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Abstract

Space-time fluctuations of the Earth’s emitted Thermal Infrared (TIR) radiation observed from
satellite from months to weeks before an earthquake are reported in several studies. Among
the others, a Robust Satellite data analysis Technique (RST) was proposed (and applied to
different satellite sensors in various geo-tectonic contexts) to discriminate anomalous signal
transients possibly associated with earthquake occurrence from normal TIR signal fluctuations
due to other possible causes (e.g. solar diurnal-annual cycle, meteorological conditions,
changes in observational conditions, etc.). Variations in satellite view angle depending on
satellite's passages (for polar satellites) and atmospheric water vapour fluctuations were
recognized in the past as the main factors affecting the residual signal variability reducing the
overall Signal-to-Noise (S/N) ratio and the potential of the RST-based approach in identifying
seismically related thermal anomalies. In this paper we focus on both factors for the first time,
applying the RST approach to geostationary satellites (which guarantees stable view angles)
and using Land Surface Temperature (LST) data products (which are less affected by
atmospheric water vapour variability) instead of just TIR radiances at the sensor.

The first results, obtained in the case of the Abruzzo earthquake (6 April 2009, M\y~6.3) by
analyzing 6 years of SEVIRI (Spinning Enhanced Visible and Infrared Imager on board the
geostationary Meteosat Second Generation satellite) LST products provided by EUMETSAT,
seem to confirm the major sensitivity of the proposed approach in detecting perturbations of
the Earth’s thermal emission a few days before the main shock. The results achieved in terms
of increased S/N ratio (in validation) and reduced “false alarms” rate (in confutation) are
discussed comparing results obtained by applying RST to LST products with those achieved



by applying an identical RST analysis (using the same MSG-SEVIRI 2005-2010 data-set) to
the simple TIR radiances at the sensor.

Keywords: Abruzzo seismic sequence, thermal anomalies, TIR satellite radiances, RST,
LST.

1. Introduction

Over the last two decades several studies (see, for example, Gorny et al., 1988; Qiang
and Dian, 1992; Tronin, 1996; Qiang et al., 1997; Tronin et al., 2002; Ouzounov and-Freund,
2004) reported the appearance of space-time anomalies in TIR (Thermal Infra-Red) satellite
imagery before (from weeks to days) severe earthquakes. Such anomalies, observed near the
place and time of an earthquake, were attributed to different genetic causes like the increase
of green-house gas (such as CO,, CH,4) emission rates (e.g. Qiang et al., 1991; Tronin, 2000;
Tramutoli et al., 2001a, 2009, 2013, and references therein), the modification of ground water
regime (e.g. Hamza, 2001), and more complex phenomena (e.g. Pulinets et al., 2002, 2006,
2007; Ouzounov and Freund, 2004) all including, among the_others, pre-seismic effects,
increased near surface temperature and TIR emission.

Despite numerous studies reporting pre-seismic TIR anomalies, rigorous definitions
of TIR anomaly have only recently been given (e.g. Tramutoli et al., 2001a, Ouzounov and
Freund, 2004, Piroddi and Ranieri, 2012). In the last decade more attention was paid to other
(e.g. meteorological) possible causes of TIR anomalies and to their possible occurrence also
in the absence of significant seismic activity (confutation). Among other methods, the Robust
Satellite Technique (RST, Tramutoli et al., 2005, 2007) — formerly RAT (Robust AVHRR*
Technique, Tramutoli, 1998) — was successfully applied to investigate possible relations
between earthquake occurrence and space-time fluctuations of the Earth’s emitted TIR
radiation observed from satellite.

The RST approach is based on a statistical definition of “TIR anomalies” and on a
suitable method for their identification even in very different natural (e.g. related to
atmosphere and/or surface) and observational (e.g. related to the time/season of a satellite
pass) conditions. Since its first application to the study of earthquakes the RST approach has
been used with a validation/confutation method to verify the presence/absence of anomalous
space-time TIR transients in presence/absence of seismic activity.

