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Abstract Deep tectonic tremor, which is extremely sensitive to small stress variations, could be used to
monitor fault zone processes during large earthquake cycles and aseismic processes before large
earthquakes. In this study, we develop an algorithm for the automatic detection and location of tectonic
tremor beneath the southern Central Range of Taiwan and examine the spatiotemporal relationship between
tremor and the 4 March 2010 M, 6.4 Jiashian earthquake, located about 20 km from active tremor sources. We
find that tremor in this region has a relatively short duration, short recurrence time, and no consistent
correlation with surface GPS data. We find a short-term increase in the tremor rate 19 days before the Jiashian
main shock, and around the time when the tremor rate began to rise one GPS station recorded a flip in its
direction of motion. We hypothesize that tremor is driven by a slow-slip event that preceded the occurrence
of the shallower Jiashian main shock, even though the inferred slip is too small to be observed by all GPS
stations. Our study shows that tectonic tremor may reflect stress variation during the prenucleation process
of a nearby earthquake.

1. Introduction

Deep tectonic tremor is a newly discovered seismic phenomenon that belongs to the slow earthquake family.
Unlike regular earthquakes, it is characterized by a small amplitude, long duration, and no clear arrivals of P
and S waves [Peng and Gomberg, 2010]. However, tremor, similar to regular earthquakes, is likely generated
by shear slip and in many cases associated with GPS-based observations of slow-slip events (SSEs) [Obara,
2011; Wech and Creager, 2011]. Tremor and SSEs, which are stress sensitive, can be triggered by regional
and teleseismic earthquakes [Nadeau and Guilhem, 2009; Peng and Gomberg, 2010; Zigone et al., 2012;
Chao et al., 2013]. Since tremors and SSEs are located below the seismogenic zone, where large earthquakes
nucleate, they may provide important information on stress variation before the occurrence of large nearby
earthquakes [Obara and Kato, 2016].

Recent studies have found that nearby earthquakes can affect tremor and SSE activities. For example, after
the occurrence of moment magnitude (M,,) 6.0+ earthquakes in Central California and southern Taiwan,
nearby tremor activity exhibits a long-term increase in the tremor rate, likely resulting from an increase in sta-
tic Coulomb stress caused by the main shocks [Nadeau and Guilhem, 2009; Shelly and Johnson, 2011; Chuang
et al,, 2014]. A recent study of the interaction between tremor and nearby intraslab earthquakes in the Nankai
subduction zone in southwestern Japan suggests that tremor is more likely triggered by earthquakes than
vice versa [Han et al., 2014]. In comparison, a recent observation in New Zealand indicates that one M,,6.3
earthquake arrested a nearby ongoing SSE [Wallace et al., 2014].

While the above studies present evidence on how earthquakes affect tremor and SSE activity, other recent
studies have focused on the influence of tremor and SSEs on local earthquake activity. For example, Vidale
et al.[2011] showed that an episodic tremor and slip event in the Cascadia subduction zone triggered several
small-magnitude earthquakes in nearby regions. Shelly [2009] reported that 3 months before the 2004 M,,6.0
Parkfield earthquake, several tremor families exhibited unidirectional migration accompanied by an elevated
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tremor rate. Nadeau and Guilhem [2009] found intense tremor activity ~3 weeks before the 2004 Parkfield
event. Other studies have indicated that ongoing SSEs may have preceded the rupture of several M,,8.0+
megathrust earthquakes [/to et al., 2013; Kato and Nakagawa, 2014]. Colella et al. [2017] observed increases
in microseismicity a few weeks prior to the 2012 M,,7.4 Ometepec earthquake in the Oaxaca region of south-
ern Mexico. However, these SSEs were based on observations from GPS or micro-earthquakes such as
repeating earthquakes or foreshock/swarm sequences. While it has been suggested that the frequent occur-
rence of tremor and SSEs may trigger large earthquakes if the locked region is critically stressed [e.g., Obara
and Kato, 2016], we still lack strong evidence of aseismic deformation change before large earthquakes
[Roeloffs, 2006].

Many studies based on observations [Bouchon et al., 2013; Kato and Nakagawa, 2014], laboratory experiments
[Selvadurai and Glaser, 2015], and modeling [Avouac, 2015] have suggested slow aseismic slip during the pre-
nucleation process of a fast- rupturing earthquake. Such an aseismic process could increase stress in sur-
rounding areas and trigger foreshocks [Ohnaka, 1992; Bouchon et al., 2013; Ito et al, 2013; Kato and
Nakagawa, 2014]. However, observing such prenucleation processes in the field is relatively difficult
[Roeloffs, 2006]. In addition, other studies have suggested that foreshocks [Helmstetter and Sornette, 2003]
and aftershocks [Felzer et al, 2002] have similar triggering mechanisms without an accompanying
aseismic process.

An ideal region for examining the relationship between tremor and nearby earthquakes is Taiwan. Situated at
the boundary between Eurasia and the Philippine Sea Plate, Taiwan is seismically active with frequent occur-
rences of moderate to large earthquakes. In addition, several recent studies have identified tremor triggered
by teleseismic earthquakes [Peng and Chao, 2008; Chao et al., 2012, 2013], ambient tremor that occurs natu-
rally in the same region [Chuang et al., 2014; Idehara et al.,, 2014; Sun et al., 2015] beneath the southern
Central Range.

