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Abstract. The temperature variations caused by additivecomprehensive reflection of various thermal energy sources
tectonic stress has been studied to explain its relationshigMa, 2006). The transient thermal rise in and around epicen-
with the seismic fault sliding of the Abruzz = 6.3 Earth-  ter areas shows us a useful way to study the activities of seis-
quake in April 2009. According to the periodic changes mic tectonics by the TIR (Thermal Infra-Red) of temperature
of the additive tectonic stress caused by the celestial tide{Ouzounov et al., 2004). However, because infra-red waves
generating force, the temperature variations before and afean hardly penetrate clouds, when there are lots of clouds
ter the earthquake have been analyzed based on the temperaser the epicenter area, the TIR of temperature cannot be sur-
ture data from National Centers for Environmental Predictionveyed correctly by remote sensing technology. In addition,
(NCEP). The figures of temperature variations clearly showthe mechanism of temperature variations is so complicated
that the abnormal increasing of the temperature has resultethat the selection of different benchmark values of tempera-
from seismic fault sliding. Based on this method, it is possi- ture may get different results for TIR anomalies. In the paper
ble to forewarn short-impending earthquakes. of Yang et al. (2010), a subtraction method is used. For ex-
ample, yesterday’s temperature at 18:00 UTC is subtracted
from today’s temperature at 18:00 UTC, and in this way the
time-series of differences of temperatures are worked out and
plotted in a figure which is used to pick up the day of TIR
The thermal anomalies around the place and the time oftnomaly. To further precisely detect the TIR anomalies, the
an earthquake have been extensively discussed. As said fij€teorology temperature data collected from 700 weather
Lisi et al. (2009), these anomalies may arise from the in-Stations were used by Yang et al. (2010) as complementar-
crease in green-house gas (such as,,COH) emission ities to obtain the relatively exact differences of 'Femperature
rates, the modification of the ground water regime, the in-Of an Earth surface. Such methods may require much ef-
crease of convective heat flux or more complex phenomend0rt to collect and process data. In the paper of Zhang et
caused by the other pre-seismic effects (Tronin, 2006). Whel- (2010), a wavelet transform method is used to process the
viewed from the sources of thermal energy during the pro_bn.ghtness temperatur_e (_:iata which can be obtained f[hrough
cess of an earthquake, under the aggravated stress of tH$ing the t.hermal radlat|on'data from the T]R satellite re-
Earth’s crust the generating mechanical strain energy andOteé sensing data. For this method, the different wavelet

other physical, chemical energy is generated, and most of thigansform criterion functions and window sizes of the Fourier
will be transformed into thermal energy with infra-red radi- 1ransformation used may obtain different TIR anomalies.

ation mode and released through various channels. Therdnother approach named RST (Robust Satellite Technique),
fore, the measurement of infra-red anomaly of earth shock¥hich is based on a statistical definition of *TIR anoma-
from high-altitude satellites or earth surface may provide alies”, is introduced and used in several earthquakes studies

1 Introduction
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(Tramutoli, 2005, 2007; Lisi et al., 2010). TIR anomalies basin in the Tyrrhenian Sea opening faster than the African
can be identified as deviations from those “normal” condi- Plate collides with the Eurasian Plate (USGS, 2009). Ge-
tions, using a specific index, RETIRA (Robust Estimator of ologically, the Apennines are largely an accretionary wedge
TIR Anomalies, Filizzola et al., 2004; Tramutoli et al., 2009), formed as a consequence of subduction. The region is tecton-
and computed on the related images. In addition, the RSTically and geologically complex, involving both subduction
has always been carried out by using a validation/confutatiorof the Adria micro-plate beneath the Apennines from east to
approach (Tramutoli, 2007; Lisi et al., 2010; Lovallo et al., west, continental collision between the Eurasian and African
2007; Marchese et al., 2006). However, as showed in Lisi eplates building the Alpine mountain belt further to the north
al. (2010), Marchese et al. (2006), and Lovallo et al. (2007)and the opening of the Tyrrhenian basin to the west. The
, although the RST approach has been well applied to thevolution of this system has caused the expression of all dif-
AbruzzoM = 6.3 Earthquake and gives a convincing result, ferent tectonic styles acting at the same time in a broad re-
it relies too much on the availability of historical data (the gion surrounding Italy and the central Mediterranean. The
Advanced Very High Resolution Radiometer (AVHRR) im- 6 April 2009 earthquake is related to normal faulting and the
ages for 15yr). So it maybe not very appropriate to be usedast-west extensional tectonics that dominate along the entire
in studying other different earthquake regions with less his-Apennine belt, primarily a response to the Tyrrhenian basin
torical data. Furthermore, the use of RST will be affectedopening faster than the compression between the Eurasian
by some not ideal circumstances, such as occasional warnmand African plates.

