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Abstract To assess the seismic hazard with temporal change in Taiwan, we devel-
oped a new approach which combines both the Brownian passage time (BPT) model
and the coulomb stress change, and implements the seismogenic source parameters by
the Taiwan Earthquake Model. The BPT model was adopted to describe the rupture
recurrence intervals of specific fault sources together with the time elapsed since the
last fault rupture to derive their long-term rupture probability. We also evaluated the
short-term seismicity rate change based on the static coulomb stress interaction be-
tween seismogenic sources. By considering these time-dependent factors, our new
combined model, relative to a time-independent model, suggests an increased long-
term seismic hazard in the vicinity of active faults along the western coastal plain and
the Longitudinal Valley, where active faults have short recurrence intervals and long
elapsed time since their last ruptures and/or short-term elevated hazard levels right
after the occurrence of large earthquakes due to the stress triggering effect. The stress
enhanced by the 6 February 2016 ML 6.6 Meinong earthquake also significantly in-
creased the rupture probabilities of several neighboring seismogenic sources in
southwestern Taiwan and raised the hazard level for the near future. Our approach
drew upon the advantage of incorporating both long- and short-term models to provide
time-dependent earthquake probability constraints. This new model provides more
insight than any other models for Taiwan. Thus, it offers decision makers and public
officials an adequate basis for rapid evaluations of consequent hazards and for re-
sponses to future emergency scenarios such as victim relocation and sheltering.

Introduction

A probabilistic seismic-hazard assessment (PSHA) repre-
sents the probability of exceedance of ground shaking during
an assumed period (Cornell, 1968), which is useful for seis-
mic-hazard mitigation and risk management (McGuire, 2001).
A traditional PSHA assumes that the occurrence of earth-
quakes simply follows the Poisson procedure (Merz and
Cornell, 1973; Ang and Tang, 1975; Cornell and Winterstein,
1986) and that earthquakes are independent of one another.
Thus, the hazards from foreshocks and aftershocks are
excluded from this assessment (e.g., Gardner and Knop-
off, 1974).

The time-independent assumption in PSHA has been
questioned, since earthquakes are temporally and spatially de-
pendent (Harris, 1998, and references therein). For example,
in 2010, the Darfield mainshock caused a sequence of after-
shocks in New Zealand, including the 2011 Mw 6.2 Christ-
church aftershock, that caused more damage in downtown
Christchurch than the 2010 Mw 7.1 Darfield mainshock.
The disadvantage of the time-independent PSHAwas revealed
in the Darfield sequence in New Zealand (Chan et al., 2012).

In addition, a strong foreshock could trigger a
mainshock event that generates considerable hazards. The
Kumamoto earthquake sequence in 2016 is one of these fore-
shock–mainshock examples, in which an Mw 6.2 foreshock
occurred in western Kyushu, Japan, on 14 April 2016, trig-
gering the disastrous Mw 7.1 mainshock on 16 April. These
examples highlight the importance of re-evaluating seismic
hazards immediately following large earthquakes.

The above-mentioned observations offered motivation
for researchers to propose time-dependent approaches for
earthquake forecasting (e.g., Omi et al., 2015; Rhoades et al.,
2016) and PSHA (e.g., Field et al., 2008, 2013; Gersten-
berger et al., 2016). This study develops a new PSHA
approach and emphasizes the impact of time dependency,
that is, the determination of time-independent seismicity
rate and selection of ground-motion prediction equations
(GMPEs) which follow the procedure and parameters of the
Taiwan Earthquake Model (TEM)-hazard map (named
TEM PSHA2015 byWang, Chan, et al., 2016). The adaption
of time-independent parameters from TEM PSHA2015 al-
lows us to directly compare the impact of our time-dependent
functions. For long- and short-term time-dependent factors,
our model includes the Brownian passage time (BPT;*Now at Nuclear Power Division, Taiwan Power Company, Taiwan.
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Ellsworth et al., 1999) and the rate-and-state friction law (Di-
eterich, 1994), respectively. In this study, we demonstrate the
temporal evolution of seismic hazards in Taiwan and test the
credibility of our model.

Methodology and Procedure

A PSHA requires an earthquake occurrence rate for each
seismogenic source and appropriate GMPEs (Cornell, 1968;
McGuire, 1976). In the following sections, we detail how to
calculate a time-dependent seismicity rate by combining the
background seismicity model and long- and short-term rate
evolutions, as well as how to assess seismic hazard by incor-
porating GMPEs that describe the path effect and site ampli-
fication.

The Background Seismicity Model

To obtain the background seismicity model, we utilized
the database of the TEM, which provided the first official
version of the seismic-hazard map of Taiwan (Wang, Chan,
et al., 2016). In this database, the seismogenic sources in
and around Taiwan are classified into three categories: (1) shal-
low-background area sources, (2) seismogenic structure
sources (i.e., specific faults), and (3) subduction-zone sources
(Fig. 1). We followed the procedure of the TEM PSHA2015 to
estimate the seismicity rate model for each source based on the

earthquake catalog and the geological evidence associated
with seismogenic structures. Below, we briefly summarize
the seismic sources of these three categories.

