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Abstract

Several satellite techniques have been proposed to monitor events related to seismic and volcanic activity. A self-
adaptive approach (RAT, Robust AVHRR Techniques) has recently been proposed which seems able to recog-
nise space-time anomalies, differently related to such events, also in the presence of highly variable contribu-
tions from atmospheric (transmittance), surface (emissivity and morphology) and observational (time/season,
but also solar and satellite zenithal angles) conditions. On the basis of NOAA-AVHRR data, the RAT aprroach
has already been applied to Mount Etna volcanic ash cloud monitoring in daytime, and to seismic area monitor-
ing in Southern Italy. This paper presents the theoretical basis for the extension of RAT approach also to night-
time volcanic ash cloud detection, together with its possible implementation to lava flow monitoring. One ex-
ample of successful forecasting (few days before) of a new lava vent opening during the Mount Etna eruption of
July 2001 will be discussed in some detail. Progress on the use of the same approach on seismically active area
monitoring will be discussed by comparison with previous results achieved on the Irpinia-Basilicata earthquake
(Ms = 6.9), which occurred on November 23rd 1980 in Southern Italy.

Key words lava flows — volcanic ash clouds — Ir- ally been preferred despite their relatively
pinia-Basilicata earthquake — Robust AVHRR Tech- coarse spatial resolution. For applications like
niques — TIR anomaly volcanic ash-cloud detection and tracking, spa-

tial resolutions of a few kilometres (faced with
revisiting times of 30 min and less), offered by

1. Introduction geo-stationary satellites (like GOES, GMS,
etc.), were sufficient to implement operational

Several satellite techniques have been pro- satellite-based systems (like VAACs, Volcanic
posed to monitor seismic and volcanic activity Ash Advisory Centres), devoted to worldwide
and to possibly mitigate related hazards. support flight safety. On the other hand, due to
As far as an early warning and real-time the high radiant temperature involved, even the
monitoring of volcano activity are concerned, spatial resolution of 1.1 km (nadir-view) of-
satellites with shorter revisiting times have usu- fered by sounders like AVHRR (Advanced Very

High Resolution Radiometer, on board NOAA,
US National Oceanic and Atmospheric Admin-
istration, satellites) has proved useful since

Mailing address: Dr. Valerio Tramutoli, Dipartimento :
di Ingegneria e Fisica dell’ Ambiente, Universita degli Stu- 1964 (e.g., Gawg recky et al". 19.6 5) for Vo_lcanlc
di della Basilicata, Via dell’ Ateneo Lucano 10, 85100 Po- lava ﬂOV_V detection and .mon%torlng. EYen if oth-
tenza, Italy; e-mail: Tramutoli @unibas.it er satellite sounders, with higher spatial and/or

49



Gerardo Di Bello et al.

spectral capabilities are now available for
studying volcanic activity (from the historical
LANDSAT Thematic Mapper up to the more
recent MODIS and ASTER sensors on the EOS
platforms), time resolution (from few days to
few weeks) and present data policy (data access
and/or costs) still represent the main obstacles
for an extended use of such sensors for real-
time monitoring of volcanoes (Carn and Op-
penheimer, 2000). After 20 years of activity
(scheduled to continue at least up to 2010),
AVHRR s still one of the best instruments for
real-time volcano activity monitoring. The most
quoted AVHRR techniques for volcanic activity
monitoring are those first proposed by Prata
(1989) for volcanic ash monitoring, and by Har-
ris and Swabey (1995) for active lava detection.
Both techniques, subsequently amended and/or
improved by the same and by other authors,
make use of a fixed threshold approach. For ex-
ample, in the case of Prata’s split window
method, volcanic ash clouds are identified (dis-
criminating them from meteorological clouds)
in correspondence with AVHRR pixels having
T, - Ts <0 K (T4 and Ts being the radiances, ex-
pressed in brightness temperature, measured,
respectively, in the thermal infrared AVHRR
channel 4 and 5). Similarly, AVHRR pixels con-
taining active lava are identified (discriminating
them from high reflective and/or hot exposed
rocks) by the Harris and Swabey method, in
correspondence with AVHRR pixels having 75 +
— T4 > 10 K (75 being the radiance, expressed in
brightness temperature, measured in the medi-
um infrared AVHRR channel 3). As we will see,
both techniques, even if effective in most cases,
also give false or missing identification under
particular (but not rare) observational condi-
tions, and for specific atmospheric and Earth
surface features.

The relatively low spatial resolution of
AVHRR has not been considered a barrier even
for studies on seismic activity. Since the pio-
neer study of Gorny et al. (1988), several au-
thors have reported large scale outbreaks (ex-
tending for hundreds of kilometres) of TIR
(thermal infrared) anomalies in some relation
with time and place of occurrence of severe
earthquakes in China (Qiang and Chang-Gong,
1992; Qiang et al., 1997), Central Asia (Tronin,
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1996), and Japan (Tronin et al., 2002). Some
rash conclusions and claimed results of similar
studies have been considered with prudence by
the scientific community, mainly due to the in-
sufficiency of the validation data-sets and the
scarce importance attached by authors to other
causes (e.g., meteorological) that, rather than
seismic activity, could cause the observed TIR
anomalies.

