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Volcanic emissions represent a well-known hazard mainly for aviation safety that can be
reduced with real time observations and characterization of eruptive activity. In order
to mitigate risks from volcanic ash, Lidar observations allow to perform immediate
and accurate detection of volcanic plumes, quantify volcanic ash concentration
in atmosphere and characterize optical properties of volcanic particles, improving
modeling of volcanic ash clouds and their potential impact. From 14 to 17 December,
2013, Mt. Etna, in Italy, showed an intense Strombolian activity from the New South
East Crater (NSEC). Lidar measurements were performed in Catania, pointing at a thin
volcanic plume, clearly visible and dispersed from the summit craters toward the South
East. Real-time Lidar observations captured the complex dynamics of the volcanic
plume along with the pulsatory nature of the explosive activity and allowed to analyze
the geometrical, optical and microphysical properties of the volcanic ash. Both the
aerosol backscattering (βA) and the extinction coefficient (αA) profiles at 355 nm, and
their ratio [the Lidar Ratio (LR)] were measured near the volcanic source using an
Elastic/Raman Lidar system. Moreover, calibrated particle linear depolarization values
(δA) were obtained from Lidar profiles measured in the parallel and cross polarized
channels at 355 nm, thus allowing to characterize the particle shape. The βA, LR, and
δA values were used to estimate the ash concentration (γ) profiles in the volcanic plume.
This is the first study of optical properties of volcanic particles through Elastic/Raman
measurements near volcanic summit craters and one of few studies which quantify the
impact of weak eruptive activity in atmosphere, demonstrating that ash concentration
from this type of activity was lower than the safety concentration threshold established
by the International Civil Aviation Organization.

Keywords: Etna, volcanic aerosol, Elastic/Raman Lidar, optical properties, ash concentration

INTRODUCTION

The amount and composition of silicate particles and gasses emitted during volcanic eruptions
are the result of very complex processes (Robock and Oppenheimer, 2003) which depend on
different variables, such as chemistry of magma and mechanisms of its ejection and removals.
During explosive eruptions, silicate particles and gasses mainly made of water vapor, carbon, and
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sulfur dioxides, are continuously released in the atmosphere
(Sparks et al., 1997). Volcanic aerosols interact with the Earth’s
dynamic atmosphere affecting both terrestrial and marine
ecosystems, human health, and microphysical processes in
clouds and climate (Delmelle et al., 2002; Delmelle, 2003;
Horwell, 2007; Ayris and Delmelle, 2012; Witt et al., 2017).
Eruption produced aerosol strongly influence air quality
especially in regions close to active volcanoes, nonetheless
these effects may also be found many kilometers away from
the volcanic vent at a regional scale (e.g., Azzopardi et al.,
2013; Ayris et al., 2014). Volcanic emissions also represent a
serious hazard to aviation safety because of the well-known
damages to airplane engines and the drop of atmospheric
visibility (Miller and Casadevall, 2000; Guffanti et al., 2005;
Weinzierl et al., 2012; Kueppers et al., 2014; Song et al.,
2014).

The volcanic plume impact reduction, which is nowadays a
mandatory and scientifically recognized need (Bonadonna et al.,
2012), can be better understood only with real-time observations.
Real-time observations provide a unique opportunity to follow
the volcanic process evolution, characterizing the eruption
intensity variation over time (Bonadonna et al., 2015; Scollo
et al., 2015). Furthermore, the knowledge of the atmospheric
particles content may be very useful to define the eruption
style and discriminate sulfate and/or water vapor dominated
plumes that is very important to understand their atmospheric
contribution, having the erupted particles many implications
in climate and environmental effects (Scollo et al., 2012a,b).
In this respect, remote sensing instruments can improve the
monitoring capability of volcanic ash dispersion and fallout,
helping the data interpretation and optimization for a real-
time alert and rapid warning dissemination (Ripepe et al., 2013;
Corradini et al., 2016). Results of real time observations are
also useful to improve volcanic ash forecasts (Scollo et al.,
2015).

