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Abstract

An innovative, Advanced Very High Resolution Radiometer (AVHRR)-based technique for improved automatic detection of volcanic

hotspots and thermal anomalies is proposed in this paper. It is mainly based on a multitemporal analysis of historical, long-term satellite

records. Such a technique basically rests on the Robust AVHRR Techniques (RAT) approach, which has been already successfully applied to

several natural and environmental emergencies (e.g., fires, floods, earthquakes). In this work, the proposed technique has been tested on an

extended set of eruptive events of Mt. Etna and Stromboli volcanoes. Results achieved, in terms of reliability (low false alarm rate) as well as

of effectiveness (detection sensitivity), are described in detail. Moreover, the potential in low-level thermal anomaly detection, as possible

pre-eruptive thermal signs, is also addressed and preliminary results obtained for a couple of events, discussed. The study cases here

presented show the benefits of such a technique especially when different observational conditions (time/season of pass, atmospheric

moisture content, solar illumination, satellite angles of view, etc.) are considered, making such a method globally applicable.

The future prospects, also in terms of possible operational scenarios, coming from the implementation of such an approach on the new

generation of satellite sensors (such as SEVIRI aboard Meteosat Second Generation) are also discussed.

D 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Volcanoes represent a serious potential danger for both

the environment and population. In earlier times, volcanic

eruptions have often caused great loss of lives and damage

to the surrounding environment. Even today, when new

scientific and technological findings have been reached,

volcanoes remain dangerous, stimulating scientists to

increasingly improve their capabilities of observing, mon-

itoring and interpreting signs of volcanic unrest.

Since 1964, when the Nimbus-1 satellite was used to

detect hotspots on Manua Loa and Kilauea volcanoes

(Gawarecki et al., 1965), several satellite platforms have
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been used to study volcanic thermal activity. Sensors like

the Thematic Mapper (TM) aboard the Landsat satellite

series, have been extensively used to detect hotspots, thanks

to their high spatial resolution (Gaonac’h & Vandemeule-

brouck, 1994; Rothery et al., 1988). Nevertheless, low

observational frequency (16 days in between two consec-

utive passes, without clouds hiding the target area) and high

cost of images have rendered them ineffective for real-time

monitoring and operational purposes (Carn & Oppenheimer,

2000).

The Advanced Very High Resolution Radiometer

(AVHRR) aboard NOAA satellites, with an observational

frequency of 6 h, was one of the first instruments widely

used (and still nowadays) for near real-time volcano activity

monitoring, in terms of ash cloud detection and tracking

(e.g., Pergola et al., 2004; Prata, 1989, Schneider & Rose,
ent 93 (2004) 311–327
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1994; Schneider et al., 1995) as well as in terms of thermal

features recognition (e.g., Harris et al., 1995b,a).

The spectral radiance emitted by hot volcanic sources

like molten lava or high temperature gas emissions, reaches

its maximum in the region of midinfrared (MIR, around 3

Am). Consequently, AVHRR channel 3 (3.5–3.9 Am), has

been widely used for lava flow monitoring, despite its

relatively coarse ground resolution cell (1.1-km nadir view).

In fact, as demonstrated by Dozier (1981), the presence of a

high temperature source, even affecting only a small portion

of one AVHRR pixel, causes a dramatic increase of the

emitted MIR radiance as well. Moreover, the high sampling

frequency of AVHRR (4 passes per day, at least) makes this

instrument ideal for near real-time monitoring of dynamic

volcanic systems.

However, in spite of these advantages, some problems

arise when automatic and reliable procedures for hotspot

detection have to be designed and implemented. Major

difficulties have been identified in choosing appropriate

thresholds suitable to discriminate between actual and false

volcanic hotspot identifications. For example in daytime, in

the 3–5 Am window, the reflected component of solar

radiation and the natural warming of volcanic rocks

(because of solar heating) may both produce high thermal

radiation in AVHRR channel 3 and possibly generate false

hotspot identifications (Di Bello et al., in press; Harris et al.,

1995b,a; Oppenheimer, 1998; Wright et al., 2002). To face

such a problem, which becomes much more serious as far as

an operational scenario is aimed at, Harris et al. (1995a)

proposed a differential approach based on the spectral

comparison between two brightness temperatures measured

in AVHRR channel 3 and channel 4 (10.3–11.3 Am). Since

channel 3 is more sensitive than channel 4 to the hot sources

at magmatic temperatures and both should be equally

sensitive to solar heated surfaces, volcanic hotspots are

expected to exhibit higher DT=(T3-T4) values. For this

reason, Harris et al. (1995a) suggested a fixed threshold test,

DTN10 K, to identify volcanic hotspots by AVHRR

observations. Nonetheless, this methodology is not always

reliable, mainly because it is based on a fixed threshold used

under whatever observational and environmental conditions.

In fact, as already observed by other authors (e.g., Harris et

al., 2001; Higgins & Harris, 1997), high brightness temper-

ature differences between AVHRR channels 3 and 4, can

also be observed because of atmospheric effects, differential

emissivity and/or contribution of reflected radiation to the

MIR signal. Therefore, DT=T3-T4 can be greater than 10 K

even if there are no active volcanic surfaces.

A similar approach was used by Higgins and Harris

(1997) to detect thermal anomalies on Mount Etna,

Stromboli and Vulcano. Afterwards it was implemented

on GOES-IMAGER sensors, improving its capabilities by

using two different thresholds, one to be used for daytime

data and another for nighttime records (Harris et al., 1999).

However, as stated before, the differential method may

generate false alarms also because of the clouds which
absorb the thermal radiation emitted by the Earth’s surface

more in the spectral band of channel 4 than the one of

channel 3, so that DTN10 K owing to very low values of T4

(Di Bello et al., in press; Harris et al., 2001; Marchese,

2001). Furthermore, for a specific class of meteorological

clouds (e.g., cumulus), this brightness temperature differ-

ence DT can assume high positive values because of

emissivity. In fact, the radiation measured in AVHRR band

3 is generally upwelling from lower levels of clouds, where

temperatures are warmer whereas, on the other side, the

radiation measured in channel 4 typically originates from

the cloud top (colder) layers.

