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Abstract. A self adaptive approach (RST, Robust Satellite more complex phenomena (e.g. Pulinets et al. 2002, 2006,
Technique) has been proposed as a suitable tool for sateR007; Ouzounov and Freund, 2004) all including, among the
lite TIR surveys in seismically active regions devoted to de-others pre-seismic effects, the increasing of near surface tem-
tect and monitor thermal anomalies possibly related to earthperature.
guake occurrence. In this work, RST approach has been Several studies have been published claiming the corre-
applied to 15years of AVHRR (Advanced Very High Res- lation among TIR signal fluctuations and earthquake prepa-
olution Radiometer) thermal infrared observations in orderration which were mainly affected by the absence of con-
to study the 6 April 2009 Abruzzo earthquake. Prelimi- vincing testing steps (based, for instance, on a valida-
nary results show clear differences in TIR anomalies oc-tion/confutation approach) and/or lacking for whatever atten-
currence during the periods used for validation (15 March—tion to the possibility that other causes (e.g. meteorological),
15 April 2009) and the one (15 March—15 April 2008) with- different from seismic activity, could be responsible for the
out earthquakes withif, >4.5, used for confutation pur- observed TIR variations.
poses. Quite clear TIR anomalies appears also to mark main Moving also from these evident limits, a different ap-
tectonic lineaments during the preparatory phases of otherqroach, named Robust Satellite Technique (RST; Tramutoli,
low magnitude(3.% M| <4.6) earthquakes, occurred in the 2005, 2007) — formerly RAT (Robust AVHRR Technique,
area in the same period. Tramutoli, 1998) — was proposed in order to investigate pos-
sible relations between earthquake occurrence and space-
time fluctuations of Earth’s emitted TIR radiation observed
from satellite.

In fact RST approach is based on a statistical definition

In the past years several studies (see for example Gorny éif_ “TIR anomal_ies” and ona suitable method for their iden-
al., 1988; Qiang and Dian, 1992; Tronin, 1996; Qiang et al, tification even in very different local (e.g. related to atmo-
1997; Tronin et al., 2002; Ouzounov and Freund, 2004) havesPhere and/or surface) and observational (e.g. related to the
already reported the appearance of space-time anoma“égne(season or ;atel!ne view angles) condlyons. SII"ICE. its
in TIR (Thermal Infra-Red) satellite imagery before (from firstimplementation, it has been always carried out by using
weeks to days) severe earthquakes. Such anomalies, locat@g@lidation/confutation approach, in order to verify the pres-
near the place and the time of an earthquake, have been fehce/absence of anomalous space-time TIR transients in the
tributed to the increase of green-house gas (such ag COPresence/absence of seismic activity. _

CHa) emission rates (e.g. Qiang et al., 1991; Tramutoli et Several earthquakes occurred in different continents (Eu-
al., 2001, 2009, and reference herein), to the modification of OP€, Asia, America and Africa), in various geo-tectonic set-
ground water regime (e.g. Hamza, 2001), to the increase ofinds (compressive, extensional and transcurrent) and with a

convective heat flux (Qiang et al., 1991; Tronin, 2000), to Wide range of magnitudes (from 4.0 to 7.9) have been an-
alyzed by applying RST approach to different satellite TIR

o sensors (e.g. Tramutoli et al., 2001b, 2005, 2009; Di Bello et
Correspondence ta¥l. Lisi al., 2004; Filizzola at al., 2004; Corrado et al., 2005; Gen-
BY (lisi@imaa.cnr.it) zano et al., 2007, 2009; Aliano et al., 2007, 2008a, b, c).
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In this paper the Abruzzo earthquake (6 April 2009, collected in the same time-slot of the day and period (month)
M\ ~5.8) has been studied by applying the RST approactof the year;
to 15years of data acquired (in the TIR spectral band 10.3— AT (r,t) =T (r,t)—T (¢) is the value of the difference be-
11.3um) by AVHRR sensor flying onboard NOAA (Na- tween the punctual value of brightness temperafuie 1) at
tional and Oceanic Atmospheric Administration) satellites. the locationr=(x, y) and acquisition time, and its spatial
As usual the results obtained by RST analysis at the time ofveragel (r) computed on the investigated area considering
this earthquake (validation) will be compared with the onesonly cloud-free locations, all belonging to the same, land or
obtained by an identical analysis performed over the sameaea, class (i.e. considering only sea pixels i§ located on
area, in similar observational conditions (same period) but inthe sea and only land pixels if it is located on the land). Note
a seismically unperturbed (i.e. without earthquakes of similarthat the choice of such a differential variabdel' (r,¢) in-
magnitude) period (confutation). stead ofT (r,t) is expected to reduce possible contributions