Among the remote sensing techniques, Lidar represents one
of the most efficient techniques in the atmospheric studies,
since it gives reliable information on the characteristics of
particles and gas with high spatial and temporal resolution.
During the 2010 Eyjafjallajökull volcano eruption (Bonadonna
et al., 2011; Gudmundsson et al., 2012; Stevenson et al.,
2012), Lidar systems demonstrated their potentiality to study
the volcanic emissions impact on a continental scale giving
quantitative data about the presence of the volcanic cloud
and its layering and optical characteristics (Ansmann et al.,
2010, 2011; Marenco and Hogan, 2011; Marenco et al., 2011;
Papayannis et al., 2012; Sicard et al., 2012; Navas-Guzmán
et al., 2013; Pappalardo et al., 2013; Trickl et al., 2013;
Balis et al., 2016). During the Eyjafjallajökull eruption, near
real time data were available from ground based Lidar of
the European Aerosol Research Lidar NETwork (EARLINET),
giving large scale information on both particle content and ash
concentration.

Mount Etna in Italy is one of the most active volcanoes
of the world and, for this reason it is regularly monitored
mainly by several ground-based instruments (e.g., Scollo et al.,
2014). Recently, the Lidar technique has been routinely used

to monitor Etna’s explosive activity successfully giving unique
information on the aerosol properties above the volcano
(Scollo et al., 2012a; Mereu et al., 2018). Most of the papers
concerning Lidar monitoring of volcanic plume analyzed the
properties of aged volcanic particles transported over long
distances in the troposphere and stratosphere (Sassen et al.,
2007; Wang et al., 2008; Miffre et al., 2011; Kokkalis et al.,
2013) while Lidar measurements of fresh volcanic ash in
the proximity of active craters are still limited. The main
limitation in using Lidar techniques is the decrease of the
signal dynamic due to the presence of high optical depth
layers. However, this constraint is mainly related to large
explosive eruptions, which are not so frequent at Etna.
Nonetheless, low concentration plumes produced by small
intensity explosive eruptions could contaminate the air space
over the near international airport in Catania, located only
26 km away from Etna summit’s craters. Low intensity activity
is not considered dangerous for aviation safety because the
amount of associated ash would be considered not harmful
for aircrafts. However, so far no measurement ever proved
that the ash concentration associated to this type of activity
is lower than the safety concentration threshold established
by the International Civil Aviation Organization (ICAO,
2010).

The elastic backscatter Lidars are the most common and low
cost systems able to measure geometrical features of an aerosol
layer in the atmosphere and the aerosol backscatter coefficient.
Lidars with Raman capabilities give a better characterization
of the aerosol properties by simultaneously measuring the
aerosol backscattering and extinction profiles. This allows to
directly determining the extinction-to-backscatter ratio profile,
also called LR. The LR parameter depends on the shape,
size, and chemical composition of the aerosol (Ackermann,
1998; Müller et al., 2007), and it is useful to characterize the
aerosol typology. Theoretical and experimental values of these
parameters are reported in the literature for different aerosol
types but studies of LR of freshly ejected volcanic ash are still few.
Raman measurements carried out during the 2010 Eyjafjallajokull
eruption showed, for example, LR values ranging between 50 and
82 steradians (sr) (Ansmann et al., 2010; Marenco and Hogan,
2011; Hervo et al., 2012; Mona et al., 2012). LR reported values,
measured over Europe many kilometers away from the volcano,
can change with time and distance from it and are indicative
of a modification of the volcanic plume composition during
the transport in the troposphere. Nevertheless, to the best of
our knowledge, measurements of LR of volcanic ash performed
shortly after its emission are not yet available at Etna.

A direct measurement of LR has been reported here as proxy
from Etna at about 25 km away from the summit craters. The LR
data measurements on freshly ejected volcanic aerosol offer great
potential for sensitivity studies in transport and climatological
model applications, hence, represent a reference value for Lidar
applications to volcanic emissions. In this paper, we present the
results of Elastic/Raman Lidar measurements carried out during
the 16 December, 2013 Etna explosive activity and we show the
measurements of volcanic plume optical parameters detected
near the summit craters.
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MATERIALS AND METHODS