Because of the high variability of volcanism and

environmental conditions, the use of long-term remotely

sensed thermal data has also been proposed lately (Dean et

al., 1998; Dehn et al., 2000). Such authors suggest the use of

temporal satellite series to monitor fluctuations in radiant

temperatures over volcanically active areas. These studies

suggesting for the first time dynamic, rather than fixed

thresholds, represent a clear improvement for automated

detection purposes.

A near real-time hotspot monitoring system was pro-

posed afterwards by Harris et al. (2001). This method, based

on brightness temperature differences as well, between

channel 2 (at 3.9 Am) and channel 4 (at 10.4 Am) of GOES

(DT=T2-T4), scans a pixel target area centred on predefined

volcano coordinates searching for anomalous DT. The

standard variation r and the mean of DT, are calculated

for a 5-pixel band around the target box, and pixels with

DTN3.3r above the mean are flagged as hot. The values of

the mean and standard variation are then recalculated until

no new hot pixels are flagged. This method represents, in

terms of false alerts, an improvement compared to the

previous techniques, even if false identifications (related to

high cloud reflectance that can produce high DT values) and

no-detection cases still remain, as reported by the authors

themselves (Harris et al., 2001).

Recently, Harris et al. (2002) have proposed an

improved algorithm to detect hotspots based on a

probability test. This method has been used to detect

hotspots on Kilauea volcano by means of GOES data but it

can also be applied to AVHRR records. It improves the

detection of hotspots but, as explained by authors

themselves, it still causes false alarms owing to cosmic

hits and cloud edge effects. Finally, except for a recently

proposed algorithm which uses MODIS data (Flynn et al.,

2002; Wright et al., 2002, 2004) and which is, however,

limited to nighttime observations, no other techniques,

among the ones proposed for automatic hotspot detection,

can be reliably applied at the global scale and in whatever

observational conditions.

If real-time (or near real-time) monitoring is aimed at,

targeted to volcanic hazard mitigation purposes, timely and

reliable detections are required. Frequent observations and

effective satellite products should be made available on a

global scale to assure an actual operational surveillance
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system. This suggests the development of new satellite

techniques, providing reliable and effective products, with

an adequate sampling, able to perform consistently under

different environmental and observational conditions.

In this paper, a new strategy of satellite data analysis, the

so-called Robust AVHRR Techniques (RAT) approach

(Tramutoli, 1998), already applied to several natural and

environmental emergencies (e.g., Cuomo et al., 2001;

Pergola et al., 2001; Pergola & Tramutoli, 2003; Tramutoli

et al., 2001a, 2001b), is proposed for automated detection of

volcanic thermal features on a global scale and in any

observational conditions. It has been applied to several

eruptive events recently occurred at Mt. Etna and Stromboli

volcanoes, to evaluate its reliability in terms of detection

sensitivity as well as in terms of false alarm reduction.

Different eruptive events, occurring in day and nighttime

and during Winter and Summer seasons, have been

considered in order to assess method performances and

possible limitations under different observational condi-

tions. The potential of the proposed technique in detecting

possible pre-eruptive thermal anomalies has also been

addressed and results presented for a couple of Mt. Etna

eruptive events.
2. A new approach for automatic detection of volcanic

thermal activity: the RAT method

Automatic methods for volcanic hotspot detection by

satellite have to deal with the problem of identifying

thresholds which, at global scale and in any observational

and environmental conditions, should be able to distinguish

between pixels actually representing volcanic hotspots and

pixels that do not. A reliable and effective discrimination

can be hard to achieve due to the high intrinsic variability

that a satellite signal may normally have.

Generally speaking, a signal measured by a satellite-

borne sensor shows a sort of natural intrinsic variability

mainly due to the fluctuations that several related parame-

ters (e.g., atmosphere and surface properties) naturally

undergo, depending on the specific observational, geo-

graphical and environmental conditions (hour of pass,

geographic latitude, season, angle of view, sun/satellite

relative position, etc.). This type of bnatural/observational
noiseQ typically generates spurious effects producing non-

negligible perturbations on the signal, especially when an

analysis in the space–time domain has to be carried out. A

new approach called Robust AVHRR Techniques (RAT),

first proposed by Tramutoli (1998) suggests the possibility

of using long-term multitemporal satellite records in order to

characterise the signal under investigation and to generate

dynamic, variable and llocal (i.e., local in space and time

domain) thresholds which, by construction, result less

affected by the above mentioned observational/natural

noise. Such an approach has already been tested on the

monitoring of different natural hazards, like earthquakes (Di
Bello et al., in press; Tramutoli et al., 2001a) and floods

(Lacava et al., in press). Concerning volcanic activity, RAT

has already been applied for ash cloud detection/discrim-

ination purposes (Di Bello et al., in press; Pergola et al.,

2001, 1998, 2004), as well as to stratospheric volcanic cloud

monitoring (Tramutoli et al., 2001b). Regarding its applic-

ability to hotspot detection, an extended study has already

been carried out for forest fire detection with very promising

results (Cuomo et al., 2001; Lasaponara et al., 1998). In this

study, the RAT approach is applied, for the first time, to an

extended set of eruptive events, giving a first assessment of

its potential contribution to the implementation of an

automatic, global system for volcanic hotspot detection

and, possibly, for an early identification of pre-eruptive

thermal anomalies.

2.1. The approach rationale

The RAT method considers every thermal anomaly in the

space–time domain as a deviation from a normal state which

should be preliminarily defined. Readers can find a detailed

description of the theoretical background of such an

approach as well as an extended set of its possible

applications in Cuomo et al. (2001), Di Bello et al. (in

press), Pergola et al., (2001, 2004), Tramutoli (1998) and

Tramutoli et al. (2001a). In the following, only a quick

reminder of the approach rationale will be given.

