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[1] We present a new method that uses cooling curves,
apparent in high temporal resolution thermal data acquired
by geostationary sensors, to estimate erupted volumes and
mean output rates during short lava fountaining events. The
15 minute temporal resolution of the data allows phases of
waxing and peak activity to be identified during short (150-to-
810 minute-long) events. Cooling curves, which decay over
8-to-21 hour-periods following the fountaining event, can also
be identified. Application to 19 fountaining events recorded at
Etna by MSG’s SEVIRI sensor between 10 January 2011 and
9 January 2012, yields a total erupted dense rock lava volume
of �28 � 106 m3, with a maximum intensity of 227 m3 s�1

being obtained for the 12 August 2011 event. The time-
averaged output over the year was 0.9 m3 s�1, this being the
same as the rate that has characterized Etna’s effusive
activity for the last 40 years. Citation: Ganci, G., A. J. L. Harris,
C. Del Negro, Y. Guehenneux, A. Cappello, P. Labazuy, S. Calvari,
and M. Gouhier (2012), A year of lava fountaining at Etna: Volumes
from SEVIRI, Geophys. Res. Lett., 39, L06305, doi:10.1029/
2012GL051026.

1. Introduction

[2] The 11–13 January 2011 lava fountain event of
Mt. Etna volcano (Sicily, Italy) heralded a new period of
activity characterized by frequent fountaining events of short
duration and high intensity, with a further 18 events occur-
ring through 5 January 2012 (Table 1). A prolonged period
of activity marked by frequent fountaining events also
occurred between 1996 and 2001, during which time 105
events erupted a dense-rock-equivalent (DRE) volume of
�90 � 106 m3 [Behncke et al., 2006]. Both activity periods
can be placed within a longer term phase of increased output
that began in 1971 [Wadge and Guest, 1981; Behncke and
Neri, 2003; Smethurst et al., 2009; Harris et al., 2011].
[3] In tracking, documenting and comparing lava fountain

events, two parameters are key: event magnitude, i.e., vol-
ume in kg or m3, and intensity, i.e., mean output rate (MOR)
in kg s�1 or m3 s�1. The recent availability of mid- and
thermal-infrared data at a frequency of 15 minutes from
geostationary platforms, such as GOES, MTSAT and
Meteosat Second Generation, have allowed the construction
of lava discharge rate time series during such short-lived
fountain-fed effusive events [Bonaccorso et al., 2011a;

Calvari et al., 2011;Gouhier et al., 2012; Vicari et al., 2011].
The same time-series can be used to yield volume and
intensity, with the continuous presence of the satellite sensor
in a fixed-position geostationary orbit meaning that data are
always available for the targeted location. As a result two
methodologies have been applied to extract time averaged
discharge rates (TADR) and volumes from geostationary
satellite data. The first, as applied to SEVIRI data for Etna’s
11–13 January 2011 event by Vicari et al. [2011], used the
spectral-radiance-to-TADR conversion of Harris et al.
[1997] to obtain event intensity and volume, a method that
boils down to an empirical conversion between active lava
area and TADR [Wright et al., 2001; Harris et al., 2007a;
Harris and Baloga, 2009]. The second was also applied to
SEVIRI data for Etna’s 11–13 January 2011 event by
Gouhier et al. [2012] and used the approach of Yokoyama
[1957] to convert the total heat liberated by the lava during
cooling (E, in Joules) to the mass or volume of lava required
to generate that quantity of heat. Written in terms of mass
(M in kg), this relation is:

