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Abstract. This paper presents a validation and confutation1 Introduction

analysis using the methods of the robust satellite data anal-

ysis technique (RST) to detect seismic anomalies within

the bi-angular Advanced Along-Track Scanning Radiome-BY studying remote sensing satellite data, researchers have
ter (AATSR) data based on spatial/temporal continuity anal-found various abnormal events in the lithosphere, atmosphere
ysis. The distinguishing feature of our method is that we car-2nd ionosphere prior to large earthquakes, which are re-
ried out a comparative analysis of seismic anomalies fromflected in thermal infrared (TIR) anomalies (Gorny et al.,
bi-directional observation, which could help understanding1988; Tronin, 1996; Tramutoli et al., 2005; Pulinets et al.,
seismic thermal infrared (TIR) anomalies. The proposed2006)a and ionospheric anomalies (Pulinets and Boyarchuk,
method has been applied to analyse bi-angular AATSR grid2004§ Hayakawa, 2000; Liu et al., 2004; Sarkar et al., 2007;
ded brightness temperature data with longitude from 5 toParrot et al., 2006) prior to the earthquake events. The lat-
25 E and latitude from 35 to SN associated with the €St advancements in lithospheric—atmospheric—ionospheric
earthquake that occurred in Abruzzo, Italy, on 6 April 2009, models provide a possible explanation for the origin of
and a full data set of 7yr data from 2003 to 2009 during these phenomena (Pulinets and Boyarchuk, 2004; Pulinets
the months of March and April has been analysed for val-and Ouzounov, 2011; Liperovsky et al., 2005, 2008, 2011;
idation purposes. Unperturbed periods (March—April 2008)Umarkhodgaev et al., 2012), permitting us to explore pos-
have been considered for confutation analysis. Combiningfibleé new studies of the spatial and temporal variability of
with the tectonic explanation of spatial and temporal continu-"émote sensing data before and during major earthquakes.
ity of the abnormal phenomena, along with the analysed re- Several studies have recently been carried out to analyse
sults, a number of anomalies could be associated with possthérmal infrared anomalies appearing in the area of earth-
ble seismic activities, which follow the same time and space duake occurrence a few days before the seismic shock. These
Therefore, we conclude that the anomalies observed fron$tudies analytically compare images of pre- (vs. post-) earth-
29 March 2009 to 5 April 2009, about eight days before theduake satellite TIR imagery (Tronin et al., 2002), study out-

Abruzzo earthquake, could be earthquake anomalies. going longwave radiation (OLR) data and identify anoma-
lous variations prior to a number of medium to large earth-

quakes (Defu et al., 1997; Ouzounov et al., 2007; Xiong
et al., 2010), perform a multispectral thermal infrared com-
ponent analysis during earthquakes by using land surface
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temperature (LST) (Ouzounov and Freund, 2004; Tronin et z
al., 2004), and assess the anomalous surface latent heat flu@
(SLHF) peaks a few days prior to the main earthquake event
(Dey and Singh, 2003; Cervone et al., 2004; Qin et al., 2011).
The main problems associated with these studies are lack
of rigorous definition for TIR anomalies and the absence of #
a convincing testing step based on a validation/confutation ™
approach. A possible solution to these problems is to employ
a new approach and an advanced data analysis technique t
detect earthquake anomalies embedded in TIR remote sens_
ing satellite data. Recently, a data analysis technique namecg g
the robust satellite data analysis technique (RST) (Tramutoli,
2007) has been proposed for natural and environmental haz-
ards monitoring and mitigation. This technique has already
been validated in the case of many earthquakes (Tramutoli et,,
al., 2001, 2005; Filizzola et al., 2004; Corrado et al., 2005; &

Aliano et al., 2007, 2008; Genzano et al., 2007, 2009, 2010; AhruzzoEanhq::l)(eE. M 5.0-5.9 105 IEVI4.5-4.9 o M 42.1())-4ﬁ o M3539
Pergola et al., 2010).

