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For gaining insight into the preparatory process of the 1999 Chi-Chi, Taiwan earthquake and its related statistical
feature, the Epidemic-Type Aftershock-Sequences model (ETAS model) was applied to the earthquake data in
Taiwan region. By means of the ETAS analysis for Taiwanese earthquakes larger than a magnitude of 2.4, we
found seismic quiescence over broader regions of Taiwan. It was also found that inland areas near the epicenter
of the Chi-Chi earthquake showed seismic activation in the period from Jan. 1, 1998 to Sep. 20, 1999, which is just
before the occurrence of the Chi-Chi earthquake. The assumption that this is due to precursory slip (stress drop)
on the fault plane of the Chi-Chi earthquake is supported by previous researches such as a numerical simulation
using rate- and state-dependent friction laws and the observation of abnormal change in crustal displacement for
a station of Taiwan GPS network near southern edge of the source area of the Chi-Chi earthquake.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

There are many reports on the existence of anomalous seismic ac-
tivities, e.g. seismic activation and quiescence, prior to the occur-
rences of large earthquakes in seismically active regions around the
world (Borovik et al., 1971; Bowman and King, 2001; Bowman et
al, 1998; Bufe and Varnes, 1993; Bufe et al, 1994; Chen, 2003;
Jaume and Sykes, 1999; Karakaisis et al, 2002; Mogi, 1969;
Papazachos et al., 2010; Resenberg and Matthews, 1988; Sornette
and Sammis, 1995; Sykes and Jaume, 1990; Wei et al,, 1978; Wyss
and Wiemer, 1997). These previous studies aim at the understanding
of statistical feature and physical mechanism of the precursory seis-
mic activity before a large earthquake. There is however no consensus
on the underlying mechanism of precursory seismic activity though.
Mignan (2011) summarized past various views of the statistical fea-
ture and occurrence mechanism of precursory seismic activity.

Taiwan is a representative region with high seismic activity that
has historically been struck by large earthquakes. One example is
the 1999 Chi-Chi earthquake (Mw 7.6), which occurred near the
Chelungpu fault in the western part of central Taiwan on Sep. 21,
1999 and caused many casualties and traffic disruptions. Statistical
features of seismic activity after the Chi-Chi earthquake, those of
other physical processes triggered by the earthquake, and the precur-
sory change in seismic activity have retrospectively been investigated
by many researchers (Chen, 2003; Chen et al., 2005, 2010, 2011; Wu
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and Chen, 2007; Wu and Chiao, 2006; Wu et al., 2008). In particular as
regards precursory change in seismic activity, Chen (2003) found seis-
mic activation of moderate-sized earthquakes prior to the Chi-Chi
event by examining the temporal change in the Gutenberg-Richter
scaling distribution; Chen et al. (2005) indicated that there was anom-
alous seismic activity in the source area of the Chi-Chi earthquake prior
to its occurrence by using the pattern informatics (PI) method (Chen et
al., 2005, 2006; Holliday et al., 2005, 2006; Rundle et al., 2003; Tiampo
et al, 2002a, 2002b; Wu et al,, 2008); Wu and Chiao (2006) also
found that, before the Chi-Chi event, a broader region around the source
area of the Chi-Chi earthquake had revealed seismic quiescence using
the Z test (Console et al., 2000; Habermann, 1988; Habermann and
Wyss, 1984; Wiemer and Wyss, 1994); Wu and Chen (2007) then indi-
cated seismic quiescence over a broad region of Eastern Taiwan and
seismic activation near the epicenter of the Chi-Chi earthquake by the
same Z test but using a longer earthquake catalog including both before
and after the Chi-Chi event.