Shallow-Background Area Sources. Earthquakes with
focal depths shallower than 30 km and ruptures that cannot
be associated with a specific fault were considered shallow-
background area sources in the TEM database. There are
28 subregions (areas) defined in the shallow-background area
sources based on the tectonic framework of Taiwan, the neo-
tectonic architecture, Bouguer gravity anomalies, and the
regional geological setting (Fig. 1a; Cheng et al., 2015).
For describing the seismic occurrence rate of these sources,
the truncated model (Cosentino et al., 1977) is implemented
(Youngs and Coppersmith, 1985). We implemented the
parameters determined by the TEM PSHA2015 (Wang, Chan,
et al., 2016) based on the best-fit to the observations of the
complete part of the earthquake catalog determined by Chan
et al. (2013). The estimated b-value of 1.07 was utilized uni-
formly in the all areas to individually assess the corresponding
a-value of each area (Table 1). The a- and b-values in TEM
PSHA2015 were estimated by a least-squares regression
rather than a maximum-likelihood estimation as suggested
by previous studies (Aki, 1965, and references therein). How-
ever, the revision adopting maximum likelihood is suggested
in the next generation of the TEM-hazard map.
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Figure 1. Distribution of (a) shallow areas and seismogenic structures and (b) subduction interplate and intraplate sources. The geometry
and corresponding parameters of each source are from Wang, Chan, et al. (2016).
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Specific Fault Sources. The TEM-specific fault database is
based on the seismogenic structure parameters determined by
Shyu et al. (2016), which combines active fault and blind fault
data from published active tectonic research and new field sur-
vey results. The database includes 38 seismogenic structures
near the surface (Fig. 1a). Possible maximal magnitude pro-
duced by each structure was estimated by the empirical mag-
nitude–fault area relationship (Wells and Coppersmith, 1994).
Although theWells and Coppersmith (1994) model is obsolete
and has been superseded by many modern empirical models
and does not provide a good magnitude estimation for large
megathrust earthquakes (e.g., Stirling et al., 2013),Wang, Lee,
et al. (2016) confirmed that the model only produces trivial
differences (mostly within �0:2) in the maximal magnitudes
estimated from Yen and Ma (2011). The seismic occurrence
rate of the characteristic earthquakes for each source was
evaluated using the ratio of slip rate and average fault slip dur-
ing a characteristic earthquake. The parameters of each spe-
cific fault source are listed in Table 2.

Subduction-Zone Sources. TEM also adopts the models of
the Ryukyu andManila subduction sources from Cheng et al.
(2007), which defines 4 interplate and 12 intraplate sources
based on the geometry of the subducted plates and their
isodepth contours (Fig. 1b). The interplate earthquakes are

generally attributed to ruptures on a defined megathrust inter-
face. The intraplate earthquakes, which occur within a sub-
duction slab, generally cannot be attributed to a specific fault
source. The corresponding source parameters for interplate
and intraplate sources are listed in Tables 3 and 4, respec-
tively (Wang, Chan, et al., 2016).

The Long-Term Renewal Model

To model long-term renewal earthquake probabilities,
we adopted the BPT model into our analysis. This model
was proposed and implemented by Ellsworth et al. (1999)
in their “Working Group on California Earthquake Probabil-
ities” study, and has been applied to other renewal seismic-
hazard models, including the National Seismic Hazard Maps
for Japan (Fujiwara, 2014). The distribution expressing den-
sity function (DF) in the BPT model is as follows:

EQ-TARGET;temp:intralink-;df1;313;535DF �
�

μ

2πα2t3

�
1=2

exp
�
−
�t − μ�2
2α2μt

�
; �1�

in which μ is the mean recurrence interval, t is the time
elapsed since the last rupture of the event, and α is the ape-
riodicity, which is usually between 0.3 and 0.7. We first as-
sumed a fixed α of 0.5 and then discussed hazard level
deviation within a credible range of this parameter.

To obtain the occurrence time of the last rupture on each
specific fault source, we utilized the TEM historical
earthquake database to obtain the occurrence time and the cor-
responding sources of past ruptures. To quantify the earth-
quake probability, we followed the procedure of Erdik
et al. (2004) to estimate the earthquake probability as follows:

EQ-TARGET;temp:intralink-;df2;313;362P�t;Δt� �
R
t�Δt
t f�t�dtR∞
t f�t�dt : �2�

P�t;Δt� describes the earthquake probability within the next
Δt years when no earthquake has occurred in the past t years;
f�t� is the seismicity DF, presented by the BPTmodel in equa-
tion (1). With the time elapsed since the last rupture and the
averaged recurrence intervals for the fault, the BPT distribu-
tion provides rupture probabilities. Because the average earth-
quake recurrence intervals in the TEM-specific fault database
(Table 2) are usually long (from decades to millennia), the
impact of the earthquake probability from the BPT models
only becomes significant in long-term periods (i.e., after a
long time has elapsed since the last earthquake).

