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Abstract Thermal imagery obtained with portable infrared
cameras is widely used to track and measure volcanic phe-
nomena. In the case of explosive eruptions, both air and
ground-based thermal monitoring have enabled collection of
data streams from relatively safe distances. Analysis of these
data have enabled the characterisation of different explosive
regimes, parameterisation of eruptive plumes, and assess-
ment on the dynamics occurring in the shallow system. Here
we explore the suitability of infrared imagers for inves-
tigating the short time scale eruptive behaviour of three
basaltic volcanoes. We present high-time resolution ther-
mal image data-sets recorded at Etna, Stromboli and
Kīlauea volcano. At the time of observations, all three
exhibited pulsed degassing. Signal processing of the mean
apparent temperature time-series highlights four broad classes
of cyclic temperature changes at the three volcanoes based on
characteristic time-scales revealed in the periodograms:
(1) <15 s, (2) ~20-50 s, (3) ~1-10 min, and (4) 12–90 min.
Based on previous studies and integrating time-series results
with qualitative visible and thermal observations and, in case
of Kīlauea, also with SO2 column amounts in the plume, we

hypothesise that short cycles relate mainly to bursting of
overpressured gas bubbles at the magma surface, while
long cycles might be associated with mechanisms of gas
slug formation and ascent, and to the emplacement and
drainage of a lava lake. At Kīlauea, slow fluctuations
may reflect periodic variations of the lava lake surface level.
The data from all three volcanoes reveal superimposi-
tion of degassing cycles of different frequencies, suggesting
link through common magmatic processes and physical
properties.
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Introduction

Volcanic degassing provides crucial information on the dy-
namics of magmatic systems and eruptions (e.g., Blake 1984;
Dingwell 2001; Varley and Taran 2003). In the case of basaltic
volcanoes, a variety of field and laboratory studies have led to
models of degassing and explosive activity, and their correla-
tion with magma transport within conduits and gas bubble
nucleation, growth, coalescence and separation (e.g., Wilson
1980; Jaupart and Vergniolle 1988; Ripepe et al. 2001; James
et al. 2004, 2006; Parfitt 2004). Commonly, experiments
simulate low viscosity two-phase magmatic flows by ana-
logue liquid–gas systems (e.g., Vergniolle and Jaupart 1986),
thus neglecting the magma crystal content (e.g., Navon and
Lyakhovsky 1998). Depending on the gas and liquid volume
fractions in the mixture, Vergniolle and Mangan (2000) rec-
ognised four representative two-phase flow regimes: bubbly,
slug, annular, and dispersed flow.

Strombolian eruptions, thought to correspond to a slug-
flow regime, consist of discrete, rhythmic bursts of gas
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bubbles at the magma free surface, which hurl pyroclasts a
few tens or hundreds of metres into the air (e.g., Blackburn
et al. 1976; Sparks 1978; Wilson 1980; Vergniolle and
Brandeis 1996). Gas-pistoning is a further expression of
slug flows (e.g., Ripepe et al. 1993; Vergniolle and Mangan
2000), consisting of regular rise and fall of magma level
within a volcanic conduit triggered by the ascent and release
of large gas pockets. This kind of activity, extensively
studied at Hawaiian volcanoes (e.g., Tilling 1987; Johnson
et al. 2005), has also been associated with gas accumulation
beneath the surface crust and its periodic failure and release
(Swanson et al. 1979; Patrick et al. 2010). Additional
degassing regimes recognised at open-vent basaltic systems
include gas puffing, gas jetting, and churn-turbulent type
flow regime. The former, commonly observed at Stromboli
volcano, has been associated with the simultaneous bursting
of large concentrations of small (~1 mm diameter) gas
bubbles (Ripepe et al. 2002; Patrick 2007a; Patrick et al.
2007; Landi et al. 2011). Gas jetting involves the emission
of high-temperature, high-pressure gas, usually accompa-
nied by ash-lapilli pyroclasts (e.g., Calder et al. 2000;
Ripepe et al. 2001; Palma et al. 2008). The churn-turbulent
type flow regime occurs when gas flow rate is high, gas
fraction exceeds 20 %, flow is turbulent, coalescence is
pronounced, and large bubbles form (Xu et al. 1999; Mudde
2005; Palma et al. 2008).

