
Abstract Analysis of thermally generated night-time
volcanic radiances recorded with a 1-km pixel size at 1.6
and 11 µm during 1991–1993 and 1996–1999 for Mount
Etna shows that lava flows extending beyond the summit
craters can be distinguished from vent activity. The two
phenomena plot in different regions of feature space
when the mean volcanic radiance (per anomalous pixel)
at 11 µm is plotted against the mean volcanic radiance at
1.6 µm. The distinct feature space characteristics of lava
flow fields are apparent within 1–2 days of the onset of
each effusive event. Such a plot also enables lava flow
fields being fed by open channels to be distinguished
from tube-fed flow fields. Rank order analysis of the to-
tal 1.6-µm volcanic radiance series shows that vent activ-
ity and lava flows belong to different populations, and
offers further scope for remotely identifying changes in
eruptive state.
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Introduction

Satellites can play an important role in providing fre-
quent observations of volcanoes for which few reliable
ground-based observations exist (Harris et al. 2000a).
Even in the case of volcanoes under scrutiny by well-
equipped ground-based monitoring teams, information
from satellites can add significantly to the overall picture
of events (Harris and Thornber 1999; Dehn et al. 2000).
Herein we describe the use of infrared data to track the
status of eruptive activity at vents undergoing strombol-
ian explosions and fire fountaining, and to discriminate
between lava flows and vent activity. For discussion of
remote sensing to measure ground deformation, eruption
clouds and volcanic gas plumes the reader is referred to
Sparks et al. (1997), Oppenheimer (1998), Mouginis-
Mark et al. (2000), Francis and Rothery (2000) and ref-
erences therein.

Specifically, we report the results of the thermal mon-
itoring team working within a European Space Agency
(ESA) project (“Empedocles”) that ran during 1998 and
1999. In January 1998 heightened seismicity at Mount
Etna volcano (Bonaccorso and Patanè 2001) led to spec-
ulation that a flank eruption might be imminent (as op-
posed to the enhanced summit activity that actually tran-
spired). At this time the Italian Civil Protection Authori-
ty asked ESA to advise on how remote sensing could
contribute to the necessary monitoring. In response, ESA
commissioned the Empedocles project to investigate the
utility of synthetic aperture radar and thermal infrared
remote sensing data from the second European Remote
Sensing satellite (ERS-2) for monitoring Etna’s activity.
This paper relates the main contributions of the thermal
team. Reports by our colleagues who used radar interfer-
ometry to investigate ground deformation appear else-
where (Borgia et al. 2000; Beauducel et al. 2000; Froger
et al. 2001).

The Empedocles thermal monitoring team used infra-
red data recorded by the Along Track Scanning Radiom-
eter-2 (ATSR-2) instrument carried by ERS-2. Four nar-
row infrared channels (1.6, 3.7, 11 and 12 µm) are re-
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corded at 1-km spatial resolution (pixel size), once by
day and once by night every 3 days (Stricker et al. 1995).
There are also three shorter wavelength channels
(0.6–0.9 µm) that are not of interest in this study.

Even though Etna is one of the world’s best-investigat-
ed volcanoes, remote sensing is useful for confirming and
extending information derived from ground-based obser-
vations. Harris et al. (1997a, 2000b) were able to show
that frequently recorded (approximately daily) 1-km reso-
lution infrared satellite data from the Advanced Very
High Resolution Radiometer (AVHRR) instrument car-
ried by NOAA Polar Orbiting Environmental Satellites
could be used to estimate lava effusion rates and cumula-
tive flow volumes on Etna, and that these were consistent
with, and more frequent than, ground-based estimates;
however, although the AVHRR records in the same three
longer wavelength channels as the ATSR, it lacks the 1.6-
µm channel. This channel is particularly sensitive to sur-
faces of sub-pixel size that are at near-magmatic tempera-
tures, but is insensitive to the lower temperatures found
on cooling lava crusts (Wooster and Rothery 1997a). Ma-
terial at magmatic temperatures is rarely, if ever, exposed
across more than a small fraction of a 1-km pixel, so the
ATSR 1.6-µm channel does not become saturated over
hot volcanic targets, which is a common problem with the
3.7-µm channels of both ATSR and AVHRR. The 1.6-µm
channel is useless for volcanic thermal studies by day be-
cause any thermal signal is swamped by reflected sun-
light, but this problem can be avoided (as in this study)
by using only the night-time observations.

The ATSR 1.6-µm data have proved their worth for
tracking inflation and deflation of the lava dome within
the active crater of Lascar volcano, Chile (Wooster and
Rothery 1997a), investigating the effusion rate of the la-
va dome on Unzen volcano, Japan (Wooster and Kaneko
1998) and measuring the growth of a lava flow field on
Fernandina volcano, Galapagos (Wooster and Rothery
1997b). In the case of Etna, ATSR data have previously
been used to study the cooling mechanisms of the
1991–1993 flow field (Wooster et al. 1997).