The Short-Term Renewal Model

We evaluated the short-term rate evolution using cou-
lomb stress changes (ΔCFS) of previous earthquakes and the
rate-and-state friction model (Dieterich, 1994). For ΔCFS,
the constant apparent friction law (Cocco and Rice, 2002)
is defined as follows:

EQ-TARGET;temp:intralink-;df3;313;98ΔCFS � Δτ� μ′Δσn; �3�

Table 1
a- and b-Values of the 28 Shallow Area Sources
Estimated Using the Truncated Exponential Model

Determined by Wang, Chan, et al. (2016)

Area a-value b-value

S01 3.69 (±0.103) 1.07 (±0.053)
S02 4.01 (±0.102) 1.07 (±0.053)
S03 3.66 (±0.117) 1.07 (±0.053)
S04 3.17 (±0.198) 1.07 (±0.053)
S05A 3.57 (±0.201) 1.07 (±0.053)
S05B 4.32 (±0.052) 1.07 (±0.053)
S06 4.63 (±0.052) 1.07 (±0.053)
S07 4.72 (±0.087) 1.07 (±0.053)
S08A 4.14 (±0.061) 1.07 (±0.053)
S08B 3.74 (±0.171) 1.07 (±0.053)
S09 3.98 (±0.144) 1.07 (±0.053)
S10 4.80 (±0.172) 1.07 (±0.053)
S11 4.63 (±0.082) 1.07 (±0.053)
S12 4.84 (±0.048) 1.07 (±0.053)
S13 4.37 (±0.136) 1.07 (±0.053)
S14A 4.34 (±0.163) 1.07 (±0.053)
S14B 4.92 (±0.047) 1.07 (±0.053)
S14C 4.79 (±0.123) 1.07 (±0.053)
S15 5.33 (±0.076) 1.07 (±0.053)
S16 5.56 (±0.108) 1.07 (±0.053)
S17A 5.21 (±0.053) 1.07 (±0.053)
S17B 4.42 (±0.141) 1.07 (±0.053)
S18A 4.91 (±0.055) 1.07 (±0.053)
S18B 4.58 (±0.080) 1.07 (±0.053)
S19A 5.16 (±0.134) 1.07 (±0.053)
S19B 4.60 (±0.101) 1.07 (±0.053)
S20 4.53 (±0.110) 1.07 (±0.053)
S21 5.12 (±0.142) 1.07 (±0.053)
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in whichΔτ is the shear stress change along the slip vector, μ′
is the apparent friction coefficient, and Δσn is the normal
stress change on the receiver plane. A positive ΔCFS could
trigger consequent earthquakes, whereas a stress drop inhib-
its seismic activity in the future.

The coulomb stress calculation for each seismogenic
source requires receiver plane parameters, that is, geometry
and the preferred rupture rake. For specific fault sources, we
smoothed the fault surface alignments, segmented each
alignment into several subfaults, calculated ΔCFS on each
subfault, and recorded the maximum ΔCFS. For shallow-

background area sources, we calculated
ΔCFS at each edge, in the centroid, and at
points in between the edges and the cent-
roid. The focal mechanism of the largest
earthquake in each area is assumed to be
a receiver plane to calculate the maximum
ΔCFS. With such settings, the short-term
renewal model suggests that any sub-
sequent earthquake will tend to occur at
the point with the highest ΔCFS. Because
earthquakes with small magnitudes and/or

Table 2
Source Parameters of the 38 Seismogenic Structures Identified by Taiwan Earthquake Model (TEM; Shyu et al., 2016)

ID Name Rake (°) Dip (°)
Depth Max

(km) Mw Max
Displacement

(m)
Slip Rate
(mm/yr)

Recurrence
Interval (yrs)