The monitoring and study of degassing behaviour of
volcanic systems, in terms of gas composition and regime,
has been undertaken using direct sampling methods (e.g.,
Noguchi and Kamiya 1963; Symonds et al. 1996) and
remote sensing techniques (e.g., Stoiber and Jepsen 1973;
Realmuto et al. 1994; Oppenheimer et al. 1998; Salerno et
al. 2009), including thermal imaging (e.g., Patrick 2007b;
Spampinato et al. 2008a). The latter technique is increasing-
ly used in volcano surveillance and monitoring (e.g., Francis
1979; Spampinato et al. 2011), as well as for modelling
volcanic degassing (e.g., Oppenheimer et al. 2004, 2009;
Harris and Ripepe 2007; Spampinato et al. 2008b; Patrick et
al. 2011) and explosive styles (e.g., Patrick 2007a, b; Patrick
et al. 2007). In particular, the study of thermal waveforms
has allowed the discrimination and characterisation of dif-
ferent volcanic degassing styles. Harris et al. (2003), for
instance, observed that time-series of (i) strombolian erup-
tions present thermal transients with impulsive onsets that
correspond to the explosion, emission and passage of bal-
listics and gas components through the detector field-of-
view; (ii) gas jetting is characterised by waveforms similar
to those of the strombolian eruptions; and (iii) persistent
degassing displays a persistent high thermal signal with
overprinted oscillations relating to gas puffing.

In this paper, we investigate the capability of high-time
resolution thermal data for the discrimination of cyclic pat-
terns of the degassing regime at three open-vent basaltic

volcanoes: Etna (Italy), Stromboli (Italy), and Kīlauea
(Hawai`i). In addition, for Kīlauea, high-time resolution
SO2 abundance measurements have been obtained. Integrat-
ing time-series analysis with visible and thermal observa-
tions of the simultaneous eruptive activity from the three
volcanoes, we attempt to evaluate the significance of the
recognised cyclic patterns in terms of magma transport,
dynamics of degassing, and associated eruptive mechanisms
and styles.

Field sites and prevailing activity

At Mount Etna, thermal images were collected in July 2006,
during an eruption at the South-East summit crater (SEC),
from a distance of ~450 m (Fig. 1a–c). The event started on
14 July 2006 on the south-eastern flank of the SEC. It was
characterised by explosive activity of variable intensity from
a cluster of vents aligned ESE-WNW at ~3150 m elevation,
and by lava effusion ~145 m downslope (e.g., Neri et al.
2006; Salerno et al. 2009). The eruption lasted until 24 July.
On the morning of 19 July, at the time of our measurements
(from 08:26 to 09:37 local time; all times are local), the
explosive activity consisted of jets of hot, bluish gases with
minor content of pyroclasts, gas puffing, and spattering from
three vents (V1, V2, and V3 in Fig. 1c). Ballistic bombs and
blocks spread radially around the cone rim reaching, and
eventually burying, the downslope lava channel, forming
tube-like structures (Fig. 1c). Puffs and explosions fed a
strombolian-style activity with short intervals between
events, and continuous emission of pressurised gas.

At Stromboli, the ground-based thermal survey was carried
out on 4 September 2008 from 09:40 to 10:10, during a period
of typical eruptive activity, involving four of the five vents
then present within the summit crater terrace (Cristaldi 2008;
Fig. 1d–f). The eruptive activity was vigorous, and associated
with formation of cinder cones, hornitos, and pyroclastic
deposits within the crater depression (Fig. 1e–f). Intermittent
explosions took place at two vents in the north-eastern area of
the crater terrace (vents ne1 and ne2), and from one of the two
vents of the south-western zone (vent sw2), while steady gas
puffing was observed from the central zone (vent cc). The
measurement distance was approximately 300 m.

At Kīlauea volcano, thermal data were recorded between
10:10 and 14:38 on 11 May 2008 following the opening of a
vent on the southern wall of Halema`uma`u crater on 19
March 2008 (Wilson et al. 2008; Poland et al. 2009; Fee et
al. 2010; Fig. 1g–i). The vent opened while the effusive
activity from the East Rift was ongoing, with lava flowing
via tubes to the coast and into the ocean, and magmatic
degassing sustained through Pu`u `Ō`ō crater (Poland et al.
2009; Fee et al. 2010). Our ground-based measurements
focused on the new vent in Halema`uma`u crater and were
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Fig. 1 Volcanoes and sites where thermal images were recorded: (a)
shaded relief map of Mount Etna (Pareschi, INGV-Pisa) showing the
four summit craters - North-East crater (NEC), Bocca Nuova (BN),
Voragine (VOR), and South-East crater (SEC) - the Valle del Bove
depression (VDB), the collapse pit that formed during the 2004–5
eruption on SEC eastern flank (Neri and Acocella 2006), and the July
2006 cinder cone that grew on the same side of the crater. The red
triangle represents the thermal camera’s field-of-view (FOV). (b) and
(c) are visible and thermal images showing the explosive vents (V1, V2,
and V3) and effusive activity, from the top and base of the July 2006
cinder cone, respectively. (d) shaded relief map of Stromboli volcano
showing the summit area, the topographic high of Pizzo Sopra la

