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Strong-motion characteristics of two 2022 M ==

6.5 + disastrous earthquakes in the southern
longitudinal valley, Taiwan
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Abstract

Two disastrous earthquakes, the M, 6.6 Guanshan and M, 6.8 Chihshang earthquakes, called the 0917 and 0918
events, respectively, occurred in the southern longitudinal valley (LV) of eastern Taiwan within a 17-h interval in 2022.
In the present study, we document the observed strong ground motions and damage distributions and analyze

the source properties of both events via broadband (0.2 ~ 10 Hz), near-field, strong-motion seismic records. The
results of Empirical Green’s function (EGF) analysis reveal that the 0917 event ruptured to the south in a single strong-
motion generation area (SMGA), with a size of 47.04 km?, and that the 0918 event ruptured to the north through two
SMGAs, with a combined size of 80.16 km?. The SMGA models explain the observed velocity pulses that caused
severe damage well. Using the source-scanning algorithm technique, we obtain the centroid locations of both events
on the west-dipping Central Range Fault (CNF), indicating that the 0917 and 0918 events had southward directivity
and northward directivity, respectively, which are consistent with the results from the EGF method. We summarize
that the velocity pulses of both events could be attributed to rupture directivity, high stress drops, and shallow
ruptures from the obtained SMGA(s). Combined with the findings of previous studies of moderate-to-large earth-
quakes occurring in the LV, seismic hazard assessment and mitigation are important because of the interaction
between the west-dipping CNF and the east-dipping LV fault, especially for the shallow part above a depth of 10 km.
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1 Background

Two disastrous events, the M; 6.6 Guanshan (called
the 0917 event hereafter) and the M; 6.8 Chihshang
earthquakes (called the 0918 event hereafter) on
September 17 and 18, 2022, respectively (Fig. 1), struck
the southern longitudinal valley (LV) of eastern Taiwan.
The hypocenters were located at 121.161°E, 23.084°N,
with a focal depth of 8.61 km, for the 0917 event, and
at 121.196°E, 23.137°N, with a focal depth of 7.81 km,
for the 0918 event, as reported by the Central Weather
Administration (CWA). The moment tensor solutions of
the Broadband Array in Taiwan for Seismology (BATS)
(Jian et al. 2018) revealed that the mechanisms of these

(See figure on next page.)

two events were strike slips with minor thrust motions
on a fault plane with a high dip angle (Fig. 2; Table 1).
These two shallow events caused intense ground shaking
and resulted in unexpected disasters and severe damage
along the LV (marked as diamonds in Figs. 2 and 3).

The LV is defined as a suture zone between the
Philippine Sea plate and the Eurasian plate and extends
150 km between Hualien and Taitung Counties in
eastern Taiwan (Yu and Kuo 2001; Hickman et al. 2002).
According to geodesic studies, the LV accommodates
horizontal shortening at a rate of approximately
30-40 mm/year (Yu et al. 1997; Yu and Kuo 2001),
which is also accompanied by high seismicity. The

Fig. 1 Distributions of the stations as well as the Central Weather Administration (CWA) epicenters (stars) and locations (solid circles) according
to the source-scanning algorithm (SSA) for the 0917 and 0918 events. The blue symbols represent the 0917 event, and the red symbols represent
the 0918 event. The 2000 (black star) and 2019 (white star) Hualien earthquakes are also shown. The red triangles and green squares represent
the locations of the TSMIP and P-alert networks, respectively. The red lines indicate the identified active fault traces from the Central Geological
Survey (CGS) 2021 version. The cross and circular symbols indicate the seismicity after the 0917 (2022/9/17 13:41:20~2022/9/18 06:44:14 UTC)
and 0918 (2022/9/18 06:44:14 ~ 2022/9/25 00:00:00 UTC) events, respectively. The selected waveforms in the figure are the observed velocities
with PGVs > 60 cm/s for both events. The maximum PGVs and the time scale are presented
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Fig. 1 (Seelegend on previous page.)
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Fig. 2 PGA distributions of the (a) 0917 and (b) 0918 events, where the black star represents the epicenter, triangles represent strong-motion
stations, and yellow diamonds represent damaged buildings (without distinguishing whether damage occurred via the 0917 or 0918 event). The
blue line is the active fault line of the CGS 2021 version. The color contours of the PGA are derived through interpolation based on data acquired
from strong-motion stations within the specified range. The interpolation is conducted via GMT version 4.5.16, with a grid spacing of 1 km

Table 1 Earthquake parameters for the 2022 Guanshan earthquake (0917 event) and 2022 Chihshang earthquake (0918 event) and
related REF/EGF events

Date 17 Sep 2022 (0917 13 Sep 2022 (0917 21 Sep 2022 (0917 18 Sep 2022 (0918 18 Sep 2022 (0918 18 Sep 2022 (0918
event) REF) EGF) event) REF) EGF)

Epicenter 121.161°E 121.154° 121.151°E 121.196° 121.194° 121.195°
23.084°N 23.078°N 23.068°N 23.137°N 23.146°N 23.141°N

Depth 861 km 9.23 km 1412 km 7.81 km 745 km 7.81 km

Faultplane  201/62/15 206/90/30 210/56/40 201/75/39

(strike, dip,

rake)

