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Anomalously Large Ground Motion in the 2016
M L 6.6 Meinong, Taiwan, Earthquake:
A Synergy Effect of Source Rupture
and Site Amplification
by Shiann-Jong Lee, Te-Yang Yeh, and Yen-Yu Lin

ABSTRACT

On 6 February 2016, an ML 6.6 earthquake occurred in the
Meinong area of southern Taiwan, causing anomalously large
ground shaking. In this study, a joint source inversion was per-
formed to understand the rupture process of this event and to
identify how the anomalous strong motion was produced. The
results show that the rupture process of this event was complex;
at least two asperities were identified on the fault plane. The
rupture mainly developed in the down-dip direction and
propagated toward the northwest. Results from a 3D wave
propagation simulation further indicate that the strong ground
shaking observed in southwest Taiwan was caused by a combi-
nation of three effects: (1) rupture directivity, (2) source radi-
ation pattern, and (3) sedimentary amplification. The results
demonstrate that constructive source rupture and wave propa-
gation effects due to a moderate earthquake can cause anoma-
lously strong ground motion and serious seismic hazards in
nearby densely populated areas.

Online Material: Figures comparing observed and synthetic
waveforms and Global Positioning System (GPS) displace-
ments and spatial–temporal resolution and parameter tests,
and movie showing wave propagation.

INTRODUCTION

On the morning of 6 February 2016, at 03:57:26 (UTC
+8:00), a moderately large earthquake with a local magnitude
of ML 6.6, named the 0206 Meinong earthquake, struck
southern Taiwan. With an ML >6, this event was the first, as
well as the largest, inland earthquake in Taiwan during 2016.
The earthquake report released by the Central Weather Bureau
(CWB) indicated that the hypocenter was at 120.544° E
22.922° N, with a depth of 14.6 km. It was located in an area

with a complex tectonic background (Yen and Tien, 1986;
Deffontaines et al., 1997; Lacombe et al., 2001), where the
2010 Jiashian earthquake (ML 6.4) had also occurred (Ching
et al., 2011; Huang et al., 2011; Lee et al., 2013). Many places
in southwestern Taiwan experienced a CWB seismic intensity
greater than 5 (80–250 Gal). According to the results of the
ground-motion prediction equations (Lin et al., 2011), the
estimate of average peak ground acceleration (PGA) of an
Mw 6.5 earthquake near the source area is ∼200 Gal. However,
extreme cases with a seismic intensity of 7 (>400 Gal) were
recorded by local instruments in Tainan City. Because of the
strong ground motion, a considerable amount of building dam-
age was reported. In particular, a high-rise building completely
collapsed in Tainan (Fig. 1). In total, this event caused 117
deaths and more than 500 casualties.

This earthquake was clearly recorded by several real-time
seismic networks, including the CWB 24-bit Seismic Monitor-
ing Network, the Broadband Array in Taiwan for Seismology
(BATS), and Palert (Wu et al., 2013). Anomalously large
ground motion during the Meinong earthquake was shown by
three Palert near-field records (Fig. 1). Data recorded at near-
field stations with similar epicentral distances (<25 km)
show abrupt changes in waveform characteristics and peak am-
plitudes. A large peak ground velocity of 101:1 cm=s was re-
corded at W21B, a station to the west of the epicenter,
whereas those recorded at stations to the east were only
13:2 cm=s (at W052) and 4:4 cm=s (at W057). The peak am-
plitude of the anomalously strong pulse-like velocity waveform
recorded at the station to the west (W21B) was at least 20
times larger than those recorded on the eastern side (W057).

Several active faults have been identified around the loca-
tion of this event as well as in surrounding regions (Fig. 1).
However, none of the focal planes shown by the centroid mo-
ment tensor (CMT) reports from the CWB or the Global CMT
(Dziewonski et al., 1981) match the geometry of the known
active faults. All CMT results indicated two fault planes—one
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high-angle thrust fault dipping toward the west and another
low-angle strike-slip fault dipping toward the north. The cent-
roid location reported by real-time moment tensor monitoring
(Lee et al., 2013) was ∼10 km northwest of the CWB epicenter
(Fig. 1). There were 362 aftershocks that occurred in the five
days after the mainshock, with an ML ranging from 0.46 to
5.30. Two separate groups of aftershocks were located in
the eastern and western portions of the mainshock epicenter.
The spatial distribution of aftershock locations roughly formed
a northwest–southeast pattern (Fig. 1). It is noted that a gap
occurred between these two groups of aftershocks.