Fossa, and the Sciara del Fuoco depression (SDF). The blue triangle
is the thermal camera’s FOV. (e) and (f) visible and thermal images of
the crater terrace, respectively. SWC, CC, and NEC are the South-West
crater, Central crater, and North-East crater, respectively. ne1, ne2, cc,
sw1, and sw2 are labels for the active vents. Note that for this study, we
focused just on cc. (g) satellite image of Halema`uma`u crater (Google
Earth) with the site of the vent (red dot) that opened on 19 March 2008
and the FOV of the thermal camera (in yellow) and of the ultraviolet–
visible (UV–VIS) spectrometer (in light green). (h) and (i) visible and
thermal images of the vent, respectively. The cyan contours in (c), (f),
and (i) enclose the regions of interest investigated in each of the three
case study volcanoes by thermal imagery
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made at a distance of 700 m. At this time, we observed
strong degassing producing a whitish plume that was bent
over by the wind as soon as it reached the crater rim. Near
the vent, the plume was transparent, bluish and turbulent.

During the fieldwork at Kīlauea, we also collected SO2

data within the same time period of thermal imagery. In
detail, two data-sets were collected of which the first was
recorded between 10:47 and 11:47 and the second from
12:16 to 13:36.

Methods: data collection and time-series analysis

Thermal images were collected using PM695 (at Etna and
Kīlauea) and P640 (at Stromboli) thermal cameras manu-
factured by FLIR Systems. Both models consist of uncooled
microbolometers equipped with 320×240 (PM 695) and
640×480 (P640) focal plane arrays, and sensitive in the 8–
14 μm waveband. Both instruments have a 24°×18° field-
of-view (FOV). Thermal images were acquired at rates of 1,
2, and 15 frames per second at Etna, Kīlauea, and Stromboli,
respectively. Air temperature and relative humidity, and path
lengths were recorded for subsequent atmospheric correc-
tion of the measured radiance (Spampinato et al. 2011).
Following previous studies, emissivity was set to 0.99,
0.95, and 0.96 at Etna, Stromboli and Kīlauea, respectively
(e.g., Calvari et al. 2005; Spampinato 2008; Spampinato et
al. 2008a). Comparison of the recorded ambient air relative
humidity and temperature with the thermal data (e.g., Chio-
dini et al. 2007; Spampinato et al. 2011), confirmed that the
observed trends in temperatures in the imagery were not due
to atmospheric variability. Based on the line-of-sight dis-
tances at the three sites and the instantaneous FOVs of the
two instruments, we estimated a nominal pixel dimension
corresponding to 0.62, 0.21, and 0.98 m at Etna, Stromboli,
and Kīlauea, respectively. Photographs were also captured
during data acquisition to aid subsequent interpretation.

From thermal images recorded at the three volcanoes, we
derived time-series of the mean apparent temperatures
(Fig. 2) extracted from regions of interest (ROI; cyan con-
tours in Fig. 1c, f, i) of the hottest parts of the volcanic
plumes of Etna (ROI area ~230 m2), Stromboli (ROI
area ~77 m2), and Kīlauea (ROI area ~790 m2), very close
to the vent areas. Given that our aim was to identify time
variations in thermal signals rather than retrieve robust
radiometric values, and that all data were collected with
fixed viewing positions, we did not geometrically correct
the imagery (Ball and Pinkerton 2006; Spampinato et al.
2011).

At Kīlauea, SO2 data were collected (pink shading in
Fig. 2c), using an ultraviolet spectrometer and scattered
sunlight as the light source. The two data-sets were collected
using an Ocean Optics USB2000 spectrometer with spectral

range of 295–375 nm and ~0.44 nm FWHM spectral reso-
lution. Individual spectra were collected from the north-west
side of the caldera, ~2 km from the plume (Fig. 1c), with a
time step of 17 s. Spectra were evaluated using the WinDoas
software package (Fayt and Van Roozendael 2001) applying
the standard Differential Optical Absorption Spectroscopy
(DOAS) technique (Platt and Stutz 2008), and fitting of the
305–316 nm spectral window to yield time-series of the
column amounts (CA) of SO2 in the FOV of the spectrom-
eter. We consider these to provide, to first order, a proxy for
SO2 flux, as observations elsewhere (e.g., Boichu et al.
2010) have shown that during gas puffing, both plume
velocity and column amounts increase.

