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SUMMARY

The 2018 February 6 M, 6.3 Hualien earthquake caused severe localized damage in Hualien
City, located 20 km away from the epicentre. The damage was due to strong (>70 cm s~ ') and
sharp (duration ~2.5 s) velocity pulses. The observed peak ground-motion velocity in Hualien
City symmetrically decays with distance from the nearby Milun fault. Waveforms observed
on the opposite sides of the fault show reversed polarity on the vertical and N—S components
while the E-W component is almost identical. None of the published finite-fault slip models
can explain the spatially highly localized large velocity pulses. In this study, we show that an
My, 5.9 strike-slip subevent on the Milun fault at 2.5 km depth, rupturing from north to south
at ~0.9Vs speed, combined with site effects caused by surficial layers with low S-wave speed,
can explain the velocity pulses observed at the dense strong-motion network stations. This
subevent contributes only 25 per cent of the total moment of the 2018 Hualien earthquake,
suggesting that a small local slip patch near a metropolis can dominate the local hazard. Our
result strongly suggests that seismic hazard assessments should consider large ground-motion
variabilities caused by directivity and site effects, as observed in the 2018 Hualien earthquake.
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caused serious damage in Hualien City. It appears that both events

1 Introduction . . .
occurred in the same seismogenic structure.

On 2018 February 6, a moderate-size event (M,, 6.3) occurred off-
shore eastern Taiwan at a depth of 6.3 km [Central Weather Bu-
reau (CWB), Fig. 1]. This earthquake, hereafter called the 2018
Hualien earthquake, caused 17 deaths, 295 injuries and 25 col-
lapsed/damaged buildings in Hualien City, located 20 km to the
south of the epicentre (Fig. 1b). The area with high peak ground
velocity (PGV) is concentrated in a 5 x 5 km? section of Hualien
City, which coincides with the heavily damaged area (Fig. 2), but
is different from the high peak ground acceleration (PGA) area
near the epicentre (Fig. 1a). The concentration of the damage zone
caused by this moderate-size earthquake surprised the community.
The estimated centroid location of the 2018 Hualien earthquake
determined by the real-time moment tensor (RMT) monitoring sys-
tem (Lee et al. 2013) is close to Hualien City (Fig. 1b). Two nodal
planes of the mechanism diagram are dipping to the west and to the
south with high angles (Lee ef al. 2019). The 1951 M, 7.1 Hualien
earthquake, which occurred in the same area as the 2018 event, also

The rupture process of the 2018 Hualien earthquake appears to
be complex. Lee er al. (2019) used three geophysical data sets—
teleseismic, local ground-motion waveforms and Global Positioning
System (GPS) co-seismic displacements—to investigate the source
properties of the 2018 Hualien earthquake. They found that the
rupture propagated from the hypocentre in the north towards the
south into a steeply west-dipping fault plane at a depth of 8~10 km,
then jumped to a shallower east-dipping fault near Hualien City,
called the Milun fault. The aftershocks of the 2018 Hualien earth-
quake clearly delineate the large west-dipping fault (Kuo-Chen
et al. 2019), but its tectonic interpretation is still debated. Wen
et al. (2019) determined a kinematic source model using teleseis-
mic waveforms and GPS displacements, and also concluded that
two fault segments are necessary for this earthquake. The slip pat-
tern is similar to that proposed by Lee e al. (2019); the rupture
propagated from north to south and the largest slip occurred near
Hualien City. Yang et al. (2018) obtained a similar pattern of slip

348 © The Author(s) 2020. Published by Oxford University Press on behalf of The Royal Astronomical Society.

1202 JoqWIBAON B0 UO Jasn Areiqi Aisioniun [esjuad [euoleN Aq 876658S/87E/ L/£Z22/a101E/IB/WO0o"dNo"olWapeo.//:Sd)Yy WOy papeojumoq


http://orcid.org/0000-0002-6971-3960
mailto:yylinm22@gmail.com

o | . L
(a) 24.25
@
PGA (cm/s/s)
700
% 600
— 2018 500
o M6.3
ik 400
T 24.00° 300 |
= )
© 200
—
100
0
o km
p—
10 20
23.75° — \ T
121.50° 121.75°
Longitude (°)
(b) 2425 : :
PGV ©
(cm/s) ¢
160
@)
5
C 120 Centroid o
B 3
E 24.00° i B
© O
-~ )
40
o Hualien City
0 o
e) km
—
0 10 20
23.75° Lh ‘ T
121.50° 121.75°

Longitude (°)

Figure 1. (a) Distribution of the observed PGA during the 2018 Hualien
earthquake. Circles are strong-motion stations with the PGA in colour. The
red star indicates the epicentre of the 2018 Hualien earthquake. (b) Distribu-
tion of the observed PGV during the 2018 Hualien earthquake. Circles are
the strong-motion stations with the PGV in colour. The hypocentre and focal
mechanism of the 1951 Hualien earthquake, 2018 Hualien earthquake and
the aftershock of the 2018 event (Aft) are shown by stars and beach balls,
respectively. The light blue star indicates the centroid location of the 2018
event from the RMT solution. The black box indicates the area in Fig. 2.

