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SUMMARY
We test the feasibility of GPS-based rapid centroid moment tensor (GPS CMT) methods for
Taiwan, one of the most earthquake prone areas in the world. In recent years, Taiwan has
become a leading developer of seismometer-based earthquake early warning systems, which
have successfully been applied to several large events. The rapid determination of earthquake
magnitude and focal mechanism, important for a number of rapid response applications,
including tsunami warning, is still challenging because of the limitations of near-field inertial
recordings. This instrumental issue can be solved by an entirely different observation system:
a GPS network. Taiwan is well posed to take advantage of GPS because in the last decade it
has developed a very dense network. Thus, in this research, we explore the suitability of the
GPS CMT inversion for Taiwan. We retrospectively investigate six moderate to large (M,6.0
7.0) earthquakes and propose a resolution test for our model, we find that the minimum
resolvable earthquake magnitude of this system is M,5.5 (at 5km depth). Our tests also
suggest that the finite fault complexity, often challenging for the near-field methodology, can
be ignored under such good station coverage and thus, can provide a fast and robust solution
for large earthquake directly from the near field. Our findings help to understand and quantify
how the proposed methodology could be implemented in real time and what its contributions
could be to the overall earthquake monitoring system.
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also serious in Taiwan. The most devastating 1867 Keelung earth-

L INTRODUCTION quake and tsunami was thought to be generated by the offshore

Located on the boundary of the Eurasian Plate and the Philippine Sea
Plate, Taiwan has a fast convergence rate of 82 mmyr=, which is
mostly accommodated via crustal shortening in Eastern Taiwan (e.g.
Yu et al. 1999). According to Wu et al. (2013a), the seismicity rate
(i.e. number of earthquakes per year) in Taiwan is 12 times greater
than in southern California. The largest historical earthquake since
1900 was the 1920 June 5 Hualien (eastern Taiwan) offshore earth-
quake with an estimated magnitude of M, 8.0 (Theunissen et al.
2010). The large convergence rate also favours inland earthquakes
in central and western Taiwan, such as the 1906 Meishan M 7.1,
the 1935 Taichung—Hsinchu M, 7.1, the 1941 Chungpu M_7.1 and
the 1999 Chi-Chi M_7.3 earthquakes. Moderate (M, 6.0 M,
6.5) earthquakes in Taiwan are frequent and also deadly. For ex-
ample, the 2016 M,, 6.4 Meinong earthquake caused 117 fatalities
and buildings collapse. The occurrence of such damaging events
is approximately two per year according to the Central Weather
Bureau of Taiwan (CWB) earthquake reports. Tsunami hazard is

Shanchiao fault in northeastern Taiwan, which caused hundreds of
casualties (Cheng et al. 2016). Another potential tsunami prone area
is offshore eastern Taiwan based on the tsunami simulations of Wu
(2012).

To provide warning for both public and automated systems before
the strong shaking occurs, Taiwan is currently running an earth-
quake early warning (EEW) system based on the real-time strong
motion network (Wu et al. 2013b). This system uses the first few
seconds of the P-wave displacement amplitude and peak ground
acceleration to decide whether to trigger a warning. Based on these
initial P-wave metrics, the estimated magnitude can be quickly as-
sessed by the scaling relation of P-wave duration and earthquake
magnitude, a review of this can be found in Kanamori (2005), and
the methods that have been applied to EEW systems in southern
California and Taiwan (Wu & Kanamori 2005; Wu et al. 2007).

The goal of any EEW system is to provide a robust and quick
parametrization of an earthquake, including information such as
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location and magnitude. The quickest way is to determine an earth-
quake directly from near-field measurements. However, accurate
magnitude calculation for moderate-to-large events in the near field
is challenging. One limitation is that such systems often rely on
saturation prone inertial seismic instrumentation. The inaccurate
measurement resulting underestimation of actual M,,.

A completely different system based on non-inertial displace-
ments from global positioning system (GPS) has been proposed to
compensate the above near-field issue for moderate—large events
(e.g. Melgar et al. 2015). GPS observations can also be used for
rapid response and can facilitate earthquake and tsunami early warn-
ing by providing better constraints on earthquake moment magni-
tude and focal mechanism (Blewitt et al. 2009; Crowell et al. 2009;
Allen & Ziv 2011; Wright et al. 2012). The centroid moment tensor
(CMT) inversion method (Dziewonski et al. 1981), originally devel-
oped for teleseismic monitoring, has been expanded to include GPS
data and used for source inversions of the 2003 M,,8.3 Tokachi-
Oki and 2010 M,, 7.2 El Mayor—Cucapah earthquakes (Melgar et al.
2012; O’Toole et al. 2013) as well as for the 2005 M,,6.6 Fukuoka
and the 2008 M,,6.9 lwate—-Miyagi earthquakes (O’Toole et al.
2012). Melgar et al. (2013) employed a multipoint source CMT
inversion for the M,,9.0 Tohoku—oki earthquake and more recently
Crowell et al. (2018a,b) tested the approach on the M,, 7.8 Kaikoura
earthquake and on a diverse set of Chilean earthquakes as well. In
these cases, for example, even the complicated rupture of the M, 7.8
Kaikoura earthquake, the CMT method can still represent a ‘good
enough’ averaged source that benefits EEW or rapid response.