The nature of the long and short scale fluctuations within
both thermal and SO2 CA time-series was investigated using
two time-series analysis techniques. The first was the Four-
ier Transform analysis (application of the Fast Fourier
Transform, FFT) that provides information on the signal
power content at any frequency but loses the frequency
location in the time domain. This widely used technique is
designed for stationary signals; however, many geophysical
signals, such as ours, contain non-stationary or transitory
characteristics: drift, trends, abrupt changes, and onsets and
ends of events. These characteristics are often the most
important part of the signal, and Fourier analysis is not
suited for their detection. For this reason, we also applied
the Wavelet Transform (WT; e.g., Cazelles et al. 2007;
Spampinato et al. 2008b). In contrast to the Fourier trans-
form, which consists of a linear superposition of indepen-
dent and non-evolving periodicities, the WT is based on the
convolution of signals with a set of functions derived from
the translations and dilatations of a basic function called the
“mother wavelet”. Thanks to these features, the WT pre-
serves frequency location in the time domain, and by use of
variably-sized cells we could identify time location of both
the low- and high-frequency features in our time-series
(Daubechies 1990; Bartosch and Seidl 1999; Grinsted et
al. 2004; Patanè et al. 2007).

Results

At Mount Etna, mean apparent temperatures of the ROI
(Fig. 1c) were derived from a ~60 min-survey (Period I, II,
and III in Fig. 2a). The retrieved time-series contain wide-
band spectra of low- and high-frequency components with
temperatures ranging from ~230 to 470°C. The general
behaviour shows an increasing initial trend from ~360 to
410°C (Period I), followed by a gradual decrease to 330°C
(Periods II and III), with in Period III (350–700 s) three
sharp minima of 247, 242, and 230°C at 400, 500, and
650 s, respectively. For Stromboli, we gathered ~25 min of
imagery for vent cc, from which the extracted mean
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apparent temperatures show a roughly sinusoidal trend be-
tween ~200 and 370°C (Fig. 2b). As in the previous case,
the time-series is characterised by both long wavelength and
rapid fluctuations. On 11 May 2008, at Halema`uma`u cra-
ter, we recorded thermal images for more than 4 h (Fig. 2c).
The main trend of the mean apparent temperatures is marked
by several irregular fluctuations (between ~220 and 480°C).

Figure 3a, b, and c represent the power spectra and
statistical significance computed by FFT according to the
hypothesis of background red noise (Torrence and Compo
1998), which considers reliable only the peaks lying above
the 95 % confidence limit (the green dashed lines in Fig. 3).
The power spectra for the Etna time-series exhibit similar
long periods of 1–10 min (Period I) and 1–5 min (Periods II
and III), and significant short periods of 45, 9 and 5 s
(Period I), 23 and 4 s, and 7 and 5 s (Period II and III;
Fig. 3a). In the case of Stromboli, the power spectral anal-
ysis of the mean apparent temperatures (Fig. 2b) highlights
long periods of 5–8 min and short periods of ~1–2 s
(Fig. 3b). Kīlauea’s mean apparent temperatures (Fig. 2c)
display significant peaks at 12–90 and 3–8 min, 42–48 s,
and<15 s (Fig. 3c).

The results obtained by power spectral analysis are con-
sistent with those obtained by WT (Fig. 4a, b, and c), and
show significant spectral power (highlighted by the black
line at 95 % confidence interval), that for Etna are mainly
between ~128–256 s (~2–4 min) and ~64–256 s (~1–4 min)
for Period I, and II and III, respectively (Fig. 4a). In

addition, in Period I and II, periodicities ranging between a
few seconds and ~64 s (~1 min) are observed (Fig. 4a). For
Stromboli, we have found periodicities between ~120–
540 s (~2–9 min) and 1–2 s (Fig. 4b), and for Kīlauea
between ~510–5400 s (~8 min - 1.5 h), ~128–512 s (~2–
8 min), 30–60 s (30 s - 1 min), and minor spectral components
below 15 s (Fig. 4c). Additionally in the three case studies, the
WT showed that some of the identified periodicities were
stationary features of the analysed time-series, whereas
others seemed to be not steady but localised in time. In
particular, for Stromboli the periodicities ~120–540 s were
evident in the middle of the analysed time window, while the
1–2 s cycles appeared as a stationary feature. For Kīlauea the
periodicities ~510–5400 s were present in the whole time-
series, whereas the higher frequency components (below 15 s)
were well localised in specific time intervals.

