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SUMMARY

The 2019 M_ 6.3 Hualien earthquake struck the northern Longitudinal Valley (LV) and
generated not only large strong motions (intensity of 7, as defined by the Central Weather
Bureau, Taiwan) locally but also widespread strong shaking in metropolises in northern Taiwan.
In this study, we analyse strong motion records from local seismic networks to understand the
source properties of the 2019 event. We first obtain the centroid location of the 2019 event
using the source-scanning algorithm (SSA) technique by applying the unfiltered records. The
determined centroid location is 121.55°E, 24.10°N, with a depth of 22.5 km. This location is
5.5 km north—northwest of and 3.8 km deeper than the Central Weather Bureau hypocentre,
suggesting that the 2019 event occurred on the high-angle west-dipping plane of the focal
solution. The centroid time delay is 3.35 s. Then, we obtain strong motion generation areas
(SMGAs) of the 2019 event using the empirical Green’s function method by considering
the broad-band waveforms (0.4-10 Hz). Unlike other moderate-sized earthquakes in Taiwan,
which have one SMGA, we determine that there were two SMGAs in the 2019 event. SMGA1
initiated at the CWB hypocentre with a size of 4.00 km?, and SMGA2 initiated at the centroid
location determined by the SSA approach with a size of 3.63 km?. Such small areas cause
high stress drops of 13.7 and 27.4 MPa for SMGAL and SMGAZ2, respectively. We infer
that the localized high stress drop of SMGAS is one of the important factors responsible for
high peak-ground accelerations (PGAS) in Taiwan in addition to a strong directivity effect
coupled with the radiation pattern reported by the previous study. Furthermore, previous
moderate-sized earthquakes on an active structure called the Xiulin segment revealed similar
source properties with a high stress drop and generated large PGA locally as well as in the
metropolises of northern Taiwan. Considering the stored moment deficit, the probability of
a future large earthquake in the northern LV region remains high. It is essential to consider
seismic hazard assessment and mitigation for this not-well-known but high-seismic-potential
region.

Key words: Earthquake ground motions; Earthquake hazards; Earthquake source observa-
tions.

damage were reported (CEOC 2019; NCREE 2019; Su 2019). The
hypocentre was located at 121.56°E, 24.05°N with a focal depth of
18.8 km, as reported by the Central Weather Bureau (CWB). The
moment tensor solution of the CWB revealed that the mechanism of

1 INTRODUCTION

An M, 6.3 earthquake occurred in eastern Taiwan on 2019 April 18.
This moderate earthquake (hereafter, the 2019 event) not only gen-

2202 YoIe|\ gz uo Jasn Aieiqi Asioaiun [enusa) [euoneN Aq 2610059/599 4/€/622/2101HE/B/woo"dno-o1wapeoey/:sdjy woly papeojumod

erated extremely large shaking (intensity of 6-7) near the hypocen-
tre but also produced strong ground motion (intensity of 4) in
metropolises in northern Taiwan. The epicentral distance was ap-
proximately 100 km from cities such as Taipei, New Taipei and
Taoyuan Cities (Fig. 1a). One death, 16 injuries and some minor

the 2019 event was a thrust with minor strike-slip motion, and the
aftershock distribution was clustered on a high-angle west-dipping
fault plane (Fig. 2; Table 1).

Lee et al. (2020) obtained a significant difference in the peak-
ground acceleration (PGA) distribution in northern Taiwan of the
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Figure 1. The observed peak ground acceleration determined from free-field strong motion stations (triangles and squares) of (a) the 2019 Hualien earthquake
and (b) the 2000 Hualien earthquake. (c) The isoseismal map of the 1986 Hualien earthquake, modified from Tsai et al. (1986).

2019 event, and a nearby event occurred in 2018 with a similar
magnitude (fig. 2 in Lee et al. 2020). They provided principal in-
formation on the overall faulting process by applying finite-fault
modelling with low-frequency band data (0.05-0.33 Hz). They con-
cluded that the widespread strong ground shaking generated by the
2019 event was attributed to a strong northward directivity effect
coupled with its source radiation pattern during faulting. They ob-
tained a small asperity located at the hypocentre, and a larger as-
perity occurred 10 km north of the hypocentre (fig. 4 in Lee et al.
2020).