asperities using geodetic data (i.e. GPS and InSAR) and estimated
the dip angles of the unknown west-dipping fault and the east-
dipping Milun fault as ~85.2° and ~72°, respectively. Huang &
Huang (2018) combined seismic data, geodetic data, and levelling
measurements, and suggested that this earthquake may have started
on a conjugate fault with an E-W strike in the hypocentre, then trig-
gered slips on the unknown west-dipping fault and the Milun fault.
The largest slip was located on the Milun fault. Lo et al. (2019)
considered three curved segments for the 2018 Hualien earthquake
and employed teleseismic, regional strong motion, SAR, and GPS
data in a joint inversion to constrain the kinematic rupture process
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Figure 2. Distribution of the observed PGV in Hualien City. The station
name and its PGV are shown in the figure. The red line indicates the surface
rupture of the Milun fault. The black dots and blue crosses are the surface
fractures and collapsed buildings recognized by the geological survey (CGS
2018). The light blue star is the centroid location of the 2018 event. The
arrows A and B indicate the station pairs A and B for waveform comparison
in Fig. 6.

of'the 2018 Hualien earthquake. The slip pattern is similar to that of
the other source models. The modelling results of Yen ez al. (2019)
also suggest a heterogeneous slip pattern and fault system.

The rupture and damage patterns of the 2018 Hualien earthquake
along the Milun fault are quite similar to those of the 1951 Hualien
earthquake. Furthermore, the directivity of the 2018 event is sig-
nificant towards the south from the epicentre (Jian et al. 2019; Lee
etal. 2019; Wen et al. 2019). The shake map from the early warning
system supports this source characteristic (Wu et al. 2019).

These studies all agree that the 2018 Hualien earthquake occurred
on several fault segments. A small subevent, Sub-1, is located near
the hypocentre reported by CWB, and a larger subevent, Sub-2,
is at the centroid location determined by RMT near Hualien City
(Fig. 3a). On the N-S record section of the velocity records from
P-alert, we can see P- and S-phase moveouts on the locally nor-
malized record section in Fig. 3(b). The globally normalized record
section shows larger amplitude and lower frequency seismic signals
from Sub-2 (Fig. 3c). We roughly estimate the source parameters
of Sub-1 in Appendix A and Fig. Al. Sub-1 is an M,, 5.6 event
with nodal planes with strike dip, and rake of 211°/62°/—8° and
305°/82°/207° determined by comparing its waveforms to that of
an M,, 5.1 aftershock (Aft) that occurred near the hypocentre. Thus,
Sub-1 is only a small part of the 2018 Hualien earthquake, and M,,
of Sub-2 (nominally, M,, = 6.27) is essentially the same as that of
the 2018 Hualien earthquake as a whole.

Rupture directivity effect causes high amplitude ground motions
in the forward direction of rupture propagation with a short local
slip duration (Ben-Menahem 1961, 1962; Lay & Wallace 1995;
Somerville et al. 1997). Strong pulse-like velocity ground motion
(hereafter, shortened to velocity pulse) with a duration of ~2.5 s was
recorded by strong motion stations near the Milun fault as shown in
Figs 4(a) and A2. These pulses are believed to be responsible for the
damage in Hualien City. The largest PGV and peak ground-motion
displacement (PGD) are 154 cm s~! and 83 cm, respectively, which
were recorded at W028. Kuo e al. (2019) suggested that the collapse
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Figure 3. (a) Distribution of the P-alert stations (squares) used for the record section in (b). The triangles indicate the stations of Broadband Array in Taiwan
for Seismology used to determine the source parameters of Sub-1 in Appendix A. (b) The N-S record section of velocity for the 2018 Hualien earthquake. The
predicted arrival times for P and S waves generated by Sub-1 at the hypocentre (blue star) are shown by blue solid and dashed bars, respectively. The amplitude
is normalized to the maximum amplitude of each trace. (c) The record section with the amplitudes normalized to the maximum amplitude of all the traces. The
predicted arrival times for P and S waves generated by Sub-2 at the hypocentre (red star) are shown by red solid and dashed bars, respectively. The long-period

arrivals are the S waves from Sub-2.

of four buildings may have been influenced by site amplification at
a period of 1 s. According to a report of the field investigation by
Central Geological Survey, Taiwan (CGS 2018), all surface ruptures
and damaged structures were along the Milun fault, shown in Fig. 2,
suggesting that the slip on the Milun fault was possibly responsible
for the velocity pulse. However, this is still being debated because
the published slip models suggest that the slips were spread on
several faults (Huang & Huang 2018; Yang et al. 2018; Lee et al.
2019; Wen et al. 2019).

The significant impact of pulse-like velocity ground motions on
earthquake damage has been observed for several earthquakes (e.g.
1994 Northridge, 1995 Kobe, 1999 Chi-Chi and 2016 Meinong
earthquakes). This subject is important in earthquake engineering
since the combination of velocity and displacement pulses could
heavily damage structures, especially tall buildings (Hall et al.
1995). Several studies suggested that the pulse is generated by near-
fault forward directivity (Somerville ef al. 1997; Somerville 2003;
Baker 2007; Shahi & Baker 2011). According to Cox & Ashford
(2002), three conditions are required for producing a large velocity
pulse: (1) The earthquake is larger than M,, 6.0, (2) The site is
within 10 km of a fault and (3) The rupture propagates towards the
site.