On 11 May 2008, at Halema`uma`u crater, the SO2 CA
ranged between 2–7 and 1–7×107 molecules cm-2, in the
first and second data-set, respectively (Fig. 5a and b). The
first time-series (Fig. 5a) has a mean value of 4×107 mole-
cules cm-2 and is characterised by wide fluctuations. The
second (Fig. 5b), marked by rapid variations, displays mean
values of 2×107 molecules cm−2, a factor of 2 less than
Fig. 5a. To compare the two time-series with thermal data,
we have analysed the SO2 CA emission pattern applying the
FFT (Fig. 5c and d) and the WT (Fig. 5e and f). Both
methods highlighted significant periods of 8 and 1 min
and 48 s in Fig. 5c, and e, and 26, 15, and 1 min in

Fig. 2 Variability of the mean
apparent temperature within the
ROI of (a) 19 July 2006 at
Mount Etna’s SEC, (b) 4
September 2008 at
Stromboli’s cc vent, and (c) 11
May 2008 at the Halema`uma`u
crater vent. The black regions
indicate missing data. The pink
region in (c) shows the time
window during which SO2

measurements were carried out
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Fig. 5d and f, with WT analysis providing time location of
the observed periodicities.

Discussion of identified cycles

Numerous studies have identified cycles in the degassing
(chemical composition, flux, and temperature) of a variety
of magmas, including basaltic (e.g., Oppenheimer et al.

2004; Harris and Ripepe 2007; Spampinato et al. 2008b)
and phonolitic (Oppenheimer et al. 2009; Boichu et al.
2010). The starting point for interpretation of the cyclic
behaviour we identify here is that the variations reflect
magmatic processes - we discount any effects of atmospher-
ic turbulence because of the high magmatic temperatures
recorded and their association with observed magmatic ac-
tivity at the three volcanoes. The next consideration is
whether the cycles result from pulses or episodic behaviour

Fig. 4 Wavelet transform computed by Matlab toolbox provided by
Grinsted et al. (2004) applied to the thermal data shown in Fig. 2 for (a)
Etna, (b) Stromboli, and (c) Halema`uma`u crater. The solid contour
shows the 95 % confidence interval and the light shaded region the

cone of influence, the area where the wavelet spectrum is affected by
edge effects (Torrence and Compo 1998). The black bands indicate
missing data
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- i.e., that they are more or less discrete events superimposed
on background behaviour (like strombolian eruptions every
10 min), or are a waxing and waning phenomenon with a
more continuous time response. The latter might result, for
instance, from oscillations in magma flow reflecting flow
instabilities that develop in the shallow region of the conduit
(e.g., Burton et al. 2007; Oppenheimer et al. 2009), or from
gas segregation processes that accumulate and release bub-
bles continuously rather than as discrete foam collapse
events (e.g., Blackburn et al. 1976).

Inspection of the time-series analyses presented here,
combined with observation of the eruptive activity at the
surface, yields insights into the origins of the identified
cyclic behaviour.

Mount Etna

Time-series analysis of the observations for Mount Etna
identified periods of 4–9 s, 23–45 s, and 1–10 min. Based
on visual observations of the prevailing activity, we can

attribute the 4–9 s cycles (Figs. 3a and 4a) to gas puffing
and/or discrete, mostly type 1-like strombolian explosions
(Patrick et al. 2007) at vents V1, V2 and V3 (Figs. 1c, 3a and
4a). The longer periodic behaviour corresponding to 23–
45 s and 1–10 min cycles relate to the occurrence and
duration of strombolian eruptions. Each of these eruptions
includes emission of a hot, overpressured gas jet (Calder et
al. 2000) at the beginning (thus every 23–45 s or 1–10 min),
followed by a sequence of discrete strombolian bursts at 4–
9 s intervals.

