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Abstract Parameters usually play a key role in statistical forecasting models and should

be carefully determined because the physics of the system links to the statistical model

through the parameters. To investigate the relations between parameters and pattern

informatics (PI) migration, we developed a series of retrospective analyses. The results

show that two parameters (i.e., cut magnitude and change interval) are essential factors of

calculating PI migration. The cut magnitude is a lower cutoff magnitude applied to the

catalog at the start of the analysis, and the result of the analysis shows that the PI migration

hot spots are mostly distributed around the earthquakes with magnitude larger than target

magnitude when the cut magnitude is 3.2–3.4 in most study regions. The change interval is

a time span prior to the large event that we assumed to be the duration of the preparation

process. In the retrospective analysis, the ability of PI migration hot spot to hit the target

earthquake varies with change interval and the change interval that make PI migration hot

spot to hit most target earthquakes varies with the study region. By using a retrospective

analysis, we determined the optimal parameters for each study region, generating PI

migration maps to show potential locations.
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1 Introduction

The real dynamics of a complex system is unknown but it can be mapped by the use of

pattern dynamics. In a complex system, the real underlying dynamics controls the physics

of the system and produces the observable state variables. For example, we are unable to

show the real dynamics of an earthquake system because of its nonlinearity and com-

plexity, but we can observe some of the state variable events (i.e., seismicity) produced by

this system. Observing seismicity patterns both in time and space enables constructing

approximate dynamics and pattern dynamics that reflect the physics of the system. Pattern

dynamics makes analyzing the dynamics of spatiotemporal patterns of seismicity an

alternative approach to understand the real dynamics (Mori and Kuramoto 1997; Rundle

et al. 2000a, b; Tiampo et al. 2002a, b).

The pattern informatics (PI) method is an example of a phase dynamical measure (Mori

and Kuramoto 1997; Rundle et al. 2000a, b, 2003; Tiampo et al. 2002a, b; Chen et al. 2005,

2006) that is implemented for forecasting earthquakes by searching for seismicity rate

deviations from average seismicity rates, including both seismic activation and quiescence

(Wyss and Habermann 1988; Bowman et al. 1998; Jaume and Sykes 1999; Zoller et al.

2002; Chen et al. 2005; Nanjo et al. 2006; Huang 2008; Huang and Ding 2012). The

activation and quiescence imply that the interaction between the faults may evolve into

nucleation, reaching the driven threshold (Gomberg et al. 1998; Sornette 2002; Kawamura

et al. 2012). To observe oriented fault growth, PI migration was proposed as a method to

investigate the migration of anomalous seismicity, based on the PI method (Wu et al.

2008c, d, 2011).

Because of the interactions between faults, PI migration is sensitive to temporal, spatial,

and seismic parameters (Wu et al. 2012). When testing the PI migration, obtaining the

optimal results or parameter values associated with the tectonic setting requires capturing

the nontrivial relation between the model parameters and statistical model. In other words,

it must be determined how a forward statistical model, such as PI migration, varies in

response to model parameter changes. Similarly, an inverse statistical model that maps the

results of the statistical model to the model parameters indicates the specific values of the

model parameters, based on desired statistical model values. This latter procedure can be

considered to be a type of data assimilation.

To capture the relationship between model parameters and the statistical model, we

analyzed the PI migration using varying model parameters. We assumed that the PI

migration statistical model could forecast earthquakes exhibiting magnitudes larger than

the target magnitude in the future year. The spatial parameters of PI migration, spatial

region, and depth, which are associated with the earthquake system and its tectonic setting,

can be selected according to the seismicity distribution. Other essential parameters that PI

migration replies on, such as temporal parameters and the cut magnitude, cannot be

selected using seismicity distribution and must be estimated based on PI migration

analysis.