To investigate how this event produced strong ground
shaking in southern Taiwan, this study developed a numerical
earthquake model of the Meinong earthquake. First, we per-
formed a joint inversion to analyze the source rupture process.
The inverted source model was then used for the forward spec-
tral-element method (SEM) simulation. In these inverse and
forward processes, the 3D path effects are identical because
the same regional 3D tomography model was used. Finally,

the rupture process of the Meinong earthquake and its influ-
ence on strong ground motion were discussed.

SOURCE RUPTURE PROCESS INVERSION

To investigate the rupture process of the Meinong earthquake,
we performed a joint source inversion. Three data sets, includ-
ing teleseismic body waves, Global Positioning System (GPS)
coseismic displacements, and local ground-motion records,
were included in the inversion. The seismic waveforms and
GPS data that were used are shown inⒺ Figures S1–S3 (avail-
able in the electronic supplement to this article). Data from 28
teleseismic Incorporated Research Institutions for Seismology
stations with epicentral distances ranging between 30° and 90°
were used. We deconvolved the instrument response to obtain
teleseismic displacement records. The records were subsampled
by taking 10 samples every second and filtered to 0.01–1.0 Hz
passband. A 42-s time window, starting from 10 s prior to the P
arrival, was used. Coseismic GPS displacements were compiled

▴ Figure 1. Map view of the slip distribution of the 2016 Meinong earthquake. The Central Weather Bureau (CWB) epicenter is indicated
with a red star and the real-time moment tensor (RMT) centroid location is shown as an open star. Focal mechanism plots show the focal
mechanisms determined by the Global Centroid Moment Tensor (CMT) and RMT. Vectors are the slip direction and the amount of slip on
each subfault. Gray circles are the first five days of CWB relocated aftershocks. The active faults in the study area are shown with red
lines. Dark yellow squares are the damaged buildings. The inset marks the study region in a larger map of East Asia. The photo in the left
shows a fully collapsed high-rise building in Tainan destroyed by the Meinong earthquake.
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by the CWB. There were 279 coseismic displacements used in
the inversion. Data from three seismic networks were incorpo-
rated in the local ground-motion records, including the CWB
24-bit Seismic Monitoring Network, BATS, and Palert. For
local data, we inverted velocity waveforms with a 35-s time
window beginning from the event origin time. The CWB
24-bit and BATS records were subsampled to a 0.1-s sampling
rate, and the band-pass filter range was 0.05–0.33 Hz, whereas
the Palert records were particularly filtered to 0.1–0.33 Hz. It is
shown that the local ground-motion data from the combina-
tion of the three networks provide good azimuthal coverage
surrounding the source area.

The finite-fault source inversion problem is generally for-
mulated in a linear form, Ax � b (Hartzell and Heaton,
1983), in which A is the matrix of Green’s functions, b is
the observed data vector, and x is the solution vector of the
slip. We minimized the following objective function using a
nonnegative least-squares (NNLS) inversion

EQ-TARGET;temp:intralink-;df1;52;529min
x
f �x� � 1

2
jj�Ax − b�jj2 � λ2jjFxjj2 subject to x ≥ 0;

