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1. Introduction

The Earth’s thermally emitted radiation in
the Thermal Infrared (8-14mm) spectral range,
when  measured from sensors on board satellite
platforms, is referred to as a TIR signal wich us
usually given in units of Brightness Tempera-
ture [K].  In the last few decades, a number of

papers have been published suggesting the exis-
tence of a possible relation between «anom-
alous» space-time fluctuations (hereafter «ther-
mal anomalies») of such a TIR signal and earth-
quakes occurrence (e.g. Gorny et al., 1988;
Qiang et al., 1991; Qiang and Dian, 1992;
Tronin, 1996; Qiang et al., 1997; Salman et al.,
1992; Tronin, 2000; Singh  et al., 2002; Tronin
et al., 2002; Day and Singh, 2003; Ouzounov
and Freund, 2004; Cervone et al., 2006; Saraf
and Choudhury, 2005a,b). 

These papers have been greeted with some
scepticism by the scientific community mainly
for the poor methods used for the analysis of
satellite TIR images (see Tramutoli et al.,
2001a) and for the interpretation of results (e.g.
Geller, 1997). In fact, the main problems in the
above-mentioned studies were the lack of a rig-
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orous definition of anomalous TIR signal fluc-
tuations, the absence of a convincing testing
step based on a validation/confutation approach
and the scarce attention paid to the possibility
that other causes (e.g. meteorological) different
from seismic activity could be responsible for
the observed TIR variations (Tramutoli et al.,
2005). 

Within this context, a different approach
has been proposed which, unlike preceding
methods, permits a statistically based defini-
tion of TIR anomaly even in the presence of
highly variable contributions from atmospheric
(e.g. transmittance), surface (e.g. emissivity
and morphology) and observational (time/sea-
son, but also solar and satellite zenithal angles)
conditions. It was initially proposed for
AVHRR-NOAA (Advanced Very High Resolu-
tion Radiometer onboard NOAA, National
Oceanographic and Atmospheric Administra-
tion) data, and therefore it was named «RAT»

(Robust AVHRR Techniques, Tramutoli,
1998), but its full exportability on different
satellite systems suggested a more generic
name «RST» (Robust Satellite Technique, Tra-
mutoli, 2005), that will be used from now on
throughout this paper.

The RST possible applications to satellite
TIR surveys in seismically active regions has
already been tested in the case of approximate-
ly ten earthquakes (see a selection in table I) by
using a validation/confutation approach, devot-
ed to verify the presence/absence of anomalous
space-time TIR transients in the presence/ab-
sence of seismic activity. 

This paper discusses the progress and limits
of the use of the RST method on seismically ac-
tive area monitoring by comparing results
achieved on different earthquakes which hap-
pened in different geographic areas by using
different satellite sensors. Progresses in reduc-
ing the most important noisy contributions to

Table I. Seismic events which have been studied by applying the RST approach: the used variable V(r,t), the
sensor, the length (years) and homogeneity rules (months of the year, time of the day) which have been applied
to build the  historical data-set (used to compute reference images µV and σV) and the minimum S/N ratio of TIR
anomalies are indicated, together with the references. 

Event Technique Homogeneity rules S/N
(date and magnitude) and time extension 

of data sets (sensor, month, years, hour)

Polar satellites

23 November 1980, <⊗∆T(r)> – monthly average AVHRR – November
Irpinia-Basilicata-Italy (Tramutoli et al., 2001a) (1994-1998) –17:00 -19:00 0.6

Ms=6.9
23 November  1980, <⊗LST(r)> – monthly average AVHRR - November

Irpinia-Basilicata, Italy (Di Bello et al., 2004) (1994-1998) –17:00 -19:00 1
Ms=6.9

7 September 1999 ⊗LST(r,t) – daily analysis AVHRR - August and September
Athens, Greece (Filizzola et al., 2004) (1995-1998) - 1:00-4:00 GMT 1.5

Ms=5.9

Geostationary satellites

17 August 1999, ⊗T(r, t) – daily analysis METEOSAT - August
Kocaeli-Izmit, Turkey (this paper) (1995-2000) –24:00GMT 2

Ms=7,8
26 September 1997, ⊗∆T(r, t) – daily analysis METEOSAT - September

Umbria, Italy (Aliano, 2004) (1992-2000) – 24:00 GMT 2
Ms=5.9 to 6.4
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Table I (continued).