2 Large discrepancy of the ground-motion
amplitude near the Milun fault between
the observed and predicted from slip
inversion models

Almost all the papers on the 2018 Hualien earthquake we ref-
erenced are concerned with the extensive damage in the city of
Hualien caused by the anomalously large velocity pulses. However,
we found no clear demonstration of how anomalous the observed
velocity pulses are. A better understanding of the cause of the

anomalously large pulses is important for planning effective seis-
mic hazard mitigation measures, especially in Taiwan.

As mentioned earlier, several other investigators performed slip
inversions using seismic data (e.g. Huang & Huang 2018; Lee et al.
2019; Lo et al. 2019; Wen et al. 2019). However, Huang & Huang
(2018) used only broad-band seismic data recorded on bedrock
sites. Wen et al. (2019) used only teleseismic data. Lo et al. (2019)
used regional strong-motion records but not those near the Milun
fault. Lee et al. (2019) applied teleseismic and regional records but
considered only the Z-component waveform of the strong-motion
records near the Milun fault. Since the amplitudes of the strong-
motion records near the Milun fault are locally so large that unless
the detailed fault geometry near the Milun fault and the Green’s
functions with extremely high spatial resolution are available, it is
not possible to properly handle these records in a single inversion
scheme. Thus, these records were left unexplained in these studies.
Since such a multiscale inversion study is not feasible at present,
we perform a forward modelling as a best alternative.

The most detailed slip inversion study by Lee et al. (2019) com-
pared the velocity ground-motion amplitudes between the observed
and predicted by their model in their fig. S-3, reproduced in Fig. 5(a).
As shown in Fig. 5(a), the observed ground motion at two stations
near the Milun fault HWA060 and HWA028 (in red boxes) are much
larger than predicted by their slip model that can explain not only
teleseismic but also most regional data well. Their model includes
deep and shallow slip near the Milun fault (fig. 2 of Lee et al. 2019).
We note that the observed ground motions close to the Milun fault
at HWA062 and HWAOOS (in blue box) are even larger than that at
HWAO060, by a factor of 4 as shown in Fig. 5(b). Although Lee ez al.
(2019) did not show the predicted ground motion at HWA062 and
HWAO008, judging from the general trend of the predicted amplitude
in the area, their slip model most likely underpredicts the amplitude
at HWA062 and HWAOOS by at least an order of magnitude. Lee
et al. (2019) pointed out that this under-estimation could be due to
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Figure 4. (a) The pulse-like ground motion observed in Hualien City. (b)
Comparison of the observed and simulated PGVs plotted as a function of
distance to the Milun fault in Hualien City. The circles and squares are
the observations and simulated results, respectively. Two crosses indicate
outliers from the stations HWA028 and WOOE near the northern part of the
Milun fault.

strong site effects. This observation strongly suggests that a very
local source with strong directivity and large site effects is required
to explain the anomalously large velocity pulses near the Milun
fault.

3 Data

We focus on the local strong motion networks in Hualien City
(Fig. 2) that recorded the pulse-like velocity ground motion. These
networks are: (1) the Taiwan Strong Motion Instrumentation Pro-
gram (TSMIP) network managed by CWB and (2) the P-alert net-
work for the early warning system developed by National Taiwan
University (Wu et al. 2013, 2019). The TSMIP and P-alert instru-
ments are accelerometers. The instrument response of P-alert is
flat in acceleration between 0.07 and 10 Hz. The instruments of
TSMIP have a broader plateau of instrument response from DC to
50 Hz (Liu et al. 1999; Liu & Tsai 2005). The sampling rates are
100 and 200 samples per second for P-alert and TSMIP stations,
respectively. Clocks used for P-alert instruments are controlled by
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the Network Time Protocol through the Internet. Clocks of some of
the TSMIP instruments are not calibrated, however. We did not use
the arrival time information from the TSMIP stations. We discarded
records with large drift or clipping.

4 Modelling the pulse-like velocity ground
motion of the 2018 Hualien earthquake

Our detailed examination of the ground motion near the Milun fault
shows two distinct features. As shown in Fig. 4(b) and Table 1,
the PGV decays with distance from the Milun fault in a symmetric
pattern; this can be most naturally explained if the Milun fault is
near vertical at a shallow depth. This structure may appear somewhat
different from the generally held view on geological ground (Shyu
et al. 2016) that the Milun fault dips at 75° to a depth of 10 km.
However, it is possible that the shallowest part of the Milun fault
is nearly vertical. There are two outliers of PGV in Fig. 4(b) at the
stations HWAO028 and WOOE in the northern Milun fault. These
stations are not located exactly in the forward direction of rupture
propagation, and the amplification effect is not as large as that for
the stations to the south.

Another notable feature is shown in Fig. 6. Two pairs of stations on
opposite sides of the Milun fault shown in Fig. 2(a) exhibit intriguing
symmetry: while the E-W component waveforms are similar, the
vertical and the N—S component waveforms are reversed in polarity.