�1�
in which F is the smoothing and damping matrix, and λ is the
weighting of linear constraints. If the set of equations Fx ∼ 0
has a form such that xi − xj ∼ 0, in which i and j are the in-
dexes of adjacent subfaults, then the solution is constrained to
have a smoothly varying spatial distribution. In addition, if the
xk ∼ 0, in which k is the indexes of subfaults at the fault boun-
dary, then the solution of slip is constrained to diminish at the
edge. A misfit function, defined as �Ax − b�2=b2, was used to
evaluate the fit of the data. We used a parallel NNLS inversion
technique (Lee et al., 2006) to deal with the complex source
inversion problem. The number of processors (or CPU cores)
depends on the number of time windows used in the inversion.
In this study, we considered 60 multiple time windows, and
thus 60 CPU cores were deployed for one inversion. The com-
putation was carried out on the Institute of Earth Sciences
(IES) Green Cluster, taking about 8.6 min for each run. For
the calculation of teleseismic Green’s functions, we used the
approach developed by Kikuchi and Kanamori (1982). The
geodetic Green’s functions were calculated based on the ana-
lytic expression presented by Okada (1985). For the local
ground-motion data, the 3D synthetic Green’s functions were
calculated based on the SEM (Komatitsch and Tromp, 1999;
Komatitsch et al., 2004). In the SEM mesh model, a regional
3D velocity model derived by Huang et al. (2014) was incor-
porated. Details of the SEM mesh model built for the whole of
Taiwan are discussed in the Ⓔ electronic supplement (see also
Fig. S6). The local synthetic Green’s functions were filtered to
the same frequency bands applied to the observed data.

Based on the fault-plane solution reported by the Global
CMTand the aftershocks reported by the CWB, we considered
a fault model with a northwest–southeast strike, dipping to the
north (strike 281° and dip 24°). The fault plane was divided
into 195 subfaults with a size of 3 × 3 km2, resulting in a total
fault dimension of 45 × 39 km2 (Fig. 1). A maximum rupture

speed of 3:5 km=s was allowed in the inversion. There were 60
time windows with 0.4 s duration, each having 0.2 s overlap
between subsequent time windows. This enables each subfault
to slip freely within 12.2 s. To ensure the different data sets
contributed equally to the inversion, a normalized weight was
given in the inversion. The result of the data fittings (Ⓔ
Figs. S1–S3) and the two inversion tests (Ⓔ Figs. S4 and S5)
are provided in the electronic supplement.

Joint source inversion shows that the slip was distributed
across an area with a size of ∼25 × 25 km2 (Fig. 1). Complex
slip distributions with at least two asperities were found on the
fault plane. Asperity I was the largest asperity and was located
at a depth of ∼20 km, in the down-dip beneath the hypocen-
ter. It had a large slip zone, which extended to the western por-
tion of the fault plane, resulting in a size of ∼10 × 15 km2 that
was dominated by left-lateral strike-slip movement. The maxi-
mum slip on this asperity was 120.2 cm. Asperity II appeared
to be an isolated slip patch that developed in the shallower
portion of the fault plane on the west side of the epicenter.
Compared to the asperity I, the slip in this area was smaller
(∼50 cm) and occurred at shallower depths (∼15 km). The
slip in asperity II showed a left-lateral with small thrust move-
ment. Some slips were also observed between asperity II and
the epicenter but had smaller amounts of slip. It is worth not-
ing that the aftershock distribution matches the edge of the
main rupture zone. The average slip on the fault plane was
∼38:4 cm. Assuming a representative circular fault model, the
average stress drop of the Meinong earthquake was 2.49 MPa.

Snapshots of the rupture process are shown in Figure 2a.
In the first 2 s, the slip that ruptured in and around the hypo-
center was very small. After the third second, a large slip
(∼30 cm) began to rupture beneath the hypocenter. In the
time window between the third and eighth seconds, a large slip
developed in the down-dip areas and propagated toward the
west. This rupture behavior then immediately propagated
through a large slip zone and formed asperity I. At ∼9 s, more
slips began to occur at the shallow western area of the hypo-
center. An isolated slip patch also occurred to the right of the
hypocenter at approximately the fourth second. This slip patch
continued developing until the end of the rupture at approx-
imately the 16th second, and gradually formed asperity II on
the fault plane. A constant rupture velocity (V r � 2:8 km=s) is
shown as a reference rupture front in Figure 2a. Most of the slips
occurred after the reference rupture front had passed, especially
the slip in the shallow asperity (asperity II). This indicates that
the V r at asperity II was relatively slow (<2:8 km=s). However,
some slips during the development of Asperity I occurred before
the reference rupture front from approximately the third to the
sixth seconds. The average shear-wave velocity determined from
a 3D tomography model (Huang et al., 2014) in this area was
about 3:23 km=s. This implies that the rupture speed during the
development of asperity I was relatively fast, with a higher than
average rupture velocity value (average V r is about 0.8 times the
shear-wavespeed).

