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Abstract

Is it possible to predict location, time and magnitude of earthquakes through identifying their precursors based on remotely
sensed data? Earthquakes are usually preceded by unusual natural incidents that are considered as earthquake precursors.
With the recent advances in remote sensing techniques which have made it possible monitoring the earth’s surface with
different sensors, scientists are now able to better study earthquake precursors. Thus, the present study aims at developing
the algorithm of classic PS-InSAR processing for obtaining crustal deformation values at the epicenter of earthquakes with
magnitude larger than 5.0 on the Richter scale and with oblique thrust faulting and then after calculating temperature values
using remotely sensed thermal imagery at the epicenter of same earthquakes; thermal and crustal deformation anomalies
were calculated using data mining techniques before earthquake occurrence. In the next stage, taking the correlation between
thermal anomalies and crustal deformation anomalies at the epicenter of the study earthquakes into account, an integrated
technique was proposed to predict probable magnitude and time of oblique thrust earthquakes occurrence over the earth-
quake-prone areas. Eventually, the validity of the proposed algorithm was evaluated for an earthquake with a different focal
mechanism. The analysis results of the thermal anomalies and crustal deformation anomalies at the epicenter of April 16,
2016, Japan-Kumamoto earthquake of magnitude 7.0 with strike-slip faulting, showed completely different trends than the
suggested patterns by the proposed algorithm.

Keywords Crustal deformation anomalies - Data mining - Earthquake precursors - Earthquake prediction - Extended-PS
method - Surface thermal anomalies

Introduction

Earthquake prediction with purposes of reducing death and
destruction caused by earthquakes is a significant issue that
has attracted the attention of many experts and researchers
in the field of disaster management (Tsai and Chen 2010;
Rikitake 1968). While most seismologists insist on the
improbability of earthquake prediction in terms of location
and time of occurrence using the current knowledge and
facilities, they believe that there are certain precursors that
may lead to finding more reliable methods by investigating
them effectively (Rikitake 1975). Therefore, considering the
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significance of this issue, extensive researches from various
scientific fields have been concentrated on identifying these
precursors. The most common predictive methods based on
identifying precursors include monitoring the ground dis-
placement along a fault using ground-based tools such as
global positioning systems (GPS) (Yue and Lay 2011; Wang
et al. 2013; Calais et al. 2003) or radar interferometry on
radar images of satellite sensors (Tomas et al. 2014; Moro
et al. 2017; Graham 1974; Bamler and Hartl 1998; Gabriel
et al. 1989; Massonnet and Feigl 1998), earthquake predic-
tion using geophysical techniques such as determining prob-
able location or, sometimes, probable time of earthquake
occurrence through foreshocks (Ogata and Katsura 2012;
Moreno et al. 2010; Lippiello et al. 2012), earthquake pre-
diction by means of assessing variations in velocity of seis-
mic waves of S and P prior to earthquake (Pio Lucente et al.
2010; Peacock et al. 1988), earthquake prediction through
monitoring thermal anomalies on the earth surface using
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thermal images obtained by remote sensors in fault-exposed
areas (Pulinets et al. 2006; Saraf et al. 2009; Saradjian and
Akhoondzadeh 2011), monitoring changes in ionospheric
precursors analyzing the collected data from remote sensing
DEMETER satellites (Molchanov et al. 2006; Akhoondza-
deh et al. 2010) or ground-based systems (Yao et al. 2012;
Pulinets and Davidenko 2014), earthquake prediction
through monitoring earthquake clouds along fault range
with the aid of satellite imagery (Thomas et al. 2015; Guo
and Wang 2008), earthquake prediction using geochemical
and hydrological precursors like monitoring variations in
concentration of ions or dissolved gases including radon,
helium, etc. (Thomas 1988; Ingebritsen and Manga 2014),
earthquake prediction through studying changes in animal
behaviors (Grant et al. 2015) and earthquake prediction by
measuring electromagnetic changes in ULF range (Hay-
akawa 2013; Han et al. 2011).