To explore a model causing the observed features, we model the
velocity pulse near Hualien in detail using a simple fault model
and the waveforms recorded at the densely distributed stations near
the Milun fault. Our model is a line source 7 km long consisting
of 11 subevents shown in Fig. 7(a). We adjust the magnitude and
focal mechanism of the subevents as well as the rupture speed and
direction of the line source to obtain the simplest source model for
explaining the observed pulse-like ground motion. Using the F-K
integration method (Zhu & Rivera 2002), we compute synthetic
waveforms at virtual stations distributed uniformly on the surface
with a 1 km interval in both N—S and E-W directions. The sampling
rate of the simulations is 20 points s~! and a wave number incre-
ment dk = 0.005 m~! is used for simulation. We tested simulations
with smaller dk to make sure that the synthetic waveforms remain
unchanged, as shown in Fig. A3. We use an average 1-D velocity
structure taken from a Taiwan 3-D velocity structure in the Hualien
region (Huang ef al. 2014), and include the site effect with a low-
velocity structure (Lin ez al. 2018a) on top of the 1-D structure; we
call this structure the soft strucutre (Table 2).

After testing many models, we obtain the best source model
with a series of M,, 5.2 subevents with a triangular source-time
function with a duration of ~2.3 s occurring at a depth of 2.5 km.
The magnitude and duration of the entire fault are M,, 5.9 and
~5 s, respectively (Fig. 7b). The directivity is from north to south
with a rupture speed of 2.36 km s~ (~0.9¥s) (Fig. 7a). The focal
mechanism of all the subevents is a vertical left-lateral strike-slip
(strike = 180°, dip = 90°, and rake = 0°). Tests for various dip
angles for the subevents are shown in Figs A4 and AS.

This model can reproduce the seismograms recorded at the strong
motion sites in Hualien City. (1) The stations with high computed
PGV are concentrated south of the line source shown in Fig. 8(c)
due to the strong directivity towards the south. (2) The computed
PGV decreases rapidly with distance from the line source due to
the near-field effect. This pattern is consistent with the observations
shown in Fig. 4(b). (3) The computed velocity and displacement
waveforms at a station pair south of the line source, one station on
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This figure is modified from fig. S-3 in Lee et al. (2019). (b) The observed waveforms used in this study at the stations HWA062 and HWAO008 in Hualien City.
The amplitude scale is the same as that for (a). The red vertical bars indicate the peak-to-trough amplitudes predicted by Lee ef al.’s (2019) model at stations
HWA060 and HWA028. The records were filtered with a 0.05-0.5 Hz passband. The PGV for each waveform is marked on the figure.

the west side of it (Station W) and the other on the east side (Station
E), produce the reversed polarity pattern shown in Figs 8(a) and
(b). (4) The PGV (~150 cm s!) and PGD (~70 cm) are similar
between the synthetics and the observed (Fig. 6). (5) The duration
of the computed pulse, approximately 2.5 s, shown in Fig. 8(a)
is similar to the observations shown in Fig. 4(a). Our modelling

suggests that the directivity effect and proximity to the fault are the
most important factors for generating the pulse-like velocity ground
motion near Hualien.

Our objective is to explain the observed extremely large ampli-
tudes rather than the detailed waveforms. However, it is of interest
to see to what extent the waveforms computed with a very simple
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Table 1. Observed PGV and distance of stations to the

Milun fault.

Station W-E distance (km) PGV (cms™')
HWA048 —3.50 41
HWAO050 —1.80 76
HWA063 —1.75 91
HWAO011 —1.55 87
HWAO013 —-1.20 102
HWA028 —1.00 52
HWAO010 —0.70 121
HWA008 —0.70 98
HWAO014 —0.48 149
HWAO019 0.30 129
WOOE? 0.35 75
w0284 0.55 154
WOOF¢ 0.70 142
HWA062 1.05 95
HWA009 1.40 108
HWAO007 1.80 99
W002¢ 2.20 77
HWAO012 2.30 84

“4Stations of the P-alert network.

forward modelling compare with the observed. To this end, we com-
pare the ground-motion records at stations HWA014 and HWAO19,
located on the west and east side of the Milun fault, respectively,
near the southern end (Fig. 2), with the synthetics computed for
the virtual sites, W and E (Fig. 8). Since we do not know the exact
location of the slip zone and the southern extent of the Milne fault,
the exact timing is unknown. Thus, we aligned the observed and
synthetic records at the largest motion on the E-W (fault-normal)
component. Fig. A6 shows the results. Since our modelling is only
forward without knowing the details of the fault geometry, the de-
tails are not expected to match. Nevertheless, we consider the overall
agreement of the waveforms satisfactory, suggesting that our rup-
ture model is reasonable. We note some phase mismatch on the
minor N—S component. Since the stations near the end of the fault
like HWA014 and HWAO19 are nodal for the N—S component, some
complications are expected.