ing, day-to-day and/or year-to-year climatological changes,

and/or season time-drifts. The availability of historical data . .

for many years, the decision of researchers, the choice of dif3  The change of additive tectonic stress from the

ferent data-sets, and other non-objective factors may bring ~ Célestial tide-generating force for the Abruzzo

out different results. Earthquake in April 2009

In this paper, we introduce the model of additive tec- The Earth is not an isolated celestial body. In its outer space,

tonic stress, which comes from the celestial, tide-generatinqhere are the Sun, the Moon and the other celestial bodies. So

force to analyze the temperature an(_)malles of the A.‘erZZ(?ts running is affected by various, external, cosmic, environ-
M = 6.3 Earthquake. In Sect. 3, we give a more detailed ex-

lanati fth deland in Sect. 4. the t i mental factors, in which the celestial bodies’ tide is a major
Fa”a '030 € mode a”t n elc.' " © elr‘"t'?’erar‘]‘.retanomaane (Heaton, 1975; Ma et al., 2008; Kalnay et al., 1996). The
I€s are drawn In images to expiain their refationship to S.e's'gravity from celestial bodies such as the Sun and the Moon to
mic fault sliding. The model does not rely on large historical

data and the result is more clearly to understand the gepcentric or any point within Fhe Earth 'is defined as the

' Celestial Tide-generating Force (in this article, abbreviated
as CTF). A clear correlation between the astronomical tide-
generating force on the Earth and the earthquake occurrence
had already been successfully verified by Tanaka et al. (2002)
and Cochran et al. (2004) with their carefully examining
global earthquake data. Furthermore, because an earthquake
is a kind of mechanical movement while a CTF can be con-
sidered as one of the possible momentum sources to trigger

and was rated’ = 6.3 on the moment magnitude scale. the activities of seismogenic structure. In this paper, we try to

There have been many shocks since December 2008 a@]atlﬁze tEe :ﬁmpe;‘a:ﬁre an_org.ahes .oft_the A]:fbrutmﬁr?lscﬂz
some of them with local magnitude 4.0 or higher. For ex- arthquake through the periodic vanation efiect of the

ample, on 8 March 2009 (41.581/18.55 E), with M, — gr;?;f::lftoil)llgxz. The calculation of tectonic stress from the
5.2, on 7 April 2009 (42.62N/13.17E), with Mi =54, The tidal tectoﬁic stress components that come from the
on 9 April 2009, with M| =55 at (42.6aN/13.37E), d the Sun at the f "]3 ‘hauake in the Spher-
on 10 April 2009 (42.80N/13.02 E), with M, = 5.3 oonanche sunatine locusofan earthquake inthe spher
(http://data.earthquake.cn/data/ ical coordinate systerm(@,.¢>) is ca!culqted. Thg use qf

. (r, 0, ¢) to denote, respectively, radial distance, inclination
n(or elevation), and azimuth. The calculation is according

a NW-SE oriented structure in the central Apennines Wherem Kelvin’s method, which gives the values of tidal tectonic

a mountain belt runs from the Gulf of Taranto in the South to : : .
o . stress components in the elastic spherical model and does not
the southern edge of the Po basin in northern Italy (Chiarabba ~ =™ ;
. consider the case of self-weight stress. The formula for cal-
et al., 2009; Telesca, 2010). The central part of the Apen- . . . .
. : . . - culating the stress of-order difference tidal force is (Wu,
nines has been characterized by extensional tectonics sin 97):
the Pliocene epoch (i.e. about the last 5 million years), with '
most of the active faults normal in type and NW-SE trending

