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Abstract Though large efforts have been made in studying earthquake generation processes, earthquake
triggering in central Taiwan is still not well understood. The occurrence of 14mainshocks withML≥ 6.0 from
1900 to 2017 and the presence of eight active fault systems provide excellent data sets for studying
earthquake interaction in central Taiwan. We examined the coseismic Coulomb stress changes (ΔCFSs) due
to mainshocks in the sequence and other surrounding earthquakes comprising 3 smaller magnitude
mainshocks with 5.5 ≤ML≤ 6.0 and 25 aftershocks with ML≥ 5.5. When considering only triggering effects
frommainshocks in the sequence, the compounded ΔCFSs are significant for all 13 mainshocks with 8 being
promoted (ΔCFS > 0.1 bar) and 5 being inhibited (ΔCFS < −0.1 bar). After adding effects from other
surrounding earthquakes, we found that five mainshocks were promoted and seven were inhibited. Yet it is
questionable whether the 2016 mainshock was promoted, because the calculated uncertainties at the
hypocenter might reduce ΔCFS below the 0.1 bar triggering threshold. In addition, significant positive
ΔCFSs (>2 bars) on the Chukou, Chaochou, and Chishan faults and flat decollement of central Taiwan
suggest failure promotion on those active faults. Contrarily, significant negative ΔCFSs (<−0.2 bar) on the
Changhua, Shungtung, Chelungpu, and Hsinhua faults suggest that ruptures on those faults might be
inhibited. We also conducted sensitivity studies indicating uncertainty level of 33–38% of the calculated
ΔCFSs. Our findings indicate that preceding earthquakes have affected nucleation and rupture propagation
of large earthquakes in central Taiwan during the past 120 years.

1. Introduction

Taiwan is a tectonic active island where collision processes absorb deformation occurring between two
neighboring subduction systems (Figure 1a). In the offshore northeast of Taiwan, the Philippine Sea plate
subducts northward beneath the Eurasian plate along the Ryukyu Trench. In southern Taiwan, the South
China Sea of the Eurasian plate subducts eastward beneath the Philippine sea plate along the Manila trench.
The present‐day plate convergence rate between the Luzon Volcanic Arc and the Chinese continental pas-
sive margin is 83–90 mm/year (Hsu et al., 2016) (Figure 1). Active collision, which connects the two subduc-
tion systems, occurs between the Luzon volcanic arc and Chinese continent passive margins. Such complex
and active tectonics result in intense seismic activity along the plate boundary regions, mountain fronts, and
inland active faults in Taiwan. High‐quality records of the seismic activity provide us a valuable opportunity
to study the physical mechanism beneath the occurrence and propagation of large earthquakes.

The high rate of seismic activity in Taiwan reflects the rapid convergence between the Philippine Sea and
Eurasian plates, which is absorbed on land by active faults and the northward subduction of the
Philippine Sea Plate under the Eurasian plate (Wu, 1978; Wu et al., 2007). Specifically, central Taiwan is fre-
quently affected by moderate and large magnitude earthquakes, as indicated by 42 ML ≥ 5.5 of which
occurred between 1900 and 2017. Within these earthquakes, we identified 14 mainshocks with ML ≥ 6.0.
Those 14 large earthquakes occurred on or near the inland active faults systems in the central mountainous
area (Figure 1b and Table 1), hereinafter termed the Central‐Taiwan‐Mainshock earthquake sequence.
These large magnitude earthquakes demonstrate the need for earthquake hazard assessment and under-
score the imperative to prepare for the next large main shock in central Taiwan. Answering the question
of whether these large magnitude mainshocks were triggered by their preceding earthquakes may provide
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Figure 1. (a) Tectonic map of Taiwan. The plate convergence rate 83–90 mm/year is from Hsu et al. (2016). (b) Earthquakes and active faults used in this study.
The blue outline marks our area of interest. Red beach balls represent large mainshocks with ML≥ 6.0 from 1900 to 2017 (the Central‐Taiwan‐Mainshock
sequence). Blue points represent surrounding earthquakes with ML≥ 5.5 including mainshocks. Black lines mark active faults of Taiwan (Hsu et al., 2016), and
black bold texts show the active faults studied in this paper. CHF: Changhua fault; CLPF: Chelungpu fault; STF: Shungtung fault; FDCT: flat decollement of
central Taiwan; CKF: Chukou fault; HHF: Hsinghua fault; CCF: Chaochou fault; CSF: Chishan fault.

Table 1
Occurrence Times, Hypocenters, Source Mechanisms, and Moment Magnitudes of the 14 Mainshocks in the Central‐Taiwan‐Mainshock Earthquake Sequence

Event Hypocenter Source mechanisms

ReferenceDate Name Longitude (deg) Latitude (deg) Depth (km) Strike (deg) Dip (deg) Rake (deg) Ml

1906/3/16 Meishan 120.45 23.55 6 75 85 153 6.9 Liao et al. (2018)
1935/4/20 Hsinchu 120.82 24.35 5 67 85 180 7.1 Lin et al. (2013)
1941/12/16 Chungpu 120.48 23.40 12 15 50 80 7.3 Lin & Xiao (2004)
1946/12/4 Hsinhua 120.33 23.07 5 250 80 180 6.1 Hsu et al. (2011)
1964/1/18 Baihe 120.62 23.27 18 15 50 100 6.3 CWBSN and Kao et al. (2000)
1972/11/9 Hualien 121.3 24 10 137 33 155 6.1 CWBSN and Wu (1978)
1983/5/11 Taiping‐shan 121.51 24.46 1.23 150 40 −100 6.0 CWBSN and CMT
1998/7/17 Rueyli 120.66 23.50 2.8 40 50 100 6.2 CWBSN and Ma & Wu (2001)
1999/9/20 Chi‐Chi 120.84 23.87 8.0 5 23 55 7.3 Johnson et al. (2001)
2009/11/5 Nantou 120.72 23.79 24.08 230 59 139 6.2 CWBSN and CMT
2010/3/4 Jiashian 120.7 22.96 22.43 324 39 67 6.4 CWBSN and Hsu et al. (2011)
2013/3/27 Nantou 121.05 23.90 19.4 355 25 75 6.2 Lee et al. (2015)
2013/6/2 Nantou 120.97 23.86 14.5 2 29 83 6.5 Lee et al. (2015)
2016/2/5 Meinong 120.54 22.92 15.3 275 42 17 6.6 CWBSN anad Wen et al. (2017)

Note. Those parameters define the receiver faults for the first Coulomb tress analysis. Date format is yyyy/mm/dd. “CWBSN” in the reference list indicates the
location of the mainshock obtained from the Central Weather Bureau Seismic Network. “CMT” indicates the focal mechanism information obtained from the
global Centroid‐Moment‐Tensor (CMT) catalog for specific mainshock.
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evidence and a linkage between earthquake triggering and interactions among active faults (Steacy
et al., 2005).

The influence of static stress transfer from one or more large earthquakes on aftershocks or subsequent
mainshocks, which is referred to as earthquake interaction, was demonstrated in previous studies using
the Coulomb failure model (Freed, 2005; King et al., 1994). Earthquake triggering can occur in short time
scales, such as the mainshock‐aftershock interaction (Stein et al., 1992), or long time scales, like
mainshock‐mainshock interaction (Price & Bürgmann, 2002). Such stress transfer among earthquakes can
happen in nearby region (Ishibe et al., 2015) or at greater distances (Hough et al., 2002).

Large earthquakes of the Central‐Taiwan‐Mainshock sequence were successfully used to study several
aspects of earthquake interactions. Most studies focused on the 1999 ML 7.3 Chi‐Chi earthquake and its
impact on the nearby seismic activity, in terms of (1) changes in seismicity after the earthquake (Ma
et al., 2005), (2) mainshock‐aftershock interactions (Chan & Stein, 2009), (3) mainshock‐mainshock interac-
tions (Chan & Wu, 2014), and (4) stress triggering among earthquakes with respect to postseismic induced
deformation (Chan & Stein, 2009). Potential effect on subsequent aftershocks, surrounding active faults,
and local seismic zone due to mainshock rupture has also been explored for the 1935ML 7.1 Hsinchu main-
shock (Lin et al., 2013). Additional studies of mainshock‐aftershock interactions have been conducted for
the 2010 Jiashian (Chan &Wu, 2012), the two 2013 Nantou, (Liao & Huang, 2016), and 2016 Meinong earth-
quakes (Wen et al., 2017). Hsu et al. (2011) explored the static stress transfer from coseismic rupture on
active faults induced by the 2010 Jiashian earthquake. In general, those studies mostly focused on
Coulomb stress triggering effects induced by a limited number of large earthquakes within a short time
period.