1 Shanchiao fault −90 60 13.76 7.0 1.33 1.85 (±0.76) 511–1220
2 Shuanglienpo structure 90 45 5.00 6.2 0.67 0.25 (±0.17) 1595–8375
3 Yangmei structure 90 60 3.00 6.0 0.59 0.38 (±0.26) 921–4538
4 Hukou fault 90 30 10.00 6.8 1.15 1.16 (±0.84) 575–3593
5 Fengshan river strike-slip structure 0 85 13.85 6.7 0.96 3.61 (±2.41) 159–800
6 Hsinchu fault 90 45 10.00 6.4 0.81 0.70 (±0.46) 692–3375
7 Hsincheng fault 90 30 12.86 6.6 0.99 1.80 (±1.20) 330–1650
8 Hsinchu frontal structure 90 30 10.00 6.4 0.85 2.80 (±1.86) 182–904
9 Touhuanping structure 0 85 12.00 6.5 0.78 0.14 5571–5571
10 Miaoli frontal structure 90 30 10.00 6.7 1.08 3.60 (±2.40) 180–900
11 Tunglo structure 90 30 3.50 6.0 0.59 1.08 (±0.72) 327–1638
12 East Miaoli structure 90 30 4.00 6.2 0.69 1.60 (±1.06) 259–1277
13 Shihtan fault 90 75 10.80 6.6 0.96 1.86 (±1.24) 308–1548
14 Sanyi fault 90 15 14.85 7.0 1.44 1.86 (±1.23) 466–2322
15 Tuntzuchiao fault 0 85 14.79 6.6 0.88 1.00 (±0.68) 523–2666
16 Changhua fault 90 45 12.00 7.6 2.41 3.40 (±2.26) 425–2132
17 Chelungpu fault 90 15 12.00 7.6 2.44 6.94 351–351
18 Tamaopu–Shuangtung fault 90 30 6.00 7.0 1.34 2.00 (±1.34) 401–2030
19 Chiuchiungkeng fault 90 30 12.00 6.9 1.35 7.20 (±4.80) 112–562
20 Meishan fault 0 85 14.69 6.6 0.87 2.51 346–346
21 Chiayi frontal structure 90 15 12.00 7.3 1.86 6.49 (±4.33) 171–861
22 Muchiliao–Liuchia fault 90 30 12.00 6.8 1.22 5.75 (±1.35) 171–277
23 Chungchou structure 90 30 12.00 6.9 1.30 12.20 (±0.60) 101–112
24 Hsinhua fault 0 85 15.00 6.4 0.65 2.65 (±1.85) 144–812
25 Houchiali fault 90 45 5.00 6.1 0.61 7.07 86–86
26 Chishan fault 45 75 10.80 6.6 0.91 1.10 (±0.36) 623–1246
27 Hsiaokangshan fault 90 30 7.00 6.2 0.70 3.30 (±2.20) 127–636
28 Kaoping River structure 45 75 12.27 6.6 0.89 0.61 (±0.41) 872–4450
29 Chaochou fault 45 75 11.11 7.0 1.43 1.76 (±1.17) 488–2423
30 Hengchun fault 45 75 15.00 6.8 1.14 6.15 (±0.29) 177–194
31 Hengchun offshore structure 90 30 4.00 6.2 0.69 3.65 (±1.11) 144–271
32 Milun fault 45 75 10.00 6.4 0.68 10.15 (±0.04) 66–67
33 Longitudinal Valley fault 45 75 20.00 7.5 2.24 11.35 (±5.75) 130–400
34 Central Range structure 90 45 20.00 7.4 2.02 7.28 (±1.77) 223–36
35 Luyeh fault 90 45 5.00 6.2 0.69 6.34 (±0.17) 105–111
36 Taimali coastline structure 45 75 10.55 6.7 1.11 7.32 (±1.46) 126–189
37 Northern Ilan structure −90 60 9.41 6.8 1.00 3.29 (±2.25) 180–961
38 Southern Ilan structure −90 60 11.25 6.4 0.64 5.48 (±0.64) 104–131

Table 3
Source Parameters for Interplate Subduction-Zone Sources Determined by

Wang, Chan, et al. (2016)

Source Dip (°) Mmax Length (km) Width (km) Slip Rate (mm/yr)

T01A 20 (±2) 8.0 (±0.2) 138.69 102.3 40 (±10)
T02A 24 (±2) 7.5 (±0.2) 79.12 54.1 8 (±4)
T02B 24 (±2) 7.5 (±0.2) 69.06 54.1 8 (±4)
T02C 24 (±2) 7.5 (±0.2) 81.42 54.1 8 (±4)

Following the procedure of TEM, we adopted the seismicity rates of the characteristic
magnitudes (Mmax) for the sources.
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earthquakes that occurred far in the past do not result in rel-
evant rate perturbations (Catalli et al., 2008; Chan et al.,
2013), we only implemented the earthquakes with
Mw ≥5:5 and that occurred within three years of the target
time for the renewal hazard assessments. It is worth mention-
ing that the coulomb stress-change model only determines
the qualitative trend of the seismicity rate.

To calculate the temporal change in seismicity rate, we
applied the rate-and-state friction model together with the
coulomb stress changes from Chan et al. (2010). The seis-
micity rate evolution ΔR�M; x; t� was evaluated using the
stress change by the nth earthquake of ΔCFSn�x� at the site
(x) as a function of magnitude (M) and time (t) as follows:
EQ-TARGET;temp:intralink-;df4;55;352

ΔR�M;x; t�

� λ�M;x��
λ�M;x�

ΔRn−1�M;x�exp
�
−ΔCFSn�x�

Aσ

�
− 1

�
exp

�
− t−tn

tna

�
� 1

; �4�

in which λ�M; x� is the long-term seismicity rate,
ΔRn−1�M; x� is the short-term rate change just before the oc-
currence of the nth earthquake (i.e., ΔR0 � λ�M; x�), and Aσ
is a constitutive parameter of the model. We first assumed
Aσ � 0:3 and then discussed its influence on the calcula-
tions, tn is the occurrence time of the nth earthquake, and
tna is the aftershock duration, assumed to be a function of
the magnitude defined by Burkhard and Grünthal (2009).
The rate-and-state friction model describes rate evolution
during an aftershock period (approximately months to years),
which is a relatively short period in comparison with the
earthquake recurrence intervals from the BPT model (ap-
proximately decades to millennia).