Event Technique Homogeneity rules S/N
(date and magnitude) and time extension 

of data sets (sensor, month, years, hour)

3-7-12-14 October 1997, ⊗∆T(r, t) – daily analysis METEOSAT -October
Umbria, Italy (Abbate, 2005) (1992-2000) –24:00 GMT 2.5
Ms=5.7 max

16 October 1999, ⊗∆T(r, t) – daily analysis GOES - October
Hector Mine, California (this paper) (1996-1999)- 24:00 GMT 2.5

Ms=7,4
7 September 1999 ⊗∆T(r, t) – daily analysis METEOSAT - August &September

Athens, Greece (Filizzola et al., 2004) (1995-1998) 24:00 GMT 3
Ms=5.9

21 May 2003 ⊗∆T(r, t) – daily analysis METEOSAT - April and May
Zemmouri, Algeria (Aliano et al., 2006) (1992-1999) -  24:00 GMT 3

Ms=6.9
28 May 1995, ⊗∆T(r, t)– daily analysis METEOSAT - May
Patras, Greece (Corrado et al., 2005) (1992-1999) - 24:00 GMT 3

Mb 4.7
29 May 1995, ⊗∆T(r, t)– daily analysis METEOSAT  - May

Cyprus (Corrado et al., 2005) (1992-1999)  - 24:00 GMT 3
Mb 5.3

3 June 1995 ⊗∆T(r, t) – daily analysis METEOSAT -  June
Crete, Greece (Corrado et al., 2005) 1992-1999) - 24:00 GMT 3

Mb 4.2
18 June 1995, ⊗∆T(r, t) – daily analysis METEOSAT  - June
Crete, Greece (Corrado et al., 2005) (1992-1999)  - 24:00 GMT 3

Mb 4.9
4 May 1996, ⊗∆T(r, t) – daily analysis METEOSAT - May

Erzurum,Turkey (Corrado et al., 2005) (1992-1999)  - 24:00 GMT 3
Mb 4.2

13 June 1996, ⊗∆T(r, t) – daily analysis METEOSAT  - June
Ionian Sea  (Corrado et al., 2005) (1992-1999) - 24:00 GMT 3

(Southern Greece)
Mb 4.2

16 June 1996, ⊗∆T(r, t)– daily analysis METEOSAT  - June
Patras, Greece, (Corrado et al., 2005) (1992-1999) - 24:00 GMT 3

Mb 4.3
17 June 1996, ⊗∆T(r, t) – daily analysis METEOSAT  June
Crete, Greece (Corrado et al., 2005) (1992-1999)  - 24:00 GMT 3

Mb 4.0
29 June 1996, ⊗∆T(r, t) – daily analysis METEOSAT  - June
Isparta, Turkey (Corrado et al., 2005) (1992-1999) - 24:00 GMT 3

Mb 5.1
26 January 2001, ⊗∆T(r, t) – daily analysis METEOSAT - January &February

Gujarat, India (Genzano et al., 2007) (1999-2004) - 24:00 GMT 3
Ms=7.9

17 August 1999, ⊗T(r, t) – daily analysis METEOSAT August
Kocaeli-Izmit, Turkey (Tramutoli et al., 2005) (1992-1998, 2000) - 24:00 GMT 3.5

Ms=7,8

Vol51,1,2008_DelNegro  7-04-2009  21:54  Pagina 305



306

C. Aliano, R. Corrado, C. Filizzola, N. Genzano, N. Pergola and V. Tramutoli

the measured signal will be discussed by con-
sidering new explanatory cases.

2. A robust satellite-based TIR index  

A wider description of the RST approach
and its implementation on different satellite
sensors to monitor seismic areas can be found
in different  papers (Tramutoli et al., 2001a; Di
Bello et al., 2004; Filizzola et al., 2004; Corra-
do et al., 2005; Tramutoli et al., 2005; Aliano et
al., 2007; Genzano et al., 2007). 

The above mentioned papers used specific
indexes, such as the RETIRA (Robust Estima-
tor of TIR Anomalies, after Tramutoli et al.,
2005) which belongs to a more general class of
ALICE (Absolutely Llocal Index of Change of
the Environment) indexes which give a statisti-
cally well based definition of llocal signal
anomalies (since Tramutoli, 1998 the double l
is used to make reference not only to a specific
place rl but also to a specific time tl).

Using a general formula, ALICE indexes
are computed on the image at hand as follows:  

(2.1)

where r≡(x,y) represents location coordinates on
a satellite image; t is the time of image acquisi-
tion with t∈τ , where t defines the homogeneous
domain of satellite imagery collected during the
years in the same time-slot of the day and period
(e.g. same month) of the year; V(r,t) is the value
of a variable V at location r≡(x,y) and at acquisi-
tion time t; µV(r) is the time average value of
V(r,t) at location r≡(x,y) computed on cloud free
records belonging to the selected data set (t∈τ);
σV(r) is the standard deviation of V(r,t) at the lo-
cation r≡(x,y) computed on cloud free records
belonging to the selected data set (t∈τ).