The seismic moment release of the Meinong event was
complex (Fig. 2b), containing several energy bursts during
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rupture. The moment released at the beginning (0–2 s) was
very small, followed by a series of large peak moment releases
between the second and eighth seconds, which were related to
the development of asperity I. During this time period (2–8 s),
the rupture developed in the down-dip area and propagated in
a westerly direction, releasing>60% of the total moment. This
represented the main rupture characteristic of the Meinong
earthquake. Moments released after the eighth second were
mainly due to the rupture that developed in the shallow fault
plane. A small peak, occurring ∼13–16 s, was caused by the
growth of asperity II. The entire duration of the Meinong
earthquake was ∼16 s, and the total seismic moment release
was 7:53 × 1018 N·m, equivalent to an earthquake ofMw 6.52.

FORWARD GROUND-MOTION SIMULATION

We adopted the inverted source rupture model to simulate the
3D wave propagation based on the SEM. The same SEM mesh
model was used in the forward simulation study to ensure that

the path effect was identical in the inversion and forward proc-
esses. Because of the resolution limit of the 3D tomography
model, the 3D wavefield and synthetic waveforms were simu-
lated to 0.625 Hz. Ⓔ Movie S1 displays the simulated velocity
wavefield for the east–west component. Because of the develop-
ment of the fault rupture, a large number of seismic waves were
generated from the source area in the first 20 s. After 20 s, the
rupture on the fault plane stopped. However, because of the
westward rupture, a strong directivity effect was observed to
the west of the epicenter. Several series of strong, high-amplitude
shakings, lasting for more than 30 s, spread into Tainan, Chiayi,
and Kaohsiung. These strong seismic waves propagated all the
way to the northwest and then gradually subsided when they
reached northern Taiwan. In contrast to the strong shaking seen
in the areas to the west of the epicenter, ground motion in
eastern and southern Taiwan was relatively small.

We further analyzed the synthetic waveform calculated from
the forward ground-motion simulation. The forward synthetic
waveforms were compared with local ground-motion data

▴ Figure 2. (a) Snapshots of cumulative slip. The dashed open circle indicates a reference rupture front (V r � 2:8 km=s). The star in-
dicates the hypocenter as reported by CWB. Vectors are the slip direction and the amount of cumulative slip on each subfault. (b) Moment
rate function of the Meinong earthquake.
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(Fig. 3a). Results show that the characteristics of the east–west
component synthetic waveforms were similar to those observa-
tions in the period between 3 and 20 s (3 and 10 s for the Palert
data). However, because the numerical simulation was not
capable of completely reproducing the site amplification, the
observed amplitudes at stations SCL, W21B, and W21F were
respectively multiplied by a factor of 0.25, 0.2, and 0.25, so that
they could be compared with the synthetic waveforms. The wave-
forms recorded in theTainan area were generally characterized by
a moderately large amplitude wave followed by a series of strong

amplitudes. Parts of these large amplitudes were more than 20
times larger than the waveforms recorded in the southern and
eastern stations. The low-velocity structures that cannot be com-
pletely explained by the recent tomographic model may play im-
portant roles in amplifying the ground shaking in these specific
areas. The overall misfit of the forward synthetic waveform is
0.37. With the details of the source rupture models and the
3D velocity model, we can closely reproduce the characteristics
of the long-period strong ground motions of the Meinong earth-
quake for simulations accurate to a period of ∼3 s.

