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Abstract Since 1999, Mount Etna’s (Italy) South-East crater
system has been characterised by episodic lava fountaining.
Each episode is characterised by initial strombolian activity
followed by transition to sustained fountaining to feed high-
effusion rate lava flow. Here, we use thermal infrared data
recorded by a permanent radiometer station to characterise
the transition to sustained fountaining fed by the New
South-East crater that developed on the eastern flank of the
South-East crater starting from January 2011. We cover eight
fountaining episodes that occurred between 2012 and 2013.
We first developed a routine to characterise event waveforms
apparent in the precursory, strombolian phase. This allowed
extraction of a database for thermal energy and waveform
shape for 1934 events. We detected between 66 and 650
events per episode, with event durations being between 4
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and 55 s. In total, 1508 (78 %) of the events had short waxing
phases and dominant waning phases. Event frequency in-
creased as climax was approached. Events had energies of
between 3.0 x 10° and 5.8 x 10° J, with rank order analysis
indicating the highest possible event energy of 8.1x10° J.
To visualise the temporal evolution of retrieved parameters
during the precursory phase, we applied a dimensionality re-
duction technique. Results show that weaker events occur
during an onset period that forms a low-energy “sink”. The
transition towards fountaining occurs at 107 J, where subse-
quent events have a temporal trend towards the highest ener-
gies, and where sustained fountaining occurs when energies
exceed 10° J. Such an energy-based framework allows re-
searchers to track the evolution of fountaining episodes and
to predict the time at which sustained fountaining will begin.

Keywords Mount Etna - Strombolian events - Lava
fountaining - Explosive regime transition - Radiometry

Introduction

Lava fountains, erupted as part of “Hawaiian style” explo-
sions, are a relatively weak form of volcanic explosive activity
during which sustained jets of molten lava and gas are ejected
at mass eruption rates of 10°~10° kg/s over time periods of a
few hours (e.g. Mercalli 1907; Newhall and Self 1982;
Houghton and Gonnermann 2008). However, they are fre-
quently occurring explosions which characterise activity at
basaltic centres such as Mt. Etna and Hawaii (e.g. Heliker
and Mattox 2003; Behncke et al. 2006; Stovall et al. 2010).
They are capable of feeding tephra plumes to altitudes of up to
several thousand metres (e.g. Swanson et al. 1979; Vergniolle
and Mangan 2000; Wolff and Sumner 2000; Andronico et al.
2008), causing local air fall damage and presenting a hazard to
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local air traffic operations (e.g. Andronico et al. 2008; Calvari
etal. 2011). As aresult, research and technology development
has focused on understanding the trigger mechanisms for
fountaining onset and the transition from milder strombolian
events to sustained fountaining, as well as the geophysical
waveforms associated with each phase (e.g. Allard et al.
2005; Vergniolle and Ripepe 2008; Calvari et al. 2011;
Ganci et al. 2012, 2013; Gouhier et al. 2012; Bonaccorso
et al. 2013a, b). The local hazard posed by fountaining epi-
sodes has also led to the development of geophysical methods
to track event evolution in near-real time (Bonaccorso et al.
2011; Sciotto et al. 2011) and to set up alert systems (Ulivieri
et al. 2013). Indeed, while the most efficient and quantitative
way to track the onset and evolution of a fountaining episode
in near-real time is through geophysical observations, plume
emission dynamics can be tracked using ground-based ther-
mal cameras and radiometers (see Ramsey and Harris (2013),
Harris (2013) and Spampinato et al. (2015) for review).
Satellite-based sensors can also be applied (e.g. Aloisi et al.
2002; Bertrand et al. 2003; Aksakal 2013) if the episode is
sufficiently long-lasting, the satellite temporal resolution suf-
ficiently high and the target cloud-free.