Volcanological Data
The Istituto Nazionale di Geofisica e Vulcanologia, Osservatorio
Etneo (INGV-OE) performs daily forecast of volcanic ash
for some eruptive Etna scenarios using automatic procedures
that download weather forecast data from meteorological
mesoscale models, run models of tephra dispersal, plot hazard
maps of volcanic ash dispersal and deposition for certain
scenarios and publish the results on the Italian Civil Protection
dedicated web-site (Scollo et al., 2009). The system has been
working since 2009 and, furthermore, since 2012 forecasts
include also the Maltese area, in the frame of the VAMOS
SEGURO (Volcanic Ash Monitoring and ForecaSting between
Sicilia and Malta arEa and sharingG of the resUlts foR
aviatiOn safety) project1. Moreover, INGV-OE has several
cameras recording images in the visible and infrared bands;
they are located in Catania (ECV, 27 km from the summit
craters), Milo (EMV, 11 km from the summit craters), Nicolosi
(ENV and ENT, 15 km from the summit craters), Schiena
dell’Asino (ESV, 5 km SE from the summit craters), Monte
Cagliato (EMCT, 8 km E from the summit craters), and
La Montagnola (EMOV and EMOT, 3 km SE from the
summit craters). The images of those cameras are used by
the volcanologist on duty to monitor any variation of volcanic
activity and estimate the eruption column height (Scollo et al.,
2014).

Lidar System
An innovative Lidar system was developed in the frame of
the VAMOS SEGURO project, with the aim of studying
and forecasting volcanic ash plumes from Etna. The Lidar,
named Aerosol Multi-Wavelength Polarization Lidar Experiment
(AMPLE) and developed by the Consorzio Interuniversitario per
le Scienze Fisiche della Materia (CNISM), is a compact multi-
wavelength Elastic/Raman scanning system with depolarization
capability, suitable for mobile measurements and able to carry out
4-D (space and time) imaging of volcanic particles distributions,
their optical properties and microphysical characterization. The
AMPLE Lidar is equipped with a doubled and tripled Nd:YAG
diode-pumped laser with a repetition rate of 1 kHz and average
optical power of 0.6 W at 355 nm, 1.5 W at 532 nm, and
1 W at 1,064 nm. The relative high repetition rate laser source
increases the detectable signal dynamic range allowing to perform
measurements even in the case of high density aerosol load, such
as those ejected during massive explosive eruptions or heavy dust
storm events. The receiving system is based on a 25 cm modified
Cassegrain telescope. The detection system is able to measure
both the elastic Lidar returns at 355 nm (parallel and cross-
polarized signals) and the N2 Raman Lidar echoes at 386 nm.
Due to its modular configuration the system has been upgraded
on 2016 with channels at 532 nm (parallel and cross-polarized
signals) and the N2 Raman channel at 607 nm. Each detected
signal is acquired by a multi-channel scaler with a raw spatial
resolution of 15 m.

1http://www.vamosseguro.eu

In order to verify the accuracy of parameter measured by
AMPLE Lidar system inter comparison measurements were
performed with the EARLINET (European Aerosol Research
Lidar Network) (Bösenberg et al., 2001, 2003) Lidar system
MALIA (Multi-wavelength Aerosol LIdar Apparatus) located
in Naples. MALIA is periodically calibrated for depolarization
measurements through the technique proposed by Freudenthaler
et al. (2009). Calibration methods and results are detailed in
Wang et al. (2015). At present, the AMPLE system is part of the
EARLINET network2 and it is devoted to special measurement
campaigns at Etna volcano. The Lidar system was operated at the
Istituto Nazionale di Astrofisica in Catania about 25 km away
from the summit craters. Lidar derived aerosol properties are
studied in terms of the boundaries of the observed layers, aerosol
extinction (αA), and backscattering (βA) coefficients profiles,
their ratio (LR), and calibrated particle linear depolarization
ratio (δA).

The αA coefficient was retrieved by means of the method
introduced by Ansmann et al. (1990) from N2 Raman Lidar
signal measured at 386 nm during night-time. The retrieval of
the βA coefficient at 355 nm from night-time observations was
performed by using the Raman method (Ansmann et al., 1992)
based on simultaneous detection of both elastic and N2 Raman
Lidar echoes. In a different way, the retrieval of the βA coefficient
at 355 nm from daytime measurements was obtained by using
the Klett–Fernald algorithm (Klett, 1981; Fernald, 1984). The
Elastic/Raman technique provides an independent estimation of
βA and αA vertical profiles; in this way the LR can be directly
measured along the beam path. This parameter is essential in
the optical properties retrieval and it is generally assumed to
be known in the inversion procedure using the Klett–Fernald
algorithm requiring a hypothesis on the LR value. The LR values
choice should be carefully evaluated to prevent large uncertainty
on the retrieved value of the backscattering coefficient. In our
analysis the uncertainty due to a LR assumption was removed.
For daytime observations, we fixed the LR values having as
references the values of LR determined by the nearest time
Raman measurements. The δA values were obtained from
the elastic Lidar profiles measured in the parallel and cross-
polarized channels at 355 nm according to Biele et al. (2000)
and Freudenthaler et al. (2009) inversion procedures. The
depolarization of aerosol can be used to discriminate aerosol
shape and to identify the presence of non-spherical particles
with higher depolarization ratios (Gasteiger et al., 2011) in
the atmospheric sample sounded by the Lidar. In our analysis
the polarization Lidar technique was used to recognize the
volcanic product and to distinguish the particles shape and
thermodynamic phase in the emitted plume.

