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Abstract Forward Looking Infrared Radiometer (FLIR)
cameras offer a unique view of explosive volcanism by
providing an image of calibrated temperatures. In this
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study, 344 eruptive events at Stromboli volcano, Italy, were
imaged in 2001-2004 with a FLIR camera operating at up
to 30 Hz. The FLIR was effective at revealing both ash
plumes and coarse ballistic scoria, and a wide range of
eruption styles was recorded. Eruptions at Stromboli can
generally be classified into two groups: Type 1 eruptions,
which are dominated by coarse ballistic particles, and Type
2 eruptions, which consist of an optically-thick, ash-rich
plume, with (Type 2a) or without (Type 2b) large numbers
of ballistic particles. Furthermore, Type 2a plumes ex-
hibited gas thrust velocities (>15 m s ') while Type 2b
plumes were limited to buoyant velocities (<15 m s ')
above the crater rim. A given vent would normally maintain
a particular gross eruption style (Type 1 vs. 2) for days to
weeks, indicating stability of the uppermost conduit on
these timescales. Velocities at the crater rim had a range of
3-101 m s !, with an overall mean value of 24 m s ..
Mean crater rim velocities by eruption style were: Type 1=
34 ms ', Type 2a=31 m s !, Type 2b=7 m s '. Eruption
durations had a range of 641 s, with a mean of 15 s,
similar among eruption styles. The ash in Type 2 eruptions
originates from either backfilled material (crater wall
slumping or ejecta rollback) or rheological changes in the
uppermost magma column. Type 2a and 2b behaviors are
shown to be a function of the overpressure of the bursting
slug. In general, our imaging data support a broadening of
the current paradigm for strombolian behavior, incorporat-
ing an uppermost conduit that can be more variable than is
commonly considered.

Keywords FLIR - Stromboli volcano - Monitoring -
Thermal imaging - Eruption dynamics
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Introduction

Stromboli volcano, in the Aeolian Islands of Italy, offers an
excellent location to study mildly explosive basaltic
volcanism due to its eruptive frequency and ease of access.
It serves as the archetype for ‘strombolian’ activity, an
eruptive behavior common to many other volcanoes (e.g.
Shishaldin, Fuego, Villarrica, Etna, Karymsky). Through
seismicity (e.g. Ntepe and Dorel 1990), infrasound (e.g.
Ripepe and Marchetti 2002), geochemistry (e.g. Francalanci
et al. 2004), laboratory models (e.g. Jaupart and Vergniolle
1988; Ripepe et al. 2001), physical volcanology (e.g.
Lautze and Houghton 2005) and assorted other tools, our
understanding of Stromboli’s eruption dynamics has im-
proved substantially over the last 30 years. Ground-based
imaging (Chouet et al. 1974; Blackburn et al. 1976; Ripepe
et al. 1993) has also proven to be an important tool,
providing information on the surface manifestation, and end
products, of the eruptive process.

Previous imaging studies at Stromboli (Chouet et al.
1974; Blackburn et al. 1976; Ripepe et al. 1993) suffer
from two shortcomings. First, the inherent limitations of
visible and near-infrared photography preclude simulta-
neous observation of major ejecta constituents. If viewing
at night, the incandescent ballistic particles will be visible
but the generally low-temperature ash plume, if present,
will be largely invisible. During daylight, any ash plume
will be conspicuous but ballistic particles, due to their small
size, can be distinguished only at a high magnification
which then eliminates a synoptic view of the eruption.
Second, each study considered a small dataset (a combined
total of <30 eruptions) collected over a short time period
and, therefore, they may not characterize the entire suite of
normal strombolian activity. In spite of the small data sets,
the results from these studies have served as supportive,
and at times fundamental, data for a number of models of
Stromboli’s eruption and conduit dynamics (e.g.
McGetchin and Chouet 1979; Wilson 1980; Giberti et al.
1992; Allard et al. 1994; Vergniolle and Brandeis 1994;
Harris and Stevenson 1997; Parfitt 2004). This underlines
the importance of exploring the degree to which these
imaging studies convey the full range of normal strombo-
lian activity.

In this study we use a Forward Looking Infrared Radi-
ometer (FLIR) handheld camera to characterize strombolian
eruptions. The FLIR produces temperature-calibrated ther-
mal images capable of capturing the ballistic particles as
well as any ash plume within a field of view (~140 m high
at 450 m distance) that offers a synoptic view of the eruption.
During May 2001, May 2002, September 2003, and June—
July 2004, 344 strombolian eruptions were imaged, and the
data were analyzed in order to characterize and understand
the variability of eruptive behavior at Stromboli.
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Conceptual model of strombolian eruptions

Eruptions at Stromboli, as well as strombolian eruptions at
other volcanoes, are commonly thought to originate from
the bursting of a gas slug at the magma free surface
(Macdonald 1972; Chouet et al. 1974; Blackburn et al.
1976; Jaupart and Vergniolle 1988; Ripepe et al. 1993;
Vergniolle and Brandeis 1994, 1996). As early as the
eruption of Paricutin in 1943—1952, Foshag and Gonzalez-
Reyna (1956) remarked on ‘Huge bubbles... presumably
filled with gases. When they burst, huge glowing masses of
viscous lava were flung over the cone.” The mechanism of
gas slug formation has been a point of debate centered
around two primary models (see Parfitt 2004 for review). In
the first—a collapsing foam model (Jaupart and Vergniolle
1988; Vergniolle and Brandeis 1994, 1996)—the slug
originates from an accumulation of small bubbles, or foam,
at the roof of a magma reservoir. At a critical point, the
foam collapses and a large gas slug coalesces and sub-
sequently travels up the conduit. In the second—a rise-
speed dependent model (Wilson 1980; Parfitt and Wilson
1995)—bubbles of many original sizes buoyantly rise
within a column of upward rising magma. If the magma
rise velocity and viscosity are low, bubbles can travel a
sufficient distance to interact with one another, allowing
larger bubbles (which travel faster) to overtake and coalesce
with smaller ones traveling slower. This has a compounding
effect and a large gas slug is eventually formed.