Several earthquakes in different continents (Europe, Asia, America and Africa), in
various geo-tectonic settings (compressive, extensional, and transcurrent) and with a wide
range of magnitudes (from 4.0 to 7.9) were analyzed applying the RST approach to different
satellite TIR sensors (e.g. Tramutoli et al., 2001b, 2005, 2009; Di Bello et al., 2004; Filizzola
at al., 2004; Corrado et al., 2005; Genzano et al., 2007, 2009a; Aliano et al., 2007, 20084, b, c;
Lisi et al., 2010; Pergola et al., 2010).

Variations in satellite view angle depending on satellite's passages (for polar satellites)
and atmospheric water vapour fluctuations were recognized in those previous works as the
main factors limiting the Signal-to-Noise (S/N) ratio and the possibility for the RST-based
approach to more clearly identify seismically related thermal anomalies.

The use of a sensor on board geostationary satellites allowed us to overcome the first
problem (as a geostationary attitude guarantees stable view angles). The second could be dealt
with using LST data products (which are less affected by atmospheric water vapour
variability) instead of just TIR radiances at the sensor.

LST estimations from remotely sensed data are generally obtained from one or more
channels within the thermal infrared atmospheric window from 8 to 13 um (Dash et al., 2002).
Operational LST retrievals often make use of split-window algorithms (see, e.g., Prata, 1993;
Wan and Dozier, 1996), where LST is obtained through a semi-empirical regression of top-of-
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the-atmosphere (TOA) brightness temperatures of two pseudo-contiguous channels (i.e., the
split-window channels). The Land SAF (Satellite Application Facility on Land Surface
Analysis) LST algorithm is based on the generalized split-window (GSW) formulation
initially developed for AVHRR and MODIS? by Wan and Dozier (1996) and later adapted to
SEVIRI split-window channels by Madeira (2002).

The GSW algorithm mainly exploits the direct proportionality between the
atmospheric Total Columnar Water Vapour Content (TCWVC) and the brightness
temperature difference measured in two adjacent TIR spectral bands centred at 11.0 and 12.0
pm (split-window bands). In fact, the atmospheric attenuation is greater in the 12.0 um
channel than in the 11.0 um channel and, as the attenuation increases (primarily as a result of
increasing atmospheric water vapour content), the difference in the radiance measured in the
two bands increases.

The error of LST retrievals via GSW mostly depends on:

1) the residual uncertainty about the surface emissivity;

2) the representativeness of atmospheric profiles used to determine calibration
coefficients when applied at a local scale;

3) the satellite view angle, which also determines the total optical path. LST estimations
are often limited to satellite zenith angles (SZAs) below ~ 60°, where retrieval errors
are still acceptable (see, e.g., Wan and Dozier, 1996; Sun and Pinker, 2003).

LST products are generated by Land SAF through the application of a generalized
split-window algorithm to data acquired by the Spinning Enhanced Visible and Infrared
Imager (SEVIRI) on board Meteosat Second Generation (MSG) satellites.

We used the algorithm proposed by Trigo et al. (2008a) on the basis of the
formulation first developed by Wanand Dozier (1996) for AVHRR and MODIS data. Thus,
LST is estimated as a linear function of clear-sky TOA brightness temperatures measured by
SEVIRI split-window channels centred respectively at 10.8 um and 12.0 pm.

The Land SAF LST product (operationally retrieved, archived and disseminated since
February 2005) provides an estimation of the ground surface temperature corrected for the
variable contribution of water vapour in the atmosphere (see Filizzola et al., 2004; Di Bello et
al., 2004), thus reducing the natural noise associated with simple TIR brightness temperature
analyses.

In this paper we present the results of the first application of the RST approach to
Land Surface Temperature products (LST) obtained from geostationary satellite data. The
approach was used to study the L’ Aquila earthquake (6 April 2009, MW ~6.3).