Radiometers have proved to be a particularly powerful tool
for characterising explosive eruption styles (e.g. Harris and
Ripepe 2007a; Harris et al. 2008; Sahetapy-Engel et al.
2008) and defining transitions between different explosive or
degassing regimes (e.g. Marchetti and Harris 2008; Pioli et al.
2008; Marchetti et al. 2009), as well as for examining relations
between explosion style and other system parameters (e.g.
Harris et al. 1996; Ripepe et al. 2002, 2005; Spampinato
et al. 2015). The advantage of radiometers is that they are
inexpensive and are capable of high sampling rates while
keeping data rates and processing requirements, to a minimum
(e.g. Zettwoog and Tazieff 1972; Harris et al. 2005; Mur¢ et al.
2013). The high sampling rates allow characterisation of
explosion-related waveforms developing over time-scales of
a few tenths of a second (e.g. Shimozuru 1971; Johnson et al.
2005; Ripepe and Harris 2008) and repeating at frequencies of
just a few seconds to tens of seconds (e.g. Johnson et al. 2005;
Harris and Ripepe 2007b; Branan et al. 2008). At the same
time, the low cost of the instrument means that the radiometer
can be left in unsafe areas, and any that are destroyed can be
readily replaced (Harris et al. 2003; Ripepe et al. 2004;
Spampinato et al. 2015). Limits mainly include weather con-
ditions, with thick fog and/or ash fall preventing measure-
ments over longer (>100 m) lines of sight. Waveform modifi-
cation issues will also apply when considering signal changes
that are shorter than the detector response time, but this tends
to apply only to events shorter than 0.25 s (Harris 2013).

We here describe a low-cost radiometer system that was
installed on Mt. Etna near the end of 2011 to track explosive
activity at the SE Crater (SEC) and New SE Crater (NSEC);
these sites are part of a system well known for its frequent lava
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fountain activity (e.g. Bonaccorso et al. 2011; Calvari et al.
2011; Sciotto et al. 2011; Ganci et al. 2012; Behncke et al.
2014; Spampinato et al. 2015) (Fig. 1). We here use the term
episode to describe a fountaining episode, which at Mt. Etna
typically comprises three phases: a precursory strombolian
phase, a sustained fountaining phase and a waning phase of
intermittent strombolian activity during which lava flows stag-
nate and cool (Ganci et al. 2012). Episodes typically begin
with discrete strombolian events that increase in frequency
and intensity over a period of several hours to climax in
sustained fountaining (e.g. Vergniolle and Ripepe 2008;
Ulivieri et al. 2013; Calvari et al. 2011; Spampinato et al.
2015). As part of this precursory phase, Calvari et al. (2011)
described an increase in the frequency of explosive and lava
flow emission events in the 30 min before the transition to
sustained fountaining. During this phase of “transitional erup-
tive style” (e.g. Parfitt and Wilson 1995; Parfitt 2004;
Spampinato et al. 2008), events became “almost continuous”
(Calvari et al. 2011). The transition to sustained fountaining
then occurred over a period of just two minutes. As observed
in Hawaii (Wolfe et al. 1988), the period of sustained
fountaining can then die out over a timescale that is similarly
short. Our data processing here focused on extracting event
thermal energies during the phase of strombolian activity that
comprises the build-up to sustained fountaining, which then
feeds the highest ash plumes and high-effusion rate lava flows.
Our aim was to discover if there were any trends in thermal
energy that would allow us to predict the transition to
sustained fountaining, which can be quite sudden. Our analy-
sis reveals a systematic increase in event frequency and energy
as the system evolves to fountaining; clear thermal energy
thresholds are crossed as the system transitions from low-
frequency strombolian activity, through high-frequency
strombolian activity, to sustained jetting.

Fig. 1 Photograph showing one of the lava fountaining episodes fed by
the Mt. Etna’s New South-East crater since January 2011. Photo by
Alessandro La Spina, 12 April 2012
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Methodology

Mt. Etna was selected for this study because it is currently the
most active volcano on Earth in terms of lava fountain activity.
Eruptions occur both at the summit (3330 m above sea level),
where currently there are four degassing craters, and from its
flanks. Since 1999, the SEC, and now the NSEC, has been
particularly active with hundreds of fountaining episodes re-
corded through 2014 (e.g. Harris and Neri 2002; Calvari et al.
2011; Behncke et al. 2014; Spampinato et al. 2015).

The instrument used in this study was a thermopile-based
spot radiometer manufactured by Optris, the CTfast-LT15F
(Fig. 2). This radiometer offers an extremely short response
time of 6 ms and a temperature measurement range from —50
to 975 °C in the spectral region of 8—14 pum. The optical system
has a resolution of 15:1, meaning that at a distance of 1050-m
spectral radiance is integrated over a spot diameter of 70 m.
Here, we used a sampling rate of 50 Hz allowing acquisition of
a huge amount of data with a small memory requirement. This
sampling rate corresponds to 3000 values per minute, which is
equivalent to 24 kb per minute. The radiometer was also
equipped with a small internal display allowing visualisation,
in real time, of temperature (in Celsius) as well as voltage
output. We here use apparent temperature, uncorrected for
emissivity or atmospheric effects. However, emissivity should
be close to one, and at this altitude (3000 m), atmospheric
effects will be negligible over line-of-sight distances out to
1 km for high-temperature targets (Harris 2013).