Regardless of the model, seismic evidence suggests that
a volumetric expansion of the gas slug at Stromboli occurs
at an approximate depth of 250 m (Kirchdorfen 1999;
Chouet et al. 1999, 2003; Marchetti and Ripepe 2005),
suggesting slug coalescence occurs at or below that depth.
Viscous forces inhibit perfect equilibration of the pressure
inside the slug during its ensuing ascent and it arrives at the
magma free-surface with a minor amount of overpressure,
typically ~0.5-4 b (Ripepe and Marchetti 2002). The
overpressure bursts the gas slug, with the force of the gas
explosion ejecting coarse fragments of the molten lava that
had surrounded the slug (Walker 1973; Blackburn et al.
1976). Many of the particles are incandescent, resulting in
the brilliant parabolic trajectories that are characteristic of
strombolian eruptions. These coarse particles are lapilli to
bomb size (~2-30 cm, Chouet et al. 1974; Ripepe et al.
1993), typically ejected to heights of several hundred
meters, and generally fall within a few hundred meters of
the vent.

Some strombolian explosions erupt finer particles which
couple with the gas phase, creating an ash plume. The high
initial velocities of the gas thrust phase decline to the
roughly constant velocities of the buoyant convective
phase; in several strombolian eruptions at Heimaey this
transition height was 80—150 m (Sparks and Wilson 1976).
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At Stromboli, Blackburn et al. (1976) measured initial
plume velocities of 28—65 m s ' and convective velocities
of 48ms .

Strombolian eruptions thus eject a mixture of both
volcanic gas and particles. The particles can comprise a
range of different size fragments from ash to bombs. Fine
particles remain mechanically coupled to the gas phase to
form an ash plume. Coarser particles follow a trajectory that
is largely independent of the dynamics of the gas phase,
although the path can be modified initially by the as-
cending gas (Self et al. 1980). We loosely refer to coarse
particles in this study as ‘ballistic’ because most appeared
decoupled from the gas phase, following roughly parabolic
trajectories.

Data collection
FLIR ThermaCAMT™ cameras

We used three different FLIR camera models, all produced
by FLIR Systems, Inc., to image the eruptions. The first
was a ThermaCAM™ PM 595 model, which uses an
uncooled microbolometer detector array with a field of
view of 24°x18°, an instantancous field of view of
1.3 mrad, and a thermal response from 7.5 to 13 pm.
Acquisition occurs at 60 Hz (60 frames per s), but image
storage on this model can be achieved only at a 2 s interval
(0.5 Hz). The images are 320x240 pixels (76,800 data
points) at 14 bit quantization, producing an image file size
of ~150 kB. The second camera was a ThermaCAM™ PM
695, which is essentially identical to the PM 595. The third
camera, a ThermaCAM™ S40, is also similar to the PM
595 in most respects with the exception that it can save
imagery at 30 Hz via Firewire to a notebook computer
(Fig. 1). On several occasions we used two S40 models
simultaneously, one using the standard 24° lens and the
other using a 12° lens pointed at the vent area. The FLIR is
lightweight (~2 kg with battery) and lacks moving parts
(with the exception of the periodic shutter calibration
mechanism), making it well-suited for the field (Dehn et
al. 2001).

FLIR measurement setup

The FLIR data used in this study were collected over four
field seasons: 17 May—02 June 2001, 09 May-25 May
2002, 16 Sept 2003, and 05 June-25 July 2004 (Table 1).
A total of 344 eruptions was recorded, with the majority
(240) being obtained during the 2004 campaign. As the
2004 dataset was collected with the S40 model acquiring at
30 Hz, it offered parameterization at an extremely fine
timescale. The other large dataset includes 64 eruptions

Fig. 1 Recording setup on Stromboli. Top: The FLIR ThermaCAM
S40, about the size and weight of a conventional video camera, at the
Rocette (ROC) site on Stromboli volcano. The camera is connected
via Firewire to a notebook computer, in the orange Pelican case, to
collect at 30 Hz. Bottom: The two recording sites relative to the crater
terrace. The inset shows a larger scale view of the western side of
Stromboli and the Sciara del Fuoco, and extent of the lower photo
(dotted box). Photo taken in May 2003

acquired during a low-activity period in May 2002. These
eruptions, along with those from May 2001 and September
2003, were imaged every 2 s (0.5 Hz). This timescale is
much coarser than the 30 Hz data but nonetheless allowed a
reasonable characterization of eruption style. The camera
was run continuously for typically ~4 h on each observa-
tion day to ensure capture of eruption onsets. At 30 Hz, the
data rate is ~4.5 MB s ', or 1 GB every 3—4 min. The
camera was tripod mounted for stability.

The camera was placed at either the Pizzo Sopra la Fossa
(PZZ) or Roccette (ROC) site (Fig. 1), approximately
250 m and 450 m away from the active craters, respective-
ly. PZZ is about 150 m above the craters, while ROC is
approximately level with them. At 250 m and 450 m
distance, each pixel in the FLIR image is 33 cm and 59 cm
in dimension, respectively. PZZ provides views of all the
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Table 1 Explosions imaged by

the FLIR camera May 17-Jun 02, May 09-25, Sep 16, Jun 05-Jul 25, Overall
2001 2002 2003 2004
NE eruptions 8 36 2 170 216
C eruptions 0 1 5 9 15
SW eruptions 18 27 7 61 113
Total eruptions 26 64 14 240 344
Imaging 0.5 0.5 0.5 30
frequency (Hz)
Camera 595 595 695 S40
Location* Pzz pzz PzZ ROC + PZZ

*see Fig. 1 for locations

active craters and was used exclusively in May 2001, May
2002, and September 2003. Being closer to the craters, it
allowed features to be imaged at a finer resolution, though
its field of view was limited. The vertical height of the
image was just ~75 m, so that many eruptions quickly
extended beyond the field of view. The ROC site was used
most often in June 2004. Although it was farther from the
crater terrace and could only image the NE crater without
obstruction, its vertical field of view was ~140-180 m
(depending on camera orientation). This allowed longer
observation of the rising ash plumes. Also, due to a crater
floor collapse and loss of the NE wall of the crater terrace
in December 2002, the ROC site in 2004 allowed a rare
opportunity to see deep into NE crater, thereby allowing us
to capture the ejecta much closer to the vent than in other
periods. Eruptions in 2001-2002 were captured after dark,
while those in 2003 and 2004 were imaged during the
daytime.

