is a characteristic
feature of tropospheric smoke, where larger particles, typically responsible for scattering
electromagnetic radiation, are removed. These exceptionally high values highlight the
significant impact that such smoke plumes have on the Earth’s energy balance.

In Figure 11d, the volume concentration measured is 1.2 um3/cm?3, while the surface
concentration is 18 pm?/cm?, resulting in a numerical density of 48 cm 3. Therefore, the
concentrations are nine times lower compared to those observed during the local fire. The
effective radius within this layer is 0.21 pm, which is larger than that measured for local
biomass burning particles. In general, several studies [91,92] have reported effective radii
of 0.15 pm for fresh smoke particles and between 0.3 and 0.4 pm for aged smoke. The
microphysical inversion confirmed the results of the optical profile analysis; aging processes
were of limited significance. Biomass burning aerosols observed in the troposphere after
long-range transport are generally smaller than those measured in the stratosphere, due
to the effective removal of larger particles during their transit through the troposphere.
For example, ref. [94] measured effective radii of 0.17 um in the troposphere and 0.32 pm
in the stratosphere. Table 4 shows a comparison of the microphysical properties of the
two biomass burning layers.
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Figure 11. (a) Relative humidity measured by the HATPRO. (b) Particle volume size distribution for
the local fire and the Canadian fire. (c) Real (red) and imaginary (blue) part of refractive index for the
local fire and the Canadian fires. (d) Volume concentration (red) and effective radius (blue), for the
local and the Canadian fire.
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Table 4. Comparison between values calculated from 22:19 to 22:50 UTC at 6 to 6.5 km and values
calculated from 20:19 to 21:19 UTC at 2.6-2.9 km of effective radius, volume concentration, and the

real and imaginary parts of the refractive index.

Date and Time Alt a.s.l. (km) Reff (um) V (um?® cm—3) mR mi
16 July 2024,
22:19-23-50 UTC. 6-6.5 0.21 £0.04 1.2+0.2 15+0.1 0.09 + 0.04
16 July 2024,

20:19-21-19 UTC. 2.6-2.9 0.14 £ 0.02 106 £2.1 1.5+£01 0.004 £ 0.002

5. Conclusions

This study demonstrates the critical value of a multi-instrumental approach for the
comprehensive characterization of atmospheric aerosol properties and processes [95,96].

The dataset considered also offers an insight into understanding the lifecycle and
atmospheric interactions of aerosols from a small-scale local fire and smoke transported
from a Canadian forest fire.

The lidar measurements highlight the need for a more detailed representation of
wildfires in climate models. While small fires, often undetectable by satellites, are increasing
in frequency due to intensifying hot conditions, their aerosol properties differ significantly
from those of major wildfires. Specifically, local fires exhibit markedly lower absorptive
capacity, as evidenced by the imaginary part of the complex refractive index, which is
0.004 £+ 0.002, compared to 0.09 +0.04 for Canadian smoke. Furthermore, due to their
higher scattering efficiency and ability to promote cloud formation, these fires could
potentially have a net cooling effect. Ignoring these distinctions in models could lead to
overestimating the warming potential of wildfire emissions.

This study highlights the capabilities of the POLPO lidar, which uniquely characterizes
aerosol optical properties using dual telescopes. Indeed, POLPO, with its high performance,
is able to simultaneously characterize, from a microphysical point of view, a very thin
intrusion of aerosol at 6 km and a very dense layer in the first 3 km.

The standardization of lidar operating procedures, quality assurance actions, and data
processing within ACTRIS enables consistent and comparable characterization of such
smoke events across Europe. This harmonization allows for the identification and analysis
of local fire episodes with diverse atmospheric conditions and, consequently, supporting a
continent-wide assessment of their climate relevance.

Furthermore, this study showcases the full potential of the ACTRIS Potenza site by
synergistically using the different ACTRIS components. It further exemplifies that multi-
disciplinary observation strategies are not only effective but necessary for advancement.
Indeed, by integrating complementary techniques, it is possible to overcome the intrinsic
limitations of individual instruments, enabling a more comprehensive investigation of
atmospheric processes.

The results presented here underscore the advanced capabilities of the ACTRIS Potenza
site, where co-located observations allow for the simultaneous characterization of near-
surface, local smoke, and long-range transported smoke in the free troposphere. This
integrated observational capacity is especially valuable for studying the highly variable
nature of biomass burning aerosols and their interactions with the atmosphere. Such a
multidisciplinary framework represents a fundamental step forward in the study of fire-
related processes and will be increasingly important to clarify atmospheric mechanisms
that remain poorly understood.

Finally, CIAO now has the capability to also perform lidar measurements of fluores-
cence, which is an invaluable tool in aerosol identification and typing [97]. Smoke particles
exhibit a high degree of fluorescence, a property that can be used to distinguish them
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from other aerosol types, including liquid water droplets that do not generate fluores-
cence [98,99]. This new technique will improve the capability of studying the interactions
between biomass burning aerosols and clouds, particularly in scenarios where the underly-
ing processes occur at smaller spatial scales, as demonstrated in this study.
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