In this study we explore the earthquake interaction effects in central Taiwan through estimating (1)
Coulomb stress changes caused by preceding events on fault planes of subsequent mainshocks to evaluate
whether the nucleation of those large earthquakes was promoted or inhibited and (2) Coulomb stress
changes due to previous events on nearby fault systems and rupture planes of subsequent mainshocks to
evaluate whether they promote or inhibit rupture propagation of mainshocks in the sequence or nucleation
of future large earthquake. We focus on coseismic Coulomb stress changes induced by preceding earth-
quakes although other sources of stress such as postseismic Coulomb stress changes (Tang et al., 2019),
dynamic stress changes (Gomberg et al., 2001), and secondary stress changes (Meier et al., 2014) may also
matter. Specifically, in the first aspect, we consider stress triggering effects on the mainshocks from main-
shocks themselves, as well as from other surrounding earthquakes including smaller magnitudemainshocks
with 5.5≤ML≤ 6.0 and aftershocks withML ≥ 5.5 separated based on the declustering algorithm of Gardner
and Knopoff (1974). This systematic long‐term earthquake analysis differs from merely analyzing triggering
effects for a few earthquakes as previous studies did. It provides new insights on how preceding earthquakes
can impact the nucleation of those large mainshocks that sequentially from 1900 to 2017 in central Taiwan.
Based on historical records, the most destructive earthquakes in Taiwan were closely related to inland active
faults. For instance, the 1999 ML 7.3 Chi‐Chi earthquake was attributed to the rupture of the Chelungpu
fault (CLPF in Figure 1b). This large mainshock was fatal and caused significant life and financial losses.
Thus, probing changes in stress field for active faults can be helpful in earthquake hazard mitigation. For
the second aspect of our study, Coulomb stress effects on inland active faults due to preceding events have
been explored. Thus, we are able to investigate whether rupture propagation of recent large mainshocks
can be explained using the Coulomb failure model. In addition, the likelihood of future potential large earth-
quakes is also assessed through analysis of those preexisting earthquakes.

2. Method and Data
2.1. Method: The Coulomb Failure Model

Our earthquake interaction study is based on a Coulomb failure stress change (ΔCFS) analysis between two
faults: source fault and receiver fault. Source faults are faults that release stress during coseismic rupture of
earthquakes, which are usually calculated through coseismic slip models, while receiver faults are faults that
receive stress from earthquakes. Stress changes induced by a source fault are calculated using the Okada
elastic half‐space dislocation model (Okada, 1992). We used a shear modulus of 3.3 × 104 MPa, in a uniform
elastic half‐space with Poisson's ratio of 0.25 (King et al., 1994). The calculated stress tensor changes are
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projected onto the observed orientation of the receiver fault and then decomposed into shear stress change
(Δt) and normal stress change (Δσ) with respect to the fault surface to estimate the ΔCFS. The Coulomb fail-
ure model is as follows (King et al., 1994):

ΔCFS ¼ Δτ − μ′Δσ (1)

where μ′ is the apparent coefficient of friction, which is defined as μ′ = μ(1 − B), where B is Skempton's
coefficient related to induced pore pressure change and μ is the coefficient of friction. Δt is assumed posi-
tive in the fault slip direction on a given failure plane and Δσ is assumed positive in the compressive direc-
tion. Based on a previous study in Taiwan (Hsu et al., 2010), we chose μ′ = 0.4. According to the Coulomb
failure criterion, a positive ΔCFS promotes receiver fault failure due to the source slip; a negative
ΔCFS means preceding earthquakes reduces the chance of failure on those receiver faults. In this study,
we used a triggering threshold of 0.1 bar (Ishibe et al., 2015), in which a ΔCFS greater than 0.1 bar signifi-
cantly promotes earthquakes to failure. In addition, a ΔCFS less than −0.1 bar is considered to play a vital
rule in inhibiting earthquakes to failure. ΔCFS values in the range of −0.1 to 0.1 are considered inconclu-
sive for determining earthquake interaction effects.

2.2. Earthquake Data and Active Faults

The short‐period, broadband, and strong‐motion seismic networks operated by the Central Weather Bureau
Seismic Network (CWBSN) (Institute of Earth Sciences, 1996) record about 18,000 earthquakes annually in a
roughly 220,000 km2 region in Taiwan (Wu, Chang, et al., 2008). The CWBSN was established in Taiwan
since 1990s, which includes observation stations widely distributed over Taiwan (Wu, Chang, et al., 2008).
In this study, we used earthquakes with ML ≥ 5.5 recorded in the Taiwan earthquake catalog (TEC) com-
piled by CWB located within central Taiwan (blue outline shown in Figure 1b) for the period 1900 to
2017. We are interested in central Taiwan because it is a seismic active region with abundant records of seis-
mic events, which provides sufficient information to investigate earthquake interaction effects. The reason
for using events withML ≥ 5.5 is that smaller magnitude earthquakes have negligible impact on earthquake
interaction because they induce very localized and lowmagnitude Coulomb stress changes. The TEC catalog
includes 42 large and moderate earthquakes withML ≥ 5.5 in central Taiwan. We identified 14 strong main-
shocks with ML ≥ 6.0 (red beach balls in Figure 1b) using the declustering algorithm of Gardner and
Knopoff (1974); we termed these 14 events as the Central‐Taiwan‐Mainshock sequence. The remaining
earthquakes (blue dots in Figure 1b) were classified as surrounding earthquakes hereinafter, which includes
3 mainshocks with 5.5 ≤ ML ≤ 6.0 and 25 aftershocks with ML ≥ 5.5.

Active fault systems also play a vital role in the process of earthquake nucleation and propagation consider-
ing stress transfer. In central Taiwan, there are several important active fault systems identified through geo-
morphic and field investigations, augmented by modern geodetic and seismological data (Shyu et al., 2016).
The main fault systems in order from north to south are as follows: CLPF, Shungtung fault (STF), Changhua
fault (CHF), flat decollement of central Taiwan (FDCT), Chukou fault (CKF), Hsinhua fault (HHF), Chishan
fault (CSF), and Chaochou fault (CCF) (outlined and marked in Figure 1), respectively. The CHF is a blind
thrust fault and about 80 km long. It is a north to south trending fault located in the front of the western foot-
hill belt and was ruptured by a damaging earthquake (~M 7.1) in 1856 (Wang et al., 2003). The CLPF is one of
the most known reverse faults in Taiwan, which was ruptured by the 1999 Chi‐Chi earthquake causing tre-
mendous life and financial losses. The rupture characteristics of the 1999 Chi‐Chi earthquake inverted from
the strong‐motion records, GPS data, teleseismic data, and the seismic data indicated that this thrust fault
broke along the most active central mountain front (Shyu et al., 2005). The STF is another north to south
trending thrust fault located in the east side of the CLPF. As the western Taiwan is an active fold‐and‐thrust
belt, many faults appear to stop at or merge with a shallow‐dipping or flat decollement, which is defined as
FDCT in our paper (Carena et al., 2002; Suppe, 1976, 1981; Suppe et al., 1987). The CKF is a major bedrock
geologic structure, which is located in the southern part of the CLPF. It is a reverse fault with about 30–40°
eastward dipping (Hsu et al., 2011). The HHF is a right‐lateral, north dipping fault, which was ruptured by
the ML 6.11946 Hsinhua earthquake with variation of dip angles in the subsurface. The CSF is a NE‐SW
trending reverse fault with significant right‐lateral slip component identified from GPS observations (Hsu
et al., 2011). The CCF was identified to have both vertical and strike‐slip motion from the topographic obser-
vations (Shyu et al., 2016).
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2.3. Source Faults and Receiver Faults

In this paper, we conducted two different Coulomb failure models based on different choices of the receiver
faults. In the first failure model, the receiver faults were designed based on the focal mechanism solutions of
the strong mainshocks in the Central‐Taiwan‐Mainshock earthquake sequence (Table 1), whereas in the
second model, specific active fault systems (Table 2) were set as the receiver faults. In both study types,
source faults were selected from the list of Central‐Taiwan‐Mainshock sequence and from the list of sur-
rounding earthquakes (Table S1 in the supporting information).

In the first Coulomb stress analysis model, we calculated the cumulative Coulomb stress changes due to
large earthquakes in the Central‐Taiwan‐Mainshock sequence and surrounding earthquakes including
smaller magnitude mainshocks and aftershocks. We first chose each earthquake from the Central‐
Taiwan‐Mainshock sequence as a receiver fault and its preceding earthquakes in the same sequence as
source faults to explore earthquake interaction effects among the earthquake sequence. For designing the
source faults, the fault slip parameters of the 1906 Meishan, 1935 Hsinchu, 1941 Chungpu, 1998 Rueyli,
and 1999 Chi‐Chi earthquakes were selected from published studies. The slip model of the 1906 Meishan
earthquake was resolved from historical seismic records (Liao et al., 2018). The source slip models of the
1935 Hsinchu and 1941 Chungpu earthquakes were generated through geodetic data and earthquake focal
mechanism solution, respectively (Lin et al., 2013; Lin & Xiao, 2004). The slip model of the 1998 Rueyli
earthquake was determined by near‐source strong‐motion waveforms (Ma & Wu, 2001). The slip model of
the 1999 Chi‐Chi earthquake proposed by Hsu et al. (2009) was used, because it includes a complex fault geo-
metry that matches well with the observed fault surface rupture trace and this model fits to the geodetic data
better than the models in previous studies (Chi et al., 2001; Johnson et al., 2001; Ma et al., 2000, 2001; Zhang
et al., 2004). For all other source faults, slip models were estimated using the empirical relationships of Wells
and Coppersmith (1994) based on the focal mechanism information obtained from the TEC compiled by the
CWBSN, global CMT catalog, and other resources listed in Table S1. For receiver faults, we use some of the
source parameters of the fault planes based on the focal mechanism information of those mainshocks sum-
marized in Table 1.