M, 6.6 47 48 6.8 48 57

M, 876x10'® Nm? 3.20%x 10" NmP 3.87x10" Nm? 9.30x 10" Nm®

The epicenters and fault plane solutions were determined by the CWA and BATS solutions, respectively. The seismic moments were determined as follows: *Global
CMT and PBATS solutions
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Fig.3 PGV distributions of the (a) 0917 and (b) 0918 events, where the black star represents the epicenter, triangles represent strong-motion
stations, and yellow diamonds represent damaged buildings (without distinguishing whether damage occurred via the 0917 or 0918 event). The
blue line is the active fault line of the CGS 2021 version. The color contours of the PGV are derived through interpolation based on data acquired
from strong-motion stations within the specified range. The interpolation is conducted via GMT version 4.5.16, with a grid spacing of 1 km

east-dipping faults [southern part of the LV fault,
named LVF hereafter, defined by Shyu et al. (2020), and
the Chihshang fault, defined by the Central Geological
Survey, CGS (2022)] are considered the main seismogenic
faults due to plate collision along the LV suture boundary.
Despite the low activity and absence of surface outcrops,
previous studies have suggested the existence of the west-
dipping Central Range Fault (CNF) bounding the western
margin of the LV (Biq 1965; Lee et al. 2003; Shyu et al.
2006). Several moderate-sized events that occurred in
the northern CNF, e.g., the 2013 M; 6.4 Ruisui, 2018 Mw
6.4 Hualien, and 2019 M; 6.3 Hualien earthquakes, have
been reported (Wen et al. 2016; Lin et al. 2022 and all
other studies for these events), as well as the 2006 Mw 6.1
Taitung earthquake in the southern CNF (Wu et al. 2006;
Mozziconacci et al. 2013). Similar to the 2006 Taitung

event, the focal mechanisms and aftershock distributions
suggested that both the 0917 and 0918 events ruptured
mainly on the west-dipping CNF within 17 h (Fig. 1; Lee
etal. 2023).

Two previous studies reported slip distributions on
the fault(s) for both events. Yagi et al. (2023) adopted
teleseismic waveforms and determined the source
process of both events via the potency density tensor
inversion method. Lee et al. (2023) obtained a finite-
fault slip model by jointly using teleseismic and several
local strong-motion waveforms. Both studies focused
only on records with a low-frequency (or long-period)
bandwidth, which is less than 0.5 Hz. The slip patterns
from both studies are similar. The 0917 and 0918 events
ruptured from the epicenter to the south and north,
respectively. Unlike previous studies, we are interested in
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documenting seismic records from local strong-motion
networks and damage situations for both events, as well
as in obtaining the source properties of both events,
with a focus on waveforms with a frequency bandwidth
of 0.2~10 Hz. This is because waveforms with high-
frequency bandwidth signals (>0.5 Hz) (e.g., velocity
pulses with a period of 1~2 s) and large amplitudes
(>60 cm/s) may cause severe damage to buildings and
structures, which are important and interesting for most
earthquake engineering applications (Construction and
Planning Agency 2011; Wu et al. 2016). Mechanisms
producing such waveforms containing high-frequency
signals with large amplitudes are key for seismic hazards
and need to be further investigated using high-frequency
seismic records.

To determine source properties using local, dense
strong-motion networks, we first employ empirical
Green’s function (EGF) analysis. The well-known EGF
method is one of the conventional techniques used to
investigate the source properties of earthquakes by elim-
inating the effects of site amplification and propagation
paths (e.g., Velasco et al. 1994; Lay and Wallace 1995;
Ammon et al. 2005). Irikura (1986) developed an EGF
method, which assumes a characterized source model
consisting of one or more rectangular slip patches,
to simulate broadband strong-motion records (up to
10 Hz). Miyake et al. (2001, 2003) defined the character-
istic slip patch with relatively large slip velocities within
the total rupture area as the “strong-motion generation
area (SMGA)". Taking advantage of dense strong-motion
station networks in Taiwan, several moderate-to-large
events have been well studied via the EGF method,
including the 2013 Ruisui earthquake (Wen et al. 2016),
eight Nantou events that occurred in 1999 and 2013
(Wen et al. 2017), the 2010 Jiashian and 2016 Meinong
earthquakes (Wen et al. 2020), and the 2000 and 2019
Hualien earthquakes (Lin et al. 2022). Second, we apply
the source-scanning algorithm (SSA) to evaluate the
centroid location and directivity pattern via the maxi-
mum amplitude in the displacement records. The SSA
method has been considered in many seismic source
studies at event locations (Kao and Shan 2004; 2007; Kao
et al. 2008; Liao et al. 2012). It has also worked well in
distinguishing the centroid of multiple subevents within
a large event (Kan et al. 2010; Lin et al. 2018, 2022).
Both independent methods for analyzing strong-motion
records in different frequency ranges help us better
understand the source properties of the 0917 and 0918
earthquakes.
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1.1 Data

We use strong-motion records of the Taiwan Strong-
Motion Instrumentation Program (TSMIP) network
managed by the CWA and deployed on a free field (Liu
et al. 1999; Liu and Tsai 2005). In addition, we consider
data from the P-alert strong-motion network operated by
National Taiwan University. P-alert instruments, which
are designed for early warning systems, are deployed
inside school buildings (Wu et al. 2013). The sensors of
both networks are broadband accelerometers, in which
the frequency band from 0.1 to 10 Hz is flat in the
instrument response. Figure 1 shows the distributions
of the TSMIP and P-alert networks (marked by
triangles and squares, respectively) in the source area.
In addition to the free-field TSMIP strong-motion data,
we also consider the non-free-field network of P-alerts,
because the available stations around the study area
are insufficient due to the following two conditions: (i)
because the Central and Coast Ranges to the west and
east of the LV restrict deployments, the stations are
deployed only along the LV and the coastline east of the
Coast Range and (ii) the 0918 event caused extremely
high amplitudes of ground motion, resulting in some
records for both networks being interrupted owing to
power shortages and/or internet disconnection (e.g.,
stations F041 and F042; Fig. 1).