If we assume that the vertical width of the fault is approximately
5 km, we obtain the average slip of the line source to be ~85 cm
using the relation My, = DS (we use = 30 GPa as the average
rigidity). This is comparable to the average co-seismic slip on the
surface, ~50 cm, estimated from the GPS measurements (Huang &
Huang 2018).

Thus, we suggest that an M,, ~5.9 subevent on the Milun fault at
a shallow depth (~2.5 km) with directivity towards the south can be
the primary cause of the velocity pulse observed in Hualien. This
subevent, which we call Sub-2-Milun, is a part of Sub-2 described
earlier in this paper and in several other studies (Lee ef al. 2019;
Wen et al. 2019). The magnitude of Sub-2-Milun depends on the
assumed focal depth, which is not constrained well. Since M,, = 5.9
is much smaller than the M, = 6.27 of Sub-2, the shallow slip is only
a small part of the slip of Sub-2, and more slip must have occurred
on the deeper part of the Milun fault and the west-dipping unknown
fault (Lee et al. 2019). The difference in the moment between the
M,, = 6.27 and M,, = 5.9 events is 2.3 x 10'® Nm (M,, = 6.18).
According to the finite fault model proposed by Lee ef al. (2019),
most slips of Sub-2 occurred on the west-dipping deeper fault near
the centroid location reported by the RMT solution.

As we discussed in Section 2, the ground motion at the stations
near the Milun Fault (e.g. HWAO008) predicted by the slip model of
Leeet al. (2019) is probably very small compared with the observed.
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However, since the details are still unknown, we test two deep slip
models as an alternative way to assess the contribution of the deeper
slip to the observed slip pulse. First, we compute ground motions at
the site of HWAO14 for a point source with the RMT mechanism at
the RMT location (depth = 8 km, M,, = 6.18 and duration = 6 s).
The result is shown in Fig. 9(a). The PGV produced by this point
source is only 16 cm s~!, which is only ~10 per cent of the observed
PGV (~150 cm s~1). Second, to test the effect of directivity towards
south, we compute ground motion at the site of HWA014 by moving
the proposed line source from a depth of 2.5 to 8.0 km with a rupture
velocity of 2.92 km s™! (0.9Vs). The magnitude is increased to M,,
6.18. The result is shown in Fig. 9(b). The PGV for this deeper event
is only 27 cm s™!, which is only 18 per cent of the observed PGV.
From these tests, we conclude that the contribution from the deeper
source is insignificant.

Our model is based on forward modelling and is not unique.
The actual fault geometry, rupture speed, rise time and the crustal
structure are likely more complex. However, given the limited in-
formation on the fault geometry and 3-D crustal structure, more
detailed modelling is not warranted, but our simple model hope-
fully captures the general features of rupture in the shallow part
of the Milun fault. Our point is to show that a relatively small
shallow fault can produce destructive velocity pulses under certain
conditions.

5 Discussion

5.1 Directivity and proximity of fault

We showed that an M,, 5.9 Sub-2-Milun with a 7 km long line
source alone can produce the observed velocity pulse near Hualien
City, although the 2018 Hualien earthquake as a whole occurred
on a much larger complex fault system. Other subevents did not
contribute much to the generation of the velocity pulse because
they were far away from the high PGV area. The M,, 5.9 Sub-2-
Milun with M, = 8.81 x 107 N'm contributes only 25 per cent of
the total seismic moment 3.51 x 10'® N'm of the M, 6.3 Hualien
earthquake. However, this small amount of seismic moment could be
responsible for the major damage in Hualien City. Ground motions
produced by the nearby subfaults can be more significant than those
generated by faults on structures deeper and farther away. The lesson
we learn from the 2018 Hualien earthquake is that we have to pay
more attention to active faults near large cities even if they are short
(e.g. Milun fault).

The factors responsible for the velocity pulse during the 2018
Hualien earthquake, directivity and proximity of the source fault to
the sites, are the essential conditions proposed by Cox & Ashford
(2002). The occurrence of the largest velocity pulse on the E-W
component, which is perpendicular to the rupture direction from
north to south, is also consistent with the predicted characteristics
of the velocity pulse (Cox & Ashford 2002), and the one observed
in Hualien City is a typical example.

5.2 Site effect

To test the contribution of the site effect to amplification of the
velocity pulse, we compare the synthetic waveforms computed with
the 1-D velocity model with (soft), and without (hard), a shallow
low-velocity structure listed in Tables 2 and 3, respectively. The
results are shown in Figs 8(a) and 10(a). PGV for the soft and hard
structures are ~120 and ~40 cm s~!, respectively, indicating that
the site effect is important for amplification. However, the shape of
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line source and each subevent.

the waveforms for the soft and hard structures is similar (Figs 8a
and 10a), suggesting that the site effect has minor influence on the
duration of the velocity pulse. The duration of the pulse is mainly
controlled by the source properties (e.g. source geometry, rupture
velocity and directivity).

Wang et al. (2018), Kuo et al. (2019), Yamada et al. (2019) and
Miyakoshi et al. (2019) reported that Vs30 (average S-wave speed
in the top 30 m) is different between the east and west side of the
Milun fault. From fig. 7 of Wang et al. (2018), we estimate that
Vs30 = 300 and 580 m s~! for the west and east side of the Milun
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Table 2. 1-D velocity structure near Hualien City (Soft).