The choice of the variable V(r,t) depends on
the specific application and on particular effects
that we want to take into account. RST has been
indeed successfully applied to the major natural
and environmental hazards related to: volcano
activity (Pergola et al., 2001; Tramutoli et al.,
2001b; Di Bello et al., 2004; Pergola et al.,
2004a,b; Bonfiglio et al., 2005; Marchese et al.
2006; Filizzola et al. 2007); flood risk (Tramu-
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toli et al., 2001c; Lacava et al., 2005; Lacava et
al 2006); forest fires (Cuomo et al., 2001), etc. 

For its application to seismic area monitor-
ing, different variables have been used

(2.2)

where T(r,t) is simply the TIR radiance at the
sensor; LST (Land Surface Temperature) is a
product of satellite data analysis, which is ex-
pected to give, starting from observations in two
spectrally very close TIR bands (split-windows),
an estimate of the Earth’s Surface Temperature
corrected for the effects of atmospheric water
vapour content (see Di Bello et al. 2004 and ref-
erence herein); T(t) and LST(t) are spatial aver-
ages of T(r,t) and LST(r,t) computed in place on
the image at hand considering cloud-free pixels
only, separately for land and sea: only sea pixels
are used to compute ∆T(r,t) and ∆LST(r,t) if r is
located on the sea; only land pixels are used on
the other hand if r is located on land. The use of
the excesses ∆T(r, t) and ∆LST(r,t), instead of
the simple T(r,t) and LST(r,t), is expected to re-
duce the possible contributions (e.g. occasional
warming) to the signal due to the year-to-year
climatic changes and/or season time-drifts which
usually affect near-surface temperature at a re-
gional scale (Tramutoli et al., 2005).

By construction, the ALICE indexes turn
out to be useful tools for a robust identification
of TIR anomalies and allow us to estimate them
in terms of Signal-to-Noise (S/N) ratio. In fact,
the local excess V(r,t) − µV(r), which represents
the Signal (S) to be investigated for its possible
relation with seismic activity, is evaluated by
comparison with the corresponding observa-
tional/natural Noise (N) represented by σV(r). It
is important to note that σV(r) includes all (nat-
ural and observational, known and unknown)
sources of the overall (llocal) variability of S as
historically observed at the same site in similar
observational conditions (same platform, time
of day, month, etc). This way, the relative im-
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portance of the measured TIR signal (or the in-
tensity of anomalous TIR transients) can natu-
rally be evaluated in terms of S/N ratio by the
ALICE indexes.

As a result, ALICE indexes are intrinsically
resistant to false alarms and, in addition, may
assure a complete exportability to different ge-
ographical areas and a free choice of sensors to
be used.

3. Possible choices for the TIR-based 
variable V(r, t): results for different 
satellite sensors

As indicated in the previous section, different
choices, described in (2.2), are possible for the
variable V(r,t) in the general expression (2.1). 

The first application of the RST approach to
seismically active areas was performed using
polar satellite data (NOAA-AVHRR) and RE-
TIRA index on the Irpinia-Basilicata (23 No-
vember 1980, Ms=6.9) earthquake (Tramutoli et
al., 2001a). In that case, the monthly average
<⊗∆T(r)> of the ⊗∆T(r,t) index was considered
to compare the mean signal observed during the

month of the earthquake (November 1980) with
the one observed during the same month in dif-
ferent years. 

These preliminary studies showed how the
RST approach is able to strongly reduce site ef-
fects (e.g. related to horography, land cover,
etc). In addition, validation results showed
more anomalous pixels than in «unperturbed»
years (confutation) and in a better correlation
with spatial distribution of seismogenic areas
(as in Valensise et al., 1993). However the
monthly average <⊗∆T(r)> of the ⊗∆T(r,t) index
rarely reached values greater than 0.6. A signif-
icant improvement of S/N ratio (see also fig. 1)
was achieved by using the monthly averages
<⊗∆LST(r)> of the ⊗∆LST(r,t) index, instead of
<⊗∆T(r)> (pictures on the right in fig. 2). In
fact, as LST(r,t) gives an estimate of the land
surface temperature corrected by the effects of
atmospheric water vapour content, it is expect-
ed that σ∆LST(r,t)<σ∆T(r,t) with a consequent in-
crease in S/N ratio. In the case of the Irpinia-
Basilicata earthquake, computing LST values
with Becker and Li (1990) algorithm, an in-
crease in S/N ratio from 0.6 to 1 was achieved
(Di Bello et al., 2004).