1.2 Distributions of strong ground motions and damage

Figures 2 and 3 present the distributions of the geometric
mean values of the peak ground acceleration (PGA) and
peak ground velocity (PGV) for 0917 and 0918 events,
respectively. The geometric mean is defined as the
square root of the product of the maximum values of
the horizontal components (NS and EW). The highest
ground motion values for the 0917 event were recorded at
the Wanan Elementary School station (G022, which is the
diamond marker labeled No. 8), with PGAs of 273 c¢cm/
s> and 397 cm/s® for the E-W and N-S components,
respectively (Fig. 2a). The observed PGVs are 28 cm/s and
80 cm/s for the E-W and N-S components, respectively
(Fig. 3a). The highest ground motion values for the 0918
event were recorded at the Chun-Rih Elementary School
station (F037, which is the diamond marker labeled No.
3), with even higher PGAs of 622 cm/s? and 651 cm/s?
for the E-W and N-S components, respectively (Fig. 2b),
and PGVs of 76 cm/s and 111 cm/s for the E-W and
N-S components, respectively (Fig. 3b). Although the
waveforms at stations FO41 and F042 were not completely
recorded due to communication interruption during the
0918 event (Fig. 1), the geometric mean PGA and PGV
were extracted on the basis of incomplete waveform data.
The geometric mean PGA at F041 is at least 320 cm/s?,
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and at F042, it is at least 490 cm/s?, with PG Vs both larger
than 60 cm/s. Furthermore, Fig. 1 shows the observed
waveforms with extremely high PGVs (PGV>60 cm/s)
for the N-S or E-W components. These observed
velocity waveforms seem to carry an obvious velocity
pulse with a large amplitude.

Overall, the ground motion values south of the epi-
center of the 0917 event are relatively high, and the
values north of the epicenter of the 0918 event are also
relatively high (Fig. 2). The shakemaps for the earth-
quake sequences show asymmetric distributions with
respect to the distance from the epicenter. Although
the distance between the epicenters of events 0917 and
0918 is only~10 km, the PGV distributions (Fig. 3)
indicate different directions of rupture propagation for
these two events. In addition, there are two high-PGV
zones for the 0918 event in Fig. 3. One is close to the
epicenter near the station F004, and the other is along
the LVF between 23.3°N and 23.5°N. Figures 2 and 3 also
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present the locations of 15 damaged/collapsed buildings
and bridges (marked by diamonds) from Chou et al
(2022). Because the time interval between both events
is small, we cannot separate the damaged structures
caused by each earthquake. However, on the basis of the
ground motion distributions, three damaged buildings
or bridges (No. 8 Wanan Elementary School, No. 14
Dianguang Bridge, and No. 15 Baohua Bridge) may have
been damaged by the 0917 event (Figs. 2a and 3a); the
remaining damage is considered to have been caused by
the 0918 event.

2 Methods and results

To understand the source properties for the 0917 and
0918 events, we adopted the EGF method to investigate
the rupture behaviors in the SMGA, such as the size, rup-
ture velocity, rupture direction, stress drop, and contri-
bution to strong ground motions. Then, we introduced
the SSA method to estimate the centroid location of
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potential slip patches, which is the point at which large
amplitudes of S-waves are generated during the rupture.
The details are described below.

2.1 EGF analysis

The velocity waveforms in Fig. 4 show that the 0917 event
has a single SMGA due to one distinct wave packet in
Fig. 4a, whereas the 0918 event displays two clear wave
packets in Fig. 4b, suggesting the presence of two SMGAs.
For the 0917 event, we identified the S-wave arrival time
(S1, Fig. 4a) of the SMGA at 11 stations located along
the source region. Similarly, for the 0918 event, we
determined the arrival times of SMGA1 (S1) and SMGA2
(S2) at 13 stations (Fig. 4b). We determined the S-wave
arrival times primarily through visual inspection. To aid
in the identification process, we applied various filtering
bands to enhance the clarity of the waveforms, which
helps to recognize the wave packets more accurately.
Both acceleration and velocity waveforms of the EW
and NS components were used to improve reliability.
This procedure allowed us to iteratively refine the arrival
times on the basis of station-specific characteristics and
event variations. Before conducting EGF analysis, we
objectively determined the rupture starting point and
rupture time for each SMGA by employing a grid search
method, as proposed by Asano and Iwata (2012), to
obtain the optimal rupture initiation location.

To obtain the starting point of the SMGA, we used a
small-magnitude earthquake very close to the target
events as a reference (called the REF event), as listed
in Table 1. The REF event was only used to identify the
S-wave arrival time at each station, and its focal mecha-
nism was not restricted. We applied a 3D velocity model
(Huang et al. 2014) to calculate the travel times from the
REF event as well as from the potential starting points of
the SMGA at the stations and then estimated the RMS,
which is defined as follows:

i L , 12
RMS = % Z |:t0 + (téal - téal) - (ttl)bs - tzbs)
i=1

(1)
where té  and t(’; 5 are the calculated and observed travel
times of the starting point of the SMGA at the ith station,
respectively. ?é  and ?(i)bs are the calculated and observed
travel times of the REF event. £ is the time delay of the
starting point of the SMGA relative to the origin time
of the target event. n is the number of stations used. In
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this study, we conducted a grid search across the fault
plane with a spatial interval of 500 m in both the length
and width directions and a temporal interval of 0.01 s.
For the 0917 event, the fault plane was set to 55.4 km
in length and 30.7 km in width, resulting in a total of
6,882 grid points. For the 0918 event, the fault plane was
set to 77.6 km in length and 35.7 km in width, yielding
11,232 grid points. The grid search spanned the entire
fault plane to ensure that all potential rupture starting
points were included. The resulting distributions of the
RMS residuals for the 0917 and 0918 events are shown
in Fig. 5. The rupture starting points and delay times for
each SMGA were determined by locating the grid point
with the minimum RMS value, as summarized in Table 2.