M ¼ E

cpDT þ LDf
ð1Þ

in which cp is lava heat capacity, DT is total cooling from
eruption temperature to ambient, L is latent heat of crys-
tallization and Df is the total crystallization in cooling
through DT.
[4] The problem with the first approach is that the hot spot

is often partially or completely obscured by the tephra plume
ascending above the fountain during the event and/or is
saturated. This means that TADRs cannot always be calcu-
lated during the peak fountaining phase (see Table 1). The
problem with the second approach is that the hot spot cannot
be tracked through total cooling, so that the time integration
of heat fluxes (F in J s�1) required to generate E is incom-
plete. Consequently the volume is either underestimated
[e.g., Rowland et al., 2003] orDT has to be adjusted until M
output by equation (1) agrees with an independent measure
of mass [e.g., Gouhier et al., 2012], that is we reduce to a
best fitting function between E and M. We here present a
new method to yield event magnitude and intensity for
the effusive portion of the erupted material; a method that
utilizes the plume and saturation-free cooling curve and
avoids the DT assumption. We use this method to catalogue
the 19 fire fountaining events at Etna spanning the 12 month
period beginning 10 January 2011.

2. The SEVIRI Data Set and Waveform
Associated With Lava Fountaining Events

[5] The Spinning Enhanced Visible and Infrared Imager
(SEVIRI) has been flown on the Meteosat Second Generation
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satellite since its launch in August 2002. It records data in
twelve wavebands, including one in the mid-infrared (band
IR3.9, 3.48–4.36 mm) and two in the thermal infrared (band
IR12.0, 11.00–13.00, and band IR13.4, 12.40–14.40 mm).
These two bands have been shown particularly useful in
detecting and tracking hot spots associated with effusive
activity [Hirn et al., 2008; Bonaccorso et al., 2011b; Ganci
et al., 2011, 2012], and provide data every 15 minutes at a
spatial resolution of 3 km. The SEVIRI record for Etna’s
lava fountaining events of 2011, plus the first event of 2012,
is summarized in Table 1. We see that 18 of the 19 events
were detected, although 10 were likely cloud contaminated.
The typical waveform retrieved is given in Figure 1, and
shows three phases. The first phase involves a short period
of increasing heat fluxes, but during which low and unsatu-
rated spectral radiances are recorded in IR3.9. The second
phase is marked by a rapid increase to high heat fluxes. This
phase marks the main fountaining activity during which the
hot spot can be either saturated or obscured by the cold
plume, so that the peak phase can be marked by a trough in
the heat flux time series, and/or scattered behavior, in the
case of plume contamination. The third phase is character-
ized by waning heat flux, marked by a well formed cooling
curve, during which time the lava flows emplaced by the
fountaining stagnate and cool. Waveforms for all fountain-
fed lava flows recorded by SEVIRI during 2011 are given in
the auxiliary material and show the same generic form.1

3. Methodology

[6] Because of saturation and plume obscuration problems
during the fountaining events, we use the cooling curve to
estimate lava volume. To do this, we take the measured cooling
curve and fit this to a theoretical cooling curve. Best fit is
achieved by adjusting the area of cooling lava until the mea-
sured and theoretical curves match. To achieve this we com-
plete the following steps. First, we assume a thermally
homogenous lava flow field at the pixel scale and estimate the

surface temperature (Tsurf) for a stagnant, stable, cooling lava
surface as a function of time (t) following solution of the Stefan
cooling problem [Hon et al., 1994; Harris et al., 2007b, 2008],

t ¼
(

Th � Ta
ɛs Tsurf 4 � T4

a

� �þ hc Tsurf � Ta
� �� RcRr

Rc þ Rr

 !
k

" #

� 1000 1

2l

)2
1

k
ð2Þ

in which Th is the starting temperature, Ta is the ambient
temperature, ɛ is emissivity, s is the Stefan-Boltzmann con-
stant, hc is the convective heat transfer coefficient, k is thermal
conductivity, l is a dimensionless scaling value and k is ther-
mal diffusivity. Rc and Rr are the thermal resistance terms for
convection and radiation, respectively