During the seismic activities, local change of infrared in- Fig. 1. Historic seismicity (from March 2009 to April 2009) of the
formation along the active faults is small, but it shows clearAbruzzo region. The epicentre of the Abruzzo earthquake that oc-

anisotropy. The Advanced Along-Track Scanning Radiome-curred on 6 April 2009 is marked with a yellow bulseye.

ter (AATSR) onboard ESA's Envisat spacecraft has a viewing
geometry W_here each terrestrial scene is viewed at two anéurfaces (Llewellyn-Jones et al., 2001). The nominal spatial
gles, at nadir and at a forward angle of §&lewellyn-Jones . ) : L
: .__resolution of AATSR is 1knmx 1km in the nadir view and
et al., 2001), these dual views can be used to detect seismi . . . .
anomalies from bi-directional observation based on infrare Skmx 2km in the forward.wevy, W'.th a swath w@th of
about 500 km. Equator crossing time is 10:00 local time (de-

amsotr_opy of seismic activities. cending node) and revisit time is about 3 days (Coll et al.,
In this paper we propose to use a RST approach as a dal 12)

analysis tool to detect seismic anomalies within bi-angular The AATSR has two on-board calibration mechanisms,

AATSR data. We have undertaken a validation and confu- . . . .
tation approach in order to determine whether causes (e Iow_—n0|se.detectors and mechar_u.cal coolers that provide high
Gadiometric accuracy and stability to the TIR data (better

meteorolog_lcal) that are different frpm seismic actlv_lty could than 0.05K for the 11 and 12 um bands). A special feature
be responsible for the TIR anomalies. A comparative analy- L . . ; .

. . . Co L of the AATSR s its conical scanning mechanism to give a
sis of seismic anomalies reflected in bi-directional observa-

. . . . A dual view of the Earth’s surface, first in the forward view at
tion provides us with a further understanding of seismic TIR . -
anomalies. an angle of around 85and 150 s later in the nadir view at

The proposed RST approach has been applied to anaf" angle close to vertical (from 0 to 23)7From two views

yse the AATSR gridded brightness temperature data aSSOv_wth different atmospheric path lengths, it is possible to ob-

ciated with the Abruzzo, Italy, earthquake that occurred ontaln independent information about the atmospheric contri-

6 April 2009 (Fig. 1). Combined with the tectonic explana- butlons_ o the signal, and perform an accurate atmosphem?
. . - correction and thus enable more precise data (ESA, 2007;
tion of the spatial and temporal continuity of the abnormal

phenomena, the analysed results have indicated a number Iﬁ*ewellyn-Jones etal., 2001).
' The AATSR data used in this paper are usually provided

e}nomahes associated with the possible seismic charactens"-] so called Gridded Brightness Temperature/Reflectance
tics of the Abruzzo earthquake.

(GBTR) product, which is the single Level 1B product from
AATSR. It contains cloud-free top-of-atmosphere (TOA)
brightness temperature (BT) values for the three infrared
channels and reflectance values for the 1.6 um and visible
The AATSR onboard ESAs Envisat spacecraft has threechannels, and all pixels are co-located and resampled to a

visible/near-infrared channels at 0.55, 0.67 and 0.87 um, de} km Iatltude—_lpngnude_grld (ESA, 2007). _In this paper we
ropose to utilise the bi-angular 12 um brightness tempera-

signed spgcnﬁcally for remote-sen3|ng_apphcatlons over la}ncfure data to detect seismic anomalies using the robust satellite
and a visible channel at 1.6 um which is used primarily .
; technique.
for cloud clearing, as well as three channels at the ther-
mal infrared wavelengths of 3.7, 11 and 12 pm, from which
surface temperatures are derived over both sea and land

2 The bi-angular AATSR data
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4 Methodology

50°N

There are several methods to choose for the analysis of
TIR data, mainly including the eddy field calculation mean
(Defu et al., 1997; Ouzounov et al., 2007), the wavelet time-
frequency analysis (Cervone et al., 2004; Xiong et al., 2009)
and the RST (Tramutoli, 1998, 2007). The RST method is
based on a preliminary multi-temporal analysis on several
years of satellite TIR records, which is devoted to character-
ize the TIR signal for each pixel of the satellite image pro-
cessed. This previous study concluded that, anomalous TIR
could be identified within TIR data related to an earthquake
(Tramutoli et al., 2001, 2005, 2007; Filizzola et al., 2004;
Aliano et al., 2007, 2008; Genzano et al., 2009, 2010; Per-
gola et al., 2010). Each step of the RST method for detecting
=\ seismic anomalies using bi-angular Advanced Along-Track
Scanning Radiometer data will be explained and detailed in
the following.

