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ARTICLE INFO ABSTRACT

Explosive activity can have a relevant impact in the atmosphere even during weak and continu-

I];?: ords ous volcanic ash emissions. In fact, this type of activity can affect highly populated areas and
Volcanic ash emission needs to be investigated in order to reduce potential risks. In this paper, we analyze the volcanic
LiDAR ash emissions that took place on February 21, 2019 from the North East Crater, one of the sum-
Volcanic plume dispersal mit craters of Mount Etna, in Italy. During the activity, a continuous ash emission caused the clo-

sure of the International Airport in Catania due to a large quantity of volcanic particles in the at-
mosphere that were dispersed by winds several kilometers away from the eruptive crater,
mainly toward the west, south and south-east directions. This activity was analyzed using a dual
depolarization LiDAR and visual and thermal cameras that are part of the instrumental network
of the Istituto Nazionale di Geofisica e Vulcanologia, Osservatorio Etneo. The LiDAR derived
aerosol backscattering coefficient and particle linear depolarization ratio profiles, both mea-
sured at 355 nm and 532 nm, gave insights on plume dynamics and variations of some features
of the particles within the volcanic plume. During this event, we estimated a maximum volcanic
plume height of about 3 km above sea level and LiDAR data show two distinct layers in the at-
mosphere, LiDAR derived aerosol properties were used for a first application of the Volcanic Ash
LiDAR Retrieval - Maximum Likelihood (VALR-ML) algorithm on two volcanic ash layers, allow-
ing to obtain a maximum value of volcanic ash concentration of 7.5 + 3.7 mg/m® and
8.1 + 4.0 mg/m>, in the first layer at 355 and 532 nm, respectively; while in the second layer
we obtained concentration values of 6.6 + 3.3 and 8.5 * 4.2 mg/m® at 355 and 532 nm, re-
spectively. Moreover, the plume was composed of very fine ash of about 1 pm dimensions. We
found that weak and continuous volcanic ash emissions can reach thresholds that cause troubles
to aviation operations. Our work shows how LiDAR systems are able to estimate critical informa-
tion for aviation safety in the proximity of the airport, such as the altitude, the concentration
and the size of emitted ash particles, even during low-intensity explosive activity.
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1. Introduction

The complexity of studying volcanic plumes is related to many issues, such as the difficult and dangerous environment, the unpre-
dictability that an eruption will happen, the presence of different eruptive styles and the wide ranges of intensity and magnitude of an
eruption. Moreover, its impact also depends on the closeness of human settlements (Delmelle et al., 2002; Volcanism and the Earth's
Atmosphere, 2004). Volcanic aerosols can interact directly with the earth's atmosphere, affect human and animal health, change the
climate and the composition of clouds (Ayris and Delmelle, 2012; Delmelle, 2003; Delmelle et al., 2002; Horwell, 2007; Witt et al.,
2017). At the same time, their presence in the atmosphere can damage the aircraft engines, creating a major issue for the aviation in-
dustry and passenger safety (Giehl et al., 2017).

The analysis of the explosive activity and the quantification of the concentration of the emitted particles, from a merely observa-
tional point of view, is not an easy task, also due to the high variability of particles having different compositions and sizes in the
plume. Although volcanic plumes can be studied using real time observations (Brenot et al., 2014), allowing to follow the temporal
evolution of volcanic processes (Bonadonna et al., 2015), troubles can occur during weak and continuous volcanic ash emissions
which can be measured only with high resolution instruments. In this regard, LiDAR is one of the best instruments available for at-
mospheric monitoring because it allows us the retrieval of particles' optical and microphysical properties with high time and spatial
resolution.