As usual, the results obtained by the RST analysis at the time of this earthquake
(validation) are compared with those obtained by an identical analysis performed over the
same area, in similar observational conditions and same period of the year but in a seismically
unperturbed (i.e. without earthquakes of a similar magnitude) period of a different year
(confutation).

2.  The RST methodology for a robust estimation of thermal anomalies

The RST approach is a general change detection method for satellite data analysis. It has
already been successfully applied to monitor major natural and environmental hazards related
to: flood risk (Tramutoli et al., 2001a; Lacava et al., 2005, 2006, 2010); volcanic activity
(Pergola et al., 2001, 2004a, b; Tramutoli 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. Since its first application to the 1980 Irpinia-Basilicata’s earthquake (Di
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Bello et al., 2004; Tramutoli et al., 2001b), the RST has been applied to seismically active
areas while monitoring several other major (M>5) earthquake events: Athens on 7 September
1999 (Filizzola et al., 2004), Izmit on 17 August 1999 (Tramutoli et al., 2005), Gujarat on 26
January 2001 (Genzano et al., 2007), Boumerdes/Thenia on 21 May 2003 (Aliano et al.,
2007), Hector Mine on 16 October 1999 (Aliano et al., 2008a), Umbria — Marche in October
1997 (Aliano et al., 2008b), Mestia Tianeti (Georgia) on 23 October 1992 (Genzano et al.,
2009a), and various seismic events (with 4 <M< 5.5) occurred in Greece and Turkey in May
and June 1995-1996 (Corrado et al., 2005).

The RST methodology is based on the following logic: space-time transient
anomalies can be defined and identified only by comparison with a normal behaviour of the
measured signal that has to be preliminarily defined. Since such “normal” behaviour is
variable in the space-time domain, it is impossible to establish any a-priori fixed threshold
suitable to establish when a signal has to be considered anomalous independently from the
observation time and location. A signal, which is normally observed at a specific time and
place, could in fact prove to be anomalous when observed in a different time and/or place.

To accomplish this, RST exploits all the information contained in long-term series of
homogeneous satellite records, collected at a location (X,y) ‘under similar observational
conditions (i.e. same month of the year, same hour of the day, same satellite sensor) in order
to characterize the signal behaviour T(x,y,z) measured at time t, in terms of its expected
(mean) value pr (x,y) and variability (standard deviation). ot (X,y), historically observed in
unperturbed conditions (reference fields).

On this basis, anomalous TIR patterns ‘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, belonging to the ALICE — Absolutely Local Index of
Change of the Environment) class of indexes, computed on the image at hand as in Eq. (1):

— AT (X’ y’t) — Hyr (X’ y)

®AT (X’ y’t) o (X y)

)

where:

- AT(XY,0) = T(xyqt) - T(t) is the difference between the current TIR signal value T(x,y,t)
and its spatial average T(t) at the instant t of a satellite acquisition;

- T(t) is the spatial average of T(x,y,t) computed in place on the image at hand considering
only cloud-free pixels, all belonging to the same, land or sea, class in the investigated
area. In this way AT(x,y,t) is computed separately considering only sea pixels if (x,y) is
located on the sea and considering only land pixels if (x,y) is located on the land,;

- tetisthe time of acquisition of the satellite image at hand,;

- 1 defines the homogeneous domain of satellite images selected during the same year, the
same period (month or season) and the same hour of the day (time slot); those
restrictions on the time-series are useful in order to reduce the signal variability
connected to both seasonal and daily cycles;

- uat (Xy) is the historical mean value at a considered location (x,y), calculated on the
image time-series at hand considering only cloud-free pixels, all belonging to the
selected data-set (t € 1);

- oar (x,y) is the historically observed signal variability at a considered location (X,y),
calculated considering only cloud-free pixels within the same data-set (t € 7).

