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Abstract In this paper, we use data obtained from LiDAR
measurements during an ash emission event on 15 November
2010 at Mt. Etna, in Italy, in order to evaluate the spatial
distribution of volcanic ash in the atmosphere. A scanning
LiDAR system, located at 7 km distance from the summit
craters, was directed toward the volcanic vents and moved in
azimuth and elevation to analyse different volcanic plume
sections. During the measurements, ash emission from the
North East Crater and high degassing from the Bocca Nuova
Crater were clearly visible. From our analysis we were able to:
(1) evaluate the region affected by the volcanic plume pres-
ence; (2) distinguish volcanic plumes containing spherical
aerosols from those having non-spherical ones; and (3) esti-
mate the frequency of volcanic ash emissions. Moreover, the

spatial distribution of ash mass concentration was evaluated
with an uncertainty of about 50%.We found that, even during
ash emission episodes characterised by low intensity like the
15 November 2010 event, the region in proximity of the
summit craters should be avoided by air traffic operations,
the ash concentration being greater than 4×10−3g/m3. The use
of a scanning permanent LiDAR station may usefully monitor
the volcanic activity and help to drastically reduce the risks to
aviation operations during the frequent Etna eruptions.

Keywords Volcanic plume . Scanning LiDAR
measurements . Etna . Ash emission episodes

Introduction

During explosive activity, volcanoes release a large amount
of silicate particles and gases mainly composed of water
vapour, carbon and sulphur dioxides (Sparks et al. 1997).
This emission represents the most important natural source
of pollutants in the atmosphere (Oppenheimer 2003), affects
terrestrial ecosystems and human health on local to regional
scales (e.g. Mather et al. 2003) and influences microphysical
processes in clouds and climate (Durant et al. 2010). Silicate
particles, in particular, cause respiratory problems, eye injuries
and skin irritations (e.g. Horwell and Baxter 2006), damage to
crops, roads and infrastructures (e.g. Blong 1984), whereas
sulphur dioxide leads to acid rain, lowers the surface temper-
atures and, if the stratosphere is reached, promotes depletion
of the Earth’s ozone layer (e.g. Robock 2000). An accurate
monitoring of the amount of volcanic aerosol ejected in atmo-
sphere is, hence, necessary.

Etna is one of the most active volcanoes in the world and
is considered among those volcanoes frequently causing
damage to airport operations (Guffanti et al. 2008), espe-
cially due to the high frequency of explosive activity (e.g.
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Branca and Del Carlo 2005). In order to reduce the impact
of volcanic plumes on aviation and the local population,
since 2000 the Istituto Nazionale di Geofisica e Vulcan-
ologia, Osservartorio Etneo (INGV-OE) has developed an
alert system based on tremor thresholds (e.g. Alparone et al.
2007). Moreover, since 2006, the system has been improved
thanks to the use of new instruments able to detect the tephra
fallout and eruptive clouds, together with better volcanic ash
transport and dispersal models (Scollo et al. 2009). Moni-
toring is currently based on multispectral infrared measure-
ments by the Spin Enhanced Visible and Infrared Imager on
board the Meteosat Second Generation geosynchronous sat-
ellite (SEVIRI), visual and thermal cameras and three radar
disdrometers. In general, satellite-based sensors are avail-
able with different spatial and temporal resolutions over a
range of different wavelengths (see Thomas and Watson
2010 for a review) and are able to retrieve volcanic emis-
sions using appropriate algorithms. For example, the ash plume
optical thickness, the particle effective radius and the total mass
may be evaluated applying the brightness temperature differ-
ence procedure (e.g. Corradini et al. 2010; Prata 1989). Data
from visual and thermal cameras provides useful information
on eruptive phenomena (Andò and Pecora 2006) allowing
detection of ash-rich eruptive columns and distinction of
explosive from effusive activity (e.g. Behncke et al. 2009).
Finally, three continuous wave X-band disdrometers that mea-
sure the terminal settling velocity of volcanic particles falling
above the radar (Scollo et al. 2005), detect the ash fall rate.
However, these instruments may fail under adverse conditions
(e.g. low-intensity eruption plumes) and, moreover, each in-
strument has limits and employs specific assumptions (e.g. see
Bonadonna et al. 2012). Consequently, an efficient monitoring
system of volcanic ash plumes can be carried out only by
using a combination of different measurement techniques.