LiDAR has several applications concerning, for example, volcanic topographic studies (Bisson et al., 2016, 2021; Giubilato et al.,
2022; Parracino et al., 2020; Spinetti et al., 2009), and the analysis of volcanic plumes, with many studies focusing on evolution and
optical properties of volcanic ash layers transported over long distances (e.g. Pinatubo in 1991 (Ansmann et al., 1993), Eyjafjalla-
jokull in 2010 (Ansmann et al., 2010; Marenco et al., 2011), Raikoke in 2019 (Jing et al., 2023) and Etna (Amiridis et al., 2023;
Zerefos et al., 2006)). Few measurements exist near active volcanoes (Sassen et al., 2007), many of them at Mount Etna, in Italy, one
of the most active volcanoes on our planet. The first continental-scale study of Etna volcanic aerosols was performed in the framework
of the European Aerosol Research LiDAR Network (EARLINET) (Ansmann et al., 2001) during the 2001 and 2002 Etna eruptions.
Continuous explosive activity released a large amount of aerosol into the atmosphere which was transported over long ranges and ob-
served by several LiDAR stations in Europe (Wang et al., 2008). The latter eruption was also studied in Potenza using an Elastic/Ra-
man LiDAR, which allowed independent measurements of aerosol extinction and backscatter coefficients at 355 nm. Consequently,
for the first time, the LiDAR ratio of submicron volcanic particles transported from Etna was measured by Pappalardo et al. (2004).
Similar studies were conducted at the LiDAR station of Antikythera, Greece (Kampouri et al., 2021) in the period May-June 2019,
when elevated layers of volcanic aerosol above the Eastern Mediterranean were observed and their properties and transport paths in
the Mediterranean were studied. More recently, simultaneous advection of volcanic ash plumes from Etna and desert dust from Sa-
hara was observed by LiDAR in the Naples above the Mediterranean area on February 25, 2021 (Sannino et al., 2022). The retrieval of
vertical resolved particle size distribution, using a new Monte Carlo algorithm, allowed the microphysical characterization of the ob-
served layers, identifying the two different aerosol typologies in the atmosphere. Instead, measurements near the summit craters are
relatively new. In November 2010, during an ash emission event, a prototype of transportable scanning LiDAR, located 7 km far away
from the Etna summit craters, allowed measurements of both the aerosol backscattering and depolarization coefficients at 532 nm
that were used to estimate volcanic ash concentration (Pisani et al., 2012; Scollo et al., 2012). One year later, following the Etna vol-
canic episode of the August 12, 2011, the same instrument allowed a comparison between modeled ash concentration and the LiDAR-
derived one using different assumptions of particle sizes (Scollo et al., 2015). LIDAR measurements reflected the pulsating nature of
the lava fountain activity which is not simulated in the modeling. The first Elastic/Raman measurements were carried out in 2013 us-
ing a one wavelength LiDAR system with polarization capability (Boselli et al., 2018). The simultaneous retrieval of the particle
backscatter coefficient, the LiDAR ratio and the aerosol depolarization ratio measured in the UV spectral range allowed to highlight
variations on particles features in the atmosphere. The lack of multi-wavelengths observations, important for a better particles’ char-
acterization, has been overcome some years later during the 2018 Christmas eruption at Mount Etna when LiDAR was used close to
the summit craters, together other instruments, to study low intensity and long-lasting volcanic plumes (Scollo et al., 2020). Vertical
structures of typical passive degassing plumes using LiDAR observations at Mount Etna during the EPL-RADIO campaign in 2016
were also obtained (Sellitto et al., 2020).

Volcanic ash concentration, a key information for flight safety, can be also estimated with greater precision, using dual depolariza-
tion LiDAR, following (Mereu et al., 2018 Casadevall, 1994; Pieri et al., 2002; Schumann et al., 2011). This can be very useful for re-
ducing the hazard during explosive activity because the air traffic must be suspended in the flight regions in which the volcanic ash
concentration exceeds a certain threshold in compliance with the International Civil Aviation Organization (ICAO) directives (Mereu
et al., 2018). Whereas LiDAR measurements at Etna show that during lava fountains volcanic ash concentrations can exceed the ICAO
thresholds, those estimates are difficult when weak but continuous ash emissions occur, despite the extensive scientific surveillance of
Etna, not limited to LiDAR observations alone. In this work, we report the results of the first use of the dual wavelengths functionality
of the LiDAR for real-time observations carried out in Catania on February 21, 2019 when a continuous ash emission event caused the
closure of the International Airport in Catania because the volcanic plume was dispersed by winds for several kilometers away from
the erupting crater. The aerosol backscattering coefficient and linear particle depolarization ratio profiles, both measured at 355 nm
and 532 nm, allowed to follow the plume dynamics studying any changes in shape and dimension of the particles in the observed lay-
ers. Moreover, LiDAR products were used to estimate the ash concentration and the particle size in two different volcanic layers using
a particle density of 2450 kg/m? (Scollo et al., 2015). Finally, LiDAR data are also qualitatively compared with the results of the HYS-
PLIT model, widely used to study volcanic plumes (Rolph et al., 2017; Stein et al., 2015).
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2. Materials and methods

One of the most active volcanoes of the world, Mount Etna, is located in Italy and is continuously monitored at the Istituto
Nazionale di Geofisica e Vulcanologia, Osservatorio Etneo (INGV-OE) using several ground-based and satellite-based instruments
(Scollo et al., 2019). In order to characterize the space-time variability of the ash plume properties near the volcanic source, an innov-
ative LiDAR system named AMPLE is used (Boselli et al., 2018). The LiDAR has been part of the EARLINET network (Wandinger et al.,
2016) since 2015 and it is devoted to characterizing volcanic particles emitted during Etna eruptions. AMPLE is located at the “Isti-
tuto Nazionale di Astrofisica” (INAF) in Catania, 25 km from the Etna summit craters.