45°N

40°N

35°N

10°E 15°E 20°E
@ M5059 @ M4549 e M404d4 o M3539

Fig. 2. Historic seismicity (March 2008 to April 2008) of the ) ) ] ]
Abruzzo region. 4.1 Calculating the differential variable AT

Calculating differential variableAT is expected to reduce
3 Abruzzo earthquake possible contributions due to day-to-day and/or year-to-year
climatological changes and/or season time-drifts. The differ-

In this study, the Abruzzo earthquake with magnitude= ential variableAT is the value of the difference between the
6.3 is selected for evaluating the proposed methods. It ocpunctual value of AATSR brightness temperature and its spa-
curred on the 6 April 2009 at 01:32:39 GMT, the location of tial average computed on the investigated area by taking con-
the epicentre is at 42.38\, 13.33 E in the L'Aquila area of  sideration of only cloud-free locations, all belonging to the
central Italy (Fig. 1), at a depth of 8.8 km (5.5 miles). At least same underlying surface, land or sea.
287 people were killed, 1000 injured, 40 000 made homeless The first step in calculating the differential varialdg” is
and 10 000 buildings were damaged or destroyed. The maio build a cloud mask: hereinafter, we use the nadir-forward
earthquake was followed by a series of smaller aftershocksests (Avody et al., 2000), which are based on the idea
(USGS, 2009). that for clear pixels there should be correlation between the

The tectonic summary of this earthquake is described aglifference in bi-angular AATSR brightness temperature be-
follows: it occurred as a result of normal faulting on a NW- tween the nadir and forward view measurements at 11 and
SE oriented structure in the central Apennines, a mountairL2 pm brightness temperatures, since both depend on the at-
belt that runs from the Gulf of Taranto in southern Italy to mospheric characteristics, principally the water vapour load-
the southern edge of the Po Basin in northern Italy. Geo-4ng. This relationship has been determined using radiative
logically, the Apennines are largely an accretionary wedgetransfer modelling applied to an ensemble of atmospheric
formed as a consequence of subduction. This region is tecprofiles. For each pixel the differencB11-7'12 is deter-
tonically and geologically complex, involving both subduc- mined, and used to predict the view difference using this
tion of the Adria Microplate beneath the Apennines from relationship. The actual view difference is compared with
east to west, continental collision between the Eurasian anthe prediction, and if they differ by more than a pre-defined
African plates building the Alpine mountain belt further to threshold, the pixel is assumed to be cloudy (ESA, 2007), and
the north and the opening of the Tyrrhenian Basin to theafter performing the cloud detection one can build an image
west. The evolution of this system has caused the exprescM(x, y) for each pixek, y of the scene CM=1 or CM=0
sion of all different tectonic styles acting at the same timeif the location has been recognized as clear or cloudy, respec-
in a broad region surrounding Italy and the central Mediter-tively.
ranean. The earthquake on 6 April 2009 is related to normal
faulting and the east—west extensional tectonics that domi-
nate along the entire Apennine belt, primarily a response to
the Tyrrhenian Basin opening faster than the compression be-
tween the Eurasian and African plates (USGS, 2009).
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Fig. 3. The mean (left panels) and the standard deviation (right panels) of the reference fields for the investigated area of forward view and
nadir view computed from bi-angular AATSR data from 2003 to 2009 during the months of March.

Given the image pixel latitude and longitude, the surface wherer = (x, y) represents location coordinates of the
type for each image pixel is derived from land/sea mask in-pixel centre on a satellite image, ands the time of image
formation obtained by an external AATSR auxiliary product; acquisition.
after performing the land/sea identification one can build an
image LSx, y) having for each pixek, y of the scene with 4.2 Calculating the reference field
LS=1 or LS=0 if the location has been recognized as sea
orland. _ . In order to calculate the reference field for this study, we use

Computing the averagg (¢) for the sea using only pixels 4 hinning algorithm to preprocess the selected data, in which
over the scene which have CM1 and LS=1 and for the  pjinning refers to the process of distributing the contributions
land using only pixels over the scene which have €Mand o pixels to be processed in satellite coordinates to a fixed
LS=0, the last step is to calculate the differential variable 4rig ysing a geographic reference system. In most cases a
AT by using the formula sinusoidal projection is used to generate a grid comprising a
fixed number of equal area bins with global coverage (Camp-
bell et al., 1995).