Each explosion originated from one of three main craters
(SW, Central and NE) in a 300 m long crater terrace
(Figs. 1 and 2). At the onset of the 2002-2003 effusive
phase in December 2002 much of the terrace collapsed,
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Fig. 2 The crater terrace as viewed from the Pizzo sopra la Fossa
(~250 m distance, see Fig. 1). Crater/vent locations are shown for
May 2002 (a) and June 2004 (b). The elevated temperatures on the
outer flanks of the crater terrace in (b) result from solar heating. Each
image is ~300 m wide
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destroying the septa and inner flanks that had distinguished
the Central and NE craters (Calvari et al. 2005). Although
the crater edifices were no longer in place the approximate
vent locations remained intact, and by the end of the
effusive eruption in July 2003 the craters were reforming in
their pre-2003 locations (Calvari et al. 2005).

Of the 344 eruptions imaged, 113 were from SW crater.
The Central crater only rarely produced what would be
considered typical strombolian explosions. Just 15 erup-
tions were observed at Central crater, and these were
extremely small in size. The NE crater was separated into
several sub-craters, which we refer to as NE-1, NE-2, and
NE-3 (Fig. 2). During May 2002 and June—July 2004, NE
crater was the most active and the camera was pointed at
this crater more often than the others, with a total of 216
eruptions imaged. Because the FLIR field of view could
accommodate only 1-2 craters at a time during 2001, 2002
and 2003, the number of imaged eruptions for each crater is
partly a measure of where the camera was pointed, and not
the relative eruption frequency.

FLIR sensitivity to ballistic particle size

Chouet et al. (1974) and Ripepe et al. (1993) determined
that most strombolian ballistic particles are less than
30 cm in diameter, suggesting that the majority of the
ballistic particles we image with the FLIR are subpixel
(<60 cm) in size. The ballistic particle size sensitivity was
calculated using the Planck function, while incorporating
the spectral response function provided by FLIR Systems,
Inc. Considering the variability in background temper-
atures, we judged that a pixel-integrated temperature
contrast of 5°C is a conservative threshold for reliable
visual identification of ballistic pixels. At a distance of
450 m and background temperatures of 0-20°C, this
equates to particle sizes of 2.1(£0.1) and 3.5(£0.2) cm
for particle temperatures of 1,000 and 500°C, respectively.
At 250 m, this equates to 1.2(+0.1) and 1.9(+0.1) cm for
temperatures of 1,000 and 500°C, respectively. This cal-
culation only applies to solitary coarse particles—in ash



Bull Volcanol (2007) 69:769-784

773

plumes the particle size is much smaller, but the particle
concentration typically produces an opaque plume that
spatially fills the pixel.

Methods of analysis
Qualitative observations

Naked-eye and audible observations comprised the first
step in characterizing eruption styles and were especially
valuable in 2004, when acquisitions were performed in
daytime. Data were collected during daylight hours during
September 2003 as well, but they comprised a relatively
small dataset (14 eruptions). During other periods (2001—
2002), the eruptions were captured after dark, when
ballistics were visible clearly due to their incandescence
but ash plumes could not be seen. These observations
augmented insights from the FLIR video sequences, viewed
with ThermaCAM™ Researcher. The presence or absence
of an optically-thick ash plume, and the abundance of
ballistic ejecta, were used as discriminating characteristics
for eruption style. The FLIR proved more effective than
naked-eye observations at conveying the full dispersal
range of ballistic ejecta during daytime, and improved the
viewing of ash plumes during nighttime.

Plume front tracking

Ash plume heights were measured at their leading front
using the FLIR imagery. In ballistic-rich (ash-poor)
eruptions, plumes became diffuse and invisible too early
to track for an extended distance. The method was applied
to 80 ash plumes in June—July 2004 (NE-1 crater), in which
the vertical field of view was either ~130 m or ~180 m
depending on camera orientation. Height values were
measured every 3—5 frames (or every 0.08-0.16 s at 30 Hz
acquisition) in the gas thrust region and every 10-30 frames
(0.33—1 s) in the slower convective region. These apparent
height values were then corrected for minor vertical dis-
tortions (<3%) due to camera viewing angle. For calculating
velocity and acceleration, the height values through time
were fit with a fifth-order polynomial. More details on the
plume measurements can be found in Patrick (2007).

Plume velocity at crater rim

The velocity of the gas/ash plume onset for 134 eruptions
from NE-1 crater during June—July 2004 was measured
from the FLIR imagery over a small distance (mean: 9.5 m)
and short time interval (mean: 0.7 s) just above the crater
rim. Plumes were used for this measurement, because each
can be treated as a single, easily-tracked object with a

spatial scale larger than the FLIR pixels. Ballistic velocities,
on the other hand, depend on particle size (Chouet et al.
1974; Steinberg and Babenko 1978) which could not be
measured accurately from the FLIR images due to the
coarse pixel size. Although ballistic-rich eruptions lacked
an ash-rich plume, their gas plume was discernable very
close to the crater rim where gas concentrations presumably
were high. In some cases the ballistic particles and plume
appeared intermingled and were difficult to discriminate
due to the coarse pixel size of the FLIR. These measure-
ments should therefore be considered rough estimates of
plume velocity. Also, the actual initial gas velocity at the
source will be greater than the plume velocity at the crater
rim, as a function of the potentially variable depth of the
magma free surface beneath the rim.

Ballistic height

The maximum observed height of ballistics was measured
from the imagery for 138 eruptions from NE-1 crater during
June—July 2004. A limitation of the FLIR images is that the
field of view extended to only 115-180 m above the crater
rim, depending on camera orientation. Forty-three (31%) of
the eruptions had maximum ballistic heights beyond the top
of the field of view. To be consistent, we assigned a value
of >115 m to heights that exceeded the field of view, be it
115 or 180 m.

At 450 m distance, the FLIR ballistic particle size
sensitivity extends down to 2.1 and 3.5 cm for ballistic
temperatures of 1,000 and 500°C, respectively (“FLIR
sensitivity to ballistic particle size”). Using a drag coeffi-
cient of 1 (Sparks et al. 1997) and mean ballistic density of
1,100 kg m> (Lautze, 2005, personal communication),
initial velocities <100 m s ' will require that ballistics
which reach >115 m in height be >7 cm in diameter. Thus,
we can be confident that no unaccounted particles were
exceeding the field of view.

Eruption duration

Eruption duration was calculated for 135 eruptions from
NE-1 crater in June—July 2004 using the FLIR video. The
onset of eruption was impulsive and easily identified in all
cases. The end of ballistic-rich eruptions was indicated
relatively clearly by the final ejection of ballistic particles.
The end of ash-rich eruptions could be ambiguous, how-
ever, as the trailing portions of the ash plume often stag-
nated inside the crater and made it difficult to tell if
vigorous ejection had finished. The most effective method
to identify the end of ash-rich eruptions entailed plotting the
maximum temperature in a small (~20 m diameter)
window, placed at the crater rim, throughout the course of
the eruption. This seemed to produce a good proxy for the
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mass flux of hot material passing the crater rim, with an
abrupt drop in maximum temperature typically marking the
end of an eruption.