As suggested byWang et al. (2017), the influences of surrounding large earthquakes on altering the amounts
of Coulomb failure stress changes at each hypocenter of their targeted cannot be ignored. Thus, we also cal-
culated the Coulomb stress changes due to surrounding earthquakes at each hypocenter of the abovemen-
tioned earthquakes in the sequence of the first model. For designing the source faults, we selected the
earthquakes with ML > = 5.5 from 1900 to 2017 obtained from the CWBSN, which include 28 events (blue
dots in Figure 1b and Table S1). The receiver faults are designed based on the focal mechanism information
of large mainshocks in the Central‐Taiwan‐Mainshock sequence in Table 1.

In the second Coulomb failure model, we calculated the Coulomb stress changes on several active faults in
central Taiwan to evaluate whether these preceding earthquakes have altered the stress states significantly,
which promote or delay the rupture propagation of earthquakes in the sequence or the occurrence of large
earthquakes in the future. We designed the source faults in this model based on all preceding earthquakes
withML > = 5.5, which includes not only the mainshocks from the sequence but also the surrounding large
earthquakes (Table S1). For the receiver faults, we used the abovementioned eight active faults with

Table 2
Fault Parameters of Active Faults Used as Receiver Faults for the Second Coulomb Failure Model Analysis

Fault name Strike (deg) Dip (deg) Rake (deg) Length (km) Width (km) Depth (km) Number of fault patches Reference

Changhua fault 1–38 30 90 61.7 12 12 45 Shyu et al. (2016)
Shungtung fault 5 30 90 68 6 6 20 Shyu et al. (2016)
Chelungpu fault Variable 3‐D fault geometry (see data repository) 65 Hsu et al. (2009)
Flat decollement of
central Taiwan

Variable 3‐D fault geometry (see data repository) 94 Hsu et al. (2009)

Chukou fault 30 35 90 40 26 15 32 Hsu et al. (2011)
Chaochou fault 4 75 45 80 16 15 24 Hsu et al. (2011)
Chishan fault 37 50 120 30 20 15 24 Hsu et al. (2011)
Hsinghua fault 250 80 180 10 15 15 1 Hsu et al. (2011)
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published fault parameters (Hsu et al., 2011; Shyu et al., 2016) of near earthquakes in the Central‐Taiwan‐
Mainshock sequence (Table 2). The FDCT is designed based on the 3‐D fault geometry constrained by sur-
face geology and seismic profiles, which is the same source for the CLPF (Hsu et al., 2009; Yue et al., 2005).
Receiver fault structures of the other active faults are simply generated based on the fault parameters listed
in Table 2. The 3‐D fault geometry of the CHF includes strong variation of fault strike angle (1° to 38°) from
north to south considering the surface trace (Shyu et al., 2016).

3. Results

We first present the cumulative ΔCFS at hypocenters of mainshocks in the Central‐Taiwan‐Mainshock
earthquake sequence due to all preceding earthquakes including both large mainshocks in the Central‐
Taiwan‐Mainshock sequence and surrounding earthquakes (section 3.1). We then present the calculated
ΔCFS on the specified active faults in central Taiwan due to all preceding events before the occurrence of
each mainshock (section 3.2).

3.1. Coulomb Stress Change at Hypocenters of Mainshocks

We calculated ΔCFS at the hypocenter of each targeted mainshock to quantitatively investigate coseismic
triggering effects on the nucleation of these strong mainshocks. In this section, we present three sets of
ΔCFS calculations. First, we present results of ΔCFS calculations due to mainshocks in the sequence only,
then ΔCFS results due to surrounding earthquakes only, and lastly, cumulative ΔCFS due to both main-
shocks in the sequence and surrounding earthquakes.

In order to calculate ΔCFS due to mainshocks only, we calculated ΔCFS for each mainshock in the sequence
(Table 1), assigning each mainshock in the sequence as receiver fault and all previous mainshocks in the
same sequence as source faults. Since there is no information of mainshocks withML ≥ 6.0 occurring before
1906, we could not estimate stress transfer at the hypocenter of the 1906 Meishan earthquake. Thus, the first
mainshock is used only as source fault. We present the calculated results on the receiver faults due to each
source fault slip as well as the cumulative ΔCFS due to all preceding source faults (Table S2). We also
included information on the magnitudes of the mainshocks used as source faults, as the calculated ΔCFS
are strongly dependent on this parameter.

The cumulative ΔCFS for all targeted mainshocks range from −15.82 to 12.21 bars (Table S2). The 1935
Hsinchu, 1941 Chungpu, and 1946 Hsinhua earthquakes were all primarily influenced by the 1906
Meishan earthquake. The 1964 Baihe, 1998 Rueyli, 1999 Chi‐Chi, and 2010 Jiashian earthquakes were
mostly affected by the 1941 Chungpu earthquake as 5.81 bars, −13.63 bars, 0.41 bar, and 0.24 bar, respec-
tively. The 1972 Hualien and 1983 Taipingshan earthquakes received the largest ΔCFS, approximately
0.51 and 0.34 bar, respectively, from the 1935 Hsinchu earthquake. The 2009 Nantou earthquake received
significant ΔCFS induced by the 1906 Meishan, 1935 Hsinchu, 1941 Chungpu, and 1999 Chi‐Chi earth-
quakes. The March 2013 Nantou earthquake received the largest positive ΔCFS (~11.85 bars) from the
1999 Chi‐Chi earthquake and also significant ΔCFS (0.33 bar) from the 1935 Hsinchu earthquake of second-
ary importance. The June 2013 Nantou earthquake was mostly affected by the 2013 March Nantou earth-
quake and the 1999 Chi‐Chi earthquake, which happened in the nearby region. The 2016 Meinong
earthquake received significant ΔCFS from the 1906 Meishan, 1935 Hsinchu, 1941 Chungpu, 1946
Hsinhua, and 2010 Jiashian earthquakes. In summary, coseismic rupture during the 1906 Meishan, 1935
Hsinchu, 1941 Chungpu, and 1946 Hsinhua earthquakes had great influence on the occurrence of subse-
quent large mainshocks at least after 70 years, with longest stress effect identified for even 110 years. The
destructive rupture during the 1999 Chi‐Chi earthquake played a significant role in promoting or inhibiting
the mainshocks in the following 15 years.

Spatial patterns of the cumulative ΔCFS for all the 13 large mainshocks listed in Table 1 are presented in
Figure 2. For 8 out of 13 mainshocks, ΔCFS at the hypocenters of those targeted mainshocks were greater
than 0.1 bar (Figures 2d–2f, 2h, and 2j–2m marked by red thick frames), indicating that the 8 large main-
shocks were significantly promoted to failure by preceding large earthquakes in the same mainshock
sequence, whereas ΔCFS at the hypocenters of the remaining 5 mainshocks were smaller than −0.1 bar
(Figures 2a–2c, 2g, and 2i with blue thick frames), indicating that 5 large mainshocks were significantly
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inhibited to failure by the occurrence of their preceding large mainshocks in the Central‐Taiwan‐Mainshock
earthquake sequence.

Next, we investigate coseismic stress triggering effects on the mainshocks from surrounding earthquakes,
which include 3 mainshocks with 5.5 ≤ ML ≤ 6.0 and 25 aftershocks with ML ≥ 5.5 occurring from 1900
to 2017. This investigation is crucial, because large surrounding earthquakes could also modify the stress

Figure 2. (a–m) Cumulative ΔCFS from preceding mainshocks in the Central‐Taiwan‐Mainshock sequence at
hypocenters of subsequent mainshocks. In each subplot, the red beach ball represents the mainshock, which is the
receiver fault, and black beach balls represent the preceding mainshocks in the same sequence set as the source faults.
Blue and red thick frames indicate ΔCFS ≤ −0.1 bar and ΔCFS ≥ 0.1 bar at the hypocenter of each mainshock,
respectively. The color scale of ΔCFS is chosen between −1 and 1 bar to reflect the significant variation of ΔCFS.
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states at each hypocenter. Figure 3 shows the resolved ΔCFS due to surrounding earthquakes on the receiver
fault plane of each subsequent mainshock. Based on the earthquake history in central Taiwan, there were no
records for earthquakes with ML ≥ 5.5 before 1935. Therefore, no stress triggering effects from surrounding
earthquakes at hypocenters of the 1906 Meishan and 1935 Hsinchu earthquakes were calculated. The hypo-
centers of four mainshocks (Figures 3h and 3j–3l with blue thick frames) of the earthquake sequence have
negative ΔCFS, which suggests that those earthquakes were inhibited to some extent. Those events include
the 2009 Nantou, 2013 Nantou in March, 2013 Nantou in June, and 2016 Meinong earthquakes, which were
also significantly affected by the strong mainshocks in the sequence (Figures 2i and 2k–2m). In one case, the
1983 Taipingshan earthquake, ΔCFS at the hypocenter of this mainshock was greater than 0.1 bar

Figure 3. (a–l) Cumulative ΔCFS induced by surrounding earthquakes at hypocenters. In each subplot, red beach balls
represent the mainshocks that are receiver faults. Black dots represent the surrounding earthquakes that were considered
as source faults. Blue, red, and black thick frames indicate ΔCFS ≤ −0.1 bar, ΔCFS ≥ 0.1 bar, and −0.1 < ΔCFS
< 0.1 bar at the hypocenter of each mainshock, respectively. The color scale of ΔCFS is chosen between −1 and 1 bar to
reflect the significant variation of ΔCFS.
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(Figure 3e), which suggested that this mainshock was significantly
promoted by the surrounding earthquakes. For the remaining seven
mainshocks, ΔCFS at their hypocenters all indicated negligible effect
from their preceding surrounding earthquakes (Figures 3a–3d, 3f, 3g,
and 3i marked by black thick frames).