Here, we will demonstrate that the dense GPS network now op-
erating in Taiwan is well suited to the GPS-based rapid CMT (GPS
CMT) inversion method. We will show that with such method, the fi-
nite fault effect of large earthquake can be ignored, and still provide
a good enough solution directly from near field. We test our model
with four moderate inland earthquakes: the 2013 March 27 Nantou
(M,6.0), the 2013 June 2 Nantou (M,,6.3), the 2013 October 31
Ruisui (M,,6.3) and the 2016 February 5 Meinong (M,,6.4) earth-
quakes. Additionally, with two offshore events: the 2002 March 31
Hualien earthquake (M,,7.0) and the 2006 December 26 Hengchun
doublet (M,6.9, M,,7.0; Fig. 1). We also demonstrate how we could
apply this method to a real-time approach by the 2016 February
5 Meinong (M,,6.4) earthquake. Finally, we perform a generalized
sensitivity test for GRS CMT method as a function of earthquake
magnitude and depth.

2 GPS DATA AND PROCESSING

Taiwan GPS data are produced by a collection of institutions that
include the CWB, the Institute of Earth Sciences, Academia Sinica,
the Central Geological Survey and the National Land Surveying
and Mapping Center. Coseismic displacements (i.e. permanent sur-
face offset due to earthquake slip) of the six events in this study
were well recorded by the Taiwan continuous GPS network. A total
of 650 stations were used in this research (Fig. 1), and most of
them have raw GPS data with a sampling rate of 30s, while some
recently installed stations can record at 1Hz or higher. The raw
GPS data were downloaded from the Geophysical Database Man-
agement System (GDMS) (Shin et al. 2013) and processed to final
positioning output, which is the E, N and U displacement data.
Real-time GPS is the key to EEW of fast response. In contrast
to static solution (i.e. typically 1-d sampling), real-time GPS in-
volves a technique called instantaneous positioning (Bock et al.
2000). A more detailed description of improving the positioning

Feasibility of GPS CMT methods for Taiwan 1149

accuracy can be found in Bock et al. (2011). One of the exam-
ples now running in real time is the California Real Time Network
(http://sopac.ucsd.edu/crtn.shtml), which provides 1-Hz GPS time-
series data for the community and is ready for EEW applications
(e.g. the Allen & Ziv 2011; O’Toole et al. 2013). In Taiwan, only
in recent years have the GPS stations been made internet connected
and are routinely sending data back to the data centre for real-
time positioning and EEW applications. Because 1 Hz sampling
rates, which are preferred for monitoring, have only recently been
implemented, as a result of this, only the most recent event, the
2016 M,,6.4 Meinong earthquake, in our study has the 1 Hz sam-
pling rates. However, as we will outline next, the CMT method we
demonstrate relies on coseismic or static offsets, so it is possible to
use offsets from the daily and 30s sampled data to test the algo-
rithm. Evidently, the noise levels in offsets from these data are lower
than in real-time 1 Hz positions. However, as a proof of concept of
the method and the potential of the Taiwan GPS network we argue
this is a reasonable exercise. In Section 2.1, we will show the data
processing with dense GPS network with the lower sampling rate
data. Then, in Section 2.2, we will also show an example of the
HR-GPS processing and demonstration of how it performs with the
CMT method.

2.1 GPS daily solutions

We used the GAMIT/GLOBK software package (King & Bock
2000; Herring 2009a; Herring et al. 2010) to process raw GPS ob-
servables and solve for daily station coordinates. GPS final orbit
data were provided by the International GNSS Service (IGS; Beut-
ler et al. 1999) and are in the ITRF2008 reference frame (Altamimi
et al. 2011). We used the ocean tide loading model FES2004 pro-
duced by the Onsala Space Observatory tide provider (Matsumoto
et al. 2000), and the troposphere mapping function VMF1 (Bevis
et al. 1994; Boehm et al. 2006). The elevation mask was set to
reduce multipath effects from reflected signals.

Fig. 2 shows the exemplary time-series for the 2013 M,,6.0 Nan-
tou earthquake and the 2002 M,, 7.0 Hualien earthquake, which are
the smallest and largest earthquakes in our study (Fig. 1). For the
M,6.0 Nantou earthquake, coseismic displacements are only de-
tected at the closest stations and the post-seismic displacements are
unclear, whereas the M,, 7.0 Haulien earthquake produced a coseis-
mic displacement field easily detectable by GPS stations from inter-
mediate distance, 100 km away from the hypocentre. The vertical
components of GPS observation have higher error than the hori-
zontal with the well understood noise behaviour of GPS positions
(Genrich & Bock 2006). We first evaluate coseismic displacement
data based on the position change in the 3-d window before and
after the main shocks. This time window was chosen to reduce the
observation errors while simultaneously limiting contributions from
post-seismic and interseismic displacements (e.g. station 0499 and
SUAO in Fig. 2). Evidently such techniques to extract the coseismic
offsets are not feasible in real time, as we will discuss later on, and
other estimators can be employed (e.g. Melgar et al. 2012, Liu et al.
2014). However, here to the simplest we are interested in whether
the CMT can be recovered from the known offsets.