Results

The 2001-2003 data, in which all three craters were imaged
from an unobstructed viewpoint (PZZ), were used mainly for
qualitative assessments of eruption style due to the relatively
few eruptions (104) and low frame rate (0.5 Hz). The 2004
field season, in which the camera was pointed at NE crater
(but had an obstructed view of Central and SW craters),
resulted in the highest quality dataset of our study (in terms of
number of eruptions, 240, and camera frame rate, 30 Hz), and
we relied on the NE crater eruptions for quantitative results.
This section of the paper therefore combines qualitative
insights on eruptive behavior from 2001-2004 (“Styles of
eruption at Stromboli” and “Style timescales and crater
behavior”) with a quantitative analysis of eruption dynamics
for the best-viewed and most active subcrater (NE-1) during
the 2004 field season (“Plume height, velocity and acceler-
ation trends”, “Plume velocity at crater rim”, “Maximum
ballistic height”, “Eruption duration”).

Styles of eruption at Stromboli

Eruptions varied widely in style and appearance but can be
broadly categorized into two main groups: Type 1 (ballistic-
dominated) and Type 2 (ash-dominated) eruptions. This
scheme is very similar to the two-part classifications of
Ripepe et al. (1993), Chouet et al. (1999, 2003), Ripepe

Table 2 Eruption style at the active craters

Month of eruption Locations of eruption

May 2001 SW* C NE-1 NE-2 NE-3
Type 1 15 0 3 2 2
Type 2a 0 0 0 0 0
Type 2b 12 0 0 0 1

May 2002 SW C NE-1 NE-2 NE-3
Type 1 4 1 14 5 1
Type 2a 18 0 0 1 0
Type 2b 5 0 10 3 2

Sept 2003 SW C NE-1 NE-2 NE-3
Type 1 7 0 2 0 0
Type 2a 0 4 0 0 0
Type 2b 0 1 0 0 0

Jun—Jul 2004 SW C NE-1 NE-2 NE-3
Type 1 0 4 53 12 0
Type 2a 6 2 49 1 0
Type 2b 55 3 44 11 0

*Dual vent eruptions were counted separately for the purposes of
eruption style
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and Marchetti (2002) and Marchetti and Ripepe (2005).
Their Type 1 and 2 equivalents were based on general
appearance as well as the seismic and infrasonic wave-
forms, and all of these authors attributed Type 1 eruptions
to NE crater and Type 2 eruptions to SW crater. Our use of
this scheme encompasses only the eruption appearance, and
we do not explore seismicity or infrasound in detail.
Overall, our results show that both eruption styles were
common at both craters (Table 2).

Type 1 eruptions were ballistic-dominated, with plumes
that were only faintly visible just above the crater rim
(Fig. 3). A significant plume must be present due to the gas
slug, but the paucity of ash-sized particles makes it difficult
to discern with either the naked eye or the FLIR. Type 2
eruptions were also common in our study period. This style
involves a conspicuous ash plume, the high optical thick-
ness of which often visually obscured many of the ballistic
particles (Fig. 3). We found that Type 2 eruptions can be
subdivided into two groups: Type 2a, which exhibited a
visible gas thrust phase and usually expelled significant
ballistics, and Type 2b, which exhibited only convective
velocities visible above the crater rim and ejected a minor
amount of ballistic particles. Type 2a crater rim velocities
overlapped with those of Type 1 activity. Type 2b erup-
tions, however, were consistently smaller in size and had
lower crater rim velocities. Type 1 and 2a eruptions were
often very loud, while Type 2b eruptions were commonly
inaudible.

There was significant variety within both Type 1 and 2
eruption styles (Fig. 4). Some eruptions were poorly-
collimated explosions that seemed to originate close to the
crater rim (Fig. 4a), while others were well-collimated and
hence may have come from deeper levels (Self et al. 1974)
(Fig. 4e). Some were simply small in size (Fig. 4f), while
others were moderately (Fig. 4d) to impressively large
(Fig. 4b). Some Type 2 eruptions contained a small
(Fig. 4f) to moderate (Fig. 4b) amount of ash in their
plumes, while others were visibly ash-laden and displayed
significant sedimentation (Fig. 4c).

Style timescales and crater behavior

We observed consistency in eruption style through time for
a given vent. With only several clear exceptions (described
below), the gross eruption style (Type 1 vs. 2) was
maintained throughout each 2-5 h observation period at a
particular vent. Although we lack continuous data over
longer periods, we observed consistency in gross style
among observation days that suggests a persistence over
days to weeks. Our best coverage comes from the 2004
dataset, due to a high number of collected eruptions and
coverage of both NE and SW craters (again, note that SW
crater was partially obscured in this setup, allowing style
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Fig. 3 The main types of erup-
tions at Stromboli. Type 1 erup-
tions are ballistic-dominated,
with little to no visible plume
due to the absence of ash-sized
particles. Type 2 eruptions in-
volve emission of an ash plume,
with Type 2a containing signif-
icant ballistic particles and Type
2b having few ballistics. Notice
the skirt of particles at the base
of the Type 2a plume, and
several large airborne particles
marked by arrows. White boxes
show corresponding photo area,
and the spatial scale is identical
in all three FLIR images. The
Type 2a FLIR image has been
enhanced slightly to make the
ballistic particles more obvious
for print

discrimination but not quantitative analyses). For SW
crater, Type 2 activity (predominantly Type 2b) exclusively
was observed on all 13 acquisition days in 2004; this
suggests Type 2 style was maintained throughout those
2 months. At NE-1 crater, activity was more variable but
nonetheless exhibited consistency among observation days.
The first observation day, June 05, consisted of Type 1
eruptions. The next observation day, June 07, consisted of
Type 2 eruptions, which were subsequently observed on
June 09, 11, 13, 19 and 27. Type 1 activity was noted by
others (Palma, 2005, personal communication) on the
summit on July 05, and the next observation day, July 07,
had Type 1 activity which was also present on July 11, 14
and 18. Eruptions on July 20 were Type 2, as well as those
on July 25. These observations suggest that eruption styles
were maintained at NE-1 crater for days to possibly several
weeks at a time.