Due to the different gain of the detection channels or to
the different optical transmission efficiency, the δA calibration
is essential since the uncertainty related to the particle
depolarization ratio retrieval affects the accuracy of the derived
parameters.

In order to calibrate the Lidar depolarization channels, we
used a two-step procedure. The first step is the correction of

2https://www.earlinet.org
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gain ratio by means of a depolarizer plate placed in the receiver.
The depolarizer plate makes the return light unpolarised and let
us to calibrate the difference of gain between parallel and cross-
polarized channels. However, since the light emitted from a laser
is not completely polarized, optical components drawbacks also
add depolarisation to the signal so calibration by depolarizer plate
is not enough.

The second step is the correction of the depolarization
caused by transmitting and receiving optical systems using
pure molecular scattering. Since the depolarization ratio of
atmospheric molecules is determined in the Lidar system using
very narrow filters, pure molecular scattering profile (Behrendt
and Nakamura, 2002) is used to calibrate the depolarization of
AMPLE.

Finally, ash mass concentration (γ) was evaluated using the δA
and LR profiles, measured in the observed plume and following
the methodology of Tesche et al. (2009) and Ansmann et al.
(2011) detailed in the work of Pisani et al. (2012), already applied
by Scollo et al. (2012b, 2015).

RESULTS

The December 14th–17th 2013 Etna
Eruption
Etna eruptions are mainly produced from the summit craters
(e.g., Alparone et al., 2003; Behncke et al., 2006; Scollo et al.,
2013) and from some fractures opened on the volcano flanks
(e.g., Rittmann, 1973; Branca and Del Carlo, 2005). In late 2009
a new crater, the New South East Crater (NSEC), formed at the
base of the eastern flank of the South East Crater (SEC) (e.g.,
Calvari et al., 2011) and became one of the most active and
biggest crater in the recent eruptive story of Etna (Behncke et al.,
2014) with 25 eruptive episodes between January 2011 and April
2012. The explosive activity of the SEC was mainly characterized
by powerful lava fountains forming eruption columns that often
reached the tropopause (Scollo et al., 2014).

The 14–17 December eruption at Etna was preceded by
Strombolian activity accompanied by a gradual increase of
volcanic tremors until 2 December, when the last lava fountain
event of 2013 occurred (INGV-OE, 2013a). Ash emission and
intense Strombolian activity characterized the period between 14
and 17 December, 2013 (INGV-OE, 2013b). This activity was
well-recorded by the INGV-OE video surveillance system. On 14
December, there was a resumption of the explosive activity from
the NSEC at 08:24 GMT with an ash emission event forming
a thin volcanic plume reaching about 2 km a.s.l. high. After
this explosion, a small vent opened on the edge of the NSEC,
producing Strombolian activity forming a weak volcanic plume
that was dispersed toward the East-South East. The activation of
a new lava flow directed toward the Valle del Bove was observed
at about 22:23 GMT. In the early morning of 15 December,
two new vents opened on the NSEC flank at about 05:10 and
05:33 GMT, while Strombolian activity persisted with variable
intensity. Both the explosive and effusive activity went on until
16 December when, at about 13:30 GMT, a new eruptive fracture
opened on the lower part of the North-East flank (Figure 1a)

that also formed a small lava flow well-visible during the night
(Figure 1b). Explosive activity was clearly detected at 14:50 and
15:36 GMT from both the EMOV and EMOT cameras, located
at about 2,500 m a.s.l., while the ECV camera showed a cloud
cover above Catania (Figures 1c–h). Figure 2 shows the eruptive
activity observed by EMOH, EMOT, and EMCT cameras during
Lidar measurements. The videos highlighted two lava flows and
a weak decrease of the explosive activity during the evening. The
clockwise variations of tephra fallout, as it is shown by INGV-OE
volcanic ash forecasts (Scollo et al., 2009), interested the South
East and South flanks (Figure 3) of the volcano. Ash fallout
reported in Acitrezza, Acicastello, and Catania3 and formed a thin
tephra deposit. The explosive activity ended during the first hours
of 17 December, 2013, while the lava flow finally stopped during
the night between 18 and 19 December, 2013.