Most of the above-mentioned methods require the
installation of the equipment on the ground or direct
contact with the ground. Since the long-term surveying
installations within an area are time- and cost-consum-
ing, the remote sensing techniques such as monitoring
thermal anomalies and land surface deformation prior to
earthquake within earthquake-prone areas using satellite
images are of higher priority because they do not need
physical presence at the site, and also the required data
are continuously collected from a wider range with high
spatiotemporal resolution and lower costs. But, remote
sensing methods, similar to other predictive approaches,
have a single-parametrical orientation toward the issue.
On the other hand, since the inherent behavioral varia-
tions of the precursors don’t follow a common pattern in
all earthquakes, and the changes show peculiar behaviors
to each region, it seems unfeasible to provide an obvious
prediction in an area solely based on behavioral variations
in a single precursor. Even in the case of the studies which
have focused on investigating several precursors simulta-
neously, the correlation among latent structural patterns
in the collected data related to different precursors has
been ignored. Thus, these methods are not able to provide
a reliable prediction about the location and time of earth-
quakes. However, these limitations never underestimate
the precursors. Besides, since each precursor contains
some information about earthquakes, it seems more likely
to find an effective technique or an acceptable indicator for
earthquake prediction. Therefore, the present study aims at
developing the algorithm of classic PS-InSAR processing
for obtaining crustal deformation values at the epicenter of
earthquakes with magnitude larger than 5.0 on the Richter
scale and with oblique thrust faulting, and then after cal-
culating temperature values using remotely sensed ther-
mal imagery at the epicenter of same earthquakes; thermal
and crustal deformation anomalies were calculated using
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data mining techniques in the period of two months before
earthquake occurrence; then, similarities or discrepancies
among behavioral variations of these anomalies were ana-
lyzed. In the next stage, this approach was initially carried
out in a unidimensional mode and then in an integrated
form to offer a certain reliable method to predict the prob-
able magnitude and time of earthquake based on identify-
ing thermal anomalies and crustal deformation anomalies
within earthquake-prone regions. Eventually, the validity
of the proposed algorithm was evaluated for an earthquake
with a different focal mechanism. The analysis results of
the thermal anomalies and crustal deformation anomalies
at the epicenter of April 16, 2016, Japan-Kumamoto earth-
quake of magnitude 7.0 with strike-slip faulting, showed
completely different trends than the suggested patterns by
the proposed algorithm. So the proposed algorithm was
unable to determine the probable time and magnitude of
an earthquake occurrence with strike-slip faulting.

Methodology
Recognition of the earthquake-prone areas

It should be noted that the remote sensing approaches to
monitoring anomalies caused by earthquake precursors
carry out the monitoring operation globally and over a
wide area. Therefore, this issue comes into question that
to monitor anomalies caused by earthquake precursors,
which areas of the earth surface have to be monitored? In
the present study, thermal anomalies and crustal deforma-
tion anomalies have been monitored regarding the already
happened earthquakes. In other words, the epicenter of
earthquakes to perform analyses was already identifi-
able. According to serious incidents, earthquake-prone
areas are usually preceded by some turbulences such as
minor shocks in the area, which are completely random
and do not follow a certain pattern or principle, whereas
the predictive locations of such shocks follow a certain
order despite the high level of irregularity. But, it would be
possible to estimate the probable location of earthquakes
using modern statistical techniques like self-organizing
map (SOM) neural networks (Mohankumar and Sangeetha
2018). This method is not only capable of identifying risky
regions but also can give ideas about places that are vul-
nerable to earthquakes. As discussed above in the present
study, the epicenter of earthquakes to perform analyses
was already identifiable, but for evaluating the ratability
of SOM networks to recognize earthquake-prone areas,
we applied the SOM algorithm for identifying earthquake-
prone areas in one of the study areas, whose stages are
depicted in detail in Fig. 1.
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Fig. 1 SOM algorithm for ana-
lyzing spatiotemporal correla-
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Start

A

Foreshocks data
collection: (such as focal
coordinates, Magnitude

and time)

Characterizing foreshocks
epicenter distribution on the
topographic map of the study
area

l

Using the SOM

algorithm for processing
of the spatial correlation
between seismic clusters

l

Combining the

SOM output

topographic map of
the study area and

l

Determining the

probable epicenters

or probable fault lines

in the study area

Calculation of the crustal deformation anomalies
at the epicenter of an earthquake

Monitoring of the ground surface deformations
at the epicenter of an earthquake using radar
interferometry

Ground surface deformations are considered as one of the
direct impacts caused by tension exerted on the rocks, so by
measuring length and width of a certain region of the ground
surface located on an active plate, it is possible to map
movements of the plate in relation to time, which can play a
significant role in predicting earthquake probable time and
location (Parsons 2017; Huang et al. 2017). A wide range of
methods has been developed so far to measurement crustal

movements. However, using radar interferometry technique
has some advantages over other methods due to its wide
coverage over ground surface, repeatability of observations
over time, high spatiotemporal resolution and saving time
and costs (Biirgmann et al. 2000; Rosen et al. 1998; Mas-
sonnet et al. 1993; Peltzer and Rosen 1995).