Since the first observations of airborne volcanic ash
layers in the 1990s (Barton et al. 1992; Defoor et al.
1992), measurements from light detection and ranging tech-
nology (LiDAR) have improved our knowledge on volcanic
ash aerosols released during explosive eruptions. Volcanic
plumes emitted during the 2001 and 2002 Etna eruptions
were detected by the EARLINET network far from the
volcanic source. For these events, volcanic ash layers were
measured through a combined Raman-elastic backscatter
LiDAR (Pappalardo et al. 2004; Wang et al. 2008). During
Etna strombolian activity in July 2008 LiDAR measurements
of the volcanic plume were performed at about 10 km east of
the main craters by Fiorani et al (2009). Several LiDAR
measurements were carried out on the Eyjafjallajokull volca-
nic plume in April 2010 (e.g. Ansmann et al. 2010; Carstea et
al. 2010; Sicard et al. 2012) which enabled testing the ability
of a LiDAR system to detect volcanic ash (Ansmann et al.
2010; Colette et al. 2010). LiDARmeasurements of the atmo-
sphere may detect aerosol layers and, under suitable

conditions (e.g. no high values of the cloud optical depth),
may estimate the column height. This parameter is one of the
key elements needed to reliably forecast plume dispersal using
volcanic ash transport and dispersal models (e.g. Folch et al.
2008) because from its correct estimation the mass eruption
rate (e.g. Carey and Sparks 1986) and the volcanic explosive
index (Newhall and Self 1982) may be evaluated. From
LiDAR measurements we can detect the position of volcanic
plumes in the atmosphere and map ash mass concentrations,
though with a certain degree of uncertainty. Furthermore, the
polarisation LiDAR instrument is particularly suited to distin-
guishing spherical particles from non-spherical ones (Winker
and Osborn 1992; Sassen 2005; Sassen et al. 2007).

In this paper, we support use of a scanning LiDAR
system as a new tool for monitoring explosive activity at
Etna. On 15 November 2010, a scanning polarisation
LiDAR was tested near the summit craters. Compared to
previous LiDAR measurements applied to volcanic plumes,
the ability to direct the laser beam in any point of the space
provides information on the plume particles’ spatial distri-
bution. While a detailed optical investigation of the volcanic
aerosol properties of this event has recently been performed
(Pisani et al. 2012), in this paper, we focus on the ash
dispersal process and on mapping estimated mass concen-
trations of ash in the plume during the activity of 15 No-
vember 2010 when ash emission was erupted from NEC for
the entire day and form a very dilute volcanic plume. The
manuscript is set out as follows: in “The 14–15 November
2010 ash emission episodes”, we describe the volcanological
features of the event; in “Instrumentation and facilities” and
“Method”, we briefly describe the LiDAR system, the instru-
ment facility and show the methodology used in the data
acquisition and analysis and, finally, in “LiDAR observations”,
we discuss the hazard from such events and the advantages of
having a permanent LiDAR near an active volcano.

The 14–15 November 2010 ash emission episodes

Mt. Etna is considered one of the most active volcanoes in
the world for its frequent eruptions and for its permanent
degassing plume. Explosive activity comes from the central
craters (Fig. 1) made up of the Bocca Nuova Crater (BNC),
the North East Crater (NEC) and the South East Crater
(SEC), recently shifted to a new vent informally named
New South East Crater (NSEC; e.g. The 23 April 2012
paroxysm of Etna in www.ct.ingv.it), or from fractures
opened on the volcanic flanks. After the eruption occurring
in 2008–2009 (e.g. Di Grazia et al. 2009), Etna entered into
an almost dormant phase until April 2010, when on 8 April
there was ash emission from the pit crater at the base of SEC
(NSEC) and a volcanic plume rose up to 1 km above the
vent and lasted less than 1 h (Corsaro 2010). Since this
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event, several ash emission episodes (e.g. Andronico et al.
2009) have occurred from the summit craters (Table 1).