(e.g. occasional warming) due to day-to-day and/or year-to-
. ] year climatological changes and/or season time-drifts;

2 Arobust estimator of thermal anomalies par(r) time average value oAT (r,r) at the location

=(x,y) computed on cloud free records belonging the se-
The RST approach is a general change detection method fqréct(gdyd)ata s:t(;t)' ang

satellitg data analysis alr'eady successfully applied to moni- oar(r) standard deviation oAT (r.r) at the location
tor major natur.al and environmental hazards related to: roodrE(x’y) computed on cloud free records belonging the se-
risk (Tramutoli et al., 2001a; Lacava et al., 2005, 2006'Iected data set 7).

2010); volcanic activity (Pergola et al., 2001, 2004a, b; Tra-
mutoli et al., 2001c; Di Bello et al., 2004; Bonfiglio et al.,
2005; Marchese et al., 2006; Filizzola et al., 2007); forest
fires (Cuomo et al., 2001; Mazzeo et al., 2007), etc. Af-

ter its first application to the 1980 Irpinia-Basilicata’s earth- all, for each locationr, processing several years of histori-

quake (Di Bellq etal, 2.004; Tramut_oh etal, 200_1b)_ RST cal satellite records acquired in similar observational condi-
has been applied to seismically active area monitoring for,

tions. They are two reference images describing the normal
several other earthquake events: Athens, 7 September 19953 ; : : e

. i ' ) ehaviour of the signal and of its variability at each loca-
(Filizzola et al., 2004); Izmit, 17 August 1999 (Tramutoli et g y

; tion r in observational conditions as similar as possible to the
al., 2005); Gujarat, 26 January 2001 (Genzano et al., 2007) " P

. . ones of the image at hand. The differercE (r,t) —uar (r)
Boumerdes/Thenia, 21 May 2003 (Aliano et al., 2007); Hec- - - ; ;
then represents the Signal (S) to be investigated for its pos-
tor Mine, 16 October 1999 (Aliano et al., 2008a), Umbria- b lgnal (S) nvesty s P

. g .sible relation with seismic activity. It is always evaluated
Marche, October 1997 (Aliano et al., 2008b), Mestia Tianeti by comparison with the corresponding natural/observational

.(Georgi.a) 2.3 October 1992 (Qenzano et al., 2009) and Varioise (N), represented iy 7 (r) which describes the over-
ious seismic events occurred in Greece and Turkey, in Ma

Yall (local) variability of S including all (natural and obser-
and June 1995-1996 (Corrado et al., 2005). vational, known and unknown) sources of its variability, as

RSTl IS base? on Z priltl)mlngry multc;-temp do_ral anar|1y5|s O]_clhistorically observed at the same site in similar observational
several years (from 4 to 10 and more depending on the avai conditions (sensor, time of day, month, etc.). In this way, the

ability of historical data-sets) of homogeneous satellite TIRreIative importance of the measured TIR signal (or the inten-

records co-Iocated_m the §pace—tlme ‘?'O”‘a'”’ devoted to Cha%'ity of anomalous TIR transients) can naturally be evaluated
acterize the TIR signal (in terms of its expected value and; 1. \< of S/N ratio by the RETIRA index

natural variability range) for each pixel of the satellite im-
age to be processed. On this basis, anomalous TIR patter
are identified as a deviation from those “normal” conditions
using a specific index, RETIRA (Robust Estimator of TIR
Anomalies, Filizzola et al., 2004; Tramutoli, 2005), com-
puted on the image at hand as in Eq. (1):

By this way®a 7 (r, ) gives the local excess of the current
AT (r,t) signal compared with its historical mean value and
weighted by its historical variability at the considered loca-
tion. Both,ua7 (r) andoar (r), are computed, once and for

Being independent from a specific sensor/satellite system,
'RST can easily be exported on different satellite data, and
applied to analyze different events in the world. However, a
wider and more detailed description of the RST approach and
its implementation on different satellite sensors to monitor
seismic areas can be found in Tramutoli et al. (2005), Aliano

AT (r.t)— par (r) et al. (2008a) and in others above mentioned papers.
®Qar (r.1) = . (1)