In EGF analyses, for each investigated event (target
event), we selected a small event that had a focal
mechanism and hypocenter location similar to those
of the respective target event as the EGF event (Fig. 6;
Table 1), and 9 TSMIP stations were selected on the
basis of the azimuthal coverage and the quality of
seismograms for both the target event and the EGF
events (Fig. 6). Adopting the rupture starting points
as well as the rupture delay times in Table 2, the
horizontal components of the acceleration, velocity,
and displacement records in the frequency range of
0.2 to 10 Hz at four stations around the source region
(solid triangles in Fig. 6) were simulated to estimate the
optimal SMGA-related parameters, including the width
(W) and length (L) of the SMGA, rupture velocity (V7),
and rise time (7), by applying source spectral ratio
analysis and an EGF simulation (Irikura 1986; Miyake
1999; Miyake et al. 2003). More details of the EGF
procedure are described in Appendix A and Lin et al.
(2022). Here, we first performed EGF analyses for the
0917 event via a single-SMGA model. Figure 7a shows
a comparison of the observed and synthetic waveforms
at the stations used for the simulation (solid triangles in
Fig. 6a). Figure 7b displays the waveform comparisons
of other stations near the hypocenter (open triangles in
Fig. 6a) for validation. Figure 14 displays a comparison
of the observed and synthetic acceleration spectra.
Most features of the observed records in the broadband
frequency range could be well reproduced, suggesting
that the simulation results were sufficiently reliable.

For the 0918 event, the two-SMGA model was
applied. The first few seconds of observations were
used to obtain the parameters of SMGAI, as listed in
Table 3. Because the same EGF event was used for two
SMGAs, we can rewrite Eq. (5) in Appendix A as
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the SMGA of the 0917 event and (b) SMGA1 and (c) SMGA?2 of the 0918 event. The red star marks the epicenter of the mainshock, and the solid
green circle marks the reference event, both of which are determined via CWA data
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Table 2 Locations of the rupture starting point and rupture
delay time of the SMGA models for the 0917 and 0918 events.

Longitude (°E) Latitude (°N) Depth (km) Rupture

time (s)
0917 SMGA  121.1571 23.0805 9.05 0.26
Event
0918 SMGAT 121.2017 23.1369 7.57 0.26
Event spmGA2 1212678 232109 5.08 475

Moy_sum Mo_1+ My 2
- = CsumKsSum B —

= 1K} + GK3.
mo mo

()

We assumed that the parameters obtained from
the single-SMGA model represented the combined
response of two SMGAs. Therefore, after obtaining C,
and K; of SMGA1, we then derived C, and K,. Applying
the optimal parameters of SMGA1 with the location
and delay time of Table 2, the related parameters
of SMGA2 were then determined through the grid
search, as listed in Table 3. The inaccuracy of the focal
mechanism and attenuation effect might introduce
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errors into the synthetic waveforms. Figure 8 compares
the observed records and the synthetic waveforms
for the 2-SMGA model of the 0918 event, and Fig. 15
displays the comparison of the observed and synthetic
acceleration spectra. The results indicate that the
main characteristics of the observed waveforms for
most stations could be sufficiently reproduced in the
broadband range, except those at station F004. We
discuss this in the discussion section.

2.2 SSA analysis

We considered both TSMIP and P-alert records for
the SSA analysis. We converted a 50-s-long window
of accelerations, starting from the origin time, to
displacements via double integration, applied a zero-
phase high-pass filter with a corner of 0.1 Hz, and then
calculated their probability density functions (PDFs).
The details of the SSA procedure are described in Lin
et al. (2018). We considered the interrupted records,
because these records were located at the key points

o

23°

120.6°

120.8° 121°

121.2° 121.4° 121.6°

Fig. 6 Epicenters (stars) and focal mechanisms of the (a) 2022 Guanshan (0917) and (b) 2022 Chihshang (0918) earthquakes, as well as their
EGF events. The triangles indicate the free-field strong-motion stations selected for the two events. The solid triangles represent the stations
used in the source spectral ratio analysis and the EGF simulation. The open triangles represent the stations used in the forward ground motion
simulation. The thick line is the active fault line of the CGS 2021 version
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Table 3 Parameters of the SMGA models for the 0917 and 0918 events determined via strong-motion simulations.

M, (10'8Nm) K c Rupture  LS(km) Wi(km) V,(km/s) T%(s) SF(km®)  Acsmca®
starting (MPa)
point®

0917 event  SMGA 7.6 14 0815 (59 56 84 296 098 38438 189
0918event  SMGAIT 112 2 1512 (2, 1) 56 36 252 02 111.96 12.8
SMGA2 141 4 2369 (4,1) 100 6.0 255 10 604.12 233

2 Stress drop ratio between target and EGF events; Prupture starting point defined as the initiation number of K (fault dimension ratio) along the strike and dip; ‘length
of the strong motion generation area (SMGA); “width of the SMGA,; ®rise time for the mainshock; frupture area estimated from the recipe of Irikura and Miyake (2011);

and 9stress drop of the SMGA

close to the faults/sources. The window of missing data
was artificially filled with zeros. After obtaining the
PDF for each station #, we determined the probability P
at a source point () at a centroid delay (§) as