Considering a collection of multitemporal, colocated

imagery as a space–time process, described at each place

(x,y) and time t, by the llocal (i.e., in space and time

domains) value of the satellite derived measurements

V(x,y,t), the RAT implementation can be done by computing

for each homogeneous (i.e., collected at the same time of

day, month of year, under similar observational conditions)

imagery data set an expected value of the signal, VREF(x,y)

and its natural variability, rV(x,y), due to all the possible

noise sources which are not related with the event to be

monitored. Afterwards, a change detection step is computed

by calculating a local index of change, the so-called

Absolutely Llocal Index of Change of the Environment

(ALICE) �V(x,y,t) which provides, at the pixel level, an

estimate of how much the signal under investigation

V(x,y,t), (i.e., observed at time t) differs from its bnormalQ
behaviour in unperturbed conditions, VREF(x,y) and how

much such a deviation is statistically significant with respect

to the natural variability, rV(x ,y). The mathematical

definition of this index is:

�V x; y; tð Þu V x; y; tð Þ � VREF x; yð Þ
rV x; yð Þ ð1Þ

where V(x,y,t) is the signal measured by satellite at location

(x,y) at time t, VREF(x,y) and rV(x,y) are the reference

fields, computed for the same location on time series of

colocated, homogeneous (for time slot, month of year, etc.)

satellite images. The robustness of this approach is intrinsic

because higher signal variability rV(x,y) (in the chosen
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spatial/temporal domain) will result in lower values of

�V(x,y,t), reducing, in this way, the problem of false

alarms.

Concerning its application to hotspot detection, the RAT

approach has been implemented as a three-step process:

(1) Data preprocessing (collection, radiometric calibration

and precise navigation)

(2) Construction of reference fields

(3) Automatic Hotspot and Thermal anomaly Detection.

2.2. Data preprocessing (collection, radiometric calibration

and precise navigation)

In order to produce homogenous data sets, first of all

NOAA-AVHRR data acquired throughout a 6-year span

(1995–2001) were put together, stratified according to the

month of acquisition and to the hour of pass. Subscenes,

1024�1024 sized covering the whole Italian peninsula, part

of Dalmatian coasts of Croatia and southern coasts of

France (see Fig. 1) have been extracted and used in the

space–time processing step.

Six months (January, February, July, September, October

and November) and three btemporal windowsQ (00:00–

02:00GMT i.e., local night, 12:00–15:00GMT, i.e., local

day, 17:00–19:00GMT, i.e., local afternoon) were chosen

according to the eruption occurrences and in order to test

RAT performances under different observational and natural

conditions.

At the end of this step, 18 different data sets were defined

(three temporal windows for each one of the 6 months),
Fig. 1. Time series analysis of colocated s
each one accommodating homogeneous images, for a final

total number of more than 800 AVHRR scenes to be

processed.

The second step was the radiometric calibration

(performed following standard calibration procedures like

the one described in Kidwell, 1991) and the navigation

and colocation, carried out by means of a precise,

purposely developed scheme which is able to assure a

final accuracy of one AVHRR pixel (Pergola & Tramu-

toli, 2000, 2003).

All data were put in the same geographic projection

(Lambert Azimuthal Equal Area) and in this way, colocated

in the space–time domain as shown in Fig. 1.

2.3. Construction of reference fields

Starting from the previous defined historical series of

colocated satellite images, being T3(x,y) the brightness

temperature measured in AVHRR channel 3, two reference

fields were determined for each data set. The first

one,bT3(x,y)N, represents the measure expected (i.e.,

arithmetic average in time domain) in unperturbed con-

ditions at place (x,y). The second one, r3(x,y), represents

the normal variability of the signal (i.e., standard deviation

in time domain), derived by the temporal analysis at the

same place (x ,y). Both reference fields have been

computed by an automatic procedure, under homogeneous

observational conditions, as described before. Moreover, a

k-r clipping filter (Tramutoli, 1998) was applied in order

to automatically and iteratively remove from the historical

data set possible outliers. Such extreme values could be
ubsets of AVHRR satellite imagery.
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associated to clouds or to spurious effects that, although

not related to the event under investigation, may alter the

bnormal stateQ of the signal and increase the natural noise

level. The proposed filter flags as unusable all the

individual pixels representing these extreme circumstances

and excludes them for the next processing steps. In

particular, by means of a previously derived land–sea/

water mask, a 2r-clipping filter was applied over land

pixels and a 3r-clipping filter over sea/water locations,

given the lower natural variability of the signal on sea/

water areas, than the one observed over land.

2.4. Automatic hotspot and thermal anomaly detection

In order to detect hotspots and to identify thermal

anomalies the general ALICE index, defined in Eq. (1),

has been adapted for this purpose and, consequently,

computed as follows:

�3 x; y; tð Þ ¼ T3 x; y; tð Þ � bT3 x; yð ÞN½ �
r3 x; yð Þ ð2Þ

where T3(x,y,t) is the brightness temperature measured in

AVHRR channel 3 at place (x,y) at time t, bT3(x,y)N and

j3(x,y) are, respectively, the temporal mean and the

standard deviation in time domain, derived by the time-

series analysis for the specific relevant period (1 month

long) and for the selected temporal slot (night/day/after-

noon), as described before. �3(x,y,t) shows how much, in

comparison with its historical bnormalQ variability, the

signal at time t deviates from a reference value observed in

unperturbed periods and in similar observational and

natural conditions. The higher �3(x,y,t) values are, the

stronger are the related thermal anomalies and different

levels of �3(x,y,t) can be associated with different anomaly

intensities (RAT tuneability). It should be stressed once

more that the �3(x,y,t) index, for construction, is expected

to be significantly less affected by site effects. In fact,

surface features (high reflective exposed soils, warmed

volcanic rocks, etc.) are expected to show quite a similar

behaviour during the same period of the year (month) and

of the day (hour), so low values of �3(x,y,t) are expected

in these cases, even in the presence of high values of

T3(x,y,t).

Moreover, this intrinsic RAT capability to eliminate/

reduce site effects, allows the use of a single-channel

approach (e.g., T3), instead of a differential technique (e.g.,

T3-T4); this circumstance further reduces problems and

limitations which are typical of the two-band methods (e.g.,

clouds, cloud edges, etc.).

In order to evaluate the performances of the proposed

approach, �3(x,y,t) index has been computed on AVHRR

images collected during three recent eruptive events of Mt.

Etna (January–February 1999, July–August 2001 and

October–November 2002), and during the last Stromboli

volcano eruptive activity of November–December 2002.
3. Application of RAT method to Etna and Stromboli

eruptions

3.1. The January–February 1999 Mt. Etna eruption

Between September 1998 and January 1999, a series of

22 paroxysmal eruptive episodes occurred at SE Crater of

Mt. Etna and the stronger strombolian event occurred on

January, 23rd. These eruptions preceded the opening of a

new fracture, on 4 February located on Southeast side of the

SE Crater. This was the first lateral eruption occurred after

the 1991–1993 eruptive events.