This way ®,r (X,y,t) gives the local excess of the current AT (X,Y,t) signal compared
with its historical mean value and weighted by its historical variability at the considered
location. Both par (X,y) and oar (X,y) are computed, once and for all for each location (x,y),
processing several years of historical satellite records acquired in similar observational
conditions. par (X,y) and a7 (X,Yy) are two reference images describing the normal behaviour
of the signal and its variability at each location (x,y) in observational conditions as similar as
possible to those of the image at hand. The difference AT(X,Y,t) — uat (X,Y) then represents the



Signal (S) to be investigated because of its possible relation with seismic activity. It is always
evaluated by comparison with the corresponding natural/observational Noise (N), represented
by ar (X,Y), Which describes the overall (llocal®) variability of S including all (natural and
observational, known and unknown) sources of its variability, as historically observed at the
same site in similar observational conditions (sensor, time of day, month, etc.). This way, the
relative importance of the measured TIR signal (or the relative intensity of anomalous TIR
transients) can naturally be evaluated in terms of S/N ratio by the RETIRA index.

Being independent from whatever a priori model/assumption, RST can easily be
exported on different (satellite/sensor) data, geographic areas and observation period
(day/season). For instance, the RST approach has already been implemented on TIR radiances
collected both by polar (NOAA/AVHRR and EOS/MODIS) and geostationary
(MSG/SEVIRI) satellite sensors (Lisi et al., 2010; Genzano et al., 2010, 2009b; Pergola et al.,
2010) to study the Abruzzo seismic event.

In this paper, the Abruzzo seismic event is analyzed by applying, for the first time, the
RST approach to LST products obtained from geostationary satellite data.

Water vapour is one of the most variable components of the atmosphere, partly
absorbing the outgoing Earth-emitted TIR radiation. Variations ofthe atmospheric water
vapour content contribute to further increase the variability of the measured TIR signal.

Moreover, even though images collected by a polar platform are precisely navigated
and co-located (in order to permit the computation . of reference images, (AT(x,y,t)) and
oat(X,y) by a multi-temporal analysis), at each revisiting time t the same location (x,y) is
observed at different satellite zenith 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 those related to the variability of atmospheric conditions and view angles
mentioned above) are intrinsically taken into account by the RST approach, as they generally
increase the llocal value of our(X,y) reducing corresponding @ar(X,y,t) values and,
consequently, false anomaly proliferation. However, by this way, sensitivity toward lower
intensity signal variation is also reduced.

Variations in satellite view angle (for polar satellites) and atmospheric water vapour
fluctuations were already recognized in the past as the main factors affecting the residual
signal variability reducing the overall Signal-to-Noise (S/N) ratio and the potential of the
RST-based approach in identifying seismically related thermal anomalies.

The use of a sensor on board geostationary satellites demonstrated (e.g. Filizzola et
al., 2004) to overcome the first problem (as a geostationary attitude guarantees stable view
angles), while the latter could be faced using LST data products (which are less affected by
atmospheric water vapour variability) instead of just TIR radiances at the sensor (Tramutoli et
al, 2001).

In this work, the LST products generated by the Land SAF are used instead of TIR
radiances at the sensor in order to provide an estimation of near surface temperatures
corrected for the variable contribution of water vapour in the atmosphere (see Filizzola et al.,
2004 and Di Bello et al., 2004). This way, a reduction of the natural noise associated with the
most important cause of the atmospheric transmittance variability is expected.

The same index already applied by Di Bello et al. (2004) and Filizzola et al. (2004) to
radiances measured from sensors (like AVHRR) aboard polar satellites:

_ ALST (X, Yat)_ Haist (X’ Y)
O ALsT (X’ Y)

®ALST (X’ y’ t)
2

is applied for the first time to a sensor (SEVIRI) aboard a geostationary satellite.

3 According to Tramutoli (1998) the double | will be hereafter used to highlight a reference not

only to a specific place (x,y) but also to a specific time t.