Rc ¼ 1

hc
; Rr ¼ Th � Ta

ɛs T 4
h � T 4

a

� � ð3Þ

To apply this relation at Etna we use Th = 1000�C, Ta = 25�C,
ɛ = 0.98, hc = 50 W m�2 K�1, k = 1 W m�1 K�1 and
k = 5� 10�7 m2 s�1, with l of 0.421 as given by Turcotte and
Schubert [2002] for basalt. Next, we convert the temperature
obtained at each time step to a radiative heat flux density (Q in
W m�2), which we convert to a radiative heat flux (F in W) by
multiplying by the area of cooling lava (Alava in m2). We then
consider two end member area conditions. For condition 1 lava
area is obtained from the volume divided by a minimum
expected thickness. For condition 2 lava area is obtained from
the volume divided by a maximum expected thickness. Best fit
is determined by minimizing the mean squared error between
the modeled radiative heat fluxes and the measured heat flux
curve. This is achieved by applying the Nelder-Mead algo-
rithm. The quality of the fit is quantified using R2 with a value
of one indicating a perfect fit (zero being no fit). Fit results are
given in Table 2. In achieving these fits, we use an assumed
lava flow thickness set from field measurements for lava flow
units emplaced during lava fountains at Mt Etna [see Harris
and Neri, 2002; Calvari et al., 2011; Vicari et al., 2011].
These studies indicate that a thickness of between 1 m and 2 m

Table 1. Lava Fountains Occurring at Etna Between 10 January 2011 and 9 January 2012a

Lava Fountains Detected by SEVIRI Weather Conditions Ash Interference Cooling Curve

January 12–13, 2011 YES Clear Sky During Fountaining YES
February 18, 2011 NO Covered No info NO
April 10, 2011 YES Clear Sky During & after Fountaining YES
May 11–12, 2011 YES Clear Sky During Fountaining YES
July 9, 2011 YES Clear Sky During Fountaining YES
July 18–19, 2011 YES Clear Sky Minor YES
July 24–25, 2011 YES Cloudy Minor YES
July 30–31, 2011 YES Partly Cloudy Minor YES
August 5–6, 2011 YES Clear Sky Minor YES
August 12, 2011 YES Clear Sky Minor YES
August 20, 2011 YES Slightly Cloudy During & after Fountaining YES
August 29, 2011 YES Slightly Cloudy During Fountaining YES
September 8, 2011 YES Slightly Cloudy During Fountaining YES
September 19, 2011 PARTIALLY Almost Covered No info NO
September 28–29, 2011 YES Cloudy Minor YES
October 8, 2011 YES Cloudy Minor YES
October 23–24, 2011 YES Almost Clear Sky Minor YES
November 15, 2011 YES Slightly Cloudy Minor YES
January 5, 2012 YES Slightly Cloudy During Fountaining YES

aAmong the 19 paroxysmal events, 18 were detected by SEVIRI and 17 exhibited cooling curves. Weather conditions and degree of ash interference are
also reported.

1Auxiliary materials are available in the HTML. doi:10.1029/
2012GL051026.
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is appropriate. For example, best fit for the 12–13 January data
set of Figure 2a is obtained using a volume of 1.55 � 106 m3

divided by a thickness of 1 m to give a maximum bound for the
lava area of 1.55 � 106 m2. This generates curve 1. Dividing
the same volume by 2 m gives a minimum bound for the lava
area of 0.77 � 106 m2 and generates curve 2. The two curves
provide a best-fit to the SEVIRI-derived cooling curve, and
compare with a field-data-derived DRE lava volume of 0.83–
1.77 � 106 m3 and a lava flow field area of 1.07 � 106 m2

[Calvari et al., 2011].
[7] When applied to all other data sets, the same thickness

conditions provided the best-fit with the SEVIRI-derived
cooling curves. By way of example, the fit for the 19 July event
is given in Figure 2b. R2 values were computed as 1-SSR/SST,
where SSR is the sum of squared residuals (differences
between observed and modeled values) and SST is the sum of
squared deviations (differences between observed values and

their average). Fitting results show R2 values greater than 0.60
for 15 events, and greater than 0.80 for 8 events. The worst fits
are found for the events of 24–25 July and 8 October 2011 (R2

of 0.59 and 0.49, respectively). Both events experienced the
most cloudy conditions.