Our results showed strong correlations of cut magnitude and change interval with PI

migration. The cut magnitude is a lower cutoff magnitude applied to the catalog at the start

of the analysis, and the result of the analysis shows that the PI migration hot spots are mostly

distributed around the earthquakes with magnitude larger than target magnitude when the

cut magnitude is 3.2–3.4 in most study regions. The change interval is a time span prior to

the large event that we assumed to be the duration of the preparation process. In the

retrospective analysis, the ability of PI migration hot spot to hit the target earthquake varies

with change interval and the change interval that make PI migration hot spot to hit most
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target earthquakes varies with the study region. The relation between the change interval

and study region indicates that PI migration is dominated by the stress interaction. We also

show the PI migration with the optimal parameters obtained from the retrospective analysis.

2 PI migration calculation

We take the average number of earthquakes with magnitude larger than the cut magnitude

Mc as a state variable in pattern dynamics (Rundle et al. 2000a; Tiampo et al. 2002a, b;

Chen et al. 2005; Holliday et al. 2007; Wu et al. 2008c, d, 2011). The average number of

earthquakes of M C Mc in the grid box centered at xi and its Moore neighbor boxes during

the time interval tb to t is defined as the seismic intensity I(xi, tb, t), as

Iðxi; tb; tÞ �
1

ðt � tbÞ

Z t

tb

nðxi; tÞdt ð1Þ

where n(xi, t) is the number of events at location xi and time t and tb is the sampling time

that shifts from the start of dataset, t0, to the beginning of change interval, t1. The change of

seismic intensity within the change interval, t1 to t2, is defined as

DIðxi; tbÞ ¼ Iðxi; tb; t1Þ � Iðxi; tb; t2Þ: ð2Þ

Consequently, the change of seismicity intensity is normalized in time and space to

accent the anomalous seismic intensity as

~Iðxi; tbÞ ¼
DIxi
ðtbÞ � DIxi

ðtbÞ
rxi
ðtbÞ

ð3:1Þ

and

Îðxi; tbÞ ¼
~ItbðxiÞ � ~ItbðxiÞ

~rtbðxiÞ
ð3:2Þ

where DIxi
ðtbÞ and rxi

ðtbÞ in Eq. (3.1) are the mean and standard deviation of the seismic

intensity change taken at each xi; ~ItbðxiÞ and ~rtbðxiÞ in Eq. (3.2) are the mean and standard

deviation of temporally normalized seismic intensity change at each tb. Positive Îðxi; tbÞ
indicates intense seismic activity, and negative Îðxi; tbÞ indicates weak seismic activity. To

involve all seismic anomalies and reduce the fluctuation caused by random noise, the

absolute Îðxi; tbÞ was averaged to all tb, denoted as Îðxi; tbÞ
���

���. The probability of an event

occurring at xi is defined as

PðxiÞ ¼ Îðxi; tbÞ
���

���2: ð4Þ

The relative probability at xi compared with an entire region is defined as

DPðxiÞ ¼ Îðxi; tbÞ
���

���2�lp: ð5Þ

where lp is the mean of P(xi) over all xi. The location with high relative probability, which

is higher than the given threshold, is shown as the hot spot on the PI map.
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To quantify the migration of the PI hotspot, we defined the error distance e(t) as the

distance between the center of the grid box and the nearest hot spot at time t during the

change interval. Because the threshold given in the PI map controls the number of PI hot

spots and thus the error distance, we integrated the error distance to eliminate the threshold

constraint, denoted as earea(t). Figure 2 of Wu et al. (2008d) illustrates the calculation of

earea(t). For each grid box, the integrated error distance is a function of time. A slope that

shows the movement of the PI hot spot for each grid box can be obtained by fitting the

earea(t) over a time period. A grid box exhibiting a negative slope identifies the location

toward where the PI hot spots migrate. The shifting time t used in PI migration calculation

is a sampled time; its interval [t1st, t1en] is defined as migration time. Start of migration time

t1st typically is the onset of the change interval t1, and end of migration time t1en is a time in

the middle of the change interval [t1, t2]. A whole flowchart of the procedure for obtaining

PI maps and the schematic diagram for obtaining PI migration map can be seen in Fig. 3 of

Kawamura et al. (2013).