In this paper, we focus on the November activity when the
LiDAR measurements were performed. During this month,
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Fig. 1 a Map of the central
craters of Etna volcano: North
East Crater (NEC), Bocca
Nuova (BN) and South East
Crater (SEC), AO indicates the
LiDAR station; b volcanic
plume photographed during the
LiDAR measurements at the
AO station (photo taken from S.
Scollo)

Table 1 Date, time, volcanic vent, eruptive style and features of the plume dispersal and fallout of the main explosive events in 2009 and 2010

Date Time (UTC) Volcanic vent Eruptive style Features of the plume dispersal and fallout

6/03/2009 to
15/03/2009

All the day Eruptive fissure Ash emission episodes
and strombolian activity

Few hundred meters

at 2,800 ma.s.l. Tephra fallout only in the proximal area

28/06/2009 Since 5:14 BN Ash emission episodes Very dilute plume toward E and SE

No tephra fallout

18–19/11/2009 All the day Eruptive fissure Ash emission episodes Very dilute volcanic plume toward E

on the east flank of SEC No tephra fallout

8/04/2010 17:51 NSEC Ash emission episode 1 km above the plume toward NE

Fallout only in the proximal area

7/05/2010 11:04 NSEC Ash emission episode Few hundred meters above the vent

No tephra fallout

8/06/2010 4:22 and 4:52 NSEC Ash emission episodes Few hundred meters above the vent

No tephra fallout

25–29/08/2010 13:05 BNC Ash emission episodes The greatest event occurred on 25 August

The plume reached 1–2 km above the vent

Plume direction and fallout toward E

4–5/09/2010 13:01 BNC Ash emission episodes Few hundred meters above the vent

No tephra fallout

22/09/2010 22:42 BNC Ash emission episode Few hundred meters above the vent

No tephra fallout

17/09/2010 7:55 BNC Ash emission episode Few hundred meters above the vent

No tephra fallout

17/09/2010 9:30 NSEC Ash emission episode Intracrateric collapse

No tephra fallout

7–9/10/2010 10:27 BNC Ash emission episodes The greatest occurred on 7 October formed
a discontinuous tephra deposit reaching
Rifugio Sapienza

31/10/2010 15:33 BNC Ash emission episode Few hundred meters

No tephra fallout

12–15/11/2010 All the day NEC Ash emission episodes Continuous ash emission activity

Volcanic plume spanning from S to NE

Tephra fallout only in the proximal area

22/12/2010 4:46 BNC Ash emission episode Volcanic plume toward NE

Tephra fallout reached the Linguaglossa’ town

Data are taken from multidisciplinary reports published by INGV-OE (www.ct.ingv.it)
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there was an increase of the activity in NEC crater. Emissions
of water vapour and ash, occurring every 1–2 min, were
observed on 12 November by volcanologists during a field
survey at the summit craters (Behncke, personal communica-
tion). A marked increase of ash emission was detected in the
morning of 14 November when a very diluted plume was
dispersed toward the SW direction. The activity proceeded
on 15 November 2010 and formed a thin ash plume which
blew toward the E and SE in the morning and shifted toward
the NE in the afternoon. Videos of 15 November 2010 from
the camera (EMOV) located at the Montagnola site on the SE
volcano flank and less than 5 km away from summit craters
showed that ash emission episodes from the NEC were pul-
sating. Highest intensity of explosions was recorded early
morning before the LiDAR measurements and after 14:00
UTC (Fig. 2a, b). Volcanologists at the edge of NEC reported
a fairly modest and intermittent ash emission from this crater
and degassing from BNC and NSEC (Behncke et al. 2010).
Sometimes, ash due to crumbling walls from BNC was also
observed (Behncke et al. 2010). The coarser particles settled
on the edge of the crater and formed a thin layer on the upper
part of the volcano. A tephra sample, analysed by Andronico
et al. (2012), presented a coarse grained distribution with

particles having a mode of 0.25 mm and a small percentage
(<5 %) of particles of sizes <0.063 mm. Authors showed that
particles were mainly juvenile clasts, with a high percentage
of tachylites, followed by lithic fragments and crystals and had
peculiar morphologies with tachylites of blocky morphology.
The emissions continued up to the morning of 16 November
when the eruptive activity ended.