The northern Longitudinal Valley (LV), which overlies the suture
zone between the Philippine Sea plate and the Eurasian plate, ex-
tends 150 km between Hualien and Taitung in eastern Taiwan (Yu
& Kuo 2001; Hickman et al. 2002). In recent decades, the northern
LV has been struck by several large disastrous events (Fig. 2). These
events were the 1951 Longitudinal Valley earthquake sequence, the
1986 M6.5 Hualien earthquake, the 2000 M6.1 Hualien earthquake,
the 2003 M6.4 Cheng Kung earthquake, the 2013 M6.4 Ruisui earth-
quake and the 2018 M6.4 Hualien earthquake (Ching et al. 2007;
Chen et al. 2008; Lee et al. 2014; Wen et al. 2019). To date, this
region still has several faults with a high rupture probability from
the Taiwan earthquake model (TEM), such as the Milun and LV
faults (Wang et al. 2016; Chan et al. 2017, 2019). Not surprisingly,
approximately 14 months after the 2018 Hualien earthquake (the
2018 event’), the 2019 event again struck the northern LV region,
a locked zone with high potential for a large earthquake (Rau et al.
2007). Although the distance between the epicentres of these earth-
quakes is only 20 km, the damage patterns of the two events are
very different. The 2018 event caused serious damage in Hualien
City to the south of the epicentre (Huang & Huang 2018; Kuo et
al. 2019; Lee et al. 2019; Lo et al. 2019; Wen et al. 2019; Lin et
al. 2020), while the 2019 event significantly affected cities 100 km
away in northern Taiwan (Fig. 1a).

Studying the seismic source properties of a large earthquake us-
ing a dense strong-motion station network is powerful due to the
high-resolution records and good station coverage. Lin et al. (2018)
identified two clear subevents of the 2016 M, 6.6 Meinong, Taiwan

earthquake by analysing unfiltered records of a local dense net-
work and successfully simulated the high-velocity pulse (>100 cm
s™1) that had damaged the city. In addition, Lin et al. (2020) anal-
ysed the waveforms from a local dense array and found that slips
on a short local patch (i.e. the Milun fault) of the 2018 Hualien
earthquake generated a strong velocity pulse that was the domi-
nant cause of damage in Hualien City. These velocity pulses are
difficult to explain using finite-fault modelling due to the use of an
insufficient velocity model without considering precise site effects
(Lin et al. 2020). On the other hand, Irikura (1986) developed an
empirical Green’s function (EGF) method to simulate broad-band
strong-motion records (up to 10 Hz), which assumed a character-
ized source model consisting of one or more rectangular patches.
Miyake et al. (2001, 2003) named the patch the ‘strong motion
generation area (SMGA),” which is a characteristic area with a uni-
form slip and stress drop within the total rupture area. With the
advantage of a dense strong-motion station network in Taiwan, sev-
eral moderate-to-large events have been well studied using the EGF
method, including eight Nantou events that occurred in 1999 and
2013 (Wen et al. 2017), the 2013 Ruisui event (Wen et al. 2016),
and the 2010 Jiashian and 2016 Meinong earthquakes (Wen et al.
2020). These blind fault events in Taiwan were found to follow a
particular self-similar scaling relationship, showing a small dimen-
sion of SMGA and a high stress drop, which could be attributed
to the immature buried fault. Here, we focus on investigating the
source properties of the 2019 event using local strong motion net-
works through analyses in the broad-band range (0.4 to 10 Hz) using
the EGF method to better understand the source characteristics and
details.