Ground-Motion Prediction Equations

In addition to the reliable seismic rate model of seismo-
genic sources, another key factor for the PSHA application is

introducing the path effect and site amplification through
GMPEs. The GMPEs published by Lin and Lee (2008) and
Lin (2009) are the most comprehensive and broadly accepted
for crustal and subduction earthquakes, respectively, in
Taiwan. We followed the procedure of the TEM PSHA2015
and implemented GMPEs by Lin (2009) for the shallow-
background area and specific fault sources, and GMPEs
by Lin and Lee (2008) for the subduction-zone sources.
The GMPE applications are truncated at two standard devi-
ations. We are aware that epistemic uncertainties (Scherbaum
and Kuehn, 2011; Bommer, 2012) in implementing several
GMPEs through a logic tree are important, and truncating
three standard deviations is common in GMPE applications.
To make our model comparable to the TEM PSHA2015
model, we decided to follow the same parameters imple-
mented by the TEM PSHA2015 (Wang, Chan, et al., 2016).
We will suggest that TEM revise these parameters in the next
version of the hazard map.

Results

Based on the above-mentioned parameters, we modeled
the PSHA in Taiwan at various time snapshots (Fig. 2a–d),
described as follows.

First, we present a classic time-independent hazard map
(Fig. 2a) as the basis of our seismic-hazard model. This model
is essentially identical to the current version of the TEM
PSHA2015 (Wang, Chan, et al., 2016), because they share
the same source parameters and model settings. It is clear that
high hazard areas within Taiwan are mainly dominated by ac-
tive faults with high slip rates and short earthquake recurrence
intervals, for example, the Changhua fault (number 16), the
Chelungpu fault (number 17), the Chungchou structure (num-
ber 23), and the Longitudinal Valley fault (number 33). In con-
trast, low hazard levels are in areas with lower seismicity rates
and low a values (Table 1), for example, the Central Ranges in
S09 and northern Taiwan in S04 and S05A.

Figure 2b–d shows results from our renewal models at
different time snapshots, after incorporating both the long-
term BPT and the short-term rate-and-state friction models.
In comparison with the time-independent hazard map
(Fig. 2a), our model shows a significantly higher hazard level
in the vicinity of the Chelungpu fault immediately prior to
the 1999 Mw 7.6 Chi-Chi earthquake (Fig. 2b). The ascend-
ing hazard (from 0:57g to 0:79g) near the Chelungpu fault
(number 17 in Table 5) is attributed to an increase rupture
probability of the fault (�110:2%) as compared to the
BPT model due to the long time elapsed since its last rupture
(Table 5), together with a coulomb stress increase caused by
the 1998 Mw 5.7 Rueyli earthquake (the star in Fig. 2b). A
higher hazard (from 0:69g to 0:78g) is also expected near the
Muchiliao–Liuchia fault (number 22); its rupture probability
increased 32.5%, as the time elapsed since its last event in
1862 is closer to its mean recurrence interval of 212 yrs
(Table 5). In contrast, a lower hazard (from 0:56g to 0:44g)
near the Shitan and the Tuntzuchiao faults (numbers 13 and

Table 4
Source Parameters for Intraplate Subduction-Zone
Sources Determined by Wang, Chan, et al. (2016)

Source m0 a-value b-value mu

NP1 5.0 4.20 0.91 7.7 (±0.2)
NP2 5.0 3.57 0.80 7.7 (±0.2)
NP3 5.0 3.54 0.87 7.7 (±0.2)
NP4 5.0 2.68 0.73 7.8 (±0.2)
NP5 5.0 3.07 0.94 7.8 (±0.2)
NP6 5.0 3.26 0.96 7.8 (±0.2)
NP7 5.0 2.46 0.73 7.8 (±0.2)
NP8 5.0 3.73 1.04 7.8 (±0.2)
NP9 5.0 3.61 0.91 7.8 (±0.2)
SP1 5.0 3.07 0.76 7.7 (±0.2)
SP2 5.0 3.76 0.83 7.8 (±0.2)
SP3 5.0 3.72 0.88 7.8 (±0.2)

We adopted the truncated exponential model (Cosentino et al.,
1977) for the sources to represent the seismicity rate. mu

represents the maximal magnitude of the sources.
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15, respectively, in Table 5) is associated with the short time
elapsed since the 1935 ML 7.1 Hsinchu–Taichung earth-
quake, during which both of these two faults ruptured.