The focus of this paper is to quantify ambient tremor activity before and after the 4 March 2010 M, 6.4 Jiashian
earthquake that occurred in the southern Central Range of Taiwan [Ching et al., 2011]. We selected this earth-
quake because the epicenter of the Jiashian main shock was located about 20 km southwest of active,
triggered/ambient tremor sources (Figure 1a) [Chao et al., 2013; Chuang et al., 2014; Sun et al., 2015]. In addi-
tion, the M,,8.8 Maule, Chile earthquake, which occurred on 27 February 2010, triggered micro-earthquakes,
ice quakes, tremor, and SSEs around the world [Peng and Gomberg, 2010; Peng et al., 2010, 2014; Zigone et al.,
2012]. Hence, this sequence provides an ideal data set for analyzing the relationship between tremor and
large, local, teleseismic earthquakes.

2. Automatic Tremor Detection Procedure

The seismic data used in this study were recorded by short-period (1 Hz) seismometers in the Central
Weather Bureau Seismic Network (CWBSN) [Shin et al., 2013] and the Broadband Array in Taiwan for
Seismology (BATS). All stations are equipped with three-component sensors, and the sampling rates
are 100 Hz for CWBSN and 20 Hz for BATS. The analyzed time window was from 1 January 2009 to 31
December 2011.

Our analysis procedure mainly consisted of two steps. First, using the waveform envelope correlation and
clustering (WECC) method [Wech, 2010], we obtained a preliminary event catalog that included coherent tre-
mor signals and other nontremor sources. Then we applied a spatiotemporal clustering criterion [Maeda and
Obara, 2009; Obara, 2010] to separate tremor episodes from regular earthquake signals and other unknown
sources. To evaluate the robustness of detection, we obtained an initial tremor catalog of episodes of tremor
durations longer than 10 min by visually examining 6 months of data from 1 January 2010 to 30 June 2010
and compared them with those of another tremor catalog [Chuang et al., 2014]. After we optimized the auto-
detection procedure to include these long-duration tremor episodes, the algorithm selected shorter isolated
tremor events based on the criteria defined in section 2.2.

2.1. Automatic Tremor Detection With the WECC Algorithm

We began the process by selecting 10 seismic stations that recorded triggered [Peng and Chao, 2008; Chao
et al., 2012] and ambient tremor [Chao et al., 2013] with high signal-to-noise ratios and a reasonable geogra-
phical distribution around the tremor source region (Figure 1a). Then we applied a 2-8 Hz band-pass filter on
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Figure 1. (a) Map of the study region in the southern Central Range of Taiwan. The small gold circles mark all detected tre-
mor episodes during the 3 year study period (1 January 2009 to 31 December 2011) that spanned 14 months before and
22 months after the 4 March 2010 M,;6.4 Jiashian earthquake (event #1, star symbol). Each circle of tremor represents one
average location for a continuous tremor episode with a duration time between 6 and 43 min. The Jiashian main shock and
its aftershock sequences (i.e,, 4 March 2010 to 10 March 2010) are denoted by large yellow and small open stars, respec-
tively. Other nearby earthquakes with M, (local magnitude) greater than 4.0 are marked with identification numbers from
#2 to #5 (Table S1). The thin and thick lines indicate local faults and the rupture zone of the 1999 M,,7.6 Chi-Chi earthquake
(red star), respectively. The large open circles mark triggered tremor sources of the 11 March 2011 M,,9.0 Tohoku-Oki
earthquake [Chao et al., 2013]. Local seismicity from the relocated CWB (Central Weather Bureau) earthquake catalog [Shin
et al., 2013] (1 January 2010 to 30 June 2010) is denoted by small dots shown in the insert panel. The 10 stations used
for locating tremor in this study are denoted by squares and triangles for the broadband BATS and short-period CWB
stations. The 4 March 2010 M, 2.7 earthquake occurring about 14 min before the Jiashian main shock is marked by an
orange star (Figure 70). Volumetric strainmeter station FBRB is denoted by a white inverted triangle (Figure S6). (b) One
hour 2-8 Hz band pass-filtered envelope seismograms (starting at 22:01:40 on 15 February 2010, UTC) illustrating ambient
tremor recorded in an E component recorded by surrounding stations. The gray shadow region marks the detection of
tremor episodes with a duration of ~27 min. The 360 s scale bar represents the shortest duration time for each continuous
tremor episode required in this study. The blue rectangle marks the same 800 s long ambient tremor seismogram shown in
Figure 2a.
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Figure 2. (a) Comparisons of amplitude for types of seismic sources at broadband station TPUB (from top to bottom):
ambient tremor (i.e,, the same TPUB records shown in Figure 1b by a blue rectangle), triggered tremor [Chao et al.,
2013], local nighttime noise, local daytime noise, teleseismic earthquakes from the aftershocks of the 2011 M,,9.0
Tohoku-Oki earthquake, and a local M;1.41 earthquake. All seismograms are observed at broadband station TPUB in the
E component on 2-8 Hz band pass-filtered instrument-corrected velocity seismograms. Detailed event information can
be found in Table S2a. (b) A comparison of stacking spectra for ambient tremor (blue), triggered tremor (red), local
nighttime background noise (dark gray), and local daytime background noise (light gray). Each type of spectrum was
stacked with four to seven events from instrument-corrected velocity seismograms in the E component at broadband
station TPUB. Detailed event information can be found in Table S2b. The two horizontal dotted lines mark the maximum
amplitude threshold for the ambient tremor (500 nm/s) and the triggered tremor (5000 nm/s) used in this study.

the E component, generated the envelope function, applied a low-pass filter at 0.1 Hz, and down-sampled the
envelope seismogram to 1 Hz at 10 stations for further analysis [Wech, 2010]. We chose the E component
because tremor mainly contains S wave energy evident on the horizontal components and assumed that
tremor was associated with shear slip because of nearly E-W compression [Chao et al.,, 2012]. Figure 1b
illustrates ambient tremor with nonimpulsive and long-duration coherent signals among many
surrounding stations. Next, we used a 2 min time window to cross-correlate envelope seismograms with a
50% time overlap. The time window was shorter than the 5 min window used in Cascadia [Wech, 2010],
mostly due to the more frequent occurrence of earthquakes in Taiwan than in Cascadia (i.e., on average 28
earthquakes of M; > 2 daily and 3.5 earthquakes of M; > 6 annually between 2004 and 2011) [Shin et al.,
2013]. With a shorter time window for autoscanning, we were more easily able to separate tremor from
earthquakes (Figure 2a and supporting information Table S2) with the spatiotemporal clustering criterion
(section 2.2).