2 DATA

We use seismic records of two strong motion networks, both with
accelerometers, in eastern Taiwan (Fig. 3). The first network is
the Taiwan Strong Motion Instrumentation Program (TSMIP) net-
work managed by CWB and deployed in a free field (Liu et al.
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Figure 2. (a) Distribution of earthquakes along the Longitudinal Valley. Epicentres (stars), focal mechanisms and the related aftershock distributions (dots)
of different events are shown in various colours: red indicates the 2019 Hualien earthquake; black indicates the 2018 Hualien event; pink indicates the 2014
Fanglin event; blue indicates the 2013 Ruisui event; green indicates the 2000 Hualien event; and purple indicates the 1986 Hualien earthquake. Grey stars and
dots indicate the 1951 Longitudinal Valley earthquake sequence, the 2003 Cheng Kung earthquake and background seismicity. The active faults (thick lines)
identified by the Central Geological Survey of Taiwan are also shown. (b) The D-D’ profile is the cross-section with a dipping angle of 67°. The rectangles
indicate the SMGA of the 2000 Hualien earthquake (green star) and SMGAL (red star), as well as SMGA2 (brown star) of the 2019 Hualien event.
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Table 1. Earthquake parameters for the 1986, 2000 and 2019 Hualien earthquakes and the EGF event.

Date 15 Apr 2019 (EGF event) 18 Apr 2019 10 Sep 2000 20 May 1986
Epicentre 121.520°E 121.559°E 121.584°E 121.590°E

24.045°N 24.054°N 24.085°N 24.080°N
Depth 20.03 km 20.33 km 17.74 km 15.82 km
Fault plane (strike, dip and rake) 210/56/718 210/67/762 214/58/69° 214/45/67¢
Mo 4.64 % 1014 NmP 2.34 < 1018 Nm¢ 5.83 % 10 Nm¢  2.40 < 108 Nm¢
My 4.2 6.3 6.2 6.5

The epicentres were determined by CWB. The seismic moment and fault plane solutions were determined by a: CWB; b: BATS; c:

Global CMT solution; and d: U.S. Geological Survey.
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Figure 3. Distribution of the strong motion stations, the 2000 and 2019 Hualien earthquakes and the EGF event. Epicentres (stars) and focal mechanisms of
the 2000 and 2019 events and the EGF event are listed in Table 1. Squares indicate TSMIP stations, with open squares showing the stations used in the source

spectral ratio analysis and EGF simulation. Dots show the P-Alert stations.

1999; Liu & Tsai 2005). Some TSMIP stations do not have ac-
curate time information. The second network is the P-Alert net-
work operated by National Taiwan University for early warn-
ing purposes (Wu et al. 2013). The instruments of the P-Alert
network were installed in buildings in schools, and their clocks
were auto calibrated via the internet. The P-Alert data are used
to determine the centroid location only due to its non-free-field
characteristic.

3 CENTROID LOCATION DETERMINED
BY THE SSA TECHNIQUE

To determine the centroid location of the 2019 event, we apply the
source-scanning algorithm (SSA) technique to the P-Alert records
(Kao & Shan 2004). This technique was applied broadly in previ-
ous studies to determine various source location types, including
earthquakes, tremors, and landslides (Kao & Shan 2004, 2007; Kao
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Figure 4. (a) The centroid location determined by the SSA approach. The blue squares demonstrate the centroid location. The circles and diamonds indicate
the hypocentres reported by the CWB and obtained by the 3-D velocity structure used in the present study (Huang et al. 2014), respectively. The grey grid
graph represents the area for the SSA approach. The colour scale shows the marginal probability. (b) Marginal probability of the delay time. The maximum

probability is marked with an open circle at 3.35 s.

et al. 2008; Liao et al. 2012). Additionally, it has been shown to
be efficient for delineating the source characteristics of earthquake
doublets (Kan et al. 2010) and for determining the centroid location
of an earthquake (Lin et al. 2018; Lin et al. 2020).