4. Results

[8] We were able to identify well-defined cooling curves
following 17 of the 19 events, as identified in Table 1. Of these,
three events were affected by cloud cover, and two by ash that
lingered during the onset of cooling to possibly reduce the
radiative heat flux estimations at certain points during the
cooling process. We note, though, that we fit the general shape
of the cooling curve, so that weather conditions and ash will
only impact our results if full cloud (or ash) cover occurs dur-
ing the entire duration of cooling phase meaning that the shape

Figure 1. SEVIRI-derived radiant heat flux computed during the (a) 12–13 January 2011 and (b) 18–19 July 2011 Etna
lava fountains. The grey bars identify the three phases that characterize these fountaining events, with the generic waveform
being given in the inset.
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Table 2. Lava Fountain Durations, Volumes and MORs as Retrieved From SEVIRI Dataa

Date
Duration [minutes]
(Phases 1 & 2)

Duration [hours]
(Phase 3) Volume [m3]

Mean Output Rate
(MOR) [m3/s] R2

January 12–13, 2011 255 19.50 1550000 101.2 0.87
February 18, 2011 N/A N/A N/A N/A N/A
April 10, 2011 495 12.70 877000 29.5 0.81
May 11–12, 2011 570 14.25 1474000 43.1 0.69
July 9, 2011 243 14.45 1492000 102.3 0.74
July 18–19, 2011 240 17.25 2139000 148.5 0.92
July 24–25, 2011 630 8.00 988000 26.1 0.59
July 30–31, 2011 810 10.50 2223000 45.7 0.83
August 5–6, 2011 270 9.50 1588000 98.0 0.77
August 12, 2011 210 14.25 2857000 226.7 0.82
August 20, 2011 330 20.75 1401000 70.8 0.70
August 29, 2011 255 14.00 1739000 113.7 0.90
September 8, 2011 180 13.25 1216000 112.6 0.82
September 19, 2011 N/A N/A N/A N/A N/A
September 28–29, 2011 228 7.45 406000 29.7 0.65
October 8, 2011 465 8.25 843000 30.2 0.49
October 23–24, 2011 150 11.75 1311000 145.7 0.70
November 15, 2011 273 9.70 1809000 110.4 0.91
January 5, 2012 318 11.00 1494000 78.3 0.73

aAlso given are the R2 best fits between the modelled and recorded cooling curves. Bolded data highlight events affected by ash interference after
fountaining and cloudy conditions (see Table 1).

Figure 2. Actual cooling curve (dots) and minimum and maximum bounds for the theoretical cooling curve (lines) follow-
ing: (a) 12–13 January 2011 and (b) 18–19 July 2011 lava fountains.
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of the curve cannot be defined. All fits between SEVIRI-
derived and theoretical cooling curves are given in auxiliary
material and were obtained using the typical flow field thick-
ness assumption of 1–2 m, this being based upon the typical
thickness range from field-based measurements of fountain-fed
flows on Etna by Harris and Neri [2002] and Calvari et al.
[2011]. Lava flow volumes obtained in this way are given in
Table 2 and reveal erupted lava volumes varying between a
minimum volume of 0.4 � 106 m3 (erupted on 28 September)
and a maximum of 2.85� 106 m3 (erupted on 12 August). The
mean and standard deviation is 1.3 � 106 m3 and
0.7 � 106 m3, for a total volume of 25.4 � 106 m3 erupted
during 17 events. This total may be as high as �28 � 106 m3

over 19 events if we assume that the two missing events had
average volumes.
[9] Mean output rate (MOR) was obtained by dividing the

volume by event duration as detected by SEVIRI (i.e., the
duration of phases 1 and 2 in Figure 1). These durations and
MORs are also given in Table 2. We see that event intensities
varied between 26 and 227 m3 s�1, with an average and stan-
dard deviation of 89 and 54 m3 s�1. This compares with
intensities of between 15 and 205 m3 s�1 estimated for Etna’s
1996 to 2001 fountaining events [Behncke et al., 2006] and
183 m3 s�1 for fountains associated with Etna’s 1989 eruption
[Bertagnini et al., 1990]. On a global scale, we can also com-
pare our Etna values with rates of between 9 and 308 m3 s�1