We then used the WECC procedure to estimate the location of each 2 min time window from S wave lag times
with envelope correlation coefficient (CC) values of > 0.75 by performing a 3-D grid search with a 1-D velocity
model around the tremor sources [Tang et al., 2010]. We based our choice of CC > 0.75 on the test results of
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quake signals and low-amplitude
unknown sources, we applied a spa-
tiotemporal  clustering  criterion
[Maeda and Obara, 2009; Obara,
2010]. This step contained the following three selection criteria (Figure 3): (1) using earthquake catalogs
and reference station criteria for removing local and distant earthquakes, (2) adapting an amplitude
threshold criterion, and (3) considering each tremor cluster as continuous events in time and space.
We began by identifying local and regional earthquakes that occurred during potential tremor episodes,
as listed in the Central Weather Bureau (CWB) catalog [Shin et al., 2013]. To remove the aftershock
sequences of teleseismic earthquakes (Figure 2a), we applied a reference station criterion [Kim et al.,
2011] to earthquakes of M,, > 6.5 with minimum theoretical dynamic stress of >1.5 kPa measured at
broadband station TPUB. Specifically, we selected detected events that occurred after 31 selected tele-
seismic main shocks from the ANSS (Advanced National Seismic System) earthquake catalog (Table S3)
and cross-correlated the envelope seismograms of station TPUB and a reference station, NACB, located
in northern Taiwan, ~144 km away from the tremor sources (insert of Figure 1a). If the correlation
coefficient value of the envelope similarity between these two stations was higher than 0.75, we
assumed that the coherence signal originated from a teleseismic earthquake and rejected it. After this
step, we removed 7691 detection windows for local earthquakes and 1558 for regional and
teleseismic earthquakes.

After removing potential local and distant earthquakes, we applied an amplitude threshold criterion to
remove possible small local earthquakes that appeared on seismograms but that were not listed in the
CWB catalog. Using 2-8 Hz filtered envelope functions at stations TPUB and TWGB (Figure 1a), we measured
the maximum amplitude during each 2 min time window. Because the amplitude of tremor is generally small
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and varies only slightly with size [Vidale et al., 2011], we set a threshold of 500 nm/s to separate tremor from
earthquake signals. This empirical amplitude threshold is based on visual examinations of tremor waveforms
during the 6 month (January 2010 to June 2010) period, resulting in an average of 251 + 136 nm/s, similar to
the amplitudes from another study [Yabe et al., 2014]. After applying the amplitude criterion, we rejected
another 2640 events.

As mentioned before, large distant earthquakes, which have been well studied in Taiwan, can trigger tre-
mor [Peng and Chao, 2008; Chao et al., 2012]. As triggered tremor has a much larger amplitude than ambi-
ent tremor (Figure 2), we applied a higher amplitude threshold of 5000 nm/s, double the maximum
triggered tremor amplitude observed between 2004 and 2008 [Chao et al.,, 2012], during the occurrence
of tremor-triggering events. During the analyzed time period of 2009-2011, only the 11 March 2011
M,,9.0 Tohoku-Oki earthquake satisfied this criterion, so we retained the associated tremor (Figure S3b)
[Chao et al., 2013].

We define a tremor episode as a cluster of tremors lasting at least 5 min, which translates to at least four
detections of 2 min tremor events with 1 min overlap (Figures 1b and S2h), also spatially clustered. In addi-
tion, to avoid contamination of earthquake signals or simultaneous activations of multiple tremor sources, we
limited the epicentral distance between 2 min events to 60 km (Figure S3). Our underlying assumption is that
a local small earthquake or any unknown source is typically an isolated event (or followed by sporadic after-
shocks). The generation of a signal lasting over 5 min is highly unlikely (Figures S2 and S3). By applying this
criterion, we rejected 86,128 detection windows with isolated events of smaller amplitude earthquakes,
noise, and other unknown sources (Figure 3). To further confirm each detection, we also calculated the ampli-
tude histogram of the detection window. Since an earthquake typically generates an impulsive signal, the
maximum value of the 1 sigma standard deviation of an amplitude histogram for an earthquake typically
yields a higher value than that of tremor within a given time window (Figure S3). Hence, we set a threshold
of 12 times the standard deviation above the mean and rejected another 546 events with maximum values
above this threshold (Figure S3c).

After the automatic detection and selection procedures, we obtained 2425 two minute events and 338 clus-
tered episodes (Figure 4), which is ~2.4% of the original 2 min detections. We also visually examined the
waveforms of each tremor episode (e.g., Figure S3) and found that 97.9% of the clustered events (i.e., 331
out of 338 episodes) were real detections of tremor. Figure S4 illustrates the remaining seven events that
we did not include in the final clustered tremor catalog. They include typical earthquake signals with impul-
sive arrivals of P and S waves (i.e., Figures S4a-S4e) and other unknown isolated events (Figures S4f-S4g) that
were not removed by our selection procedures.

3. Observations of Tremor Activity

3.1. Tremor Catalogs

For the purpose of interpreting tremor activity as described below, we obtained two types of tremor catalogs
that we categorized into the following:

1. The 2 min catalog (Table S4). This catalog provides detailed information such as the location and the ampli-
tude of each detected 2 min event. The catalog contains 2425 two minute events (Figure 4c), some of which
include isolated detections not listed in the clustered catalog.