Also in this case, anomalous transients in the
observed satellite signal are evaluated in ab-
solute terms and not by reference to a normal
signal behaviour that, as experience teaches, is
specific for time and place (llocal, as defined in
Tramutoli, 1998) of observations. In fact, the
same signal, which is normally observable at a
specific time and place, could prove anomalous
when observed in a different time and place. Us-
ing a fixed threshold approach, for whatever
place and time, imposes a choice between relia-
bility (that would require more drastic thresh-
olds) and sensitivity (low level thresholds) that,
due to the normal space-time variability of the
signal, produces missing (in the first case) or
false (in the second case) detection proliferation.

This paper will deal with the problem of re-
solving, in space-time signal transients, such a
natural/observational noise, whose variable
contribution to satellite radiances (signal) can
be so high as to completely hide (missing de-
tections) or simulate (false detections) signal
transients possibly associated with the events
under study.

This problem has already been successfully
tackled by applying the RAT (Robust AVHRR
Techniques) approach (Tramutoli, 1998) to the
detection and monitoring of wildfires (Cuomo,
et al., 2001) and meteorological (Pietrapertosa
et al., 2001) and volcanic (Pergola et al., 2001;
Tramutoli et al., 2001a) clouds using AVHRR
VIS (visible), NIR (near-infrared) and MIR
(mid-infrared) radiances. On the basis of
NOAA-AVHRR data, RAT has already been
applied to Mount Etna volcanic ash cloud mon-
itoring in daytime (Pergola et al., 2001) as well
as seismic area monitoring in Southern Italy
(Tramutoli et al., 2001b). The RAT approach
permitted us to recognise space-time anom-
alies, related differently to such events, also in
the presence of highly variable contributions
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from atmospheric (transmittance), surface (e-
missivity and morphology) and observational
(time/season, but also solar and satellite view
angles) conditions. To accomplish this, RAT ex-
ploits all the information contained in long-
term series of satellite records {V (x, y, 1), t €T},
collected under similar observational condi-
tions at location (x,y) in order to characterize
the signal behaviour in terms of expected value
Vrer (x,y) and variability oy (x,y) in unper-
turbed conditions to be analysed by comparison
with the signal V(x, y, f) at hand. An anomalous
space-time transient is then evaluated on the ba-
sis of the history of the signal at the site (x, y),
by an index like ALICE (Absolutely Local In-
dex of Change of the Environment, Tramutoli,
1998)

Vi(x,y,1) — Vi, y
o) = L2 Vot

(1.1)

which provides at the pixel-level an estimate
of the difference between the signal V (x, y, 1)
observed at time 7 and its expected value Vgrgr:
‘(x, y), weighted by the historically observed
signal variability ov (x, y) which includes all the
possible noise sources not related to the event to
be monitored. The robustness of this approach
is intrinsic, because the higher the variability
ov (x, y) of the signal (in the chosen temporal
domain 7) is, the harder it will be to achieve
high values of ®y (x, y, 1), reducing, in this way,
the problem of false alarms. It should be stres-
sed that such an approach, being exclusively
based on satellite data, (without any other ancil-
lary information), is fully exportable on which
ever satellite/sensor system and in whatever ge-
ographic area.

In this paper, the theoretical basis for the ex-
tension of RAT approach also to night-time vol-
canic ash cloud detection will be presented to-
gether with its possible implementation to lava
flow monitoring. One example of successful
forecasting (a few days before) of a new lava
vent opening during the Mount Etna eruption of
July 2001 will be discussed in some detail.

Progress on the use of the same approach on
seismically active area monitoring will be dis-
cussed by comparison with previous results
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achieved on the Irpinia-Basilicata earthquake
(Ms=6.9) which occurred on November 23rd
1980 in Southern Italy.