▴ Figure 3. (a) Comparison between local ground-motion records and forward synthetics for the east–west-component velocity wave-
forms. The CWB 24-bit and Broadband Array in Taiwan for Seismology waveforms were band-pass filtered between 0.05 and 0.33 Hz.
The Palert data were filtered between 0.10 and 0.33 Hz. The maximum observed ground velocity is shown at the beginning of each
waveform. (b) Comparison between Palert records and forward synthetic waveforms for the east–west component along A–A′ pseu-
dostation array. Black lines are forward synthetics with full rupture process. Blue lines are synthetics with only 10–16 s rupture. Red
lines are observations. Because of strong site effect, the amplitudes of SCL, W21B, and W21F were multiplied by 0.25, 0.20, and 0.25 to
compare with the synthetics.
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To investigate how the strong-motion waveform devel-
oped from the source area and was propagated into Tainan,
synthetic waveforms along a pseudostation A–A′ array in a
northwest–southeast direction were further analyzed. Figure 3b
shows the east–west-component synthetic waveforms and
strong-motion records near the array. The amplitude of the
waveforms tended to be largest in the east–west component
during the earthquake, especially in theTainan area. The wave-
form amplitude for the station along the pseudoarray varied
greatly by a factor of ∼40, from 3:27 cm=s on the northwest
side (P10) close to Tainan City, to 0:08 cm=s in the southeast
station (P50). A remarkably strong velocity pulse originating
from the epicenter and propagating into the Tainan area was
observed. This velocity pulse had an extremely large amplitude
with a relatively long duration that dominated the waveforms
in all stations northwest of the epicenter. This phase com-
menced with the rupture of asperity I, which propagated in
a northwesterly direction with a relatively fast rupture speed
and resulted in an extremely strong rupture directivity effect
in and along the rupture direction. This kind of velocity pulse,
also called a killer pulse in earthquake engineering (Heaton
et al., 1995), contains huge amounts of kinetic energy that can
cause serious damage to buildings. It is very likely that the col-
lapse of the high-rise building and much of the other structural
damage in the Tainan area was, to some extent, caused by this
devastating killer pulse. The asperity II rupture mainly occurred
10 s after the rupture initiation. To demonstrate how asperity II

contributed to waveforms, we calculated the synthetic waveforms
specifically for the period of 10–16 s after the initiation of the
source time function. It is easier to identify the contributions
through time and space by showing a pseudoarray, which is pro-
vided in Figure 3b. It shows that the contribution of asperity II
was almost associated with the later phases. Indeed, these later
phases extended the duration of ground shaking, whereas as-
perity II may contribute less to the peak ground motion in the
Tainan and Chiayi areas.

DISCUSSION

We compared the observed PGA and the simulated ShakeMaps
shown in Figure 4a. In this comparison, the CWB 24-bit data
were used. A low-pass filter using a corner of 0.625 Hz was
applied to the data so that it could be compared with the
simulated ShakeMap with the same frequency band. The PGAs
observed near the epicenter and the Tainan area were large. A
strong PGA also extended northwestward into the Western
Plain; however, it subsided quickly in northern Taiwan.
Numerical simulation results further showed amplification of
the PGAs in the Taiwan Strait, where a large PGAwas observed
on the Penghu Islands. All of the characteristics in the observed
PGA were generally reproduced by the simulation. For the area
to the east of the hypocenter, simulated PGAs were larger than
those observed. Wang et al. (2010) proposed a 3D QP and QS
tomography model beneath Taiwan. A low Q region can be

▴ Figure 4. The ShakeMaps (norm of the three-component peak ground acceleration [PGA]) determined from three different simulation
cases: (a) a full 3D velocity and topography model with an inverted finite-fault source model, (b) a homogeneous half-space model (flat
surface) with a double-couple point source, and (c) a homogeneous half-space model (flat surface) with an explosive source. The colored
squares in (a) indicate the norm of PGA observations which were compiled from the CWB 24-bit Seismic Monitoring Network. The
observations were low-pass filtered using a corner frequency of 0.625 Hz to compare with the simulated ShakeMap determined by
a frequency of ≤0:625 Hz.
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found beneath the Central Range in the 3D model. This high-
attenuation feature has not been considered in the SEM mesh
model. This may explain the greater amplitudes of the waves
propagating from the Meinong source region toward eastern
Taiwan.