The radiometer was set up at Belvedere site (EBEL, Fig. 3),
from which the line-of-sight to NSEC was 1 km, so that the
radiometer field of view (FOV) was circular with an area of
~3490 m”. This FOV included the NSEC rim, but most of the
FOV was clear sky. Considering the low-energy draw of the
radiometer (~20 mA), power requirements and data logging
needs were trivial (e.g. Harris et al. 2005; Mure¢ et al. 2013).

4cm|

Fig. 2 Radiometer setup at the EBEL station, monitoring at Mt. Etna.
The station was destroyed by lava flows fed by the 28 February 2013
paroxysm

Data were collected automatically and transmitted via telem-
etry to the Osservatorio Etneo of Istituto Nazionale di
Geofisica e Vulcanologia (Mur¢ et al. 2013; Spampinato
et al. 2015). This allowed near-real time tracking of the eight
lava fountain episodes that occurred between 4 March 2012
and 28 February 2013 when EBEL station was buried by a
lava flow (Spampinato et al. 2015).

To set waveforms collected during the precursory
strombolian phase in context, we examined thermal data col-
lected during normal explosive activity at Stromboli volcano
(Italy). Stromboli’s explosions are typically defined as weak
but persistent bursts of incandescent ballistic ejecta (e.g.
Patrick et al. 2007) and ash (e.g. Patrick 2007) to heights of
up to a few hundred metres, in explosions lasted a few seconds
and repeating at a rate of 13 explosions per hour (Harris and
Ripepe 2007b; Ripepe et al. 2008). In 2012 and 2014, two
campaigns were completed on Stromboli during which thermal
cameras were used to acquire high-frame rate videos focusing
on the explosive vent (Bombrun et al. 2015a, b) and a wider
field of view to cover ascent of the whole plume (Harris et al.
2013a; Bombrun et al. 2015b). To obtain similar values to those
obtained by the radiometer at Mt. Etna, we calculated the av-
erage temperature for a conic field of view (i.e. a circle in the
2D image) through time (Fig. 4) during seven explosions.

Algorithm

The objective of the algorithm was to temporally define a
fountaining episode, a strombolian event and a strombolian
explosion (Fig. 5). A single episode is composed of an ascen-
sion phase and a descent phase. Ascension begins with an
initial jet that results in a waveform onset with a steep slope.
An inflexion point may characterise the first burst phase, after
which the apparent temperature increases more steeply to the
climax (Harris and Ripepe 2007a; Sahetapy-Engel et al.
2008). The descent phase can consist of a steadily declining
trend during which emission wanes if we record a single burst,
or can be overprinted by new peaks if further bursts occur. In
this case, we record a “thermal phenomenon” that is com-
posed of multiple bursts which each generates a peak. After
the last burst, a cooling curve is recorded, due to cooling ejecta
on the cone outer flank between events (Harris et al. 2013b).
To define an episode, we need to obtain times corresponding
to each of its component phases. To do this, we used an algo-
rithm based on the work of Bertrand et al. (2011).

We first considered the whole data set covering the entire
lava fountain episode. Due to the huge amount of data, a first
step was to reduce the number of values. In the case of the
whole dataset, we iterated three times resampling at 1/10 of
the original sample rate during each iteration. As a result, a
sequence of 1,248,000 points will be reduced to 1248 points.
The beginning (#,.,) and the end (7.nq) of the entire data set are
known and can be extracted directly. To extract individual
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Fig. 3 Shaded relief map of Mt.
Etna volcano. The red rectangle is
our region of interest containing
the location of Bocca Nuova
(BN), Voragine (VOR), North-
East Crater (NEC), South-East
Crater (SEC) and the New South-
East Crater (NSEC) studied here;
distance from the EBEL station
was =~ | km. The Valle del Bove is
a depression of spreading lava
flows fed by the NSEC.