In order to evaluate the cumulative ΔCFS at all hypocenters of the
mainshocks, we combined the stress triggering effects induced by
all preceding earthquakes, including mainshocks in the sequence
and surrounding earthquakes from the above two analyses
(Table 3). The combined ΔCFS values reveal that the values of the
ΔCFS at hypocenters of the two Nantou mainshocks in 2013 changed
from positive to negative because the surrounding earthquakes have
modified the stress states at hypocenters of these two mainshocks. In
addition, we found noticeable changes in the magnitude of the ΔCFS
at hypocenters of the 1983 Taipingshan, 2009 Nantou, and 2016
Meinong earthquakes. In summary, 5 of 13 mainshocks were signifi-
cantly promoted (1964 Baihe, 1972 Hualien, 1983 Taipingshan, 1999
Chi‐Chi, and 2010 Jiashian earthquakes), 1 event was potentially pro-
moted (2016Meinong), asΔCFS at its hypocenter was 0.10 bar, which
is the triggering threshold, and 7 events were inhibited to failure
(Table 3). Comparing Figures 2 and 4 shows that the spatial patterns

of the ΔCFS becomemore heterogeneous when considering both mainshocks and surrounding earthquakes.
These significant differences indicate that the ΔCFS from surrounding earthquakes resulted in quite differ-
ent values of ΔCFS than those from the Central‐Taiwan‐Mainshock earthquake sequence with a few
earthquakes.

3.2. Coulomb Stress Change on Nearby Active Fault Systems

In this section, we investigate the influence of all preceding earthquakes including large mainshocks and
surrounding earthquakes on nearby fault systems. We computed the ΔCFS on active faults (Table 2) in cen-
tral Taiwan before the occurrence of each mainshock in the sequence. As mentioned in section 2.2, all the
preceding earthquakes with ML ≥ 5.5 were regarded as source faults, and receiver faults were active faults
defined in Table 2. Through this analysis, we aim to explore how previous earthquakes modified the nearby
fault stress field, especially the ones which were located close to the subsequent mainshocks in the sequence.
In addition, we calculated ΔCFS on rupture planes of subsequent mainshocks due to preceding earthquakes
before the occurrence of each major mainshock in the sequence. Whether preceding earthquakes promoted
the rupture propagation of each subsequent mainshock or not is explored. For this analysis, all the preceding
earthquakes with ML ≥ 5.5 before each subsequent mainshock were regarded as source faults, and receiver
faults were rupture plane of eachmainshock designed based on source slip distributionmodel for eachmajor
mainshock in Table S1.

We computed ΔCFS on all eight active faults (Table 2) and rupture planes of all subsequent mainshocks
induced by preceding earthquakes before each mainshock in the Central‐Taiwan‐Mainshock sequence. As
shown before, lack of information prior to 1906 does not allow us to estimate ΔCFS before the 1906
Meishan event. Prior to the occurrence of the 1935 Hsinchu mainshock, we considered only the contribu-
tions from the 1906 Meishan mainshock as the source fault. This calculation indicates significant positive
ΔCFS in the southern parts of the CHF (~0.3 bar) and CLPF (0.2 to 0.6 bar), most STF (0.2 to 0.6 bar) and
CKF (0.2 to 1 bar), and northern part of CCF (~0.2 bar). The occurrence of the 1906Meishan mainshock also
imposes significant positive ΔCFS in a range of 0.6 bar to 6 bars on both northern and southern end of the
1941 Chungpu rupture plane and ΔCFS in a range of 0.3 bar to 10 bars on northern part of the 1998 Rueyli
earthquake rupture plane (Figure 5a).

We continue our study by adding the ΔCFS contribution of all earthquakes preceding a mainshock of the
Central‐Taiwan‐Mainshock sequence to the eight active faults and rupture planes of subsequent main-
shocks. Due to limited space, the figures presenting this sequence are provided in the support information
(Figure S1). Prior to the occurrence of the 1941 Chungpu mainshock, coseismic ruptures of the 1935 ML

Table 3
Cumulative ΔCFS (unitUnit: bar) at the hypocenter Hypocenter of each Each
targeted Targeted mainshock Mainshock Due to Preceding Mainshocks With
ML ≥ 6.0 and Surrounding Earthquakes With 3 mainshocks With 5.5 ≤ ML
≤ 6.0 and 25 Aftershocks With ML ≥ 5.5

Receiver fault Source fault

TotalMainshocks Mainshocks Surrounding earthquakes

1906/3/16 — — —

1935/4/20 −0.21 — −0.21
1941/12/16 −0.28 0 −0.28
1946/12/4 −1.07 0 −1.07
1964/1/18 5.93 0 5.93
1972/11/9 0.35 0.03 0.38
1983/5/11 0.26 0.27 0.53
1998/7/17 −15.82 0.01 −15.81
1999/9/20 0.72 0.02 0.74
2009/11/5 −0.55 −0.71 −1.26
2010/3/4 0.29 −0.01 0.28
2013/3/27 12.21 −16.92 −4.71
2013/6/2 4.08 −42.57 −38.49
2016/2/5 0.21 −0.11 0.10

Note. Date format is yyyy/mm/dd.
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7.3 Hsinchu mainshock andML 6.8 aftershock resulted in significant positive ΔCFS in a range of 2 to 15 bars
on the central portion of CHF and ΔCFS in a range of 1 to 3 bars on the FDCT (Figure S1a). Prior to the
occurrence of the 1946 Hsinhua earthquake, 1941 Chungpu mainshock imposed significant positive ΔCFS
in a range of 0.1 to 0.3 bar on most of the CSF and up to 10 bars near the downdip end (depth is larger
than 10.5 km) of the 1998 Rueyli earthquake rupture plane (Figure S1b). After 5, 18, 26, and 37 years, the
occurrence of the 1946 Hsinhua, 1964 Baihe, 1972 Hualien, and 1983 Taipingshan earthquakes,
respectively, did not change the stress field on active faults and rupture planes of subsequent mainshocks
significantly comparing from Figures S1b to S1f. Then before the 1999 Chi‐Chi earthquake struck, the
occurrence of the 1998 Rueyli earthquake and some other smaller events with ML ≥ 5.5 did not change
significantly the stress field along nearby fault systems and rupture planes of mainshocks significantly

Figure 4. (a–m) The cumulative ΔCFS induced by all preceding earthquakes including mainshocks in the Central‐
Taiwan‐Mainshock sequence and surrounding earthquakes at hypocenters. In each subplot, red beach balls represent
the mainshock that was used as receiver faults. Blue, red, and black thick frames indicate ΔCFS ≤ −0.1 bar,
ΔCFS ≥ 0.1 bar, and −0.1 < ΔCFS < 0.1 bar at the hypocenter of each mainshock, respectively. The color scale of ΔCFS is
chosen between −1 and 1 bar to reflect the significant variation of ΔCFS.
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(Figures S1f and S1g). Within the decade before the 2009 Nantou earthquake happened, the sequential
ruptures of the 1999 Chi‐Chi earthquake, its aftershocks, and some other smaller events with ML ≥ 5.5
imposed significant positive ΔCFS for about 0.2 bar at the CSF and CCF, up to 25 bars in the middle part
of flat decollement, and significant negative ΔCFS on the CHF, STF, and most shallow portion of the
CLPF (Figure S1h). Later, before the occurrence of the 2010 Jiashian earthquake, the coseismic slip from
the 2009 Nantou mainshock and its aftershock did not change significantly the stress field on nearby
faults significantly (Figure S1i). After about 5 months, before the occurrence of the 2013 Nantou
mainshock in March, the accumulative stress triggering effects from the 2010 Jiashian mainshock and
another two large earthquakes modified the stress field on the CCF with smaller ΔCFS comparing with
Figure S1i and imposed ~2 bars ΔCFS in the northern end of the CSF (Figure S1j). Lastly, before the
occurrence of the June 2013 Nantou mainshock and 2016 Meinong earthquake, the coseismic ruptures of
the two 2013 Nantou mainshocks did not change the stress field in surrounding fault region significantly
(Figures S1k and S1l).

