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Abstract The 2016 Mw 6.4 Meinong earthquake struck a previously unrecognized fault zone in midcrust
beneath south Taiwan and inflicted heavy causalities in the populated Tainan City about 30 km northwest
of the epicenter. Because of its relatively short rupture duration and P wave trains contaminated by
large-amplitude depth phases and reverberations generated in the source region, accurate characterization
of the rupture process and source properties for such a shallow strong earthquake remains challenging.
Here we present a first high-resolution MUltiple SIgnal Classification back projection source image by using
both P and depth-phase sP waves recorded at two large and dense arrays to understand the source
behavior and consequent hazards of this peculiar catastrophic event. The results further corroborated by the
directivity analysis indicate a unilateral rupture propagating northwestward and slightly downward on the
shallow NE-dipping fault plane. The source radiation process is primarily characterized by one single peak,
~7 s duration, with a total rupture length of ~17 km and average rupture speed of 2.4 km/s. The rupture
terminated immediately east of the prominent off-fault aftershock cluster about 20 km northwest of the
hypocenter. Synergistic amplification of ground shaking by the directivity and strong excitation of sP and
reverberations mainly caused the destruction concentrated in the area further to the northwest away from
the rupture zone.

1. Introduction

On 5 February 2016, a strong devastating earthquake with a moment magnitude (Mw) 6.4 struck the Meinong
District of Kaohsiung City in southern Taiwan. Its hypocenter determined by the Central Weather Bureau
(CWB) of Taiwan is located at a midcrust depth of 16.7 km beneath the northern tip of the Pingtung Plain,
the region covered with the Quaternary alluvial deposits and bounded by the two major faults, the N-S
striking Chaochou fault to the east and the NE–SW striking Chishan fault to the west (Figure 1). The U.S.
Geological Survey USGS CMT (centroid moment tensor) solution of the main shock and distribution of its
aftershocks reported by the CWB suggest that the earthquake slipped on a shallow NE-dipping fault plane
striking N61°W with both left-lateral strike slip and thrust motions (Figure 1). Amplification of ground motion
by sediment reverberations coupled with local site effects have been blamed for partly causing the collapse
of high-rise buildings and severe fatalities in Tainan City, about 20 km northwest of the epicenter.

For the last nearly three centuries, several historically documented events with similar or larger magnitudes
had rattled the Tainan area which also resulted in substantial damages and casualties. The two recent ones
occurring in very close proximity to the 2016 Meinong earthquake are the 1946 Hsinhua and 1964 Baihe
earthquakes located about 40 km to the northwest and 30 km to the north, respectively [Cheng and Yeh,
1989]. After about 45 years of seismic quiescence, strong earthquakes with magnitude greater than 6 started
to reactivate in the vicinity, including the 2010Mw 6.2 Jiashian and 2012Mw 6.3 Wutai earthquakes that struck
25–30 km deep east and southeast of Meinong on the blind faults beneath the southern Central Mountain
Range [Hsu et al., 2011; Chan and Wu, 2012; Lee et al., 2013]. As revealed by the earthquakes in 1990–2015
from the CWB catalog, the Meinong event occurred in an NW-SE trending linear zone of background seismi-
city with no clear link to any known faults. This linear feature delineates the boundary between the seismi-
cally active, rugged hilly terrain to the north and east, and the Pingtung Plain to the south with extremely
low seismicity. Two prominent aftershock clusters were triggered near the source region within hours to days
after the main shock. The one nearest to the hypocenter was distributed at 10–20 km depth along the linear
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background seismic zone as mentioned above and the other more concentrated deeper at 20–30 km depth
to the WNW about 20–30 km from the source. These two clusters appear to be aligned on an NW-SE trend
parallel to the strike of one of the nodal planes inferred from the CMT of the main shock but separated by
a seismic gap in between. Additionally, fewer aftershocks, in spite of being quite sparse and scattered,
seem to run roughly parallel to the strike of the other nodal plane (N174°E) and steep topographic front.

In spite that the fault plane orientation, average slip vector, and rupture area of an earthquake can be crudely
determined from the CMT mechanism, aftershocks, and surface field observations, tracking the details of the
rupture process is of essential importance for comprehensively understanding the source characteristics and
consequent impacts of a destructive event. A back projection (BP) method using high-frequency (HF) tele-
seismic body waves recorded at large-aperture dense arrays is well suited for this purpose, as it has been
demonstrated effective in imaging the space-time evolution of radiated energy with no need of much a priori
knowledge about source parameters [Ishii et al., 2007]. Here we employ the multitaper-MUltiple SIgnal
Classification (MUSIC) BP technique [Meng et al., 2010] to illuminate coherent radiation sources through time
for tracking the rupture process of the Meinong earthquake. The obtained image would facilitate the identi-
fication of the asperity on the previously unknown fault zone and estimation of important source parameters
such as rupture speed, length, and direction. Using broadband waveforms recorded globally and modeled
synthetics, we further verify our BP results through the directivity and source radiation analyses.