Figure taken from Behncke et al.
2014
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strombolian events within each whole data set, we needed to
use a sliding window of 1000 samples in size (W) to cover
the data linearly. In the case of no activity, the radiometer will
still record noise, this being environmental modifications such
as solar reflection, clouds, vent puffing and fumarolic

Fig.4 Example of the simulation of a radiometer field of view in thermal
imagery (thermal image of North-East crater at Stromboli taken on 18
May 2014)

@ Springer

degassing from the crater rim. To correct for this noise, we
needed to define the noise time span so as to calculate an
average noise value. To do this, we computed the correlation
coefficient (p;) and the p Value (pVal,)) at time i, between
smaller windows, these being [i—50; 7] and [i; i+ 50].
Empirically, we found that the noise time span corresponded
to Whoise=[k—50; k], with k being the smallest value of W,
which gave p;>0.5 and pVal,<0.05. Once the noise is re-
moved from the data, we can detect the beginning of each
event from the point when a value switches from negative to
positive, as well as the end (positive to negative). To define the
event temporal conditions, we begin from the time (Z,cakmax)
of the maximum value (Tpcakmax) and descend down both
sides of the waveform until the switch conditions are reached.
Now the beginning (#eg) and the end (£.nq) of the event can be
defined.

Parameter computation

The temperature at the beginning (7y,) and at the end (75nq) of
the event was trivial to extract, these being the temperatures
recorded at #pe, and z.nq; as was the event duration
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Fig. 5 Thermal waveforms for a
lava fountain episode recorded at
Mt. Etna on 4 March 2012
starting at 04:00 UT (a), an event
detected during the precursory
strombolian phase of the 4
March 2012 episode at 05:09 (b)
and a normal explosion at
Stromboli on 28 October 2012
(raw data in blue, SGy in red) (c)

(fevent = fend — foeg)- By considering the difference in tempera-
ture between #,e, and #,cakmax, and the duration of the ascend-
INg (fasc = tpeakMax — fbeg) and descending (fese = fend — fpcakMax)
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Next, we used a Savitzky-Golay filter (Savitzky and Golay
1964) to smooth the data (SGy, the Oth derivative) and to
estimate the derivatives of the smoothed signal (SGi being
the iy, derivative). Visually, SGy is a perfect representation of
the ideal strombolian waveform described by Harris (2013)
and given here Fig. 5a. SG; values of zero provide us the local
limits, these being either a local minimum or maximum point.
We can also define the inflexion point as the point where SG,
changes sign. The value of the function may not reach exact
zero, so we search for a change in the sign to define the points
surrounding the zero point of the function. Finally, the number
of SG; maximum points will correspond to the number of
bursts that comprise the event (Npeaxs)-

Now, we can compute the event radiant exitance (M,,q), the
radiant flux (®,,4) and the radiant energy (QO,.q)- The Stefan-
Boltzmann law allows us to express the power radiated by a
hot volcanic surface in terms of temperature [see Harris (2013)
for full review]. This law is given by:

Mwa = eo (T T (1)

where ¢ is the emissivity of the surface, 7 the temperature of the
hot volcanic surface, T, the temperature of the ambient envi-
ronment into which the surface is radiating and o is the Stefan-
Boltzmann constant (5.670373 x 1078 Wm~2K~* ). Because
radiant exitance is the radiant flux emitted by a surface per unit
area, we integrate the radiant exitance to obtain radiant flux:

CI)rad = §Mrad dAFOV (2)
b

Where Aoy is the area of the emitting surface, i.e. the FOV of
the radiometer. Given a complete thermal waveform for a volca-
nic event, such as emission of a hot cloud of gas and particles,
radiant energy can now be calculated (e.g. Johnson et al. 2004;
Sahetapy-Engel et al. 2008; Marchetti et al. 2009). Radiant en-
ergy is the radiant flux integrated through time, so that:

fend tend
4

beg tbcg D)

Now, for each event, we have 12 non-independent param-
eters based on temporal and thermal characteristics of the
waveform that can be used to define its shape, energy and
temporal evolution.