The new vent was very active producing plentiful lava

flows, toward Valle del Bove until November 1999

(Behncke, 1999). The proposed RAT approach has been

tested during this event, analysing all the AVHRR passes

acquired in January and in February 1999.

3.1.1. Results

Some results of RAT application to the aforementioned

event are reported in Fig. 2. In Fig. 2a, a magnification of

the Etna area of the AVHRR pass acquired on 23 January

1999 at about 18 GMT (Local time=GMT+1) is reported in

grey tones. On the same figure, thermally anomalous pixels

detected by RAT, identified by �3(x,y,t)N3, are depicted in

red. It appears clear that all the detected hotspots, as a result

of the strong eruptive episode occurred on 23 January at SE

Crater, are well located on the volcano edifice and in

particular over the summit of the crater area where the

activity was stronger. Similarly, hotspots detected by RAT

on 6 February (Fig. 2b), 12 February (Fig. 2c) and 19

February (Fig. 2d) are all well related to the documented

(Behncke, 1999) eruptive activity and, in particular, to the

plentiful lava flows produced by the new fracture opened on

4 February on the volcano’s flank. As can be seen, in spite

of the different observational conditions (Fig. 2a and b is

received in the afternoon, whereas Fig. 2c and d is acquired

during the night), RAT was able to automatically detect

hotspots without generating any false identification. Even if

a large presence of meteorological clouds over the target

area is observed (see, for instance, Fig. 2b and c), the

proposed technique still saves its reliability and effective-

ness as well as no false positive are identified in

correspondence of those clouds.

3.2. The July–August 2001 Mt. Etna eruption

The Etna eruption in July 2001 originated from seven

different fissure systems located on the south and northeast

flanks of the volcano. Some of the flank activity was

unusually violent with magmatic explosions and abundant

emission of pyroclastics (Behncke, 2001). In the evening of

July 4th, the 12th eruptive episode in 30 days occurred at

the Southeast Crater, and a lava effusion from the Levantino

cone formed two flows oriented toward NE and SSE. The

13th eruptive episode occurred on 7 July, with lava flows



Fig. 2. RAT results obtained during the eruption of Mt. Etna occurred in January–February 1999 are shown. Background images are AVHRR thermal channels

depicted in grey scale and magnified around Mt. Etna, where higher values of brightness temperature are reported in brighter tones. Coastlines are reported in

black. Pixels identified as anomalous with �3(x,y,t)N3 are depicted in red. (a) 23 January 1999 18 GMT; (b) 6 February 1999 18 GMT; (c) 12 February 1999

02 GMT; (d) 19 February 1999 02 GMT.
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from Levantino and powerful Strombolian explosions at the

summit vent of SE Crater. After this event an intense

paroxysmal event occurred on 13 July. This was followed

by a long series of earthquake swarms with more than 2500

tremors (Behncke, 2001). On 17 July, the first fracture

opened at the South base of the SE Crater, producing mild

Strombolian activity, while a lava flow extended toward

Belvedere. On the evening of the same day, another fracture

opened at about 2700 m elevation, followed by the opening

of new fractures on the flanks of the volcano during the

following days.

The July–August 2001 eruption was very dangerous and

it did cause damages to the cable car and ski lifts located

between 1900 and 2600 m on the S flank of the volcano.

The lava flow threatened the city of Nicolosi and artificial

barriers were built in order to shield the Rifugio Sapienza’s

infrastructures. All the AVHRR passes acquired in July
2001 were analysed, in order to test performances of the

RAT approach under very different conditions (high summer

time) compared to the previous before described event

which occurred in midwinter.

3.2.1. Results

In Fig. 3, some results obtained by analysing the AVHRR

images acquired during this event are reported. Again, in

order to test RAT technique in different observational

conditions, daytime data as well as nighttime records were

processed.

Two examples of nighttime results are shown in Fig. 3a

(22 July 2001 at 01 GMT, Local Time=GMT+2) and in Fig.

3b (25 July 2001 at 00 GMT). The hotspots detected by

RAT, red coloured in the figures, seem to properly describe

the documented lava flows produced by the fractures

opened on the flanks of the volcano as from 17 July. Once



Fig. 3. RAT results obtained during the eruptions of Mt. Etna occurred in July–August 2001 are shown. Background images are magnifications around Mt. Etna

of AVHRR thermal channels depicted in grey scale, where higher values of brightness temperature are reported in brighter tones. Coastlines are reported in

black. Anomalies depicted in red represent pixels with �3(x,y,t)N3. (a) 22 July 2001 01 GMT; (b) 25 July 2001 00 GMT; (c) 24 July 2001 15 GMT; (d) 31 July

2001 15 GMT.
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more, RAT automatically detected thermal anomalies with-

out generating any false identification and with no need to

define and identify different thresholds. Fig. 3 clearly

highlight the self-adaptability of the proposed approach,

which saved its reliability also in different natural and

observational conditions.

Results obtained in daytime and reported in Fig. 3c (24

July at 15G MT) and Fig. 3d (31 July at 15 GMT), although

showing a lower sensitivity of the proposed approach in

daytime and in summer season, seem to provide a further

confirmation of its above mentioned capability to avoid

false alarms. In daytime, in fact, although the higher natural

variability of the signal causes a weak degradation in RAT

sensitivity, the ALICE index still remain not affected by

reflected solar radiation and warming of volcanic rocks

(effects which are both particularly significant in the

selected observational conditions). In both cases, as shown
in Fig. 3c and d thermal anomalies detected by RAT (red

coloured) clearly underestimate the actual extension of the

areas interested by the eruption but are still related to the

actual paths of lava flows produced by the new fractures and

once again, in spite of the very unfavourable observation

conditions (high summer, in the middle of the day) no false

alarms were generated. As stated before, the ALICE index

offers the advantage to be tuned to the different environ-

mental conditions; this opportunity could be exploited here

in order to better describe size and extension of lava paths,

even if a possible increasing in the false alarm rate should be

taken into account. In fact, looking at Fig. 4, where three

different ALICE cutting levels are used on images

previously shown in Fig. 3c and d, it is clear that a better

identification of the actual lava paths was achieved.