2. Methods and Data

In principle, the BP method tracks the rupture front of an earthquake by extracting coherent seismic arrivals
radiated from common source points and propagating them backward in time to the positions of the respec-
tive radiators [Ishii et al., 2007; Koper et al., 2011]. Practically, there are various ways to perform the reverse-
time source imaging, such as the time domain stacking [Ishii et al., 2007], frequency domain compressive
sensing [Yao et al., 1982], and MUSIC (MUltiple SIgnal Classification) [Meng et al., 2010, 2011, 2012b].

Figure 1. (a) Tectonic setting of the Meinong earthquake outlined by a black box in the inset map showing the plate configuration around Taiwan. The stars show
earthquakes with Mw > 6.0 recorded in this area during the instrumentation era, with the focal mechanisms from the BATS database. The color and gray circles
denote the aftershocks within 10 days after the main shock and background seismicity withML> 2.0 from the CWB catalog, with size and color scaled by magnitude
and depth, respectively. (b) Projection of all the earthquakes located within 5 km on either side of the AA0 and BB0 cross sections parallel to the strikes of the two
nodal planes shown in Figure 1a, where the yellow star and the square mark the hypocenter and terminus of the rupture from our BP image.
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Because a seismic signal is inherently nonstationary and there exists a trade-off between its arrival time and
traveling distance, the drift of the stacked energy over time toward the direction to the array is inevitable for
the BP results [Ishii et al., 2007; Koper et al., 2011]. This so-called swimming artifact can be much mitigated by
the MUSIC to enhance the image resolution [Meng et al., 2012a]. The method estimates the covariance matrix
of waveforms for every sliding time window and sampling frequency by a multitaper approach [Thomson,
1986] and projects it into the signal and noise subspace [Schimdt, 2002]. The steering vector consists of
the frequency domain phase shifts at each station to correct for the arrival-time shifts of the signals from each
candidate source relative to the hypocenter. The direction of arrival associated with the strongest radiator is
determined by the maximum amplitude of the frequency-average MUSIC pseudospectrum, defined as the
inverse of the projection of the steering vector onto the noise subspace [Meng et al., 2010].

In this study, we combine the high-resolution MUSIC BP and directivity analysis to explore the rupture
process of the Meinong earthquake in detail by using global teleseismic broadband records. The vertical velo-
city waveforms filtered at 0.5–1.5 Hz from two large and dense seismic networks in Europe (EU) and Australia
(AU) are first aligned on the initial P arrivals as the onset (zero time) of the rupture (Figure S1 in the supporting
information). By choosing overlapping sliding windows of appropriate length, we perform the multitaper
cross-spectral estimation of the windowed signals for the subspace projection analysis. Nodes of a
50 × 50 km2 grid mesh centered at the hypocenter with a 2 km spacing along the strike and dip of the
presumed fault plane are specified as candidate source radiators. We test two plausible scenarios of the
rupture propagating on either one of two conjugate nodal planes derived from the USGS CMT. The results
favor the shallow NE-dipping one striking N61°W as the rupture plane. We also conduct the joint back projec-
tion of P and depth phase sP on a 3-D volume without a priori specifying the fault plane. Similar to the 2-D
results, the combined 3-D image seen from the AU array suggests the rupture propagating subhorizontally
toward northwest in favor of the NW-striking nodal plane as the fault plane, though there exists larger
uncertainties in the imaged radiator locations (see Figure S2 for details).

3. Back Projection Source Image

Figure 2 summarizes our BP results by using P and sP wave trains from the AU and EU arrays. We test different
lengths of the sliding window shifted in every second and choose 3 s, about twice of the dominant period of
the filtered P pulses, to achieve both the optimal time resolution and stability of the BP images. The rupture
process is illuminated by the strongest radiators in every 2 s projected on the map. The respective peak
amplitude of the MUSIC pseudospectrum varying with time is also shown as the apparent source time func-
tion, similar to the maximum amplitude of the stacked energy obtained in the time domain BP method.