In several cases, both Type 1 and 2 styles were noted for
the same vent during a single observation period, owing to
both observational limitations and real changes. First, our
Type 1-2 classification is based upon visual appearances,
and thus some eruptions could challenge a clear visual
distinction. This was the case on July 25, 2004, when most
eruptions were deemed Type 2 (and visible film confirms
an ash plume was present) but had ash plumes of a
relatively low optical thickness. Two of the least ash-
charged eruptions on this day better resembled Type 1
eruptions and were assigned as such. Several eruptions in
May 2002 were problematic for this reason as well,
aggravated in part by their small volume of ejecta. On the
other hand, unequivocal changes in eruption style on the
same day were noted on only two occasions. The best
example was on July 18, 2004 at NE-1 crater. A 3.5-hour-
long series of 10 low-intensity Type 1 eruptions was
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Fig. 4 The varying styles of
eruptions at Stromboli. a Type
1 eruption, with poor collima-
tion, 5 June 2004, b Type 2a
eruption with high-velocity ash
plume, 7 June 2004, ¢ Type 2b
eruption with low-velocity, par-
ticle-laden plume and high de-
gree of visible sedimentation, 13
June 2004. Arrow points to
sedimentation cloud. d Mild
Type 1 eruption with moderate
collimation, 7 July 2004. e In-
tense Type 1 eruption, with
excellent collimation, 14 July
2004. f Small Type 2b eruption,
18 July 2004. Spatial scale is
identical in all images. All
eruptions originate from NE-1
crater

followed, after an interval of 22 min, by three robust Type 2
eruptions within the next 30 min. Forty minutes after the
last Type 2 eruption, activity reverted to the original Type 1
style.

Type 2a and 2b eruptions originating from the same vent
on the same day were common and often alternated on a
timescale of minutes. For instance, on June 13, 2004, ten
Type 2b and four Type 2a eruptions took place from NE-1
crater within ~3 h. The Type 2a minority was reasonably
well distributed among the Type 2b eruptions in this case,
with each Type 2a preceded by a Type 2b eruption.

Plume height, velocity and acceleration trends
Type 2a eruptions are defined as those having a visible gas
thrust phase, and Type 2b eruptions as those with only

buoyant velocities visible above the crater rim. Buoyant
phases, evident from their lack of deceleration, had a peak
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velocity of 11 m s~ ' among the eruptions we analyzed, and

so we choose the rough lower limit for gas thrust velocities

as 15ms .

Figure 5 shows plume height trends for 80 NE-1 crater
ash plumes in 2004. The height versus time plots show the
original data points, while the velocity and acceleration
plots were produced from polynomial-smoothed data. Note
that the fifth-order polynomial used for smoothing assumes
reasonably smooth velocity and acceleration trends for
simplicity; higher-order polynomials would be required to
characterize more rapid changes which may be present.

The fundamental difference between Type 2a (gas thrust)
and Type 2b (buoyant) styles is shown in Fig. 5. Velocities
for Type 2a eruptions could reach up to 50 m s~ ' at the
crater rim and decelerated (at a rate of up to 30 m s 2) to
buoyant velocities (<15 m s ') within 100 m above the rim.
Notice that velocities remained roughly constant once
buoyant velocities were attained. Type 2b eruptions lacked
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Fig. 5 Observed height, velocity and acceleration for Strombolian ash
plumes. Results are from NE-1 crater in June-July 2004, and
separated by eruption type. Original height values are shown, while
velocity and acceleration were produced from smoothed height data
(fifth-order polynomial)

any significant deceleration phase and maintained roughly
constant buoyant velocities throughout their observed rise.
Time-averaged velocities of the 41 Type 2b profiles
indicate mean buoyant velocities between 1.4 and 10.9 m
s~!, with an average of 44 m s ' (st. dev.: 2.1 m s ).

Plume velocity at crater rim

Plume velocities at the crater rim ranged from 3 to 101 m
s ! (Table 3, Fig. 6), agreeing well with ejecta velocities
measured at Stromboli by Chouet et al. (1974), Blackburn
et al. (1976), Weill et al. (1992), Ripepe et al. (1993, 2001),
Ripepe (1996), Hort and Seyfried (1998), and Hort et al.
(2003). The overall mean velocity was 24 m s ', while
Type 1 eruptions had a mean velocity of 34 m s~ (range 9—
101 m s ") and Type 2 eruptions had a mean of 19 m s’
(range 3-58 m s '). The Type 1 velocity distribution is
unimodal (2030 m s ') and more normal than the Type 2
distribution, which is bimodal (0-10 and 20-30 m s ') and
highly skewed toward lower velocities (Fig. 6). The mean
Type 2a velocity is 31 ms™' (range 16-58 m s~ "), close to
the mean Type 1 velocity, but the mean Type 2b velocity is
7 m s ' (range 3-11 m s '). The two Type 2 velocity
modes, therefore, reflect the distinct Type 2a and Type 2b
populations (Fig. 6).

The course of plume velocities at the crater rim through
time, for NE-1 crater in 2004, is shown in Fig. 7. The
consistency of eruption style (Type 1 or 2) among
observation days suggests persistence over a timescale of
days to weeks (“Style timescales and crater behavior”).
Note that there is no clear correlation between day-to-day
velocity changes and shifts in Type 1 vs. 2 style. Instances

Table 3 Explosion parameters
for June—July 2004, NE-1

crater

*Ejecta extended above the

Count Min Max Mean Stdev

Overall

Crater rim velocity, m/s 134 3 101 24 19
Maximum ballistic height, m 138 0 115*%(67)

Eruption duration, s 135 6 41 15 6
Type 1

Crater rim velocity, m/s 47 9 101 34 21
Maximum ballistic height, m 53 37 115%(33)

Eruption duration, s 50 6 28 14 5
Type 2

Crater rim velocity, m/s 87 3 58 19 15
Maximum ballistic height, m 85 0 115*%(34)

Eruption duration, s 85 6 41 15 6
Type 2a

Crater rim velocity, m/s 44 16 58 31 11
Maximum ballistic height, m 45 42 115*%(34)

Eruption duration, s 45 6 41 15 6
Type 2b

Crater rim velocity, m/s 43 3 11 7 2
Maximum ballistic height, m 40 0 96 16 24
Eruption duration, s 40 8 31 15 6

minimum field of view, 115 m,
in (X) eruptions
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in which Type 1 and 2 styles occurred on the same day
(July 18 and 25) are discussed in “Style timescales and
crater behavior”.