3 The case of Abruzzo earthquake
where:

The Abruzzo earthquakeM| ~5.8) occurred on 6 April
r=(x,y) represents location coordinates centre of the con-2009 at 01:32:39 GMT, having its epicentre at 42.334 N and
sidered pixel on satellite image at hand; 13.334E (INGV, 2009) in central Italy. The main shock
t is the time of image acquisition wither, where  occurred as a result of normal faulting on a NW-SE oriented
t defines the homogeneous domain of satellite imagerystructure in the central Apennines. Since January 2009 the
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Fig. 1. Seismic events witlif] >3.5 occurred in March and April 2009. Red star indicates the main shock of Abruzzo earthquakes (INGV,
20009).

zone has been object of frequent seismic events (Fig. 1) witta seismically “unperturbed” year (i.e. no earthquakes with
characteristics of seismic swarm with hundreds of modest end>4.5 in the same region and in the same months) in the
tity shake. The seismicity was confined in the upper crustconsidered data set.

and interested an area about 30 km long in the NW-SE strike

direction, parallel to the Apennine mountain axis and to thes \/3jigation

main fault structures known in the area.

In order to perform the RST analysis on this event, on the basis of these reference fields, TIR anomaly
15years (from 1995 to 2009) of NOAA-AVHRR data has maps have been computed for all AVHRR night-time
been analyzed. The navigation of AVHRR data has beenpp:00:-02:00 GMT) images in the period 15 March—
performed by SANA (Sub-pixel Automatic Navigation for 15 April 2009 (validation phase). Every scene has been pro-
AVHRR, Pergola and Tramutoli, 2000, 2003). Following cessed but scenes affected by wide cloudy coverag@%
RST prescriptions, in order to characterize HBmalsig-  of the total, like the one collected on 29 March 2009) as well
nal behaviour in the considered area and observation periogs scenes clearly affected bycald spatial average effect
(15 March-15 April), a7 (r) andoar (r) reference field  (aliano et al., 2008a) due to the computation of RETIRA
(Fig. 2) were computed by using only AVHRR records col- jndex on a very few number of cloud-free pixels have been

lected: excluded from further analyses (Fig. 3).
— in the same time-slot (00:00—-02:00 GMT), Figure 4 shows .the .results of the RETIRA indgx
) _ (®ar (r,t)) computation since 15 March until to 15 April
— during the months of March and April, 2009. Pixels with®ar (r,1) >3 (i.e. AT (r,1) — uar (r)

excess greater thargr (r)) are depicted in red and here-
after, only for the sake of simplicity, we will refer to them as
The RETIRA index has been then computed for all the“TIR anomalies”. Pixels affected by clouds have been identi-
NOAA/AVHRR images in order to perform the following fied by using OCA (One-channel Cloudy-radiance-detection
validation/confutation analyses. For validation purposes, theApproach, Pietrapertosa et al., 2001; Cuomo et al., 2004),
months of March and April 2009 have been considered,considered as missing data (as Earth’s thermally emitted ra-
while, in the confutation phase, the analysis has been perdiation is completely captured by meteorological clouds) and
formed considering the months of March and April 2008: excluded from whatever following analysis.

— in cloud-free conditions.

www.nat-hazards-earth-syst-sci.net/10/395/2010/ Nat. Hazards Earth Syst. Sci., ¥XD&2810
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Fig. 2. Reference fields (time average r (r) and standard deviatiam 7 (r)) for the investigated area computed for March (left) and April
(right) from AVHRR data acquired in the period 1995-2009 between 00:00 and 02:00 GMT.
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Fig. 3. Left side: calculation of cloudy coverage over all the AVHRR scenes processed for the 2009: grey bars represent the percentage
of cloudy pixels over the total number of pixels in the image; red bars represent the percentage of TIR anomalies {BEGIRAthe
remaining cloud free pixels in the image. Right side: example, on 29 March 2009 scene, of artefacts (spurious TIR anomalies) due to the
poorness of cloud-free pixels where RETIRA index can be computed and to the clouds masking quite all the warmest part of toédscene (
spatial average effectsee text).

Looking at the sequence of pictures in Fig. 4 it is possible TIR anomalies are present also in the Balkan area on Bosnia
to note that TIR anomalies (i.e. pixels withar (r,1) > 3) region on 31 March and 1, 4, and 6 April, while they affect
appear in the Italian peninsula affecting: the northeastern part of Croatia from 8 April until 13 April.
Other anomalous pixels appear on 21 March on Mediter-
ranean Sea, on 22 March on northern coast of Sardegna and
on 14 April on eastern coast of Corsica.