3 Data, parameter, and hit ratio

The regions of interest in this study are Taiwan, Japan, and California because numerous

earthquakes occur in these regions and sophisticated earthquake catalogs are available. We

selected the seismicity data for Taiwan, Japan, and California from the Central Weather

Bureau (CWB), the Japan Meteorological Agency (JMA), and the Advanced National

Seismic System (ANSS) earthquake catalogs, respectively. Only the earthquakes with

magnitude larger than cut magnitude Mc are involved in the PI migration calculation

because those smaller than cut magnitude may not be able to indicate the precursory

seismicity. Considering the completeness of the catalog, the starting time of the seismicity

data (i.e., t0) used for Taiwan is 1990, 1985 for Japan, and 1980 for California.

The study regions were divided into subregions and assigned a depth according to the

tectonic setting. We did not include seismicity data from beneath the given depth in the

calculation because of the possible association with other earthquake systems that might

differ from earthquake systems in the upper crust (Tsai 1986; Kagan 1992). We divided the

Taiwan region into western Taiwan, eastern Taiwan, and northeastern Taiwan (Wu et al.

2008a). The Japan region was divided into southwestern Japan, northeastern Japan, and the

Kanto region (Seno et al. 1993). The California region was divided into northern California

and southern California. We chose seismicity data within a depth of 0-20 km for western

Taiwan, 0-30 km for eastern Taiwan, and 0-50 km for northeastern Taiwan based on

seismicity distribution and tectonics (Kim et al. 2005; Wu et al. 2008a, b). We assigned cut

depths of 60 km to southwestern Japan, 150 km to northeastern Japan, and 30 km to the

Kanto region (Yoshi 1979; Peacock and Wang 1999; Sato et al. 2005; Nakajima and

Hasegawa 2010; Uchida et al. 2010). Regarding both northern and southern California, the

cut depth was 15 km (Mori and Abercrombie 1997).

To demonstrate which parameters cause the most substantial system changes and reflect

events in the future year, we quantified the correlations between the parameters, change

interval [t1, t2], cut magnitude Mc, and future events. The change interval varied from 2 to

5.5 years (with a step of interval 0.5 years), and the cut magnitude ranged from 3.0 to 4.0

(with a step of interval 0.2). We calculated the PI migration by using seismicity data for

various sets of change intervals and cut magnitudes in the examining period, subsequently

examining whether events with magnitudes larger than the target magnitude occurred on

the hot spots determined using the PI migration. The examining period included the time
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from the onset of the seismicity data to the beginning of the change interval, t0 to t1, and

the change interval, t1 to t2. We assigned the migration time parameter as 1.5, 2.0, 2.5, and

3.0 years at the onset of the change interval. The remaining change interval times,

excluding the migration time, were 0.5, 1.0, 1.5, 2.0, and 2.5 years. The test period was one

year following the end of change interval t2. We sampled the test period from July 2004 to

July 2010 in Taiwan and Japan and from 2005 to 2011 in California per half year. To

quantify the correlation between parameter sets and future events, we defined a hit ratio,

Nhit/Nall, where Nall is the number of hot spots obtained from the PI migration calculation

and Nhit is the number of hot spots with future events that is larger than the target mag-

nitude occurring in the same location. Considering that the empirical test would not be

statistically reliable if too few events with magnitudes larger than the target magnitude

occurred in the test period, we assigned target magnitudes of 5.0 for western Taiwan and

California, and 5.5 for eastern Taiwan, northeastern Taiwan, and Japan.

4 Results

Figures 1, 2, and 3 show the diagrams of hit ratio of PI migration versus the change

interval t2–t1 using different cut magnitude Mc for the study regions of Taiwan, Japan, and

California. The open circle, solid circle, open triangle, and solid triangle means 1.5, 2.0,

2.5, and 3.0 years of migration time t1en–t1st, respectively. In most regions, we can obtain a

relation between hit ratio and change interval (i.e., the hit ratio clearly increase or decrease

with the change interval in a range) with a particular range of cut magnitude Mc.