N M
P(n,8) =[] . |PDFn(8+ tys + mat)] 3)
n=1m=—-M

where N is the total PDF, and ¢, is the propagation time
of the S-wave from source 7 to a station n. We calculate
the S-wave arrival time via the Taiwan 3D velocity struc-
ture proposed in Huang et al. (2014). dt is the time inter-
val of 0.01 s, and M is the number of data points in half
of the window around the arrival time (100 points). The
source with the maximum probability was determined
to be the centroid location (SSA location hereafter) for
the event generating the largest amplitude of S-waves.
Because our target was the generation area of the S-wave,
we used both horizontal waveforms from stations located
within a 50 km radius of the CWA epicenter. We applied
the grid search approach to the study area, spanning
from 120.9°E to 121.5°E in longitude and 22.85°N to
23.45°N in latitude. The horizontal grid interval in both
directions was 0.025°. The vertical grid search range was
from 0.0 to 30.0 km, with a 2.5 km interval. The centroid
delay ranged from 0.0 to 20.0 s, with a 0.05 interval. The
calculated parameters described above were both used
in events 0917 and 0918, because their CWA epicenters
were shallow and close.

Our results showed that the SSA location of the 0917
event was 7 km south of the CWA epicenter; the SSA
location of the 0918 event was 14 km north of the CWA
epicenter; the SSA depths were 2.5 to 5 km (Figs. 1 and
9); and the centroid delays for the 0917 and 0918 events
were 5.25 and 9.40 s, respectively. Figure 10 displays
the N-S record sections of the observed displacements
normalized locally for both events, with the predicted
P- and S-wave arrival times from the CWA hypocenter

(bars T1 and T2) and from the SSA location (bars T3 and
T4). For the 0918 event, we identified a clear S-phase
moveout initiating at the SSA source along the T4 red
bars (gray areas in Fig. 10b), and most arrival times of this
phase matched the timings of the maximum amplitude at
the stations (blue arrows in Fig. 10). We noticed that the
stations near the CWA epicenter (i.e., F004, G061, G021,
and GO022) (Fig. 10b) exhibited maximum amplitudes
earlier than the T4 bars do, consistent with the S-phase
moveout initiating at the CWA hypocenter (T2 bars).
These findings suggested that the displacements with
large amplitudes at these stations were not related to
the SSA source but rather to the CWA source. This
corresponded with the two-SMGA model of the 0918
event from the EGF analysis. On the other hand, the
observed displacements for the 0917 event at the stations
located north of the CWA epicenter (e.g., F036, F039,
F073, etc.) exhibited three obvious wave cycles (gray
areas marked 1-3 in Fig. 10a) with similar amplitudes.
These cycles caused a blunt distribution with lower
probabilities in Fig. 9a than those for the 0918 event in
Fig. 9b, causing greater uncertainty in the SSA location
and centroid delay time for the 0917 event. In general, we
have better confidence in the SSA location and centroid
delay time for the 0918 event than in those for the 0917
event.

3 Discussion

3.1 Source properties of the 0917 and 0918 earthquakes
By analyzing the strong-motion records, we found that
the rupture process of the 0918 event was more complex
than that of the 0917 event (Fig. 11). Two SMGAs were
determined on the CRF for the 0918 event. One occurred
near the CWA epicenter and was 5.6 km in length and
3.6 km in width (dip direction), corresponding to an M 6.0
earthquake. Another was~ 10 km north of the epicenter,
with a larger area of 10.0 km in length and 6.0 km in width
(dip direction), corresponding to an M 6.7 earthquake.
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Fig. 7 Comparison of observed (black lines) waveforms from the 2022 Guanshan (0917) earthquake and synthetic (gray lines) waveforms at strong-motion
stations (a) used for source modeling via the empirical Green’s function method and (b) used for forward ground motion simulations. The maximum
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is set at the CWA hypocenter
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Fig. 9 SSA results for the (a) 0917 and (b) 0918 events. The map view, Z-E, and Z-N profiles of the probability distribution are shown. The open stars
and circles are the CWA hypocenters and the SSA locations, respectively. The color scale shows the probability. The black triangles and red lines
represent the stations selected for calculation and the active fault traces from the CGS 2021 version. The bottom sections demonstrate centroid

delays of the events

The second SMGA was close to the 0918 SSA location.
Both SMGAs of the 0918 event exhibited their own
directivity to the north. Our two-SMGA source model
explained the observations of the two high-PGV areas
in Fig. 3, and the second SMGA was responsible for the
collapsed/damaged buildings 20~40 km north of the
epicenter.

For the 0917 event, there was only one SMGA near
the CWA epicenter, which was 5.6 km in length and
8 km in width (dip direction). The rupture directivity
was toward the south. The single-SMGA model for the
0917 event explained the high PGA and PGV areas
in Figs. 2 and 3. Here, we noticed that the location of
the SMGA was separate from the SSA location of both
events (Fig. 11). This could be because we estimated the
SSA location via displacement records whose frequency

was lower than that of the acceleration records
analyzed via the EGF method. This resulted in the EGF
method having higher spatial and temporal resolutions
in determining source properties than the SSA method.
In addition, as described in “SSA Analysis” section, we
have lower confidence in the 0917 SSA location because
of the uncertainty produced by the three obvious cycles
in Fig. 10. The 0917 SSA location should be closer to
the epicenter, because the predicted arrival times (red
bars) were always late than the arrival times for the
maximum amplitude (blue arrows) at the stations in
the southern region (i.e., G025, G047, and G048), as
revealed in Fig. 10.