Advanced techniques of InSAR involving the simultane-
ous processing of multiple SAR acquisitions in time increase
the number of locations where a deformation signal can be
extracted and reduce associated error. Currently, there are
two broad categories of algorithms for processing multi-
ple acquisitions, persistent scatterer (PS-INSAR) and small
baseline methods (SBAS), which are optimized for different
models of scattering. Each of these two methods gives tem-
poral solution to the uncorrelated phenomena based on the
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principle of dominant reflectivity of centers of permanent
scatterers (Hooper 2008). Considering that the SBAS tech-
nique relies on an appropriate combination of differential
interferograms created by using image pairs characterized
by a small orbital separation (baseline), using of the SBAS
method leads to low spatial decorrelation results. Therefore,
in the present study according to the PS method (Tu et al.
2012) which uses large stacks of SAR images to generate
differential interferograms concerning common one mas-
ter, we used classic PS-InSAR principles in our analyses.
But classic PS technique to calculate the displacements of
selected points faces this restriction that the amount of dis-
placements is only measurable at the PS points around our
study area which may not correspond to the target points
(e.g., Earthquake epicenter). Thus, the classic PS method
was not responsive to the purpose of this study to monitor-
ing surface deformations of the earthquake’s epicenter. So
considering the limitations of the classic PS method due
to lack of concentration on a selective point with specific
geographical coordinates, in the present study the problem
of determining the displacements at the selective points has
been solved through spatiotemporal interpolation methods
(Li and Heap 2014; Yang et al. 2004) based on calculated
displacements for the PS points, whose stages are depicted
in detail in Fig. 2a.

Behavioral analysis of the earthquake epicenter
deformations and calculating crustal deformation
anomalies using data mining

In the presented study, data mining methods (Hand 2007)
were used to analyze the behavior of the crustal deforma-
tions at the epicenter of the earthquakes in order to calculate
crustal deformation anomalies.

It is noteworthy that data mining uses a set of statistical
and mathematical methods which can lead to recognition of
the latent patterns and meaningful relationships within data-
bases. Once a behavioral pattern has been identified among
the databases and this pattern has been learned through
mathematical and statistical models including regression,
artificial neural networks, time series, etc., variations in the
phenomenon behavior can be predicted, evaluated and inter-
preted based on its preceding behavior. Since the ARIMA
model (Brockwell et al. 1991) involves a special set of uni-
variate modeling for analysis and prediction of time series,
the present study used the ARIMA (p, d and g) model to
analyze time series of the calculated displacements for the
epicenter of the earthquakes (as presented in Fig. 2b).

According to that, the measured data considered an
anomaly when the difference between the predicted and
actual values of the data goes beyond the range of RMSE
defined by the statistical models; thus, the amount of crustal
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deformation anomalies of three months before the earth-
quake occurrence was calculated according to Eq. (1):

Anamoly:zg., — 2 4 F RMSE (1)

calculate

Identifying thermal anomalies at the epicenter
of the earthquake

As already acknowledged by the previous researches, several
phenomena are believed to trigger the increase in land sur-
face temperature before the earthquake occurrence. Despite
that the nature of this phenomenon and the mechanism of
increasing land surface temperature before the earthquake
are still vaguely understood (Qiang et al. 1997), monitoring
thermal anomalies caused by earthquake can be one of the
major approaches to estimate parameters related to earth-
quakes of magnitude larger than 4.5 on the Richter scale,
which can be monitored by various thermal sensors and sat-
ellites in different spatial and temporal resolutions at TIR
wavelengths (Tronin 2000; Huang et al. 2008).

Different studies have claimed different occurrence times
of the LST anomalies with a wide range 1-24 days before
the earthquake in the form of an increase in the temperature
of 2-12 °C (Zhang et al. 2014; Pohn et al. 1974). It should
be noted that in recent researches there are also other cases
with a different range of 30—40 days before the earthquake
that have been reported (Lu et al. 2016). On the other hand,
considering the fact that the earth acts like an isothermal
and homogenous surface during night and is exposed to
thick clouds, shade, and direct sunlight during daytime,
this could lead to the emergence of a temperature differ-
ence in the range of 15°-20° (Spencer et al. 1999), which
would conceal thermal anomalies during the day. Thus, in
the present study for providing reliable analysis of thermal
anomalies and their relationship with earthquakes, average
temperature day and night products were used. Also, con-
sidering that the temperature increase happens occasionally
and locally along a fault, if there is no anomaly or turbulence
within the area, all points (focal area and around it) will fol-
low definite increasing or decreasing temperature patterns
in each season. Therefore, it will be expectable that anoma-
lies or turbulences such as the earthquake phenomenon may
disrupt this compliance at the epicenter both spatially and
temporally in comparison with other points within the area.
So, in the present study as shown in Fig. 3b for calculating
thermal anomalies unlike most of the previous investiga-
tions that have used time-series analysis methods to model
temperature variations around the earthquake epicenter, the
modeling of thermal variations was proposed taking into
account the spatiotemporal correlations between epicenter
thermal data and adjacent areas using regression functions
Eq. (2). It should be noted that thermal anomalies detection
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Fig.2 Proposed algorithm for measuring surface displacement at the epicenter of the earthquake and calculating crustal deformation anomalies
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through time series is merely based on temporal dependency
among observation and without considering spatial depend-
ency among them.