Figure 1a–c shows the hit ratios of PI migration, using various parameter sets in the

western Taiwan, the eastern Taiwan, and the northeastern Taiwan regions, respectively. A

stable hit ratio trend is observed (i.e., the hit ratio varies based on the change interval t2–t1
when the cut magnitude is between 3.2 and 3.6 for the western Taiwan region; Fig. 1a),

and a high value is yielded when the change interval t2–t1 is 3.0 years. However, the hit

ratio is not dependent on the length of the migration time for Mc = 3.2–3.6 in western

Taiwan. The overall value of hit ratio for eastern Taiwan (Fig. 1b) decreases from

Mc = 3.0 to Mc = 4.0, and a high value is yielded when the change interval is 3.5 or

4.0 years. The hit ratio tends to decrease as the change interval increases in length when

the change interval is longer than 3.5 years. No relation exists between the hit ratio and

migration time in eastern Taiwan; the highest hit ratio at each given cut magnitude is

obtained at varying migration time. Northeastern Taiwan also demonstrates a stable hit

ratio trend (Fig. 1c), showing similar variations with the change interval at all cut mag-

nitudes. A high hit ratio can be obtained when the cut magnitude is 3.4, the change interval

is 5.0 years, and the migration time is 3.0 years.

Figure 2a–c shows the hit ratio results for the northeastern Japan, Kanto, and south-

western Japan regions. Figure 2a shows that the overall hit ratio for northeastern Japan

decreases as the cut magnitude increases and the value drops when the change interval is

larger than 4.0 years. There is not a clear relation between the hit ratio and migration time

in northeastern Japan. A relatively high hit ratio can be obtained when the change interval

is 3.5–4.0 years for all cut magnitudes. The hit ratio for the Kanto region (Fig. 2) is low

when the change interval is smaller than 3.0 years for all cut magnitudes. The hit ratio

increases when the change interval is 3.0 years, and the hit ratio gradually decreases for

most cut magnitudes. The hit ratio dramatically increases at 3.0-3.4 of the cut magnitude

when the migration time is 2 years. Figure 2c shows a clear relation between the hit ratio

and change interval for all cut magnitudes in the southwestern Japan region; the hit ratio
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Fig. 1 Hit ratio Nhit/Nall versus the change interval t2–t1 at various migration times and cut magnitudes
(from the upper left to the lower right) for a the western Taiwan, b eastern Taiwan, and c northeastern
Taiwan regions
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Fig. 2 Hit ratio Nhit/Nall versus the change interval t2–t1 at various migration times and cut magnitudes
(from the upper left to the lower right) for a the northeastern Japan, b Kanto, and c southwestern Japan
regions

Nat Hazards (2015) 76:1357–1371 1363

123



decreases from a change interval of 2.0 years to 3.0 years, increases to its highest value

from 3.0 years to 5.0 or 4.5 years, and decreases again. The overall hit ratio increases from

Mc = 3.0 to Mc = 3.4 and decreases from Mc = 3.6 to Mc = 4.0. A highest hit ratio for a

cut magnitude of 3.0–3.6 can be obtained at a change interval of 5.0 years and a migration

time of 3.0 years.

Figure 3a, b shows the hit ratio results for the northern and southern California regions,

respectively. It is difficult to determine the relations between the hit ratio, change interval,

cut magnitude, and migration time in northern California (Fig. 3a). However, we can

obtain a high hit ratio when the cut magnitude is 3.2, 3.6, or 3.8 and the change interval is

2.0–2.5 years. The southern California results (Fig. 3b) show a strong relation between the

hit ratio and change interval, particularly when the cut magnitude is 3.2–3.6. The hit ratio

dramatically increases when the change interval is larger than 4.0 years. The largest hit

ratio can be obtained at a change interval of 5.5 years for most cut magnitudes.

Fig. 3 Hit ratio Nhit/Nall versus the change interval t2–t1 at various migration times and cut magnitudes
(from the upper left to the lower right) for a the northern and b southern California regions
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5 Discussion and conclusion

Numerous statistical methods have been applied to forecast events in natural physical

systems (Kagan and Jackson 2000; Huang et al. 2001; Huang 2004; Holliday et al. 2005;

Chen et al. 2005, 2006; Chen and Wu 2006; Lee et al. 2011; Rundle et al. 2011; Wu et al.