In Figure 2a, we show the BP results obtained with ~20 s long wave trains starting from the aligned P arrivals.
The MUSIC pseudospectrum observed at the AU and EU arrays grossly resembles the displacement wave-
forms shown in Figure 3b, indicating two major episodes of source energy release. Each episode begins with
an ~5–7 s long, stronger radiation burst followed by a rapid decay afterward, but the peak and duration
observed from the AU array appear later and longer by about 2 s than those from the EU array. In the first
episode, except for the last 2–3 s during which the normalized amplitude of the MUSIC pseudospectrum
at the EU drops rapidly to very small values (<�3 dB), the radiators seen by both the arrays show the predo-
minance of a unilateral rupture propagating primarily toward the NW and slightly downdip. Though the AU
compared to the EU array has a less dense station coverage, the shorter epicentral distance and favorable
azimuth opposite to the rupture direction lead to the recorded waveforms having longer duration and higher
coherence and signal-to-noise ratios. The AU image thus gives preferable spatiotemporal resolution for more
robust estimates of the rupture length, speed, direction, and duration. The following investigation of the
main rupture features mostly rely on the AU results.

Despite someminute differences probably due to the source radiation pattern and directivity effect, the over-
all HF radiators reveal fairly consistent space-time distributions during the first 5–8 s. In contrast, during the
second episode there are large discrepancies in the radiator locations between the two arrays, even though
the apparent source time functions and displacement waveforms of the two episodes are similar. The EU
radiators emitted between 10 and 14 s are found to move further northwest about 20 km from the epicenter
above the deeper off-fault aftershock cluster, while the AU radiators are shifted eastward in the reverse
direction to the previously ruptured area. We notice that these inconsistent radiators are mainly back
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Figure 2. Spatiotemporal distributions of the strongest radiators imagedwith the MUSIC BP by using (a) ~20 s P, (b) ~6 s sP,
and (c) both P and sP waves at the AU (square) and EU (diamond) arrays, with symbol size and color scaled by the radiation
strength and time elapsed. The green arrows show the rupture direction and length from the directivity analysis and
the inverted triangles the most damaged Tainan area. (top right) The distances of the radiators from the hypocenter along
the strike and dip, with concentric circles for the rupture fronts at specific times assuming a rupture speed of 2.5 km/s.
(bottom left) The peak amplitudes of the normalized MUSIC pseudospectrum in decibel (dB) over time.
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Figure 3. (a) Teleseismic velocity waveforms at 0.01–2 Hz varying with azimuth. The red, purple, and blue lines mark the aligned P and average hand-picked pP and
sP arrivals (thin bars), respectively. (b) Displacement waveforms varying with directivity parameter, with the rupture duration marked by red lines. Note that the
positive Pwave polarity has been reversed. (c) Differential pP-P and sP-P travel times varying with focal depth. The red, blue, and pink lines indicate the pP-P and sP-P
times predicted for three 1-D models from IASP91, the local tomography model [Huang et al., 2014], and our estimates that fit the observed differential times for a
16 km deep event. The circles with error bars show the averages and standard deviations of the picked pP-P and sP-P times. (d) Comparison of the observed
(circle) and predicted (cross) sP/pP amplitude ratios varying with azimuth.
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projected from the second major pulses which have the arrival-time moveouts and amplitudes comparable
to the first ones (Figure 3b). Considering the hypocentral depth of ~16 km and relative short rupture duration
typical for the Mw 6.4 event, we speculate that these late-arriving pulses originate from the surface-reflected
depth phases, pP and sP.