During 1998 and 1999 we tracked Etna’s activity us-
ing ATSR-2 data made rapidly available to us by ESA
(sometimes within days of acquisition). Each image was
processed using automated analysis routines described in
Wooster and Rothery (1997a); these search for 1.6-µm
night-time anomalies within a specified number of pixels
of a volcanic location (in this case Etna’s summit). They
then log the radiance anomaly relative to the local back-
ground in each ATSR infrared channel, and reject images
on which a low brightness temperature in the 11-µm
channel indicates the presence of cloud. We believe that
such a routine could be part of a successful real-time
monitoring system applied to ATSR data, similar to op-
erational systems using GOES geostationary satellite da-
ta (Harris et al. 2000a, 2001) and AVHRR data (Dehn et
al. 2000). In this study we achieved 121 useable night-
time observations. This is approximately half the number
that would have been possible using the ATSR over a 2-
year period if conditions had been entirely cloud-free.

The results we report herein contribute to a more
complete event chronology at Etna. They also demon-
strate the confidence to which such data could be inter-
preted in the case of an erupting volcano where logistics
or other factors hinder access, making ground-based ob-
servations scarce and/or unreliable.

Etna in the 1990s

Etna’s most volumetrically large effusive eruption for
300 years took place between 14 December 1991 and 30
March 1993. This period saw the emplacement of a
235×106m3 lava flow field covering an area of 7.6 km2

(Calvari et al. 1994) in the Valle del Bove on the volca-
no’s eastern side (Fig. 1). Subsequently, Etna entered a
period of low activity characterized by continuous de-
gassing interrupted only by a few phreatic explosions at
the summit vents (Coltelli et al. 1998). Magmatic activi-
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Fig. 1a, b Sketch maps of lava flows erupted in the 1990s. a Con-
tour map of Etna summit area showing the lava flows erupted by
summit craters during 1996–1999. b Shaded relief digital eleva-
tion model of Etna showing the largest lava flows erupted in the
1990s. The white box indicates the area covered in a



ty resumed within the summit vents on 30 July 1995, at
first only in the Bocca Nuova crater (Fig. 1) but spread-
ing to the NE crater on 2 August (Coltelli et al. 1998).
From November 1995 to August 1996, the NE crater was
the site of spectacular explosive and effusive activity in-
cluding ten episodes of fire fountaining while Bocca 
Nuova had mild strombolian explosions and small lava
overflows (Fig. 1; Coltelli et al. 1998, 2000).

In early November 1996, eruptive activity resumed at
the SE crater, which had been inactive since December
1991 (Coltelli et al. 2000). In contrast to the vigorous ac-
tivity at the NE crater in 1995–1996, SE crater activity
was initially mild, gradually building a small intracrater
cone which began to emit small short-lived lava flows in
late January 1997. Activity at the SE crater and Bocca 
Nuova continued through May 1997 without major chang-
es. By the end of May, the Bocca Nuova’s strombolian ac-
tivity was sufficient to produce short-lived intracrater lava
flows. In June, SE crater eruptive activity increased and at
the beginning of July lava flows, which were initially lim-
ited to the crater depression, spilled eastwards over the
crater rim. In the second half of 1997, the SE Crater was
rapidly filled by lava flows that overflowed to form a fan
covering the eastern flank of the cone (Fig. 1).

Voragine, the fourth of Etna’s summit craters, which
had been actively degassing from a pit on its floor since
1991, resumed discontinuous strombolian activity during
summer 1997. In January 1998 a seismic swarm marked
a shallow dike intrusion below the summit area 
(Bonaccorso and Patanè 2001). In the following months,
a gradual increase in eruptive activity was indicated by
strong explosive activity first at the NE crater in March
and afterwards at Voragine in June. Lava flows from the
SE crater continued with minor variations until halting at
the end of July 1998, after a year of continuous output.

In the summer of 1998 eruptive activity at Etna’s
summit vents changed radically, when persistent strom-
bolian activity and small intracrater lava flows were su-
perceded by occasional short-lived eruptive events of
higher energy and larger volume, characterized by fire
fountains and eruption column-forming episodes. This
behaviour began with a vigorous paroxysmal explosive
event on 22 July at Voragine, which was a sustained col-
umn-forming eruption of sub-Plinian magnitude (Coltelli
et al. 2000) and a rootless lava flow was emplaced to-
wards the west (Fig. 1). The next major event was an ep-
isode of fire fountaining at Voragine on 6 August.