These reports imply that there was anomalous seismicity change as-
sociated with the Chi-Chi earthquake near its epicenter and over a
broader region of Taiwan. For furthermore gaining insight into the pre-
paratory process of the Chi-Chi earthquake, it is important to investigate
the precursory change in seismic activity based on different approaches.
With the motivation, we systematically applied the Epidemic-Type
Aftershock-Sequences (ETAS) model (Ogata, 1988, 1992, 1999) to the
earthquake data of Taiwan region. In the result, seismic quiescence
over broader regions of Taiwan was confirmed. It was also found that
inland areas near the epicenter of the Chi-Chi earthquake showed seis-
mic activation in the period from Jan. 1, 1998 to Sep. 20, 1999 right be-
fore the Chi-Chi event. The spatial pattern of temporal changes in
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Fig. 1. Flowchart of ETAS analysis procedure for classifying seismic activity in prediction period for each grid cell into three patterns: seismic quiescence, seismic activation, and null
significant change.
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seismic activities obtained by the ETAS analysis turned out to be robust
because the areas of seismic activation and quiescence were obtained
by the ETAS analysis for different including numbers of events centered
at each calculation grid cell.

2. Data and methodology

We used the earthquake catalog maintained by the Central Weather
Bureau of Taiwan. For the ETAS analysis, we chose the earthquakes with
magnitudes 22.4 and depths shallower than 30 km. The magnitude of
2.4 corresponds to the completeness magnitude in inland Taiwan re-
gion (Mignan et al., 2011) and the depth of 30 km is roughly the thick-
ness of the crustal seismogenic zone in this region. We excluded the
grid cells with completeness magnitudes larger than 2.4 mainly in
ocean region in order to focus on carefully detecting the change in seis-
mic activity possibly caused by preseismic slip near the source area of
the Chi-Chi earthquake.

The ETAS model (Ogata, 1988, 1992, 1999) was applied to system-
atically examine the precursory seismicity of the Chi-Chi earthquake
over the whole Taiwan region. The model regards each earthquake

(@)
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as a realization from a point process with a conditional intensity func-
tion A as follows:

A(D) :IJ+él(exp{a(Mj_Mc)}/(t_tj+C)p' 0

For circular region centered at i-th grid cell, Eq. (1) can be rewrit-
ten as below:

—
N

N =t + DK exp{on (MM ) (1=t ) (

where A is modeled seismic activity or modeled number of earth-
quakes per day, u is occurrence rate of background seismic activity
in day, which cannot be explained as the contribution of past after-
shock events, M; is magnitude of j-th earthquake, M. is cut-off magni-
tude, « is a constant representing the efficiency of earthquake with a
magnitude of Mj, K is a constant expressing the level of activity, c is a
constant for adjusting time axis and p is a constant reflecting the tem-
poral attenuation of seismic activity. t; is the occurrence time of j-th
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Fig. 2. (a) ETAS map: spatial distribution showing three patterns of temporal changes in seismic activities (seismic quiescence, seismic activation, and null significant change) for circular areas
centered at respective calculation grid cells. Blue color mesh represents seismic quiescence for prediction period (Jan. 1, 1998-Sep. 20, 1999) relative to target period (model fitting period: Jan. 1,
1994-Dec. 31, 1997). Red color mesh denotes seismic activation. White color mesh corresponds to null significant temporal change in seismic activity. Black star represents the epicenter of the
1999 Chi-Chi earthquake. (b) Event search radius map: Spatial distribution showing the radii within which 600 events are collected for ETAS calculation. (c) Calculated value of Kormogorov-

Smirnov statistics showing the goodness of model fit.
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Fig. 3. ETAS maps and the corresponding event search radius maps obtained by applying the ETAS model to different including numbers of events: (a) and (b) 800 events and (c) and (d) 1000

events. Black star represents the epicenter of the Chi-Chi earthquake.

earthquake. It should be noticed that this model takes all potential af-
tershocks above M. into account because it assumes that each
earthquake is accompanied by its own offspring shocks, or after-
shocks, whose number depends on the magnitude of parent
shocks. The cumulative number of earthquakes at time ¢t since tg
for circular region centered at i-th grid cell can be expressed as
below:

A(D) = [ENi(s)ds = py(t—t)
+K,§t exp{a,» (M}-fMC) }{Cil—pi _ (tftj N Ci)lfp. }/(p,-fl),

2
where 7;;= A;(t;) is transformed time, which is defined for i-th gl('ic)l
cell and is equivalent to theoretical cumulative number of earth-
quakes until the occurrence time ¢; of j-th earthquake. Thus calcu-
lated sequence of transformed time 7j; is called residual process.
The advantage of using residual process is that, if there is a differ-
ence between theoretical seismic activity modeled by the ETAS
model and actual activity, anomalous seismic activity such as seis-
mic activation and quiescence that cannot be explained by the
model appears in a visible manner. Because seismic quiescence
(activation) can exist even in an active (quiescent) stage of seismic
activity, it is not desirable to remove them beforehand.