To determine the main factors that caused the amplifica-
tion of ground shaking in southern Taiwan, we considered three
different source models in the SEM simulations: finite-fault,
point double-couple, and explosive. The ShakeMaps of the three
source models are shown in Figure 4. In the explosive source
model (Fig. 4c), a concentric circular ShakeMap distribution,
centered on the epicenter, was shown as expected. The result
derived from the point double-couple source model (Fig. 4b)
showed strong ground motion on the west and east sides of the
epicenter but especially in the western areas where the cities of
Tainan and Kaohsiung are located. This phenomenon is due to
source radiation that causes amplified ground motion in specific
positions. The ShakeMap pattern resulting from the finite-fault
rupture model is complex. The PGA shows large amplifications
not only on the west side of the source area but also extending in
a northwest direction (Fig. 4a). As we discovered from the source
inversion result, the rupture of the Meinong earthquake oc-
curred mainly from the southeast from the epicenter and ex-
tended toward the northwest. This rupture characteristic can
cause a strong directivity effect that amplifies the ground motion
in the Tainan area. In addition, the simulation result shows am-
plifications in most areas of western Taiwan. This result reflects
the fact that the seismic wave propagated through the Western
Plain, which is made up of thick, low velocity, sedimentary de-
posits. Although the simulation performed in this study is con-
sidered accurate in the low-frequency range (e.g., 0.33 Hz), we
noticed that the amplification could not be reproduced
adequately at some stations because of the sedimentary layer near
the surface. Because we have already considered rupture direc-
tivity, radiation pattern, and 3D velocity structure, it is reason-
able to conclude that the underestimated amplitudes are
attributed to the site or nonlinear near-surface amplifications.
Consequently, the factors that we used for amplification correc-
tions at stations SCL,W21B, and W21F serve as estimations of
the near-surface amplification in this frequency range. A com-
parison between simulations with and without surface topogra-
phy is shown in Ⓔ Figure S7. The topography amplified the
PGA in parts of the mountainous area. However, the anoma-
lously large ground motion observed in western Taiwan, that
is, the Tainan and Chiayi areas, was not significantly influ-
enced by the topography in the 3–20 s period. From the re-
sults of these numerical simulations, we concluded that
the anomalously large ground motion in Tainan during the
Meinong earthquake was caused by an accumulative effect of
three factors: (1) rupture directivity, (2) source radiation pat-
tern, and (3) sedimentary amplification.

CONCLUSIONS

The joint source inversion result of the Meinong earthquake
indicates that the spatial extent of the rupture area was

∼25 × 25 km2, and the maximum slip was larger than 1 m. The
rupture was complex and included at least two asperities on the
fault plane. In the first 8 s, asperity I developed in the down-dip
area below the hypocenter and caused the rupture to propagate
toward the northwest with V r higher than 0.8 VS . Asperity II
was located in the shallow part that slipped for a long time from
the fourth second until the end of the rupture. In the 3D wave
propagation simulation, we demonstrated that the strong
ground shaking observed in Tainan could be reproduced by
three factors: (a) rupture directivity, (b) source radiation pattern,
and (c) sedimentary amplification. The numerical earthquake
model of the Meinong earthquake presented here suggests that
the northwest-striking blind fault in southern Taiwan can cause
serious seismic hazards, especially in the areas of Tainan and
Chiayi. This event is also an example of how a moderate earth-
quake can produce anomalously strong ground motion in re-
gions with similar geological characteristics.

DATA AND RESOURCES

The teleseismic data used can be obtained from the Incorporated
Research Institutions for Seismology Data Management Center
(IRIS-DMC) at www.iris.edu (last accessed February 2016).
Central Weather Bureau (CWB) 24-bit Real-time Seismic Mon-
itoring Network data were provided by the Taiwan rapid earth-
quake information release system implemented by the CWB at
gdms.cwb.gov.tw (last accessed February 2016). Local broadband
data were provided by the Broadband Array in Taiwan for Seis-
mology (BATS) at bats.earth.sinica.edu.tw (last accessed Febru-
ary 2016). Palert waveforms are available at www.space.ntu.edu.
tw/navigate/s/AAD3613D33B0483A9D67F716BF100B3DQQY (last
accessed March 2016).
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