Instrumentation and facilities

The LiDAR system named “VAMP” (Volcanic Ash Moni-
toring by Polarisation) makes use of a frequency doubled
Nd:YAG laser source operating at a 532-nm wavelength,
with a repetition rate of 1 kHz. Laser pulses are emitted with
energy of 0.3 mJ, duration of 40 ns and linear polarisation
better than 100:1. The receiver is a 20 cm diameter Casse-
grain telescope with a focal length of 140 cm. A filter
(central wavelength, 532 nm; full width at half maximum,
0.5 nm) is used for the spectral selection. The system trans-
mits a linearly polarised laser light and parallel and cross-
polarised components of the backscattered radiation are
collected separately. During the night, due to the lower
background signal, an integration time of 20 s is required
to obtain LiDAR profiles reaching 20 km, while 1 min of
integration time is necessary to reach 10 km in daytime
measurements. This means that these are the time scales of
the observable evolution. For these ranges and integration
time, the system acquires data with a spatial resolution of
30 m along the line of sight. A further integration of data
over 60 or 180 m is performed during data analysis in order
to enhance the signal to noise ratio. The VAMP system is
mounted on a bi-axial motorised fork and may be moved in
azimuth and elevation with the possibility to scan the vol-
canic plume either horizontally and/or vertically at a maxi-
mum speed of 0.1 rad/s. The calibration of the VAMP
system and a detailed description of the apparatus are
reported in Pisani et al. (2012). The VAMP system was
installed at the “M.G. Fracastoro” astrophysical observatory
(14.97° E, 37.69° N) of the Istituto Nazionale di Astrofisica
in Catania, hereafter named AO (Fig. 1a). Choosing a suit-
able location to carry out LiDAR measurements near an
active volcano is fundamental because: LiDAR measure-
ments should be performed each time an eruption occurs
and continuous measurements might be required in case of
long-lived explosive activity; positioning the LiDAR along
the plume dispersal axis should be avoided since the system
can be seriously damaged by ash fallout. The AO location
has several advantages: (1) the observatory is located at
1,760 m on the SW flank of the volcano, only 7 km away
from the Etna summit craters, allowing the laser beam to
scan the atmosphere nearly the source (Fig. 1b); (2) AO has
the necessary facilities to perform long-lived measurement

Fig. 2 Ash emission from the NEC recorded by the EMOV camera
located on the SE flank at 5 km away from the volcanic vent at a 12:02;
b 15:30 UTC
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campaigns and (3) the location is suitable to performmeasure-
ments during most of the eruptive events; indeed, the volcanic
plume affects the SE sector because winds mainly blow to-
ward the E and SE (Barsotti et al. 2010). In general, LiDAR
measurements cannot be performed in cloudy weather con-
ditions. It has been statistically evaluated that clouds prevent
astronomical observations at the AO about 30 % of the time
(http://sln.oact.inaf.it/index.php/it/informazioni-generali/
meteorologia-e-statistiche.html); consequently, a LiDAR sys-
tem at the AO can probably achieve 70 % of sampling effi-
ciency. In addition, the facilities that are available and the
presence of locally based personnel make the AO station an
optimum position for a permanent LiDAR station.