On 15 September 1998 activity resumed at the SE
crater. This feature grew into something more appropri-
ately referred to as the SE cone thanks to a series of 21
paroxysmal explosive episodes lasting until January
1999 that added at least 70 m of height to its rim. Erup-
tive episodes, occurring on average every week, were
initially characterized by strong fire fountains forming
rootless lava flows lasting around 15 h (Dubosclard et al.
1999). After January 1999, events became more explo-
sive, lasting only 3–4 h and forming small eruptive col-
umns of ash without lava flow. The last episode occurred
on 4 February 1999 and was particularly important be-

cause it opened a new fissure on the southeast side of
this cone, allowing lava to effuse quietly beyond the cra-
ter for the next 9 months (M. Coltelli, unpublished ob-
servations). These were the first lava flows to extend be-
yond the immediate vicinity of any of the summit craters
since 1993, and the resulting (largely tube-fed) flow field
extended for up to 2.5 km from its source (Fig. 1). Lava
flux from the fissure decreased continuously until the be-
ginning of June when the distal flows became exhausted,
although lava was still being effused close to the fissure
as late as 12 November 1999.

The other summit vents were inactive until the begin-
ning of July 1999, when Voragine resumed strombolian
activity culminating in a paroxysmal explosive episode
on 4 September. This event was very similar to that of 22
July 1998 but less strong and with short rootless lavas
flowing westward and eastward away from the crater
(Fig. 1). Subsequently, eruptive activity became strong
and continuous, producing strombolian explosions and
fire fountaining from the SE crater and Bocca Nuova un-
til 21 September.

On 5 October 1999 strombolian activity resumed at
Bocca Nuova, developing into near-continuous fire foun-
taining on 12 October (M. Coltelli, unpublished observa-
tions). By 17 October the crater was filled with lava al-
most to the level of the low point on its western rim.
Subsequently, part of this western rim gave way, allow-
ing lava to spill out westwards. Succeeding pulses in the
rate of lava fountaining led to further surges of lava flow
emplacement to the west forming a large fan-shaped lava
flow field. On 27–28 October a particularly large lava
flow was emplaced in a single episode. This extended up
to 5 km from the vent and cut the forest road at 1800 m
altitude (Fig. 1; Wright et al. 2001; Harris and Neri, in
press). The fire fountain lava supply became exhausted
on 4 November and lava flow movement had ceased by
the following day. In the remainder of the year several
collapses of Bocca Nuova’s floor occurred, marked by
ash puffs and sporadic strombolian explosions.

The Along Track Scanning Radiometer 
as a volcano-monitoring tool

The ATSR is an instrument carried on the satellites ERS-
1 (launched July 1991) and ERS-2 (launched April
1995). A similar instrument called the Advanced ATSR
(AATSR) will be carried by Envisat, which has an ex-
pected launch date of July 2001. In the Empedocles pro-
ject we used data from the ERS-2 ATSR only, although
ERS-1 ATSR data from the 1991–1993 flank eruption la-
va flow are included in our analysis below for complete-
ness. We use only nadir-looking data, for which the
ATSR pixel size is approximately 1×1 km, and discard
the forward-looking scan because its pixel size is larger
and the 55° incidence angle precludes visibility of the
floors of deep craters (Wooster et al. 1998). The ATSR
viewing geometry and pixel geometric characteristics are
described in detail by Prata et al. (1990).
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Etna’s NE and SE craters are nearly 1 km apart, and
so theoretically when both are active they could each
contribute either predominantly to separate ATSR pixels
or mainly to a single pixel, depending on exactly where
on the ground the pixel boundaries happen to fall in each
image. In practice pixel overlap and the optical point
spread function cause the radiant anomaly from summit
activity at Etna to be shared between typically two to
four adjacent “hot” pixels, irrespective of whether these
represent lava-fountaining craters or lava flows (Fig. 2).

The use of ATSR for measuring, analysing and inter-
preting thermal infrared data for active effusive volca-
noes has been described many times (e.g. Wooster and
Rothery 1997a, 1997b; Wooster et al. 1997, 1998). We do
not repeat here details of the basic image characteristics
or the methods used to cloud-screen and isolate the ther-
mal signals (see Appendix). Instead, we document ways
in which ATSR (or comparable) data can be used to mon-
itor activity at effusive volcanoes. In particular, we show
the extent to which the data can be used to distinguish be-
tween activity confined within summit craters and that in-
volving extra-crater lava flows, even though the spatial
resolution of the sensor is not usually adequate to distin-
guish these activities on contextual grounds. Instead of
basing our analysis on the radiance of individual pixels,
we choose to consider, as appropriate, either the mean ra-
diance (per pixel) of the entire anomaly, or the total radi-
ance of the anomaly. By summing the radiance across the
entire thermal anomaly, the ATSR signal becomes free of
geometrically induced variations related to location in the
image swath (Wooster et al. 1998).

