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1. Introduction

In the 1980's, from an analysis of satellite images, Russian
scientists reported on a short-term thermal infrared radiation
enhancement that occurred before some medium-to-large
earthquakes in central Asia [Gorny et al. 1988]. Since then,
many researchers have been studying earthquake thermal
anomalies with satellite remote sensing data [Qiang et al. 1991,
Tronin 1996, Tramutoli et al. 2001, Ouzounov and Freund
2004, Saraf and Choudhury 2004, Aliano et al. 2008, Blackett
et al. 2011]. Recently, abnormal surface latent heat flux [Dey
and Singh 2003, Cervone et al. 2005, Qin et al. 2009, Qin et
al. 2011, Qin et al. 2012], outgoing long-wave radiation
[Ouzounov et al. 2007] and microwave radiation [ Takashi and
Tadashi 2010] have also been shown to precede earthquakes.
To investigate the possible physical mechanisms of such satel-
lite thermal anomalies, some studies conducted a series of de-
tecting experiments on rock loaded to fracturing [Wu et al.
2000, Freund 2002, Wu et al. 2002, Wu et al. 2006a, Wu et al.
2006b, Freund et al. 2007], and some hypotheses have been
proposed. These have included: leaking of pore-gas, and hence
the resulting greenhouse effect [Qiang et al. 1995]; activating
and recombining of p-holes during rock deformation [Freund
2002]; release of latent heat due to near-surface air ionization
[Pulinets et al. 2006], and stress-induced thermal effects due to
friction and fluids [Wu and Liu 2009].

According to the Istituto Nazionale di Geofisica e Vul-
canologia (INGV; National Institute of Geophysics and Vol-
canology), two major earthquakes with almost the same
large magnitudes struck northern Italy, on the Po Plain in the
Emilia Region. The first hit on May 20, 2012, at 02:03 UTC,
with M, 5.9 (44.89 °N, 11.23 °E; 6 km in depth), and the sec-
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ond on May 29, 2012, at 07:00 UTC, with M, 5.8 (44.85 °N,
11.09 °E; 10 km in depth). These caused a total of 27 deaths
and widespread damage.

In this study, the long-term temperature data from both
satellite and ground (with greater emphasis on the satellite
data) have been used to determine whether there were ther-
mal anomalies associated with this Emilia 2012 seismic se-
quence. In particular, the next section will be dedicated to
describing both the data and the method of analysis. In Sec-
tion 3, we provide the more significant results, which we dis-
cuss in Section 4, together with the main conclusions.

We acknowledge that this work cannot be exhaustive,
as it will require more data and analyses. However, although
further studies will be welcome, we are confident that we
have done the best with the data at our disposal.

2. Data and method

It is well known that satellite thermal sensors cannot
continuously obtain surface temperature data because of IR
absorption by thick clouds. This can lead to missing possible
surface thermal anomalies that precede earthquakes. Retro-
spective analysis (or reanalysis) integrates a variety of obser-
vation systems with numerical assimilation models to
produce long-term continuous and spatially complete
datasets, which have great advantages over data retrieved di-
rectly from satellite observations. The earlier version of this
reanalysis, such as the National Centers for Environmental
Prediction (NCEP)/National Center for Atmospheric Re-
search (NCAR) Reanalysis Project, which is being jointly car-
ried out by the NCEP and NCAR in the USA, has proven to
be a valuable data source in earthquake thermal anomaly re-



QIN ET AL.

300

20 0f1979-2011
u+l.50 of 1979-2011

—+— Data 02012

— Data of 2006

—--— Data 0f 2004

Maximum of 1979-2011

\ X

w"f”"’\f

280

Surface Skin Temperature (K)

270 ! . !

M5.829 May 2012

M35.9 20 May 2012

1-Apr 8-Apr 15-Apr 22-Apr

305

29-Apr

6-May
Date (1979-2012)

13-May 20-May 27-May

20 of 1999-2011
ut1.5a of 1999-2011

—+— Data 0f2012

Data of 2006

Data 0f2004

Maximum of 1999-2011

b

295

Surface Air Temperature (K)

275

M58 59 May 2012
M5.9 20 May 2012

1-Apr

8-Apr

15-Apr 22-Apr

29-Apr

6-May 13-May 20-May 27-May

Date (1999-2012)

Figure 1. (a). The time series of surface skin temperature from MERRA for the area around the two major earthquakes epicenters (44.5 °N to 46 °N,
10.5 °E to 12 °E; red arrows indicate earthquakes time occurrences). (b). The time series of surface air temperatures from the weather ground station of

Bologna (44.53 °N, 11.3 °E), close to the epicenters.

search [Qin et al. 2012, Wu et al. 2012]. However, it is not
suitable for seeking detailed analysis because of the lower
spatio-temporal resolution.