Maximum ballistic height

Table 3 and Fig. 6 show that a large percentage (62%) of
the Type | ballistics exceeded the minimum field of view
(115 m height), while a smaller proportion (40%) of Type 2
ballistics did the same. Type 2a eruptions account for all of
the Type 2 ballistics which exceeded 115 m (Fig. 6). As
with velocity, the Type 2 height histogram is bimodal; Type
2b eruptions represent the bulk of the lowest mode (0-
10 m), and high energy Type 2a eruptions form the high
mode (>115 m). The daily trend of maximum ballistic
height shows that ballistic height simply reflects initial
velocity recast to a scale that is limited by the field of view
(Fig. 7). Velocities at the crater rim greater than ~20 m's ',
which account for a large portion of our eruptions,
generally threw particles above 115 m.

Eruption duration

Eruptions had an overall mean duration of 15 s (range 6—
41 s), and eruption duration was relatively similar among
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the different styles. Type 1 eruptions had a mean duration
of 14 s (range 6-27 s), while Type 2 eruptions had a mean
of 15 s (range 641 s) (Table 3; Fig. 6). Type 2a eruptions
had a mean duration of 15 s (range 6—41 s), and Type 2b,
15 s (range 8-31 s) (Fig. 6). The daily trend of eruption
durations for NE-1 crater in 2004 shows no significant
variation in values for Type 1 or 2 eruptions (Fig. 7), or for
Type 2a versus 2b eruptions. Our results agree reasonably
well with those of Hort et al. (2003), who measured a mean
duration between 8 and 15 s for 702 eruptions from NE
crater. On a related note, the eruption frequencies during
Type 1 and Type 2 phases were not significantly different.
For NE-1 crater the mean Type 1 eruption frequency was
3.8 (st. dev. 0.6) eruptions hour ', while the mean Type 2
frequency was 4.0 (st. dev. 1.0) eruptions hour .

Discussion

Origin of Type 1 and 2 styles

The Type 1 eruption style follows the common perception
of strombolian eruptions: an ejection of coarse, incandes-

cent scoria following roughly ballistic trajectories. These
initially molten clots have been explained as fragments
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Fig. 7 Plume velocity at crater rim (a, 134 eruptions), eruption
duration (b, 134 eruptions) and ballistic height through time (¢, 138
eruptions) captured by the FLIR during the June—July 2004 field for
NE-1 crater

of the fluid lava forming the slug wall (Walker 1973;
Blackburn et al. 1976). Type 2 behavior, in which a fine
particle plume dominates, cannot be explained in the same
way. Fine fragmentation (i.e. Type 2 activity) is normally a
minor component in strombolian scenarios (Self et al. 1974;
Walker 1973) due to limitations in the underlying eruption
mechanism. Whereas plinian eruptions produce fine par-
ticles through the disruption of many small bubbles,
strombolian eruptions normally originate from the bursting
of a large gas slug in a fluid magma column, where magma
is torn into coarse molten particles. Fine particles, and
resulting ash plumes (i.e. Type 2 activity), have thus been
explained in strombolian scenarios by either (a) backfilling

of loose material from above or (b) rheological changes to
the magma column (references to follow).

First, backfilling of the conduit may occur through either
(a) slumping of the inner crater walls or (b) rollback of
explosion ejecta down the inner crater slopes toward the
vent. Comminution to fine particles could be effected by
subsequent explosions, ejecta impacting and rolling, or
ball-milling in the conduit (Francis 1993). Backfilling has
been observed directly in a few studies to create fine
particle plumes (Murata et al. 1966; Booth and Walker
1973; Self et al. 1974) and inferred in several more
(Heiken 1978; Guest 1982; Houghton and Schmincke
1989; Calvari and Pinkerton 2004). Calvari and Pinkerton
(2004) further noted how slumping can be encouraged by a
drop in magma level. The backfill mechanism is depicted in
Fig. 8.

Second, increasing the viscosity of the magma may lead
to fragmentation at a finer scale, and this theory has been
supported recently through physical studies of ejecta.
Taddeucci et al. (2002, 2004) linked a transition at Etna
in 2001 from strombolian activity to quasi-vulcanian
explosions with increasing crystallinity of the magma and
inferred increases in magma viscosity, resulting in brittle

Type 1

Type 2a Type 2b

Fig. 8 Loose, brittle backfill sitting atop the magma column is one of
two scenarios that can lead to ash-rich strombolian eruptions (the
other scenario, rheological changes due to degassing, is not depicted
in this figure). Type 1: gas slug bursts at unobstructed free surface,
ejecting coarse ballistics. Type 2a: high overpressure slug burst
produces large scale disruption of backfill, producing ash and
ballistics. Type 2b: low overpressure slug burst results in minor
disruption of loose backfill, creating ash but few ballistics
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fracturing of the uppermost magma column. Valentine et al.
(2005) recorded increases in crystallinity and inferred
viscosity in ash-rich strombolian deposits, and speculated
how higher viscosity melt may inhibit decoupled gas rise
(i.e. hinder slug formation), producing small bubbles and
fine fragmentation. One component of their model, a
sustained eruption column, clearly does not apply to our
Type 2 eruptions. Lautze and Houghton (2005) showed
how shallow melt at Stromboli can exhibit different degrees
of degassing, and discuss how variations in rheology may
be linked to changes in eruption style.

With imaging alone it is difficult to discriminate which
of these mechanisms is the main cause of fine-scale
fragmentation, and our study cannot favor one general
mechanism (backfilling vs. rheology) over another. Even if
rigorous physical sampling were to be coupled with
imaging, however, several complications exist in separating
the mechanisms. First, particles created from both mecha-
nisms may be ejected together, because the two mecha-
nisms can easily be coupled. One can imagine that during
any phases of weak strombolian activity the magma flux to
the surface will decrease, favoring higher viscosities in the
shallow melt due either to greater cooling or increased
degassing. At the same time, the weak explosive energy
will reduce ejecta dispersal (more particles falling within
the crater rim, encouraging rollback), and the ability for
vent-clearing, leading to backfill accumulation as well. The
second complication is one that may exist in identifying the
backfill mechanism. Recognizing fine particles produced by
the backfill mechanism would likely rely on the chemical or
physical degradation that results from a significant resi-
dence in the conduit. This requires that the turnover
timescale be significant as well, which may not always be
the case. In other words, particles which are recycled from
an eruption 10 min earlier may not bear any imprint of the
recycling beyond secondary fragmentation, and thus may
be interpreted incorrectly as derived directly from the
magma column.