Fig. 1. S/N evolution after the application of the RST approach to different satellite sensors and different AL-
ICE indexes.
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Figure 2 clearly shows this improvement:
for November 1980 (validation) the spatial dis-
tribution of pixels with ⊗∆T(r,t)>0.6 and
⊗∆LST(r,t)>1 is rather similar, but, for the un-
perturbed November 1998 period (confutation),
pixels with <⊗∆LST(r)> > 1 almost disappear,
differently from pixels with <⊗∆T(r)> > 0.6.
Moreover, in both cases thermal anomalies

seem to occur even far away (up to several hun-
dred kilometres) from the epicentre zone. 

A subsequent study (Filizzola et al., 2004)
on AVHRR data demonstrated that a significant
increase in S/N ratio is achievable moving from
monthly (<⊗∆LST(r)>) to daily (⊗∆LST(r,t)) in-
dexes. In this case ⊗∆LST(r,t) values greater than
1.5 were observed to draw anomalous space-

Fig. 2. The RST approach applied to polar satellite data (NOAA-AVHRR). Comparison between the results of
the analysis on monthly average <⊗∆T(r)> of ⊗∆T(r, t) (left) and <⊗∆LST(r)> of ⊗∆LST(r, t) (right) indexes, comput-
ed for (top) November 1980 (year of Irpinia’s earthquake) and (bottom) November 1998, one of seismically unper-
turbed (i.e. no earthquakes with M>4 in the study area) years (adapted from Tramutoli et al., 2001a; Di Bello et al.,
2004). The unperturbed signal behaviour, in terms of µ∆T(r) and σ∆T(r) or µ∆LST(r) and σ∆LST(r), was determined on
the basis of five years of NOAA-AVHRR records collected in similar observational conditions (see table I). 

November 1980 

 <⊗ T(r)>  > 0.6  

November 1998 

Seismic 
epicentre 

Main seismogenic faults 

November 1980 

November 1998 

<⊗ LST(r)>  > 1  
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7 October 1999 

Octobe r 1999 

21 Octobe r 1999 

⊗ T (r, t) > 2.5 

31 Octobe r 1999 

1 October 1999 

25 Octobe r 1999 

⊗ T (r, t) > 2 

Clouds 

Seismic epicentre 

Main tectonic lineaments 
21 Octobe r 1999 

22 Octobe r 1999 

24 Octobe r 1999 

25 Octobe r 1999 

20 Octobe r 1999 

26 Octobe r 1999 

23 Octobe r 1999 

Main zone affected by 
TIR anomalies 

Fig. 3. The RST approach applied to geostationary satellite data (GOES). Results of the analysis of the daily
⊗∆T(r, t) index on the epicentral area before and after earthquake (Ms=7.4) of Hector Mine (California) occurred
on October 16th 1999. Left side: results of the analysis performed on GOES images collected from October 1st
to 31st with pixels having ⊗∆T(r, t) >2.5 depicted in red. Right side: results of the analysis performed from Oc-
tober 16th to 26th with pixels having ⊗∆T (r, t) > 2 depicted in red. Note that, images corresponding to mostly
overcast days or without any thermal anomaly on the scene are not shown in the figure (see text).
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time TIR patterns affecting the epicentre area a
few days before the Athens (MS=5.9) earth-
quake which occurred on September 7th, 1999.
The use, for the first time, of daily ⊗∆LST(r,t)
observations demonstrated the importance of  a
temporal and spatial persistence analysis of TIR
anomalies in order to discriminate meaningful
anomalous transients from signal outliers with
similarly high S/N values (see also Tramutoli et
al., 2005; Genzano et al., 2007). 

In the same study, Filizzola et al. (2004)
compared results they achieved by using
V(r,t)=∆LST(r,t) on AVHRR data with the ones
achieved by using on the contrary V(r,t)=∆T(r,t)
on Meteosat observations. Due to the absence of
split-windows TIR bands on Meteosat, it was
impossible to use the same RETIRA index for
both, the polar AVHRR and the geostationary
Meteosat, satellites. 

However, this circumstance allowed the au-
thors to make a first analysis of the trade-off be-
tween the best choice of V(r,t) in (2.1), which is
also related to satellite sensor spectral capabili-
ties, and satellite attitude itself. In fact, com-
pared with polar satellites, geostationary satel-
lites guarantee for each ground location, even if
at lower spatial resolution,  constant view angles
with the same ground resolution cell size and
precise image-to-image co-location. Time-slots
which are no longer than 30 min guarantee high-
er homogeneity of imagery time series further
reducing the contribution to the signal variabili-
ty simply due to image-to-image changes in ob-
servational time. For this reason, achievable S/N
is expected to improve, as a consequence of re-
duction of σV(r,t), not only moving from
V(r,t)=∆T(r,t) to V(r,t)=∆LST(r,t), but also
moving from polar to geostationary satellite at-
titudes. In the case of the Athens September 7th
1999 earthquake, it was demonstrated that geo-
stationary attitude, more than the availability of
TIR split-window sensors on board polar satel-
lites, allows us to have a major reduction of ob-
servational noise with the possibility of reaching
a higher S/N levels (see fig. 1). 