2011). There are some attempts on optimal estimation of parameters in some statistical

methods (Wu and Chen 2007; Huang and Ding 2012). However, a common difficulty in

formulating a precise forecast is estimating the critical parameter values. To calculate the

parameter values, we constructed a simple analysis to retrospectively investigate the

relations between the parameters and PI migration. The results indicated the correlations

between the PI migration, cut magnitude, and change interval.

The cut magnitude is a lower bounding magnitude that is provided to eliminate small

earthquakes from analyses. Determining a cut magnitude removed most aftershocks and

the incomplete catalog from the background and highlighted anomalous seismicity. In most

study regions, a 3.2 or 3.4 cut magnitude caused the PI migration to hit most events. Fault

nucleation and growth have been observed in the laboratory and in models (Liakopoulou-

Morris et al. 1994; Reches and Lockner 1994; Ellsworth and Beroza 1995; Clifton and

Schlische 2001). Because seismicity migrates toward the direction in which the fault

grows, PI migration might be caused by fault nucleation, and the faults that yield

M = 3.2–3.4 earthquakes could be natural nucleation zones.

The change interval is the phase transition period before the critical point, or the

duration of preparation process. Anomalous seismicity during the preparation process, such

as activation and quiescence, causes a state variable shift in pattern dynamics and a high PI

probability. Calculating the precise PI migration requires tracing PI hot spots exhibiting

high probability. A change interval that includes the greatest anomalous seismicity and the

least background and noise facilitates calculating PI migration. In most of the study

regions, the number of PI migration hot spots hitting the events varied based on the change

interval and a dominant change interval that causes the PI migration hot spots to hit most

events exists within a specific cut magnitude range. The results show a relation between the

hit ratio and the change interval in all study regions. In contrast to the change interval,

another time parameter, migration time, which is used to trace the PI hot spots, does not

show a relation with the hit ratio.

Wu et al. (2012) showed that seismicity selection influences migration patterns because

of regional tectonics. Seismicity selection should consider the area and depth to maintain a

simple seismotectonic setting in the study region. We showed that the seismotectonic

setting might influence the parameters. We found that the hit ratios indicated similar

dominant parameter patterns in the northeastern Taiwan and southwestern Japan regions. A

higher hit ratio is found in the northeastern Taiwan and the southwestern Japan regions

compared with other study regions. In addition, similar parameters contributed to high hit

ratios in these regions: a cut magnitude of 3.4 and change interval of 5 years. These similar

results may be a consequence of the Nankai Trough system, to which the northeastern

Taiwan and the southwestern Japan regions belong.

We applied the parameter values that yielded high ratios in the study regions to cal-

culate PI migration. Table 1 lists the implemented parameter values and cut depths. The

cut depth denoted as Dc in Table 1 is the lower bound of depth of the study region,

determined based on the seismicity distribution and tectonic settings (Yoshi 1979; Mori

and Abercrombie 1997; Peacock and Wang 1999; Kim et al. 2005; Sato et al. 2005; Wu

et al. 2008a, b; Nakajima and Hasegawa 2010; Uchida et al. 2010). The Mc and Mt denote

the cut magnitude and target magnitude, respectively. The cut magnitude is the lower
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Table 1 Optimal parameter values for PI migration obtained from retrospective analysis

Taiwan Japan California

West East Northeast Southwest Kanto Northeast North South

Dc (km) 20 30 50 60 30 150 15 15

Mc 3.2 3.2 3.4 3.4 3.2 3.2 3.2 3.2

Mt 5.0 5.5 5.5 5.5 5.5 5.5 5.0 5.0

t2–t1 (years) 3.0 3.5 5.0 5.0 3.5 3.5 2.5 5.5

t1en–t1st (years) 2.5 2.0 3.0 3.0 2.0 2.0 2.0 3.0

Fig. 4 PI migration map for the
Taiwan region. The upper panel
is valid for the time from April
2014 to April 2015, and the
bottom panel is valid for the time
from July 2014 to July 2015. The
circles show the earthquakes with
magnitude larger than Mt listed in
Table 1 that occurred before
2014/11/30. The gray dash line
distinguishes the western,
eastern, and northeastern Taiwan
regions. The color bar shows the
intensity (slope) of the PI
migration; the warm colors
represent high intensity (negative
slope)
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bounding magnitude for calculating PI migration, and the target magnitude is the mag-

nitude of events. In certain regions that exhibited low seismic activity levels, we estimated

only the parameters for Mt = 5.0. The change interval and migration time set in the PI

migration calculation were t2–t1 and t1en–t1st, respectively (Table 1).