2. Volcanic ash cloud monitoring

As mentioned before, the volcanic ash de-
tection method suggested first by Prata (1989),
has been widely used in the last decade and fur-
ther improved by the scientific community
(e.g., Holasek and Rose, 1991; Schneider and
Rose, 1994, 1995; Rose and Schneider, 1996;
Davies and Rose, 1998; Ellrod and Connell,
1999). It uses the difference of brightness tem-
peratures measured by satellite sensors (like
AVHRR) in two contiguous infrared spectral
channels («split-window»), around 11 um (here-
after 74) and 12 um (hereafter T5). Due to the
spectral properties of semi-transparent volcanic
clouds (mainly due to acid components and ash
particles), eruptive volcanic plumes are expect-
ed to give negative (T4 - Ts) differences, where-
as semi-transparent meteorological clouds
should generally lead to positive values. Even if
the usefulness of such a technique in discrimi-
nating volcanic clouds from water/ice clouds
has been confirmed by several studies (e.g.,
Schneider and Rose, 1994, 1995; Davies and
Rose, 1998), its reliability has been demonstrat-
ed not to be satisfactory in several circum-
stances. In fact, a high concentrations of water
vapour in the atmosphere, or contained inside
the eruptive plume (quite common in the first
few hours following the eruption) can compen-
sate the expected reverse absorption effect giv-
ing positive (74 - T5) differences which prevent
the above mentioned method from correctly
identifying ash clouds (Wen and Rose, 1994;
Krotkov et al,, 1999; Simpson et al., 2000).
Wen and Rose (1994) recognise that such a re-
verse effect completely disappears for particle
size greater than 5 um as well as for totally
opaque clouds. A similar problem arises in the
presence of a cold surface background, not so
rare, especially during the winter, due to the
low contrast between TIR radiances coming
from the ash cloud and the underlying surface
(Wen and Rose, 1994; Rose and Schneider,
1996; Seftor et al., 1997; Pergola et al., 2001).
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As an example, figs. la,b and 2a-c show two completely missed using the simple AT4_s = T4 +
cases of eruptive plumes at Mount Etna on July — T5 <0 K Prata’s test. The reason is quite clear
23rd 2001 at 12:00 GMT and on July 30th 2001 looking at the behaviour of AT,_s signal across
at 01:00 GMT that result poorly detected or the volcanic plume (figs. 1b and 2b). Even if
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Fig. 1a,b. NOAA/AVHRR July 23rd 2001, 12:00 GMT: a) pixels satistying Prata’s test, AT4s < 0 (see text), are de-
picted in red; in background AVHRR channel 4 brightness temperatures are depicted in grey tones (light tones cor-
respond to higher BT values). Details of the eruptive plume are given in the box. b) The behaviour of AT4_s signal
across the transect drawn in (a) is plotted together with its reference values corresponding to ®4_s (x, y, f) cuts at val-
ues in between 0 (i.e. ATy_s = (ATu-s)) and — 3 (i.e. ATy_s = (ATy_s) — 3 04s). Note how most of the ash plume exhibits
positive AT,_s values undetectable by Prata’s fixed threshold test but still recognizable by RAT approach (see text).
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NOAA-AVHRR 30 July 2001, 1:00 GMT
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Fig. 2a-c. NOAA/AVHRR July 30th 2001, 1:00 GMT: a) as in fig. la; b) plots of AT,_s signal across the
transect drawn in (a): note as ash plume exhibits only positive AT4_s values being completely undetected by
Prata’s fixed threshold test; c) AT3-4 signal (see text) is plotted together with its reference values correspon-
ding to ®3-4 (x, y, f) cuts at values in between 0 (i.e. ATs_4 = (AT3.4)) and 3 (i.e. ATs_4 = (AT34) + 3 O3-4).
Note how the presence of the ash plume is detectable by RAT approach also on the basis of ®3_4 (x, y, ) in-
dex (see text).
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ATy _s is, on the plume, clearly smaller than on
the neighbouring surface background, only for
a few pixels on 23rd July (never in the 30th Ju-
ly case) does its value reach the negative level
required by Prata’s test to make the volcanic
plume detectable.

In these cases, the RAT approach could pro-
vide a statistics-based method to dynamically
define the discrimination thresholds, without
having recourse to any other information except
for satellite records. Starting from the general
expression (1.1) and considering the variable V-
“(x, » ) =[T4 (6% » 0 -Ts(x Y t)] =ATy5 (x, Y 1)
the ALICE index can be defined as

AT, (X, Y, Z) - (AT4,5 (X, y)>
O-AT4 S(x’ y)

®AT4 5 ('xsy’ t) =
2.1

where the quantities (AT4-s (x, y)) and Ot (x, y)
are, respectively, the mean values and the stan-
dard deviations of quantity ATy-s (x, y, f) com-
puted over a long-term series of unperturbed
satellite records, collected in similar observa-
tional conditions. The first one represents the
background signal observed in unperturbed
conditions, whereas the second one takes ac-
count of the natural variability of the signal in
the series. Following RAT prescriptions on da-
ta set homogeneity (for details see: Tramutoli,
1998), in the cases of figs. la,b and 2a-c, the
reference images (ATss (x, y)) and Ou-s (x, y)
were computed on the basis of co-located,
cloud-free, AVHRR records collected during
the month of July in the years from 1996 to
2001. Only AVHRR images collected around
12:00 GMT were used to build the reference
images for the 23rd July case, and only the ones
collected around midnight for the 30th July
case. In fig. 1b, for the 23rd July case, the be-
haviour of index ®s-s(x, y, t) is represented
(along the same transects across the ash plume)
for values in between 0 (i.e. ATss={ATss))
and - 3 (i.e. ATys= <AT4_5> - 3045). It is quite
evident that most of the ash plume also exhibits
positive AT4_s values (up to 2.5 K) and that the
use of llocal thresholds (already at ®4-s (x, y, 1) <
<—1) could permit a better description of the
actual ash plume extension.
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Recently, other authors have proposed dif-
ferent detection schemes which make use of
MIR (medium infrared around 3.5 um, here-
after 73) radiances suggesting the 73 — T4 differ-
ence as a further indicator of ash clouds (Ellrod
and Connell, 1999). Also in these cases, major
problems arise with the use of a «fixed thresh-
old» approach that affects the reliability of such
methods under particular observational condi-
tions (e.g., night/day, thin cirrus clouds, etc.;
Scaffidi, 2001). Also in this case the RAT ap-
proach could permit us to dynamically define
suitable discrimination thresholds automatical-
ly computed, not a priori, but only on the basis
of satellite records. In this case the general ex-
pression (1.1) applied to the variable V (x, y, f) =
= [T3 3 0D-Ti(x t)] =ATs5-4 (x, y, 1) per-
mits us to define the ALICE index

AT, ,(x,y,1) — (AT, ,(x,y))
O (%,Y)