The occurrence of these multiple cycles is explicable
if we consider that strombolian eruptions not only ex-
hibit a wide spectrum of eruptive styles (e.g., Patrick et
al. 2007), but can also result from bursting of either
single large overpressured gas bubbles or clusters of bubbles
(e.g., Blackburn et al. 1976; James et al. 2004, 2006). If this is
the case, then we suggest the 23–45 s and 1–10 min cycles
represent clusters of bubbles approaching the surface, induc-
ing sequences of events with short intermissions. As in the
case of single gas slugs, clusters of bubbles require a phase of

Fig. 5 (a) and (b) time-series of the SO2 column amounts retrieved for
data collected at Halema`uma`u crater on 11 May 2008. (c) and (d) are
the corresponding power spectra and statistical significance computed
by Fast Fourier transform. (e) and (f) Wavelet transform applied to (a)

and (b). As for Fig. 4, the solid contour shows the 95 % confidence
interval and the light shaded area the cone of influence (Torrence and
Compo 1998)
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bubble stacking and coalescence either as they ascend in the
conduit or following accumulation in asperities of the plumb-
ing system (e.g., Jaupart and Vergniolle 1988; Ripepe and
Gordeev 1999; Vergniolle and Mangan 2000; Menand et al.
2003).

Assuming that the geometry of the SEC conduit/dike was
stabilised during our observations, and bearing in mind that
a few hours after our survey, the activity evolved from the
weak phase of Period III to a pure lava effusion and then to
intense lava fountaining (by ~18:00), then the decrease in
mean apparent temperature from Period I to III might reflect
gradual reduction of the degassing efficiency within the
shallow feeding system, probably due to gas stacking and
accumulation prior to the lava fountaining episode of the
late evening (Vergniolle and Ripepe 2008). Following
Allard et al. (2005), Spilliaert et al. (2006) and Bonaccorso
et al. (2011), gas accumulation and foam development occur
at depths of ~1.5–1.8 km below SEC. If we consider also the
phase of gas bubble accumulation, foam development and
collapse (e.g., Jaupart and Vergniolle 1988, 1989), the over-
all cyclic pattern that we have here recognised might repre-
sent short-term eruptive signals superimposed on long-term
eruptive processes, i.e. the accumulation and collapse of gas
bubble foam leading transition from strombolian explosions
to lava fountains (e.g., Vergniolle and Ripepe 2008). In this
context, we speculate that the decrease in duration of the
strombolian eruptive cycles from Period I to Periods II and
III might reflect a gradual waning of the degassing process
within the volcano’s shallow feeding system. Period I strom-
bolian cycles lasted between 1–10 min with respect to the 1–
5 min of both Periods II and III, suggesting stronger gas
supply, and hence higher degassing efficiency, with respect
to the following Periods II and III. Visually, these latter
periods were characterised by slow waning of the explosive
activity, characterised by low energy discrete explosions
when compared to those of Period I.

Stromboli Volcano

At Stromboli, we identified two distinct cycles, one on the
order of a few seconds and the other on the order of minutes
(Figs. 3b and 4b). Short periods of 1–2 s are consistent with
the sustained, high-frequency release of gas pockets at the
surface, known as gas puffing. These short cycles have been
previously detected at Stromboli by thermal and acoustic
techniques (Ripepe et al. 2002). Gas puffing relates to a
persistent overpressured bubbly flow regime that, at Strom-
boli, is generally stable at a single crater but can shift from
one crater to another (e.g., Ripepe et al. 2002, 2008; Harris
and Ripepe 2007; Landi et al. 2011). This mode develops
when gas is regularly released in discrete bursts or puffs
occurring every few seconds, each triggered by the ascent of
discrete bubble bands or layers (Ripepe et al. 1996; Ripepe

and Gordeev 1999; James et al. 2004). These might result
from a number of factors including steady volatile ex-
solution due to differential gas bubble velocity produc-
ing flow instability waves in magma (Manga 1996),
spontaneous variations in the coalescence of a foam that
had developed at the roof of a shallow reservoir (e.g., Jaupart
and Vergniolle 1989), and rising of gas-rich magma in
discrete pulses within the volcano upper feeding system
(Ripepe et al. 2002). In detail, in the first case, the large
concentration of small bubbles increases the local viscosity
of magma allowing bubbles to ascend in bands of bubble
populations, with single bubbles rising faster than the bands,
bursting with frequencies of a few seconds (Ripepe et al.
2002).

Puffing can occur in either of two regimes: vigorous and
weak (Ripepe et al. 2002). Ripepe et al. (2002) related the
variability of this degassing mode to changes in magma
supply and band rise rates. Additionally, these authors
showed that the two regimes alternated every ~5–40 min,
and that the vigorous phase was characterised by 1–2 s puff
periodicity, whereas the weak phase by periods of ~3–5 s.