Lidar Data
Several zenith Lidar observations, with 1 min integration time,
were performed on 16 December, 2013 when an eruptive cloud
of ash, driven by winds in the South direction (Figure 3),
was visible in Catania. Long time measurement at 355 nm
were continuously performed from 10:45 to 17:33 GMT; during
this time period three measurements lasting 30 min using a
depolarizer for calibration of the depolarization were carried out.
The analysis of each Lidar profile measured during the morning
revealed fast moving atmospheric clouds mainly composed of
water vapor (δA < 5%) at lower altitude (<1,400 m), while
a slightly depolarizing layer (5% < δA < 10%) was visible
between about 1,400 and 2,000 m, suggesting the presence
of irregular particles in the atmosphere. The upper layer was
stable in the altitude range. This detected layer could result
from water vapor cloud and volcanic ash mixture. In the
data inversion procedure for this layer, we used a LR of 50
sr, as determined by the closest Elastic/Raman measurement.
Nevertheless, below 1,400 m we used a smaller LR value (30 sr),
according to low cloud presence together with a contribution
of volcanic particles. Diurnal observations showed a decrease
with time in the measured backscattering below 2,000 m; this
is probably due to the waning of the explosive activity at
the NSEC as also qualitatively visible in the images taken by
video cameras. After 15:36 GMT, a new layer with δA > 10%
was clearly visible in the backscatter profiles between 3 and
4 km. This new layer might be interpreted as volcanic ash
coming from the new eruptive fracture opened on the lower
North-East Side of the NSEC flank, producing a small lava
flow detected by camera and visual observations. In Figure 4
the map of the range corrected Lidar signals (RCS) for those
measurements performed on 16 December, 2013 from 16:30 to
17:30 GMT, with a spatial resolution of 15 m and a temporal
resolution of 60 s, is reported. The figure highlights both the
first layer due to diurnal emission below 2 km of altitude and
the second more depolarizing volcanic layer between 3 and
4 km.

Raman measurements were performed since 16:30 GMT and
allowed to detect, for the first time, the LR profiles of the volcanic

3www.ct.ingv.it
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FIGURE 1 | Explosive activity during 16 December, 2016. (a) Photo of the eruptive fissures opened at about 13:00 GMT taken by Michele Mammino; (b) Photo of
the lava flow coming from the same fracture taken by Francesco Mangiaglia; strombolian activity retrieved at 14:50 GMT by (c) EMOV, (d) EMOT and (e) ECV
cameras; and at 15:36 GMT retrieved by (f) EMOV, (g) EMOT, and (h) ECV cameras.

plume near Mount Etna’s summit craters. Figure 5 reports the
Lidar profiles of βA, αA, LR, and δA obtained from measurements
carried out at 17:00 GMT. In order to enhance the signal to noise
ratio, the Lidar profiles were reported with 15 min integration
time; moreover, a binning procedure was performed on lidar
signals in the data analysis, therefore the vertical resolution was
reduced to 60 m for βA and δA profiles, while it was 180 m for
αA and LR profiles. Lidar measurements highlight two different
signatures of fresh volcanic ash in the altitude ranges between
3,000–3,400 m and 3,400–4,100 m. The δA mean values in these
layers resulted 49.7 and 43.5%, respectively. The very high δA
values measured along the vertical profile (up to 75 ± 19%)
correspond to ash with highly irregular shape. This result could
reflect the fragmentation of hot basaltic magma with low viscosity
that produces juvenile ash with elongated shape cooling in the
atmosphere.

Larger concentrations of ash particles were detected in the
higher range of altitude (5.5 × 10−4 g/m3) with respect to the

values in the lower one (2.3 × 10−4 g/m3). This is in agreement
with larger LR mean values in the higher layer (53 sr) compared to
the one measured in the lower layer (35 sr). LR and δA measured
values were in agreement with the volcanic ash classification
scheme at 355 nm showing LR values higher than 40 sr and
δA higher than 33%, as reported by Groß et al. (2015). These
values clearly indicate the presence of non-spherical particles
and suggest a large fraction of glass and mineral aerosols. The
δA values, measured in the plume developed in the afternoon,
are different from the values measured in the morning at lower
altitude; this suggests a different shape of volcanic particles and
reflects the increase of explosive activity in the afternoon.