Here, we use a new version of the reanalysis data, the
Modern Era Retrospective-Analysis for Research and Appli-
cations (MERRA), which is a National Aeronautics and Space
Administration atmospheric data reanalysis for the satellite
era, using the Goddard Earth Observing System Data As-
similation System, version 5 (GEOS-5). As well as the obser-
vations from radiosondes, dropsondes and pilot balloons,
MERRA makes extensive use of satellite radiance informa-
tion, which includes data from hyper-spectral instruments,
such as the Moderate Resolution Imaging Spectroradiome-
ter on Aqua and Terra, Geosynchronous Operational Envi-
ronmental Satellite sounders, and the Atmospheric Infrared
Sounder on Aqua. The complete listing of the various data
streams and their sources are documented fully in Rienecker
et al. [2011]. The parameter investigated in this report is the
surface skin temperature from the MERRA [AU Two-Di-
mensional Land Surface Diagnostics (MAT1NXLND) prod-
uct, which is the MERRA two-dimensional hourly
atmospheric single-level diagnostics, with a resolution of 2/3
degrees longitude by 1/2 degrees latitude. The Goddard
Earth Sciences Data Information Services Center provides
the hourly, daily and monthly files from 1979 to the present.
According to the time of the appearance of a thermal anom-
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aly in previous earthquake case studies [e.g., Qiang et al.
1991, Tronin 1996] and the time of the Emilia seismic se-
quence, the surface skin temperature data in April and May
of 1979-2012 were investigated.

First, long time series of surface skin temperature data
for the area around the two major earthquakes epicenters
(44.5 "N to 46 °N, 10.5 °E to 12 °E; Figure 2a, blue rectangu-
lar box) were analyzed. For the comparison of the data for
2012 with historical data, the mean (u), standard deviation
(0), and maximum were calculated using the multiple years
data on the same day within the years preceding the earth-
quake sequence. Also, for confutation analysis, a comparison
with the data of 2004 and 2006 is presented: 2004 and 2006
represent two particular years, without M >3 earthquakes
(according to the INGV catalog for this area). Also, a long
time series of surface-air temperatures from the weather
ground station of Bologna (44.53 °N, 11.3 °E), which is close
to the epicenters and is provided by the "Weather Under-
ground' website, have also been analyzed using the same
method, for data accuracy validation and confutation. These
latter data are available from 1999 to 2012.

Secondly, the spatial distributions of the daily surface skin
temperature were analyzed. These are mainly controlled by
climatological factors, such as latitude, seasons and terrain,
and by weather factors, such as rain clouds and cold or hot air
currents. Compared with the complex variation in the local
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Figure 2. The spatial distributions of the changes in the daily temperature (AT(d)): a-h are obtained by subtracting the 33-year (1979-2011) mean of
monthly temperature in April from the daily temperature (T(d)) on April 4-7 and 27-30, 2012, respectively; i-p are obtained by subtracting the 33-year (1979-
2011) mean of monthly temperature in May from the T(d) on May 10-13 and 23-26, 2012, respectively; q is obtained by subtracting the 20-year (1992-2011)
mean of the monthly temperature in May from the T(d) on May 12, 2012; r is obtained by subtracting the 20-year (1992-2011) mean of the monthly tem-
peratures in May from the T(d) on May 24, 2012; s is obtained by subtracting the 33-year (1979-2011) mean of the monthly temperatures in May from the
T(d) on May 12 2006; t is obtained by subtracting the 33-year (1979-2011) mean of monthly temperature in May from the T(d) on May 24 2006. The black
and red points indicate the epicenters on May 20 and 29, 2012, respectively. The black triangles indicate the weather ground station of Bologna (44.53 °N,
11.3 °E), close to the epicenters. The blue rectangular box in a indicates the area around the two major earthquakes epicenters (44.5 °N to 46 °N, 10.5 °E
to 12 °E) for the time series analysis.
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weather, the change in the climatological factors is much
slower. We calculated the multiple years mean of the monthly
temperature (T(m)) which represents a climatological back-
ground, and then subtracted the daily temperature (T(d)) from
the T(m), to get the change in daily temperature (AT(m)):

Ar(d)=T1(a) -+

anl T(m)

i= i

(1),

where T(d) is the daily temperature for 2012 (or for 2004 and
2006, in the confutation analysis), and T(m), is the corre-
sponding monthly temperature within multiple years pre-
ceding the earthquake sequence.

Thirdly, the spatial distributions of the hourly surface
skin temperatures were analyzed. We subtracted the hourly
temperatures (T(h)) from the multiple years means of T(h),
which represent the climatological background, to get the
change in hourly temperatures (AT(h)):

AT(h) = T(h) -+

w2z T(h) 2)

i=1

where T(h) is the hourly temperature of 2012; T(h), is the cor-
responding hourly temperature within the multiple years
preceding the earthquake sequence.

3. Results

Although the daily temperature is affected by many fac-
tors, statistically, it will be limited to fluctuations within a
certain range. Hence, those days on which the surface skin
temperature (or surface air temperature) have values beyond
p+ 1.50 or maximum can be considered as candidate anom-
aly days. The time series of surface skin temperatures shows
that there were eight candidate anomaly days in 2012, on
April 5, 6, 28 and 30, and May 10, 11, 12 and 24 (Figure 1a).
All of these candidate anomalies were higher than the cor-
responding days in 2004 and 2006, when no significant earth-
quakes occurred. The time series of surface air temperatures
confirms all of these former anomalies, expecially for three
of them (on April 28, and May 11 and 12, 2012) that showed
greater statistical significance (Figure 1b).