To corroborate this speculation, we manually pick the onset times and peak amplitudes of the pP and sP
phases on the vertical velocity component of teleseismic waveforms filtered at 0.01–2 Hz (Figure 3a). To help
reliably identify and characterize the observed depth phases from the variations in waveform polarity and
amplitude with azimuth, we calculate the corresponding synthetic seismograms as reference (Figure S3)
by the frequency-wave number method [Zhu and Rivera, 2014], assuming a 1-D local crustal velocity structure
(Figure S4b) and a point source with the USGS CMT focal mechanism and CWB located hypocenter. We also
perform an Nth-root vespagram analysis [Rost and Thomas, 2015] to estimate the horizontal slownesses of the
coherent arrivals observed at the two dense arrays with nearly perpendicular azimuths (see details in Figure S5).
The slownesses determined by the maxima of the stacked energy agree with the theoretical values for P
and sP, but their arrival times are considerably delayed compared to those predicted by IASP91 model.
The observed differential sP-P and pP-P times and amplitude sP/pP ratios are then compared with those
predicted by the synthetics. As long as the ratio of P to S velocity does not vary significantly, the travel time
difference between sP and pP with similar ray paths is not susceptible to shallow velocity structures near the
source and can be used to constrain the focal depth. The average differential sP-pP time from our picking is
2.27 s consistent with the reported depth of ~17 km. Compared to those predicted by the global IASP91
model, the observed sP-P and pP-P times are substantially delayed by 2–2.4 s. Besides, the sP phases
observed at the azimuth of AU (~140°) and EU (~310°) stations persistently arrive earlier and later, respec-
tively, than the average picked time of ~10 s after P. These arrival-time changes with azimuth are mostly
ascribed to lateral velocity heterogeneity around the hypocenter. The 3-D local tomography model [Huang
et al., 2014] indicates that the earthquake occurs in the midcrust overlain by a 10–15 km thick sedimentary
layer with low P and S wave velocities and in transition to a relatively faster upper crust to the east beneath
the southcentral mountain range (Figure S3). To reconcile the average ~2 s delay of the observed depth
phase arrivals, we replace the crustal velocity model in IASP91 by the layer-averaged tomography model
and vary the velocities in the upper andmiddle crustal layers. We find that the average P and S velocities have
to be respectively reduced by 16 ± 4% and 7 ± 7% relative to the 1-D local model (Figure 3c). The radiated
seismic energy propagating through the shallow low-velocity layer generates strong reverberations seen
at all the stations, with slowly decaying amplitude and long duration over 10 s emerging after the sP
(Figure 3a). As the amplitudes of high-frequency waves are strongly influenced by scattering from heteroge-
neity, the observed sP/pP ratios exhibit considerable scattered variations with azimuth unmodeled by the 1-D
synthetics. Despite this, the amplitudes estimated from the 1-D synthetics can properly predict the large, less
scattered ratios observed in the NE and SE azimuths, where the pP and sP waves travel eastward through the
upper crust covered with less sediments.

As we confirm the phase arriving at ~10 s after P is mainly the sP, we separate these two phases and synchro-
nize their respective onset times to conduct the BP imaging individually. The time-evolving radiators con-
strained from the P and sP waves at the AU array are consistent. The sP waves propagating northwest
through the very thick low-velocity layer to the EU stations andmore contaminated by reverberations are less
coherent, resulting in the much weaker radiators. Even so, compared to those using the longer P wave trains
mixed with the depth phases, the rupture patterns obtained with the sP only at the two arrays become more
consistent with each other (Figure 2b).

From the previous study [Kiser et al., 2011] and our exercises using both the observed and synthetic data,
combining the BP results from multiple phases with different takeoff angles can help improve the image
resolution and reduce the uncertainties of the radiator locations for further evaluation of the rupture para-
meters. Two synthetic tests are presented in Figures S6 and S7 to demonstrate the capability of our joint P
and sP BP imaging in restoring assumed source scenarios with various rupture extent and duration. In
Figure 2c, we integrate the P and sP obtained rupture images by summing linearly the amplitudes of the
respective MUSIC pseudospectrum for each candidate source and given time interval. Those at which the
summed amplitudes reach the maxima are identified as the strongest radiators and the corresponding peak
amplitudes of the MUSIC pseudospectrum as the apparent source time function (Figure 2c). The summed AU
image indicates that the rupture is initially stagnant nearest the hypocenter at 0–2 s, then propagates toward
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the northwest and slightly downdip between 2 and 6 s and turns more horizontally at 6–8 s. This rupture
scenario agrees with the aftershock distribution in the vicinity of the hypocenter which forms a linear
trend roughly parallel to the strike of the rupture plane (Figure 1b). The rupture extent spans about 10 km
along the strike and 7 km along the downdip direction and ends at the eastern periphery of the off-fault
aftershock zone located ~20–25 km northwest of the epicenter. The average rupture speed is about
2.4 km/s by taking a total rupture length of ~17 km and duration of ~7 s.

4. Rupture Directivity and Source Radiation Analysis

To further verify our BP results, we conduct the directivity analysis by using all the global teleseismic broad-
band records. Assuming a simple kinematic source model for an earthquake rupturing on a rectangular fault
of finite length L, the apparent rupture duration, td, observed from a teleseismic P wave at azimuth, φ, is

expressed as td ¼ L
v � L cos φ�φrð Þ sinih

c , where c is the P wave velocity, v the rupture speed, ih the takeoff angle,

and φr the rupture azimuth. If the Meinong earthquake ruptured with multiple subevents, by arranging the

waveforms as a function of directivity parameter defined as � cos φ�φrð Þ
c [Zhan et al., 2011; Park and Ishii,

2014], we would observe the multiple coherent arrivals aligned along the straight lines with different slopes.