The AMPLE system is a scanning multi-wavelength Elastic/Raman LiDAR, emitting in the ultraviolet (UV) and visible (VIS) re-
gions and it can acquire signals in both polarizations (Parallel, P, and Cross, S). The system is able to characterize the volcanic particle
distribution and their geometrical, optical and microphysical properties. The main system's features are detailed in Boselli et al.
(2018) reporting results obtained in the UV spectral region at 355 nm. The modular configuration of the receiver allowed it to up-
grade the system capability in 2016 by adding the channels at 532 nm (parallel and cross-polarized signals) and the N, Raman chan-
nel at 607 nm.

AMPLE can retrieve aerosol optical properties from both elastic and Raman LiDAR echoes using known inversion methods
(Ansmann et al., 1992; Fernald, 1984; Klett, 1981). LiDAR observations were carried out from 11:08 to 15:18 UTC on February 21,
2019, during the Etna volcanic ash emissions. In particular, in this work we analyzed LiDAR measurements in terms of aerosol
backscatter coefficient (f) and linear depolarization ratio (8) at both 355 nm and 532 nm. § is an optical parameter describing how
much light is scattered backward towards the telescope, depending on the aerosol type and concentration in the atmospheric layer.
Two components analysis of the backscattered radiation, parallel and cross-polarized with respect to the emitted laser beam polariza-
tion is used to evaluate . In a volcanic plume, § allows to distinguish spherical particles such as water droplets or sulfate (lower § val-
ues) from non-spherical ones such as volcanic ash (higher & values).

Moreover, the application of the Volcanic Ash LiDAR Retrieval-Maximum Likelihood (VALR-ML) methodology, a model-based su-
pervised retrieval algorithm, enabled us to derive the main volcanic ash features, such as the mean size D, and mass concentration C,,
starting from the measured LiDAR observables p and 5. Indeed, the microphysical and dielectric properties of volcanic ash particles,
available in literature, are summarized in the polarimetric forward model (PFM). The PFM simulates the physical-electromagnetic be-
havior of particle polydispersions in a statistical way. In the VALR-ML algorithm, we can build a data set of simulated LiDAR observ-
ables for different volcanic ash classes “cth” (see Table 1 in (Mereu et al., 2018)), obtained with a Monte Carlo random generation
(Mereu et al., 2018). It is worth noting that different ash classes “cth” are primarily defined based on their average size, concentra-
tion, orientation, shape, axial-ratio and adapted following previous volcanological studies (Behncke et al., 2009; Scollo et al., 2020).
In particular, these physical-statistical simulations are generated implementing the T-matrix method, which allows to compute the
particle scattering and absorption properties of spheroidal particles (Mishchenko and Travis, 1994).

The VALR-ML algorithm consists of two main steps: classification and estimation, both performed within a probabilistic frame-
work by applying the Maximum Likelihood approach to a set of randomly generated simulations. Then, the algorithm minimize a
proper “weighted distance” d? between the measured and simulated sets of  and 8, in order to assign the simulated class “cth” more
likely to each LiDAR measurement (Mereu et al., 2018), taking into account both the system noise and the a priori available informa-
tion. Under a Gaussian likelihood statistic hypothesis, the VALR-ML method minimizes the quadratic distance of differences between
the simulated and measured observables as follows:

ot ()]s, (00
+

2(c) 2(0)
(h) % (es)

& (C0.D) = W

o

where the subscripts m and s stay for measured and simulated data, respectively, and o2 is the variance for the specific class “cth”
computed for p and 8. In the ML approach, the simulated observables depend on the unknown C, and D,, for each class “cth”. To re-

Table 1
LiDAR derived parameters corresponding to previous ETNA events monitored near the source and to one event monitored after long range trans-
port.