The same good performances on geostation-
ary data (Meteosat, in this case) were observed
by Corrado et al. (2005) in the case of medium-
low magnitude events which occurred in
Greece and Turkey (see table I). Also in that

case, thermal anomalies were observed in
known tectonic lineaments even if the most
spectacular case of such a correspondence re-
mains the case of Gujarat’s earthquake (January
26th, 2001, Ms=7.9), where the whole India-
Eurasia boundary plate seems to be drawn by
TIR anomalies (Genzano et al., 2007). The in-
dication for possible large scale effects con-
firms, also in this case, that high spatial resolu-
tion is not a requirement for this kind of study.   

3.1. Two notable study cases: Hector Mine
and Izmit-Kocaeli, 1999 earthquakes

Potentialities and limits of the RST ap-
proach have been assessed starting from a criti-
cal analysis of results achieved by applying: a)
different ALICE indexes to b) different satellite
sensors in c) different geographic areas affected
by d) different kinds of earthquakes. 

In this paper, the RST approach has been ap-
plied to two new test-cases (see table I and fig. 1): 

1) The seismic event of Ms=7.4 which oc-
curred on October 16th, 1999 in California,
along the San Andreas Fault with the epicentre
located near Hector Mine. In this case, RST
performances were evaluated, for the first time,
on GOES (Geostationary Operational Environ-
ment Satellites operated by NOAA) satellite
TIR data and on the American continent.

2) The Kocaeli-Izmit earthquake of Ms=7.8
which struck Turkey, along the North Anatolian
Fault (NAF), on August 17th 1999. In this case,
RST performances were evaluated, for the first
time, by applying the ALICE index based on the
choice V(r,t) = T(r,t) to Meteosat TIR observa-
tions.

It should be mentioned that important analo-
gies exist between the San Andreas Fault system
in California (e.g. USGS, 2000) and the NAF
Zone (NAFZ) in Turkey. It is similar is the appre-
hension for the possible impact of a large magni-
tude earthquake in such densely populated areas. 

It is also notable that both the above men-
tioned fault systems give a unique opportunity
of studying to which extent seismic stress trans-
fer alters the probability of subsequent earth-
quakes, and for this reason they are among the
most studied tectonic areas around the world.
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6 August 1999 11 August 1999 12 August 1999 

13 August 1999 15 August 1999 16 August 1999 

17 August 1999  
 (Izmit earthquake) 

19 August 1999 20 August 1999 

21 August 1999 23 August 1999 

a) 

b) 

⊗T (r, t) > 2 

Seismic 
epicentre 

NAF 

Clouds 

Fig. 4a,b. a) The RST approach applied to geostationary satellite data (Meteosat). Results of the analysis of
the daily ⊗T(r,t) index computation on the epicentral area before and after the August 17th 1999 Izmit earth-
quake; b) tectonic map of the region including the North Anatolian Fault (modified from Barka, 1992).
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In the case of the Hector Mine event, the
analysis was carried out by using GOES-9 and
GOES-10 I-M Imager data. Four years of satel-
lite observations, from 1996 to 1999, were used
for computing σ∆T(r,t) and µ∆T(r,t) reference
fields. Figure 3 (left side) shows that few, but
well localized, pixels with ⊗∆T(r,t)>2.5 appear a
few weeks before and a few days after the seis-
mic event. Except on October 7th, all anomalous
transients are located in a space around the seis-
mic epicentre and arrange themselves in linea-
ments which seem to run parallel to tectonic
structures, among which there is the San An-
dreas Fault, responsible for the earthquake. This
circumstance appears evidently not casual after
the inspection of fig. 3 (right-side) showing the
distribution of TIR anomalies, of lower
(⊗∆T(r,t)>2) relative intensity, which occurred
after the earthquake (from October 16th until
October 26th). Their particular shape and align-
ment with the San Andreas fault system, togeth-
er with their space-time persistence, allow us to
attribute a particular significance also to the iso-
lated, anomalous transients observed before the
earthquake on October 1st and October 7th (see
fig. 3, left side). In fact, October 7th anomalies
actually appear isolated in space-time while
some spatial persistence, in relation to the previ-
ous mentioned TIR anomalies sequence, is quite
evident in the case of October 1st anomalies. 