Furthermore, we considered all the existing earthquakes with ML ≥ 5.5 from 1900 to 2017 including both
mainshocks in the sequence and surrounding earthquakes as the source faults and then the active faults
as receiver faults. The results in this analysis reveals that significant positive ΔCFS have been observed on
the CKF (~5 bars), CSF (~2 bars), northern side of CCF (~2 bars), and FDCT (2–35 bars) (Figure 5b).
Snapshot of ΔCFS on each major active fault due to preceding earthquakes from 1900 to 2017 is included
in the supporting information (Figure S2).

4. Sensitivity Studies

The Coulomb failure model involves computing shear and normal stress changes on a receiver fault caused
by changes of the stress field due to source fault slip. However, ΔCFS results were calculated without con-
sideration of uncertainties. In order to investigate ΔCFS uncertainties due to uncertainties in the source
and receiver fault locations, geometries, and slip distribution, we conduct sensitivity studies, in which we
vary some of the main parameters within a reasonable range. In the following several subsections, we inves-
tigate the variability of the calculated ΔCFS at hypocenters of two mainshocks due to the uncertainties in
source slip models, receiver fault parameters, location of hypocenters, and the effective friction coefficient.
One of the selected mainshocks is located close to the source fault (within 21 km), which means that the
receiver fault is located in the near field of the source fault, whereas the other is located farther away

Figure 5. (a) Calculated ΔCFS on the seven predefined active faults (Table 2) induced by the coseismic ruptures of
preceding earthquakes before the 1935 Hsinchu mainshock occurred. The black dot where a black arrow points to
represents the epicenter of subsequent mainshock in the analysis. (b) Cumulative ΔCFS on specified active faults induced
by all preceding earthquakes from 1900 to 2017. CHF: Changhua fault; CLPF: Chelungpu fault; STF: Shungtung fault;
FDCT: flat decollement of central Taiwan; CKF: Chukou fault; HHF: Hsinghua fault; CCF: Chaochou fault; CSF:
Chishan fault. The color scale of ΔCFS is chosen between −1 and 1 bar to reflect the significant variation of ΔCFS.
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from the source fault (> 100 km), which means that the receiver fault is located in the far field of the source
fault.

In all the sensitivity studies, we evaluate the sensitivity of ΔCFSs at hypocenters of subsequent mainshocks,
by using two examples of the 1999 Chi‐Chi earthquake as source fault and the 2009 Nantou and 2010
Jiashian events as receiver faults. We chose Chi‐Chi earthquake as source fault because it was the only main-
shock that has several available source slip models. We chose the 2009 Nantou earthquake as receiver fault
because this mainshock is one of the large earthquakes in the sequence that is significantly affected from the
coseismic striking of the 1999 Chi‐Chi mainshock. We chose the 2010 Jiashian event as another receiver
fault because this event is one of the subsequent mainshocks located farther away from the source fault,
which allows us to test the sensitivity of the model for such a distant case.

4.1. Sensitivity of Coulomb Stress Change Caused by Different Source Slip Models

Multiple finite source models of the 1999 Chi‐Chi earthquake have been generated using various geometries
and constraining data types (Chi et al., 2001; Duan &Oglesby, 2006; Hsu et al., 2009; Johnson et al., 2001; Ma
et al., 2000, 2001; Mai & Thingbaijam, 2014; Zhang et al., 2004). In general, all the published fault slip models
show common features: (1) coseismic slip during the Chi‐Chi earthquake ruptured the north to south trend-
ing CLPF for a length of about 100 km, (2) large coseismic displacements occurred in the northern portion of

the CLPF, and (3) reverse faulting was dominant along most of the
north to south rupture. However, these slip distributions are quite
different in details among the models, which were generated using
different inversion techniques, different model parameterizations,
and different data. The models differ from one another by (1) spatial
pattern of slip magnitude, especially the calculated peak slip magni-
tude and its spatial coverage; (2) fault geometry; some slip models
are simple planar model, whereas other models include more com-
plex surface rupture patterns; and (3) source parameters including
the location of hypocenter, the strike, dip, rake angle, and length
and width of the ruptured fault.

The sensitivity analysis of the eight fault slip models indicates
small ΔCFS variation in the far field (Figures 6 and S3i–S3p) and
large variation in the near field (Table 4 and Figures 6 and

Table 4
CalculatedΔCFS at the Hypocenter of the 2009 Nantou and 2010 Jiashian Events
Due to Different Source Slip Models of the 1999 Chi‐Chi Earthquake

Source slip models ΔCFS2009 (bar) ΔCFS2010 (bar) Reference

1999Yaru −0.72 0.06 Hsu et al. (2009)
1999Chie 2.79 0.06 Chi et al. (2001)
1999CMT 26.09 0.09 Global CMT Catalog
1999John −1.56 0.06 Johnson et al. (2001)
1999Ma00 −5.52 0.03 Ma et al. (2000)
1999Ma01 5.10 0.04 Ma et al. (2001)
1999Seki −1.05 0.02 Zhang et al. (2004)
1999USGS −3.31 0.05 USGS finite

source model

Figure 6. Sensitivity of ΔCFS at hypocenters of the 2009 Nantou (blue bars) and 2010 Jiashian mainshocks (orange bars)
due to different source slip models of the 1999 Chi‐Chi earthquake shown in the histogram. Histogram show distribution
of calculated ΔCFSs in three bins: ΔCFS ≥ 0.1 bar, ΔCFS ≤ −0.1 bar and −0.1 < ΔCFS < 0.1 bar.
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S3a–S3h). In general, a simple planar model presents the main features of the ΔCFS in the far field, which is
the same as using a more complicate slip model. But a more complicated source slip model makes the ΔCFS
distribution heterogenous in the near field on the receiver fault. In summary, the source slip models have a
strong influence on the ΔCFS distribution on the receiver fault in the near field (Figures 6 and S3a–S3h) and
minor effect on the ΔCFS on the receiver fault in the far field (Figures 6 and S3i–S3p). Therefore, a more
detailed earthquake slip model is better for the ΔCFS calculation, especially when the receiver fault is
within near field of the source fault.

The sensitivity analysis between the 1999 Chi‐Chi and 2009 Nantou earthquakes indicates large variation in
the calculated ΔCFS based on different source slip models (Figure 6). However, only one model yields very
high value of ΔCFS (>25 bars), which can be considered as an outlier. All other seven models yielded values
in the range of−5 to +5 bars, and three of the seven are with value in the range−2 bars to−0.5 bar (Table 4).
The mean and standard deviation of the seven models are −0.61 bar and 3.5 bars, whereas sensitivity analy-
sis between the 1999 Chi‐Chi and 2010 Jiashian earthquakes suggests negligible variation in the calculated
ΔCFS, and all values fall within the range between −0.1 and 0.1 bar, which is considered as no significant
stress change.

For the main study exploring the Coulomb stress triggering effects due to preceding earthquakes on the rup-
ture process of subsequent mainshocks, we chose the source slip model of the 1999 Chi‐Chi earthquake pro-
posed by Hsu et al. (2009), because (1) this coseismic slip model used the 3‐D fault geometry proposed by Yue
et al. (2005), which is well constrained by the local surface geology and reliable seismic profiles and matches
well with the fault surface rupture trace during the this large earthquake; (2) it fits the surface observation
with a smaller root mean square misfit (wrms) than other models; (3) it is based on a heterogenous slip pat-
tern from surface to depth, which matches well with the local structural geology constraints.

4.2. Sensitivity of Coulomb Stress Changes Caused by Receiver Fault Geometry (Strike, Dip,
and Rake)

Previous studies suggest that the static Coulomb stress transfer can be sensitive to changes in strike, dip, and
rake angles of the receiver faults in different tectonic regions (Mildon et al., 2016; Wang et al., 2014). To ana-
lyze the impact of receiver fault geometry on the calculated ΔCFS, we systematically vary the strike, dip, and
rake values of the receiver fault and compare their influence on the calculated ΔCFS at hypocenters of the
mainshock. As before, we used the source slip model of the 1999 Chi‐Chi earthquake proposed by Hsu
et al. (2009) as source fault and the 2009 Nantou and 2010 Jiashian earthquakes as receiver faults for two
pairs of sensitivity analysis on receiver fault geometry. The original receiver fault geometry is 230°/59°/
139° (strike/dip/rake) for the 2009 Nantou mainshock based on global CMT catalog and 324°/39°/67° for
the 2010 Jiashian mainshock (Hsu et al., 2011). We varied the strike, dip, and rake angle of the receiver fault
within a range of 10°, respectively, and calculated the newΔCFS at hypocenters of the 2009 Nantou and 2010
Jiashian mainshocks. We limited the analysis to ±10°, because this variation range for each parameter
should be large enough to cover the potential uncertainty, which was less than 7°, in the strike, dip, and rake
angles of receiver fault in reality (Wu, Zhao, et al., 2008).