2. The clustered catalog (Table S5). This catalog includes 331 clustered episodes observed in 205 days during
the 3 year study period (Figures 1a and 4a). Although one daily tremor episode represents mostly continu-
ously occurring tremor activity from 6 to 42 min, some episodes might have been interrupted by earthquake
signals (e.g., Figure S2h). The average location and amplitude of each tremor episode were calculated from
the mean of all 2 min events. This catalog, used in subsequent sections, reveals temporal changes in the tre-
mor rate before and after the Jiashian earthquake.

3.2. General Features of Ambient Tremor

Our newly detected ambient tremor occurs beneath the southern Central Range. It is located in the same
region as the triggered tremor (i.e., white circle in Figure 1a) [Peng and Chao, 2008; Chao et al., 2012, 2013]
but covers a wider area, particularly in the north-south directions. The spectrum of ambient tremor shares
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Figure 4. (a) Ambient tremor activity in the southern Central Range during a 3 year period (1 January 2009 to 31 December
2011) before and after the local 4 March 2010 M, 6.4 Jiashian earthquake (event #1, vertical blue dotted line). The gold-
enrod-colored bars (left y axis) denote the daily concurrence time of tremor. The green solid line (right y axis) indicates the
cumulative duration of tremor. The black and red circles show the daily GPS records. The vertical arrows mark the typhoon
Morakot and the tremor-triggering event of the 11 March 2011 M,,9.0 Tohoku-Oki earthquake. (b) 120 day tremor activity
before and after the Jiashian earthquake. The vertical arrow marks the 27 February 2010 M,,8.8 Chile earthquake (no
triggered tremor). Other notations are the same as those in Figure 4a. (c) The epicentral distance to the Jiashian main shock
epicenter for all individual 2 min tremor events.

a pattern similar to that of triggered tremor, but it has lower amplitudes (Figure 2b). The total daily duration of
tremor was between 6 and 42 min, and the daily mean and median durations were 14.4 and 13 min,
respectively. About 95.7% of tremor episodes occurred during the local nighttime (i.e, 19:00 to 06:00,
Figure 5a), suggesting that our tremor catalog likely misses many events during the local daytimes.

To quantify the recurrence period of tremor, we computed the time interval between consecutive days with
tremor listed in the clustered catalog. Most of the recurrence times were equal to or less than 5 days (141 epi-
sodes, or 68.8% of all episodes), and only eight episodes (or 3.9% of all episodes) has longer recurrence times
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Figure 5. (a) The 24 h tremor distribution plot for all tremor episodes observed in this study. The 12 h local nighttime cor-
responds to 19:00-07:00 local time (i.e., UTC time between 11:00 and 23:00). Up to 96% of tremor episodes were observed
during the local nighttime. (b) The histograms of the tremor recurrence time by computing the interval between conse-
cutive days with tremor activity. (c) The temporal variation of the tremor recurrence time for the entire study period. (d) The
tremor recurrence time of 120 days before and after the Jiashian main shock.

ranging from 15 to 29 days (Figure 5b). The average daily tremor recurrence period was 5.3 days, and the
median value was 4 days (Figure 5b). Overall, while tremor occurred more frequently on some days than
on others, we found no discernible recurrence pattern from our 3 year data set (Figures 5c and 5d).

3.3. Tremor Activities After and Before the Jiashian Earthquake

Similar to Chuang et al. [2014], we found a long-term increase in the tremor rate after the 4 March
2010 M,6.4 Jiashian earthquake based on the cumulative duration time for the clustered catalog (green
line in Figure 4a). In the 14 month period following the main shock, the total duration time of tremor
increased 35.3% over the same length of time before the main shock (i.e., from 16.3 to 22.1 h). Several
studies observed a similar pattern in Central California after the 2004 M,,6.0 Parkfield earthquake
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[Nadeau and Guilhem, 2009; Shelly and Johnson, 2011], suggesting that static shear stress changes from
main shock slip and afterslip were the most responsible for triggering tremor in this region. Therefore,
to compute the change in Coulomb stress after the Jiashian main shock, we employed two faulting
models (i.e., the low-angle thrust fault model and the high-angle reverse fault model) as a receiver fault
based on the tremor focal mechanism observed by Ide et al. [2015]. Coulomb stress calculations from
both fault models showed an increase in static Coulomb stress in the tremor zone at depths between
25 km and 35 km (Figure 6), which are generally consistent with the majority of tremor depths
observed by Ide et al. [2015] (a depth range of 20-45 km) and Aguiar et al. [2017] (a depth range
of 18-33 km).

Tremor also appears to have increased about 19 days before the Jiashian main shock (hereafter, —19 days)
(Figures 4a and 4b). The average daily tremor durations are 12.6 + 5.5 min. (i.e., observations from —6 months
to —20 days) and 14.4 + 6.9 min. (i.e., observations from —60 days to —20 days). Compared to 22.6 + 9.4 min.
(average from —19 days to 0 days), the corresponding increases are 44.2% or 36.3%, respectively. To further
confirm that the increase in the tremor rate did not depend on our clustering selection criteria, we compared
the output tremor events from —60 to +30 days during each step of the tremor selection criteria (Figure 3). As
expected, the distribution of removed events exhibits temporal patterns similar to that of the earthquake
activity listed in the CWB earthquake catalog (purple and blue lines in Figure 3a). The cumulative number
of aftershocks within 10 days after the M, 6.4 Jiashian main shock shows a typical decaying pattern that differs
from the linearly increasing pattern of the cumulative tremor events (a line of the final tremor catalog in
Figure 3b). Also, during each stage after the removal of the various types of nontremor signals, the cumula-
tive events show a pattern of an increasing rate between —20 and 0 days. Thus, we suggest that our observa-
tions of a long-term increase in the tremor rate after the Jiashian main shock and a short-term increase
beforehand are robust. In other words, our selection criteria aided in the extraction of tremor signals from
active earthquake signals and background noise. Additionally, we have examined all seismograms for
detected tremor and confirmed that the detections indeed correspond to tremor episodes instead of other
nontremor-type events (Figure 7).