Our ETAS analysis procedure is shown in Fig. 1. After Taiwan re-
gion is divided into grid cells with a dimension of 0.1°x 0.1°(totally
m grid cells), the ETAS model is applied to fit the curve of cumulative
event number for circular region centered at i-th calculation grid cell
(i=1—m) for a target period, which is discriminated from the subse-
quent prediction period in which the occurrence of anomalous seis-
micity change is assessed based on statistical tests a) and b) as
described below and as shown in the flowchart of Fig. 1. We
conducted the two statistical tests with a confidence level of 95% for
carefully assessing the change in seismic activity for prediction peri-
od. Only when both statistical tests are assessed as significant and
same-signed, seismic activity is regarded as seismic quiescence or
seismic activation, which depends on the sign (Fig. 1). We have let
the target and prediction periods from Jan. 1, 1994 to Dec. 31, 1997
and from Jan. 1, 1998 to Sep. 20, 1999 right before the Chi-Chi
event, respectively. Selection of Jan. 1, 1994 as the beginning time of
target period is due to the beginning of implementation of an auto-
matic, realtime, telemetered mode of seismic network (Mignan et
al.,, 2011; Shin et al., 1996). The statistical tests utilized are explained
as following:

a) The first test assesses the significance of change in mean differ-
ence between modeled and actual cumulative earthquake num-
bers before and after the middle of prediction period (Fig. 1).
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The purpose of this test is to investigate the existence of anomalous
seismic activity especially in the latter half of prediction period rath-
er than the first half. For example, if the deviation of actual seismic
activity from theoretical one is larger in the latter half of prediction
period than in the first half, the statistical test leads to the judgment
that abnormal seismic activity continues up to the end of prediction
period. In the modeled seismicity, the sequence of transformed
times is distributed according to the stationary Poisson process
(Brown et al,, 2001; Papangelou, 1972). In the statistical test, predic-
tion period is evenly divided into two transformed-time intervals
and the following statistics is calculated:

2 2
91, 9%

Zy= (R _Rz)/ —+ 3)

ngoony’

where R; and R; are the mean differences between modeled and actu-
al cumulative earthquake numbers for the first half and the latter half
transformed-time intervals, respectively; n; and n, are the numbers of
earthquakes for respective transformed-time intervals; 07 and o, are
standard deviations of differences between modeled and actual cumu-
lative earthquake numbers for respective transformed-time intervals.
For i-th grid cell, Eq. (3) can be rewritten as below:

2 2
i)

. 3’
Ny Np )

ZiA = (Ril _RiZ)/

If Z4 is significantly positive, then the change in seismic activity is
regarded as seismic quiescence; If Z;4 is significantly negative, it is
regarded as seismic activation; If Zj, is not significant, it is not
regarded as anomalous seismicity. Final judgment and classification
of seismic activity for prediction period for each grid cell depends on
the result of the following second test.