2 =ay+a T, +a,T, + - +a,T, )

where ag, a,, ...ap are the model coefficients; T, T, ....TP

represent the temperature values related to each area; and
Z(t) represents the calculated temperature for time .

Implementation

Properties of the study area

According to a large number of earthquakes with magnitude
lower than 5.0 and considering that each of them can be consid-

ered as a foreshock for large magnitude earthquakes, predicting
the occurrence of an earthquake of magnitude lower than 5.0 is

Table 1 Properties of the earthquakes, extracted from the USGS Web site

not very valuable, both from a scientific and a practical point
of view. On the other hand, considering that we implemented
our proposed methods to monitor earthquake precursor anoma-
lies on earthquakes with the same seismic properties and focal
mechanism, to have an optimal distribution of sample regions,
earthquakes with magnitude larger than 5.0 with nearly identi-
cal seismic properties from different regions of the world were
selected. Table 1 presents the regional and seismic properties
of each earthquake examined in the present study.

SOM results

As discussed in Sect. 2.1, in the present study thermal anom-
alies and crustal deformation anomalies have been monitored
regarding the already happened earthquakes. But in this sec-
tion results related to the implementation of the SOM algo-
rithm to identify probable epicenters of the 2017 Kerman-
shah earthquake are presented (Figs. 4, 5).

Region Focal geographic Mag- Depth (km) Date Time Moment tensor
coordinates nitude
——— (Mw)
Longitude Latitude
Iran, Kermanshah Province, 5 Km of 45.90E 349IN 173 19 2017/11/12 18:18:17(UTC) Oblique thrust faulting
Ezgeleh
Mexico, 3km of San Pedro 97.97TW 16.38N 7.2 22 2018/02/16 23:39:39(UTC) Shallow-thrust faulting
Iran, Mashhad Province, 5 Km of Sefid 60.43E 35.77N 6.1 13 2017/04/05 06:09:12(UTC) Oblique thrust faulting
Sang
Iran, Bushehr Province, 4 Km of Kaki 51.61E 28.32N 5.5 10 2018/04/19 06:34:47(UTC) Oblique thrust faulting
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T

Fig.4 a Topographic map of the Kermanshah Province. b Integration map of the SOM network output and topographic map of the Kermanshah
Province

Determination of the crustal deformation anomalies = anomalies at the epicenter of the earthquakes and prob-
at the earthquake epicenter ability of an earthquake through radar interferometry, so

Sentinel-1 SAR data during a period of 14 months before
As discussed in Sect. 2.2, this study aimed at inspecting ~ each earthquake were used. Tables 2, 3, 4 and 5 present the
any significant relationship between crustal deformation ~ properties of the SAR imagery used for this study.
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Initial results of the extended-PS method
Final results of the extended-PS-InSAR

For the purposes of the present study aiming at estimat-
ing reliable values for the crustal deformations at the epi-

center of the earthquakes based on the estimated displace-
ments for PS points around the epicenter, three methods of
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interpolation were used including inverse distance weighted
interpolation, moving average point interpolation and sec-
ond fit exact interpolation. Then, for evaluating whether the
accuracy of spatial sampling of the extended-PS method is
adequate enough or not, obtained results from the above
models were validated through RMSE statistical testing.
By doing this, it will be possible to select the most accurate
model so that surface deformations can be calculated for
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the epicenter of the earthquake. Table 6 presents the results  Calculation of the crustal deformation anomalies using

of the accuracy of each method. By comparing all results,  data mining approaches

inverse distance weighting method was identified as the

most desirable approach. Thus, it was used to extract land ~ As already described in Sect. 2.2.2, in order to perform
surface displacements at the epicenter of the earthquakes. = behavioral analysis on epicenter deformation time series
Figure 6a—d illustrates these results. and calculate crustal deformation anomalies for earthquakes
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Table 2 Properties of the SAR

. Row Satellite platform Product type Instrument  Time period Orbit Geometry

images used for Kermanshah mode

region
1 S1-A SLC w 2016/10/24 13451 Descending
2 S1-A SLC w 2016/11/24 14078 Descending
3 S1-A SLC w 2016/12/18 14428 Descending
4 S1-A SLC w 2017/01/16 14851 Descending
5 S1-A SLC w 2017/02/21 15376 Descending
6 S1-A SLC w 2017/03/17 15726 Descending
7 S1-A SLC w 2017/04/22 16251 Descending
8 S1-A SLC w 2017/05/16 16601 Descending
9 S1-A SLC w 2017/06/21 17126 Descending
10 S1-A SLC w 2017/07/15 17476 Descending
11 S1-A SLC w 2017/08/20 18001 Descending
12 S1-A SLC w 2017/09/25 18526 Descending
13 S1-A SLC w 2017/10/19 18876 Descending
14 S1-A SLC w 2017/11/24 19401 Descending