To quantify the statistical significance of changes in the tremor rate, we computed the f values [Matthews
and Reasenberg, 1988; Wu et al., 2011] with various lengths of sliding windows (i.e,, 5, 10, 15, and 20 days)
of the entire data set from the clustered catalog (colored bars in Figure 4a). The S value is defined by g

= [Ng — (No +Na)-Ta/(To + Ta)l//(No + Na)-[Ta/(To + Ta)|-[1 — Ta/(To + Ta)], where T, and T, are time
windows before and after the reference times, respectively, and Ny, and N, are the number of tremor events
observed in each time window. We use the same length of time window (i.e., T,=T,=5,10,15, 0or 20 days)
before and after each reference time, so the $ value can be simplified as 8 = [2N; — (Np + Ng)]/+/(No + Ng).
The p value results indicate short-term increases (i.e., for § values greater than 2) in the tremor rate before the
main shock with sliding time windows of 10 days (Figure S5d), 15 days (Figure S5f), and 20 days (Figure S5h)
even though an increase in the tremor rate also appeared during other time periods.

To examine possible correlations with changes in the tremor rate, we also included other data sets (i.e.,
rainfall data, background earthquake activity, and strainmeter data). From meteorological stations
surrounding the tremor sources (i.e., the plus symbols in Figure 1a), we found no heavy rainfall in the last
60 days before the main shock, except for a slight increase that occurred on —20 days (i.e., the red line in
Figure 4a). The largest rainfall signal was associated with the 2009 Typhoon Morakot (Figures 4a, S9, and
S11). We also found no significant earthquake activity changes within 60 days before the Jiashian main
shock, except for a subtle increase in the earthquake rate between —20 and 0 days (blue line in
Figure 3a). A strainmeter at station FBRB, located in the Longitudinal Valley [Hsu et al., 2015] to the east
of the tremor zone (Figure 1a), did not show significant variation associated with an increase in the
tremor rate (Figure S6).

3.4. Tremor Activity Associated With Teleseismic Earthquakes

Our automatic tremor detection algorithm also detected triggered tremor during the passing surface
waves of the 11 March 2011 M,9.0 Tohoku-Oki earthquake (Figure S3b). The 2011 Tohoku-Oki main
shock generated ~0.85 cm/s peak ground velocities at the TPUB station on the transverse component,
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Figure 6. Coulomb stress changes following the 4 March 2010 M, 6.4 Jiashian earthquake around the tremor sources. We
used two faulting models as the receiver fault at tremor sources with a strike in the north northeast and south southwest
directions and fault dipping to the east southeast [I/de et al., 2015]: (a—f): the low-angle thrust fault model (strike: 54°, dip: 13°,
and rake: 120°) and (g-I): the high-angle reverse fault model (strike: 204°, dip: 78°, and rake: 82°) at depths of 20, 25, 30, 35,
40, and 45 km. The 40 x 50 km grid indicates the fault size of the Jiashian earthquake (strike: 318.05°, dip: 41.39°, rake:
40.29°, the top depth of the fault: 0.4102 km, and the bottom depth of the fault: 33.4693 km) [Ching et al., 2011]. The green
squares mark tremor episodes that occurred within 120 days following the main shock.

corresponding to ~62 kPa dynamic stress [Chao et al., 2013]. Although the amplitude of triggered tremor
is approximately 10 times as strong as that of ambient tremor, the spectra of triggered and ambient tremor
exhibit similar shapes between 2 and 8 Hz (Figure 2). However, for frequencies less than 2-3 Hz, the spectral
amplitude of ambient tremor becomes smaller than that of triggered tremor, and the shapes of the spectra
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Figure 7. (a) Sixty day tremor activity before the 4 March 2010, 00:18:52.11, M, 6.4 Jiashian earthquake. (b-m) The observed tremor (in red) within 60 days of the main
shock. (n) An example of 6 h seismograms on 3 March 2010, showing no tremor observations before the main shock. (0) Twenty minute seismogram showing no
tremor activity before the Jiashian earthquake. A local M;2.7 earthquake (~30 km north of the main shock epicenter) occurring 15 min before the main shock is
marked in Figure 1a.
differ [Rubinstein et al, 2010]. This finding confirms previous assumptions that triggered tremor
originates from the same patches of ambient tremor, except that the occurrence probability of
triggered tremor becomes elevated due to stress caused by surface waves [Chao et al, 2013; Chao
and Obara, 2016].
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Compared to the M,,9.0 Tohoku-Oki earthquake, the 27 February 2010, M,,8.8 Chile earthquake (5 days
before the Jiashian main shock, Figure 4b) generated a maximum dynamic stress of ~12 kPa (on the trans-
verse component), which was higher than the inferred tremor-triggering threshold (i.e., 7-8 kPa) in this
region [Chao et al., 2012]. However, even though this event occurred within a period in which the tremor rate
increased, we did not find any triggered tremor during passing surface waves with either the autodetecting
system or our visual examination method (Figure S7) [Chao et al., 2012, 2013].