Results

We begin by considering a single fountaining episode from
NSEC on 4 March 2012 which lasted 12 h. The following
description is translated from INGV-OE Bollettino N°10
(2012). The episode began at 04:29 (all times are UTC) with
an increase in the volcanic tremor amplitude and of
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strombolian explosion frequency and intensity. Shortly after
06:00, a lava flow spread in the direction of the western wall
of the Valle del Bove (Fig. 3), while explosive activity contin-
ued to increase, with the climax and transition to fountaining
occurring around 07:10. During this episode, the precursory
strombolian phase lasted 2 h and 40 min, during which time
the peak temperature recorded by the radiometer gradually
waxed, with the system switching to sustained fountaining
when climax temperature was reached (Fig. 5a). The wave-
form looks very much like that recorded in high-temporal
resolution (SEVIRI) spectral radiance data (Calvari et al.
2011; Ganci et al. 2011), except the period of sustained activ-
ity is not obscured by the tephra plume ascending above the
fountain. This phase involved two bursts and was followed by
a waning period during which activity levels decreased, and
hot deposits began to cool (Fig. 5a).

During the precursory phase of the fountaining episode, 278
events were detected by our radiometer system, meaning that,
when time averaged, the event rate was 110 events per hour.
Event durations ranged from 4 to 57 s with an average of 19 s
(Table 1). The number of bursts detected during a single event
ranged from 1 to 10 with an average of 3.5. The radiant energy
emitted by individual events ranged from 7.0 x 10° to
4.9%10%J (average=6.5x 10 J), with the total energy released
during the entire episode being 1.8 x10' J. Temporally, the
number of peaks recorded in any one minute picked up from
2 to 4 per minute during the first hour, to 8—18 thereafter
(Fig. 6a). In parallel with this, the duration of each event also
ramped up (Fig. 6b), and the peak temperature underwent a
systematic increase (Fig. 6¢). Because all three of these param-
eters are integrated in the measure of radiant energy, the minute-
by-minute plot of Q.4 collapses to a trend whereby there is a
steady increase at a rate of 5.4 x 10° J per minute over the 2.67-
hour-long phase of precursory strombolian activity (Fig.6d).

In total, we have data for seven other episodes, these being
the lava fountain episodes of 18 March, 12 April and 24 April
2012, and those of 19, 21, 23 and 28 February 2013. Together,
these episodes provided us a total of 1927 recorded events and
8537 peaks, with event counts ranging between 66 and 650 per
episode, with an average of 241 events. In terms of average
event duration, there was little difference between each year,
durations ranging from 4 to 59 s in 2012 (average= 18 s) and 4
to 55 s (average=21 s) in 2013 (Table 1). However, in terms of
average number of events recorded (overview in Table 1), the
2012 episodes had more events (393) than those of 2013 (88),
so that the average event frequency was greater in 2012 (39
events/h) than that in 2013 (13 events/h). Most events had
radiant energies from 3.0 x 10° to 5.8 x 10° J, with an average
of 1.0 x 10® J. The total energy of each episode was 1.3 x10'°
to 8.8 x10'° J (average=4.2x 10" J) in 2012 and 1.9x 10° to
1.2x10' J (average=25.3 x 10° J) in 2013 (Table 1).

Of the explosions recorded by us at Stromboli using the
thermal camera, explosion durations ranged from 25 to 73 s
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Table 1 Comparison of temporal

and energy-based parameters for Date Number of Average Average radiant Total radiant

Mt. Etna’s lava fountain episodes (dd/mm/yy) events detected duration (s) energy (J) energy (J)

recorded by the EBEL station in

2012 and 2013 04/03/12 278 19 6.5%10’ 1.8x10"
18/03/12 650 13 5.1x107 13x10"
12/04/12 257 18 7.9%107 5.1x10"
23/04/12 389 20 23x10°8 8.8x10"
19/02/13 66 21 1.3x 108 12x10"
21/02/13 85 21 29x107 1.9x10°
23/02/13 85 20 3.5%107 3.0x10°
28/02/13 116 23 3.7%107 44%10°

with an average of 48 s. This is a little longer than explosion
durations typically recorded at Stromboli, which range from 4
to 30 s, with a mean duration of ~8 s (Hort et al. 2003; Harris
and Ripepe 2007a; Patrick et al. 2007; Ripepe et al. 2008).
However, the longer duration of the explosions examined here
for Stromboli, mean that explosion durations were closer to
the median event duration recorded at Etna. The number of
bursts detected during a single explosion recorded at
Stromboli ranged between one and two. The radiant energy
ranged from 2.1 to 6.0 x 10® J, with an average of 3.2 x 10® J.
We note that even if the duration for explosions at Stromboli
was longer, on average, than duration for events at Mt. Etna,
the average radiant energy was lower.