The second test assesses the significance of difference between the
numbers of local transformed-time windows for seismic quiescence
and seismic activation in prediction period (Fig. 1). The purpose of
this test is to investigate the existence of seismic quiescence or seis-
mic activation for respective local transformed-time windows in
prediction period. Seismic activity for each local transformed-time
window (T—h, T) in prediction period is classified into three pat-
terns: seismic quiescence, seismic activation, and null significant
change; parameter h represents the width of transformed-time
window; and the local transformed-time window is moved forward
by a constant interval, i.e. 0.25 h. In order to classify seismic activi-
ties in respective local transformed-time windows into three pat-
terns (seismic quiescence, seismic activation, and null significant
change), we evaluated the significance of difference between the
actual cumulative earthquake number and the modeled one that
is calculated from the ETAS model. For example, if the number of
local transformed-time windows for seismic quiescence is signifi-
cantly more than that for seismic activation, the statistical test
leads to the judgment that seismic quiescence is prominent in pre-
diction period. Here, for convenience of assessing the significance of
difference, the number of events AN in the transformed-time win-
dow (T —h, T) is transformed to a variable § that is approximately
distributed according to a normal distribution with mean 0 and var-
iance 1 by the following equation (Ogata, 1988; Shimizu and Yuasa,
1984),

33AN + 29—h—(32AN + 31)[h/(AN + 1)]'/4

gzg(ANJI): 9(AN+1)]/2

(4)

For i-th grid cell and k-th local transformed-time window in pre-
diction period, Eq. (4) can be rewritten as follows:

€ — £ (AN, h):33AN,»k+29—h—(32AN,»,<+31)[h/(AN,'k+1)]”4
ik ik ik> Q(Ale i ])1/2 .

)

When &> 2, seismic activation is assessed as significantly occurred
in the local transformed-time window. On the contrary, when §<—2,
seismic quiescence is regarded as significantly occurred. The case of
—2<§<2 indicates null significant change of seismic activity in pre-
diction period. The criteria are based on panels 3a and 3b of Fig. 15 in
Ogata (1988). After counting the numbers of local transformed-time
windows for seismic quiescence and seismic activation based on Eq.
(4") for i-th grid cell, the significance of difference between their
counts is evaluated by the following equation:

Zis = (Pi—Pi) / J {(p,»q +pm)—(piq—pia)2} / M (5)

where p, and p, are the numbers of local transformed-time windows
for seismic quiescence and seismic activation, respectively, which are
normalized by the total number of local transformed-time windows
ngy in prediction period. If Z;z is significantly positive, then the change
in seismic activity is regarded as seismic quiescence; If Z;p is signifi-
cantly negative, it is regarded as seismic activation; If Z;z is not signif-
icant, it is not regarded as anomalous seismicity.

Based on the significances and signs of Zj4 and Z;, the change in
seismic activity for prediction period for i-th grid cell is then classified
into three patterns: seismic activation, seismic quiescence, and null
significant change. If both Zi4 and Z; are significantly positive, then
the change in seismic activity is regarded as seismic quiescence; If
both Zi4 and Z;p are significantly negative, then it is assessed as seis-
mic activation; If at least one of Z;j4 and Z;3 is insignificant or Z;4 and
Zig have different signs, it is not regarded as anomalous seismicity.
By the repetition of this calculation procedure until m-th grid cell,
the ETAS map can be obtained, which shows the spatial pattern of
precursory changes in seismic activities for respective grid cells
(Figs. 1 and 2a).

To guarantee an appropriate fitting of the ETAS model for each
grid cell, various including numbers of events were used in fitting of
the ETAS model to the data (600, 800, and 1000 events in this
study). We can examine the robustness of the resultant spatial pat-
tern of temporal changes in seismic activity by using different choices
of event numbers in model fittings.

3. Result

Fig. 2a shows the spatial pattern of seismicity changes in predic-
tion period for circular area centered at every calculation grid cell
and 600 including number of events, i.e. the ETAS map. This figure in-
dicates the existence of significant seismic quiescence over broader
regions outside the source area of the Chi-Chi earthquake. It should
also be noticed that inland areas near the source area of the Chi-Chi
earthquake showed precursory activation in seismic activity. Fig. 2b
denotes the event search radius for each grid cell, within which 600
events is collected for the ETAS calculation. Smaller searching radius
for a grid cell reflects higher seismic activity in its surrounding area
and vice versa (Mignan et al,, 2011). Fig. 2c shows the calculated
value of Kormogorov-Smirnov statistics which is obtained with
goodness-of-fit test (two-sample Kormogorov-Smirnov test) for the
target period. This shows the goodness of model fitting to the cumu-
lative number of events, which is classified into two categories: sig-
nificant difference (poor fitting) and insignificant difference (good
fitting); A value less than 6.0 corresponds to good fitting, which is
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grid cells of P1 to P7, the locations of which are shown in Fig. 2(a). Third-column panel show the results obtained by the statistical test b) mentioned in Section 2 and Fig. 1. The
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Fig. 4. (continued).