4. GPS Analysis
4.1. Procedure for GPS Data Analysis

To quantify whether tremor activity is associated with observable episodic SSEs under the southern Central
Range, we examined global positioning system (GPS) data during the 3 year study period. We used the
GAMIT10.42/GLOBK5.16 software package [Herring et al., 2010] to process the GPS data and double-
differenced ionosphere-free carrier phase observations (L3) as primary observables. To obtain a more accu-
rate and consistent regional deformation pattern in Taiwan, we used continuous three-component GPS data
from 362 sites in Taiwan, 8 sites in Ryukyu, and 17 international global navigation satellite systems services
(IGS) sites in the Asia-Pacific region [Hsu et al., 2011] to align our regional solutions with the 2005
International Terrestrial Reference Frame (ITRF2005) coordinates [Altamimi et al., 2007].

To obtain a final GPS position time series, we first removed station coordinates with enormous standard
deviations (i.e., greater than 10 times the standard deviation within a given time window). Next, we per-
formed a least squares regression to station position time series with regard to station velocity, annual and
semiannual periodic motions, postseismic relaxation, and offsets caused by coseismic jumps and instrument
changes. Then we carefully examined residuals and removed outliers that were more than two iterations
from the least squares fit. Finally, we selected GPS stations within 100 km of central active tremor sources
(Figure 1) and compared GPS daily position time series to daily tremor activity (Figures 4 and S9).

4.2. GPS Observations

From the 3 year data set, we identified no consistent correlation between the GPS trend and tremor rates
(Figure 4a), but we did identify a temporal relationship between changes in the GPS and the rate of tremor
before the Jiashian earthquake (Figure 4b). Starting at about —60 days, the N-S component at the PAOL sta-
tion began to exhibit a dramatic decline (i.e., toward the south). This significant change, however, appeared
only at the N-S component of the PAOL station, but the E-W component of PAOL and other station compo-
nents exhibited very subtle changes (Figure S9). This component continuously moved southward at around
—40 and —20 days and then shifted northward between —20 and 0 days, which was close to the time when
the rate of ambient tremor began to increase (Figure 4b). Although the variation between —20 and 0 days
was also recorded by other surrounding GPS stations such as in GS55, the changes were much smaller than
those observed at PAOL. During other time periods, however, the correlations between changes in the GPS
trend and increases in the tremor rate were inconsistent.

4.3. GPS Modeling

To reveal the potential underlying faulting mechanism and the location responsible for the increase in tremor
activity, we modeled GPS data between —60 and 60 days in time intervals of every 20 days (Figure 8). To
obtain constrained modeling results, we included stations that had recorded clear temporal variation (i.e.,
TAYN, PAOL, LGUE, DONA, and GS55) and other stations over in a wider area (i.e., GAIS, S012, GS52, MLO1,
KASU, LIKN, and WULU). We estimated GPS horizontal displacements over 20 day time periods using a least
squares function. Since the deformation signal was subtle, and it did not allow us to constrain all of the fault
parameters, we fixed the fault length and width to be 10 km and used a NW-SE striking fault plane dipping
40° to the NE so that it was consistent with the main shock rupture. We obtained the best fitting model by a
grid search for the location of the fault.

Our modeling results do not show any constrained and stable fault slip beneath the southern Central Range
during this time period (Figure 8). In addition, depending on the selection of stations by the bootstrap
method, the source location may vary since changes in our target signals over a 20 day period were too
subtle to be captured by all surrounding GPS stations (Figures 1, 4, and S9). Nevertheless, while the best fit-
ting sources of faulting were mostly located west of the tremor zone for —60 to +60 days (Figure 8), the
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Figure 8. Modeling results for the GPS data. The green square represents the best fitting faulting source with GPS observations. The abbreviations: Len (fault length),
Wid (fault width), Ftop (depth of the fault top), rchi2 (reduced chi-square), ss (strike-slip component, left-lateral slip is considered positive), and ds (dip-slip com-
ponent, thrust slip is considered positive). The yellow circles indicate tremor locations from the clustered catalog. The moment magnitude of tremor in each 20 day
period is computed by the total duration of tremor activity [Aguiar et al., 2009].

source of tremor from —40 to —20 days was close to the epicenter of the Jiashian main shock with a 10 km
depth. The equivalent moment magnitudes of the faulting sources ranged from M,,5.5 to M,,6.0.

5. Discussion

5.1. Potential Bias of the Tremor Detection Algorithm

In this study, we developed a robust algorithm for the automatic detection and location of tectonic tremor
beneath the southern Central Range of Taiwan. Unlike other regions (e.g., Japan and Parkfield) with sensitive
borehole stations, our study relied only on the use of surface stations. Because of the strong amplitude of
background noise recorded during the local daytime (Figures 2 and 5), some ambient tremor could have
gone undetected [Maeda and Obara, 2009]. In addition, our spatiotemporal clustering criterion may have
excluded potential isolated events or weak tremor episodes. However, confirming whether these isolated
or short-duration events were signals from tremor or other unknown sources was difficult. Hence, it is impor-
tant to note that this catalog did not include most daytime tremor activity and other weak tremor episodes.
Nonetheless, it can still provide useful information on the spatiotemporal evolution of tremor activity in the
southern Central Range.

As mentioned before, due to large uncertainties in the WECC method [Wech, 2010], our tremor catalog did
not include depth information. In subduction zones, many studies have simply projected tremor epicenters
onto plate interfaces [Obara, 2010; Wech and Creager, 2011]. However, because of the lack of definitive infor-
mation on source faults for generating tremor in our study region, we were unable to perform such projec-
tion. Ide et al. [2015] suggested that the focal mechanism of low-frequency earthquakes (LFEs) beneath the
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southern Central Range is consistent with a low-angle thrust fault. Another recent study of LFE locations indi-
cated a near-vertical, distributed pattern in the tremor source region [Aguiar et al., 2017] consistent with that
found by previous studies of triggered LFEs [Tang et al., 2010] and ambient tremor in this region [Chuang
et al.,, 2014]. Hence, the fault geometry responsible for hosting tremor beneath the southern Central Range
remains unclear.