Data Type of Eruption LiDAR LR 53, LR 355 8535 (%) B35 Reference

(sr) (sr) (%)

November 15, 2010 Volcanic ash emission Scanning Up to 40 Scollo et al. (2012)

August 12, 2011 Lava fountain Scanning Up to 20 Scollo et al. (2015)

14-17/12/2013 Strombolian activity Zenith 45 + 4 12 £ 1 Boselli et al. (2018)

53 = 16 50 =9

December 28, 2018 Strombolian activity Zenith 51 =5 5010 14 =3 11 £ 3 Scollo et al. (2020)
59 + 6 56 + 5

Summer 2016— Degassing volcanic plume Zenith and 0.9 + 0.8 Sellitto et al. (2020)

2017 Scanning 3103
21-26/02/2021 Lava fountain eruption after long range Zenith 7440 77 £14 106 Sannino et al.
transport (2022)
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trieve these quantities within the selected class “cth”, we extract their value from the set of simulated LiDAR observables minimizing
eq. (1),

Cff) = C{(;) v argim(cﬁ“’,Dﬁf)) {d2 (Cl(f),fo))} @
D40 = D Vi) (& (€.} o

in eq. (2) and eq. (3) argmin is the function that minimizes its argument. It is worth noting that the derived C©, and mean size D,
are conditioned by the accuracy of the numerical forward model (T-Matrix) and by the microphysical-electromagnetic assumptions
implemented in the numerical model (Mereu et al., 2018, 2021).

Finally, to follow the ash cloud dispersion in atmosphere, we run HYSPLIT (https://www.ready.noaa.gov/HYSPLIT.php), a free
available dispersion model (Heffter et al., 1990; Heffter and Stunder, 1993; Stunder et al., 2007), which allows to follow the disper-
sion of atmospheric constituents and, in our case, allowed to simulate the dispersion in the atmosphere of volcanic ash.

3. Results and discussion

During the first days of January 2019 ash emissions erupted intermittently, mainly from the North East Crater (Fig. 1a). The activ-
ity was well observed by the camera network of INGV-OE (Fig. 1b), a set of thermal and visible calibrated cameras displayed on all
flanks of Etna (Behncke et al., 2009; Stunder et al., 2007). Considering that volcanic plume reached the Catania Airport at about
11:00 UTC (Fig. 2a), following HYSPLIT simulations, the ash observed by LiDAR was produced around 08:40 UTC, see frames of visi-
ble EMOV and thermal EMOT cameras in Fig. 1(c and d). The EMOV camera is located in La Montagnola site at 2600 m of elevation
and 3 km from the Etna summit craters while the ENT camera is located at 15 km, in Nicolosi at 730 m of altitude. The EMOV camera
provides a horizontal field of view (FOV) of between ~3 and 47.5° (Calvari et al., 2011). Instead, the ENT camera provides a time se-
ries of 640 X 480 pixels frames with a spatial resolution of a few meters and a thermal sensitivity of 80 mK at 25 °C (Bonaccorso et
al., 2014). Video-surveillance cameras displayed a continuous explosive activity on February 21, 2019 which, following the INGV-OE
report, formed a volcanic ash plume blown by the winds toward the south direction. During this day, the International Airport in
Catania was closed as it often happens when the winds blow southward (Scollo et al., 2009).

Fig. 2a shows the HYSPLIT model results. The model input parameters are: the time of eruption start, the total duration of the
eruption, the bottom and top height of the eruption column (above sea level) and the altitude that was to be probed to see the trans-
port of the plume.

We started our simulations at 08:00 UTC and considered an average duration of 8:00 h. As confirmed by the ENV camera, we se-
lected the average height of the layer at 2500 m. In the simulation, the point with the highest concentration in the layer is highlighted

Fig. 1. Ash emission from the North-East Crater observed: a) on February 21, 2019 from Tremestieri Etneo (20 km south of the summit of the volcano). Photo by the
volcanologist Boris Behncke (INGV-OE); on February 21, 2019 b) at 08:00 UTC from a high-resolution camera located at the Montagnola site, ¢) at about 08:35 GMT
from the EMOV camera and d) at about 08:40 UTC from the infrared ENT camera.
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Fig. 2. a) Ash mass loading derived from the HYSPLIT dispersion model estimated from 11:00 to 12:00 UTC. In b) the satellite image of Sicily from SEVIRI-MSG is
reported. The plume emerging from Mount Etna is visible in yellow and circled in white. ¢) Geopotential map of the winds at 1 and 2 km. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)

N

=

with a transparent box within the yellow relief. The dispersal is confirmed by the analysis of the SEVIRI-MSG satellite images
(https://www.eumetsat.int/) that shows a dispersed ash cloud toward the south-east direction, above the airport and the measuring
site located a few kilometers apart (Fig. 2b). The volcanic plume was pushed by winds in the direction of the airport, as also con-
firmed by the geopotential map shown in Fig. 2c¢, leaving a stable layer of volcanic ash over the city of Catania.