(Akinci et al., 2009). The extension is due to the back-arc

2 The case of the 6 April 2009 Abruzzo earthquake

The earthquake occurred in the Abruzzi region (Central
Italy). Its epicenter is at 42.334 and 13.334E where

is near L'Aquila, the capital of Abruzzo. The main shock
occurred at 03:32 local time (01:32 UTC) on 6 April 2009,
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Fig. 1. The location and the main plates of the Abruzvo= 6.3
Earthquake on 6 April 2009. Note: 3 is the epicenter, th>" is
the main thrust fault. (Benoit et al., 2011).
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In Eq. (1),0,, 0ss andoy,, are the normal stress compo-
nents,o,¢, or, andog, are the shear stress components in
the spherical coordinate systemd, ¢); R is the average ra-
dius of the earth). andu are the Lame constant®,, is the
n-order derivative of the tide-generating potential. As for the
Moon, the normal stress and the shear stress components
calculated withn = 2 andn = 3, respectively and then sum
them up. As for the Sun, we calculate them only with 2;

099 COF A + 0 SIM? A (04 — 09) SINACOSA 05, COSA
(04p —096) SINACOSA 07y SiIN? A + 0, COF A —03, SINA
0,9COSA —0,9SINA O

In Eq. (2),A is the azimuth of the Sun or the Moon.

And then, we sum up the tidal stress caused by the Sun
and the Moon together and work out the total tidal stress on
the focus of an earthquake exerted by the Moon and the Sun.

Third, the main seismic stress axis coordinate system
(P, T,N) is established, and the total tidal stress is changed
from the rectangular coordinate system (X,Y,Z) to this new
coordinate system. The use of (P, T,N) to denote, respectively,
Pressure, Tension, and Normal vectors. Then we decompose
the total tidal stress on the focus of an earthquake along the
main Pressure axis (P-axis) and along the main Tension axis
(T-axis) to obtain the additional tidal stress.

Op = oxx BE’X +oyy BIZDY + UzzB|2:Z+ 20'xy BpxBpy + 20'yz
BpyBpz+ 207xBpzBpx

1 = oxxB2y +0yy B2y, +07,:B2, + 204, B1x By + 20y,
Bty Btz +20,xB1zBTX

®3)

a{'%e parameters in the above formula are worked out by:

Bpx = —sinH cosQsinV —sinQcosV

¢ is the geocentric zenith distance from the Moon or the Sun| Bpy = —sinAH sinQsinV +cosQ cosV

to the point which calculated with.

Second, the tidal stress components from the spherical coy By = —sinH cosQcosV +sinQsinV

ordinate systemr(6, ¢) is changed to the rectangular coor-
dinate system (X,Y,Z). The use of (X,Y,Z) to denote, respec-
tively, South, East, and Up directions. The converted formul
is:

www.nat-hazards-earth-syst-sci.net/12/819/2012/

Bpz=sinV cosH

(4)

Bty = —sinH sinQcosV —cosQsinV
Bty = CcosH cosV

a

In Eq. (4), H, V and Q are the rotation angles which
can be obtained according to the formulas in the book of
Zhu (1988).
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Fig. 3. Spatial-time evolution of the temperature changing based on the NCEP data (all at 00:00 UTC) for the Abruzzo Earthquake in

April 2009.

Thus, we introduce the model of the Additive Tectonic
Stress from Celestial Tide-generating Force (in this article
abbreviated as ATSCTF), which is defined as the additional
tidal stress (i.edP andaT) at the epicenter along the main
pressure (P-axis) and tension stress (T-axis) caused by the
CTF of the Sun and the Moon.