Table 3 Properties Of the SAR Row Satellite platform Product type Instrument  Time period Orbit Geometry

images used for Mexico region mode
1 S1-A SLC w 2017/01/20 17190 Descending
2 S1-A SLC w 2017/02/25 15440 Descending
3 S1-A SLC w 2017/03/21 15790 Descending
4 S1-A SLC w 2017/04/26 16315 Descending
5 SI-A SLC w 2017/05/20 16665 Descending
6 SI-A SLC w 2017/06/25 17190 Descending
7 SI-A SLC w 2017/07/07 17365 Descending
8 SI-A SLC w 2017/08/12 17890 Descending
9 SI-A SLC w 2017/09/05 18240 Descending
10 S1-A SLC w 2017/10/23 18940 Descending
11 S1-A SLC w 2017/11/28 19465 Descending
12 S1-A SLC w 2017/12/22 19815 Descending
13 S1-A SLC w 2018/01/27 20340 Descending
14 S1-A SLC w 2018/02/20 20690 Descending

epicenter, the ARIMA model with different orders of p and
q was fitted to PS time series. Tables 7, 8, 9 and 10 present
the modeling results, and Fig. 7a—d illustrates the crustal
deformation anomalies for each region.

Estimation of the thermal anomalies
at the epicenter of the earthquakes
before the occurrence

For the purpose of finding out any significant relation-
ship between behavioral variations of the thermal precur-
sor and earthquake occurrence, considering the fact that
maximum interval of this precursor has been reported in
the range of 30-40 days before the earthquake, in this
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research, for each study area MODIS/Terra (MOD11A2)
Land Surface Temperature/Emissivity average of 8-Day
and 8-Night products were used for 2 months before the
earthquake occurrence.

As already discussed in Sect. 2.3, in the present study,
surface temperature variations at the epicenter were mod-
eled based on temperatures of areas around the focal point
using the proposed regression model (Eq. 2), during a
period of 2 months before the earthquake. Finally, by com-
paring the estimated values of the model and the actual
temperature available for the epicenter, thermal anoma-
lies were calculated. Figure 8a—d illustrates the results of
thermal anomalies.
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Table 4 Properties of the SAR Row Satellite platform Product type Instrument  Time period Orbit Geometry

images used for Mashhad region mode
1 S1-A SLC w 2016/03/22 10483 Ascending
2 S1-A SLC w 2016/04/15 10833 Ascending
3 S1-A SLC w 2016/05/09 11183 Ascending
4 S1-A SLC w 2016/06/02 11533 Ascending
5 S1-A SLC w 2016/07/20 12233 Ascending
6 S1-A SLC w 2016/08/13 12583 Ascending
7 S1-A SLC w 2016/09/06 12933 Ascending
8 S1-A SLC w 2016/10/24 13633 Ascending
9 S1-A SLC W 2016/11/17 13983 Ascending
10 S1-A SLC W 2016/12/11 14333 Ascending
11 S1-A SLC W 2017/01/04 14683 Ascending
12 S1-A SLC W 2017/02/21 15383 Ascending
13 S1-A SLC w 2017/03/29 15908 Ascending
14 S1-A SLC w 2017/04/10 16083 Ascending

Table 5 Properties of the SA,R Row Satellite platform Product type Instrument  Time period Orbit Geometry

images used for Bushehr region mode
1 S1-A SLC w 2017/03/18 15748 Ascending
2 S1-A SLC w 2017/04/23 16273 Ascending
3 S1-A SLC w 2017/05/29 16798 Ascending
4 S1-A SLC w 2017/06/22 17148 Ascending
5 S1-A SLC w 2017/07/28 17673 Ascending
6 S1-A SLC w 2017/08/21 18023 Ascending
7 S1-A SLC w 2017/09/26 18548 Ascending
8 S1-A SLC w 2017/10/20 18898 Ascending
9 S1-A SLC w 2017/11/25 19423 Ascending
10 S1-A SLC w 2017/12/31 19948 Ascending
11 S1-A SLC w 2018/01/12 20123 Ascending
12 S1-A SLC w 2018/02/17 20648 Ascending
13 S1-A SLC w 2018/03/25 21173 Ascending
14 S1-A SLC w 2018/04/20 21523 Ascending

Table 6 Accuracy of the applied interpolation methods for calculating crustal deformation at the epicenter of the earthquakes