5.2. Lack of Triggered Tremor During the 2010 Chile Main Shock

To explore why no tremor was triggered by the 2010 Chile event, we compared the surface waves and spec-
tra of the triggering (2011 Tohoku-Oki) and nontriggering (2010 Chile) events (Figure S8). We found that the
large amplitudes of Love and Rayleigh waves of the 2011 Tohoku-Oki event lasted longer (i.e.,, more than
700 s, Figure S8b) than those of the 2010 Chile event (i.e., ~300 s, Figure S8a). In addition, the largest dynamic
stress measured from the Chile event, 12 kPa, appeared at only one cycle of the Rayleigh wave, and the
remaining surface waves did not generate dynamic stress that exceeded the tremor-triggering threshold.
Thus, we suggest that even though dynamic stress plays a significant role in dynamic triggering, the fre-
quency content and duration of the surface waves or body waves also play a significant role in controlling
the tremor-triggering threshold [Aiken et al., 2013]. Moreover, since the Chile main shock did not trigger
any instantaneous tremor during its surface waves or tremor rate changes at slightly longer times (i.e., no tre-
mor was observed within £12 h), we inferred no causal link between the Jiashian main shock and the
Chile earthquake.

5.3. No Clear Long-Term GPS-Observable SSEs Associated With Tremor Activity

By comparing tremor in the southern Central Range of Taiwan to other tectonic environments, Idehara et al.
[2014] suggested that Taiwan tremor patches occurred in a small rupture area with short durations. Our obser-
vations also indicated that tremor activity beneath the southern Central Range had a short duration (an aver-
age of 14.4 min per day) and short-recurrent cycle (an average of 5.3 days) and that it did not correlate with
GPS-observable SSEs. If we assume that the occurrence of any ambient tremor represents an ongoing SSE
[Wech and Creager, 2011], the estimated magnitude of SSEs beneath the southern Central Range would be
small because of the short duration of tremor activity [Idehara et al., 2014]. Such small-magnitude SSEs (i.e.,
magnitude less than M,,5.5, Figure 8) would probably not generate slip large enough to be recorded by
GPS stations [Obara, 2011]. For example, even in the tectonic tremor-active region along the Parkfield-
Cholame sections of the San Andreas Fault in California, no direct GPS or strainmeter observable SSEs asso-
ciated with tremor activities have been detected [Smith and Gomberg, 2009]. Similarly, we suggest that the
southern Central Range is unlikely to produce larger-magnitude SSEs associated with tremor (Figure 8).

5.4. Tremor Activity Before the Jiashian Earthquake

To reveal a plausible correlation between sudden changes in GPS displacement observed at —60 days asso-
ciated with tremor activity (Figure 4b), we first checked the field GPS station at PAOL to confirm that the
changes were real signals rather than false detections. We found that during the study period, no antenna
had been replaced, except following typhoon Morakot (~7 months before the Jiashian main shock,
Figure 4a). If we assume an association between a GPS-observable event and a sudden slip at depth, surface
deformations recorded at many surrounding stations should have ensued. However, while a clear drop at
—60 days appeared at the N component of the PAOL station, only a coherent but smaller variation was
observed in the E component of the PAOL and other stations (Figures 4a and S9). Moreover, we cannot obtain
a constrained faulting model that fits GPS records that show a significant change at the N component of
PAOL along with subtle changes in other stations (Figure S9). Thus, we suggest that the sudden change at
—60 days could have resulted from a very localized signal, not an ongoing deep SSE around the study region.
The PAOL site, located on a river terrace, experienced insignificant motion, even during heavy rain or
typhoons (Figure 4a). Hence, we also exclude the possibility that this change was caused by shallow land-
slides or other transient signals.

Below we evaluate both positive and negative evidence that the increasing tremor rates in the last few weeks
before the Jiashian main shock reflected aseismic slip. First, changes in the tremor rate closely matched
changes in the N-S component of the GPS PAOL station (Figures 4 and S9). As mentioned before, tremor is
extremely stress sensitive, and it can be perturbed by small stress variations on the order of several kilopas-
cals from various external stress perturbations. Thus, we can reasonable assume that precursory aseismic slip
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in the lower crust may have caused stress changes, starting at —19 days, in the eventual rupture zone of the
Jiashian main shock. In addition, the long-term trends exhibited in GPS records before and after the Jiashian
main shock are consistent with those of (i.e., cumulated regional stress moving toward the northwest) Ching
et al. [2011]. Ching et al. [2011] also suggested that triggered tremor from Peng and Chao [2008] was likely
located in the downward extension of the epicenter of the Jiashian main shock. However, changes in the tre-
mor rates and GPS vectors before the Jiashian main shock could be coincidental. We note that only the GPS
PAOL station showed clear signals at —60 days and immediately before the main shock (Figures 4 and S9).
Despite some coherent signals at nearby stations (e.g., LGUE and DONA), they were much weaker than those
at the PAOL station. Hence, the best fitting models in these time periods (—60 to —40, and —20 to 0 days)
were likely just beneath PAOL (Figures 8a and 8c) rather than near either the Jiashian main shock nucleation
zone or the tremor region. The best fitting slip patch between —40 and —20 days was near the main shock
nucleation zone. However, tremor was not very active during this time period. Finally, we also checked but
did not find any clear migration pattern of tremor activity right before the main shock (Figure S10). Hence,
while the tremor rates changed before the Jiashian main shock, we were unable to geodetically observe
aseismic slip preceding the main shock. This finding indicates that aseismic slip did not occur or that it did
occur but remained undetected by surface GPS stations.