Although the relatively short duration of our data-set, we
could clearly recognise the kind of puffing regime occurring
during our survey, i.e. the 1–2 s vigorous regime observed
by Ripepe et al. (2002). Moreover, we have found a 5–8 min
cycle that is in between the frequencies typical of gas puff-
ing and the 5–40 min duration of each of the puffing
regimes (Ripepe et al. 2002). This cycle might represent
minor fluctuations within the vigorous puffing regime, and
is visually associated with gradual increases/decreases of
puff size and waxing and waning vent glow that might result
from changes in magma level within the vent.

Kīlauea Volcano

At Halema`uma`u crater, we have related periodicities
<15 s to rapid pulsing of the volcanic plume characterised
by sharp increases in the mean apparent temperatures, rem-
iniscent of gas puffing at Stromboli and Etna (Ripepe et al.
2002; Lautze et al. 2004). Fee et al. (2010) found that nearly
all of the degassing bursts at Halema`uma`u generate infra-
sound in the long period (LP) band (~1–10 s, i.e., 0.1–1 Hz),
while only a few have very-long period (VLP) components
(~10–33 s, i.e., 0.3-0.1 Hz). The authors attributed
the source of the infrasound to unsteady degassing of mag-
ma into a stationary gas-filled volume cavity (volume of
~3×10 6m3 in November 2008) beneath the vent (at depth
of ~219 m in November 2008) that is excited into resonance.
Patrick et al. (2011) observed that the summit activity
generated significant VLP seismic signals (1 km depth
source; Chouet and Dawson 2008) associated with degass-
ing from the top of a lava column. In particular, Patrick et al.
(2011) proposed that VLP seismic signals reflected rapid
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transmission of forces, sourced at the top of the magma
column, to the 1 km depth coupling location.

Periods of 42–48 s in the thermal data are consistent with
the 48 s - 1 min cycle found in the simultaneous collected
SO2 CA time-series, and reflect thermal and degassing
fluctuations that might result from the bursting of gas bub-
bles releasing hot gas at the surface. This activity is consis-
tent with the cycles of spattering observed during a
helicopter-borne survey performed in early September
2008, which revealed a lava lake within the Halema`uma`u
crater vent (Patrick et al. 2008). The lake surface was
characterised by moderate bubbling, followed by several
minutes of vigorous spattering. This led us to propose that
the eruptive activity reflected a gas piston-like mechanism.
Gas pistoning describes the typical regime of degassing seen
at several of Kīlauea’s eruptive vents, and has been inter-
preted in contrasting models. According to Swanson et al.
(1979) gas pistoning is driven by gas accumulation beneath
a surface crust, which periodically fails releasing the shal-
lowly accumulated gas. The second model is that of Verg-
niolle and Jaupart (1990), which defines gas pistoning as a
phenomenon related to the periodic ascent of gas pockets
(slug-type two phase flow) bursting at the surface. By mul-
tidisciplinary studies of the activity, Patrick et al. (2010)
showed that gas pistoning of late 2010 was clearly associ-
ated with the gas accumulation model of Swanson et al.
(1979).

Our considerations are consistent with the findings of
Johnson et al. (2005), who observed similar periodicities
(2–7 min cycles) in 2002 using infrared thermometers while
studying gas pistoning at Pu`u `Ō`ō crater. The authors
suggested that gas pistoning occurs when a stagnant cap of
degassed magma develops in the conduit, forcing ascending
gas bubbles to collect beneath. Depending on the shallow
conduit and vent geometry, Johnson et al. (2005) defined
three types of pistoning. The first is the classical lava pond
gas pistoning identified by Swanson et al. (1979). The
second consists of gas pistoning from a hornito-like struc-
ture with associated lava effusion; and the third type occurs
when the ascending gas slug buoyancy pushes the cap
upward until it eventually spreads out laterally within a
subsurface cavity. Unloading of the conduit magma ends
with explosive gas release, and lava drain-back. During our
survey, there was no lava effusion at the vent, and we
believe that the observed pulsatory variations in temperature
and SO2 abundance could have been triggered by either the
first or third of these modes of pistoning, but most likely the
first. Based on infrasonic and seismic data, Fee et al. (2010)
and Patrick et al. (2011) suggested the presence of a vent
cavity extending vertically above the lava column. More-
over, the vent was ~35 m wide and no juvenile material was
found after the burst. This led Houghton et al. (2008)
to propose that the initial degassing burst within the

Halema`uma`u crater might be either gas-driven or to have
occurred at depth. The latter hypothesis implied that lava did
not reach the free surface due to geometrical constrictions,
i.e. the presence of a cavity.