— the north of Italy on 31 March on Piedmont and Veneto
region, on 3 April in Padania plain, on 13 April on
Apuane Alps,

In the following we will consider as significant only TIR
anomalies that present the characteristics of spatial extension
and persistence in time. In fact, as already discussed in pre-
vious works (Filizzola et al., 2004; Tramutoli et al., 2005;

— the south of Italy at 1 April on the West Coast. Aliano et al., 2008a), the RETIRA index is intrinsically not

— the Central Italy on 30 March on East Coast, on
31 March and 10 April on Northern Apennines, on
1 April on Central Apennines,

Nat. Hazards Earth Syst. Sci., 10, 348§ 2010 www.nat-hazards-earth-syst-sci.net/10/395/2010/
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Fig. 4. Validation: results of the RETIRA index computation on the investigated area before and after the Abruzzo earthquake (6 April 2009,
M\ ~5.8). Pixels with® o7 (r,7) > 3 are depicted in red. Cloudy locations are depicted in grey. Red boxes identify images containing at
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least 1 pixel withe o7 (r, ) > 3. Green dashed ellipses indicate regions containing thermal anomalies discussed in the text.
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Fig. 5. Validation: the sequence of Abruzzo (6 April 2009, ~5.8) earthquake. As in Fig. 4 but, in this case lower intensity { (r,¢) > 2)
TIR anomalies are also depicted in different yellow tones. The list of seismic events occurred during March and April 2009 is from INGV
(2009).

protected from the abrupt occurrence of signal outliers re-case of TIR anomalies affecting the Mediterranean Sea on
lated to particular natural (e.g. local warming due to night- 21 March (Fig. 4). Excluding the above mentioned artifacts,
time cloud passages) or observational (e.g. errors in imageery few sequences of spatially extended and time persistent
navigation/co-location process) conditions. This is, for in- TIR anomalies can be identified that are described with some
stance, the case of TIR anomalies detected along the northdetail in Figs. 5, 6, and 7.
ern coast of Sardegna at 22 March and along eastern coast of In order to better analyze such sequences images in
Corsica at the 14 April: the cause of this effect is very likely Figs. 5, 6, and 7 have been reconstructed also considering
a navigation/co-location error (Fig. 4). lower values of the RETIRA index (pixels characterized by
Moreover, false TIR anomalies can be produced when thedar (r,t) > 2). In these figures it is easy to note that low in-
computation of the spatial average teffid) (which con-  tensity TIR anomalies generally follow the ones at higher rel-
tribute to determine the value of RETIRA index) is per- ative intensities, noticeably enlarging the anomaly area and
formed on a too small number of cloud-free pixels mostly filling gaps both in the space (among isolated anomalous pi-
concentrated in the colder portion of the scecad spatial ~ xels) and time domains.
average effectAliano et al., 2008a). This is evidently the

Nat. Hazards Earth Syst. Sci., 10, 3486 2010 www.nat-hazards-earth-syst-sci.net/10/395/2010/
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Fig. 6. Validation: as in Fig. 5 for the sequences of F@8l April 2009, M| ~4.6) and Bra (19 April 2009}/ ~3.9) earthquakes described
respectively by blue and purple dashed ellipses.

In Fig. 5 is represented the sequence of TIR anomalies af- A second sequence of TIR anomalies is the one affect-
fecting Central Italy. They appear located near tectonic lineaing Padania plain (areas bordered by purple dashed ellipses)
ments, from 30 March (about 13 h before the strongest forewith variable persistence in the space-time domain beginning
shock, withM| ~4.1, occurred on 30 March at 13:38 UTC) from 16 March and continuing until 3 April (2 days before
to 1 April when they reach their maximum extension (5 daysthe Forli's earthquaked4| ~4.6; INGV, 2009).

before the mainshock of Abruzzo earthquake). Figure 7 better describe TIR anomalies affecting Balkan
TIR anomalies with lower intensity and spatial extension region already present in Fig. 4.
can be observed from 8 to 10 April and again on 15 April. From 16 March until 13 April the Balkan region is affected

In Fig. 6 are described two sequences of TIR anoma-by a sequence of space-time persistent TIR anomalies pre-
lies observed in the Northern Italy. The first one is visi- ceding and following the occurrence of an earthquake oc-
ble for several days between 16 March and 14 April in thecurred in the same area on 31 March 2008 (4.2, INGV,
north-west of Italy near the tectonic lineaments present in2009).
the Piedmont region and in the Apuane Alps (areas bordered
by blue dashed ellipses) around the epicenter of Bra earth-
quake (1 ~3.9) occurred in the same area on 19 April 2009
(INGV, 2009).
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Fig. 7. Validation: as in Fig. 5 for the sequences of Balkan earthquake (31 March 20094.2).
5 Confutation in Campania region, 2 April along Corsica coast, 9 April in