®AT3 4 (x7y7 t) =
(2.2)

where, the quantities (AT (x, y)) and 03-4 (x, y)
have the same meaning and play the same role
as described for expression (2.2). In fig. 2c, for
the 30th July case, the behaviour of the index
®3-4 (%, y, 1) (along the same transects across the
ash plume) for values in between 0 (i.e. AT3_4=
= <AT3_4>) and 3 (i.e. AT3_4 = <AT3_4> +3 03_4) is
represented. It is quite evident that most of the
ash plume also exhibits negative AT3_4 values
(up to — 2 K) and that the use of llocal thresh-
olds (already at ®3_4 (x, ¥, ) > 1) could permit
us a better description of ash plume extension
also by using the T3-Ty4 indicator. Preliminary
tests (Scaffidi, 2001) performed on several
Mount Etna eruptive events show that the com-
bined use of indices (2.1) and (2.2) strongly re-
duces false and missing volcanic ash identifica-
tion, also in those cases where traditional, fixed
threshold approaches, fail.

3. Active lava flow monitoring
Satellite remote sensing of hot-spots (like

molten lava or gas emission of high temperature)
mainly relies on the high temperature contrast
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with the adjacent (colder) surfaces that, at night-
time, can be better appreciated in the MIR at-
mospheric window around 3.5 um. However, in
daytime, within that spectral region, the solar ra-
diation reflected by exposed soils, and the natural
warming of volcanic rocks, can be responsible for
a signal at the sensor as high as to exceed the dy-
namic range of MIR detectors. In these cases, a
simple threshold approach on satellite MIR radi-
ances, would generate false identification (Op-
penheimer, 1998). To solve such a problem, Har-
ris and Swabey (1995) proposed a two-channel
method based on the difference between bright-
ness temperatures measured in AVHRR channel
3 (at 3.55-3.94 um, hereafter 73) and channel 4
(10.3-11.3 um, hereafter 7). Since channel 3 is
more sensitive than channel 4 to hot sources at
magmatic temperatures, whereas both should be
equally sensitive to solar heated surfaces, vol-
canic hot-spots may be detected at higher AT3_4 =
= (T5-T4) values. Also in this case a fixed thresh-
old test (AT3-4> 10 K) was proposed. Higgins
and Harris (1997), in order to detect thermal
anomalies on Mount Etna, Stromboli and Vul-
cano, used a similar approach implemented after-
wards on GOES-IMAGER satellite (Harris et al.,
1999). Nonetheless, these methodologies do not
always remain reliable, mainly because of the
chosen fixed threshold approach that prevents
their reliability under several observational con-
ditions. In daytime, for example, solar radiation
reflected by exposed soils as well as clouds (ab-
sorbing the radiation thermally emitted by the
Earth surface more in the TIR band 4 of AVHRR,
than in the MIR band 3) can produce AT73.4
greater than 10 K even far, or independently, from
any volcanic thermal activity (Marchese, 2001).

Figure 3 (left side) shows two examples of
such effects in the case of two eruptive events
which occurred at Mount Etna in February
1999 and in July 2001. In the first case (22nd
February 1999, 17 GMT, top-left) both the
above mentioned effects (due to meteorological
clouds and/or exposed soils) are present. In the
second one (23rd July 2001, 15 GMT, bottom-
left) mainly the volcanic plume, but also high
reflective exposed or sparsely vegetated soils,
are mistaken for active lava flows.

Also in this case, the RAT approach could
permit us to simply overcome the problem of
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such false detections, increasing, at the same
time, (as we will see in the following), the sen-
sitivity toward thermal anomalies of lower in-
tensity.

Starting once more from the general expres-
sion (1.1) and considering the variable V (x, y, 1)=
=Ts(x, y, 1), a simple ALICE index can be de-
fined as

B y.1) = 2 ygi(;’%(x,y»

3.1

where the quantities (73 (x, y)) and or, (x, y) are,
respectively, the mean value and the standard de-
viation of the MIR signal 73 (x, y, ), computed,
for each location (x, y), over a long-term series
of unperturbed satellite records collected under
similar observational conditions. It should be
noted that:

i) As ®r; (x, y, 1) index gives the excess of
the MIR signal, 73 (x, y, 1), observed at time z,
compared to its «unperturbed» value, historical-
ly observed at the same place, (x, y) and under
similar observational conditions (i.e. same
month of the year, same hours of the day, same
sensor etc.), false detections due to site effects
are expected to be strongly reduced. In fact, sur-
face properties (high reflective exposed soils,
warming volcanic rocks, etc.) are expected to be
quite similar during the same period of the year
(month) and of the day (hours), so low values of
®ry (%, y, 1) are expected in these cases, even in
the presence of high values of T3 (x, y, £).

ii) Residual fluctuations of the 75 (x; y, t) sig-
nal, possibly due to the variability of natural (e.g.,
atmospheric or surface properties) or observa-
tional (e.g., satellite time of pass, navigation and
co-location errors, etc.) causes, are all included in
the or; (x, ¥) denominator term, which further re-
duces ®ry (x, y, 1) values in the presence of high-
ly variable llocal observation conditions.

iii) The use of a single channel approach
avoids false detections due to the presence of
clouds that, as explained before, mainly originat-
ed from the use of a dual-band index.