Figs 3(a)-(f) show the calculated horizontal coseismic displace-
ments for the six events that are used as input into our inversion.
All of the detailed coseismic displacement data are presented in the
Supporting Information (Data S1-S6), and in Supporting Informa-
tion Fig. S1 for signal-to-noise ratio (SNR) discussion. Note that the
Hengchun doublet was composed of two earthquakes (M,,6.9 and
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Figure 1. Map view of the GPS stations (the red triangles), earthquake hypocentres (the black stars) and a total of the 57 834 grid nodes (the black dots) we
used in this study. The black lines show the active faults published by the Central Geological Survey. Detailed GPS station information can be found in the

GPS Lab web link (http://gdbweb.earth.sinica.edu.tw/gps/).

7.0) occurred within a 10-min period (Lin et al. 2008), therefore, the
coseismic displacements obtained from GPS daily solutions should
represent the combination of both events.

2.2 High-rate GPS solutions

A total of 15 stations with 1-Hz data within 30 km of the epicentre
of the Meinong earthquake recorded the event (Shin et al. 2013). As
noted, while 30 s sampled data will still be useful for rapid response,
1Hz is preferable, so data from this event serve to demonstrate the
implementation of the high-rate GPS (HR-GPS) inversion. The data
were processed using the TRACK software package (version 1.29;
Herring 2009b). TRACK processes HR-GPS data using relative
positioning where the motions of each station are relative to a ref-
erence or base station. A common issue is that if the reference site
is not sufficiently far away from the area of deformation then any
motion from the reference site can introduce spurious motions into

the solutions (e.g. Crowell et al. 2009). To avoid this, we choose
station MATZ as the reference site, located 300 km away from the
epicentre (Fig. 1). We processed the data with IGS final orbits,
again with an elevation mask of 10°. Because HR-GPS data can
record both permanent coseismic displacement and transient seis-
mic waves, to extract the permanent coseismic displacements we
calculate the ‘every second” displacement Dy, by

Dtl = d[l - d[o, (1)

where d;, — dy, represents the station coordinate change with respect
to a reference position before the earthquake. In this case, we set ty
as 20 s before the earthquake origin.

Most stations for this earthquake show E-W directed permanent
displacements, in agreement with the daily GPS solutions (Figs 3d
and 4). The maximum west permanent displacement occurs at sta-
tions LNCH and GS32 with values of 4.4 and 4.6 cm, comparable
with the daily GPS solution of 3.7 and 3.9 cm, respectively.
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Figure 2. Exemplary GPS time-series in East (black), North (blue), Up (green) component for the 20130327 M,,6.0 Nantou earthquake (a—c) and the 20020331
My 7.0 earthquake (d—f). The red lines show the event time. The grey bars represent standard deviations of the positioning result.

3 GPS CMT INVERSION METHOD

The inversion method used in this paper is the static-offset-based
CMT inversion (Melgar et al. 2012). To obtain the source/station
Green’s functions (GFs), we employed the frequency-wavenumber
technique of Zhu & Rivera (2002), which calculates the static offsets

produced by a point source. With these GFs, we can build a matrix
G that relates the surface displacements d to the moment tensor
M:

GM =d, 2
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where G has the dimension of [n < 6], M denotes the six linearly
independent components of the moment tensor in Aki & Richards
(2002) convention with the dimension of [6 > 1] and d with the
dimension of [n < 1]. n is the number of all assembled ith com-
ponent data. Note that the static GFs do not include information on
transient deformation due to seismic wave propagation (e.g. P and S

waves) or the rupture processes (e.g. source time function). Rather,
it maps the final moment to the final displacement field. Thus, static
GFs are the longest period possible information and provide a better
and more stable constraint on the earthquake magnitude.

To build the GFs, we employ the 1-D Taiwan average velocity
model (Chen & Shin 1998) that is also used by CWB for routine

Figure 3. Inversion results for (a) 20130327 Nantou earthquake, (b) 20130602 Nantou earthquake, (c) 20131031 Ruisui earthquake, (d) 20160205 Meinong
earthquake, (e) 20020331 Hualien earthquake, (f) 20061226 Hengchun doublet. The green and blue arrows are observed and modelled coseismic displacements,
respectively. The colour dots represent RMS misfit values (defined in eq. 6) at potential source grids, and the three panels show the convergence to the optimal

centroid location during grid searching.
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