An overall view of periodicities found in both thermal
and SO2 time-series suggest that, as observed by Patrick et
al. (2008, 2011), the filling phase of the lake was associated
with vigorous degassing in the form of lava bubbling at the
surface. This was followed by the waning of lava lake
activity, and formation of a surface crust leading to a gradual
decrease in detected thermal radiance and SO2 release.
According to infrasound, tremor, and visual observations
(Fig. 2 in Patrick et al. 2011), the lava lake rise phase was
characterised by a reduction in degassing due to gas accu-
mulation beneath the lava viscous skin. However, as soon as
lava was at its high stand, gas release occurred rapidly
inducing vigorous spattering (Patrick et al. 2010, 2011).
The heat and gas losses resulted in increased magma density
causing lava to drain back (e.g., Harris 2008), accompanied
by increased spattering (Patrick et al. 2008, 2011). Patrick et
al. (2011) reported that lava level descended every ~6 min,
consistent with the 3–8 min cycles we observe in the ther-
mal measurements and in the SO2 column amounts.

Additionally, for Kīlauea, where we collected the longest
time-series, we have also recognised a very long cycle of
12–90 min (Figs. 3c and 4c). In Fig. 2c, it corresponds to the
longest fluctuations, which describe slow cycles of gradual
increases and decreases of the mean temperature of the
emitted gas. Owing to the SO2 sampling rate and to the
shorter duration of the time-series, we only retrieved SO2

cycles of 15–26 min, however these are compatible to the
12–90 min thermal oscillations. The SO2 time-series are, in
fact, included within the slow temperature fluctuation
of ~90 min of Fig. 2c (pink shading). Similar periodicities
of 10–80 min were previously observed at Pu`u `Ō`ō crater
lava pond in seismic and ground deformation data (Baker et
al. 2003). Consistent with the observations and models of
Patrick et al. (2011) and Johnson et al. (2005), we believe
that these long fluctuations might correspond to the episodic
seismic tremor source discussed by Patrick et al. (2011). The
authors recognised two types of volcanic tremor: episodic
tremor lasting ~30 min and consisting of a few minute-long
spindle-shaped high amplitude bursts, and a steady tremor
characterised by a roughly constant amplitude with no reg-
ular fluctuations.

Conclusions

The rhythmic and repeated events and their duration provide
indications for tracking and constraining the associated
physical mechanisms and their effects at the surface. The
results obtained by time-frequency analysis applied to data-
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sets recorded at Mount Etna, Stromboli, and Kīlauea, and
previously at Erta 'Ale (Spampinato et al. 2008b) and at
Erebus phonolitic lava lakes (Oppenheimer et al. 2009;
Boichu et al. 2010), characterise volcanic features and re-
veal discrete cycles of magma/degassing dynamics, even
when they were not evident from the time-series trend
(e.g., the Mount Etna case). Time-series analysis of the
mean apparent temperatures of the three volcano and SO2

column amounts, in the case of Kīlauea, identifies four
broad classes of periodicity (eruptive cycles), from a few
seconds to hours, characterised by a distinct anomaly within
the periodograms. In future, we suggest progress could be
made by better integration of thermal, gas, infrasonic and
seismic data-sets. Nevertheless, the similarities shown by
Etna and Kīlauea and their comparison with other volcanoes
are suggestive of analogous degassing processes. In the case
of Stromboli, we identified cycles associated with a puffing
regime that varies according to changes in gas supply.

The cycles retrieved for the three volcanoes vary within
similar time windows, and thus can be grouped into three
main classes: (i) cycles with periods <15 s related to sharp
pulses in the thermal signal (gas puff/discrete strombolian
explosions; Harris et al. 2003), (ii) periods between ~20-50 s
and 1–10 min characterising both the thermal and SO2 time-
series and associated with bursting of hot, overpressured gas
bubbles/trains of bubbles (Blackburn et al. 1976) at the
magma-air interface, and (iii) long cycles with periods of
12–90 min reflecting dynamics occurring within the shallow
magma supply system.

Our high-time resolution data-sets encourage further use
of time-frequency analysis using longer time-series of
observations such as those recorded by permanent networks,
and their comparison and integration with geophysical
parameters. This will enable discrimination of eruptive
mechanisms, and the tracking of long-term eruptive cycles
likely related to deeper sources crucial for forecasting the
behaviour of steady-state volcanic systems.
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