Thickness (km) Vp (kms™!) Vs (kms™!) Density (g cm™) Qp Qs
0.2 2.40 0.70 2.0 60 30
0.2 3.40 1.13 2.2 60 30
0.8 4.20 1.52 2.3 60 30
1.0 4.20 1.90 2.4 60 30
2.5 4.21 2.55 2.6 600 300
3.0 4.89 2.95 2.6 600 300
4.0 5.58 3.24 2.6 600 300
5.0 5.87 341 2.6 600 300
5.0 6.14 3.56 2.6 600 300
5.0 6.44 3.70 2.6 600 300
5.0 6.71 3.82 2.6 600 300
5.0 6.96 3.97 2.6 600 300
5.0 7.19 4.12 2.6 600 300
5.0 7.45 4.24 2.6 600 300
5.0 7.63 4.32 2.6 600 300
5.0 7.78 4.42 2.6 600 300
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Figure 8. (a) The simulated velocity and (b) displacement waveforms for the station pair showing the waveforms with reversed polarity in the Z and N-S
components and the same polarity in the E-W component. (c) Distribution of the simulated PGV in colour for the line source. The black line shows the A-A’
profile with PGV shown in Fig. 4(b). The black dots and black line depict the line source shown in Fig. 7(a).

fault, respectively. Thus, we consider these structures by modifying in Fig. 8(a) (the soft structure). Thus, the contrast in Vs30 between
the top 30 m of the soft structure shown in Table 2 (Tables 4 and 5). the east and the west side of the Milun fault does not significantly
As shown in Fig. 10(b), no significant difference in the waveform affect the amplitude of the velocity pulses with a period of about
and amplitude between the east and the west side. The waveforms 2 s. However, as we can see in these figures, Vs30 may have some

and amplitudes shown in Fig. 10(b) are also similar to those shown effects on high-frequency accelerations.
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Figure 9. (a) The synthetic waveforms for a point source at RMT location
(deeper event). The PGV value is written on the figure. (b) The synthetic
waveforms for a line source with directivity at a depth of 8 km.

5.3 Complex slip patches in moderate earthquakes

A complex slip pattern similar to that of the 2018 Hualien earth-
quake was found for the M,, 6.2 Meinong earthquake, Taiwan, in
2016. This earthquake had a small M,, 5.3 subevent at the hypocen-
tre that triggered a larger subevent with M,, 6.18 at 12 km north-
northwest of the epicentre. The combination of the strong directivity,
proximity of the M,, 6.18 subevent to Tainan city in southern Tai-
wan, and site effects was responsible for the strong velocity pulse
(PGV > 70 cm s~!) and caused serious damage in Tainan City (Lee
et al. 2016; Lin et al. 2018b). The 2018 Hualien earthquake and
the 2016 Meinong earthquake are similar in several respects. (1)
Both events were moderate events with distinct subevents. (2) The
initial subevent (M,, ~5) at the hypocentre was smaller but trig-
gered a larger subevent(s) (M,, ~6) 10-20 km away. (3) The later
subevent generated the velocity pulse with a high PGV (> 70 cm
s~!) causing heavy damage and casualties. (4) The velocity pulse
was caused mainly by directivity, proximity of the later subevent to
a metropolis, and site effects. To have several subevents (asperities)
distributed on a fault is a common feature of seismic faulting. It is
important to investigate the interaction between the subevents and
understand the mechanisms of rupture growth. Seismic waveforms
recorded by a dense network of strong motion stations near the
source region provide important information of the details of the
rupture process.

One difference of the source properties between the 2016
Meinong and the 2018 Hualien earthquakes in generating the veloc-
ity pulse is the size of the key subevent. The subevent in the 2016
Meinong earthquake was M,, 6.18 and contributed 93 per cent of the
total seismic moment (Lin et al. 2018b). However, Sub-2-Milun of
the 2018 Hualien earthquake was only 25 per cent. This difference

indicates that the key subevent is not necessarily the largest. The
location (proximity) and rupture direction (directivity) can be more
critical.

5.4 Implication for the 1951 Hualien earthquake

The historical M, 7.1 Hualien earthquake occurred on 22 October,
1951, offshore in eastern Taiwan (Cheng ef al. 1997) close to the
2018 Hualien earthquake location (Fig. 1b). Chen et al. (2008)
estimated the M,, of this earthquake to be 6.6 using the M;—M,,
relation. Geological surveys indicated a 2 m co-seismic surface
offset on the Milun fault in 1951 (CGS 2018). Since this is much
larger than the maximum surface offset of ~50 cm observed for the
2018 Hualien earthquake, it is possible that the 1951 event produced
an even larger velocity pulse than that (a maximum of ~150 cm s~!)
of the 2018 Hualien earthquake. A practical solution for mitigation
of hazards caused by the velocity pulse is to regulate construction
of structures along the Milun fault.