In the cases of the above mentioned February
1999 and July 2001 events, the ®r, (x, y, £) index
was computed following the general prescrip-
tions of the RAT approach (for details see: Tra-



Gerardo Di Bello et al.

ary 1999-17 GMT

Fig. 3. The NOAA-AVHRR images above show the comparison between (left) the fixed threshold method of
Harris et al. (1995) and the RAT technique (right) on February 22nd 1999, 17:00 GMT (top) and July 23rd 2001,
15:00 GMT (bottom) during Mount Etna eruptive activity: pixels identified as lava flows (see text) are depicted
in red. In background AVHRR channel 4 Brightness Temperatures are depicted in grey tones (light tones corre-
spond to lower BT values). Note how on 22nd February 1999 (fop-left) the fixed threshold method generates sev-
eral false alarms because of sensitivity of clouds to the dual-band test used. This problem does not affect (top-
right) the RAT technique (based on a single-band) that detects hot-spots only on Mount Etna according to lava
flows produced by the fracture opened on the flanks of volcano starting from 4th February 1999. In the case of
23rd July 2001 (bottom-left), the volcanic plume as well as high reflective soils are mistaken for lava flows by
the fixed threshold approach. RAT technique (bottom-right) recognizes only hot-spots associated with the lava
flows eftectively produced from a series of new vents opened starting from 17th July.

mutoli, 1998). In the first example (22nd Febru- during the month of February throughout years
ary 1999, 17 GMT), reference images of (T3 - 1995-2001.

-(x, ¥)) and or, (x, y) were computed using all In the second case (23rd July 2001, 15 GMT),
the afternoon (17:00-19:00 GMT) NOAA- they were computed using all the noon (12:00-
AVHRR passes on the investigated area acquired 15:00 GMT) NOAA-AVHRR passes acquired
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during the month of July in the same period
(1995-2001). In both cases a ko-clipping-filter
(Tramutoli, 1998) was applied to exclude the
contribution coming from clouds or hot-spots
possibly present in the historical data sets from
the computation of the reference fields. In order
to reduce further spurious contributions to or;
- (x, v), all imagery was precisely navigated us-
ing the SANA scheme (Pergola and Tramutoli,
2000) before co-locating them in the same geo-
graphic projection.

From the right side of fig. 3, it is possible to
infer, also by comparison with the results (shown
on the left side) obtained by the dual-band, the
fixed threshold approach of Harris et al. (1995),
the robustness of the ®r, (x, y, f) index against the
proliferation of false hot-spot detection. The ®r -
“(x, ¥, 1) index is, in fact, intrinsically not sensitive
to reflected solar radiation effects due to soil prop-
erties which, under the same observational condi-
tions (month of the year, time of the day, etc.) al-
ways occur in a similar way (they are locally
normal), producing low values of ®r; (x, y, ) even
in the presence of high values of 73 (x, y, 7).

In the case of 22nd February 1999, where
AT3_4 > 10 K test mistakes meteorological clouds
for hot-spots, the RAT approach detects thermal
anomalies only in correspondence with docu-
mented Mount Etna lava flows (in this case those
produced by the fracture opened on the South
East side of the South East Crater on 4th Febru-
ary 1999 that produced abundant lava flows to-
ward Valle del Bove until November 1999:
Behnke, 1999).

In the case of 23rd July 2001, where high
reflective soils and the whole volcanic plume
were mistaken for hot-spots, the RAT technique
(right-side) identifies only the thermal anom-
alies associated with the lava flows produced
from a series of new vents opened starting from
17th July (Behnke, 1999).

Together with its robustness against false
identification, the proposed approach offers the
possibility to evaluate the intensity of anom-
alous T3 (x, y, ?) transients in terms of their nor-
mal variability or; (x, y). In the previous exam-
ples (fig. 3), signal excesses higher than 3or,
(i.e. ory(x, y, 1)>3) were considered, but ther-
mal anomalies of lower (llocal) intensity could
also be usefully investigated. As an example, fig.
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4 reports the result of the hot-spots detection per-
formed by using a 3o cut (i.e. ®r; (x, y, 1) >3) on
the NOAA-AVHRR image of 13th July 2001.
Three thermal anomalies are detected on Mount
Etna, in accordance with the strombolian erup-
tions from the South East and Levantino craters
that occurred on 7th and 13th July with emission
of lava flows directed toward Valle del Bove
(Behnke, 2001). In the same figure, the afore-
mentioned thermal anomalies are also superim-
posed on a cartographic map of Mount Etna area.
In this case, locations with ®r, (x, y, £) > 2 are de-
picted (in yellow) together with the ones with ®r,-
‘(% y, 1) > 3 (in red), in order to investigate spatial
distribution of thermal anomalies with different
intensity. Thermal anomalies of lower intensity
are associated here with smaller portions of
AVHRR pixel affected by molten lava, coming
from minor (and/or to the borders of the main) la-
va flows originated as a consequence of the 7th
and 13th July Mount Etna eruptions. A single
thermal anomaly, that cannot be related to the la-
va flows from SE Crater and Levantino, is clear-
ly present within the area where, four days later,
a new eruptive fracture opened, at an elevation of
about 2700 m, throwing out thick lava flows. This
fracture was one of the most active and danger-
ous, and its lava flows threatened Rifugio Sapien-
za and destroyed part of the cable-car before
crossing the Provincial Road SP-92. Even if such
analysis was confirmed by direct ground obser-
vation (reporting a sudden and intense air warm-
ing at the same place and on the same day, S.
Longhitano, private comunication), further stud-
ies on an extended statistics of eruptive events are
obviously required to better assess this result.