However, it should be noted that a limited number of false

positive thermally anomalous pixels were flagged, mainly



Fig. 4. (a) Like Fig. 3c (24 July 2001 15 GMT) and (b) like Fig. 3d (31 July 2001 15 GMT) but three cutting levels of ALICE index are shown here: red, yellow

and green, respectively for pixels with �3(x,y,t)N3, �3(x,y,t)N2 and with �3(x,y,t)N1.
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on part of clouds located over the sea. Therefore, thermal

anomalies are better identified at lower values of ALICE

index without, however, a significant reduction of RAT

reliability (only few false detections occurred over the

whole study area).

Thus, these results demonstrated the proposed approach

is robust and tuneable and that it can be automatically

applied under different observational conditions (day/night

observations, Summer/Winter seasons, etc.) with a slight

degradation in terms of sensitivity in critical (diurnal, high

summertime records) observational conditions. Moreover,

the way the ALICE index is constructed suggests the

proposed approach is independent to geographic location

and, for this reason, it is expected to be successfully

applicable globally, on whatever volcano. Finally, the

complete independence on the specific satellite platform,

makes this approach applicable on whatever satellite

system, allowing possible improvements in spectral, spatial

and temporal resolutions.

3.3. The Mt. Etna and Stromboli events of October–

November 2002

3.3.1. Etna eruption

The 2002 Etna flank eruption began on 27 October with

the opening of two new fissures located one on the southern

flank near Torre del Filosofo at about 2750 m elevation, and

the other one on the northern flank of the volcano at about

2500 m, in an area known as the Northeast Rift (Behncke,

2002). During this event, different lava flows were emitted

from the fissures, and significant ash plumes were produced.

Lava flows from the northern fissure destroyed part of the

ski lift in the area of Piano Provenzana, and they cut across

the road connecting this area with the town of Linguaglossa.

By 28 October, several portions of the pine forest were set
ablaze, and several hotels, restaurants and power lines were

destroyed by the lava flows (Behncke, 2002).

The lava flow from the southern fissure, started about 12

h after the northern one was split in two branches around

Monte Nero, before it stopped on 31 October reaching a

total length of 1 km.

A distinct decrease of the intensity of the volcanic

activity was evident, from the third day of the eruption. On

5 November, lava flows from the northern fissure stopped

and the first phase of eruption was considered ended

(Smithsonian Institute, 2002).

A second phase of the eruption started on November

13th, with a new mild Strombolian activity and with new

lava flows produced from the southern fissure opened on 26

October (Behncke, 2002).

3.3.2. Stromboli eruption

The eruption which occurred on 28 December was the

first effusive eruption of Stromboli volcano after 17 years.

The eruption started with a strong explosion that caused ash

fallout on the village of Stromboli and the opening of a new

fissure on the North East side of Crater 1. A lava flow came

out from the fissure and three lava branches spreading

within the Sciara del Fuoco reached the sea within 30 min.

On 30 December, two landslides suddenly formed along

Sciara del Fuoco and the contact with the sea formed two

tsunamis with waves several meters high. The tsunamis

damaged buildings and boats in the village of Stromboli and

Ginostra (Smithsonian Institute, 2002). The Stromboli

eruption of December 2002 was preceded by intense

strombolian activity which started in May 2002. The

maximum level was reached at the end of October and

during the first 2 weeks of November, when an increase in

the intensity of strombolian activity and more powerful

eruptions with a larger number of ash eruptions occurred
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(Smithsonian Institute, 2002). On November 19th, during a

survey carried out by the Italian National Civil Protection

Department using a thermal infrared camera from a

helicopter, a very high level of the lava within the craters

was observed (Smithsonian Institute, 2002). High levels of

activity were also observed during the month of December

before the beginning of the new flank eruption. The same

AVHRR data sets were used for both Mt. Etna and

Stromboli volcanoes to test RAT effectiveness in detecting

thermally anomalous pixels during the aforementioned

eruptive events.

3.3.3. Results

In Fig. 5a, a zoom around the Etna area of a nighttime

image acquired on 29 October 2002 and processed by

following RAT methodology is shown. As can be clearly

seen, several thermal anomalies were detected on the Etna

area. Two clusters of hotspots can be identified, in

accordance with the actual distribution of lava flows

produced by the two different fissures located on the
Fig. 5. RAT results obtained during the activity of Mount Etna and Stromboli volc

are magnifications around Mt. Etna of AVHRR thermal channels depicted in grey

tones. Coastlines are reported in black. Pixels identified as anomalous with �3(x,y,

01 GMT; (c) 20 November 2002 00 GMT. The Stromboli island is indicated by
northern and on the southern flanks of the volcano. A

thermal anomaly was also detected on Stromboli volcano,

where the high value of the �3(x,y,t) index is properly

related to the exceptional strombolian activity which

occurred at the summit craters from the end of October. In

Fig. 5b, another AVHRR pass recorded on 7 November

2002 is shown. Looking at the picture, it is evident that only

few pixels were detected on the area of Etna volcano,

according to the actual decreasing of volcanic activity. Once

more, the spatial distribution of detected hotspots is rightly

correlated with the actual location of lava flows, on the

north as well as on the southern part of Etna. Once more, a

thermal anomaly was detected on the area of Stromboli

volcano as expected due to the observed, very intense

strombolian activity which occurred that day. In Fig. 5c, a

magnification of the AVHRR scene received on 20

November 2002 is shown. The comparison with the results

obtained for the image of 29 October (Fig. 5a), shows that in

this case, according to the documented eruption evolution,

no hotspots were detected by RAT on the north side of Etna
anoes occurred in October–November 2002 are shown. Background images

scale where higher values of brightness temperature are reported in brighter

t)N3 are depicted in red. (a) 29 October 2002 01 GMT; (b) 7 November 2002

a black circle.
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volcano. Hotspots detected on the south side of Etna are

related to the second phase of the eruption started on 13

November. In this phase, only the southern fissure produced

lava which continued to flow with some variations until 28

January 2003. Looking at the same figure, once again a clear

thermal anomaly over Stromboli has been observed. Such

an anomalous signal was independently confirmed by a

helicopter survey carried out by the Italian National Civil

Protection Department on 19 November, which reported an

exceptional raising level of the magma within the craters

(Ingv-Sezione di Catania, 2002). This phase was considered

the prelude of the new flank activity, officially started on 28

December, which produced a considerable amount of lava

and caused, a few days later, the collapse of more than 10

million cubic meters of volcanic rocks into the Mediterra-

nean. It should be stressed again that, for all three images

reported in Fig. 5, no false identifications have been

produced by the proposed technique, neither in correspond-

ence to meteorological clouds, nor from the volcanic plume,
Fig. 6. RAT out comings obtained for July 19th have been colocated to a georeferen

with �3(x,y,t)N3 are depicted in red, pixels with �3(x,y,t)N2 and with �3(x,y,t)N

index can be related to thermal anomalies of lower intensity or to small portion of

of lava flows and fissures. Bottom: a photograph documenting the lava crossing
although both features were clearly present over the study

area.