The SSA method determines the optimal distribution of a source
location using a grid-search method based on the observed wave-
forms. We follow the procedure for the SSA technique described in
Lin et al. (2018) and calculate the brightness of an assumed source
point (n) at a specific delay time (T) as

N M
br(n,t) =

n=1m=-M

Pa(T + tyy + mdt) , 1)

where P, is a probability density function (PDF) determined from
a seismic waveform n; N is total PDFs used in the SSA approach;
tyn is the predicted S-wave travel time based on a source point n
and a station for the waveform n; and dt and 2M are the time
interval and the number of data points in a window around the
arrival time, respectively. The centroid location is determined to be
in the location of maximum brightness. Here, we calculate a PDF
from a seismic waveform. We integrate an acceleration waveform
to a displacement waveform, square the amplitudes, and scale the
amplitude function so that the area beneath the function equals one.
A high pass filter with a corner of 0.1 Hz is applied. More details
of the SSA technique are demonstrated in Lin et al. (2018).

In this study, we use 80 waveforms in the horizontal components
from 40 P-Alert stations located within a 50 km radius of the CWB
epicentre for the SSA analysis. We calculate the S-wave predicted
arrival time using a 3-D velocity structure in Taiwan (Huang et al.
2014). The considered time window is +1.0 s from the predicted
arrival time, and dt is 0.01 s. The potential source region for a
grid search spans longitudes 121.30°E to 121.80°E and latitudes
23.75°N to 24.25°N with a 0.025 interval in both directions. The
depth ranges from 0.0 to 30.0 km with a 2.5 km grid size. The delay
time ranges from 0.0 to 20.0 s with a 0.05 s interval.

The determined centroid location of the Hualien earthquake is
121.55°E = 2.5 km and 24.10°N =+ 1.25 km (Fig. 4). The fo-
cal depth is 22.5 km, with considerable uncertainty from 20.0 to
27.5 km. The delay time is approximately 3 s. We have more sig-
nificant confidence in the horizontal location of the centroid than
in its depth, as shown in Fig. Al. Details of the uncertainty of lo-
cation estimation are described in Appendix A. Fig. 5 indicates the

predicted P- and S-wave arrival times from the CWB hypocentre
(T1 and T2 bars) and the centroid location (T3 and T4 bars) on the
N-S record section. The predicted S-wave arrivals generated by the
centroid location (T4 bar) match the maximum amplitude of the
displacement waveforms, suggesting that the obtained centroid lo-
cation is reasonable. The determined centroid location is 5.5 km to
the north—northwest and 3.8 km deeper than the CWB hypocentre
(Fig. 4). If slips occurred on a single fault plane, the relative location
of the hypocentre and the centroid could be a hint for identifying the
exact rupture plane and directivity of an earthquake. We recognize
that the rupture of the 2019 event extends from the hypocentre to a
more northern and deeper portion along the high-angle west-dipping
nodal plane, and the aftershock distribution also supports our
observations.

4 STRONG MOTION GENERATION
AREAS (SMGA) OF THE 2019 EVENT

To investigate the source properties of the 2019 event, we se-
lect an M_ 4.2 event as an EGF with a focal mechanism and
a location similar to those of the 2019 event (Fig. 3; Table 1).
We then apply the EGF method (detailed in Appendix B) us-
ing the TSMIP records in different azimuths near the hypocen-
tre (squares in Fig. 3). The frequency in the calculations ranges
from 0.4 to 10 Hz. We select the high-angle west-dipping plane
(Table 1) as the rupture plane based on the results of the SSA in
Section 3.

Previous studies reproduced the synthetic near-source strong mo-
tions, effectively explaining the observed records of the 2013 M,
6.4 Ruisui and 2014 M, 5.9 Fanglin earthquakes using a single-
SMGA model (Wen et al. 2016; Wen 2018). We first assume a
single-SMGA model and perform a grid search to obtain optimal
SMGA-related parameters, as described by Miyake et al. (1999,
2003), by simulating the waveforms to fit the observed displace-
ments and the envelopes of the observed accelerations. The optimal
size of a single SMGA is 5.76 km?, and the other parameters are
shown in Table 2. The starting point of rupture is set at the CWB
hypocentre. The comparison of the observed and synthetic wave-
forms is shown in Fig. 6. The light grey lines display the synthetic
waveforms of the single-SMGA model at the stations. \We recognize
that the synthetics explain only the first few seconds of observations
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