Our analysis indicates that some combination of our mea-
sured parameters is key in triggering the transition to sustained
fountaining. To understand which combination, we plotted all
of the data for all parameters in a three-dimensional space.
Visualisation of multi-dimensional data is a challenge, and
many techniques have been proposed to allow effective data
visualisation (see Oliveira and Levkowitz (2003) for review).
Here, we use a variation of the stochastic neighbour embed-
ding method named #-SNE (Van der Maaten and Hinton 2008)
that visualises multi-dimensional data by giving each event a
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location in three-dimensional space. 7-SNE is a nonlinear
dimension-reduction technique, which aims to present the to-
pology of large, multi-dimensional and nonlinear data sets
with a high number of dimensions as a lower, but still mean-
ingful, number of dimensions to allow visualisation and clas-
sification of links, relationships and trends. We here assume
that events, represented by their thermal and temporal param-
eters, lie on a manifold with a very low number of dimensions
(two or three). 7-SNE allows definition of this manifold (plot-
ting as a line in 3D and represented on a 3-axis plot in Fig. 7)
and then projects events onto it allowing analysis of the tem-
poral distribution of these events and the properties of the
distribution. Figure 7 represents the manifold computed by #-
SNE. The events lie on a roughly helicoidal path (Fig. 7a)
ending in a sink (Fig. 7b). This well-defined trend implies that
there is a relatively low dimensionality in our parameter set,
and the elongate nature of the structure represents accumula-
tion of energy during the transition phase, with black markers
being the events of the weakest energy; red the highest. While
a sink attracts all of the weak energy events, the highest ener-
gies lie along a path which extends from the sink to the highest
energy event. In fact, as we move along the path away from
the sink all event components (thermal energy, peak intensity,
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number of peaks, duration and/or radiance exitance) increase.
If we plot events with temporal markers, events early in each
episode (black circles in Fig. 7a) are part of the sink, but later
events (red circles in Fig.7a) form the path; the highest energy
events being those furthest from the sink. This supports a
process whereby event energy increases over six orders of
magnitude during the period of precursory strombolian activ-
ity, to culminate in the phase of sustained fountaining. If we
complete a rank order analysis of all our event energies (Pyle
1998), we find that the lower limit of the system is at an energy
of 2.9x10° J (Fig. 8). This is the typical value of the sink
events meaning that the sink represents many similar, but
weak (the lowest energy possible), events. As we move up
the path and away from the sink, events become stronger
(more energetic) (Fig.7b). The threshold for an event to be
just beyond the path terminous is close to 107 J. Our rank
order analysis predicts that the highest possible event we can
expect is 8.1 x 10° J.

Discussion

For the precursory phases of the eight fountain episodes con-
sidered here, we count between 13 and 110 events per hour
during the period prior to sustained fountaining. This is much
less than the number of individual strombolian events record-
ed at Mt. Etna during the build-up to sustained fountaining,
which typically ranges from 10 to 30 bursts per minute (Harris
and Neri 2002; Vergniolle and Ripepe 2008; Calvari et al.
2011; Ulivieri et al. 2013). These rates are more consistent
with what we here term “peaks” which, for example, increased
to a rate of up to 18 per minute just prior to the period of
sustained fountaining of 4 March 2012 (Fig. 6a). Thus, we
distinguish between bursts, which are here represented by
spikes in our waveform which are counted as individual
peaks, and events which are composed of multiple (>1) indi-
vidual bursts. Events are thus longer period oscillations during
which the plume heat flux emitted by all single bursts that
comprise the event, waxes and wanes. In effect, each event
can be made up of multiple bursts (e.g. Spampinato et al. 2012
and Fig. 5b). This waveform looks much like those derived
from radiometer-derived waveforms for paroxysmal explo-
sions at Stromboli (Rosi et al. 2006; Harris et al. 2008), as
well as that derived by us from the thermal camera data ac-
quired during normal explosive activity (Fig. 5c). In the case
of Stromboli, each peak within the explosion waveform is
associated with renewed emission of hot gas and particles;
each of which relates to a discrete gas burst that carries with
it fragments of magma that had been residing in the upper
conduit (Gurioli et al. 2014; Leduc et al. 2015). The number,
duration and intensity of each burst within the event then
combine to determine the event magnitude, as here described
by the event radiant energy.