For the sensitivity analysis between the 1999 Chi‐Chi and 2009 Nantou earthquakes, which is located close
to source Chi‐Chi event, for a strike angle increases from 220° to 240°, the calculated ΔCFS at hypocenter
also increases. There was only a magnitude change in the ΔCFS, and all calculated values remained negative
and smaller than −0.1 bar. The stresses are located in the range of −1.34 bars to −0.22 bar, with mean and
standard deviation as −0.74 and 0.35 bar (Figure S4a). Opposite to the sensitivity results of the strike angle,
the calculated ΔCFS at the hypocenter increases when the dip angle increases from 49° to 69°. Most calcu-
lated values remained negative and smaller than−0.1 bar, except thatΔCFSs of twomodels with dip angle of
68° and 69° are slightly larger than−0.1 bar and, hence, can be regarded as outliers. All calculated values are
located in the range of −1.61 bars to −0.03 bar, with mean and standard deviation as −0.76 and 0.49 bar
(Figure S4b). Similarly, when varying the rake angle, the calculated ΔCFS at the hypocenter decreases when
the rake angle increases from 129° to 149°. All calculated values remained negative and smaller than
−0.1 bar. They are all located in the range of −1.02 bars to −0.43 bar, with mean and standard deviation
as −0.72 and 0.18 bar (Figure S4c).
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For the sensitivity analysis between the 1999 Chi‐Chi and 2010 Jiashian earthquakes, which is located far
away from the source Chi‐Chi event, calculated ΔCFS at hypocenter slightly increases as strike angle
increases from 314° to 334° and dip angle increases from 29° to 49°, whereas calculated ΔCFS at hypocenter
slightly decreases as rake angle increases from 57° to 77°. Almost all calculated values for variation of three
parameters are located within the range of −0.1 to 0.1 bar, which are regarded as negligible stress change
(Figures S4d–S4f), with one exception that ΔCFS is exactly 0.1 bar with dip angle of 49° thus can be consid-
ered as an outlier. In summary, the sensitivity tests on the receiver fault geometry reveal that calculated
ΔCFS at a hypocenter of a mainshock can be quite sensitive to the assumed geometry (strike, dip, and rake)
of the receiving fault, but only in receiver faults that are located in near field. The calculated changes in
ΔCFS are mainly in the magnitude with no polarity changes when receiver faults are located in the far field.

4.3. Sensitivity of Coulomb Stress Changes Caused by Location of Mainshocks (Longitude,
Latitude, and Focal Depth)

The uncertainty in the location of hypocenters of the mainshocks can potentially affect the accuracy of the
calculated ΔCFS at hypocenters. In order to explore the impact of mainshock location on the calculated
ΔCFS, we conducted two analyses: one is varying the horizontal location of epicenter including longitude
and latitude and fixing the focal depth and the second one is only varying the focal depth with fixed epicen-
ter. As before, we used the 2009 Nantou and 2010 Jiashian events as receiver faults and the 1999 Chi‐Chi
earthquake as source fault. The initial location of hypocenters for the 2009 Nantou and 2010 Jiashian main-
shocks are shown in Table 1.

We varied the location of epicenter of the 2009 Nantou mainshock within a 0.2° × 0.2° (roughly 20 × 20 km)
range (black box in Figure S5a) with the initial location in the center through changing interval in longitude
and latitude by 0.01° and keeping the focal depth fixed. We chose the variation of location of epicenter in a
0.2° × 0.2° range because this range should be large enough to cover the potential uncertainty, which was
less than 10 km, in the location of epicenter of the mainshock when using local network data (Wu,
Chang, et al., 2008). The sensitivity analysis on the location of epicenter reveals that there was only magni-
tude change in the ΔCFS at the hypocenter if the location error of the epicenter is smaller than 2 km in all
directions. When the location error of the epicenter is larger than 2 km, the calculated ΔCFSs indicate
changes in both magnitude and polarity (Figure S5a). We also explored solution sensitivity to focal depth,
by varying the depth within a range of ±5 km with interval of 0.1 km. We found that the calculated ΔCFS
at hypocenter decreases when the focal depth increases from 19.08 to 29.08 km. Obvious changes in magni-
tude and polarity of the ΔCFS have been found when the focal depth was shallower than 20.88 km. The
ΔCFS remained significantly negative with magnitude change only when the focal depth is deeper than
21.68 km. All calculated ΔCFSs are located in the range of −1.66 bars to 0.58 bar, which spanned three bins:
ΔCFS ≥ 0.1 bar, ΔCFS ≤ −0.1 bar and −0.1 < ΔCFS < 0.1 bar, with mean and standard deviation as −0.65
and 0.68 bar (Figure S5b).

We used the same above method above to conduct the sensitivity analysis of hypocenter location using the
1999 Chi‐Chi earthquake as source fault and the 2010 Jiashian earthquake as receiver fault. The analysis
indicates that minor changes in calculated ΔCFS have been found no matter how we varied the location
of epicenter (longitude and latitude) or the focal depth. All the calculated values locate within one bin, which
is −0.1 < ΔCFS < 0.1 bar (Figures S5c–S5d). In summary, the calculated ΔCFS is sensitive to the uncertainty
in the hypocenter location of the mainshock when receiver fault is in near field of source fault but not sen-
sitive at all when receiver fault is in the far field. The sensitivity analysis in this section indicates the signifi-
cance in obtaining more detailed information about uncertainty in mainshocks location in the future
Coulomb failure analysis.

4.4. Sensitivity of Coulomb Stress Changes Caused by Effective Friction Coefficient (μ′)

The selection of a reasonable value for the μ′ is very important because it controls the contribution of the
normal stress change in the Coulomb stress calculation (King et al., 1994). Different μ′ values should be con-
sidered for different fault environments. We set the μ′ at 0.4 based on a previous study of earthquake focal
mechanisms in Taiwan (Hsu et al., 2011). In this sensitivity study, we varied values of μ′ from 0 to 1 with
interval 0.1 to analyze their sensitivity on the calculated ΔCFS at hypocenters of the 2009 Nantou and
2010 Jiashian mainshocks. In these calculations, we again used the complex slip model of the 1999
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Chi‐Chi earthquake proposed by Hsu et al. (2009); fault geometries of receiver faults were designed based on
the 2009 Nantoumainshock fromCWBSN and the 2010 Jiashian event fromHsu et al. (2011). The sensitivity
analysis between the 1999 Chi‐Chi and 2009 Nantou events reveals that increasing μ′ leads to
decreasing ΔCFS at the hypocenter and all values fall in the range of −2.39 bars to 0.39 bar, which spanned
two bins: ΔCFS≥ 0.1 bar andΔCFS≤−0.1 bar. For this sensitivity analysis, most calculatedΔCFSs are smal-
ler than −0.1 bar, except ΔCFSs which are larger than 0.1 bar have been estimated when using the μ′ as 0 or
0.1, which can be regarded as outliers (Figures S6a). However, sensitivity analysis between the 1999 Chi‐Chi
and 2010 Jiashian earthquakes indicates that increasing μ′ leads to increasing ΔCFS at the hypocenter. All
values fall in the range of 0.01 to 0.14 bar, which spanned two bins: ΔCFS ≥ 0.1 bar and
−0.1 < ΔCFS < 0.1 bar in the inset histogram (Figures S6b). Most ΔCFSs are smaller than 0.1 bar and larger
than −0.1 bar, except four significant positive ΔCFSs have been estimated when using μ′≥ 0.7.

4.5. Summary of Sensitivity Studies

Our model of Coulomb stress transfer indicates that preceding moderate and large earthquakes from 1900 to
2017 imposed significant stress triggering effects with ΔCFS larger than 0.1 bar or smaller than −0.1 bar on
the occurrence of large mainshocks and along active faults in central Taiwan. However, the above sensitivity
studies demonstrated that a number of factors could generate uncertainties in the calculated ΔCFS. For the
case that receiver fault is close to source fault, first, variation of coseismic slip models of the 1999 Chi‐Chi
earthquake returns large variation of the calculated ΔCFS at hypocenters of subsequent mainshock.
Besides that, the ΔCFS associated with most mainshocks in the Central‐Taiwan‐Mainshock sequence were
calculated using simple slip models. For future work, more reliable calculation will be possible using more
accurate variable slip models. Second, comparing among the sensitivity results (especially standard devia-
tions) when varying strike, dip, or rake angle of the receiver faults suggests that the calculated ΔCFSs have
larger variation when the dip angle changes while smaller variations are retained when the strike or rake
angle varies. Third, change in both magnitude and polarity of the calculated ΔCFS can be sensitive if the
error of the location of epicenter is larger than 2 km. We also found that the ΔCFS gets smaller as the focal
depth is deeper. While for the case that receiver fault is located farther away from source fault, similar levels
of variations have been found for variation of source slip models, strike, dip, and rake angles of receiver fault
and hypocenter location. Last, since it was proposed that the friction coefficient is mostly in a range of 0.2–
0.5 (Hsu et al., 2010), different option of μ′ does not change our conclusion in whether promoting or inhibit-
ing future earthquakes no matter how far receiver fault is located relative to source fault.