Such preliminary results suggest that, thanks
to the use of /local thresholds, the proposed ap-
proach is not only robust against false hot-spot
detections, but also sensitive to signal transients
of lower intensity, that (if their relationship with
pre-eruptive magma rise is confirmed) could open
new possibilities to a better definition of proce-
dures forewarning eruptive events.

4. Seismically active area monitoring

The dependence of AVHRR TIR signal on
several natural (e.g., atmospheric transmittance,
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Fig. 4. NOAA/AVHRR July 13th 2001, 1:00 GMT: hot-spots depicted in red are the ones detected by RAT (at
®s (x, y, 1) > 3) on Mount Etna in correspondence with lava flows consequent to the strombolian eruptions from
SE Crater and Levantino which occurred on 7th and 13th July. In background AVHRR channel 4 brightness tem-
peratures are depicted in grey tones (light tones correspond to lower BT values), coast-lines are depicted in yel-
low. Results of RAT analysis are projected on a map of Mount Etna shown in the box corner. In this case also
thermal anomalies of lower intensity (with ®s (x, y, f) > 2) are depicted (in yellow). Note the isolated anomaly
(that, differently from the others, cannot be related to lava flows) detected within the area where four days later
a new eruptive fracture opened, throwing out lava flows (see text).

surface temperature, spectral emissivity and to-
pography) and observational (time/season, but
also satellite view angles) conditions has been
stressed in a recent study (Tramutoli et al.,
2001b) of the Irpinia-Basilicata earthquake (No-
vember 23rd, 1980, My = 6.9).

In that case, the considered variable was the
difference V(x, y, ) = Ta (x, y, 1) — Tu (¢) = ATy
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- (x, y, t) between the current signal Ty (x, y, 1)
(TIR radiance in the AVHRR channel 4) meas-
ured at location (x, y) and its spatial average 74 (7)
computed in place, on the image at hand, con-
sidering all cloud-free pixels belonging to the
same, land or sea, class. According to the gen-
eral expression (1.1), the corresponding ALICE
index was
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AT(x,y,1) — (AT (x,y))
O (%)

@, (X, 3, 1) = 4.1

where quantities (AT} (x, y)) and oOar, (x, y) are,
respectively, the mean value and the standard
deviation of the differential signal AT4 (x, y, 1)
computed, for each location (x, y), over a long-
term series of unperturbed satellite records col-
lected under similar observational conditions.
It should be noted that, also in this case:

i) As Qar, (x, y, 1) index gives the excess of
ATy (x, y, t) signal, observed at time ¢t compared
to its «unperturbed» value, historically ob-
served at the same place, (x, y) and under simi-
lar observational conditions (i.e. same month of
the year, same hours of the day, same sensor,
etc.), false anomalies due to site effects (e.g.,
land cover, altitude, etc.) are expected to be
strongly reduced. In fact, altitude can be as-
sumed constant (for the same location) and oth-
er important surface properties, like emissivity
and temperature, are expected to be quite simi-
lar during the same period of the year (month)
and day (hours). Low values of ®arz, (x, y, 1) are
then expected even in the presence of high val-
ues of ATy (x, y, t) and a flat spatial distribution
of ®ar, (%, y, t) even in presence of a high spa-
tial variability of ATy (x, y, ) signal (see for in-
stance: Tramutoli ef al. (2001b) where the inde-
pendence of ®ar, (x, y, ) index from altitude is
demonstrated in the case of a highly variable
orography)!

ii) The choice of a differential variable AT4-
-(x, y, 1), instead of T4 (x, y, 1), is expected to re-
duce a possible contribution (e.g., occasional
warming) to the signal due to year-to-year cli-
matological changes and/or season time-drifts.
In fact, such effects are expected to affect both
Ts (x, y, t) and Ty (¢) terms of AT4 (x, y, 7) in a
similar way.

iii) Residual fluctuations of the ATx (x, y, 1)
signal, possibly due to the variability of natural
(mainly atmospheric water vapour content) or
observational (e.g., satellite time of pass, navi-
gation and co-location errors, etc.) causes, are
all included in the oar, (x, y) denominator term
which further reduces ®ar, (x, y, t) values in the
presence of highly variable llocal observation
conditions.
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In the quoted study (Tramutoli et al., 2001b)
on the Irpinia-Basilicata earthquake (November
23rd, 1980, Ms=6.9), five years (1994-1998)
of NOAA-AVHRR images (acquired during the
month of November around 18:00 GMT) were
used to compute the reference images of (ATy-
“(x, y)) and Oar, (x, y). The ®ar, (x, y, 1) index
was then computed for the month of November
1980 (validation) as well as for other, seismi-
cally unperturbed (no seismic events with Ms >
> 4 in the investigated area/period) years (falsi-
fication). Even if higher values of ®ar, (x, y, 1)
(almost absent in the «unperturbed» years con-
sidered) were found in some correlation with
the spatial distribution of seismogenic areas and
with time of earthquake occurrence, they rarely
reached values greater than 0.6. This means that
the observed signal was still deep in the natu-
ral/observational noise accounted by very high
Oar, (x, y) values. The main contributions to the
high llocal variability of the ATy (x, y, ) signal
were identified in the high space-time dynamics
of atmospheric water vapour content as well as
in the variability of satellite view angles (char-
acteristic of polar satellites like NOAA and dif-
ferently from geo-stationary platforms).