To facilitate efficient forecasting, we formulated the PI migration at the onset of each

quarter. Using the parameter setting shown in Table 1, we calculated the PI migration for

the Taiwan, Japan, and California regions shown in Figs. 4, 5, and 6, respectively. In

Figs. 4, 5, and 6, the top panel is the PI migration map with the end of the change interval

t2 = 2014/04/01 and the bottom panel is for t2 = 2014/07/01. The dashed gray line shows

the boundary of each study region. The circles in Figs. 4, 5, and 6 show the earthquakes

with magnitude larger than Mt listed in Table 1 that occur during t2 to 2014/11/30. It can be

observed that some strong hot spots occur in the western Taiwan (Fig. 4) due to the

earthquake with magnitude larger than Mt occurred at 2014/05/21. Because of its after-

shocks, the strong hot spots in the western Taiwan become weaker but not disappear when

the PI migration map is for 2014/07/01. In Japan, some hot spots that occur around the

Fig. 5 PI migration map for the
Japan region. The upper panel is
valid for the time from April
2014 to April 2015, and the
bottom panel is valid for the time
from July 2014 to July 2015. The
circles show the earthquakes with
magnitude larger than Mt listed in
Table 1 that occurred before
2014/11/30. The gray dash line
distinguishes the northeastern
Japan, Kanto, and southwestern
Japan regions. The color bar
shows the intensity (slope) of the
PI migration; the warm colors
represent high intensity (negative
slope)
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earthquakes with magnitude larger than Mt that occurred after July in the top panel of

Fig. 5 become intense in the bottom panel of Fig. 5. The result in Japan suggests us to pay

attention to the location with hot spots getting intense such as the place denoted by dashed

circle in Fig. 5. In California (Fig. 6), most intense hot spots are located in northern

California in the top panel; one group is close to the earthquake with magnitude larger than

Mt occurred at 2014/08/24, and another group is at where we denoted by dashed circle. The

hot spots in the dashed circle should be paid attention to because they become more intense

when time moves on.

We determined the relations between parameters and PI migration, considering the hit

ratio as a reference index to facilitate comparing the effects of various parameter sets.

Because the hit ratio is a ratio between the number of hot spots that hit events and the total

number of hot spots, a high hit ratio may be caused by low noise levels or a small migration

range. Because of the tectonic setting, the seismicity varies from region to region and the

PI migration yields various migration ranges; thus, the level of hit ratio may also reflect the

tectonic properties of the region.

Fig. 6 PI migration map for the
California region. The upper
panel is valid for the time from
April 2014 to April 2015, and the
bottom panel is valid for the time
from July 2014 to July 2015. The
circles show the earthquakes with
magnitude larger than Mt listed in
Table 1 that occurred before
2014/11/30. The gray dash line
distinguishes the northern and
southern California regions. The
color bar shows the intensity
(slope) of the PI migration; the
warm colors represent high
intensity (negative slope)
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The relation between the PI migration range and the tectonics is a concern. The PI

migration range may be associated with fault types and event magnitudes, which are

related to the stress accumulation caused by tectonics. Clarifying the relation between the

PI migration range and tectonics may enhance forecasting accuracy. However, examining

this relation requires precisely quantifying the PI migration range and lies outside the scope

of this study.

We examined the relations between parameters and PI migration by using retrospective

analysis. Our results show that two parameters (i.e., cut magnitude and change interval) are

essential for calculating PI migration. The result of the analysis shows that the PI migration

hot spot is able to hit most target events when the cut magnitude is 3.2–3.4 in most study

regions. The change interval varies among regions, indicating the duration required for the

preparation process is different. By using retrospective analysis, we obtained the optimal

parameters for the study regions and demonstrated potential PI migration locations. Our

results suggest that calculating PI migration in regular facilitates detecting earthquakes.
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