On February 21, 2019, LiDAR measurements were performed. The LiDAR was pointed at the zenith in Catania, showing different
atmospheric layers that could be attributed to volcanic emissions. In order to monitor this event, continuous measurements were per-
formed from 11:08 UTC to 15:18 UTC at A = 355 nm and A = 532 nm, acquiring the elastic signals in both polarizations. From 11:08
UTC to 11:38 UTC volcanic ash covers the lower part of the atmosphere in the range (750-1500 m). Mean & value resulted equal to
9.4 % at A = 532 nm, see Table 2, showing the presence of a slight depolarizing layer. After the first half an hour, a second measure-
ment run was performed from 11:38 UTC to 12:08 UTC. The volcanic ash deposited leaving only spherical particles in the atmos-
phere, which saturated the signal at lower altitudes; therefore, we stopped the acquisition measure for the next hour. At 13:18 UTC
we started a new data acquisition, collecting data for two continuous hours. In this acquisition, we detected a stable layer in the at-
mosphere between 1420 and 2670 m, and a layer at lower altitudes, which disappeared in the second hour of measurements, conse-
quently, we stopped the measurements at 15:18 UTC, when there was only the stable layer in the atmosphere. The volcanic layers
trend is reported in Fig. 3, which shows the spatio-temporal variability of the Range Corrected LiDAR Signal (RCS) (3a) and of the
particles depolarization ratio (3b) as measured at 532 nm from 11:08 to 15:18 UTC. Warm colors represent higher values along the
vertical profile. Color scales are reported in arbitrary units (a.u.). The measurements are in agreement with the model outcomes (Fig.
2a) highlighting how from 13:18 to 15:18 UTC the volcanic plume is always stable in the Catania city and airport at 2500 m.

The measurements were acquired with a spatial resolution of 15 m and a temporal resolution of 60 s § and  profiles were re-
trieved with a spatial resolution of 60 m and 30 min time integration. In the retrieval of p, the Lidar Ratio (LR) related to the aerosol
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Table 2
Linear aerosol depolarization ratio (8) and Backscatter-related Angstrom Exponent (BAE) measured in the layer (750-1350 m). Ash concentration
and dimensions derived from the VALR-ML algorithm are also reported.

Time UTC (hh:mm) Ash Dimension Ash Concentration BAE )

pm mg/m3 (%)

355 nm 532 nm 355 nm 532 nm (355/532) nm 355 nm 532 nm
11:08-11:38 0.8 = 0.4 1.0 £ 0.5 7.5 = 3.7 8.1 * 4.0 0.27 = 0.25 4.8 = 0.7 9.4 =15
11:38-12:08 - - - - 0.8 £ 0.5 1.2 = 0.2 2.6 £ 0.2
13:18-13:48 0.6 = 0.3 1.3 £ 0.6 1.4 + 0.7 7.5 £ 3.7 0.20 = 0.04 31+ 0.5 7.5 = 1.3
13:49-14:19 0.7 £ 0.3 1.7 = 0.8 6.3 = 3.1 7.8 = 3.9 0.23 + 0.06 3.9 = 0.6 84 1.3
14:20-14:19 - - - - 0.52 = 0.08 1.7 £ 0.2 3.1 =05
14:50-15:19 - - - - 0.47 = 0.07 2.3 = 0.2 3.3 £ 05

Catania 21/02/2019 RCS5@532nm
100
E
= |
W | 50
= |
=]
£
=L
11:08 12:08 13:08 14:08 15:08
Time (hh:mm)
Catania 21/02/2019 DEP@532nm
100
E
= {
W | 50
o |
= !
o~
=
=T
0

11:.08 12:.08 13:08 14:08 15.08
Time (hh:mm)

Fig. 3. Spatio-temporal variability of the RCS (a) and of the particle depolarization ratio (b) measured from 11:08 to 15:18 UTC in Catania (Italy). Color scales are in ar-
bitrary units (a.u.). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

microphysical properties but does not depend on the aerosol concentration, was set equal to 48 sr for 355 nm and 50 sr for 532 nm
were used. These values were considered to be in agreement to those measured at Etna and in other volcanic eruptions (Boselli et al.,
2018; Sicard et al., 2012). Indeed, LiDAR measurements performed in the framework of the EARLINET project during the Etna erup-
tions, which occurred in 2001 and 2002, showed LiDAR ratios of about 50-60 sr of transported volcanic aerosol in the troposphere
(Wang et al., 2008). We measured a LR of about 48 sr at 355 nm for the first time during the explosive activity of the South East Crater
(SEC) on December 14, 2013 when the ash emitted formed a thin volcanic plume at about 2 km of altitude (Boselli et al., 2018). More-
over, LR mean values of 46 = 10 sr and 36 * 5 sr were estimated at 532 nm for two well-separated plumes close to the Etna in 2010
using a small LiDAR (Pisani et al., 2012). In (Kampouri et al., 2021), it was investigated the long-range transport of Etna volcanic
emissions in the Mediterranean area using a LR of 50 * 10 sr for ash particles and of 60 + 20 sr for sulfates. In a different event
(Schumann et al., 2011), a LR of 50 + 10 sr was used to estimate the ash-related extinction coefficient based on the observations car-
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ried out during the April-May 2010 Eyjafjallajokull eruption. More recently, LRs in the range 40-50 sr were reported in (Jing et al.,
2023) obtained from the analysis of the transport of volcanic aerosol plumes coming from the 2019 Raikoke eruption in East Asia. Li-
DAR derived parameters, reported in Table 1, correspond to previous Etna eruptions measured both near the volcanic source and after
a long-range transport.