In fact, water vapour is one of the most vari-
able components of the atmosphere, partly ab-
sorbing the outgoing, Earth-emitted TIR radia-
tion. Variations of atmospheric water vapour
content contribute to further increase /local
variability of the measured AT; (x, y, f) signal.
Moreover, even if AVHRR images are precisely
navigated and co-located (in order to permit the
computation of reference images (AT (x, y, 1))
and Oar, (x, y) by a multi-temporal analysis), at
each revisiting time ¢ the same location (x, y) is
observed at different satellite zenithal angles
(which also means different ground-resolution
cells). This circumstance may produce a further
spurious temporal variation of the measured
signal. It should be noted, however, that all the
residual «noisy» contributions to the TIR signal
(including the above mentioned ones related to
the variability of atmospheric conditions and
view angles) are intrinsically taken into account
by the RAT approach, as they generally in-
crease the llocal value of oar, (x, y) reducing
corresponding ®ar, (x, y, ) values and, conse-
quently, false anomaly appearance probability.
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In order to take into account the effects re-
lated to atmospheric water vapour variability,
we applied a different ALICE index to the same
event (Irpinia-Basilicata earthquake) using the
same AVHRR data-set (November 1994-1998,
18:00 GMT)

ALST (x,y,7) — (ALST(x, y))
®ALST(x’ ¥ Z) - O-ALST(xi )’)

4.2)

It differs from the one defined in expression (4.1)
due to the use, instead of the simple TIR signal
Ty (x, y, 1), of the LST (Land Surface Tempera-
ture) AVHRR product, obtained following the
Becker and Li (1990) split-window technique

1ST=1274+ L35

. =&\ _  Ag
[1+<O.15616 =) <0.482 82)]+
Ta_Ts . 1—¢€ &

+42 [6.26+(3.98 1—e )+(38.33 52>]~

(4.3)

Here, &4 and &5 are, respectively, the emissivity
in the AVHRR channel 4 and 5, Ae = (&4 — &)
and € = (&4 + &)/2, T4 and Ts the radiances (ex-
pressed in brightness temperature) measured in
AVHRR TIR channel 4 (around 11 um) and 5
(around 12 um). The algorithm mainly exploits
the direct proportionality expected between at-
mospheric Total Water Vapour Content (TWVC)
and the measured difference 74 — Ts (due to the
higher extinction operated by atmospheric water
vapour in the AVHRR channel 5 than in channel
4) to correct land surface temperature estimates
for the effect of atmospheric water vapour con-
tent. Using the values (&4 =0.95 and &5 = 0.96)
suggested by Becker and Li for the month of
November, expression (4.3) reduces to

LST (x,y,1) = 1.274 +
| 101264 [Ty ) + Ty )]

2
. 6.027 - [T(x, y,zf) — Ty(x.y.1) (4.4)

that well emphasizes how such algorithm basi-
cally exploits only 74 and 75 AVHRR radiances.
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Even if the comparison with ground based
observations ascribes quite high biases to
such LST estimates (> 3°C rms, Pozo Vasquez
et al., 1995), the correlation with near-surface
thermal conditions has been demonstrated to
be quite high (more than 95%, Cuomo et al.,
2002) in the temporal domain. Such biases on
LST estimates, as well as the parametric
choice of surface emissivity values (based on-
ly on the season and not on local surface prop-
erties) are both expected not to affect the
®aLstindex that is in fact based on LST vari-
ations (both in space and time domains) and
not on its absolute values.

Figure 5 summarizes the result of the
analysis performed in the case of the strong
earthquake (M =6.9) which occurred in
Southern Italy (Irpinia-Basilicata) on Novem-
ber 23, 1980 at 7.32 p.m. local time. This is
the same event already analysed in a previous
study (Tramutoli et al., 2001b) by using the
®ar index instead of ®arst. As in that study,
also in this case all NOAA/AVHRR satellite
passes, collected in November from 1994 to
1998 around 18:00 GMT over the Southern
Italian peninsula, were processed in order to
build the average, {ALST (x,y)} and standard
deviation oarst (%, ), reference images. In the
same way, monthly averages ®arst (x, y) of
®aLst (%, y, 1) were computed for the month of
November 1980 (the year of the earthquake
for validation purposes) and for the relatively
unperturbed (no earthquakes with Mg > 4)
years 1994 and 1998 (for falsification purpos-
es). The results of this analysis are reported in
fig. 5, where pixels with ®arst (x, y) > 1 are
depicted in red and aftershock locations in
green. By comparison with results previously
achieved by using the ®ar index (see Tramu-
toli et al., 2001b) it is possible to note that:

i) For November 1980 (validation), the spa-
tial distribution of pixels with ®arst (x, y) > 1 is
quite similar to the one of pixel with ®ar, > 0.6.

ii) As far as unperturbed years (November
1994 and 1998) are concerned (falsification),
pixels with ®arst (x, ¥) > 1 almost disappear
with respect to the already rare presence of
pixels with ®ar, > 0.6.