Wavelength selection and activity discrimination

Wavelengths

If an ATSR pixel were to be filled by a surface at a uni-
form temperature, the thermal signal would saturate the
1.6-µm detector at the relatively low temperature of
450°C. However, the temperature distribution of a 1-km

pixel including a hot volcanic surface is usually highly
heterogeneous (Rothery et al. 1988). The T10 dependence
of spectral radiance at this wavelength (Wooster and
Rothery 1997a) makes it possible to detect the signal
from a very hot radiant area occupying only a tiny frac-
tion of a pixel. For example, in a pixel consisting of a
hot area at 1000°C occupying 0.005% of its surface area
(50 m2 in a 1-km2 pixel) with the remainder too cold to
radiate significantly (i.e. below 200°C), the entire spec-
tral radiance at 1.6 µm would come from the hot compo-
nent. This would be almost sufficient to saturate the
ATSR 1.6-µm detector; however, in practice no volcanic
event has ever been seen to saturate the ATSR at 1.6 µm,
which illustrates that in most volcanic situations only a
very small proportion of the total surface area consists of
material at magmatic temperatures (Wooster 1997). A
1000°C area of one fiftieth this size (1 m2 in a 1-km2

pixel) would be sufficient for a barely detectable ATSR
1.6-µm signal.

The ATSR 11-µm channel becomes saturated for a ho-
mogeneous pixel at a brightness temperature of approxi-
mately 45°C. On a high-altitude volcano this is signifi-
cantly above the ambient temperature, and so consider-
able radiance from warm or hot volcanic components of
a pixel can be sensed before the detector is saturated.
However, the characteristically small size of very hot
(near-magmatic) surfaces coupled with the approximate-
ly T2 dependence of spectral radiance at 11 µm (Wooster
and Rothery 1997a) means that most of the volcanogenic
radiance sensed at this wavelength comes from the typi-
cally much more extensive areas occupied by warm
ground or the cooling crust of lava flows, rather than
from surfaces at near-magmatic temperatures. In our
Etna study, saturation of the ATSR 11-µm detector has
been seen to occur only at a minority of the anomalous
pixels recorded during the spatially extensive 1991–1993
flow (Wooster 1997) and on images acquired on 27 and
30 October 1999 corresponding to the rapidly emplaced
Bocca Nuova flows.

In summary, the 1.6-µm channel is good for detecting
and measuring volcanic radiance from the tiny fractions
of a pixel that are at near-magmatic temperatures. By
night, in the absence of reflected solar illumination, all
signals recorded in this channel come from such sources.
In contrast, the 11-µm channel is good for detecting and
measuring spectral radiance from large warm areas;
however, the 11-µm signal is mixed with radiance from
the background at ambient temperatures. We choose not
to use the 3.7-µm channel, because this is sensitive to ra-
diance across the whole temperature range from ambient
to magmatic, and therefore saturates much more readily
than the 1.6-µm channel in pixels containing surfaces at
near-magmatic temperatures (Wooster and Rothery
1997b). Furthermore, although there are well-established
methods for isolating the volcanic signal from the ambi-
ent background in this channel (e.g. Dehn et al. 2000;
Harris et al. 2001), the 3.7-µm volcanic signal itself is far
more of a mixture from both “hot” and “warm” areas
than is the case at 1.6 µm.
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Fig. 2 ATSR-2 1.6-µm (top row) and 11-µm (bottom row) night-
time images of Etna on various dates. Individual pixels are 1 km
across. Lighter tones are higher radiances



Types of activity

The foregoing discussion provides a basis for using
ATSR data to distinguish between the infrared signatures
of volcanic phenomena, using similar logic to that em-
ployed by Harris et al. (1997b) in discussion of 3.7- and
11-µm AVHRR data. An active lava flow with a crust
(e.g. consisting of a carapace of chilled blocks in the
50–200°C range) produces a strong signal in the 11-µm
channel because of the large area of moderately warm
crustal material. There will also be a strong 1.6-µm sig-
nal attributable almost entirely to radiance from cracks
(in a surface flow) or skylights (along tube systems) ex-
posing the interior of the flow at near-magmatic temper-
atures. An active open channel lava flow would be ex-
pected to have an even stronger 1.6-µm signal than a
similar size crusted flow, and also a stronger 11-µm sig-
nal because of a combination of 11-µm radiance from the
open channel and the higher temperature of whatever
levées and crust are present.

Within minutes to hours of a lava flow ceasing to
move, the 1.6-µm signal vanishes, but the 11-µm anoma-
ly persists for days to months until the crust has cooled
to near ambient temperatures (Aries et al. 2001). Simi-
larly, a freshly emplaced pyroclastic flow should have a
strong 11-µm signal but no thermal radiance in the 1.6-
µm channel. Its surface temperature (and hence its 11-µm
signal) might be expected to cool towards the ambient
background more quickly than that of a lava flow be-
cause of the poorer thermal conductivity, but the surface
and bulk cooling rates could be strongly influenced by
advection of heat by water vapour.

In contrast to a lava flow, an incandescent vent or a
vent undergoing a strombolian explosion or lava foun-
taining (without feeding a flow) would not create a sig-
nificant amount of warm surface material analogous to
the crust on an extensive lava flow. After correction for
the ambient background, most of the 11-µm signal would
come from the vent or fountain itself. Because of the
small size of such a feature relative to a pixel, the 11-µm
volcanogenic signal will be small except in the case of a
large, sustained, lava fountain; however, the 1.6-µm sig-
nal of a strombolian or lava fountaining event could be
comparable to that from a lava flow because the concen-
trated area at near-magmatic temperature could be simi-
lar to the sum of all the dispersed areas of hot cracks on
an extensive lava flow.