Interpolation method Modeling RMSE (mm) Modeling RMSE (mm) Modeling RMSE (mm) Modeling RMSE (mm)

for Kermanshah earth- for Mexico earthquake for Mashhad earthquake for Bushehr earthquake
quake

Linear second exact fit interpolation +8.55 mm +6.35 mm +5.55 mm +6.55 mm

Moving average interpolation +4.58 mm +3.28 mm +4.53 mm +2.58 mm

Inverse distance weighted interpolation =+ 1.69 mm +1.23 mm +1.75 mm +0.69 mm

Discussion and Interpretation of the results

For the purposes of the present study, dealing with finding
out a correlation between crustal deformation anomalies

and thermal anomalies with an earthquake occurrence in
the focal area is initially carried out in a unidimensional
mode and then in an integrated form in order to offer a
more reliable method to predict probable magnitude and
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Table 7 Computational process

. Samples period Monthly defor-  Stationary defor-  Fitted Residuals (mm) Forecasted

of the c.rustal deformation mations (mm) mations (mm) results results (mm)
anomalies of Kermanshah (mm)
earthquake

2016/10/24 -02 * * *

2016/11/24 -3.0 -2.8 -0.14 —2.65

2016/12/24 -49 -1.9 0.66 —2.55

2017/01/24 —-4.8 0.1 3.45 —3.35

2017/02/24 —-4.5 0.3 3.59 -3.29

2017/03/24 4.1 8.6 4.07 4.52

2017/04/24 5.1 1.0 2.07 -1.07

2017/05/24 5.1 0.0 —-1.41 1.41

2017/06/24 7.1 2.0 1.46 0.53

2017/07/24 7.5 0.4 0.12 0.27

2017/08/24 6.1 -14 0.74 -2.14

2017/09/24 0.7 1.51

2017/10/24 -17.5 2.49

2017/11/24 -12.5 1.14
Table 8 Computationa.l process Samples’ period Monthly Stationary Fitted results (mm) Residuals (mm) Forecasted
of the c'rustal defo‘rmatmn deformations  deformations results (mm)
anomalies of Mexico (mm) (mm)
earthquake

2017/01/20 -17.30 * * *

2017/02/20 22.12 29.42 30.13 -0.71

2017/03/20 27.00 4.88 8.37 -3.49

2017/04/20 6.83 —20.17 —25.48 5.31

2017/05/20 —14.38 -21.21 -22.79 1.58

2017/06/20 —10.38 4.00 2.48 1.51

2017/07/20 -2.35 8.03 20.65 —12.62

2017/08/20 1.39 3.74 7.60 —3.86

2017/09/20 -3.10 —4.49 -2.67 —1.81

2017/10/20 —14.80 -11.70 —6.61 -5.08

2017/11/20 -6.25 8.55 —1.28 9.83

2017/12/20 9.38 9.73

2018/01/20 —-153 —5.61

2018/02/20 1.39 —15.17

time of earthquake occurrence anomalies within earth-
quake-prone regions.

Interpretation of the detected crustal deformation
anomalies

Figure 7a shows the crustal deformation anomalies of Ker-
manshah earthquake; the behavior of the anomalous struc-
ture shows that after observation subsidence within 3 months
before the earthquake and by increasing the rate of this sub-
sidence in the future months, an earthquake of magnitude
of 7.3 occurs during a period of 19 days after observing
the first subsidence. Behavioral analysis is performed on

@ Springer

crustal deformation anomalies related to another earth-
quake of magnitude of 7.2 and similar focal mechanism.
As shown in Fig. 7b, the crustal deformation anomalies at
the epicenter of the Mexico earthquake follow a half cycle
of the sinusoidal waveform before the earthquake. For the
earthquakes with magnitude of lower than 7.0 and larger
than 5.0, as shown by crustal deformation anomalies of
Mashhad earthquake (Fig. 7c), the behavior of the anoma-
lous structure has been viewed as subsidence for 2 months
before the earthquakes. while the behavioral variations of the
crustal deformation anomalies of an earthquake with similar
seismic properties, as shown in diagram d (Fig. 7), shows
a different pattern of subsidence at the epicenter before the
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Table 9 Computationa.l process Samples’ period Monthly defor-  Stationary defor-  Fitted Residuals (mm) Forecasted
of the c.rustal deformation mations (mm) mations (mm) results results (mm)
anomalies of Mashhad (mm)
earthquake