estimated for 13 fountaining events at Pu’u ’O’o (Kilauea)
during 1983–1984 [Wolfe et al., 1987], and of up to 340 m3 s�1

obtained for the 16th fountaining event of Kilauea Iki’s 1959
eruption [Richter et al., 1970].
[10] The variation in magnitude and intensity of each event

with time is plotted in Figure 3. We see that the events
increased in magnitude and intensity through July 2011, with
the 12 August 2011 event having the highest magnitude and
intensity. Thereafter magnitude and intensity declined, the
events of October 2011–January 2012 having similar magni-
tudes and intensities to those recorded between January and
May 2011. We also see an increase in event frequency during

the July–September magnitude and intensity peak, during
which time 12 of the 19 events occurred.

5. Discussion

[11] The twelve months spanning 10 January 2011 to 9
January 2012 were characterized by fountaining at Etna during
which time �28 � 106 m3 of lava was erupted during 19
events. This compares with �72 � 106 m3 of lava erupted
during 105 events between 1996 and 2001 [Behncke et al.,
2006]. It seems that the current output is thus more than
twice as high as during the 1996 to 2001 fountaining events (if
we multiply our average volume by 105 we arrive at a total
volume of�154� 106 m3). The current fountaining events are
also set within the context of a high output rate phase at Etna
which began in 1971 [Wadge and Guest, 1981; Behncke and
Neri, 2003; Smethurst et al., 2009], and since which time
lava discharge has continued at a time-averaged rate of
0.8 m3 s�1 [Harris et al., 2011]. This had increased from 0.2–
0.4 m3 s�1 for the period 1759 to 1970 [Wadge et al., 1975;
Wadge and Guest, 1981]. Over our twelve month period we
have a time-averaged output of 0.9 m3 s�1, consistent with
continuation of this high output rate trend. Our 12-month
average is also identical to the time-averaged rate for the pre-
ceding decade (2000–2010) [see Harris et al., 2011, Table 5].
It seems that Etna is beginning the second decade of the 21st
century by continuing the high output rate levels that charac-
terized the previous four decades, with partitioning of this
output being between many short, but high intensity, events
during 2011.

6. Conclusions

[12] High temporal resolution infrared data collected by
SEVIRI-type sensors on geostationary platforms allow high
intensity, but short duration and transient, volcanic events to be
tracked, including lava fountain events. The methodology
presented here allows the magnitude and intensity of such
events (in terms of effused volume and volume flux) to be

Figure 3. Volumes (histogram bars) and mean output rate (MOR, diamonds) obtained from the SEVIRI-derived cooling
curves for Etna’s lava fountains between 10 January 2011 and 9 January 2012. Pale grey bars show the volumes associated
with cloud contaminated events (see Table 1).
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quickly and easily extracted, providing, in this case, an in-
ventory for 17 lava fountain events over 12 months. The
model relies on all lava flows stagnating at roughly the same
time, so that they also begin to cool at the same time. This
means that an average, pixel-wide, radiance can be assumed
during the cooling dominated phase. This is then used to
describe the flow-field-wide cooling rate (as witnessed by the
SEVIRI-derived cooling curve). We thus note that our model
is only appropriate for such short-lived effusive events with
well defined and relatively uncomplicated cooling curves.
[13] Given the increasing use of direct reception data to

contribute to operational monitoring and hazard assessment
[e.g., Vicari et al., 2009, 2011; Herault et al., 2009], such a
capability adds to our ability to track and document such short,
but intense and potentially hazardous events, in a timely fash-
ion. Indeed these routines were developed and tested for oper-
ational use with our two SEVIRI-driven hot spot detection and
monitoring tools: HOTSAT [Ganci et al., 2011, 2012] and
HOTVOLC [Labazuy et al., 2012], and can potentially be applied
to any volcanic deposit (effusive or explosive) exhibiting a
cooling curve within the MSG, GOES or MTSAT footprints.
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data. We thank Matthew Patrick and an anonymous reviewer for construc-
tive and supportive comments that helped clarify the operation of this meth-
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