The only difference with expression (1) is the use of a land surface temperature, LST
(x,y,t) SEVIRI product instead of the simple TIR signal T(x,y,t) around 11 zm (e.g. channel 9
centred at10.8 um for SEVIRI). In fact, in this case:

- ALST(x,y,t) = LST(xy,t) - LST(t) is the difference between the current LST value
LST(x,y,t) and its spatial average LST(t) at the instant t of a satellite acquisition;

- LST(t) is the spatial average of LST(x,y,t) computed in place on the image at hand
considering only cloud-free pixels over land;

- teristhe time of acquisition of the satellite image at hand;

- 1 defines the homogeneous domain of satellite images selected during the same year, the
same period (month or season) and the same hour of the day (time slot);

- uacst (Xy) is the historical mean value at a considered location (x,y), calculated on the
image time-series at hand considering only cloud-free pixels, all belonging to the
selected data-set (t € 1);

- oast(X,y) is the historically observed signal variability at a considered location (x,y),
calculated considering only cloud-free pixels within the same data-set (t € 1).

In addition to the reduction expected by the use of geostationary data, the utilization
of the variable ALST (instead of AT) has the advantage of reducing natural noise associated
with the variability of the atmospheric water vapour content.

It should also be mentioned that, as already recognized in previous works (Filizzola et
al., 2004; Tramutoli et al., 2005; Aliano et al., 2008a), since the ®, st (X,y,t) index is based on
time averaged quantities, it is intrinsically not protected from the abrupt occurrence of signal
outliers related to particular natural (e.g. a local warming due to night-time cloud passages) or
observational (e.g. errors in image navigation/co-location process) conditions. Examples of
such known effects are given, for instance, in Filizzola et al., 2004, Aliano et al., 2008a,
Genzano et al, 2009b). However, such conditions have to be effectively sporadic in time
(otherwise they will be controlled and vanished by the time averaging process used to build
reference fields) and relatively isolated in the space domain (otherwise they will be controlled
and vanished by the spatial average process used to build the Aist (X,y,t)=LST (x,y,t) — LST(t)
variable, starting from LST(x,y,t) data, e.g. Tramutoli et al., 2005).

For those reasons, spatial extension and persistence in time are additional
requirements to be satisfied (together with the relative intensity) in order to preliminarily
identify Significant Sequences of LST Anomalies (SSLAS).

Moreover, it should be mentioned that, although the comparison with ground
measurements associated with LST satellite retrievals shows quite significant biases (2-9°C
r.m.s., Freitas et al., 2010; Trigo et al., 2008b, Cuomo et al., 2002), the correlation with near-
surface thermal conditions has nevertheless proved to be quite high (>0.9) in the temporal
domain (Cuomo et al., 2002). However such bias, which could strongly affect the absolute
values of LST estimates, is not expected to affect the values of the RETIRA (and ALICE)
indexes (computed following the RST methodology) as they are based on signal variations
(both in space and time domains) and not on its absolute values.

This paper investigates S/N improvements achievable by applying the index (2)
(based on LST products) instead of the index (1) (based on raw TIR brightness temperatures)
to SEVIRI LST observations (covering years 2005— 2010) for the case of the L’Aquila
earthquake (My~6.3) which occurred on 6 April 2009.

To this aim, Land SAF-LST data, generated by using the GSW algorithm of Trigo et
al. (2008b), were used. Such data are made available by EUMETSAT only for cloud-free
pixels being cloud removal performed on the basis of the NWC-SAF (2007) approach.

3. The study case of the Abruzzo earthquake

The Abruzzo earthquake (M ~6.3) occurred on 6 April 2009 at 01:32:39 UTC. The
exact coordinates are 42.334 N and 13.334 E (INGV, 2010), which correspond to a point at 95
km northeast of Rome. This earthquake was the main shock in a series of pre-seismic events,



which started in February and continued through March 2009 (Fig. 1). According to
Daobrovolsky’s equation (Dobrovolsky et al., 1979; Pulinets et al., 2004)

r=10"*"km

where M is the magnitude of the earthquake and r is the radius (in km) of the circle around the
epicentre, the radius of the earthquake preparation area could be estimated in 511 km.