2016/03/22 2.93 * * *

2016/04/22 -5.78 -8.71 —3.89 —4.81

2016/05/22 1.1 6.88 3.86 3.01

2016/06/22 7.1 6.00 4.61 1.38

2016/07/22 1.1 —-6.00 -5.51 —-0.48

2016/08/22 1.2 0.10 -1.72 1.82

2016/09/22 -0.82 -2.02 -0.75 -1.26

2016/10/22 -2.1 -1.28 -1.75 0.47

2016/11/22 -0.54 1.56 1.38 0.17

2016/12/22 -29 -2.36 —0.90 —1.45

2017/01/22 0.10 3.00 0.77 222

2017/02/22 -2.20 0.34

2017/03/22 -2.60 -3.30

2017/04/22 -2.40 -0.07
Table 10 Computational Samples period Monthly defor- Stationary Fitted results (mm) Residuals (mm) Forecasted
process O,f the crusta} mations (mm) deformations results
deformation anomalies of (mm) (mm)
Bushehr earthquake

2017/03/18 0.36 * * *

2017/04/18 —-0.62 —-0.98 1.30 —2.28

2017/05/18 —4.22 —-3.60 —0.63 -2.96

2017/06/18 -5.01 -0.79 3.07 —3.86

2017/07/18 -5.01 0.00 4.48 —4.48

2017/08/18 8.50 13.51 6.05 7.45

2017/09/18 8.90 0.40 0.70 -0.30

2017/10/18 -3.61 —12.51 —11.80 -0.70

2017/11/18 -3.90 -0.29 —-0.84 0.55

2017/12/18 —2.78 1.12 - 0.94 2.06

2018/01/18 —8.30 -5.52 —-347 —2.04

2018/02/18 —-3.22 —3.42

2018/03/18 —6.10 1.20

2018/04/18 —2.40 - 1.63

earthquake. Considering that the amounts of crustal defor-
mation anomalies and their behaviors are different in earth-
quakes with a magnitude of larger than or equal to 7.0 as
well as earthquakes with a magnitude of lower than or 7.0,
we cannot deduce a general index for predicting the probable
magnitude or time of earthquake occurrence.

Interpretation of the detected thermal anomalies

In the case of interpretation of the thermal anomalies at the
epicenter of the earthquakes, unlike previous works in this
field, the present study by modeling spatiotemporal depend-
ence of thermal variations using regression functions proved

that earthquake prediction based on the thermal anomalies
will be unreliable by identifying the positive thermal anoma-
lies and correlating them with the main fault of the earth-
quake merely, because the thermal anomalies before the
earthquake may also have a negative values. In other words,
an unusual increase or decrease in temperature variations
of the probable epicenter can be considered as a thermal
anomaly.

In the case of behavioral analysis on thermal anomalies,
as shown in Fig. 8a, b, it is not possible to detect a consistent
and constant pattern related to earthquake occurrence with
a magnitude of 7.0 or higher because of irregularities seen
in the behavior of thermal anomalies two months before the
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Fig.6 a Time series of line-of-
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earthquake. Moreover, frequent irregularities in the variation
rate of thermal anomalies estimated for earthquakes with a
magnitude of lower than 7.0 and larger than 5.0 (Fig. 8c, d),
prevent identification of the significant correlation between
focal thermal anomalies and occurrence of an earthquake.
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Integrated interpretation of detected thermal

anomalies and crustal deformation anomalies
at the epicenter of the earthquake

However, the absence of any significant correlation
between calculated thermal and crustal deformation
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anomalies and earthquakes, in unidimensional mode,
never underestimates precursors and estimated anomalies
for each precursor. On the other hand, in the research pro-
cess, after the extraction of crustal deformation anomalies
and thermal anomalies before the earthquake occurrence,
the temporal correlation analyzing between these two data

sets was analyzed. The results of the analyses showed that
there is no one-to-one temporal correspondence between
these two data sets, and the relationship between them
is only related to the maximum amount of the anoma-
lies. Accordingly, the use of spatiotemporal models was
not effective. Therefore, in the present study, instead of
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Fig.7 a Crustal deformation a
anomalies at the epicenter of

Kermanshah earthquake within 10
3 months before the occur-

rence. b: Crustal deformation

anomalies at the epicenter of

Mexico earthquake within

3 months before the occurrence. sk
¢ Crustal deformation anoma-
lies at the epicenter of Mashhad
earthquake within 3 months
before the occurrence. d Crustal
deformation anomalies at the

epicenter of Bushehr earthquake
within 3 months before the
occurrence
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examining general and unidimensional behavior of the
detected anomalies, maximum crustal deformation anom-
aly and maximum thermal anomaly at the earthquake’s
epicenter in a period of two months before earthquake
based on their value and interval from the day of the event
were extracted (as shown in Table 11). Then, a descriptive
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| I
2018/01/20 2018/02/20