The color map of Fig. 3b shows two distinct depolarizing layers in the atmosphere: the first one is in the range 750-1350 m and
the second ranges from 1420 to 2670 m. The particle depolarization plot suggests that the thin layer at about 1 km and the upper one
at about 2.5 km consist of non-spherical particles that depolarize the backscattered light. Below those altitudes, the aerosol signature
in the RCS profiles could be ascribed to local non depolarizing particles mainly derived from anthropogenic sources and located in the
Planetary Boundary Layer (Pisani et al., 2012).

Fig. 4 shows LiDAR profiles of p and 8 corresponding to measurements carried out in different time intervals and the variability of
the backscattering coefficient in the lower observed layer. In particular, we measure at about 1 km of altitude a p peak values of 30
and 60 Mm~!sr~! at 532 nm from measurements carried out from 11:08 to 11:37 and 11:38 to 12:08 UTC respectively, while values
of 6 Mm™!sr~! were measured from 13:18 UTC. As summarized in Table 2, the first p value of 30 Mmsr! is attributed to a & value of
(9.4 = 1.5) %, corresponding to aspherical particles, associated with volcanic ash. Consequently, during the second half-hour, the
larger p values measured at 11:38 UTC correspond to averaged calibrated 6 values of (1.2 = 0.2) % at 355 nm and (2.6 + 0.2) % at
532 nm, according to spherical particles in the atmosphere. The larger p values are observed in the time interval between 11:38 to
12:09 UTC at lower altitudes and are presumably ascribed to the water vapor released in the atmosphere during the volcanic activity.
Pre-existing small particles in the PBL can act as condensation nuclei for water vapor and could justify the loss of small aerosol parti-
cles in the lowest layer and the growth of larger aerosol particles. This hypothesis is supported by the measured Backscatter-related
Angstrom Exponent (BAE) reported in Table 2 that resulted in 0.8 = 0.5 (dimensionless) in the lower layer at the beginning of the
second measurement run and showed a decrease during the observational period from 0.8 to 0.2. This suggests an increase in the par-
ticle size in the lower atmospheric layers. At the same time, the mean § value slightly increased at lower altitude suggesting the pres-
ence of increasingly non-spherical particles. Measurements carried out from 14:20 to 15:18 UTC reported a slightly lower & and
larger BAE, showing a reduction in the content of volcanic ash at this location, mainly due to horizontal advection, this is also con-
firmed by the false color map of Fig. 3b, showing the disappearance of the volcanic ash layer at 1 km. Conversely, larger § values
were measured at higher altitudes (see Table 3) with averaged values of (9.2 = 0.2) % and (11.9 *= 0.7)% in the first 30 min of mea-
surements at 355 nm and 532 nm, respectively. During the second half-hour of measurements, the values were (8.3 = 3.9) % at
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Fig. 4. Aerosol backscattering coefficient (p) and aerosol linear depolarization ratio (8) measured in Catania from 11:08 to 15:18 UTC. Each profile refers to 30 min'
time integration at 532 nm.

Table 3
Linear aerosol depolarization ratio (8) and Backscatter-related Angstrom Exponent (BAE) measured in the second ash layer (1420-2670 m). Ash
concentration and dimensions derived from the VALR-ML algorithm are also reported.

Time UTC (hh:mm) Ash Dimension Ash Concentration BAE )

pm mg/m® (%)