Method

The VAMP LiDAR system detects the back-scattered radi-
ation at the laser wavelength λ. Analysing this signal, we
obtain the aerosol backscattering coefficient (βaer). The
aerosol backscatter coefficient is an optical parameter which
is proportional to the strength of the LiDAR signal and
describes how much the light is scattered in the backward
direction. Its value depends on the type (dimension, com-
position and shape) and concentration of particulate in the
atmospheric sounded sample (Wandinger 2005). For the
LiDAR and the VAMP system, based on elastic scattering
only the aerosol backscattering coefficient is evaluated us-
ing the Klett-Fernald algorithm (Fernald 1984; Klett 1985).
This procedure requires knowledge of the LiDAR ratio
(LR), an essential parameter in aerosol optical character-
isation since it is related to the aerosol microphysical prop-
erties such as chemical composition, refractive index, shape
and particle size distribution (Ackermann 1998) but it is
independent on concentration. The LR of the volcanic
plume used in our data analysis has been evaluated by
taking advantage of the fact that the atmospheric region
before and after the plume can be considered aerosol free.
The resulting values of LR ranged between 30 and 45 sr
(Pisani et al. 2012). Using the polarisation LiDAR technique
and analysing the two components of the backscatter radia-
tion, parallel and cross-polarised with respect to the polar-
isation plane of the emitted laser beam, the total volume
depolarization ratio (δ) and the aerosol linear depolarization
(δaer) are evaluated (Winker and Osborn 1992; Sassen 2005;
Sassen et al. 2007). The aerosol linear depolarization allows
to distinguish spherical aerosol (liquid droplets) from non-
spherical ones (volcanic ash) in the plume. Indeed, irregular-
shaped aerosols produce higher values of δaer with respect to
spherical particles such us water, volcanic sulphuric acid
droplets and spume drops for which δaer values are of the
order of few percent (Sassen 2005). LiDAR technique
allows to measure the optical parameters of the atmospheric

particles along the laser beam path, with a spatial
(longitudinal) resolution as a function of the signal to noise
ratio (60 and 180 m in our case); this is also the spatial
resolution with which the sampled atmospheric regions with
different optical properties can be characterised. Moreover,
in a single measurement, a LiDAR samples the volume of
the atmosphere that can be easily evaluated by taking into
account the divergence of the beam, the distance of the
atmospheric target and the longitudinal resolution of data.
In our case (divergence 0.2 mrad, distance about 7 km,
spatial resolution 60–180 m), the transversal and longitudi-
nal dimension of the sampled volume over the crater are of
the order of 1.5 m and 60–180 m, respectively.

Finally, from the backscattering and depolarization coeffi-
cients, it is possible to evaluate the volcanic ash concentration.
An exhaustive description of the methodology used is
reported in the work of Pisani et al. (2012). In particular, ash
mass concentration is evaluated by means of the expression:

c ¼ k � LR� ρ� ba

where k is the ash conversion factor which is function of the
particle size distribution and, for large values of the effective
radius, reff, it is given by 2reff/3 (Schumann et al. 2011;
Gasteiger et al. 2011). Pisani et al. (2012) assumed a value
of about 10 μm for reff and k is hence set to 0.6×10

−5m; LR is
the mean value of the estimated LiDAR ratio (Pisani et al.
2012), ρ is the density of volcanic ash fixed to 2,450 kg/m3

(Scollo et al. 2005), and βa is the volcanic ash backscatter
coefficient. Its value is obtained following the approach ap-
plied by Tesche et al. (2009):

ba ¼ baer
daer � dnað Þ 1þ dað Þ
da � dnað Þ 1þ daerð Þ

where βaer and δaer values come directly from our measure-
ments (δna is set to 0.01, δa is set to 0.5). The errors on ash
mass concentration are evaluated from the uncertainties of LR,
βa and ρ and reach a value of 25 %. An additional uncertainty
of about 50%must be considered due to the assumption of the
effective radius (Pisani et al. 2012).