The expected thermal characteristics of these phe-
nomena are summarized in Table 1. The ATSR data re-
ported below support these assertions, except for the
case of a pyroclastic flow (which we have not observed
on Etna); however we have documented a pyroclastic
flow with these characteristics on Lascar volcano (Woos-
ter and Rothery 1997a; Wooster 2001).

Monitoring tools

Mean anomaly feature space plots

During the Empedocles Etna monitoring campaign, we
maintained a plot of the current mean 11-µm volcanic ra-
diance against the mean 1.6-µm volcanic radiance, with
data from throughout the emplacement of the 1991–1993
lava field included for comparison. We chose to deal with
the mean rather than total volcanic radiances because
means should distinguish between types of phenomena
but be insensitive to the actual size of the phenomenon,
i.e. a lava flow should plot in the same region of feature
space irrespective of its physical extent. Figure 3 shows
the plot as it appeared at the end of January 1999. The
1991–1993 points fall into a clearly different field to the
points representing measurements during the period July
1996 to January 1999, during which (as described above)
activity was confined to vents. The first data point we
have for the 1991–1993 flow, 16 December 1991, is only
2 days after the start of the eruption, and shows that the ra-
diance characteristics were established very early in this
event. There are 11 data points for July 1996 to January
1999 that have a mean 1.6-µm volcanic radiance in excess
of 1.0 W m–2 sr–1 µm–1. These comprise: 15 August 1996
corresponding to an active lava flow at the NE crater (Col-
telli et al. 2000); four consecutive points dating from be-
tween 23 September and 9 October 1997 when fountain-
ing activity within the Bocca Nuova formed small short-
lived lava flows (Wright et al. 2001); and six consecutive
points from the period 27 June to 16 July 1998 when three
summit craters (Bocca Nuova, Voragine and the SE crater)
were experiencing intensified strombolian activity. In par-
ticular, these six points reflect the characteristics of a peri-
od of strong fire fountaining at Voragine that produced
several short-lived lava flows, such as one recorded by the
point for 30 June 1998. This plots very close to the field
defined by the 1991–1993 lava flow.
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Table 1 Relative strengths of
1.6- and 11-µm signals expect-
ed from volcanic phenomena

Source of radiance 1.6-µm signal 11-µm signal

Active open channel lava flow Very high Very high
Active crusted or tube-fed lava flow High High
Inactive (cooling) lava flow None Waning slowly
Inactive (cooling) pyroclastic flow None Waning fast
Incandescent vent, strombolian High Low
explosion or mild lava fountain
Vigorous lava fountain High Moderate to high



The foregoing analysis carried out in January 1999
enabled us to predict that, should a new effusive episode
begin, the current data points would migrate into the fea-
ture space field defined by the 1991–1993 points. This
was indeed the case, as shown in Fig. 4 in which data for
the remainder of 1999 have been added. The points from
February to March 1999 represent the effusive episode
originating at the SE crater. Their correspondence in fea-
ture space with the data from the 1991–1993 lava flow is
remarkable.

Our point from 5 February, only a day after the epi-
sode began, falls well within the field defined by the
1991–1993 lava flow, and shows that an automated
alarm system based on this feature space distribution
would have indicated the onset of an effusive phase on
the basis of the first image received. In the following
days the 11- and 1.6-µm mean volcanic radiances were
usually somewhat higher than their initial values, follow-
ing a pattern similar to that seen for the 1991–1993 erup-
tion. In March, due to the low effusion rate, the lava flow
became tubed. Consequently, very little lava was flowing
at the surface, and the 18 March point falls within the
vent activity field. An overflow from the main lava tube

on 24–25 March increased the area of surface flows for a
few days, as recorded by the 31 March point.

Figure 5 shows the same plot with the axes extended
to include points for the October 1999 lava overspill
from the Bocca Nuova. The 27 and 30 October points
fall well beyond the field of the 1991–1993 and February
to March 1999 points (and even further from the vent ac-
tivity field). This is because those two points represent
active, rapidly emplaced, wide channel-fed flows, and
indicate that mean anomaly feature space plots can dis-
tinguish between lava flows with different characteris-
tics, as well as distinguishing lava flows from vent activ-
ity. Harris et al. (1997b) were similarly able to distin-
guish varieties of lava flow on feature space plots based
on maximum anomalies observed at 3.7 and 11 µm.