Time [month]

and logical rule as earthquake prediction algorithm based
on amount and time of observing maximum crustal defor-
mation anomaly and the maximum thermal anomaly of
earthquakes with oblique thrust faulting was proposed (as
shown in Fig. 9).
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Evaluation of the efficiency of the proposed
earthquake prediction algorithm for an earthquake
with a different focal mechanism

In this section, the efficiency of the proposed algorithm in
Sect. 4.3 was evaluated for an earthquake with a different

focal mechanism. We selected April 16, 2016, Japan-
Kumamoto earthquake of magnitude 7.0 with strike-slip
faulting for performing this test. Figure 10a—c illustrates
the results.
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Fig.8 a Thermal anomalies
during a period of 2 months

at the epicenter of Kerman-
shah earthquake. b Thermal
anomalies during a period of
2 months at the epicenter of
Mexico earthquake. ¢ Thermal
anomalies during a period of
2 months at the epicenter of
Mashhad earthquake. d Thermal
anomalies during a period of
2 months at the epicenter of
Bushehr earthquake
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patterns before earthquake occurrence. Therefore, mak-
ing deterministic earthquake prediction based on individ-

According to the obtained results from this study, thermal ~ ual monitoring of thermal anomalies in the focal area, as
anomalies and crustal deformation anomalies at the epi- ~ Wwell as monitoring of the crustal deformation anomalies,
center of earthquakes with similar focal mechanism and  is practically impossible. Also, during the research pro-
similar seismic characteristics show different structural ~ cess, separate time series and regression analyses were
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carried out on the extracted thermal anomalies and crustal
deformation anomalies. Unfortunately, none of the above-
mentioned methods resulted in a deterministic index for
the prediction of an earthquake occurrence. Despite the
fact that the existence of different structures in the crus-
tal deformation anomalies and thermal anomalies in the
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focal area prevented modeling unidimensional correlation
between these precursors with earthquake occurrence, in
this study, by considering the maximum amount of thermal
anomalies and crustal deformation anomalies in a period
of 2 months before earthquake occurrence, a descriptive
and logical rule as an earthquake prediction algorithm in
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Fig.9 Proposed algorithm to investigate the probability of an earthquake
mation and surface temperature of earthquakes with oblique thrust faulting

Check if thermal
anomalies have
been detected for
this area in the
period of 11 to 23
days after
observation date
of the maximum
deformation
anomaly?

Check if thermal
anomalies have
been detected for
this area in the
period of 4 to 9
days after the
observation date
of the maximum
deformation
anomaly?

The probability of an
earthquake occurrence
decreases to 25%.

Enter the observation date
of the maximum thermal
anomaly (t;).

Enter the observation
date of the maximum
thermal anomaly (t,).

/

The probability of an earthquake
occurrence with a magnitude

larger than or equal to 7.0 within

the period of (t + 6 day) to (t +27 |
day) will be improved to a

confidence level of 75%.

A 4

The probability of an earthquake
occurrence with a magnitude
lower than 7.0 and larger than 5.0
within the period of (t; +3 day)
to( t + 39 day) will be improved
to a confidence level of 75%.

A 4
D

occurrence based on observing maximum anomalies of crustal defor-

Table 11 Maximum amounts of thermal anomalies and crustal deformation anomalies at the epicenter of the earthquakes within two months

before the earthquake

Maximum value of the
crustal deformation

Region

Time interval between the
maximum crustal defor-

Time interval between the
maximum thermal anomaly

Maximum value of the
thermal anomaly within

anomaly within 2 months ~ mation anomaly and the 2 months before the earth- and the earthquake day
before the earthquake earthquake day (day) quake occurrence (c°) (day)
occurrence (mm)
Iran, Kermanshah Prov- -7.32 19 —-1.40 11
ince, 5 km of Ezgeleh
Mexico, 3 km of San —-3.54 27 +1.86 22
Pedro
Iran, Mashhad Province, -0.27 44 +1.61 30
5 km of Sefid Sang
Iran, Bushehr Province, —-3.75 32 +2.18 12

4 km of Kaki

the case of earthquakes with oblique thrust faulting was
proposed (see Fig. 9). Since the investigated earthquakes
for the purposes of this study were oblique thrust earth-
quakes, the validity of the proposed algorithm was evalu-
ated for an earthquake with a different focal mechanism.

@ Springer

The analysis results of the thermal anomalies and crustal
deformation anomalies at the epicenter of April 16, 2016,
Japan-Kumamoto earthquake of magnitude 7.0 with strike-
slip faulting, showed completely different trends than the
suggested patterns by the proposed algorithm. So the
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proposed algorithm was unable to determine the probable  order to complete the proposed prediction algorithm by
time and magnitude of an earthquake occurrence with this study, its performance must be tested with more study
strike-slip faulting. Therefore, it is recommended that, in ~ samples.
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