LiDAR observations

LiDAR measurements carried out at the AO station on 15
November are summarised in Table 2. In the first two
measurements (M1 and M2), the laser beam was directed
toward the zenith to verify the functionality of the system
and for calibration purposes (Pisani et al. 2012). At 12:38
UTC, the LiDAR beam was directed towards the ash emis-
sion and elevation and azimuth were changed during the
measurements in order to scan the volcanic plume (M3 in
Table 1). Figure 3 shows βaer and δaer values for measurements
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performed between 12:38 and 13:29 UTC. It should be noted
the contribution of background aerosol load in clear sky and
no aerosol conditions at the volcanic plume height is less than
∼10−7sr−1m−1 in the Mediterranean region (Sicard et al.
2011), so that it may be considered negligible. LiDAR data
were collected at three different elevations (14.4°, 14.65° and
14.9°). The volcanic plume was located between 6.5 and
7.5 km from the AO. In the plume region βaer reaches values
larger than 2×10−5m−1sr−1 with the highest values (above 5×
10−5m−1sr−1) between 6.5 and 7 km from the AO station. It is
notable that higher values of βaer indicate a higher concentra-
tion of volcanic aerosols. Data of Fig. 3 show that there were
two different plumes, the first one lying between 6.5 and
7.0 km from the LiDAR site had lower δaer values (<5 %)
than the layer located between 7 and 7.5 km (10–15 %). This
plume was mainly made up of water vapour and/or volcanic
gas in liquid phase, while in the second region volcanic ash
were present. In the M4 measurements, the laser beam was
pointed toward a fixed direction defined by azimuth angle of
17.3° and elevation angle of 14.4° from the N direction,
corresponding approximately to 250–300 m of altitude above
summit craters. Figure 4 shows the time evolution of the
particle backscattering and the linear volume depolarization
δaer as measured between 13:45 and 14:50 UTC. Data again
show two plumes, one mainly made up of volcanic ash (values
of the depolarization up to 30 %) between 6.5 and 7 km and
the other of water vapour and/or gas non-depolarizing par-
ticles (droplets; values of depolarization lower than 2 %)
between 6 and 6.5 km. This figure clearly shows that volcanic
ash emission was unsteady. In particular, a disappearance of
the NEC emission from 14:16 to 14:23 UTC is evident.
Analysing the number of explosions between 13:45 and
14:22 UTC in the EMOV videos, we observed a drop in the
ash emission episodes between 14:12 and 14:22 UTC. Explo-
sions occurred every 2.5 min with respect to 1.5 min retrieved
between 13:45 and 14:12 UTC and between 14:22 and 14:45
UTC. In Fig. 5, the scatter plot of the integrated backscattering
of the two plumes is reported. The backscatter coefficient
integrated in each layer highlights a negative correlation

between the two plumes, whose correlation coefficient has
larger values (R00.72) between 13:58 and 14:24 UTC
(Fig. 5). Figure 6 shows results of the scanning of the volcanic
plume, directed toward the NE direction, carried out by Li-
DAR at 16:17 UTC. For these measurements, the integration
time was reduced to 20 s, because of the higher signal to noise
ratio of the measurements performed in night time conditions.
Higher depolarization values (of the order of 40 %) are
detected at higher levels above the volcanic vent. Moreover,
the plume from BNC, mainly made up of non-polarizing
particles, had a greater percentage of polarizing irregularly
shaped particles in the afternoon with respect to the morning.

Figure 7 shows ashmass concentrationmaps forM3 andM5
measurements (Figs. 3 and 6). Ash concentration layers of 2×
10−3g/m3, 3×10−3g/m3 and 4×10−3g/m3 were chosen because
they help to identify the area of low, medium and high con-
tamination defined by the International Civil Aviation Organi-
sation (ICAO) in the Volcanic Ash Contingency Plan in July
2010 as the airspace where volcanic ash may be encountered at
concentrations equal to or less than 2×10−3g/m3, greater than
2×10−3g/m3, but less than 4×10−3g/m3 and greater than 4×
10−3g/m3. We found that ash concentration values in the morn-
ing were lower than the values found in the afternoon, confirm-
ing an increase of the eruptive activity. The figure clearly shows
that, even during low-intensity ash emission events such as the
one on 15 November, 2010, there are regions in the atmo-
sphere, around the summit craters, in which the contaminant
density exceeds the thresholds defined by ICAO.

Discussion

In this paper, we have shown how the use of a scanning
elastic LiDAR may reveal interesting features of volcanic
plume dispersal during explosive activities of volcanoes
such as Etna. We tested the capability of a LiDAR apparatus
installed at a location (the Catania Astrophysical Observa-
tory) only 7 km away from the volcanic vent, during the ash
emission event occurring on 15 November 2010. From the