There are three ways by which the additive tectonic stress
can aggravate the sliding of seismic fault (Ma et al., 2008):

1. Stress increases. The compressive stress and the sheaB.

stress increase in the fault plane, the fault tension in-
creases. Until the stresses reach the critical state and

Nat. Hazards Earth Syst. Sci., 12, 81827, 2012

then trigger an earthquake. The earthquake occurs at
both tops ofoP andaT;

. Stress decreases. The compressive stress and the shear

stress decrease in the fault plane, the friction decreases
in the fault plane. Until the stresses reach the critical
state and then trigger an earthquake. The earthquake
occurs at the both bottoms 8P andaT;

Stress sometimes increases and sometimes decreases.

The unilateral stress changes in the fault plane and
breaks the balance of the fault plane. The energy

www.nat-hazards-earth-syst-sci.net/12/819/2012/
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Fig. 4. Spatial-time evolution of the temperature changing based on the NCEP data (all at 00:00 UTC) in the cycle “A’.

already stored in the fault plane releases and triggersuccessively promotes the fault sliding, and the instantaneous
the earthquake. The earthquake occurs at the time whenhange of the additive tectonic stress does not trigger violent
dP andaT, one is in the top, the other is in the bottom; shock at once but when the tectonic stress reaches its critical

These th tivel d to th proken point.
ese ree ways respectively correspon (0] e normal The earthquake with ML — 52 on 8 March

fault (Ma et al., 2007), the reverse fault (Ma et al., 2008), (41.55 N/18.55 E) occurred at the high value of the

and the strike-slip fault (Ma et al., 2011). tidal tectonic stress. It is similar to the Abruzzo main earth-

Figure 2 shows the changing @P anddT of the Abruzzo - .
Earthquake from 27 February 2009 to 26 March 2009, Thel!2k€ ¢ =6.3), for these two earthquakes are dominated

blue line indicates théP and the red one indicates the. by the same tectonic features.

It shows that the periodic changes of additive tectonic stress

come from the CTF and that there are four cycles which are4  The temperature changing process of the earthquake
denoted as “A’, “B”, “C” and “D”, respectively.

The earthquake occurred at the both topg@fandaT in The studies on the temperature abnormal rise before earth-
the cycle “C” , so the way the additive tectonic stress actedquakes (Gorny et al., 1988) and the thermal rise of rocks
on it belongs to “the stress increasing” type. That is to sayunder stress (Wu et al., 2000) imply that the stage of tec-
the stress increased not only the positive stress of the faultonic moving can be detected by the temperature abnormal
plane, but also the rupture-slide intensity of the fault plane,rise over the Earth surface. This gives us an inspiration to
then accelerated the status of fault stress to reach the criticalbserve the state of tectonic stress. Then, the purpose of
point and promoted the fault sliding. On the other side, theour study is to detect the effectiveness of the CTF being as
earthquake occurred not as usually expected at the time of itene of the precursory signals for temperature variation of the
additive tectonic stress turning point (on 28 March). This im- Abruzzo Earthquake and then to discover the mechanism be-
plies that the accelerate action of the additive tectonic streskind it. In this paper, the ATSCTF model is proposed as a

www.nat-hazards-earth-syst-sci.net/12/819/2012/ Nat. Hazards Earth Syst. Sci., 12, 838% 2012
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Fig. 5. Spatial-time evolution of the temperature changing based on the NCEP data (all at 00:00 UTC) in the cycle “B”.

method to pick out the temperature benchmark value for than the north-east area and ab(tiii the south-east area. The
seismically active region, and then use it to detect and monitemperature increasing began move from the south areato the
tor thermal anomalies relating to the earthquake. east area. From 2 April to 5 April, the temperature increas-

Based on the ATSCTF model as showed in Fig. 2, theind gradually wgakened and i'F went its way mainly_along the
data from NCEP is used to analyze the temperature abNW-SE geologlca.l structure in the central Apennlnes. Th_e
normal variations during the Abruzzd = 6.3 earthquake. nort_h—east area still had_ a sustained temperature increasing
The temperature benchmark value is set to the number dutits area began to shrink. The temperature increasing also
00:00 UTC on 28 March 2009 (before the earthquake) ato€gan vanish in the south area. On 6 April, the temperature
1000 hPa (1 hP& 100 N/n?) when the values o§P anddT increased about®dn the north-east area and the main earth
of the tidal tectonic stress are the minimum according to theShock occurred. The area of temperature rise began to expand
ATSCTF model. Then the temperature values from 29 Marchin the north-east area again. On 7 April, the earthquake was
to 10 April are subtracted from this temperature benchmarkover butthe temperature did not decrease at once. On 8 April,
value at the same time as 00:00 UTC, the same altitude af'e area of temperature rise mainly appeared in the east of
1000 hPa and the same region. Thus we obtained a series §i€ epicenter. On 9 April, the temperature increased about

temperature variations which are visually showed in Fig. 3. 6° in the epicenter area and another aftershock occurred