Therefore, in spite of the scarcity of anom-
alous pixels, a certain space-time correlation
between TIR anomalies and the considered
seismic event cannot be excluded. 

The spatial correlation between TIR anom-
alies and tectonic structures was highlighted, even
by using ⊗T(r,t), the simplest of the ALICE index-
es, instead of a more robust ⊗∆T(r,t) RETIRA in-
dex, as demonstrated in the test case of Izmit
earthquake, which has been studied using both in-
dexes on the same Meteosat-7 geostationary data
(fig. 4). Notwithstanding the same spurious ef-
fects on the Caucasus region due to a seasonal
warming over the area, which can be reduced by
using the ⊗∆T(r,t) index, as demonstrated in Tra-
mutoli et al. (2005), some thermal anomalies with
an intensity of ⊗T(r,t)>2 clearly show a trend
which seems to gather along the NAF a few days
before the occurrence of the earthquake. It should
also be noted that the increase in TIR anomaly

spatial distribution along the whole NAFZ until
August 13th (i.e. 4 days before the earthquake) the
decrease of TIR anomalies until the day of the
seismic event, the new increase in TIR anomalies
in the post seismic period, describe a spatial-tem-
poral dynamics which is in good agreement with
the model proposed in Scholz et al. (1973) to ex-
plain different phenomena possibly associated to
earthquake preparation phases. 

It should be highlighted that, even in compar-
ison with the best results (S/N~1.5) previously
achieved on polar satellite sensors using the most
refined variable V(r,t)=∆LST(r,t), the application
of the RST approach to geostationary data leads to
better (S/N~2) results already with the simplest
V(r,t) choice. This confirms the main role played
by the stability of observational conditions associ-
ated with the geostationary attitude in improving
RST performances with respect to sensor spectral
capabilities and, also in addition, to the choice of
the V(r,t) variable in (2.1). On the other hand, the
comparison with results achieved by using a more
robust index ⊗∆T(r,t) (see Tramutoli et al. 2005,
for details), straddling the day of Izmit earthquake
(see fig. 5), clearly shows the effectiveness of the
RETIRA index not only in reducing spurious ef-
fects related to occasional warming at a regional
scale, but also in improving S/N ratio up to the
highest levels (⊗∆T(r,t) > 3,5). At this stage and on
the basis of the tests performed up to now on sev-
eral earthquakes which occurred in 3 different
continents, the combination of TIR sensors on
board geostationary satellites and the choice
V(r,t)=∆T(r,t) demonstrated to guarantee the best
RST performances.  

4. Present limits and perspectives 

Seismic area monitoring by TIR satellite
surveys finds an intrinsic limitation when many
of cloudy pixels dominate the scene. In fact,
cloud cover always prevents Earth’s emitted
TIR signal from reaching the satellite sensor so
that surface or low atmospheric phenomena are
not detectable if clouds are present. Moreover,
if the cloudiness is very wide and persistent, the
scene can be so «obscured» that it is difficult to
appreciate space-time continuity of observed
TIR anomalies which, as in the case of Hector-
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Mine earthquake previously discussed, can be
crucial in order to assess the actual significance
of observed anomalous signal transients.

The opacity of clouds to TIR radiation in-
troduces further problems when ALICE index-
es, and particularly RETIRA ones, are used.
Actually, the temporal persistence of clouds
over the same area, determining data missing in
the observational TIR data-set, may influence
multi-temporal analysis. 

In our case, the reduction in the population
of satellite TIR time-serie records usable to
build historical reference fields may locally af-
fect the computed values of ALICE indexes in
(2.2). In addition, the geographic distribution of
clouds over a thermally heterogeneous scene
turns out to heavily affect the computation of
the spatial averages T(t) and LST(t) used to

compute ∆T(r,t) and ∆LST(r,t) values in the
expression of RETIRA indexes in (2.2). In fact,
as emerged from our analysis on hundreds of
satellite  images, if clouds gather mainly over
the warmest portions of a scene. T(t) spatial av-
erages will result lower than the expected clear
sky values. This eventuality may cause false
∆T(r,t) anomalies which spread over almost all
clear portions of the scene. This is due to spuri-
ous excesses ∆T(r,t)=T(r,t)−T(t), as a result of
the underestimation of T(t) because of the ex-
clusion, due to the presence of clouds, of the
warmest fraction of the scene which normally
contribute to increase T(t) value. The particular
spatial distribution of this kind of TIR anom-
alies normally allows us to easily identify them
and, in any case, to distinguish them from the
spatially and temporally persistent ones possi-