Several scientific studies carried out after the event occurrence focus on the Abruzzo
earthquake. For example, local crustal deformations were monitored by laser strain meters
(Amoruso and Crescentini, 2010), by DInSAR satellite interferometry (Anzidei et al., 2009)
and by GPS stations.

Di Luccio et al. (2009) and Plastino et al. (2009) detected pre-seismic fluid-related
signals consistent with a strain occurrence at depth.

A gas geochemical survey carried out in the L’ Aquila area confirmed the deep crustal
origin of the anomalous gas emission detected by ground measurements and suggested by
satellite observations (Martinelli et al., 2009). Anomalous Vp/Vs ratios were recorded some
days before the main shock in apparent relation with underground fluid movements (Lucente
et al., 2010) and crust deformation processes associated with the seismic sequence.

In this work, the Abruzzo seismic sequence considered as a test case to investigate
possible relations between the earthquake occurrence and significant (space-time persistent)
fluctuations of LST measurements obtained from a geostationary satellite.

On this basis, the RST methodology was applied to all LST data collected from 2005
to 2010, at the same time of the day (00:00 GMT), in March and April, to perform a
validation/confutation analysis. We considered the months of March and April 2009 for
validation purposes, while in the confutation phase the analysis was performed considering
March and April 2007, which were relatively seismically unperturbed within the considered
dataset.

4. The validation phase: from 15 March until 15 April 2009

On the basis of the reference fields paist (X,¥) and oaist (X,y), computed following the
RST prescriptions, LST anomaly maps (calculated on the basis of Eq. 2) were generated for
all LST night-time (00:00 GMT) images in the period 15 March- 15 April 2009 (validation
phase). Each scene of the data-set was processed, but pixels previously declared as affected
by clouds (using the cloud mask product provided by EUMETSAT, NWC-SAF, 2007) as
well as pixels corresponding to data missing were excluded from whatever further processing
and analysis according to the RST prescriptions.

Figure 2 shows the maps of the ®,.s7 (X,y,t) index from 15 March until 15 April 20009.
Pixels with ®,s7 (X,y,t) > 3.5 (i.e. ALST (X,y,t)—pacst (X,y) excess greater than 3.5 > carst
(x,y)) are depicted in red and hereafter, only for the sake of simplicity, we will refer to them
as “LST anomalies”.

Looking at the sequence of pictures in figure 2, it is possible to note that higher
intensity LST anomalies (i.e. pixels with ®,.st (X,y,t) > 3.5) appear in the maps affecting the
Northern Africa on 21 and 28 March, while Central Italy (the Abruzzo region) and Balkan
region are affected by persistent (in the space/time domain) LST anomalies (SSLAS)
beginning on 30 March until 1 April. Another high intensity SSLA appears in the northern
part of the scene (North-East of the Italian peninsula and Croatia region) on 4 and 5 April
2009.

On the basis of this analysis, if we consider lower intensity LST anomalies (pixels
with ®, st (XY,t) > 3 and ®, st (X,y,1) > 2.5) we can better appreciate (Figure 3) the
space/time evolution of the LST anomalies observed before. Generally, low intensity
anomalies follow those of higher intensity noticeably enlarging the anomaly area and filling
gaps both in the space (among isolated anomalous pixels) and time domains.



On the basis of such considerations and looking at Figure 1 showing the seismic
events with M>3.5 occurred in the period March-April 2009, it is possible to note that two
main SSLAs are clearly visible:

o the first in Central Italy (black circle in figure 3) from 30 March to 1 April (7
days before the main shock of the Abruzzo earthquake) located near the main
tectonic lineaments (green lines) and seismic epicentres of the earthquakes
occurred in the area.

e the second in the Balkan region (blue circle in Figure 3) where an earthquake
with M ~4.2 occurred on 31 March 2009.

The appearance of two SSLAs in Central Italy and in the Balkan region, both in a
possible relation with the strong seismic events occurred there, seems to be consistent with
the idea of a strict seismic correlation among Southern Dinarides—Albanides and Central
Apennines zones already argued by Mantovani et al. (2010).