Table 2 Measurements carried out at the AO station on 15 November 2010

M Time (UTC) E (°) A (°) ΔA (°) ΔT (s) resolution Rp Type

M1 90 – – 60 10 Zenith

M2 90 – – 60 1 Zenith

M3 12:38–13:29 14.4 21.9–36.9 1 60 1 Grid
14.65 21.9–36.9 1

14.9 21.9–36.9 1

M4 13:45–14:50 14.4 17.3 – 30 1 Fixed

M5 16:17–16:53 14.4–14.9 21.9–36.9 1 20 2 Grid

The table shows the number of measurements (M), the time in UTC, the elevation (E) and azimuth (A), the time resolution (ΔT) in seconds, the
number of repetitions (Rp) and the type of the measurement indicating if it was performed at the zenith, in a grid (Grid) and in a fixed point (Fixed)
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analysis of these measurements we were able to: (1) evalu-
ate the region where volcanic ash was present; (2) distin-
guish volcanic ash from water and/or sulphate aerosol; (3)
measure the time variation of explosive activity and (4)
evaluate the mass concentrations of ash in the atmosphere.

The reconstruction of volcanic plumes in 3D is a chal-
lenge for the analysis of volcanic ash dispersal in the atmo-
sphere. A powerful instrument for reconstructing the 3D
structures of volcanic plumes is the radar system (e.g.
Larsen et al. 1992; Lacasse et al. 2004), which, however,
is very expensive and consequently its use is not very
widespread. Moreover, this technique is sensitive only to

larger particles (of the order 100 μm to millimetres particle
size) and consequently the measurements cannot capture the
majority of the fine ash fraction. LiDAR systems are in
contrast very promising. Since the VAMP system was point-
ed toward the volcanic vent during clear weather conditions
and the ash emission from NEC was at the same time visible
by the video surveillance system and seen by volcanologists
on duty near summit craters, it was possible to correlate the
measurements to volcanic ash dispersal without ambiguity.
In particular, by using a very simple LiDAR with depolar-
isation and scanning capabilities (like the VAMP system),
we are able to furnish a 3D view of the volcanic plume and
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to estimate the associated ash mass concentrations, although
with a degree of uncertainty. Furthermore, from LiDAR
measurements shown here, two volcanic plumes with dif-
ferent features were clearly distinguished. One plume from
NEC contained volcanic ash; the other plume from BNC
was mainly made up of non-depolarizing spherical particles
most likely composed of water vapour and sulphates. Re-
cent work by Scollo et al. (2012) reported observations of
the Multi-angle Imaging SpectroRadiometer for 20 volcanic
plumes produced during the 2000, 2001, 2002–03, 2006 and
2008 Etna eruptions. In that paper, the authors clearly dis-
tinguished sulphate and/or water vapour-dominated volca-
nic plumes from ash-dominated ones. LiDAR measurements
may also supply such information (e.g. Ansmann et al.

2011), which is essential to improve our understanding of
the impact of volcanic plumes in the atmosphere.

Ash emission events are frequent at Mt. Etna. More than
30 episodes were recorded in 2010 alone from NEC, BNC,
SEC and NSEC craters (Table 1). Analysing volcanological
and seismo-acoustic observations, Spina et al. (2012) clas-
sified ash emissions in two main types: explosions from
SEC and BNC were indentified as more hazardous and
impulsive than events from NEC. This is also confirmed
from our data analysis, which highlights that ash mass
concentrations during NEC events are only likely to exceed
the aviation safety thresholds at sites near the volcanic vent,
and consequently these events are not very dangerous. The
emission of two different plumes may be explained because

Fig. 4 Particle backscattering
and depolarization of M4
(Table 2) carried out from 13:50
to 14:10 UTC. Elevation and
azimuth were set at 14.4° and
17.3°, respectively
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within the conduits of the summit craters distinct thermal
and fluid-dynamical regimes can evolve, controlling the
cooling and the crystallisation of magmas (Corsaro and
Pompilio 2004). In addition, ash emission events from
NEC are caused by the shifting of the volcanic tremor
source centroid below the summit area between April and
November 2010, in good agreement with the shifting of the
explosive activity from SEC/BNC to NEC (Spina et al.
2012). However, the anti-correlation of the two plumes in
the integrated backscatter signal shows some kind of inter-
connection from two different volcanic vents. We note that
the summit crater consisted of a single crater named the
Central Crater. Some important structural and morphologi-
cal changes occurred in the twentieth century with the