3.4. Precision assessment of thermal anomalies mapping

The study of the space–time evolution of the eruptive

events of Etna and Stromboli volcanoes presented in this

paper confirmed that RAT technique was able to correctly

identify hotspots related to the actual volcanic activity,

strongly reducing the problem of false identification.

In order to evaluate the precision (in the spatial domain)

of the proposed approach in localising hotspots as well as its

accuracy (in the temporal domain) in following the temporal

evolution of activity (i.e., in terms of fluctuations of

anomalies intensity), AVHRR data were colocated to a

georeferenced map of the Etna area. In this way, it was

possible to better evaluate whether thermal anomalies

detected by RAT were spatially related to the actual paths

of the lava flows produced during the eruptions and in
ced map of Mount Etna. Different values of ALICE index are shown. Pixels

1 are depicted in yellow and green, respectively. Lower values of ALICE

lava flows within the pixel. Right side: map of the actual shape and location

through the Provincial Road SP92.
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accordance with the dynamic evolution of the events.

Results obtained for the two most recent Etna eruptions

(2001 and 2002) are shown, because documented and

detailed maps of lava flows were available only for these

events.

Concerning the eruption of July 2001, two maps are

shown, the first one related to the beginning of the eruption,

the second to the period of the peak of volcanic activities. In

Fig. 6 the map derived for 19 July is reported. On this date,

four new fissures were already active as a consequence of

the flank activity that started on 17 July. All the detected

thermal anomalies, shown in Fig. 6 with different colour

codes according to anomaly intensities, are in accordance

with the map of lava flows (produced by Istituto Nazionale

di Geofisica e Vulcanologia, Sezione di Catania-INGV

2001) shown on the right side. In particular, a clear thermal

anomaly was detected over Provincial Road SP92, accord-

ing to the crossing of lava flow which occurred that day and

that is documented in the photograph (Behncke, 2001)

reported at the bottom of the same figure. It should be

stressed once more that different values of �3(x,y,t) can be

associated with different thermal anomaly intensities. Lower

values of the ALICE index could be related also to smaller

portions of molten lava within the pixel of the satellite

image.

In Fig. 7, results achieved on 24 July 2001 at 01GMT

are shown. At that time, all the new fractures that had

opened on the volcanoTs flank were active. Furthermore,

two new eruptive activities started on 20 July at Levantino

and in Valle del Leone (Behncke, 2001) and both were
Fig. 7. RAT out comings obtained for July 24th have been colocated with a geor

Right side: map of the actual shape and location of lava flows and fissures.
detected by the proposed technique. In fact, looking at Fig.

7 where, once more, thermal anomalies detected on the

study area are shown (in red) together with the scheme of

the lava flows, a new thermal anomaly (see the elongated

shape anomaly in the upper part of the image) appears

which was not present on the July 19th image shown

before (Fig. 6). Moreover, the increase in volcanic activity,

which occurred because of the opening of new fractures,

has been recognised by RAT as well, as confirmed by the

increased number of high-intensity anomalous pixels

compared to the ones identified on 19 July, shown in

Fig. 6. In conclusion, it seems that not only a precise

mapping of the lava flows but also a detailed monitoring, in

the space–time domain, of thermal anomalies is achievable

by means of the proposed approach.

3.5. Pre-eruptive thermal anomaly detection

As mentioned before, the RAT intrinsic tuneability may

allow us to investigate also for possible thermal anomalies

of weaker intensity. Such signals might potentially be

related to a low level thermal activity of volcanic unrest

and, if detected before the beginning of the main eruptive

events might be interpreted as signs of impending

eruptions, even if a direct confirmation of this connection

is still lacking. Anyway, in order to also confirm RAT

capabilities in detecting such possible pre-eruptive anom-

alous thermal signals, satellite data series acquired before

the beginning of the studied eruptive events were inves-

tigated as well.
eferenced map of Mount Etna. Pixels with �3(x,y,t)N3 are depicted in red.
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Several other authors have observed, for Mt. Etna and

different volcanoes, a period of increase in thermal activity

preceding the beginning of main eruptive events; pre-

eruptive thermal anomalies were detected over summit

areas (Dehn et al., 2002; Galindo & Dominguez, 2002),

within lake waters (Sigurdsson, 1977; Vandemeulebrouck et

al., 2000) and in wells and groundwaters (Badrudin, 1994;

Bonfanti et al., 1996; Decker & Decker, 1981). Due to the

very low thermal conductivity of volcanic rocks, such

thermal changes are essentially produced by the escaping of

very hot, magmatic gases through the cracks and the

hydrothermal systems of volcanic edifices. Temperature

variations may then occur which, however, are expected to

be less intense than thermal anomalies detected during the

phases of lava effusion. In this section, a further inves-

tigation has been carried out in order to determine whether

pre-eruptive thermal anomalies (if any) can possibly be

detected by the proposed approach. In Fig. 8, the situation

observed on 13 July, few days before the beginning of the

strong flank activity, is shown. On 13 July, a new intense

paroxysm event occurred at the South East Crater while lava

flowed from Levantino. Both these events were detected by

the RAT technique as can be seen in Fig. 8 looking at the red

and yellow areas representing, respectively, pixels with

�3(x,y,t)N3 and �3(x,y,t)N2. Moreover, an isolated thermal

anomaly with �3(x,y,t)N2 has been observed on the

southern flank of the volcano. This anomaly, which cannot
Fig. 8. RAT out comings obtained for July 13th have been colocated with a geore

Pixels with �3(x,y,t)N3 are depicted in red whereas all pixels where �3(x,y,t)N2 a

flows and fissures. An isolated thermal anomaly was detected by RAT, located wit

southern flank of volcano.
be related to the two aforementioned episodes, had appeared

within an area (c2700 m elevation) where 4 days later a

new eruptive fracture opened, throwing out lava flows. This

fracture was one of the most active and its lava flows

menaced Rifugio Sapienza, destroying part of the cable car.