13 August 1999 
 

19 August 1999 20 August 1999 

15 August 1999 16 August 1999 

17 August 1999  
(Izmit earthquake) 

⊗ T (r, t) > 2.5 ⊗ T (r, t) > 2 ⊗ T (r, t) > 3 ⊗ T (r, t) > 3.5 

Seismic 
epicentre NAF 

Clouds 

Fig. 5. The RST approach applied to geostationary satellite data (Meteosat). Results of the analysis of the dai-
ly ⊗∆T(r,t) index computation on the epicentral area of the day of Izmit’s earthquake. The unperturbed signal be-
haviour, in terms of µ∆T(r) and σ∆T(r), was determined on the basis of eight years of satellite records collected
in similar observational conditions (adapted from Tramutoli et al., 2005).
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bly related to an impending earthquake, even in
the case they have similar intensity (Aliano,
2004; Filizzola et al., 2004; Abbate, 2005). In
this context, it is worth noting that the overesti-
mation of cloudy pixels could also emphasize
similar drawbacks. A reliable cloud-mask is
then mandatory to minimize this problem. To
this aim, the RST approach has also been suc-
cessfully applied for cloud detection (as shown
in Pietrapertosa et al., 2001; and in Cuomo et
al., 2004), in order to avoid an overestimation
of cloudy pixel  number across the scene.

The sporadic presence of residual anomalies
which are isolated enough in space and/or so
ephemeral to survive the space/time averaging
processes at the bases of the RST method,
should be also denounced. In fact, the RETIRA
index, being based on time averaged quantities,
is intrinsically not protected from such signal
outliers, which turn out to be related to very lo-
cal, in space and time, natural/observational

conditions (examples in Filizzola et al., 2004).
However, it is expected that a time-averaging
process carried out on more extended time-se-
ries, increasing the frequency of appearance of
the phenomena responsible for such TIR out-
liers, should reduce or vanish their occurrence.
At the same time, the request for spatial-tempo-
ral persistence of TIR anomalies turns out par-
ticularly important to identify the ones which
are more significant in the context of seismical-
ly active area monitoring.

The partial overcoming of the limits related
to cloud presence is expected to be obtained by
means of the use of MicroWave (MW) sensors
which, by penetrating (not-raining) clouds, al-
low us to observe the Earth’s surface in whatev-
er weather condition. Even if passive MW sen-
sors operate with a spatial resolution (10-50 km
nadir view) which is much lower than the one
(1-5 km) achievable by TIR sensors, it remains
largely sufficient to monitor thermal anomalies

Fig. 6. Occurrence of non-persistent anomalies related to cloud passage (on the left) and navigation errors (on
the right): the RST approach applied to polar satellite data (NOAA-AVHRR). Results of analysis of the daily
⊗∆LST (r, t) index computation on the epicentral area of September 7th 1999 Athens’s earthquake. The black ar-
rows indicate the cloud system which is probably responsible for the anomalous patterns, of similar shape, af-
fecting Crete island. In the right image, spurious effects due to wrong co-location are quite evident along South-
ern coasts of Peloponnesus and Crete (adapted from Filizzola et al., 2004) .
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which we always observed at a wider scale
around the epicentre zone. Passive MW sensors
are presently on board polar satellite platforms
only, but the presence of a MW sensor aboard a
geostationary platform has already been pro-
posed by JPL-NASA. Such a satellite package
(named GeoSTAR: Geostationary Synthetic
Thinned Aperture Radiometer), combining all
the previously described advantages offered by
MW sensors and geostationary platforms, rep-
resents at the moment the best choice for fur-
ther, significant,  S/N ratio improvements (see
fig. 1).

However, the use of MW sensors does not
allow us to eliminate all spurious effects due to
cloudiness. This is the case of the appearance of
TIR anomalies which may be explained by
night time cloud passages. In fact, if clouds are
present, some of the heat emitted from the
Earth’s surface is trapped by the clouds, which
are composed of water vapour (a greenhouse-
gas) and reemitted back towards the ground,
leading to an increase of the surface tempera-
ture and producing a local warming effect. Such
thermal anomalies can be comparable in inten-
sity to the ones observed in some correlation
with seismic events. However, also in this case,
the spatial signature and the temporal dynamics
of such anomalies may allow us to identify their
true origin. In fact, the shape of the thermal
anomaly is similar to the shape of the cloud re-
sponsible for it (pictures on the left in fig. 6)
and its time permanence is limited to the cloud
life/passage. 