It seems that the use of the ®arst index,
instead of ®ar, (i.e. taking into account the
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November 1980

November 1994

|

Fig. 5. Results of the analysis on monthly averages ®avst (¥, y) of ®arst (X, y, #) index (computed on the ba-
sis of NOAA-AVHRR images collected around 18:00 GMT during the months of November from 1994 and
1998) for the month of November 1980, 1994 and 1998 (see text). The aftershocks of the Irpinia-Basilicata earth-
quake (November, 23th, 1980, M = 6.9) and the main epicentral area (circled) are depicted in green. Pixels with
®aLst (x, y) > 1 are depicted in red. The zooms, on the epicentral area, of images shown on the left are shown
on the right side. Note the absence of high ®aLst (x, y) values in the unperturbed (no earthquakes with M > 4)
month of November 1994 and 1998.
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contribution to TIR signal variability due to
variations of the atmospheric water vapour
content) mainly produces a reduction of the
llocal value of oaLst (, y), (compared to Oar,’
-(x, v)), permitting a substantial increase in the
Signal-to-Noise (S/N) ratio (inherent in the def-
inition of ALICE indexes) from 0.6 to 1.

Also the indications (e.g., on the possible
relations between occurrence of higher ®ar,
values and seismogenic area distribution and
activation) from the previous study of Tramu-
toli et al. (2001b) appear reinforced by the in-
creased S/N ratio associated with the ob-
served ®arst space-time patterns. Their con-
firmed extension, far away (up to several hun-
dred kilometres) from the epicentral zone is
of no minor importance, reinforcing the idea
that spatial resolution is not the main con-
straint for satellite packages devoted to such
studies.

Further reductions of the observational
noise can then be expected by the extension of
the proposed technique to geo-stationary satel-
lites, like Meteosat. In particular, significant
improvements are to be expected by the exten-
sion of the proposed approach to MSG-SE-
VIRI (Meteosat Second Generation-Spinning
Enhanced Visible and Infra-Red Imager) offer-
ing a time resolution of 15 min and a channel
selection that 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 geo-station-
ary attitude, SEVIRI will offer:

i) A precise navigation and image-to-im-
age co-location, as well as constant (for each
location) view-angles that permit a significant
reduction of the observational noise and an
increase in the sensitivity of the proposed
method, which strongly relies on the multi-
temporal analysis of satellite radiance at pix-
el level.

ii) An improved time-resolution that will
reduce both the natural (lower image-to image
variability of the llocal signal) and observa-
tional (greater homogeneity of time-series el-
ements) noise, increasing once more the sen-
sitivity of ALICE indices toward relatively
lower signal variations.
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5. Summary and discussion

Most of the satellite techniques proposed to
date for seismic and volcanic activity monitor-
ing, make use of a «fixed threshold» approach
that, due to the space-time variability of Earth
surface (and atmospheric) conditions, often pro-
duces missing or false detections of investigat-
ed phenomena. These techniques, in fact, do not
allow for all those factors, not related to the
event under study, whose variable contribution
to the measured signal can completely mask (or
simulate) the effects of the event to be investi-
gated. A different, self-adaptive, approach (RAT)
has recently been proposed (Tramutoli, 1998)
which permits us to recognize (by comparison
with a normal signal behavior automatically de-
fined at the pixel level on the basis of the site-
history) space-time signal transients, also in the
presence of highly variable contributions from
atmospheric (e.g., water vapor content), surface
(e.g., emissivity) and observational (time/sea-
son, view angles) conditions.

In this paper, the theoretical basis for the ex-
tension of RAT approach to several aspects of
volcanic and seismic activity monitoring has
been presented.

Volcanic ash-cloud detection during day-
time was already treated by a similar approach
(Pergola et al., 2001) using AVHRR bands
falling in the SOR (solar reflected) spectral re-
gion. In this work, a RAT approach based on
TIR and MIR AVHRR bands has been proposed
which extends such a possibility to night time.
A RAT approach, similar to the one already
used (Cuomo et al., 2001) for wildfire detec-
tion, has been proposed for lava flow (which
exhibits similarly high radiant temperature in
the MIR spectral region) detection and to inves-
tigate possible pre-eruptive thermal anomalies.

The problem of seismic area monitoring by
satellite TIR surveys was already treated (Tra-
mutoli et al., 2001b) applying the RAT approach
to the Irpinia-Basilicata earthquake (Ms=6.9)
which occurred on November 23, 1980 in South-
ern Italy. In this paper, a substantial S/N in-
crease (from 0.6 to 1.0) has been achieved, al-
lowing for the dependence of measured TIR sig-
nal on atmospheric water vapour content vari-
ability.
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For all the considered topics, the proposed
approach seems to confirm its robustness
against false detections (especially important for
operational monitoring purposes) and its sensi-
tivity toward signal transients of lower intensity.
Its intrinsic exportability (only satellite data are
required), not only in different geographic areas
but also on different satellite instrumental pack-
ages is no minor merit. In particular, benefits
expected by its extension to present and incom-
ing geo-stationary satellite packages have been
particularly stressed for application to seismi-
cally active area monitoring by TIR surveys.
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