On 27 October, the total 1.6-µm radiance (not appar-
ent from mean radiance data used in Fig. 5) exceeds that
for all but two of the 1991–1993 lava flow observations.
Following the argument expressed previously, the high
relative strength of the mean 11-µm volcanic radiance
compared with the 1.6-µm volcanic radiance in October
1999 must be because each anomalous pixel contains a
higher proportion of warm lava crust that is radiating at
11 µm but not at 1.6 µm, or that the predominant tem-
perature of the crust is generally hotter (though still
<200°C) than previously. Figure 5 includes a cloud-con-
taminated point from 17 October showing high 1.6-µm
radiance strong enough to penetrate a cloud veil that
was sufficient to block the 11-µm radiance. It corre-
sponds to the first lava overflow from Bocca Nuova,
which produced a channel-fed flow comparable in ex-
tent to that of 27 October. If the image from which this
point was derived had been cloud-free, the point would
evidently have shown a strong 11-µm volcanic radiance
and also a somewhat higher 1.6-µm volcanic radiance,
probably plotting somewhere between the 27 and 30
October points.
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Fig. 3 ATSR data for Mt. Etna 1991–1993 (showing dates by
day/month/year) and July 1996 to January 1999, showing the
mean 11-µm anomaly plotted against the mean 1.6-µm anomaly.
The 11-µm volcanic radiance is expressed as brightness tempera-
ture (°C) and the 1.6-µm volcanic radiance is expressed as spectral
radiance (in units of W m–2 sr–1 µm–1). During July 1996 to Janu-
ary 1999 there was vent activity but no significant lava flows ex-
tending beyond any of the summit craters. The 1991–1993 points
correspond to a major lava effusion episode, and fall in a separate
region of feature space. Dates are shown beside each of these
points (below right of the point where space allows) from which it
can be seen that the distinctive feature space characteristics of the
lava flows were established within 2 days of the initiation of effu-
sion on 14 December 1991. Dates are shown in parentheses for
various summit events referred to in the text



Total anomaly plots

It is clear that, for data that pass the cloud-screening test,
plotting 11- and 1.6-µm mean volcanic radiances against
one another provides a straightforward and effective way
to distinguish lava flows from vent activity; however, the
total, rather than the mean, volcanic radiance also carries
useful information, as has been demonstrated in many
previous studies (e.g., Oppenheimer et al. 1993; Harris et
al. 1997a, 1997b; Wooster and Rothery 1997a, 1997b;
Harris and Thornber 1999; Dehn et al. 2000). In our
case, this is best seen at 1.6 µm, as shown by Fig. 6 in
which interpretation of various events is clear with hind-

sight. There is a small peak representing a small lava
overflow from the NE crater on 15 August 1996, after
which the total 1.6-µm volcanic radiance remains low
until June 1997 when summit crater activity intensified.
There are clear peaks corresponding to effusion of pond-
ed lava within the Bocca Nuova on 26 September 1997
and intense explosive activity at the Voragine on 30 June
1998. The two highest peaks on the trace represent the
episodes of extra-crater lava effusion beginning in Feb-
ruary and October 1999.

On the other hand, the large fire fountain episodes of
22 July 1998 and 4 September 1999 from Voragine crater
were not recorded, because there are no images from
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Fig. 4 The same plot as in
Fig. 3, with points from the rest
of 1999 added. Dates are
shown as day/month beside the
points for the February to
March 1999 lava flows. Note
the excellent correspondence of
the field occupied by these
points with the field defined by
the 1991–1993 lava flow points
and the almost complete lack of
overlap with points from other
periods that represent vent ac-
tivity. As for the 1991–1993 la-
va flow, the lava flow feature
space characteristics were ap-
parent on the first image (with-
in a day of the onset of effu-
sion)

Fig. 5 The same data as dis-
played in Fig. 4 but with the
scale adjusted to show points
from mid-to-late October 1999
corresponding to rapidly em-
placed open-channel lava
flows. The 17 October point,
which was automatically fil-
tered out by our cloud-detec-
tion algorithm, has been rein-
serted manually to show the
strength of the 1.6-µm anoma-
ly, even though the 11-µm sig-
nal was completely blocked by
a veil of thin cloud



those dates. Other short-duration events are also missed,
which is inevitable given that night-time ATSR imaging
opportunities occur only once every 3 days, many of
which are lost because of cloud cover.

Clearly the temporal resolution achievable by ATSR
is less than ideal. Monitoring systems using data from
GOES (e.g. Harris and Thornber 1999; Harris et al.
2001) and AVHRR (e.g. Dehn et al. 2000) are superior in
this respect; however, most of the large events (including
the only two episodes of extensive extra-crater lava effu-
sion) during the 4-year period represented by Fig. 6 are
identifiable on the trace.

To use such a trace in real-time monitoring, an objec-
tive way to distinguish between “real” events and unim-
portant fluctuations in volcanic radiance is required.
Dehn et al. (2000) describe how the Alaska Volcano Ob-
servatory successfully uses an empirically chosen thresh-
old (one standard deviation above a 10-day running
mean) as the criterion used by an automated monitoring
system to generate an e-mail alert that calls up human in-
volvement. Here we suggest rank-order statistics to tack-
le the slightly different problem of how to tell from first
principles whether an excursion above the general level
of volcanic radiance probably indicates a new class of
phenomenon. Such an excursion would be a much more
alarming turn of events than the alternative interpretation
as just a larger example of something seen previously. In
the case of Etna 1998–1999, we were concerned with
distinguishing a switch from “normal” vent activity to
lava effusion, as opposed to examples of particularly
vigorous vent activity.