355 nm 532 nm 355 nm 532 nm (355/532) nm 355 nm 532 nm
11:08-11:38 23+ 1.1 09 * 0.4 6.6 = 3.3 8.5 * 4.2 0.07 * 0.15 9.2 + 0.2 11.9 = 0.7
11:38-12:08 09 * 04 09 += 0.4 31 x1.5 6.8 + 3.4 0.9 = 0.2 8.3 + 3.9 14.3 = 2.0
13:18-13:48 0.9 = 0.4 09 * 0.4 29 * 1.4 8.2 * 4.1 0.61 * 0.05 7.2 £ 0.7 153 + 1.1
13:49-14:19 1.2 = 0.6 1.2 =+ 0.6 52 * 26 7.3 £ 3.6 0.56 = 0.05 7.7 =+ 0.8 165 = 1.4
14:20-14:19 1.5 £ 0.7 1.0 £ 0.5 49 = 24 4.5 = 2.2 0.54 + 0.05 8.2 £ 0.8 154 + 1.4
14:50-15:19 1.5 = 0.7 0.8 =+ 0.4 3.0 %15 6.6 £ 3.3 0.58 = 0.05 9.4 = 0.9 159 = 1.4
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355 nm and (14.3 = 1.7) % at 532 nm according to the mixing with ash particles with an elongated shape. At this altitude range, the
BAE resulted in 0.9 = 0.2 from 11:38 to 12:08 UTC while mean § and BAE values measured since 13:18 UTC resulted unvaried with
time (about 15% and 0.6, respectively) according to a stable layer in the atmosphere between 1420 and 2670 m. The averaged values
agree with those reported in the literature for ash particles (Grop et al., 2012, 2015; Floutsi et al., 2023).

It is interesting to note that the values obtained for the particle depolarization ratio in studies on Etna are in agreement with those
found in the eruption of La Palma in 2021, as highlighted by (Milford et al., 2023).

The averaged f and & values measured by the AMPLE system and the respective uncertainty (%) at both wavelengths allowed us to
retrieve the volcanic ash concentration and size following the approach described in (Mereu et al., 2018). Tables 2 and 3 report the
mean values related to the first and second layer (750-1350 m and 1420-2670 m, respectively) along with the derived volcanic ash
concentration C, (mg/m3) and the mean diameter D, (um). The respective uncertainties are fixed at 50% (Mereu et al., 2018), which
represents the maximum error we can account for due to both the statistical approach (ML) and a priori information assumed in the
Monte Carlo simulations. We build a data set of simulated observables, obtained with a Monte Carlo random generation of an ensem-
ble of ash particles, modeled by a Scaled-Gamma particle size distribution. This includes the Very-fine Ash (VA) class, with the mean
size ranging between 0.125 and 8 um; two concentration classes VC (1 pg/m® - 1 mg/m®) and SC (1-102 mg/m®); spheroidal particles
with three main particle orientation (tumbling, prolate and oblate) and with a basaltic axial ratio; spherical particles; the ash particle
density and the optical dielectric constant that varies randomly in each simulation (Mereu et al., 2018).

The LiDAR measurement set (f,, and §,,) was used to run the VALR-ML algorithm separately at 355 nm and 532 nm. The first four
columns show the variability of C, and D, retrievals (mean values) including the respective uncertainty for each observation time.
The concentration estimates in both wavelengths are in general consistent. We need to highlight that both concentration and diame-
ter estimations show variations caused by the specific working wavelength. Moreover, for the estimation of D,, there is a slight differ-
ence but in the same order of magnitude between the two wavelengths (estimates at 532 nm and at 355 nm). These differences could
be attributable to the different wavelengths used, although they are close in the frequency spectrum.

In particular, focusing initially on the first layer, the analysis of the false-color depolarization map (Fig. 3b) shows a volcanic ash
peak over Catania during the first half-hour (11:08-11:38 UTC), located at an altitude between 750 and 1350 m. During this period,
the average concentrations recorded were 7.5 mg/m? at 355 nm and 8.1 mg/m? at 532 nm. Subsequently, this layer tends to descend
toward the ground, with a decrease in depolarization values, as previously observed. In the next 30 min of measurements, no volcanic
ash was detected in the analyzed layer, and therefore this time range was not analyzed. Once the measurements resumed, the 532 nm
wavelength showed a new increase in concentration, which progressively rose over the next half hour, from 7.5 mg/m? to 7.8 mg/m?>.

During the time between 13:18-13:48 UTC and 13:49-14:19 UTC, the 355 nm wavelength shows a slightly different behavior: in
the first half hour, lower ash concentrations are observed, followed by a peak between 13:48 and 14:18, with an increase from
1.4 mg/m® to 6.3 mg/m>. This difference could be correlated to a priori information ingested by the VALR-ML algorithm that con-
strains the inverse solution. In these intervals the size of particles retrieved at 355 nm is consistent with that recorded at 532 nm.

In the second layer, during the 2 h of continuous measurements, particulate concentrations range between 2.9 and 8.5 mg/m?,
and in the various time windows analyzed, there is consistency in the results between the two considered wavelengths, within the er-
ror. During the first hour of measurements, from the false-color map (Fig. 3b), it is unclear whether the upper layer of the plume is
present due to the high saturation of the LiDAR signal. However, by applying the VALR-ML method, the obtained results of concentra-
tion are consistent with those of the previous 2 h.