Two other SSLAs could be identified in Figure 3 (in fact, they appear sufficiently
spatially persistent only when lower intensity anomalies with ®, st > 2.5 are also considered):

e one near tectonic lineaments of the Padania plain and in the North-East of the
Italian peninsula on 21 and 31 March and 4 and 5 April 2009 (purple circle in
figure 3). The regions have been affected by an earthquake (Forli earthquake) on
5 April 2009 (M_~4,6)

e another in the Northern part of Africa on 21 and 28 March 2009 (green circle in
figure 3), probably related to the residual local warming effect due to the night
time passage of a cloudy system (Filizzola et al., 2004, Aliano et al., 2008a).

5. The confutation phase: from 15 March until 15 April 2007

The confutation analysis for the Abruzzo earthquake was performed by considering the same
period as the validation step (15 March-15 April) but in a different year, in order to verify the
absence of SSLAs in a relatively seismically unperturbed period. The selection of the year
2007 for confutation purposes was done consulting the INGV (2010) seismic catalogue in the
period 2005-2010 (according to LST data used in the analysis): no seismic event with M>5 is
reported over the investigated area during the months of March and April 2007 (Figure 4). As
for the validation step, the same cut at 3.5¢ (i.e. ®,.st (XY,t) > 3.5) was used in order to
identify high intensity SSLASs on the images.

Figure 5 shows the result of the RST analysis for the year 2007 performed using the
same LST data employed in the validation phase. It is possible to note that no SSLA is present
and that only isolated, not time persistent (disappearing just in 1 day) LST anomalies are
detectable (being the area overcast for most of the time) on 6 April 2007 on the same area
(Eastern Calabria Region) where about 10 days before the only seismic event with M>4 (26
March 2007, M=4.1) occurred in the considered period over the whole Italian peninsula.

6. Conclusion

The RST approach built on a statistically based definition of TIR anomalies was used in this
work together with a space-time persistence analysis to investigate possible relations between
an earthquake occurrence and space-time fluctuations of the Earth’s emitted TIR radiation
observed from satellite.

The Abruzzo earthquake (6 April 2009, My, ~6.3) was analyzed by applying, for the
first time, the RST approach to LST products obtained by geostationary satellite data.
Previous works of the same authors had suggested that an increase of signal-to-noise ratio
could be achievable by using geostationary (rather than polar) data (see Filizzola et al., 2004)
or LST products (instead of simple TIR radiance at sensor, e.g. Tramutoli et al. 2001, Di
Bello et al., 2004). The use of geostationary satellite sensors operating with time-invariant



satellite view angles contributes to reduce observational noise, while LST data, providing an
estimation of the ground surface temperature corrected for the variable contribution of water
vapour in the atmosphere, lead to a reduction of natural noise. An additional increase of
signal-to-noise ratio is expected when considering a combination of the two conditions, i.e.
applying the RST approach to LST products derived by geostationary data. To this aim, the
results obtained with the use of LST products (generated by the Land SAF through the
application of a generalized split-window algorithm to SEVIRI images) were analyzed in the
case of the Abruzzo earthquake.

The period (15 March-15 April 2009) around the time of the Abruzzo earthquake was
considered as a test case for validation purposes, while a relatively unperturbed period (no
earthquakes with M>5) was taken for the confutation analysis in the same months (March—
April) of a different year (2007).

The validation/confutation approach highlights that high intensity (with ®,.sr>3.5)
Significant Sequences of space-time persistent LST Anomalies (SSLAS) appear in Central
Italy seven days before the main shock of the Abruzzo earthquake (6 April 2009, My~6.3). In
particular, very intense and extended LST anomalies were observed near tectonic lineaments
from 30 March until 1 April. No SSLA and no similar anomalies were observed in absence of
earthquakes in similar observation conditions in the period. (March-April 2007) considered
for confutation purposes.