In general, our results are similar to those of the
finite-fault slip model proposed in Lee et al. (2023)
(Fig. 11). In detail, however, the size and location of the
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Fig. 10 N-S recorded section normalized locally for the E-W component displacements along the LV of the (a) 0917 and (b) 0918 events. The
epicenter distance is shown on each trace. Predicted P- and S-wave arrival times from the CWA hypocenter (bars T1 and T2) and SSA location (bars
T3 and T4) on the N-S recorded section. The blue and red stars represent the CWA epicenters and SSA locations, respectively. The blue arrows
represent the maximum amplitudes at all the stations. The gray areas reveal the S-wave phase propagating from the SSA locations

SMGA models in the present study (using broadband
data of 0.2 ~10 Hz) are slightly different from those of
the slip model obtained via the finite-fault inversion
method (using low-frequency data of 0.05~0.5 Hz).
This result implies the multifrequency rupture pro-
cess of the 0917 and 0918 events, while this property
has been noted for some large earthquakes (M7 to M9)
in the subducting areas, e.g., the 1994 M7.7 Sanriku—
Oki earthquake (Nakayama and Takeo 1997), the 2007
MS8.0 Pisco earthquake (Pulido et al. 2013), the 2010
MS8.8 Chile earthquake (Kiser and Ishii 2011), and the
2011 Tohoku earthquake (Ide et al. 2011; Kurahashi
and Irikura 2013; Wen 2014). Our result suggests that
the multifrequency rupture process may also appear in
moderate earthquakes (magnitude of 6 ~7) on a colli-
sion boundary.

3.2 Simulation of the high-amplitude velocity pulses

Most observed records in the broadband frequency
range of both the 0917 and 0918 events could be
well reproduced through the EGF analysis in both
the time and frequency domains (Figs. 7, 8, 14, and
15), suggesting that the observed velocity pulses that
damaged the buildings and structures were generated by
the obtained SMGAC(s) of both events. However, there
was one exception, i.e., station F004, located between
the two SMGAs of the 0918 event. Figures 8b and 15
show that the velocity and displacement amplitudes
of the synthetics were much smaller than those of the
observations, especially for the E-W component. The
discrepancies in the amplitude and arrival time indicated
that the velocity pulse at station FO04 could not be
explained by our model but still caused damage nearby
(Fig. 3b), which requires further discussion.



Lin et al. Earth, Planets and Space (2025) 77:33

SSA location ¥ Starting Point

K 0917 event epicenter
0917 Lee(2023) slip model

* 0918 event epicenter

0918 Lee(2023) slip model
for CRF A
0918 Lee(2023) slip model ©
for LVF

234"

23.2° 4

G033
D126

A
Go14

23" F

G045 G002

10 km

228"

120.8° ‘ 121° 121.2° 1214°
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and SSA locations (circles). The black rectangles represent the SMGA
models of both events, and the thick line represents the boundary
close to the surface. The triangles indicate strong-motion stations.
The thick lines are the active fault lines of the CGS 2021 version

We propose three possible causes for the large-
amplitude record at station FO04 for the 0918 event: (i)
coseismic permanent deformation, (ii) instrumental
problems, and (iii) local asperities close to station F004.
We discuss the possibilities in order. First, coseismic
permanent deformation resulting in a large velocity
pulse (i.e., the fling effect) has been reported in previous
studies (Huang et al. 2000; Bray and Rodriguez-Marek
2004; Burks and Baker 2014; Kamai et al. 2014; D’Amico
et al. 2018). Station F004 is close to the surface line
of the fault, and several surface ruptures and damage
events have occurred in the nearby region (Figs. 2 and
3). However, the analyzed waveforms were filtered by a
bandpass filter with two corner frequencies of 0.2 and
10 Hz. The permanent deformation should have already
been removed. The waveforms were subjected to the
permanent deformation correction procedure of Wu and
Wu (2007), and we confirmed that the high amplitude
was not related to permanent deformation (Fig. 16).
Second, the instrument at station F004 may have
malfunctioned due to artificial effects during the strong
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shaking of the 0918 event. Wen et al. (2001) reported
that the extremely large PGA (~1 g) for the 1999 Chi-
Chi earthquake recorded at station TCU129 was due to
the effects of the concrete recording pier, not because of
the source, path, and site effects. However, this possibility
was eliminated, because the nearby P-alert station
WOLF (Fig. 1) also recorded high PGVs of 106 cm/s and
41 cm/s for the E-W and N-S components, respectively.
In addition, station FO04 was deployed exactly at the free
field on the surface (Fig. 17), and no instrument issues
were reported after the 0918 event. Finally, although
both the 0917 and 0918 events mostly ruptured on the
west-dipping CNF, the slip model and geological surveys
showed that the east-dipping LVF also participated in
the faulting process, especially for the 0918 event (CGS
2022; Lee et al. 2023). Figure 11 displays the slip model of
Lee et al. (2023). In the shallow part of the east-dipping
LVE, a thrust-slip patch (larger than 50 cm) occurred
6~ 10 s after initiation between the west-dipping SMGA1
and SMGA2 of the 0918 event. Because this slip patch
was almost beneath station F004, it may have led to
local strong motion and explain the earlier pulse as well
as strong long-period energy, especially for the E-W
component. This might also be because the synthetic
waveform displayed insufficient energy between the
wave packets of SMGA1 and SMGA2 for another close
station, G021 (Fig. 8b). As more data and information
are available, examining the role of the slip patch on the
east-dipping LVF would be meaningful and interesting in
future work.