Rank-order plots

Pyle (1998) showed that for a variety of volcanic param-
eters, such as explosivity, erupted volume, time since
previous explosion and caldera diameter, a rank-order
plot provides a means of determining the likely size of
the next largest example of the same phenomenon. The
largest events on a rank-order plot follow a power-law

distribution. This can be considered as similar to the Gu-
tenberg-Richter Power-law that relates earthquake fre-
quency to magnitude. In the rank-order log-log plot, an
event of the same type but of a size larger than any of
those previously seen should fall on an extension of the
straight line through the existing power-law distribution.
Any “next-largest” event that falls significantly off this
line is likely to represent a change in the nature of the
phenomenon under scrutiny, thus providing a means of
identifying likely changes in state.

Here we choose to regard each ATSR observation as
an “event”. Because vent activity at Etna is sporadic, the
size of the 1.6-µm signal during vent activity varies de-
pending on the exact instant at which the signal is re-
corded, as well as on the size of the vent and the magni-
tude of any explosion in progress. For example, during
sporadic fire fountaining, it is a matter of chance wheth-
er the image on a particular day will catch the fountain at
its height or coincide with a temporary lull. In addition
to sub-optimal temporal coverage, cloud also contributes
to the omission of some events from the record; howev-
er, although plots such as Fig. 6 miss some radiance
peaks that actually occurred, it can be assumed that
omissions are random and that no significant bias has
been introduced. Therefore, provided that we have a suf-
ficient number of observations, the data set is statistical-
ly representative of the spectral radiance distribution that
would have been recorded with more frequent imaging.

Figure 7 contains two plots of the July 1996 to De-
cember 1999 1.6-µm volcanic radiances from Fig. 6
shown in rank order. The lower curve is the subset of da-
ta that correspond to vent activity only. This reveals ex-
actly the type of distribution described by Pyle (1998).
We show the best-fit straight line through the 25 points
ranking 3–27 in this distribution. The highest ranked
points (30 June 1998 and 26 September 1997) should fall
close to the extrapolation of this line if they represent the
next-largest events of the same kind. In fact, they do fall
close enough to the line to be regarded as the largest ex-
amples of the same phenomenon. In a real-time monitor-
ing situation, a rank-order statistics analysis of the 30
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Fig. 6 Time series of Etna 
1.6-µm total volcanic radiance
1996–1999. The peaks in Sep-
tember 1997 and June 1998
correspond to the 26/9/97 and
30/6/98 points identified in
Fig. 3



June 1998 peak in the 1.6-µm spectral radiance trace
would (correctly) not have given any grounds for sus-
pecting that Etna had entered a new eruptive state.

When we increase our data set by the inclusion of the
points for the February to March and October 1999 lava
flows, the resulting distribution is the upper curve on
Fig. 7. The lava flow points are the highest-ranked
events and define a second power-law disribution. This
confirms that the lava flows are statistically different
from vent activity; therefore, collection of a comparable
amount of data would have been, in the absence of
ground truth, sufficient to show that the volcano was in a
different eruptive state during the time periods contribut-
ing to the new power-law distribution.

In a real-time monitoring situation, in order to identi-
fy a change in state from vent activity to extra-crater la-
va effusion we would need first a sufficiently large data
set to establish the power-law distribution defined by
vent activity (which in this case is the “background” ac-
tivity from which we wish to identify any departure).
Then we would need to compare each new data point
with this distribution to see whether it belonged to the
same statistical family. Only if a new highest-ranked
point fell statistically clear of the power-law line defined
by the previous data would there be a priori grounds for
recognising this point as representative of a change in
eruptive state. Any new highest-ranked point that did not
meet this criterion would have to be regarded as belong-
ing to the original family, unless there was independent
evidence to the contrary (either from ground truth or
from spectral radiance in a different wavelength).

Using the methodology of Pyle (1998, p 368), the
most likely spectral radiance observation higher than the

30 June 1998 observation (19.33 W m–2 sr–1 µm–1),
based on the power law defined by the 25 highest-ranked
vent activity observations, would be 1.36±0.27 times
higher than this; thus, a new highest ranked point that
represented the same type of phenomenon would be ex-
pected to have a 1.6-µm spectral radiance of 26.3±5.2 W
m–2 sr–1 µm–1. Of the 11 observations representing extra-
crater lava flows during February to March and October
1999, only six fall above this range; these include all
three lava flow points from October 1999 (42, 83 and
36 W m–2 sr–1 µm–1) and all three points between 24
February and 2 March 1999 (41, 44 and 54 W m–2

sr–1 µm–1). However, the first two observations of the
February to March 1999 lava flows obtained on 5 and 8
February have radiances of approximately 25 W m–2

sr–1 µm–1, which is close to what would have been ex-
pected for a new highest-ranked point representing vent
activity alone.