Regarding particle size, in both layers the particles are on the order of microns and remain almost constant throughout all the
measurements. This lack of difference in the diameter between the first and second layer could be ascribed both to the numerical con-
vergence limit of T-matrix at 355 nm (Mishchenko and Travis,1994; Wielaard et al., 1997) and to a priori information used in the mi-
crophysical model (Mereu et al., 2018).

Note that, in absence of in situ airborne data, we retain that the VALR-ML estimates are a reliable method because they can resolve
the “non-linearity” of reverse problems much better than regression methods. In this case, these retrievals allow us to confirm the ob-
servations made by INGV_OE (e.g. the VONA messages). The values estimated by LiDAR fall within the medium (2-4 mg/m®) and
high (>4 mg/m?) thresholds, following the ICAO directive. The closure of the airport was made also thanks to the VONA messages
delivered by INGV-OE (https://www.ct.ingv.it/index.php/monitoraggio-e-sorveglianza/prodotti-del-monitoraggio/comunicati-
vona, at the date of February 21, 2019) which in the future could have benefits if LIDAR data would be available in near real time.

4. Conclusions

The LiDAR observations can provide real-time information on the load and properties of volcanic emissions released into the at-
mosphere after an eruption and can be very useful to monitor their space-time evolution. The reported measurements refer to the
analysis of an explosive activity of Etna occurring on February 21, 2019, which produced thin and weak volcanic ash emission trans-
ported toward the south direction about 30 km far from the summit craters. During the last years, Etna has produced powerful lava
fountains (Calvari and Nunnari, 2022), which caused several issues to people living around the volcano flanks mainly for tephra fall-
out deposits (Rolph et al., 2017; Scollo et al., 2019; Wandinger et al., 2016). Although events similar to those here analyzed have a de-
niable tephra fallout hazard, their contribution in the atmosphere needs to be investigated.

The LiDAR measurements, made with the LiDAR AMPLE in the INAF laboratory of Catania located 10 km away from the airport,
highlight the ash concentration above 2 mg/m?>. This threshold was set by the ICAO to highlight regions that have to be interdicted to
aviation operation because of the potential risks to aircraft engines. Satellites are systems able to estimate volcanic ash concentration
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and particle size (Sparks et al., 1997). However, they show operational and sensitivity limitations when used to observe weak and
continuous volcanic ash emissions (Guerrieri et al., 2023; Scollo et al., 2019).

The analysis of the f measured at different time intervals allowed us to follow the aerosol load change in the atmosphere, while
the § variability enables us to distinguish the water droplets or anthropogenic emissions showing low depolarization from ash emis-
sions estimating if they are spherical (not depolarizing) or not (depolarizing), assuming randomly oriented particles. Indeed, one of
the main components within the volcanic plume is the water vapor that can condense on particles, giving them a liquid water coating
(Lathem et al., 2011). In our data we observe two different volcanic ash layers. Only in the upper layer (between 1420 and 2670 m
a.s.l.), we detected an ash layer having higher volcanic ash concentrations.

Recently the AMPLE LiDAR was upgraded to improve volcanic plume retrieval. The new configuration will characterize both opti-
cal and microphysical aerosol properties in a configuration defined as “state of the art LIDAR”, where properties such as the particle
size distribution and refractive index can also be derived. These studies are also relevant to improving climatological studies and
model outcomes. Finally, we think that these measurements performed in volcano observatories are valuable for giving accurate
warnings to the authorities and increasing the number of measurements of freshly emitted volcanic ash. Volcanic ash concentration
measured in real time by LiDAR could help the crisis unit and/or authorities to make decisions about for example the closure of spe-
cific areas of the International Airport in Catania. If LIDAR measurements are run automatically, the costs should be relative to the in-
strument's maintenance. Moreover, automatic procedures to run LiDAR measurements could be based on the VONA messages and
they should be scheduled in safety conditions (e.g. far from populated areas). This will allow a greater number of measurements con-
sidering that staff, working in volcano observatories, is very busy in several activities and duties during an eruption.

Furthermore, we retail that the optimum distance to locate a LiDAR system is between the summit craters and the airport. LIDAR
located very near to the summit craters could detect plumes with high optical thickness and could be not easy to estimate the concen-
tration, whereas LiDAR in Catania could give late warning when the volcanic ash is already near the airport.

In future we hope to perform systematic measurements also with the possibility to be more greatly involved in the European net-
works, aiming at providing effective access to high quality LiDAR data for a wide user community.
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