Observed transition timescales, however, can sometimes
play a valuable part in the interpretation. For instance, a
sustained Type 1 phase which is briefly interrupted by a
Type 2 phase would be strong evidence of a discrete slump
of material into the conduit. This occurred on 18 July 2004,
and is discussed in “Style timescales and crater behavior.”
This 1 h Type 2 phase argues against a rheological
mechanism—at least in this rare instance—and it likely
reflects a small-scale collapse of material onto the vent that
was rapidly cleared.

The height of the magma column may control Type 1
and 2 behavior in encouraging the backfilling scenario; a
drop in magma level would allow slumping of unsupported
loose material into the vent (Calvari and Pinkerton 2004). If
we use particle collimation as an indicator of magma depth,
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the data in our study are ambiguous in this regard. The best
(Fig. 4e) and most poorly (Fig. 4a) collimated explosions
were Type 1 eruptions. The best collimated explosions
comprised the highest velocities we recorded, suggesting
that velocity may also play a role in collimation.

Weather (temperature, humidity, rain recorded at the
summit weather station every 30 min) did not have any
obvious relation with the transitions observed during this
period; the weather was generally stable during the two-
month observation period. Rain was recorded only on June
17, and did not occur with any obvious changes in activity,
although there was a large gap in weather data during 01—
16 July. The fact that significant changes in eruptive styles
were observed in our dataset in the absence of notable
weather fluctuations may argue against theories in which
weather is a primary control on eruption style (Urbanski et
al. 2002; Hort et al. 2003). On the other hand, heavy
rains could encourage backfill accumulation by washing
loose material onto the vent, as Urbanski et al. (2002)
noted.

Origin of Type 2a and 2b styles

Type 2a eruptions involve a visible gas thrust phase as well
as many ballistic particles, whereas Type 2b eruptions
involve only buoyant velocities visible above the crater rim
and a minor amount of ballistics. Given only the height vs.
time profiles in Fig. 5, it is tempting to think that Type 2b
plumes reflect a drop in magma-level, so that the gas thrust
phase was hidden below the crater rim. This is clearly not
the case, however, as Type 2a and 2b eruptions were
interlaced in time on a scale of seconds to minutes, which is
much shorter than reasonable timescales for magma level
changes of ~75-100 m (gas thrust heights in Type 2a
plumes).

In addition, infrasonic pressure was recorded for 74 of
the 93 Type 2 NE-1 eruptions by University of Firenze
microphones (Ripepe et al. 2004, 2005), with results
shown in Fig. 9. Eruptions in which the infrasonic
amplitude did not noticeably exceed the background
(~1 Pa) were assigned a value of 0, and this was more
common with Type 2b eruptions (73%) than with Type 2a
eruptions (15%). Figure 9 indicates that Type 2a eruptions
were prone to higher infrasonic amplitudes than Type 2b
eruptions, indicating that Type 2a eruptions generally
involve greater bubble overpressures. The higher abun-
dance of ballistic particles and the higher velocities in Type
2a vs. Type 2b eruptions is, therefore, consistent, as both
ballistic particles and the ash plume rely on the bubble
overpressure for their initial velocities. In other words,
higher energy explosions (Type 2a) will have the ability to
cast coarse particles to greater heights (see ballistic heights
in Fig. 6).
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Fig. 9 Infrasonic amplitudes at ROC (450 m distance) for 74
eruptions from NE-1 crater. Type 2a eruptions are prone to higher
amplitudes, suggesting greater bubble overpressures

NE and SW craters

Anecdotal evidence, gathered from those who have worked
on the volcano for years to decades (authors M.R. & A.J.L.
H), indicates that Type 1 and Type 2 activity are both quite
common at Stromboli. Type 2 activity is not as prevalent as
Type 1 activity, and it is typically associated with SW
crater. These observations are in contrast to our dataset of
344 eruptions, in which 64% of the total number were Type
2 style, of which slightly more than half (122) originated
from NE crater. We speculate that this disproportionate
number of Type 2 eruptions may be due to atypical
circumstances during the time of our two main datasets,
May 2002 and June—July 2004. In May 2002, activity was
at a low intensity (Smithsonian Institution 2002), and 61%
of the 64 eruptions were Type 2. Reduced explosivity
would limit the dispersal of ballistic clasts and result in
more material falling within the crater walls and accumu-
lating on top of the vent. Low explosive energy would also
hamper the ability to clear any buildup. These conditions
would encourage backfill buildup and Type 2 behavior.
The June—July 2004 activity was generally moderate in
intensity, with 71% of the 240 eruptions being Type 2.
Following the December 2002 crater terrace collapse, the
craters were in a prolonged constructional phase since
strombolian activity resumed toward the end of the effusive
phase in July 2003 (Calvari et al. 2005; Ripepe et al. 2005).

NE-1 crater developed a nascent cinder cone between June
2003 and June 2004 within the collapsed walls of the crater
terrace (Fig. 10), and the remaining obscured vents likely
featured similar constructs. The growing craters were
probably less stable than they would be in an established
steady state, potentially leading to increased slumping and
backfill accumulation. In addition, each crater is nested
tightly within the indurated outer structure of the crater
terrace. A typical cinder cone on a nominally flat surface
contains most of its material in the outer walls (McGetchin
et al. 1974). At Stromboli, and clearly visible at NE-1
crater, the outer walls of the cones would be truncated by
the outer structure. This would lead to accelerated upward
growth and, therefore, increased collapse frequency and
resultant Type 2 behavior.

Anecdotal information and several studies (Chouet et
al. 1999, 2003; Ripepe and Marchetti 2002; Marchetti and
Ripepe 2005) covering more typical phases of activity at
Stromboli points to Type 2 behavior being more common

June 2003

June 2004

Fig. 10 Cone construction in NE crater. Following the end of the
2002-2003 effusive phase (July 2003), the collapsed crater terrace
(top) began rebuilding itself. By June 2004, a nascent cinder cone had
developed in NE-1 crater. Top photo courtesy of Elske de Zeeuw-van
Dalfsen

@ Springer



782

Bull Volcanol (2007) 69:769-784

at SW crater than NE crater, in general. Considering the
effects that backfill can have on eruption style, this
distinction is consistent with the gas overpressure differ-
ences measured for the two craters. Ripepe and Marchetti
(2002) indicated that the average bubble overpressure is
~0.5 b for SW crater and ~4 b for NE crater. The lower
overpressures of SW crater would limit ejecta dispersal and
thus increase rollback, while reducing vent-clearing, favor-
ing backfill accumulation. Anecdotal information also
mentions SW crater’s occasional red ash plumes, presum-
ably oxidized material that further supports a backfill origin
for the ash-charged activity at this vent.