We use cloud free records from the selected datdrset
7) to compute the reference fields for means () and

AT =T @r,t)—T (), (1)
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Fig. 4. Reference fields for the investigated area of forward view and nadir view computed from bi-angular AATSR data from 2003 to 2009
during the months of April.

standard deviatioa 7 (r)at the location = (x, y) usingthe 4.3 Anomalous detection step

following equations:
Anomalous TIR of bi-angular AATSR data are detected by

1 an index as used in Tramutoli (1998, 2007), implementing
par () =+ ZAT(F, 1), (2)  RETIRA (Robust Estimator of TIR Anomalies), which can
rer be defined as follows:
1Y AT (r,1) —
oar (N = | =3 (AT(r1) — par(r)? @) @ar(nn= LD HAr®) @)
N tet oar(r)

In this paper, a 7yr data set of the bi-angular AATSR The differenceA T (r. 1) — puar (r) then represents the Sig-
gridded brightness temperature with a coverage of Iongitudé‘al (S) to be investigated for its possible relation with seismic
from 5 to 25 E and latitude from 35 to 3N and the du- activities. It is always evaluated by comparison with the cor-

ration from 2003 to 2009 during the months of March and responding natural/observational nois€){ represented by

. . oar (r) which describes the overall (local) variability of S in-
fg;g: grfebf? :IZ sr,) rsct)%evjs?: 'i?gr];:o;n ;Erl: éﬂZQT (r) andoar () cluding all (natural and observational, known and unknown)

sources of its variability, as historically observed at the same

www.nat-hazards-earth-syst-sci.net/13/2065/2013/ Nat. Hazards Earth Syst. Sci., 13, 20854 2013
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Fig. 5. Results of the RETIRA index computation on the investigated area before and after the Abruzzo earthquake using AATSR BT data
(nadir view) from 22 March 2009 to 21 April 2009. Pixels wign 7 (r, t) > 4 are depicted in mars red, pixels wittb3 @7 (r,t) < 4 are

depicted in seville orange, pixels withB3< QA7 (r, 1) < 3.5 are depicted in solar yellow, pixels with52< @ A7 (r, ) < 3.0 are depicted in

autunite yellow, pixels with ® < @ o7 (r, ) < 2.5 are depicted in yucca yellow. Epicentre is marked with a red bullseye.

site in similar observational conditions (sensor, time of day,(BT) data from 22 March to 21 April 2009, we get the curves
month, etc.). This way, the relative importance of the mea-(Fig. 5) of results of the RETIRA index computation on the
sured TIR signal (or the intensity of anomalous TIR tran- investigated area before and after the Abruzzo earthquake us-
sients) can naturally be evaluated in terms ¢f/& ratio by  ing AATSR nadir view data and the curves (Fig. 6) of results
the RETIRA index. Moreover the largen 7 (r) is, the lower  of the RETIRA index computation using AATSR forward
Qar(r, 1) will be, so that the RETIRA index results intrin- view data. Pixels withR A7 (r,¢) > 4 are depicted in mars
sically protect against false alarm proliferation (robustnessyed, pixels with 36 < @7 (r, 1) < 4 are depicted in seville
(Tramutoli et al., 2005). orange, pixels with ® < ® a7 (r, ) < 3.5 are depicted in so-
In this paper, the RETIRA index has been computed forlar yellow, pixels with 25 < @7 (r, ) < 3.0 are depicted in
a set of bi-angular AATSR imagery data in order to perform autunite yellow, pixels with ® < @7 (r,t) < 2.5 are de-
the validation/confutation analyses. For validation purposespicted in yucca yellow. The epicentre is marked with a red
the months of March and April 2009 have been consideredbullseye, the investigated area has longitude fronk %o
whereas, for the confutation analysis, the months of March25° E and latitude from 35 to S(N.
and April 2008 were selected, as 2008 was seismically “un- In Fig. 5, it can be observed that there are obvious anoma-
perturbed” (i.e. no earthquakes withh > 5, data acquired in  lies before the earthquake except for the day before the
the same region and month but different years) in the wholeearthquake. The anomalies occurred during 29 March to
data set used (USGS, 2009). 5 April 2009, which is the period beginning eight days be-
fore the Abruzzo earthquake. All of the anomalies are around
the Abruzzo earthquake epicentre. These anomalies may
5 Validation analysis be caused by the large amount of energy generated by the
Abruzzo earthquake, while anomalies on the day when the
Using the method mentioned above and the bi-angulaearthquake occurred (Fig. 5) become more apparent, which
AATSR top-of-atmosphere (TOA) brightness temperaturemay be caused by the release of a large amount of energy;