For the model time period immediately following the
Chi-Chi earthquake in September 1999, we evaluated the
coulomb stress change resulting from the Mw 7.6 Chi-Chi
earthquake based on the detailed slip dislocation model by
Johnson and Segall (2004). Our renewal model (Fig. 2c)
shows that the stress enhanced by the Chi-Chi event signifi-
cantly increased rupture probabilities of several neighboring
faults, for example, the Changhua (number 16), Tamaopu–
Shuangtung (number 18), Chiuchiungkeng (number 19), and
Meishan (number 20) faults, and the earthquake probabilities

of the neighboring area sources. The elevated hazard level in
central Taiwan (e.g., from 0:80g to 1:61g at the epicenter of
the Chi-Chi earthquake) after the Chi-Chi earthquake is evi-
denced by the occurrence of the widespread aftershocks,
including some withMw ≥6:0 (Chang et al., 2000). The rup-
ture probability of the Chelungpu fault at this time snapshot
is close to zero (Table 5).

We also assessed seismic hazard in the coming future by
further incorporating the sequential coulomb stress changes
from significant earthquake events in recent years (Fig. 2d).
For evaluating short-term rate evolution, we considered the
coulomb stress change by the earthquakes withMw ≥5:5 that
have occurred since 2013 (represented as stars in Fig. 2d). For

(a)

50 km

0.20.0 0.4 0.6 0.8 1.0 1.2 1.4 1.6

Seismic hazard for 475 yrs
return period (PGA in g)

(b) (c) (d)

Figure 2. (a) Time-independent and (b) time-dependent probabilistic seismic hazards immediately before the 1999 Chi-Chi earthquake,
(c) immediately after the Chi-Chi earthquake, and (d) in the middle of 2016. The implemented earthquakes for short-term rate evolution for
each time snapshot are denoted by stars.

Table 5
Rupture Probabilities and Relative Rate Differences Determined by Different Models at the Time Snapshots of 1999 and

2016 Based on Corresponding Recurrence Intervals and Time Elapsed Since the Last Event

Year 1999 Year 2016

Fault Name ID
Recurrence
Interval (yrs)

Percentage in
50 yrs (Poisson)

Time
Elapse Rate (%)

Rate Change
(%)

Time
Elapse Rate (%)

Rate Change
(%)

Shihtan fault 13 516 97.9 66 0.1 −99.0 81 0.2 −97.7
Tuntzuchiao fault 15 880 96.4 66 0.0 −100.0 81 0.0 −100.0
Changhua fault 16 303 95.6 153 18.3 22.8 168 20.0 35.2
Chelungpu fault 17 371 12.6 415 24.7 110.2 17 0.0 −99.9
Meishan fault 20 347 91.8 95 5.0 −64.8 110 6.8 −51.1
Muchiliao–Liuchia fault 22 212 89.7 139 32.5 66.6 154 34.1 76.8
Hsinhua fault 24 245 87.5 55 6.0 −69.7 70 9.4 −51.7
Milun fault 32 189 23.2 50 13.6 −44.8 65 19.2 −19.6
Longitudinal Valley fault 33 189 23.2 50 13.6 −44.8 65 19.2 −19.6

The time-dependent and time-independent rates are estimated according to the Brownian passage time (BPT) and Poisson models, respectively.
The locations of active faults are presented in Figure 1. Note that for the Chelungpu fault, we obtained two time-dependent rates before and after
the Chi-Chi earthquake, respectively.
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the 6 February 2016 Mw 6.5 Meinong earthquake, we imple-
mented the detailed slip dislocation model from the joint in-
version of Global Positioning System and teleseismic and
near-field strong-motion data by Lee (2016). The geometry
of the rupturing fault and the slip magnitude for other earth-
quakes are estimated based on their moment magnitudes and
the scaling law of Yen and Ma (2011). Figure 2d shows the
results from our renewal model in the middle of 2016. Signifi-
cant seismic-hazard elevation in southwest Taiwan (from
1:02g before the 1999 Chi-Chi earthquake to 1:18g following
it) is attributed to a rupture probability increase on the Muchi-
liao–Liuchia fault (number 22,�76:8%) due to the long time
elapsed since its last event (154 yrs) (Table 5) together with a
coulomb stress increase from the 2016 Meinong earthquake.
Lee et al. (2017) suggests that although the 2016 Meinong
earthquake partially diminishes the seismic-hazard potential
in southern Taiwan, more than ∼80% of the hazard potential
from fault sources have not yet been released. Additionally, it
is notable that the hazard level in the area close to the Che-
lungpu fault is still lower than the level in other models due to
its low rupture probability from the short time elapsed since
the Chi-Chi earthquake in 1999. Compared to the hazard map
before the 1999 Chi-Chi earthquake (Fig. 2b), the seismic haz-
ard has increased steadily (from 0:56g to 0:67g) along the
Longitudinal Valley fault (number 33). The elevated hazard
level can be attributed to the rapid rupture probability increase
of the Longitudinal Valley fault (from 13.6% to 19.2%) due to
its short average recurrence interval (189 yrs, Table 5). How-
ever, our renewal model still suggests the current rupture prob-
ability of the fault is 19.2%, which is 19.6% lower than that
predicted by the time-independent model, a result of the short
time elapsed since the 1951 Longitudinal Valley earthquake
sequence.