It is very clearly showed in Fig. 3 that there were some (M =5.5). From 10 April, the temperature increasing grad-
L C T ually weakened again. For the other three cycles “A’, “B”

significantly abnormal temperature rises from 29 March toand “D” in ATSCTE model, there are no such significantly

10 April. On 29 March, the temperature increased about ; : e~ :
o - abnormal temperature rises as in the cycle “C” (As showed in
3~6° in most of the area (blue and green areas in Fig. 3)

. : . 2'Figs. 4, 5 and 6, respectively). This may because there were
especially in the south-west, the north-east and the m'ddl%o severe earthquakes occurred. As showed in Fig. 4, there

of the future epicenter area; On March 30, the temperature, as a sustained temperature rise since 1 March and reached

increased significantly in the north-east and the south-east : .
- . e peak on 5 March. This temperature rise related to a shock
the future epicenter area. The temperature increased about

Nat. Hazards Earth Syst. Sci., 12, 81827, 2012 www.nat-hazards-earth-syst-sci.net/12/819/2012/
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Fig. 6. Spatial-time evolution of the temperature changing based on the NCEP data (all at 00:00 UTC) in the cycle “D".

occurred at Adriatic Sea withf|, =5.2 (41.558 N/18.55 E) micro-breaking— rupture strengthening> accumulating

on 8 March. In these figures, the temperature changingnergy (the atresia of stress} releasing energy> shak-
images for these days: 28 February, 14 March, 28 Marchng — tranquilizing. The plate abnormal movement along
and 11 April are not showed because they are chosen to s¢iie NW-SE direction is consisting with the tectonic activity
the temperature benchmark values according to the ATSCTRnd reflects the continental collision between the Eurasian
model. and the African plates. The tectonic plates go through such a

i process as: splitting (on 29 March} aggregating— link-
These figures perfectly reflect the process of the earthing into pieces— converging to the epicenter. This clearly

quake and th.ey also |r.1d|cate that the CTF.c.an’t '”d“‘?e & eflects the fault activities under the tectonics stress. Its con-
earthquake directly by itself, though the decisive factor is thesistence with the temperature abnormal rise in earthquake
seismotectonic activities. The progress of the fault activitiesarea implies that the use of CTF to achieve the information

can be_reflected through the cha_nge_s of temperature. Frong temperature anomalies before an earthquake is feasible.
the serials of temperature changing images in Fig. 3, it can

be seen that the temperature rise went through such succes-

sive evolution as: initial temperature rising (on 29 Mareh) 5 Conclusions

continued rapid rising (on 31 March) reaching the peak

(on 1 April) — weakening (from 2 to 5 April}» rising again ~ Earthquake is considered as a kind of physically mechanical
(from 6 to 8 April, earthquake occurred} reaching another movement. So it can be thought that the CTF is an exter-
peak (on 9 April, severe aftershock occurred) weaken-  nal factor to trigger an earthquake. In this paper, the pe-
ing again (on 10 April). The successive evolution of temper-riodic change of tectonic stress comimg from CTF is used
ature rise is consistent with the rock broken process undeto acquire the state of the seismic tectonics and the process
stress loading (Wu et al., 2006). In spatial, the process of af temperature abnormal rise for the Abruzzo Earthquake in
rock break under the extrusion of tectonic movement is asApril 2009. The figures of spatial-time evolution of abnormal

www.nat-hazards-earth-syst-sci.net/12/819/2012/ Nat. Hazards Earth Syst. Sci., 12, 838% 2012
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