Nat. Hazards Earth Syst. Sci., 13, 20652074 2013 www.nat-hazards-earth-syst-sci.net/13/2065/2013/
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Fig. 6. Results of the RETIRA index computation on the investigated area before and after the Abruzzo earthquake using AATSR BT data
(forward view) from 22 March 2009 to 21 April 2009.

after the earthquake, in the results of the RETIRA indexacross the forward swath. The nominal IFOV (instantaneous
computation of 7 April 2009, 8 April 2009, 9 April 2009, field of view; pixel) size is 1 krf at the centre of the nadir
10 April 2009, 13 April 2009 and 15 April 2009, some swath and 1.5kfat the centre of the forward swath, and
anomalies are also present, which perhaps is due to the marifie conical scanning mechanism of the AATSR gives a dual
aftershocks of the Abruzzo earthquake (Fig. 1). view of the Earth’s surface, in the forward view at an angle
Beginning 29 March 2009 anomalies are visible in centralof around 55 and in the nadir view at an angle close to ver-
Italy. They are located near the main tectonic lineaments andical (from 0 to 21.7). These phenomena are quite clear in
the area where the epicentres of the Abruzzo earthquake clushe results of the RETIRA index computation of 31 March,
ter. This indicates that from 28 March 2009 to 5 April 2009, 1 April, 3 April, 5 April , and 11 April 2009. The anomalies
anomalies were identified as likely indicative of activity in extracted based on AATSR forward view data acquired with
this area, in correspondence with a tectonic explanation ofin angle of around B5are large (Fig. 6). The anomalies ac-
spatial and temporal continuity. TIR anomalies also occurredquired from the AATSR nadir view data are small (Fig. 5).
in the Balkan area, with a variable spatial distribution and According to the above analysis, the character of the anoma-
different levels of intensity; a possible reason for this is that,lies could be summarized as follows.
before the Abruzzo earthquake, the region was affected by
the earthquakeMy = 4.6) that occurred on 5 April 2009, 1. Anomalies from 29 March 2009 to 5 April 2009 could

which resulted in a small amount of energy release. be obviously observed, the largest magnitude anoma-
The distribution of the anomalies in Fig. 6 is similar to that lies appear on 6 April 2009 and gradually weaken after
in Fig. 5. However, in Fig. 6, the anomalies are more continu- 15 April 2009, thus we postulated that such effect would

ous with larger magnitudes and a clear anomaly appears dur- ~ result from the large energy flux during the Abruzzo
ing the earthquake. The bi-directional observation AATSR  earthquake.

data could be the main reason to cause such effect. The

AATSR field of view comprises twe- 500 km-wide curved 2. A feature of the anomalies caused by the earthquake is
swaths, with 555 pixels across the nadir swath and 371 pixels  a variable persistence in the space and time domains,

www.nat-hazards-earth-syst-sci.net/13/2065/2013/ Nat. Hazards Earth Syst. Sci., 13, 20854 2013
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Fig. 7. Results of the RETIRA index computation on the investigated area from 22 March 2008 to 21 April 2008 using AATSR BT data
(nadir view).

with a variable spatial distribution and different levels are present, the largest magnitude anomalies appear on
of intensity. 24 March 2008 and disappear after that. Considering the
historic seismicity (from March 2008 to April 2008) of the
3. From the above discussion, using the bi-directional ob-Abruzzo region (Fig. 2), we postulated that such effect could
servations AATSR data could help us to have a furtherresult from the energy flux of the earthquake that occurred
understanding of seismic TIR anomalies. on 24 March 2008 Ms=4.1). Other sporadic anomalies
(31 March 2008, 1 April 2008 and 2 April 2008) could have
been affected by the seismic event with magnitude 4.2 that
6 Confutation analysis occurred on 31 March 2008.