Thus, although the mean anomaly feature space char-
acteristics of the February 1999 lava flow were estab-
lished immediately (Fig. 4), it was 3 weeks before an ob-
servation was recorded that could distinguish the event
as lava effusion on the basis of the total 1.6-µm spectral
radiance alone. On the other hand, the spectacular lava
effusion of October 1999 would have been immediately
identifiable as such by either kind of analysis.

By adding the 1991–1993 lava flow observations to
the lava flow data points from 1999 (Fig. 8), we can see
that all three effusive episodes share common rank-order
characteristics. This is despite the fact that the October
1999 flows were emplaced by open channels (Wright et
al. 2001; Harris and Neri, in press) rather than being tube
fed as in the case of the other two episodes.

A power-law fit through the 15 highest ranked lava
points (which has an R2 value of 0.89) enables us to pre-
dict that the most likely next future lava flow observa-
tion that has a spectral radiance higher than the current
record holder (112 W m–2 sr–1 µm–1 on 31 December
1991) will have a spectral radiance of 141±36 W m–2

sr–1 µm–1. If, on the other hand, the first observation to
exceed the previous record falls above this range (i.e.
greater than 187 W m–2 sr–1 µm–1), then it will probably
represent a particularly vigorous state of eruption that
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Fig. 8 Rank-order plot for 1.6-µm total volcanic radiances for 
lava flow events 1991–1999. Points representing three different
episodes of effusive eruption (1991–1993, February to March
1999 and October 1999) are seen to define a single family

Fig. 7 Rank order plot for 1.6-µm total volcanic radiances July
1996 to January 1999. The family of points defining the lower
curve is based on a subset of the data representing vent activity
only. The straight line is fitted through points of rank 3–27 inclu-
sive (deliberately omitting the two highest-ranked points as dis-
cussed in the text). Its R2 fit to these points is 0.96. The upper
curve is the full data sent, including lava flows during February to
March and October 1999



has not been recorded before at Etna by the ATSR. It is
hard to imagine what this could be at Etna (possibly si-
multaneous effusion of two flow fields each comparable
in magnitude to the 1991–1993 lava flow field), but in
any case it would be a strong indication that events were
progressing in a way not previously imaged.

Conclusion

Using data of coarse spatial resolution (1 km in this
case) recorded by night, Etna lava flows may be distin-
guished from activity confined to summit craters. By
plotting the mean volcanic radiance at 11 µm against the
mean volcanic radiance at 1.6 µm, discrimination is pos-
sible right from the onset of effusion. This is an impor-
tant consideration in devising real-time monitoring sys-
tems that rely on remotely sensed data, and demonstrates
the importance of acquiring thermal data in more than
one channel.

A single channel on its own is less diagnostic, but a
trace of the total volcanic radiance at 1.6 µm over time
does correspond to known events. Analysis based on
rank-order statistics can be used to tell whether an excur-
sion above the general level of volcanic radiance is like-
ly to indicate a new class of phenomenon. This provides
an objective basis for determining when a continually ac-
tive volcano has entered a new state, and we suggest that
this approach could usefully be adopted in the exploita-
tion of infrared data from any satellite providing a suc-
cession of near real-time observations of volcanoes.

Near real-time ATSR data are downloadable at no
cost from the following website, and we encourage oth-
ers to use these data in their own volcano monitoring
projects: http://192.111.33.173/ATSRNRT/

Appendix: Isolation of the volcanic signal 
in night-time ATSR data

All the data we used were acquired at night; thus, reflect-
ed radiation, which would dominate the 1.6-µm signal by
day, is absent. Ground at ambient temperatures does not
emit any radiation in this channel, but there is a small
amount of sensor-induced noise. We therefore derived
the 1.6-µm volcanic signal by summing the anomalous
spectral radiances of all pixels more than 2 σ above the
background noise level (Wooster and Rothery 1997a,
following Oppenheimer et al. 1993).

In contrast, the 11-µm channel is sensitive to surfaces
at ambient temperatures as well as to hot surfaces. To
isolate the volcanic contribution to the measured 11-µm
radiance we first define “volcanic” pixels as only those
that are anomalous in the 1.6-µm channel. We next cal-
culate the mean 11-µm radiance of the non-anomalous
pixels surrounding the volcanically radiant pixels and
subtract this from the total 11-µm radiance measured for
each volcanically radiant pixel (Wooster and Rothery
1997a, 1997b). This is similar to the correction used for

GOES 3.7-µm data by Harris and Thornber (1999), ex-
cept that we use 1.6-µm data as a filter to initially sepa-
rate the volcanic and non-volcanic pixels prior to the
background correction. A related technique to attempt
isolation of volcanic 3.7-µm signals present in ATSR da-
ta is outlined by Wooster (2001).
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