@ Springer

In Fig. 9, we assess event shape in terms of the following
normalised shape index: (Sasc— Sqese/Sase T Sdese). Using this
index, an event waveform with little or no waning phase will
have a positive value whereas an impulsive event with a long-
waning phase will have a negative value; a symmetric wave-
form will have a value of 0. We found that 1508 (78 %) of our
events had a short waxing phase with a dominant waning
phase. Of the remaining events, 313 (16 %) had waning
phases that were shorter than the waxing phase, and 112
(6 %) were symmetric. The 313 events that had short-
waning phases were typically found later in the episode,
around 3.4 h after the beginning of the first event. This is
consistent with events developing from complex “long-wan-
ing”, events involving multiple bursts of decaying intensity, to
“short-waning” events involving single bursts. This tendency
is enhanced by the increased burst frequency prior to the tran-
sition to sustained fountaining, so that the waxing-limb of the
following event overprints, and thus prematurely terminates,
the waning-limb of the preceding event.

We can thus say that climax was reached, on average, 3.4 h
after the beginning of the first event, during which time the
thermal event duration, maximum temperature and thermal
energy all steadily increased. These thermal events are thus
precursors to sustained fountaining, where we find that the
transition to fountaining involves crossing over a thermal en-
ergy threshold of 10° J, with a maximum possible event ener-
gy being 10'° J. The lowest energies are 10° J and are needing
to exceed a threshold of 107 J to begin the path out of the sink
and towards sustained fountaining. These energies compare
with 10® J obtained for normal explosive activity at
Stromboli, indicating that each fountaining episode begins
with events that are weaker than explosions typically observed
at Stromboli. This is the case until around one hour and 15 min
into the episode, when events exceed 10° J.

Our trend in event energy is consistent the activity se-
quence commonly observed during Mount Etna’s lava
fountaining episodes, during which strombolian events are
discrete and well separated in time at the beginning of the
episode, but become more and more frequent as the climax
approaches (e.g. Calvari et al. 2011; Spampinato et al.
2012). Likewise, Vergniolle and Ripepe’s (2008) infrasonic
data for two fountaining episodes at Etna in 2001 revealed
an evolution from a low frequency (one burst every few
minutes) of weak strombolian events minutes to a higher
frequency (one every ~8 s) of stronger events during
fountaining when sustained “infrasonic tremor” is recorded
(Cannata et al. 2009). During this evolution of activity style,
the degassing regime and flux changes (from slug flow to
churn flow) and increases (e.g. Greenland et al. 1988; Parfitt
and Wilson 1995; Parfitt et al. 1995; Parfitt 2004; Polacci
et al. 2006; Ulivieri et al. 2013; Pioli et al. 2012). Thus, we
may relate our increasing trend in event thermal energy to
increasing volumes of gas arriving and bursting at the
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Fig. 7 Visual representation of the times and energies of events recorded
at Mt. Etna. Each event is represented by a coloured circle. Colours are
representatives of the chronology of the episode (early in black, late in
red). From 0 to 1, bins represent the different episodes. The manifold
presents an approximately helicoidal shape (a) ending in a sink at
which the weaker events are represented (b). Axes cannot be defined
because the #~-SNE algorithm is a nonlinear dimensionality reduction
technique that visualises multi-dimensional data by giving each event a
location in a three-dimensional space in which similar parameters are
statistically attracted to each other, and dissimilar parameters are
separated. To do this, first, the -~-SNE generates a probability

surface. In many ways, this is a large-scale analogue of gas-
pistoning, whereby the frequency of bubble bursting in-
creases over a period of several minutes to tens of minutes,
until a sustained gas jet punches through the magma free-
surface to re-set the cycle of hiatus, bubble bursting and
jetting (Johnson et al. 2004; Marchetti and Harris 2008). It
is striking that the shape and proportions of the waveform
for the entire fountaining episode (Fig 5a) are the same as
those of the waveforms that comprise the component events

09

0.8

0.7

0.6

0.5

distribution by converting the high-dimensional Euclidean distances
between data points in such way that the more data points are similar,
the higher the probability of being selected. The same process is
completed over the points in the low-dimensional space using a heavy-
tailed Student’s t-distribution. Second, the algorithm minimises a
symmetrical Kullback-Leibler divergence between the two joint
probability distributions using a gradient descent method. Taken
together, -SNE separates dissimilar data points by means of large
pairwise distances, and brings similar data points closer together by
assigning them small pairwise distances. That is, the first test causes
convergence; the second divergence