3.3 Nonlinear site effect

Nonlinear site effects represent one potential factor
influencing waveform amplitude estimation via the EGF
method (Wen et al. 2020). Through the quantification
of the nonlinear response, it becomes possible to
reasonably explain one of the potential reasons for
the overestimation of amplitudes in comparison with
observations. In addition, the EGF method employs
small-scale seismic events to simulate large-scale
earthquakes and relies on a linear assumption. In
general, small seismic amplitudes exhibit a linear site
response, whereas larger seismic amplitudes, typically
exceeding 100 cm/s? may induce nonlinear site effects.
Nonlinear site effects are more prone to occur in soft-
soil conditions. When nonlinear site effects manifest,
they lead to a shift of predominant frequencies toward
lower frequencies and the suppression of amplification
factors, leading to lower-than-expected ground motion
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amplitudes. This phenomenon has been substantiated in
previous studies (Beresnev and Wen 1996; Boore et al.
1989; Noguchi and Sasatani 2008; 2011). To quantitatively
assess nonlinear effects during strong seismic events, we
followed the methodology outlined by Chen et al. (2017)
to calculate the degree of nonlinearity (DNL), as shown in
Fig. 18. For the 0917 event, seven stations were analyzed
for nonlinear site responses. Stations C121, F004, G014,
and G033 exhibited insignificant nonlinear site responses
(DNL<3.5), whereas G002 and G041 displayed minor
nonlinear responses (DNL of approximately 4), and G045
demonstrated a more pronounced nonlinear response
(DNL>5). A significant site response during strong
seismic observations may result in amplitude suppression
due to the phenomenon of amplification suppression,
leading to underestimation of the higher frequency
portion when linear simulation techniques are used. A
comparison of the observed and simulated amplitudes

in the acceleration records (Fig. 7) revealed that for the
four stations with insignificant nonlinear responses, the
simulated amplitudes did not overestimate the observed
values. However, G002, G041, and particularly G045,
with the highest nonlinear response, showed instances
of simulated amplitude overestimation. For the 0918
event, six stations were assessed for nonlinear response.
Stations C121, G002, G014, and G033 displayed
negligible nonlinear responses, whereas F0O04 and G045
exhibited stronger nonlinear responses (DNL >6), which
corresponded with the overestimation of the synthetic
amplitude in the acceleration components, as shown in
Fig. 8.

3.4 Stress drop of SMGAs in the 0917 and 0918 events

Previous studies have suggested that the high-angle
west-dipping CNF in the southern LV serves as a
boundary structure between the Central Range bedrock
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and the remnants of the forearc basement from the
lithosphere of the Philippine Sea Plate (Malavieille
et al. 2002; Malavieille and Trullenque 2009; Shyu et al.
2011). The 2000 and 2019 Hualien earthquakes (Fig. 1),
which ruptured in the deeper part of the northern CNF,
revealed the properties of a small SMGA dimension
and a high stress drop (Lin et al. 2022). What about the
0917 and 0918 events in the shallow part of the southern
CNEF? Fig. 12a shows the source scaling relationship
between the size of the SMGA and the seismic moment.
The SMGAs of moderate-sized earthquakes in Japan
(solid circles in Fig. 12a) spatially coincided with almost
the same area as the characterized asperity obtained
via inversion models (Miyake et al. 2003). However,
the SMGA dimensions of the 0917 and 0918 events
(open and solid stars in Fig. 12a) followed the scaling
relationship of buried earthquakes in Taiwan (including
the 2000 and 2019 Hualien earthquakes) and shallow
intraslab earthquakes in Japan, marked as diamonds
and open circles in Fig. 12a, respectively (Asano et al.
2003; Wen et al. 2017; Wen 2018; Lin et al. 2022). This
indicated relatively high stress drops on the SMGAs of
the 0917 and 0918 events compared with inland crustal
events. Using the scaling parameters C and K (see
Appendix A), which are the ratios of the stress drops and
fault dimensions between the target and EGF events, the
seismic moment of each SMGA patch was calculated
by multiplying the moment of the EGF event by CK3
(Irikura 1986; Miyake et al. 2003). The seismic moments
of the EGF events determined by the Broadband Array in
Taiwan for Seismology (BATY) are listed in Table 1. We
then followed the approach of Irikura and Miyake (2011)
to estimate the stress drop in each SMGA and obtained
values of 18.9 MPa for the SMGA of the 0917 event as
well as 12.8 MPa for SMGA1 and 23.3 MPa for SMGA2
for the 0918 event (Table 3). Earthquake stress drop,
which influences the level of high-frequency shaking that
damages structures, is an important factor for seismic
hazard analysis (Hanks and McGuire 1981; Boore 1983;
Cotton et al. 2013). Previous studies have reported that
stress drops vary with the tectonic environment and
generally range between 0.1 and 100 MPa (open circles
in Fig. 12b) (Kanamori and Anderson 1975; Allmann and
Shearer 2009). Through the scaling relationship between
the corner frequency (f,) and the seismic moment, we
found that the 0917 and 0918 events as well as the buried
earthquakes in Taiwan (marked as stars and diamonds in
Fig. 12b, respectively) indeed exhibited relatively greater
stress drops than the events in Japan. Thus, locally high
peak ground accelerations might be expected (Yen and
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Ma 2011). This may correspond to the intense ground
shaking and severe damage caused by both events.

On the other hand, Cotton et al. (2013) demonstrated
that the PGA is proportional to the stress drop and that
an immature structure enhances the earthquake stress
drop and strong ground motions (Manighetti et al. 2007;
Radiguet et al. 2009). The low activity and absence of sur-
face outcrops might suggest the immaturity of the CNF,
which could explain the high stress drops and strong
ground shaking during the 2013 Ruisui earthquake and
the 2000 and 2019 Hualien earthquakes in the northern
CNF (Wen et al. 2016; Lin et al. 2022) and the 0917 and
0918 events in the southern CNFE. Although the 2019
Hualien earthquake also exhibited a two-SMGA pattern,
its rupture was buried below a depth of 10 km and did
not lead to the faulting of another structure. However, the
0918 event not only ruptured the shallow part of the CNF
but also released energy on the LVE. This is similar to the
2018 Hualien earthquake, in which the rupture initiated
at a shallow depth of 6 km on the CNF and propagated
across the east-dipping Milun fault, and several surface
ruptures caused damage (Wen et al. 2019). It is necessary
to raise concern and carry out more studies of this not
well-known but high-seismic-potential fault system.