Discussion

The Sensitivity of Model Parameters

Because we applied the BPT distribution (shown in
equation 1) to our renewal model to constrain the time-de-

pendent long-term change of earthquake
probabilities for specific fault sources,
the aperiodicity value (α), which is usually
between 0.3 and 0.7, becomes an impor-
tant factor in controlling the temporal
change of earthquake probability. To test
the deviations contributed by α, we evalu-
ated the rupture probabilities for the spe-
cific fault sources using the two end
members 0.3 and 0.7, respectively (Ta-
ble 6). The test results yield trivial changes
in the PSHA model, as less than 2% of the
total area is affected by the hazard level
change for more than 0:1g (Fig. 3). The
deviation is mainly located along the Mi-
lun (number 32) and Longitudinal Valley

faults (number 33) with maximum probability differences
of 20.7% due to the change of α.

In terms of short-term rate evolution, our analysis
heavily relies on the rate-and-state friction model and the
modeledΔCFS (shown in equation 4). In our above analyses,
the rate-and-state friction model was applied by considering
a fixed Aσ of 0.3 bars. To test the short-term hazard assess-
ment stability related to Aσ, we compared the seismic rates
by varying Aσ from 0.2 to 0.4 bars, corresponding to the
boundaries of the physically reasonable ranges (Toda and
Stein, 2003, and references therein). When Aσ was assumed
to be between 0.2 and 0.4 bars, differences in the hazard map
were found to be insignificant, as only 0.6% of the total area
was affected by a hazard level difference of more than 0:1g
(Fig. 4). The difference in southwestern Taiwan is associated
with the ΔCFS from the 2015 Meinong earthquake (the star
in Fig. 4c), because the impact of ΔCFS becomes more sig-
nificant when a lower Aσ is assumed.

Our simple tests suggest insensitivity of our assessment to
the parameters of aperiodicity values (α) for the BPT and a
constitutive parameter (Aσ) of the rate-and-state friction
model. Another means to minimize the deviation from episte-
mic uncertainties is the application of a logic tree to the assess-
ment. We assume weights of 0.2, 0.6, and 0.2 for α of 0.3, 0.5,
and 0.7, respectively, and weights of 0.2, 0.6, and 0.2 for Aσ of
0.2, 0.3, and 0.4, respectively. In comparison to the hazard of
an assuming fixed α of 0.5 and Aσ of 0.3, the difference in
hazard level is irrelevant, because the difference is less than
0:05g for all calculation nodes (Fig. 5).

The Model Applications

The time-dependent rate models previously mentioned
are analyzed for the time snapshots of our interests and are
snapshots that we believe could best demonstrate the appli-
cability of this renewal model. For example, we assessed prob-
abilistic seismic hazard in the middle of 2016 considering both
long-term and short-term factors and obtained a higher hazard
level in southwestern Taiwan (Figs. 2d and 6a). Such hazard
elevation is attributed to a short-term rate increase following

Table 6
Determined Rupture Probabilities Based on Different Aperiodicity Values at the

Time Snapshots of 2016

Fault Name ID

Recurrence
Interval
(yrs)

Time
Elapse
(yrs)

α � 0:3
(%)

α � 0:5
(%)

α � 0:7
(%)

Shihtan fault 13 516 66 0.0 0.2 2.7
Tuntzuchiao fault 15 880 66 0.0 0.0 0.1
Changhua fault 16 303 153 14.2 20.0 20.8
Chelungpu fault 17 371 415 0.0 0.0 0.5
Meishan fault 20 347 95 0.6 6.8 13.4
Muchiliao–Liuchia
fault

22 212 139 40.5 34.1 29.9

Hsinhua fault 24 245 55 1.1 9.4 18.2
Milun fault 32 189 50 6.3 19.2 27.0
Longitudinal Valley
fault

33 189 50 6.3 19.2 27.0
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the 2016 Mw 6.5 Meinong earthquake and can be associated
with occurrence of subsequent aftershocks in this region.

Based on short-term factors through the rate-and-state
friction model, our assessment provides an adequate basis
for rapid evaluations and response after a devastating earth-
quake, for example, victim relocation and sheltering. In an
area such as Taiwan with a high tectonic stressing rate, the
impact of a short-term rate change in the interplate environ-

ment becomes trivial when assessing periods that are longer
(see Fig. 6b–d). Considering aftershock durations of ∼1–2 yrs
(Burkhard and Grünthal, 2009), the short-term rate evolution
is insignificant when assessing periods longer than 10 yrs
(Fig. 6c,d), and the outcomes are close to the time-indepen-
dent hazard map (Fig. 2a). Thus, long-term factors are crucial
for the applications of long-term seismic-hazard management
in the interplate environment.
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0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