Strombolian classification

This work explores the variability in eruption styles at
Stromboli, aided by the ability of longwave infrared
imagery to record a wide range of ejecta components.
Nevertheless, many other studies have noted variations in
eruption styles at Stromboli. Ripepe et al. (1993, 2001) and
Ripepe (1996) showed how eruptions could be divided into
two types, in which one was short and impulsive and the
other longer and less impulsive. Impulsive ballistic-rich
eruptions are commonly attributed to NE crater and
emergent ash-rich eruptions to SW crater (Chouet et al.
1999, 2003; Ripepe and Marchetti 2002; Marchetti and
Ripepe 2005). Our data show that both ballistic-rich and
ash-rich eruptions can occur at both craters, though
anecdotal evidence and these previous studies point to
Type 2 activity being more common at SW crater.

Our collection of imagery reinforces the view that
strombolian eruption styles can vary widely in appearance.
Due to aforementioned limitations in imaging technology
and dataset size, previous studies may not have suffi-
ciently illustrated or explored this range of behavior. This
has made it difficult to appreciate that two seminal
works on strombolian activity, Chouet et al. (1974) and
Blackburn et al. (1976), were analyzing two very different
eruption styles. Chouet et al. (1974) described ‘molten
lava fragments’ and ‘small quantities of ash,” suggestive
of Type 1 activity, while Blackburn et al. (1976)
mentioned the ‘convective cloud of gas and small pyro-
clasts’ consistent with Type 2 style. These are often cited
interchangeably in the literature, when it should be clear
that each was studying a distinct aspect of strombolian
eruptive behavior.

Our results also illustrate an exception to the common
maxim that finer fragmentation necessarily results from
more violent explosive activity. For example, the rigorous
analysis of cone-building strombolian deposits at numerous
volcanoes by Walker (1973) identified minor components
of fine fragmentation which were assumed to be related to
‘violent’ strombolian behavior. The average buoyant plume
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velocities we observed (1.4-10.9 m s ') in our dataset
equate to terminal velocities for particle sizes of ~0.1—
8.8 mm (using a drag coefficient of 1 and density of
1,100 kg m ), suggesting there is a significant amount of
material fragmented to less than 1 mm in many of these
plumes. As we have shown, this fine fragmentation is
present during periods of normal strombolian explosive
intensity (Figs. 6 and 7). Agreeing with Self et al. (1974),
our results suggest that, in general, some fine proximal
strombolian deposits could be related to Type 2 phases
of normal intensity strombolian activity. Type 2 erup-
tions may also provide a mechanism consistent with the
fine-grained cone construction modeled by Riedel et al.
(2003).

Conclusions

We imaged 344 eruptions at Stromboli volcano, Italy, with
a FLIR thermal video camera. These data provide a new
and powerful means to unravel the dynamics of explosive
events. The specific insights provided by this work are
summarized as follows:

(1) Eruptions at Stromboli exhibit a wide range of styles,
and explosions can be dominated by ballistic particles
(Type 1) or ash (Type 2). Type 2 eruptions can be
subdivided into Type 2a style, which exhibits a visible
gas thrust phase (>15 m s~') and significant ballistic
particles, and Type 2b style which shows only
convective velocities (<15 m s ') above the crater
rim and a minor amount of ballistics.

(2) Type 1 eruptions imply a normal strombolian magma
column, while Type 2 eruptions indicate either (a)
backfilled material in the conduit or (b) rheological
changes to the magma. Infrasonic pressures indicate
that Type 2a and 2b eruptions are caused by varying
levels of bubble overpressure. Changes in eruption
style did not seem to be caused by weather fluctua-
tions during our observation period.

(3) Overall, these imaging data cannot favor one mecha-
nism over another (backfilling vs. rheological
changes), though backfilling was inferred in at least
one instance.

(4) Individual vents at Stromboli maintain Type 1 and
Type 2 phases on a timescale of days to weeks,
indicating that backfilling or rheological changes
exhibit cycles on that timescale. Type 2a and 2b
eruptions could appear within minutes of each other,
because bubble overpressure can vary significantly on
that timescale.

(5) SW crater may be prone to Type 2 behavior due to its
typically lower gas overpressures (allowing backfill
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accumulation), while NE crater may be prone to Type
1 behavior due to its higher gas overpressures
(enabling vent clearing).

(6) Type 2 behavior suggests that some fine-grained
proximal strombolian deposits may result from normal
intensity strombolian activity, not necessarily more
explosive, or ‘violent,” strombolian activity.

Our quantitative results were limited in two ways. First,
our inability to extract quantitative information from SW
crater eruptions limited our quantitative results to NE crater.
Second, our results were limited by the short acquisition
periods (~4 h); continuous acquisition by a remotely
operated camera, over weeks to months, could provide a
complete picture of eruption style transitions.

Our insights on the causes of eruption style transitions
could also be improved. First, systematic collection of
ejecta (Lautze and Houghton 2005; Taddeucci et al. 2004)
coupled directly with FLIR imaging could help determine
the role of rheology in eruption style changes, even
considering the challenges discussed in “Origin of Type 1
and 2 styles.” Second, direct imaging of the vent region—
though hazardous—could unravel the ambiguity surround-
ing the role of magma level fluctuations, clast avalanching,
and ejecta accumulation on eruption style.

Previous FLIR studies have largely focused on effusive
volcanic activity (e.g. Wright and Flynn 2003; Calvari et al.
2005), and this paper marks one of the first rigorous studies
of explosive activity with the FLIR camera. We have shown
how the FLIR can provide an improved view of different
ejecta components compared to visible or near-infrared
imagery. The coarse pixel size, however, is a primary
shortcoming of the FLIR.

Finally, this study focused on eruption styles and
dynamics using the spatio-textural information in the
image. We did not explicitly examine the temperature
information available in the FLIR data, and future work
will exploit this aspect to investigate eruption thermody-
namics in detail.
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