Moreover, the results obtained using LST products confirm and improve those
obtained by using the simple TIR radiances at the sensor collected both by polar
(NOAA/AVHRR and EOS/MODIS) and geostationary (MSG/SEVIRI) satellite sensors (Lisi
et al.,, 2010; Genzano et al., 2010, 2009b; Pergola et al., 2010), and demonstrate that such
results were not due to atmospheric effects (i.e. changes in the atmospheric transmittance).

In conclusion, some critical points should be highlighted such as the existence of
some factors that can limit the applicability of this technique in particular observational
conditions, as in presence of persistent cloudy bodies that take up the scene.

In fact, clouds reduce the amount of satellite records usable within the historical
reference data-set, producing a data lack in the historical series of observations and this way
influencing the multi-temporal analysis. Moreover, if the presence and persistence of
cloudiness is wide, the scene can be so “obfuscate” that it will be hard to observe the space-
time continuity of possible thermal anomalies over the selected area test.

In addition, the geographic distribution of clouds over an heterogeneous thermal
scene can significantly influence the computation of spatial means. In fact, as emerged after
the analysis of a large number of satellite images processed, if clouds mostly insist over the
“usually warmer part” of the scene, the spatial average LST(t) will result lower than the
expected value in clear sky conditions. Consequently, it is possible to have higher values of
the signal ALST(x,y,t) = LST(x,y,t) - LST(t) over the quite entirety of the clear portion of the
scene that are related to an anomalous cooling of LST(t) (named cold spatial average effect in
Aliano et al. 2008a, Genzano et al. 2009b) due only to an anisotropic distribution of clouds
along the north-south direction.

In this sense, taking advantage from the intrinsic exportability of the RST approach,
the use of microwave sensors could help to overcome such limitations. In fact, this kind of
electromagnetic radiation, which penetrates (not raining) clouds, allows us to observe the
Earth’s surface in any weather conditions. Even though the spatial resolution of MW passive
sensors (10-50 km nadir view) is much lower than that of TIR sensors (1-5 km), it remains
largely sufficient to monitor the thermal anomalies usually observed at a wide scale around
the earthquake preparation zone.
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Figure 1. Seismic events with M, > 3.5 occurred during March and April 2009. Red star indicates the
main shock of Abruzzo earthquake (INGV, 2010). The red circle represents the earthquake preparation
zone according to the Dobrovolsky equation (see text).

Figure 2. LST validation phase: results of the RETIRA index computation on the investigated area at
the time of Aquila earthquake (6 April 2009, M\y=6.3). LST anomalies (i.e. pixels with ®, st (X,y,t)>
3.5) are depicted in red. Cloudy locations and missed data are depicted in gray. Red boxes contour
images containing LST anomalies. Green dashed circles indicate the areas of occurrence of LST
anomalies (see text).

Figure 3. LST validation phase: results of the RETIRA index computation on the investigated area at
time of Aquila earthquake (6 April 2009, M\y=6.3) considering also lower intensity LST anomalies (i.e.
pixels with ®,.s7 (X,Y,t) > 3 and ®, st (X,Y,t) > 2.5). Generally, low intensity anomalies follow the ones
of higher intensity noticeably enlarging the anomaly area and filling gaps both in.the space (among
isolated anomalous pixels) and time domains. The coloured circles represent sequence of LST
anomalies(see text). The green circles (on 21 and 28 March 2009) show LST -anomalies probably
related to the residual local warming effect due to the night time passage of a cloudy system.

Figure 4. Seismic events (M_>4.1) occurred during March—April 2007 (INGV, 2010).
Figure 5. Confutation phase: results of the RETIRA index computation over the investigated area for

the relatively unperturbed year 2007. Red boxes contour images containing LST anomalies with ®, st
(X,y,t) > 3.5. Green circles indicate the areas of occurrence of LST anomalies.
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Highlights

1) Robust Satellite Technique has been used in order to study the Aquila earthquake;
2) Inthis work we use LST data products instead than just TIR radiances at the sensor
3) The results obtained confirms and improve the ones obtained by using TIR radiances