(Fig 5b). These have, in turn, the shape and proportionality
of the waveform derived for the normal explosion at
Stromboli (Fig Sc). Thus, we suggest that all the three wave-
forms are related to the same degassing processes, which
involve multiple releases of large slugs of pressurised gas
which carry with them fragments entrained from the magma
resident in the conduit through which the gas ascends.
Statistically, the events of 2012 were of higher mag-
nitude and intensity than in 2013, having an average
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Fig. 8 Rank order plot for all 1.E+10

event radiances. The strongest
events tend toward an asymptote

. L 1.6409
representative of the upper limit
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lower limit to the system 5
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thermal energy 5x 107 J greater than those recorded in
2013. Although event durations were similar during the
two years, the average number of events was greater in
2012, being 394 as opposed to 88 in 2013. This indi-
cates a decrease in the magnitude and intensity of the
fountaining activity between the two years. It also
points to a change in style of the activity, whereby
although event duration remained the same, their fre-
quency and thermal energy diminished. This could indi-
cate a decrease in the flux of gaseous and solid material
involved in each event. Fountains at Mt. Etna have been
interpreted in terms of fast ascent of gas-rich batches
from the deep source (Harris and Neri 2002) or due to
collapse of foam collecting in a shallow holding cham-
ber (e.g. Allard et al. 2005). Either way, the amount of
gas rising or accumulating prior to each fountaining
episode appears to have diminished, thus explaining
the change in intensity, magnitude and style. This is
consistent with the degassing model of Vergniolle and
Gaudemer (2012) which explains cycles of degassing,
fire-fountaining to effusive activity to changes in the
degassing regime. It is of note that, after our study,
Mt. Etna witnessed two effusive episodes which, given
our results, appear to have been heralded by a decrease
in the intensity of fountaining episodes (Gambino et al.
2016, in review).

Fig. 9 Shape distribution of the -
events detected in the whole data 10
set (four episodes in 2012 and
four episodes from 2013). Most of
the events have a short waxing
phase and a dominant waning
phase

Events (%)
» o o

N

. 0 o...‘...

10 100 1000
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Conclusions

We developed an algorithm to compute radiometer-derived
parameters during the precursory phase to sustained
fountaining, such as event duration, length of waxing/
waning phases, number of peaks comprising each event, event
intensity (peak energy) and event radiant energy. This allows
automated tracking of strombolian events using a near-real
time feed of radiometer data. The deployment of the radiom-
eter allows thermal observations with a low-cost (expendable)
instrument from safe, remote, locations, yielding thermal data
that allow episode characterisation and tracking. Interestingly,
if we want to find a pattern or trend in the build-up phase to
sustained fountaining at Etna, it is the strombolian events that
we have to consider, not the individual bursts. Each event
comprises multiple individual bursts of gas and particles, each
of whose emitted radiances are integrated across the entire
event cluster. It is thus not the frequency or thermal intensity
of single bursts that we track, but instead the thermal energy of
each event, which is a function of the frequency of bursts in
each cluster, and each burst’s thermal intensity and duration.
Using our statistically robust data set, we are thus able to
define thermal thresholds that mark the transition to sustained
fountaining, as well as the point at which the energy of pre-
cursory events begins to increase away from those of the ini-
tial low-energy onset event. For our case, we find that

Sast sdesc
. Il_ﬂ_-_
Sqe

-1 09-08-0.7-06-05-04-03-02-01 0 0102 03 04 05 06 07 08 09 1 Sasc +
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fountaining episodes evolve from into a steadily increasing
event frequency and thermal energy trend from a thermally
defined define an onset phase (when energies are less than
107 J). Event energies then progress along a path until the
case-specific threshold of 5.0 x 10° J is reached, and the sys-
tem trips to sustained fountaining; this can occur over a period
of a few minutes.

These energy thresholds must be defined for each given
radiometer distance or angular field of view. If, for example,
we moved our radiometer back 5 km the effects of atmosphere
and the presence of cold sky in the background would change
the FOV-integrated radiance. Thus, to be applicable to other
basaltic systems, we need to define these thresholds on a case-
by-case basis depending on the size and location of the radi-
ometer field of view. However, for any stable instrument-
target geometry, relative changes are a trustworthy and reliable
measure of event energy.
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