5. Discussion
5.1. Earthquake Interactions in Central Taiwan

A principal motive for our investigation of the earthquake interaction effects in central Taiwan was to quan-
tify the impact on nucleation and rupture propagation of large earthquakes from preceding moderate and
large events. Coulomb stress analysis at the hypocenters of large mainshocks in the Central‐Taiwan‐
Mainshock sequence has shown that the nucleation of 5 out of 13 mainshocks in the Central‐Taiwan‐
Mainshock earthquake sequence were significantly promoted to failure due to the coseismic rupture of pre-
ceding earthquakes withML ≥ 5.5 from 1900 to 2017, while nucleation of 7 mainshocks in the sequence was
significantly inhibited. Stress changes at hypocenter of one mainshock, the 2016 Meinong earthquake, did
not yield conclusive results, because the calculated ΔCFS at its hypocenter was 0.10 bar, which is the promo-
tion threshold level (0.1 bar). When considering potential uncertainties, the ΔCFS at this event may drop
below the threshold level. The uncertainty analysis also reveals that smaller magnitude mainshocks and
aftershocks can play a vital role in altering the stress state at hypocenters of large mainshocks.

Coulomb failure models that estimate the stress transfer along nearby active fault systems due to all preced-
ing earthquakes indicate the following: (1) the occurrence of the 1906 Meishan earthquake imposed 0.2 to
0.6 bar ΔCFS near the southern end of the CLPF. Then coseismic rupture of the 1935 Hsinchu earthquakes
imposed 1–3 bars ΔCFS on the northern section of the CLPF and flat decollement (Figures 5a and S1a). The
region with significant positive ΔCFS matches well with the coseismic rupture trace proposed by Hsu
et al. (2009), which are located farther away from the hypocenter and large area of the seismic moment
release leading to the striking 1999 Chi‐Chi earthquake; (2) coseismic rupture of the 1906 Meishan and
1941 Chungpu earthquakes imposed 0.3 bar to 10 bars and up to 10 bars at the northern section of the

10.1029/2019JB019010Journal of Geophysical Research: Solid Earth

LI ET AL. 15 of 21



1998 Rueyli rupture plane, which may suggest significant promoting effect on the propagation of the 1998
Rueyli earthquake; (3) coseismic rupture of the 1906 Meishan earthquake imposed up to 6 bars at both
northern and southern end of the 1941 Chungpu rupture plane; (4) unless creep or small earthquakes
relieves these significant positive stress changes, we can expect to have future nucleation of large earth-
quakes on the CKF, CSF, CCF, and FDCT. Due to lack of information on how much stress is required for
each fault system to accumulate in order to rupture, the significant cumulative ΔCFSs on the central part
of the flat decollement, CKF, CSF, and CCF only suggest that these faults may have higher probability to
rupture compared to other fault systems but are not able to provide the exact date of next large earthquake.

In conclusion, the occurrences of the moderate and large earthquakes with ML ≥ 5.5 over 117 years contri-
bute significantly to the nucleation or rupture propagation of some large earthquakes in central Taiwan,
whereas forecasting locations of future earthquakes only based on ΔCFS is not enough, and it requires
exploration of other mechanisms or considering a longer historic seismic catalog, which is unavailable now.

5.2. Comparison to Previous Studies

Although some studies of earthquake interaction in central Taiwan examinedΔCFSs from large earthquakes
of the Central‐Taiwan‐Mainshock earthquake sequence (Chan & Stein, 2009; Chan & Wu, 2014; Hsu
et al., 2011; Lin et al., 2013; Ma et al., 2005; Mouyen et al., 2010), our paper expanded on these previous stu-
dies by considering more surrounding moderate and large earthquakes. There are similarities between our
study and previous studies. For instance, the stress interactions indicate that the occurrence of the 1906
Meishan and 1935 Hsinchu earthquakes imposes great influence with significant positive ΔCFS on the
nucleation and rupture propagation of the 1999 Chi‐Chi earthquake, which agrees well with the findings
in Lin et al. (2013). In another example, Mouyen et al. (2010) estimated the effect of both interseismic loading
andmajor events from 1736 to 2006 on the stress state of nearby active fault systems in western Taiwan. They
concluded that preceding earthquakes before 1999 on the CLPF induced two patches of Coulomb stress
increase located in the northern and southern part of the fault. Our results also confirmed the existence of
significant positive ΔCFSs in the northern and southern part of the CLPF with smaller value in the southern
part and higher value in the northern part. Our study suggests that the coseismic rupture of the 1999 Chi‐Chi
earthquake still influence the surrounding stress field after decades and promoted the fault rupture of the
twoNantoumainshocks in 2013 to failure, which agrees well with the Chan andWu (2014) findings. We also
found that the 2013 Nantou mainshock in June was significantly promoted by the occurrence of the 2013
Nantou mainshock in March, which agreed well with the conclusion in Liao and Huang (2016).

Yet our study of earthquake interaction in central Taiwan also differs from previous studies by the magni-
tude or sign of the calculated ΔCFSs at hypocenters of some large earthquakes within the sequence or sig-
nificant Coulomb stress increasing areas. We attribute the difference to the use of different coseismic slip
models for the mainshocks in the earthquake sequence, different number of preceding earthquakes that
have been explored, and different fault geometries for the receiver faults. For example, we found a change
in magnitude of the calculated ΔCFS at hypocenter of the two Nantou mainshocks in 2013 induced by the
1999 Chi‐Chi earthquake when comparing our study and that from Chan and Wu (2014). In addition, our
study suggests different magnitude of positive ΔCFS in the northern and southern side of the CLPF from
the estimation in Mouyen et al. (2010). They did not find any stress increase existing nearby the initial main-
shock location, whereas we identified significant positive ΔCFS at hypocenter of the 1999 Chi‐Chi earth-
quake due to the coseismic slip during the 1935 Hsinchu and 1941 Chungpu earthquakes.

5.3. Comparison to Other Regions

Comparing our results with numerous Coulomb stress studies in other regions suggests multiple similarities
in the identified earthquake interaction effects among recent earthquakes as a result of the evolution of the
static stress transfer. For example, Syed Tabrez et al. (2008) found that the observed west propagation of the
subsequent mainshocks along the strike‐slip faults were significantly promoted by the occurrence of preced-
ing large earthquakes with ML ≥ 7.0 in the northeastern Caribbean region from 1751 to 2017. In our study,
we found significant Coulomb stress increase on the rupture planes of the 1941 Chungpu, 1998 Rueyli, and
1999 Chi‐Chi earthquakes, which may also indicate strong influence on rupture propagation of large main-
shocks due to preceding earthquakes. In another case, Asayesh et al. (2019) proved that preceding earth-
quakes for 30 years significantly affected the rupture of the subsequent large mainshocks in the
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subduction zone between the Arabian and Eurasian plates, of which pattern was also found in our study for
central Taiwan through 117‐year seismic records. Wang et al. (2017) found that the cumulative ΔCFS at
hypocenters of mainshocks happened along the Bayan Har block on the Tibetan Plateau changed when con-
sidering additional surrounding earthquakes that were not those targeted mainshocks. Likewise, consider-
ing stress effects from surrounding earthquakes also modified the stress state at hypocenters of large
mainshocks in central Taiwan with our study.

5.4. Analysis of Sensitivity Results and Comparison to Other Sensitivity Studies

Our sensitivity analysis shows that several parameters including different choices of source slip models, the
orientation of the receiver fault (strike/dip/rake), location of mainshock epicenters, mainshock focal depth,
and effective friction coefficient may alter the magnitude and/or polarity of the calculated ΔCFS when test-
ing a range of values for each parameter, especially when receiver fault is located in the near field of source
fault. In order to evaluate the impact of uncertainties on the calculated ΔCFS at mainshock hypocenters
shown in section 3, we conduct a simple statistical analysis about the sensitivity results. For each tested para-
meter, we assume that a set of calculated ΔCFS values follows the standard normal distribution and calcu-
lates the probability for each ΔCFS. It is the simplest assumption that we can make based on the limited
available information about large earthquakes. Through multiplying the probability by each ΔCFS, we get
a new set of weighted ΔCFS values. Then we recalculate mean and standard deviation for each parameter
and get total standard deviation resulted from all tested parameters (Table S3). The simple statistical analysis
shows that locations of mainshock epicenter and focal depth play a predominant effect; influences of effec-
tive friction coefficient and source slip models cannot be ignored when receiver fault is located close to
source fault. The total standard deviation (0.28) considering uncertainties from all parameters (Table S3)
is about 38% of the optimal ΔCFS (−0.72) at hypocenter of the 2009 Nantou mainshock due to the 1999
Chi‐Chi source slip in Table S2. We used the same statistical analysis method to evaluate the sensitivity ana-
lysis between the 1999 Chi‐Chi and 2010 Jiashian earthquakes, which is located farther away from the
Chi‐Chi event. This case study indicates that (1) total standard deviation (0.02 bar) is about 33% of the opti-
mal ΔCFS (0.06 bar) at hypocenter of the 2010 Jiashian mainshock and (2) effective friction coefficient plays
a dominant effect when receiver fault is far away from source fault, and other parameters all have minor
influence (Table S3). Based on this case study, we propose that around 33–38% of the calculated ΔCFS
can be taken into account when analyzing uncertainty derived from earthquake interaction effects in central
Taiwan.