The LR, δA, and γA averaged values in the layers resulting
from the afternoon measurements of 16 December, 2013 are
reported in Table 1. The mean properties inside each layer
changed during the time, highlighting a temporal evolution of
the vertical distribution of the aerosol load and possible changes
in its composition. The δA values of the higher layer rapidly
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FIGURE 2 | Explosive activity retrieved by EMOH (a,d,g,j), EMOT (b,e,h,k), and EMCT (c,f,i,l) cameras on 16 December, 2013 during the Lidar measurements.

increased with time going up to 44%, while, LR resulted in about
48 sr due to the presence of volcanic ash in the layer and it
did not change with time after the 16:45 GMT. The lack of
significant variability of the LR in the observed volcanic plume
suggests the presence of the same type of aerosol. Despite the
high depolarizing nature of the observed plume, the multiple
scattering influence in our measurement was not relevant due
to both the short distance of the plume from the Lidar and the
low values of the optical depth (OD) measured in the plume
<0.1.

In the Planetary Boundary Layer (PBL) whose top height was
located at 1,100 m of altitude during the time measurements,

we observed a slightly decrease in the LR values with time,
which suggests a change in the dominant aerosol typology.
The observed behavior could be related to the contribution
of the diurnal ash, located in the range 1,400–2,000 m,
which feels across the PBL and mixed up with local marine
aerosol. The mixed aerosol in the PBL shows lower δA
values thus suggesting a more pronounced spherical particle
shape. Finally, the larger LR values obtained in the range
1,100–3,000 m fit well with the higher values obtained in
volcanic ash plumes (Groß et al., 2012), when volcanic
sulfate particles were mixed with anthropogenic particles
(Navas-Guzmán et al., 2013).
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FIGURE 3 | Forecast of tephra fallout carried out by INGV-OE on 16 December at 12:00 GMT.

DISCUSSION AND CONCLUSION

Lidar data acquired on 16 December, 2013 have shown how
Lidar observations can provide real time detection of volcanic
plume emission and can be very useful for monitoring its
evolution with time. Lidar measurements were able to capture
the complex dynamics of the eruptive event by tracking the
variations of ash emissions during the explosive activity with
time. Data highlighted two different phases of the eruptive
activity: from 10:45 to 15:05 GMT we observed a volcanic layer
which was related to the explosive activity that occurred early

in the morning while in the afternoon, after 15:36 GMT, Lidar
measurements captured particles coming from both the explosive
activity and the eruptive fracture developed at about 13:30 GMT.
The combination of values and variation of the backscatter
coefficient and the LR and the aerosol depolarization ratio also
showed variations on particles features in the atmosphere.

Vertical profiles of aerosol backscattering coefficient were able
to track in time the decrease of the explosive activity of the fissure
developed late in the morning and located at the North East side
of the NSEC. Aerosol depolarization ratio δA allowed to evaluate
the sphericity of the volcanic cloud particles. Its variation with
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FIGURE 4 | Time variability of the range corrected Lidar signal (RCS) for Lidar measurements performed on 16 December, 2013 from 16:30 to 17:30 GMT, with a
spatial resolution of 15 m and a temporal resolution of 60 s.

FIGURE 5 | Lidar profiles obtained from measurements carried out at 17:00 GMT and corresponding to 15 min time integration. Vertical resolution is 60 m for βA,
and δA, 180 m for αA and LR.

time suggests a modification of the aerosol shape probably related
to physical interactions between volcanic ash particles and water
vapor, a dominant component during most explosive volcanic
eruptions, strongly affecting the microphysical evolution of ash
(Lathem et al., 2011). In fact, ash uptakes water efficiently via

adsorption and nucleates into cloud drops, whose more spherical
shape can justify the observed values of δA. Larger δA values
obtained in the afternoon measurement in an upper plume clearly
indicate the presence of non-spherical particles and suggest the
presence of a larger fraction of glass and mineral aerosols.
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TABLE 1 | Timetable of aerosol parameters [Lidar Ratio (LR), aerosol depolarization δA, and concentration γ) averaged in the observed layers.