5.5 Contribution to seismic hazard assessment

Our result underscores the importance of site-specific seismic haz-
ard assessment (SHA) for effectively dealing with the situations
like that involving the Milun fault and the city of Hualien. SHA
is a commonly used technique for analysing seismic hazard (e.g.
ground-motion prediction equation). In general, probabilistic seis-
mic hazard assessment (PSHA) is made for designing structures and
buildings for public use. In these general approaches, it is difficult
to consider directivity effect of a source since the probabilities for
different combinations of rupture direction and the rupture initia-
tion point are unknown and cannot be incorporated in a physical
model. Hence, earthquakes with strong directivity which produces
extremely high PGA, PGV, and spectral acceleration (SA) become
outliers (e.g. 1999 Chi-Chi, 2016 Meinong, and 2018 Hualien earth-
quakes). To deal with this situation, engineers and seismologists
should apply deterministic seismic hazard assessment (DSHA) for
designing important structures and buildings (e.g. tall apartment
buildings, nuclear power plants and dams). All possible scenarios
for a nearby target fault including directivity, proximity of fault, and
site effects must be evaluated for designing the target structures.

6 Conclusions

The pulse-like velocity ground motion with a high amplitude (>
70 cm s~') and a short duration (~2.5 s) during the 2018 M,, 6.3
Hualien earthquake that caused heavy damage and casualties in
Hualien City 20 km away from the hypocentre has several distinct
features: (1) The stations with high PGV are concentratedina 5 x 5
km? area near the southern end of the Milun fault; (2) Observed PGV
rapidly decays with distance from the Milun fault over 3 km; and
(3) The observed waveforms, both velocity and displacement, from
the opposite sides of the Milun fault show opposite polarity on the
vertical and N—S components, but are almost identical on the E-W
component. None of the published fault slip models determined
with finite-fault slip inversion methods can explain the spatially
highly localized large velocity pulses, because the area of the large
amplitudes is very localized.

To explain the observed seismic signatures, we forward modelled
the waveforms recorded at the densely distributed stations near the
Milun fault using a simple fault model. The distinct features of the
velocity pulse described above can be produced by a local M,, 5.9
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Table 3. 1-D velocity structure near Hualien City (Hard).

Thickness (km) Vp (kms™!) Vs (kms™1) Density (g cm ) Qp Qs
0.5 3.57 2.09 2.6 600 300
2.5 421 2.55 2.6 600 300
3.0 4.89 2.95 2.6 600 300
4.0 5.58 3.24 2.6 600 300
5.0 5.87 341 2.6 600 300
5.0 6.14 3.56 2.6 600 300
5.0 6.44 3.70 2.6 600 300
5.0 6.71 3.82 2.6 600 300
5.0 6.96 3.97 2.6 600 300
5.0 7.19 4.12 2.6 600 300
5.0 7.45 4.24 2.6 600 300
5.0 7.63 4.32 2.6 600 300
5.0 7.78 442 2.6 600 300
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Figure 10. (a) The synthetic waveforms for the line source at a depth of 2.5 km on the west (left-hand figures) and east (right-hand figures) sides of the Milun
fault. The ‘hard’ structure without shallow low velocity layers (Table 3) is used. The PGV values are written on the figure. (b) The synthetic waveforms for the
line source at a depth of 2.5 km on both sides of the Milun fault. Different Vs30 structure on top of the soft structure is used for the west (Soft-W) and east

sides (Soft-E) (Tables 4 and 5).

subevent on the Milun fault (Sub-2-Milun). Although this subevent
contributes only 25 per cent of the total seismic moment of the 2018
Hualien event, the directivity effect and its proximity to the site are
the key factors for generating the large velocity pulse. The site effect
is also important for amplification of the pulse by a factor of 3. Slips
on a local patch near a metropolis may dominate the hazard. Our
result suggests that seismic hazard assessments should consider the
ground-motion variabilities due to strong directivity effects such as
those observed during the 2018 Hualien earthquake.
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Table 4. 1-D velocity structure near Hualien City (Soft-E).

Thickness (km) Vp (kms™!) Vs (kms™!) Density (g cm ™) Qp Qs
0.015 2.10 0.50 2.0 60 30
0.185 2.40 0.70 2.0 60 30
0.2 3.40 1.13 22 60 30
0.8 4.20 1.52 23 60 30
1.0 4.20 1.90 24 60 30
2.5 421 2.55 2.6 600 300
3.0 4.89 2.95 2.6 600 300
4.0 5.58 3.24 2.6 600 300
5.0 5.87 3.41 2.6 600 300
5.0 6.14 3.56 2.6 600 300
5.0 6.44 3.70 2.6 600 300
5.0 6.71 3.82 2.6 600 300
5.0 6.96 3.97 2.6 600 300
5.0 7.19 4.12 2.6 600 300
5.0 7.45 4.24 2.6 600 300
5.0 7.63 4.32 2.6 600 300
5.0 7.78 4.42 2.6 600 300

Table 5. 1-D velocity structure near Hualien City (Soft-W).