In order to examine the reliability of the analysed results

(above) regarding the Abruzzo earthquake, we use the sanie  Conclusion

procedure to perform a confutation analysis on a rela-

tively seismically unperturbed period: the same period (fromThis paper presents a validation and confutation analysis of

22 March to 21 April) but in a different year (2008) in the the AATSR gridded brightness temperature data associated

same area. The reason for selecting 2008 for the confutatiowith the Abruzzo earthquake and explains how the anomalies

analysis is that within the years 2000 and 2009 there were naliscovered from the AATSR gridded brightness temperature

seismic events with a magnitude greater than 5 in the inveseata could be related to the earthquake. The methodology

tigated area as illustrated in Fig. 2, according to the seismiadiscussed in the paper uses RST, including spatial/temporal

catalogue (USGS, 2009). continuity analysis of the RETIRA index to identify singular-
The anomalies in Fig. 7 are generally limited in extent ities during the earthquakes. The validation and confutation

and discontinuous. Only isolated anomalous pixels are deanalyses on time and space of the Abruzzo earthquakes con-

tected. Anomalies from 22 March 2008 to 24 March 2008 clude that prominent singularities could be found prior to the

Nat. Hazards Earth Syst. Sci., 13, 20652074 2013 www.nat-hazards-earth-syst-sci.net/13/2065/2013/
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earthquakes using RETIRA index, which showed continuity ning Algorithms, National Aeronautics and Space Administra-
both in space and time. tion, Goddard Space Flight Center, 1995.

The conclusion regarding anomalies discussed in this paCervone, G., Kafatos, M., Napoletani, D., and Singh, R. P.: Wavelet
per could be summarized as follows: several anomalies that maxima curves of surface latent heat flux associated yvith two
may be caused by the large amount of energy generated are recent (_Sreek earthquakes, Nat. Hazards Earth Syst. Sci., 4, 359—
identified before the Abruzzo earthquake. Anomalies on the _ 5/ 4 d0i10.5194/nhess-4-359-2002004. " .
day when the earthquake occurred could also be detecteg,o”' C., Valor, E., Galve, J. M., Mira, M., Bisquert, M., Gaae

hich h b dbvth | fal Santos, V., Caselles, E., and Caselles, V.: Long-term accuracy
which may have been caused by the release of a large amount ygsessment of land surface temperatures derived from the Ad-

of energy. After the earthquake obvious anomalies were also \anced Along-Track Scanning Radiometer, Remote Sens. Envi-
observed, which perhaps were caused by the many after- ron. 116, 211-225, ddi0.1016/.rse.2010.01.022012.

shocks. From the confutation analysis, we conclude that theorrado, R., Caputo, R., Filizzola, C., Pergola, N., Pietrapertosa, C.,
anomalies observed from 29 March 2009 to 5 April 2009, and Tramutoli, V.: Seismically active area monitoring by robust

about eight days before Abruzzo earthquake, could be the TIR satellite techniques: a sensitivity analysis on low magnitude

earthquake anomalies associated with the Abruzzo earth- earthquakes in Greece and Turkey, Nat. Hazards Earth Syst. Sci.,
quake. 5, 101-108, doi0.5194/nhess-5-101-200%005.

The distinguishing feature of this paper is that we carriedDetf)“'f L., Zhuoli, L., ;‘”d II((eyirE P't; OLE aggml""zlcé“i?)pzhelngogrge”a
out a validation and confutation analysis of seismic anoma-_ P€'ore strong earthquakes, Earthquake, 17, 126-132, '

lies from bi-directional observations, which could help us Dey, S. and Singh, R. P.: Surface latent heat flux as an earth-
’ P quake precursor, Nat. Hazards Earth Syst. Sci., 3, 749-755,

to have a further understanding of seismic TIR anomalies. .10 5194/nhess-3-749-2003003.

Our studies also found that anomalies discovered within bi-esa: Envisat AATSR Product Handbook, European Space Agency,

angular AATSR data could be regarded as effective indica- 2g07.

tors to detect seismic activities. This finding will be further Filizzola, C., Pergola, N., Pietrapertosa, C., and Tramutoli, V.:

validated by using more earthquake data in the future. Robust satellite techniques for seismically active areas moni-
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