Time (hh:mm) Range (m) LR (sr) δ (%) γ (mg/m3) × l0−2

GMT

16:30–16:45 <1100 51.5 ± 3.5 2.04 ± 0.20 1.5 ± 0.2

1100–2000 75.3 ± 2.5 1.07 ± 0.09 0.5 ± 0.2

2000–3000 57.1 ± 29.0 0.89 ± 0.13 0.04 ± 0.09

3000–4100 45.1 ± 4.1 12.19 ± 1.10 10.7 ± 4.4

16:45–17:00 <1100 48.5 ± 4.0 2.52± 0.20 2.4± 0.3

1100–2000 70.6 ± 2.8 1.57± 0.07 2.8± 0.3

2000–3000 72.3 ± 24 5.69± 0.75 1.9 ± 0.2

3000–3500 30.1 ± 6.7 48.2 ± 7.0∗ 15.54 ± 2.10 18.87 ± 2.44∗ 13.0 ± 4.5 13.9 ± 5.0∗

3500–4100 58.2 ± 17.1 26.06 ± 3.72 16.0 ± 5.9

17:00–17:15 <1100 48.3 ± 3.3 2.05 ± 0.12 2.1 ± 0.3

1100–2000 71.8 ± 2.3 1.24 ± 0.05 1.1 ± 0.2

2000–3000 69.9 ± 16.0 3.91 ± 0.49 1.0 ± 0.2

3000–3400 34.9 ± 3.6 46.8±6.2∗ 49.67 ± 8.99 46.34 ± 9.05∗ 22.8 ± 6.8 40.3 ± 12.6∗

3400–4100 53.3 ± 16.2 43.47 ± 9.56 55.0 ± 17.7

17:15–17:30 <1100 44.3 ± 3.7 2.97 ± 0.11 4.3 ± 0.6

1100–2000 78.3 ± 3.8 2.31 ± 0.24 4.7 ± 0.5

2000–3000 75.3 ± 24.0 13.32 ± 0.51 4.6 ± 0.4

3000–4100 48.1 ± 5.6 44.13 ± 4.76 38.8 ± 13.8

Values with ∗ correspond to values averaged in the range 3000–4100 m.

Mean LR values, measured for the first time near the Etna
summit craters, matched with values reported in the literature
for volcanic ash when volcanic sulfate particles are mixed
with anthropogenic particles (Navas-Guzmán et al., 2013). The
obtained results suggest a large amount of SO2 released from
the volcano in the ash, according to SO2 flux emitted from Etna
that reached peak values greater than 15,000 t/d on 16 December
(INGV – Bollettino settimanale Etna del 24/12/2013 Rep. N◦

52/2013). The SO2 presence in the plume is also confirmed by
the IASI and GOME 2 satellite images4 in the UV – visible and
infrared wavelengths, respectively.

Daily forecasts run by INGV-OE confirmed the movement
of the volcanic plume from South East toward the South in
the night between 15 and 16 December. The airspace around
Etna was accordingly closed in the evening of 15 December
2013 and dozens of departures were canceled at the international
airport in Catania, with several flights diverted toward Palermo
airport. However, Lidar measurements carried out at the INAF,
in Catania, only 10 km far from the airport, showed the highest
concentration value of 5.5 × 10−4 g/m3, measured at altitudes
between 3,000 and 4,000 m, i.e., below the risk threshold for
aircrafts (2 × 10−3 g/m3).

It should be noted that our study is based on observations
carried out using a one wavelength Lidar system with
Elastic/Raman and polarization capability. Due to the lack
of multi-wavelengths observations, important parameters for
particles characterization have not been estimated. Particle shape
information derived from the aerosol depolarization values in
combination with aerosol optical properties measured at many
wavelengths allow the aerosol microphysical characterization and

4http://sacs.aeronomie.be

both size distribution and mass concentration retrieval. The
extended observation capability of the system, upgraded in 2016
with the implementation of the 532 nm channels (parallel and
cross-polarized) and the corresponding N2 Raman channel at
607 nm, has already allowed us to improve our capability to
evaluate optical particles near active craters. Lidar measurements
carried out near active volcanoes are, however, uncommon
although they could really improve our understanding on plume
transport and evolution of volcanic particles. The elastic channel
at 1,064 nm will be implemented in the next future opening
new prospects for the use of Lidars in the volcanic plume
survey.
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