The rupture duration, Lv, for each subevent is equal to the intercept of the line crossing the zero directivity

parameter. Considering that the rupture propagates predominantly toward N61°W as seen in the BP image,
we display the displacement waveforms aligned on the onset P arrivals as a function of directivity parameter
(Figure 3b). The rupture directivity toward the NW is clearly evidenced by the time duration of the first pulse
linearly increasing with the directivity parameter. Besides, the onset times of the second pulses seem to be
aligned on the same moveout as the P. Though the amplitudes of these two pulses vary differently with
the directivity parameter, the overall waveform shapes are very similar with one single dominant peak,
further implying that these two seismic pulses originate from the same rupture process.

We determine the apparent rupture duration, td, from the length of the first pulse, which is the shortest (5.3 s)
toward the EU (azimuth ~303°), the intermediate (6.3 s) toward the North America (NA) (azimuth ~30°), and
the longest (7.4 s) toward the AU (azimuth ~138°). To obtain a quantitative estimate of the rupture speed v
and length L, we vary v and L to minimize the root-mean-square misfit between the observed and predicted
td at the three azimuths (Figure 4a). The resulting v and L are 16 ± 4 km and 2.0 ± 0.5 km/s, respectively,
consistent with those estimated from the BP images. According to the empirical scaling relation between
seismic moment and fault length [Leonard, 2010], the fault length of an interplate strike-slip earthquake with
magnitude 6.4–6.6 is about 13.6–17.2 km. Our estimate for the Mw 6.4 Meinong event falls within this
reasonable range.

Figure 4. (a) The rupture speed (v) and length (L) (red cross) that best fit the observed rupture duration (td) at the AU, EU,
and NA stations from the directivity analysis. The color image shows the RMSmisfit between the observed and predicted td
(white ellipse for RMS = 0.1 s). (b) (left) Propagation distance of the time-evolving radiators from the hypocenter at the
AU (square) and EU (diamond) arrays. The average v estimated by the slope of each least squares fit line is 2.5 and 1.6 km/s,
respectively. (right) Comparison between the radiator locations (square) from the AU image and cumulative slip distribu-
tion from the finite-fault model [Lee et al., 2016], with light and dark gray shaded areas showing the slip exceeding 15%
and 30% of the maximum value. The other symbols are explained in Figure 1a.
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5. Discussions and Conclusions

The finite-fault model of Lee et al. [2016] shows that the Meinong earthquake has two slip asperities with an
overall area of ~25 × 25 km2 and the moment release with a total duration of ~16 s. However, our BP and
directivity analyses yield the considerably shorter rupture length (~17 km) and duration (~7 s), with the
strong directivity pointing more toward the northwest than the fault strike of N79°W assumed in their
finite-source model. The rupture extent constrained by our AU image is partially overlapped with the first
asperity which starts with a small patch near the hypocenter at 0–2 s and during 2–8 s moves downdip about
18 km and then horizontally about 10 km to the west (Figure 4b). The resulting moment rate function has the
prominent peaks at 3–5 s, similar to the strongest radiation burst which reaches the maximum amplitude of
the MUSIC pseudospectrum in the AU image (Figure 2c).

The second asperity developed after 9 s is located immediately west of the first one but shifted to the
shallower depth of ~15 km above the off-fault aftershock cluster. This smaller slip patch is very close to the
radiator emitted at 10 s in our AU image (white square in Figure 4d), where the sP and reverberating wave
trains are considered as part of the direct P in the BP imaging. It results in a continuously westerward-
propagating rupture with a much longer rupture length and duration atypical for the Mw 6.4 event. We find
that the direct P and depth phases of the shallow Meinong event would overlap each other if the lowpass
cutoff frequency chosen to filter the waveforms at the AU stations is too low at 1 Hz as that used for the
finite-fault inversion. This may explain that the moment magnitude of several earthquakes with
Mw = 6.0–6.5 in Taiwan tends to be overestimated by the finite-fault models compared to the global CMT
solutions, and so do the rupture area and source duration.

Combing the BP results with constraints from the directivity and source radiation pattern, we conclude that
the rupture does not reach the depth shallower than 15 km nor beyond the off-fault aftershock cluster about
20–30 km northwest of the hypocenter. The Meinong earthquake happened to rupture toward the NW
azimuth close to the maximum S wave excitation. The radiated energy propagating through the very thick,
low-velocity layer west of the epicenter generated strong reverberations. Synergistic amplification of ground
motion by strong directivity and excitation of sP and reverberations mainly caused the destruction in Tainan
further to the NW from the rupture zone. Our analysis demonstrates that the source parameters such as the
rupture extent and duration especially for strong shallow earthquakes with Mw < 7 can be overestimated if
late-arriving P wave energy included in the BP imaging and finite-fault inversion are dominated by depth
phase and reverberant energy.
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