5.5. Tremor Activity Associated With Other Nearby Earthquakes

To further check whether temporal variations in the tremor rate and GPS records could be also
observed during other earthquakes, we selected additional earthquakes with local magnitudes (M,)
greater than 4.0 surrounding the tremor source regions (Table S1). We compared the cumulative tre-
mor rate, GPS records, and tremor recurrence cycles within 120 days before and after five selected
earthquakes. As shown in Figure 9d, the 2011 M;4.2 earthquake (Event #4, 14.9 km in depth), located
in the Jiashian aftershock zone (Figure 1), exhibited a pattern similar to that of the Jiashian main
shock (Figure 9a, Event #1, 22.4 km in depth) in several aspects: an increase in the long-term tremor
rate after each main shock, a slight increase in tremor duration starting at —20 days, a change in the
slip direction of GPS records between —30 and 0 days, and an increase in tremor recurrence cycles
between —120 and —20 days (Figure 5¢, periods before Events #1 and #4). In comparison, the 2010
M,5.7 Taoyuan earthquake (Event #2, 19.3 km in depth), which occurred 143 days after the Jiashian
earthquake (Figure 4) [Chan and Wu, 2012] exhibited no increase in tremor activity after the main
shock. Since the occurrence times between these five earthquakes are relatively short (~121 days
on average, Figure 4a), their impacts on changes between the tremor rates and the directions of sur-
face slip of each earthquake are not easily distinguishable. For example, tremor became more active
after Event #1, and the observations during +20 to +120 days in Figure 9a overlaps —120 to
—20 days in Figure 9b. In other words, the Taoyuan earthquake occurred within the period while
the tremor rate was still increasing due to the lJiashian main shock. Thus, the association between
changes in the tremor rate and the Taoyuan earthquake is unclear. Another 2010 M;4.3 shallow
earthquake (Event #3, 5.8 km in depth) located to the north of the active tremor source and the
2011 M;4.0 earthquake (Event #5, 209 km in depth) located next to the Jiashian hypocenter
(Figures 9 and 1) also showed no significant changes in either the tremor rate or GPS records.

As for the increase in the tremor rates between —20 and 120 days for the Jiashian and M;4.2 events
(Figures 9a and 9d, respectively), we cannot rule out the possibility that they are not correlated with nearby
earthquakes. One possibility could be rate decreases (or increases in recurrence cycles) of tremor activity
between —120 and —20 days (Figures 9a and 9d, respectively), a few months after the 2009 Typhoon
Morakot. However, we found that the recurrence times (the inverse of rates) in the last 20 days before the
Jiashian main shock were even lower than the recurrence times before the Typhoon Morakot (Figures 5c
and S11). An alternative explanation is that the decrease in tremor recurrence cycles (or higher tremor rates)
may indicate a tremor source region closer to failure, and tremor activity would have been more sensitive to
stress variation from a nearby earthquake.

6. Conclusion

In this study, we developed an automatic tremor detection and location algorithm and applied it to the
southern Central Range of Taiwan. During the 3 year study period between 2009 and 2011, we obtained a
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Figure 9. Comparison between the tremor rate and GPS records for 120 days before and after five selected earthquakes
(Figure 1a and Table S1). Open circles mark GPS data observed at the PAOL station in the north component. The red
dotted line indicates the best fitting line computed between —120 and —20 days. Figure 9a is the same as in Figure 4b for
the Jiashian main shock.

robust tremor catalog with both ambient and triggered tremor. We found that ambient tremor activity in the
southern Central Range had short durations (with a daily average of 14.4 min) and short recurrence periods
(an average of 5.3 days). We also examined GPS data from stations surrounding the tremor sources and found
no GPS-observable slow-slip events correlated with tremor activity. Our results also indicate that triggered
tremor has a spectrum identical to that of ambient tremor, but with much larger amplitude, supporting pre-
vious findings that triggered tremor is the accelerated version of ambient tremor [e.g., Chao and
Obara, 2016].

We also examined temporal variation of ambient tremor activity before and after the nearby 2010 M,6.4
Jiashian earthqauke (i.e., 20 km away from tremor sources). We found that the tremor rate started to increase
a few weeks before the Jiashian main shock and continued with a long-term increase after the main shock.
The daily tremor duration time, starting at 19 days before the main shock, increased from 12.6 £ 5.5 min
t0 22.6 + 9.4 min. Also, a nearby GPS station recorded a change in the N-S component at the same time as
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the tremor rate began to increase. We also observed a similar temporal variation pattern in the tremor rate
and GPS data before and after the 2011 M, 4.2 earthquake. Since tremor is extremely stress sensitive, we sus-
pect that the increase in the tremor rate may have reflected the aseismic prenucleation process of the nearby
Jiashian earthquake. However, as only one station recorded geodetic signals, we were not able to determine
reliable information about aseismic slip around the main shock epicenter. Hence, we assume that such an
aseismic process did not occur or that it was too small to be recorded by surface GPS stations.

Compared with the same period before the main shock, the long-term tremor rate after the Jiashian earth-
quake increased by ~35%. The following increase in the tremor rate was mainly due to the increase in static
Coulomb stress in the surrounding regions after the Jiashian earthquake. In addition, although the 2010
M,,8.8 Chile earthquake occurred 5 days before the Jiashian earthquake, we found no clear triggered tremor
during its surface waves, suggesting no correlation among the 2010 Chile earthquake and tremor activity and
the Jiashian earthquake.

Although our analysis provided a consistent tremor catalog from 2009 to 2011, it was limited to only sur-
face seismic stations, resulting in high background noise during the local daytime, when the amplitude of
noise is greater than that of ambient tremor. We suggest that future studies of tremor in this region
should place stations closer to the tremor sources. Alternative solutions include high-density seismic arrays
[e.g., Sun et al., 2015] or borehole stations, both of which would enable more accurate recording of tremor
signals with high signal-to-noise ratios, specifically the signals of events occurring during the
local daytime.
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