Southern Apennines and 13 April on Bosnia region) and not
The confutation step has been performed by considering théMe persistent (disappearing just in 1 day) TIR anomalies are
same period (15 March—15 April) but in a different year detectgd. chersporadlc anomahe_s (1-2 pixels probabl_y QUe
(2008), in order to verify the absence of TIR anomalies in 0 Navigation errors) are present in some _of _the remaining
a relatively seismically unperturbed period. The selection@nalyzed days marked by red boxes in to indicate that they
of 2008 for confutation purposes has been done consulting®ntain at least 1 pixel with RETIRAS.
the INGV (2009) seismic catalogue: no seismic event with _
magnitude greater than (or equal to) 4.5 is reported over th® Conclusions

investigated area during the months of March and April 2008y, this paper RST approach has been applied to the longest
(Fig. 8a). As for the validation step, the same cut@t(Be.  (15years) time series of AVHRR images never used be-
®ar (r,1) = 3) has been used in order to identify anomalousfore for investigating possible space-time relation among
image pixels. As before scenes affected by a wid80%)  T|R anomalies occurrence and earthquakes. Fifteen years
cloudy coverage are not shown (Fig. 8b). of NOAA/AVHRR TIR observations have been used to char-
Figure 9 shows the results of RST analysis performedacterize the expected TIR signal behavior in the absence of
for the 2008. It is possible to note that only isolated significant seismic activity. The period (15 March-15 April
(on 16 March in north part of Italy and in Puglia region, 2009) around the time of Abruzzo earthquake (6 April 2009,
24 March in the north-east part of Balkan area, 27 MarchM| ~5.8) has been considered for validation purposes, while
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Fig. 8. (a) Seismic eventsi >4) occurred during March—April 2008 (INGV, 2009(b) Left: calculation of cloudy coverage on all the

scenes processed for 2008: grey bars represent the percentage of cloudy pixels over image; red bars represent the percentage of anomalc
pixels over the remaining cloud free pixels in the image. Right: example on 8 April 2008 scene of artefacts (spurious TIR anomalies) due to
the poorness of cloud-free pixels where RETIRA index can be computed and to the clouds masking most of the warmest part of the scene
(cold spatial average effecsee text).

the same period in a relatively unperturbed year (2008, havepicenter between 30 March and 1 April. In particular very
ing no earthquakes withf >4.5) was taken for confutation.  intense and extended anomalies appear near tectonic linea-
The comparison of results achieved after the valida-ments since 30 March (few hours before the foreshock with
tion/confutation analysis highlights the presence of severaL~4.1) during the same period interested by anomalous
sequences of TIR anomalies with RETIRA index greater tharvariations of different geophysical parameters independently
3 (never in the past a Signal-Noise ratio so high has been goteported by several authors (e.g., Caporali, 2009; Genzano et
ten using AVHRR data or other sensors onboard polar satelal., 2009; Pergola et al., 2010; Martinelli et al., 2009; Rozh-
lite, Filizzola et al., 2004; Aliano et al., 2008a). noi et al., 2009; Plastino et al., 2010). Among the others,
In the validation phase, TIR anomalies have been identiParticularly important seems t11&/Vs seismological obser-
fied in some space-time correlation with Abruzzo earthquake/ations that Lucente et al. (2009) report with an explanatory
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Fig. 9. Confutation: as in Fig. 4 for the relatively unperturbed year 2008 (no earthquakes/yittb occurred in the same area and
considered period). Red boxes contours the only images containing at least one pix@hwith,7) > 3.

model which perfectly fits with the one proposed by Tra- here, in fact TIR anomalies with some persistence in space-
mutoli et al. (2005) to explain TIR anomalies occurence intime domain are visible near tectonic feature some days be-
relation with abrupt increases of green-houses gases emigere seismic events of medium-low magnitude occurred at in
sions. Italy in the same period.

The relation between TIR anomalies and the occurrence In the confutation phase, no similar significant TIR
of earthquakes with medium-low magnitude, already foundanomalies have been detected.
in previous work (e.g. Corrado et al., 2005) seems confirmed
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