determined depending on the degree of freedom or the number of data
sets (two data sets in this study). The occurrence of swarm-like events
in target period often causes a poor fitting of the ETAS model to the data
and a part of our results is no exception especially in a part of northeast-
ern and southeastern Taiwan. This problem is discussed in Section 4 in
detail.

Fig. 3 denotes the ETAS maps and their corresponding event
search radius maps obtained by applying the ETAS model to different
including numbers of events: (a) and (b) 800 events and (c) and (d)
1000 events. Panels (a) and (c) imply the robustness of the spatial
pattern of seismic quiescence over broader regions outside the source
area of the Chi-Chi earthquake and seismic activation near the source
area. For both cases, apparent extensions of seismic activation and
quiescence areas in northwestern Taiwan can clearly be recognized
because of lower seismic activity in the region relative to that in
other region, implying that including numbers of events in fitting

the ETAS model to the data are too many for these cases. Seismic ac-
tivation areas of the ETAS maps for including numbers of events less
than 600 are almost the same and are not shown here.

The first- and second-column panels of Fig. 4 show the plots of cu-
mulative numbers of earthquakes against time in day and transformed
time, respectively, for circular area centered at each calculation grid cell
of P1 to P7, the locations of which are shown in Fig. 2a. The linear trend
in the second-column panel corresponds to the seismic activity distrib-
uted according to the stationary Poisson process, which is expected
from the ETAS model. The first- and second-column panels of P1 and
P2 show deviations in prediction period upward from the straight
lines, which therefore represent the occurrences of seismic activation.
On the contrary, those of P3 to P5 exhibit downward deviations from
the linear trends, indicating the occurrences of seismic quiescence. In
addition, the same panels of P6 and P7 show examples of null significant
changes in seismic activities, which do not show any significant
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deviations from linear trends. Parameters t; and t. in the first-column
panels are the beginning and end times of target interval (model fitting
interval), respectively, which are denoted by the first two vertical dot-
ted lines in the first- and second-column panels. Parameter t,. shows
the end time of prediction period, which corresponds to the last vertical
dotted line in the first-column panels. Parameters of the ETAS models, 1,
K, ¢, a and p, indicate the maximum likelihood estimates, which are
obtained by fitting the ETAS model to the data for target interval.
Third-column panels of Fig. 4 shows the results obtained by the statisti-
cal test b) as mentioned in Section 2 and shown in Fig. 1. The horizontal
axis represents transformed time. Dates of the first and last events are
also shown for reference. The beginning and end times for each
third-column panel are different depending on the occurrence times
of the beginning and last events in prediction period. The vertical axis
represents the number of events per unit transformed time interval,
i.e. { obtained by Eq. (4’). Width of transformed time window (h) for
which seismic activity is assessed is 30 (1/day); Moving step of
transformed time window is 0.25 h (1/day). It should be noted that
the number § for grid cell P1 are larger than 2 for transformed time in-
tervals of nearly 410 to 450, roughly corresponding to a time span from
middle 1998 to late 1998. Because the number of windows with §> 2 is
significantly more than that with §<— 2, seismic activity in prediction
period for the grid cell is regarded as seismic activation. The number §
shown for grid cell P2 are also larger than 2 for transformed time inter-
vals of nearly 360 to 400 and 520 to 590, the latter of which is due to a
local effect near the grid cell. On the contrary, for grid cells P3 to P5, the
number of windows with §<—2 is significantly more than that with
&> 2, which represents the occurrences of seismic quiescence. For grid
cell P6 and P7, there is no significant difference between the numbers
of windows with §>2 and §<—2 or there is neither windows with
&>2 nor those with §<—2. Threshold values of —2 and 2 are based
on the criteria by panels 3a and 3b of Fig. 15 in Ogata (1988).