Thickness (km) Vp (kms~!) Vs(kms~!) Density(g cm ™) Qp Qs
0.03 2.00 0.30 2.0 60 30
0.17 2.40 0.70 2.0 60 30
0.2 3.40 1.13 22 60 30
0.8 4.20 1.52 2.3 60 30
1.0 4.20 1.90 2.4 60 30
2.5 4.21 2.55 2.6 600 300
3.0 4.89 2.95 2.6 600 300
4.0 5.58 3.24 2.6 600 300
5.0 5.87 3.41 2.6 600 300
5.0 6.14 3.56 2.6 600 300
5.0 6.44 3.70 2.6 600 300
5.0 6.71 3.82 2.6 600 300
5.0 6.96 3.97 2.6 600 300
5.0 7.19 4.12 2.6 600 300
5.0 7.45 4.24 2.6 600 300
5.0 7.63 432 2.6 600 300
5.0 7.78 4.42 2.6 600 300
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APPENDIX A

A1 Source properties of Sub-1

Since Sub-2 occurred to the south of Sub-1 (Fig. 3) with a delay, it
is possible to study the source properties of Sub-1 by using records
in the northern stations without using the waveforms generated by
Sub-2. We found an aftershock with M, 5.1 near the hypocen-
tre of the 2018 Hualien earthquake (Fig. 1b). This event, called
Aft, occurred at 18:00 (UTC) on 2018 February 6 and its direct S
waveforms are similar to those of Sub-1 (Fig. Al). The similarity
of the broad-band waveforms for stations NNSB, LATB, TDCB
and NACB suggests that Sub-1 and Aft have a similar mechanism.
The two nodal planes reported by RMT are (strike/dip/rake) =
(228°/82°/15°) and (305°/82°/207°). We further estimate the mag-
nitude of Sub-1 by comparing the amplitude at these four stations.
The average of the amplitudes’ ratio of Subl to Aft is 8.6, indi-
cating that the magnitude difference between the two events is M,
~0.5. Thus, the magnitude of Sub-1 is estimated to be M,, ~5.6
(My=3.13 x 10" Nm).
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Figure Al. Comparison of the waveforms recorded by four BATS stations (a) NNSB, (b) LATB, (c) TDCB and (d) NACB between Sub-1 and Aft. The red
waveforms are from Aft with the factor of amplification marked on the figures. The black waveforms are from the 2018 Hualien earthquake. The grey areas

indicate the waveforms of the direct S wave.

APPENDIX B
B1 Observed velocity pulse on the east and west sides of
the Milun fault

Fig. A2 shows observed velocity records on the east and west sides
of the Milun fault.

APPENDIX C
C1 Test for a different wavenumber increment (dk) used in
the F-K simulation

Fig. A3 compares synthetic waveforms computed with dk = 0.005
m~! and dk = 0.001 m~". dk = 0.005 m~"! is sufficiently small for
accurate computation.

APPENDIX D

D1 Effect of dip angle and rake angle on the waveforms

To test the effect of dip angle and rake angle on the waveforms on the
N-S and Z components observed on the east and west sides of the

Milun fault, we computed synthetic displacements with variable dip
angles of 60°, 70° and 80° towards the east in Fig. A4 and towards
the west in Fig. AS. We also consider rake angles 0° and 30°,
because Huang & Huang (2018) showed from GPS measurements
that the slip on the Milun fault had larger horizontal than vertical
movements. The results indicate that the dip angle of the Milun fault
should be larger than 80° for generating the reversed polarity of the
waveforms recorded on the east and west of the fault. We cannot
resolve the dip direction from the local strong motion records. This
means that the Milun fault is a nearly vertical fault at least at a
shallow depth. The rake angles seem to be irrelevant to the observed
polarity reversal pattern.

APPENDIX E
E1 Comparisons of the observed and synthetic waveforms
near the southern end of the Milun fault

Fig. A6 demonstrates comparisons between the observed and syn-
thetic velocity waveforms near the southern end of the Milun fault.
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Figure A2. Observed velocity records on the east side (a) and the west side

(b) of the Milun fault.
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Figure A4. Comparisons of synthetic displacements at the virtual stations on both sides of the line source. The black and red lines are the waveforms for the
stations on the east and west sides of the fault, respectively. Different fault geometries of the Milun fault are used: (a) dip angle of 80°E and rake of 0°, (b) dip
angle of 80°E and rake of 30°, (c) dip angle of 70°E and rake of 0°, (d) dip angle of 70°E and rake of 30°, (e) dip angle of 60°E and rake of 0° and (f) dip
angle of 60°E and rake of 30°.
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Figure A5. Comparisons of synthetic displacements at the virtual stations on both sides of the line source. The black and red lines are the waveforms for the
station on the east and west sides of the fault, respectively. Different fault geometries of the Milun fault are used: (a) dip angle of 80°W and rake of 0°, (b) dip
angle of 80°W and rake of 30°, (c) dip angle of 70°W and rake of 0°, (d) dip angle of 70°W and rake of 30°, (e) dip angle of 60°W and rake of 0° and (f) dip
angle of 60°W and rake of 30°.
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Figure A6. Comparison of the observed velocity ground motions at stations
HWAO014 and HWAO19 (black), located on the west and east sides of the
Milun fault, respectively, near the southern end (Fig. 2), with the synthetics
(red) computed for the virtual site, W and E (Fig. 8).
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