After the statistical processing, we plotted the AT(d) im-
ages using the Generic Mapping Tools software. We espe-
cially focused on the spatio-temporal evolution of the AT(d)
before and after the candidate anomaly days. We distin-
guished possible earthquake-induced temperature enhance-
ments from the normal weather phenomenon by referring to
the general conclusions of previous earthquake anomaly
case studies [e.g., Qiang et al. 1991, Tronin 1996]: 1) the for-
mer generally presents a strip-shaped distribution related to
the tectonic structure and/ or active faults in the seismogenic
zone, or spot-shaped distributions in the intersecting zone
of tectonic faults and/or around the epicenter, while the lat-
ter generally presents a wide-area consecutive and gradual
distribution; 2) the former could appear at night time, while
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the latter is seldom at night time, without solar radiation.

From Figure 2k and n, we find two spot-shaped anomalies
with high amplitudes of about 6 K near the epicenters on May
12 and 24, 2012. The possible contributions from climatologi-
cal factors are removed by subtracting the 33-year (1979-2011)
mean T(m) in May. To verify the stationarity of T(m), we cal-
culated the T(m) using the 20-year (1992-2011) data, to get the
AT(d) on May 12 and 24, 2012. As shown in Figure 2q and r, in
general the patterns are similar to Figure 2k and n. The small
isolated temporally limited 'hot spot' patch is quite unusual, in
that it is a lot different from the wide-area consecutive and
gradual weather effects, and cannot be found on May 12 and
24, 2004 and 2006 (for the sake of space, Figure 2s and t show
only 2006), when there were no major earthquakes.

Furthermore, the AT(h) on May 12 and 24, 2012, show
the detailed spatio-temporal evolution of the anomalies. As
shown in Figure 3, two important considerations can be made:
1) from 20:00 to 23:00 UTC on May 12, 2012, an obvious high-
temperature patch appeared, covering the epicenters, then
gradually weakened and narrowed to the epicenters; 2) from
21:00 to 23:00 UTC on 24 May 2012, a slight high temperature
spot appeared and was gradually enhanced near the epicen-
ters. All of these appeared at local night time, confirming that
the local high-temperature anomalies do not result from solar
radiation enhancement, but are most likely associated with
the Emilia 2012 seismic sequence.

4. Discussion and conclusions

Currently, the causes of earthquake thermal anomalies
are not yet well understood. The mechanism of thermal
anomalies preceding earthquakes might vary with cases,
which are related to different seismogenic conditions and
local ground cover (e.g., rock, desert, soil, vegetation, water).
Bonfanti et al. [2012] considered that the significant thermal
anomalies in central Italy preceding the L'Aquila 2009 seismic
sequence could be attributed to the increase in green-house
gas emission rates (e.g., such as for COZ, CH 4). In addition,
there were also other geophysical effects, such as the reacti-
vation of p-holes, the upwelling of deep fluids [Cianchini et
al. 2012], and the change in the atmospheric electric field. It
is reasonable to expect that one or more of these phenomena
might have occurred also in northern Italy preceding the
Emilia 2012 seismic sequence. We believe that the mechanism
is not merely single, but more likely multiple, due to the com-
plex lithosphere—coversphere—atmosphere coupling in the
seismogenic process [Wu and Liu 2009, Wu et al. 2012].

The statistical analysis of the MERRA surface skin tem-
perature data of April and May 1979-2012 reveals that local
temperature enhancements had appeared around the epicen-
ters on the nights of May 12, 2012, i.e., 8 days before the May
20, 2012, M; 5.9 earthquake, and of May 24, 2012, i.e., 5 days
before the May 24, 2012, M, 5.8 earthquake. This is in agree-
ment with the surface air temperatures from the weather
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Figure 3. The spatial distribution of the change in hourly temperature (AT(h)) at 20-23 UTC, May 12, 2012, and at 21-23 UTC, May 24, 2012, respectively.
This was obtained by subtracting the 33-year (1979-2011) mean of the corresponding hourly temperatures, which represent the climatological back-

ground, from the corresponding hourly temperatures (T(h)) of 2012.

ground station close to the epicenters. The spatial patterns (lo-
cation and shape) and the appearance time of the surface tem-
perature anomalies show a possible association with the
seismogenic process, and could be of precautionary signifi-
cance for the events. However, because of the great complex-
ity of the processes associated with the preparation of
large-to-intermediate earthquake phenomena, a more multi-
disciplinary and integrated approach to the problem must be
applied. This is like that indicated by geosystemics [De Santis
2009], where entropy and other analogous physical quantities
are fundamental [De Santis et al. 2010, 2011].

The present study represents a preliminary, although
significant, contribution to the understanding of the evolu-
tion of the Emilia seismic sequence in space and time. There-
fore, further studies are suggested, including investigations
into other thermal parameters (e.g., surface latent heat flux,
outgoing long-wave radiation, microwave radiation) and the
eventual localized process of lithosphere—coversphere—at-
mosphere coupling behind the thermal anomalies and pre-
cursory features.
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