This analysis (as documented in Di Bello et al., in press) has

been independently confirmed by direct ground observa-

tions (reporting a sudden and intense air warming at the

same place and in the same day).

In order to investigate more in depth RAT capabilities

and to better assess these preliminary results, a similar

investigation has been carried out for the eruptive events of

Etna and Stromboli which occurred in October–November

2002. In this further analysis, the higher sensitivity offered

by AVHRR Thermal Infrared (TIR) band (centred around 11

Am) to emitting surfaces at lower temperature has also been

exploited because, as mentioned before, possible thermal

precursors should have lower intensities than magmatic

sources. Similarly, the relevant ALICE index for the TIR

band can be expressed as follows:

�4 x; y; tð Þ ¼ T4 x; y; tð Þ � bT4 x; yð ÞN½ �
r4 x; yð Þ

with an obvious meaning of symbols. As is well known,

additional limitations should be taken into account dealing

with these spectral records. For example, environmental

effects (atmospheric and surface temperature fluctuations,
ferenced map of Mount Etna. Different values of ALICE index are shown.

re yellow coloured. Right side: map of the actual shape and location of lava

hin the area (~2700 m) where the four days later new fissure opened on the



Fig. 9. RAT results obtained for 20 October 2002. Detected thermal anomalies are shown on a magnification of AVHRR pass around Etna area (top) and have

been colocated with a georeferenced map of Mount Etna (bottom). ALICE index values �4(x,y,t)N2 (i.e., derived for AVHRR channel 4) are shown in yellow.

Inset: Map of the actual shape and location of lava flows and new fissures. Thermal anomalies detected by RAT are located on and around the area where the

new fissure opened on the southern flank of Etna volcano on 27 October 2002.
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weather-related effects, etc.) may affect the TIR spectral

region more than the MIR one. Nevertheless, as it will be

shown afterwards, the information provided by this spectral

band can be in some cases, and provided the proposed

approach is applied, profitably used for low level thermal

anomaly detection as well.

In Figs. 9 and 10, RAT results obtained processing

AVHRR satellite data acquired in October 2002 are shown.

All satellite products have been colocated to a georeferenced

map of Mt. Etna and all the results have been compared with

a map of actual lava flows produced by INGV (Ingv-

Sezione di Catania, 2002).

In Fig. 9 the RAT satellite product obtained for channel 4

on 20 October is shown. As can be seen from the Figure, a

thermal anomaly with �4(x,y,t)N2 located in the southern

area of Mt. Etna was identified, while no other pixels were

flagged elsewhere. The comparison with the map of lava

flows, reported on the right side of the same figure

highlights that the hotspot detected by RAT was located

on and around the area where 7 days later the new southern

fissure opened, on the flank of Etna volcano. It is as well to

remember that AVHRR channel 4 is more sensitive to
sources at lower temperatures than channel 3. Therefore, it

can be supposed that the thermal anomaly detected by RAT

was related to a magma rising or a hot gas emission, since

no actual lava flows were present in this area at the time of

data imaging. This may explain why the ALICE index in

channel 4 [�4(x,y,t)] did reveal the anomalous signal,

whereas the �3(x,y,t) did not.

Similarly to Fig. 9, in Fig. 10, RAT results obtained for

October 22nd are shown. A thermal anomaly of quite a high

intensity [�3(x,y,t)N3] is detected exactly in the area where

5 days later the new northern fissure opened, as confirmed

by looking at the map of fissures and lava flows reported in

the same figure. In this case, the high value of the thermal

anomaly suggests the presence of a near surface hot source

(for example shallow magma) emitting a radiance peaking

in the MIR AVHRR spectral band. Furthermore, looking at

the bottom of the same figure, where two level thermally

anomalous pixels are reported [in red and yellow for

�3(x,y,t)N3 and �3(x,y,t)N2, respectively], the size and

shape of the detected thermally anomalous areas, seem to be

rightly related to the actual spatial distribution of the new

fractures, as well.



Fig. 10. RAT results obtained for 22 October 2002. Detected thermal anomalies are shown on a magnification of AVHRR pass around Mt. Etna (top) and have

been colocated with a georeferenced map of Mount Etna (bottom). ALICE index values �3(x,y,t)N2 (yellow) and �3(x,y,t)N3 (red) are shown. Inset: Map of

the actual shape and location of lava flows and new fissures. Location of detected thermal anomalies seem to be well correlated to the actual shape and size of

lava flows as well as to the spatial distribution of the fractures opened on the northern flank of Etna volcano on 27 October.

N. Pergola et al. / Remote Sensing of Environment 93 (2004) 311–327324
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These results show that anomalous thermal signals were

detected by RAT some days before the beginning of Mt.

Etna flank eruptions, in both the northern and southern area

of Etna volcano exactly where the two new fissures opened

on 27 October 2002. This fact appears to be even more

important considering that the October–November 2002

Etna eruption was more dangerous and more devastating

than the previous flank eruption, as it had very few

precursors that did not permit in every case to foresee and

predict this event (Behncke, 2002). By reading the reports

(Smithsonian Institute, 2002), in fact, only at 10:25 PM of

26 October (i.e., a few hours before the beginning of the

eruptive event) a swarm of earthquakes was detected and

this was the only significant sign of the impending eruption.