4 Conclusions

Two disastrous events, the M; 6.6 0917 and M; 6.8 0918
events, which occurred on September 17 and 18, 2022,
respectively, struck the southern LV of eastern Taiwan,
causing unexpected damage. Our work documents seismic
records from local strong-motion networks and damage
situations for both events. Figure 1 shows the observed
velocity waveforms with amplitudes>60 cm/s. Figures 2
and 3 demonstrate the observed geometrical means of the
PGA and PGV, as well as the seriously damaged structures
for both events. To obtain the source properties of both
events, we investigated the source properties for both
events via higher and broader frequency-band waveforms
(0.2~10 Hz) from local, dense strong-motion networks
rather than those from finite-fault inversion (0.05~0.5 Hz)
(Lee et al. 2023). EGF analyses revealed that the 0917 event
ruptured to the south with a single SMGA, with a size
of 47.04 km?, and the 0918 event ruptured to the north
through two SMGAs, with a combined size of 80.16 km?.
The stress drops for the SMGAs of events 0917 and 0918
were relatively high. The SSA analysis revealed that the
centroid locations were located south and north of the
CWA epicenters for the 0917 and 0918 events, respectively,
and both locations were west of the surface line of the
active fault in Taiwan, according to the CGS. This indicated
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that the 0917 and 0918 events had southward directivity
and northward directivity, respectively, and both occurred
in the CNE. This finding was consistent with the results
from the EGF analysis. In addition, the obtained SMGA
models explained the observed records, except for the
records at station FO04 for the 0918 event. This may be
because the 0918 event not only ruptured on the shallow
part of the west-dipping CNF but also slipped on the
east-dipping LVE, which caused a local strong-motion
high-amplitude pulse to station F004 above the shallow
slip patch. Combined with previous studies of moderate-
to-large earthquakes occurring in the LV, we should pay
attention to the interaction between the west-dipping CNF
and the east-dipping LVE, especially for the shallow part
above a depth of 10 km.

Appendix A

Following the ™~ source spectral model of Brune (1970,
1971), the observed source spectral ratio of the target-
to-EGF events was fitted by a theoretical function curve
(Miyake 1999; Miyake et al. 2003):

Mo 1+(f;)2'
" 1+ (£)

cm

2

SSRE(f) = @)

M, and m, are the seismic moments of the target-to-
EGF events, respectively. f,, and f,, represent the corner
frequencies of the target-to-EGF events. Applying the
formulas of Irikura (1986) and Miyake et al. (2003), we
obtained the scaling parameters C and K, which are the
ratios of the stress drops and fault dimensions between
the target event and the EGF event.

Uo/uo = Mo/mo = CK>,K = fuu/fom (5)

where Up/ug is the flat level of the displacement spectral
ratio of the target-to-EGF events in the low-frequency
range. Considering the probable rupture directiv-
ity effect, four strong-motion stations surrounding the
source region (solid triangles in Fig. 6) were chosen for
the source spectral ratio analysis in the broadband fre-
quency range (0.2 to 10 Hz).

Using the 0917 event as an example, Fig. 13 shows the
observed and fitted spectral ratios of the 0917 event to
the EGF event. Through source spectral ratio fitting
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analysis, we obtained the scaling parameters K=14 and
C=0.815. We then applied the EGF method to estimate
the strong-motion generation area (SMGA), which was
defined as K x K subfaults with dimensions equivalent
to the rupture area of the EGF event (Irikura 1986;
Irikura and Kamae 1994; Miyake et al. 2001). The optimal
SMGA-related parameters, including the initiation
position (rupture starting point), width (W) and length
(L) of the SMGA, rupture velocity (V7), and rise time (7),
were then determined through a grid search in which
the fitting residuals of the displacement records and
acceleration envelopes were minimized (Miyake 1999):

10000 1 | 1 1 1 1

f =331
£ =0.24
M,/m,=2138.39

1000

100

Spectral Ratio

10

— Cl21
Average

1 T T T T T T
0.1 0.2 05 1 2 5 10 20 50 100

Frequency[Hz]
Fig. 13 Observed source spectral ratios of the stations used
for source modeling, the average observed source spectral ratio
(thick gray line), and the fitting source spectral ratio function (red
line) for the 0917 event. The values of the parameters determined
from the source spectral ratio fitting are listed
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Fig. 17 Station FO04 was deployed exactly at the free field on the surface. The picture is from the GDMS database
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Table 4 Search range and interval of the SMGA models for the
0917 and 0918 events.

I, w (km)? Vr (km/s) T(s)°
SMGA Search range 0.2-4.0 1.7-3.2 0.01-03
(0917 EGF) Interval 0.2 0.034 0.01
SMGA1 Search range 0.2-3.0
(0918 EGF) Interval 0.2
SMGA2 Search range 0.5-4.0
(0918 EGF) Interval 0.5

a:/and w are the length and width of the EGF, respectively; b: rise time of the
EGF

2
Et (thobs— Msyn)

\/(Zt ”obsz)(zt Msynz)

2t (“env,obs - ﬂenv,syn)z

(¢ Gemvons) (L @emvsm) ©)

where u,; and u,y, are the observed and synthetic
displacements, respectively. @y ops and deny,syn repre-
sent the observed and synthetic acceleration envelopes,
respectively. The search ranges and intervals of the
model parameters are listed in Table 4.

See Figs. 13, 14, 15, 16, 17, 18.
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