Seismic hazard for 475 yrs
return period (PGA in g)

Hazard
difference

(in g)
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0.00

0.05

0.10

(a) (b) (c)

Figure 4. The seismic-hazard maps considering constitutive parameters (Aσ) of (a) 0.2 and (b) 0.4, and (c) the difference between each.
The implemented earthquakes for short-term rate evolution are denoted by stars.
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Figure 3. The seismic-hazard maps considering the aperiodicity values (α) of (a) 0.3 and (b) 0.7, and (c) the difference between each. The
implemented earthquakes for short-term rate evolution are denoted by stars.
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For the intraplate environment, where the ongoing tec-
tonic stressing rate is significantly lower than the rate in
the interplate region, the impact from the rate-and-state fric-
tion model would last much longer, that is, several decades to
even several hundred years. The level of the seismic hazard
would remain high for a significant period after one major in-
traplate earthquake, even though the mean recurrence interval
of active faults in the intraplate regions is generally several
thousand to more than ten thousand years. However, the con-
tribution from the BPT-based long-term model may become
less significant in the intraplate region due to the long recur-
rence interval of fault rupture. We, therefore, suggest that the
short-term model in the intraplate region could play an impor-
tant role in deterministic-based hazard and risk assessments or
the revision of building codes after a major intraplate earth-
quake, for example, the 1976 Tangshan earthquake and the
New Madrid earthquake sequences in 1811 and 1812.

Suggestion for the Next Generation of the TEM
Hazard Map

Time-dependent models have been incorporated into
several PSHA applications in different regions, for example,
California (Field et al., 2008, 2013) and New Zealand (Ger-
stenberger et al., 2016). Our approach draws on the advan-
tages of time dependence and incorporating long- and short-
term models and provides earthquake probability constraints,
which are more detailed than any of the models could pro-
vide on their own for Taiwan. The insight of the current study
offers the TEM with an adequate basis for revision of the
next hazard map.

We followed the suggestion of Chan (2016) to incorpo-
rate both time-independent and time-dependent factors in our
model. This model includes a single approach for each time
factor, that is, the TEM PSHA2015 model (Wang, Chan,
et al., 2016) for the time-independent factor, the BPT distri-
bution (Ellsworth et al., 1999) for the time-dependent long-
term factor, and the rate-and-state friction law (Dieterich,
1994) for the time-dependent short-term factor. Our model
provides an option for each time factor. However, as Rhoades
et al. (2016) have suggested, an approach with better fore-
casting ability occurs if multiple models jointly illustrate
seismic behavior of each time factor. To optimize an ap-
proach with multiple models requires additional earthquake
forecasting tests, which is beyond the scope of this study.

Conclusions

Although the traditional PSHAs (McGuire, 1976, and
references therein) typically model earthquake occurrence
as a Poisson process, recent studies have emphasized the im-
portance of renewed seismic activity. To compensate for this
deficiency of traditional PSHAs, we propose an approach
that evaluates the long-term earthquake probability by imple-
menting time elapsed since last events and recurrence inter-
vals of specific faults, and short-term rate change due to
coulomb stress changes following earthquake ruptures.

Our model confirms previous interpretations of seismic
hazard in southwestern Taiwan, and it further shows that the
hazard level continues to increase. For a time-independent
model, several specific fault sources are identified with high
slip rates and short earthquake recurrence intervals. Consid-
ering long-term rate evolution, the long time elapsed since

(a) (b) (c)

Figure 5. The seismic-hazard maps considering (a) logic tree and (b) fixed parameters for aperiodicity values and a constitutive param-
eter, and (c) the difference between each. A detailed setting of the logic tree is described in The Sensitivity of Model Parameters section. The
implemented earthquakes for short-term rate evolution are denoted by stars.
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the last rupture on the Muchiliao–Liuchia fault results in a
rupture probability increase. For short-term rate perturbation,
earthquake probabilities for some seismogenic sources in
this region are promoted by the 2016 Meinong earthquake.

Data and Resources

The source parameters of our seismic-hazard model are
from the Taiwan Earthquake Model (TEM, http://tec.earth.
sinica.edu.tw/TEM/index.php, last accessed February
2016). The earthquake parameters of historical events are ob-
tained from the TEM historical earthquake database (http://tec.
earth.sinica.edu.tw/TEM/historic.php?p=5, last accessed De-
cember 2014). The focal mechanisms of selected earthquake
events were obtained from Broadband Array in Taiwan for
Seismology (BATS, http://bats.earth.sinica.edu.tw, last ac-
cessed January 2016). The detailed slip dislocation model
of the 6 February 2016 Mw 6.5 Meinong earthquake was
derived from Shiann-Jong Lee (http://tec.earth.sinica.edu.
tw/new_web/upload/news/Conference/20160206meilongEQ/
2016-02-06-slip.txt, last accessed June 2016). Our seismic-
hazard analysis is calculated using the OpenQuake Engine
v.1.0.0 (www.openquake.org, last accessed September 2014).
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