formation of NEC in 1911 as a pit on the northeastern flank
of the summit cone, of BNC in 1968 as a pit crater on the
west side of the Central Crater, that began to be known as
Voragine (VOR). Finally, in 1971, a new pit opened on the
southeast of BNC and began to be active in 1978 when a new
crater named SEC was formed (Branca and Del Carlo 2005).
It is hence possible that there is a connection among these
different craters as suggested by Chester et al. (1985), who
described the deep part of the conduit of the summit craters as
an approximately cylindrical cross-section, while in the upper
region there are open passages that lead to the three craters
(NEC, BNC and SEC at the time of the Chester’ paper).

The ability of a LiDAR system to detect volcanic ash
plumes and to reliably estimate the ash mass concentration
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depends on the instrumental characteristics and of the type
of explosive activity. For LiDAR, similarly to the VAMP
system that detects only the elastic back-scattered radiation,
the evaluation of the aerosol backscattering and total volume
depolarization coefficients may be carried out if the LiDAR
signal is still present after the volcanic ash plume crossing.
In this case, in fact, under certain assumptions of LR, the
Klett-Fernarld algorithm may be applied (Pisani et al. 2012).
For events similar to 15 November 2010, the VAMP system
may hence give useful information. However, for high optical
depth volcanic plumes, this condition could not occur. Never-
theless, the scanning capability give us the opportunity to

direct the laser beam toward those regions where the LiDAR
equation can be solved increasing in this way the benefits of
these systems. This allows us to at least outline the area of
high contamination. The VAMP system can distinguish spher-
ical particles from non-spherical particles but it could not
distinguish volcanic ash from, for example, Saharan dust.
For Etna, where there is an already existing and advanced
monitoring system, and the presence of explosive activity is
already established, so an accurate analysis of LR and depo-
larisation could clearly identify volcanic ash plumes. Further-
more, it is notable that the greatest uncertainty in the ash mass
concentration results from approximating the radius of
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particles in the clouds (Pisani et al. 2012). However, all these
limitations could be reduced using more advanced LiDAR
systems which include for example measurements of back-
scattering and extinction at different wavelengths.

In future, LiDAR like the VAMP system could be cou-
pled with satellite data. Although this technique is well-
known in meteorology (e.g. Berthier et al. 2006), there are
few studies in Volcanology. Stohl et al. (2011), for example,
integrated observations from SEVIRI and LiDAR from the
Cloud-Aerosol LiDAR with Orthogonal Polarisation, and
dispersion simulations from FLEXPART in order to provide
a 3D observational data set. Furthermore, INGV-OE has
installed a network of UV spectrometers that allows mea-
suring SO2 fluxes around the volcano in real time and with

high frequency (Burton et al. 2004). These data could also
be integrated with the LiDAR data in order to evaluate SO2/
volcanic ash ratio which is a key factor to better understand
volcanic plume dynamics. The VAMP system, coupled with
other instruments already installed at INGV-OE, will hence
provide complementary information on volcanic ash dis-
persal and allow identification of those areas which should
be off-limits to aviation operations.

Conclusions

This work has shown that a scanning elastic LiDAR with
depolarization measurement capability may give useful
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support to monitor Etna volcanic plumes. A first preliminary
test was carried out on 15 November 2010 when NEC
erupted volcanic ash and degassing occurred from BNC.
The LiDAR investigated different volcanic plume layers
and analysed, when it was pointed in a fixed direction, the
frequency of the volcanic explosions. LiDAR was able to
distinguish different types of aerosol and may hence help to
differentiate ash-dominated from sulphate and/or water
dominated plumes. Analysis of the backscattering and depo-
larisation signals allowed us to evaluate, with a certain
degree of uncertainty, the ash mass concentration. For the
observed event, values indicating areas with high ash con-
tamination were found only in proximity of the summit
craters. Scanning LiDAR routinely used to monitor the
volcanic plumes at Etna may help to improve our under-
standing on the volcanic dispersal and drastically reduce, if
used together with volcanic ash dispersal models and other
instruments, the risks to aviation operations during the fre-
quent Etna eruptions.
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