A limited amount of Coulomb stress studies has considered or discussed uncertainty in ΔCFS calculations
(Catalli & Chan, 2012; Hainzl et al., 2009; Hsu et al., 2011; Wang et al., 2014; Zhan et al., 2011). A comparison
between our and the above studies reveal both similarities and differences. Here we discuss couple of points:
(1) simplified assumptions in sensitivity analysis and (2) concluded impact of uncertainties on ΔCFS calcu-
lations. In our sensitivity study, we assumed no correlation among parameters by estimating each parameter
independently with other remaining parameters fixed due to lack of information about possible correlation
among parameters. Most previous studies also used the same simple assumption in their sensitivity calcula-
tions (Catalli & Chan, 2012; Hainzl et al., 2009; Hsu et al., 2011, Wang et al., 2014; Zhan et al., 2011). The
second point we discuss here is the concluded impact of uncertainties on ΔCFS calculations. All the uncer-
tainty studies demonstrated the nonnegligible effect of source slip models, orientation, and focal depth of
receiver fault and effective friction coefficient. Our analysis suggests that location of epicenter and focal
depth of mainshock are the most sensitive parameters in the calculated ΔCFS. However, Wang et al. (2014)
proposed that Coulomb stress changes are most sensitive to the uncertainty in the dip angle of the receiver
fault, whereas Catalli and Chan (2012) indicated that focal depth where Coulomb stress was computed was
of utmost importance.

5.5. Limitation of Our Study

The first obstacle we had to face in this study is the scarcity of spatial heterogeneity of the coseismic slip mod-
els of most earthquakes withML ≥ 5.5 and the geometry of active fault systems. Our findings clearly indicate
that the specified source fault and receiver fault mechanism may generate significant uncertainty in the cal-
culated ΔCFS. More reliable slip models or fault geometries can help provide more accurate estimations.
Another difficulty is lacking uncertainty information of each important parameter in the Coulomb failure
model, as focal depth, epicenter location, receiver fault geometry, and so on. Currently, we can only use
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information from published results for the different earthquakes. Most of them did not include detailed
uncertainty. Third, there are still some controversial ideas about active faults in central and southern Taiwan
(e.g., Hsu et al., 2011; Shyu et al., 2016). Especially, the CKF is considered as an active fault in the data set
from the Central Geological Survey of Taiwan (Hsu et al., 2011) but is not included in the active structure
data of the Taiwan Earthquake Model (Shyu et al., 2016). Based on the field evidences indicating that the
fault has not ruptured at least for the past 38,000 years, Shyu et al. (2005) suggested that the fault is not cur-
rently active. They also proposed that most of the seismic activity in the area has been shifted farther to the
west to the frontal fault systems. However, since the Central Geological Survey data are the official data set
in Taiwan, we still use the fault parameters of the CKF to calculate the stress transfer along the CKF due to
preceding earthquakes. Even though there are different opinions about the current activity of the CKF (Shyu
et al., 2005, 2016), if this fault is still active, then the calculated ΔCFS may promote future earthquake along
the fault. Lastly, the positive ΔCFS on a fault does not necessarily mean that the fault will rupture soon, or
next. If a fault has ruptured recently, positive ΔCFS from earthquake interactions may not have an immedi-
ate impact on the next rupture of this fault. On the other hand, some faults may have ruptured long time ago
and are close to rupture again. Even without any positive Coulomb stress changes (or even negative), those
faults would still rupture sooner. Therefore, one cannot just use our results to assert which of the active faults
may be the next one to rupture.

5.6. Other Earthquake Triggering Mechanisms

Earthquakes are generated mostly in response to stress loading by long‐term plate motion. However, it is not
the only forcing factor, because otherwise earthquakes will happen in a well‐known periodically way.
Multiple studies have demonstrated that the rupture of moderate earthquakes can modify the stress state
on the nearby fault system, which may promote or inhibit the occurrence of an earthquake (Asayesh
et al., 2019; Ishibe et al., 2015; King et al., 1994; Ma et al., 2005; Wang et al., 2017). Our study has confirmed
that nonnegligible stress triggering effects with absolute values of calculated ΔCFSs are larger than 0.1 bar
on the large earthquakes or nearby active faults from preceding earthquake ruptures in central Taiwan. In
addition to earthquake interaction effects among earthquakes in central Taiwan, we explored Coulomb
stress effect due to earthquakes located outside of our study area (Chung et al., 2008; Hwang &
Kanamori, 1989; Wu et al., 2009; Yu & Liu, 1986) but not far from the Central‐Taiwan‐Mainshock earth-
quake sequence at hypocenters of mainshocks in the sequence and eight active faults. Detailed explanation
has been included in the supporting information (Text section S1). This Coulomb stress analysis model sug-
gests that only magnitude changes in ΔCFS at hypocenters of mainshocks and along active faults after
including additional earthquakes outside of our study area that did not change our conclusion whether
mainshocks in the sequence were promoted or not (Tables S4 and S5 and Figures S7 and S8).

However, the mechanism of earthquake triggering by large earthquakes is not the only physical source for
triggering earthquakes. For example, postseismic afterslip on the decollement of the fold and thrust belt
in central Taiwan had been observed and proposed to release a portion of the cumulative strain (Hsu
et al., 2007; Tang et al., 2019). We calculatedΔCFS at hypocenters of subsequent mainshocks in the sequence
and on eight active faults due to 14 years of cumulative 1999 postseismic afterslip following the 1999 Chi‐Chi
earthquake. This Coulomb stress analysis reveals that the 1999 postseismic afterslip did impose significant
stress changes at hypocenters of the 2009 Nantou and two 2013 Nantou earthquakes and southern part of
flat decollement, CSF, and CCF, which are either larger than 0.1 bar or smaller than −0.1 bar. However,
those significant stress changes only lead to magnitude change with no sign change in calculated ΔCFSs,
which did not change our conclusion about stress states of mainshocks and nearby fault systems (Text
section S2, Table S6, and Figure S9 in the supporting information).

Several studies also proposed other types of earthquake triggering mechanisms, such as low atmospheric
pressure during an intense typhoon (Visher, 1924), surface erosional unloading (Steer et al., 2014), even tiny
pressure variations related to the diffusing rain water within days tomonths (Hainzl et al., 2006), radiation of
seismic waves (Gomberg et al., 2001), and melting glaciers (Sauber & Molnia, 2004). In future work, we will
address the possibility of other triggering mechanisms affects earthquake rupture in central Taiwan. Central
Taiwan, a seismically active region, is subject to frequent tropical cyclones and widespread landslides as a
consequence of its steep topography. High‐quality records of such phenomenon can allow us to explore
whether the erosion induced by landslide or the huge rainfall can have potential earthquake triggering

10.1029/2019JB019010Journal of Geophysical Research: Solid Earth

LI ET AL. 18 of 21



effects. Combining stress triggering effects from other mechanisms can deepen our understanding about
controlling factors that influence the earthquake generation beyond the long‐term tectonic loading.

6. Conclusion

In this study, we investigated triggering effects among 14 strong mainshocks that occurred in central
Taiwan from 1900 to 2017 and their impact on 8 nearby fault systems. Our results showed that 5 out of
13 mainshocks were promoted, 7 mainshocks were inhibited to failure, and 1 mainshock (2016 Meinong
earthquake) was uncertain whether it was promoted or not when considering all preceding earthquakes
with ML ≥ 5.5 in central Taiwan. Our Coulomb failure analysis suggest that stress transfer along nearby
active fault indicates that preceding earthquakes might trigger the propagation of the 1941 Chungpu,
1998 Rueyli, and 1999 Chi‐Chi earthquakes. In addition, preceding earthquakes encourage failures on
CKF, CSF, CCF, and FDCT. On the contrary, preceding events inhibit failures on CHF, CLPF, STF, and
HHF. Thus, earthquake interaction effects play a vital role in the nucleation and rupture propagation of
earthquakes and future rupture of nearby fault systems in central Taiwan over 117‐years duration of our
study. These stress changes will likely also affect the nucleation and rupture of future earthquakes. Our
study suggests that location of mainshock epicenter and its focal depth play a predominant effect in
Coulomb failure analysis; influences of source slip models and effective friction coefficient cannot be
ignored when receiver fault locates near the source fault, whereas for the case that receiver fault locates
far away from source fault, effective friction coefficient plays a dominant effect, and other parameters all
have negligible effect. Based on simple statistical analysis of our sensitivity analysis, we suggest a 33–38%
uncertainty level in Coulomb stress change calculations when investigating earthquake interaction effects
in central Taiwan no matter whether receiver fault is in near field or far field. Our findings also indicate the
necessity of investigating other types of earthquake triggering mechanisms considering the complex tec-
tonic environment in central Taiwan.
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