Therefore, such preliminary results show that the

proposed technique, considering both radiances in AVHRR

channels 3 and 4, is not limited to detect hotspots with high

reliability, but it might potentially be used to also identify

signal transients of lower intensity which can possibly

announce impending eruptions. It should also be stressed as

such a capability is achieved by RAT without any

deterioration in terms of false identification rate. Never-

theless, it has to be considered that new evidences should be

retrieved in order to confirm such results and to better

understand the physical nature of the observed thermal

signals. A longer, temporal series of satellite images should

be investigated for example, searching for possible similar

signals also during no-eruptive periods, in order to better

assess such results both in terms of robustness and

reliability. Such an analysis, carried out over a temporal

series of satellite subscenes acquired over the Etna volcano

area during 1 year, is going ahead as a work in progress in

order to verify the possible presence of false positive signals

coming from the volcano itself during no-eruptive periods.
4. Discussion and conclusions

The application of the Robust AVHRR Techniques

(RAT) approach to automatically detect volcanic thermal

features related to eruptive activity has been addressed in

this paper considering some recent eruptive events of Mt.

Etna and Stromboli volcanoes. Preliminary results have

confirmed that such a technique can be successfully used to

detect and monitor thermal anomalies related to volcanic

activity ensuring low false alarm rate and high detection

sensitivity.

Several seasonal (e.g., summer/winter) and observational

(e.g., night/day/afternoon) conditions have been considered,

in order to assess RAT capabilities and limitations. The

proposed approach showed a good reliability in very

different observational conditions; it demonstrated to be

not affected (as, instead, happens for techniques based on a

differential approach) by the solar reflected component of

radiation as well as by the natural warming of volcanic

rocks, both generally producing bfalse positiveQ signals.
These effects, in fact, occurred typically in the same places

under the same observational conditions, so they are

considered as the bnormal stateQ by RAT technique that,

consequently, doesn’t produce false alarms. In all the

considered study cases (Etna eruption of January–February

1999, July–August 2001 and October–November 2002 and

the eruption which interested Stromboli volcano in Novem-

ber–December 2002) the proposed technique was able to

automatically identify hotspots related to eruptive activities,

as well as to monitor the space–time evolution of volcanic

thermal features. A limited, residual number of false alarms

(b1%) has been observed on the whole data set investigated.

Because most of the false positives came from clouds over

the area, an accurate cloud detection algorithm applied in

preprocessing could further reduce the false alarm rate. An

increasing of the false alarm rate could be observed at lower

values of ALICE index which should be used when the

observational conditions (i.e., daytime, summer season)

reduce RAT sensitivity.

The spatial accuracy of the hotspot mapping has been

validated also by colocating AVHRR products on a

georeferenced map of the Mount Etna area. All the detected

thermal anomalies were rightly located on the areas of Mt.

Etna volcano affected by the eruptive episodes and all of

them were in good accordance with the size and location of

the actual lava flows. In terms of monitoring capabilities, the

present technique seems to have confirmed its effectiveness.

As an example, the increase of volcanic activity which

occurred during the Mt. Etna eruptive events following 17

July 2001 was rightly recognised by RAT and figured out by

analysing the evolution of the eruptive event in the space–

time domain.

The analysis carried out on the recent Etna and Stromboli

eruptions of 2002 has confirmed the technique perform-

ances and capabilities, suggesting its usefulness for near

real-time monitoring of volcanic activity. Such an analysis

has also confirmed the self-adaptability of RAT, since it was

successfully applied under very different observational and

natural conditions. The main limitations of the present

approach are related to the cloud coverage, which over

volcanoes could be a severe problem, and to the possible

presence of burning fires over the investigated area, which

might be erroneously interpreted as volcanic thermal

anomalies. Actually, the difficulty induced by cloud cover-

age is a common problem for all techniques working with

IR records, as clouds prevent the observation of the

underlying surfaces (e.g., Tupper et al., 2004). The problem

of bushfires still remains a serious one, as the signal

produced by these two different events (fires and eruptive

activity) is practically the same. However, the nearest areas

to active volcanic craters are often unvegetated zones, with a

low probability of fires occurrence.

Furthermore, the proposed approach has been applied in

order to assess its potential in detecting lower levels of

anomalous thermal signals, possibly related to preparedness

phases of volcanic eruptions. The observation of pre-eruptive
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thermal anomalies (revealed in both MIR and TIR infrared

AVHRR channels and for several study cases) some days

before the beginning of the main eruptive events, suggests

that the RAT technique is also sensitive to anomalous signals

of lower intensity, that may sometimes precede new eruptive

events. This circumstance, if confirmed by further analyses

on extended statistics of events and on different volcanoes,

will allow us to use the RAT approach not only to

automatically detect hotspots and monitor volcanic activity

in near real-time but also to timely identify possible precursor

signals of impending eruptive events.

The proposed technique, being only based on satellite

records may be easily exported to whatever satellite sensors.

In particular, significant improvements, essentially thanks to

the expected reduction of the observational noise, can be

achieved by the extension of the proposed approach to

geostationary satellites like Meteosat Second Generation-

Spinning Enhanced Visible and Infrared Imager (MSG-

SEVIRI) offering a time resolution of 15 min and a channel

selection which saves (and extends) present AVHRR

capabilities.

Even at a lower spatial resolution (3 km compared with

1.1 km of AVHRR in the TIR channels) and thanks to the

MSG geostationary attitude, SEVIRI will offer:

(a) an accurate geocorrection and a natural image-to-

image colocation, as well as constant (for each

location) view angles that permit a strong reduction

of the observational noise and the increasing of

sensitivity of RAT which strongly relies on the

multitemporal analysis of satellite radiance on a

pixel-by-pixel base.

(b) an improved time resolution that will reduce both the

natural (lower image-to-image variability of the llocal

signal) and observational (higher homogeneity of time

series elements) noise increasing, again, the sensitivity

of ALICE indices toward relatively lower signal

variations.

Such capabilities are particularly important when a real-

time monitoring as well as a deeper investigation on pre-

eruptive signal identification is aimed at.

On the other hand, exploiting the Earth Observing

System-Moderate Resolution Imaging Spectroradiometer

(EOS-MODIS) capabilities (e.g., the better radiometric

resolution, the higher dynamic range of the midinfrared

band, the improved spectral channel selection) will make it

possible to improve performances of the proposed approach

especially for what concerns accuracy of lava flow mapping

and precision in retrieving lava physical properties. Finally,

if both opportunities will properly complement each other, a

concrete contribution to the development of a satellite

surveillance system can be achieved, to better monitor

thermal features of active volcanoes and to possibly identify

an integrated, global, observing strategy devoted to volcanic

hazard mitigation.
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