Other spurious effects can be introduced by
an uncorrected image navigation which may
cause false, intense thermal anomalies where
sea pixels turn out to be erroneously co-located
over land portions. As a consequence, it may
happen that in the computation of ⊗V(r,t), the
V(r,t) value of a sea pixel is compared with a
reference value µV(r) of a land pixel, which is
lower than the expected value for a sea pixel
during the night. This way, anomalous values of
the ALICE indexes are sometimes recorded
along coast lines. This is not rare for polar plat-
forms, as shown in Filizzola et al. (2004) and in
fig. 6 (right side), but the use of geostationary
satellite data is expected to strongly reduce
such co-location/navigation errors. It should be

highlighted that, even if very rarely, geostation-
ary platforms are not completely exempted
from this kind of errors. Therefore, a position of
anomalous values along the sea-land boundary
should make us suspicious about a possible co-
location error, so that in such cases an addition-
al check is strongly recommended.  

Waiting for a GeoSTAR-like system, TIR
sensors having split window capabilities on-
board geostationary satellites already operating
could be usefully employed. In fact the use of a
RETIRA index based on the choice V(r,t)=
=∆LST(r,t) will allow us to strongly reduce, in
the absence of clouds, the contribution to the ob-
servational noise related to the variability of wa-
ter vapour content in the atmosphere. In the case
of the AVHRR sensor, this noise reduction, ob-
tained moving from V(r,t)=∆T(r,t) to V(r,t)=
=∆LST(r,t), produced an increase in S/N ratio
from 0.6 to 1.0. In the case of geostationary TIR
sensors, S/N ratios between 2 and 3.5 were
achieved by using V(r,t)=∆T(r,t) so that S/N ra-
tios between 3 and 6 could be expected by using
V(r,t)=∆LST(r,t). At present TIR sensors with
the split window capability are available on-
board the following main geostationary satellites:

– GOES-8/11, but the same package is no
foreseen on-board GOES-12 and on the next
generation of GOES (M to P series) satellites at
least for the next 10 years.

– MetSAT satellites operated since 2005 by
Japan Meteorological Agency, will become
suitable for our research purposes in the next
few years as soon as a longer time-serie of ob-
servations will be available. 

– MSG (Meteosat Second Generation,
launched by EUMETSAT in 2003) with its SE-
VIRI (Spinning Enhanced Visible and Infrared
Imager) sensor, will soon start to  guarantee
time series of records (on the hemisphere con-
taining Europe and Africa)  long enough to im-
plement RST analysis with a RETIRA index
like ⊗∆LST(r,t).

5. Conclusions

This paper has tried to offer a first assessment
of the achievements, residual limits and perspec-
tives, related to the use of an advanced satellite
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data analysis technique (RST) to monitor earth-
quake active regions. The analysis has been per-
formed on the basis of results achieved by apply-
ing different algorithms to different satellite data
in the case of approximately ten earthquakes
which occurred in three different continents. The
new test-cases of Hector-Mine (California, Octo-
ber 16th 1999, Ms=7.4) and Kocaeli-Izmit
(Turkey, August 17th 1999, Ms=7.8) earthquakes
have been discussed, demonstrating RST per-
formances achievable on satellite sensors
(GOES), geographic areas (North America) and
algorithms (V(r,t)=T(r,t)) which have never been
tested before.

Even if such an analysis does not allow us to
relate (or to exclude!) observed thermal anom-
alies definitely to impending earthquakes,
which was not the purpose of this paper, it
demonstrated at least: a) that a strong improve-
ment of S/N ratio (around the doubling) is
achievable simply moving from polar to geosta-
tionary satellites; b) that significant S/N im-
provements are achievable by using TIR sen-
sors with split-window capabilities; c) the cru-
cial role played by a space-time persistence test
in order to select TIR anomalies possibly asso-
ciated to impending earthquakes. 

Problems still remain in interpreting ther-
mal signals in a seismogenetic region: under-
standing whether or not the observed anom-
alous TIR signals are in statistical significant
relation with time and place of incoming earth-
quakes or they are on the contrary related to
other natural phenomena. However, the analy-
ses performed on hundreds of satellite images
allowed authors to highlight the role that TIR
anomaly shape and space-time persistence
analyses can play to decide whether or not they
could be related to seismic activity. 

On the other hand, if the presence of clouds
limits the applicability of such a space-time
persistence test on TIR anomalies, the use of
satellite packages operating in the MW spectral
region could help to overcome such limitations:
the lower spatial resolution offered by passive
MW sensors does not seem to be a vital require-
ment for such studies indeed. Major improve-
ments are moreover expected by the combina-
tion between MW sensors and satellite geosta-
tionary attitude, which happens in GeoSTAR.

While we are waiting for the GeoSTAR satel-
lite, geostationary satellite sensors having split
window capabilities (GOES-8/11 for the past,
MetSAT and MSG for next years) can already
be used, which are expected to play the major
role in the next few years.
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