4. Discussion and conclusions

We applied the ETAS model to the earthquake catalog of Taiwan
region prior to the occurrence of the 1999 Chi-Chi earthquake. Signif-
icant seismic quiescence was found over broader regions outside its
source area. This result is consistent with that obtained with the
ZMAP method by Wu and Chiao (2006) and Wu and Chen (2007).
We also found inland areas for precursory seismic activation near
the source area of the Chi-Chi earthquake, which are again consistent
with the existence of anomalous seismic activities as indicated by
Chen and Wu (2006).

In fitting the ETAS model to the data, as shown in Fig. 2c, goodness
of fit is lower especially in northeastern Taiwan (121.6°E, 24.5°N) and
in southeastern Taiwan (120.8°E, 23.2°N), which is caused by the oc-
currence of swarm-like events near the grid cells. In order to address
the problem, it may be an approach that target period is further divid-
ed into more-than-one time intervals, and that the ETAS model is ap-
plied to the local time interval including swarm-like events to obtain
another parameter estimates. This procedure is, however, consider-
ably complicated and time-consuming. This problem is, therefore,
out of consideration in this study, and is an issue to be worked on
in the future.

What is the occurrence mechanism of seismic quiescence over
broader regions of Taiwan? By a numerical simulation using rate-
and state-dependent friction laws (Ruina, 1983), Kato et al. (1997)
demonstrated the appearance of regional seismic quiescence in the
continental crust before a large interplate earthquake due to the re-
gional stress relaxation could be caused by preseismic sliding on a
boundary between a subducting oceanic plate and the overriding
continental plate. Kato et al. (1997) also argues that the mechanism
of the seismic quiescence can also be applied to other types of earth-
quakes, such as intraplate earthquakes on active faults. Seismic quies-
cence obtained by this study and by previous studies of Wu and Chiao

(2006) and Wu et al. (2008) may thus reflect the temporal change in
crustal seismicity associated with the regional stress relaxation prior
to the Chi-Chi earthquake. In addition, there is a previous study indi-
cating an abnormal geodetic observation prior to the Chi-Chi earth-
quake. By analyzing the GPS dataset of a continuous mode station
(S103) (Yu et al., 1997) close to the southern edge of surface rupture
caused by the Chi-Chi earthquake, Hou et al. (2003) found the east-
west shortening rate started decreasing from the spring of 1998 and
turned to showing extension mode after the summer of the year.
They interpreted this change as due to the stress drop immediately
before the Chi-Chi earthquake. Our result indicating the existence of
seismic activation for grid cells near the source area of the Chi-Chi
earthquake may have been caused by precursory slip on the fault
plane.

For comprehensively understanding the mechanism of preparatory
process of the Chi-Chi earthquake, it is required to explain not only the
seismic quiescence but also the seismic activation obtained in this
study and in previous studies such as Chen et al. (2005), Chen and Wu
(2006) and Wu et al. (2008). With the Pattern Informatics (PI) method,
Wu et al. (2008) demonstrated that areas of anomalous seismic activities
indicated by the PI hotspots migrated toward the epicenter of the Chi-Chi
earthquake. That would also reflect different aspects of the precursory
seismicity associated with the Chi-Chi earthquake. It is important to inte-
grate these results of seismicity anomalies for understanding the prepa-
ratory process of the Chi-Chi earthquake and for improving our
knowledge about large earthquakes. In this study, only the earthquake
catalog was used to characterize the precursory change in seismic activ-
ity. It would also be important to integrate other kinds of geophysical
data such as dilatation rate for comprehensively understanding the
physical mechanism leading to the occurrence of a large crustal earth-
quake (Hsu et al., 2009). This is because respective kinds of physical
data is considered to reflect different aspects of crustal activity including
the occurrence of a large earthquake and they would give more informa-
tion to shed light on the mechanism of precursory change in seismic ac-
tivity. How to integrate different kinds of data is a challenging issue that
needs to be tackled in the future.
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