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Abstract Earthquake source characterization has been significantly speeded up in the last decade with
the development of rapid inversion techniques in seismology. Among these techniques, the W-phase
source inversion method quickly provides point source parameters of large earthquakes using very long
period seismic waves recorded at teleseismic distances. Although the W-phase method was initially
developed to work at global scale (within 20 to 30 min after the origin time), faster results can be obtained
when seismological data are available at regional distances (i.e., A < 12°). In this study, we assess the use
and reliability of regional W-phase source estimates in China and neighboring areas. Our implementation
uses broadband records from the Chinese network supplemented by global seismological stations
installed in the region. Using this data set and minor modifications to the W-phase algorithm, we show
that reliable solutions can be retrieved automatically within 4 to 7 min after the earthquake origin time.
Moreover, the method yields stable results down to M,, = 5.0 events, which is well below the size of
earthquakes that are rapidly characterized using W-phase inversions at teleseismic distances.

1. Introduction

Fast earthquake source characterization provides key information that can subsequently be used for tsunami
warning, rapid damage assessment, and planning of rescue operations. In this context, rapid centroid
moment tensor (CMT) inversion provides essential parameters that directly outline the size, geometry, and
kinematic properties of the rupture (i.e., magnitude, focal mechanism, and duration). Such parameters can
in turn be used to rapidly assess tsunami wave heights (Wang et al., 2012) and ground motion amplitude
(Dreger et al., 2005).

Rapid earthquake source inversion is a challenging problem for multiple reasons. First, the size and complex-
ity of large ruptures generate complicated waveforms that are difficult to model at periods shorter than 100 s.
Second, the uneven distribution of seismic networks, malfunctioning stations, and noisy records are trouble-
some to handle automatically. To cope with the difficulty to rapidly characterize the source of large
earthquakes, Kanamori and Rivera (2008a) proposed to perform CMT inversions using the W-phase, a long
period signal corresponding to the superposition of the first overtones of normal modes at periods longer
than 100 s (Kanamori, 1993). The W-phase algorithm was primarily developed to rapidly retrieve the source
properties of M,, > 7.5 earthquakes within 20-35 min after the event origin time using teleseismic records at
epicentral distances A < 90°. This approach provides robust results for M,, > 6.0 earthquakes (Duputel et al.,
2012) and has thus been implemented in various agencies and tsunami warning centers (Duputel et al., 2011;
Hayes et al., 2009).

Although the W-phase algorithm yields essential information for large-scale earthquake response, getting
faster solutions is desirable since a 20 min delay is often not fast enough for regional tsunami warning and
rescue operations. The computational time being negligible, the delay of availability of the results is deter-
mined by the travel time of the W-phase. Source inversion results can thus be speeded up using broadband
seismograms at shorter distances (i.e., using stations within A < 12°). This can only be achieved when suffi-
ciently good station coverage is available at regional scale. Using this approach, Kanamori and Rivera
(2008b) and Duputel et al. (2011) demonstrated that faster W-phase solutions can be obtained using dense
Japanese broadband data. Such regional implementations can also benefit from high-rate GPS data as shown
by Rivera et al. (2011) in Japan and by Riquelme et al. (2016) in Chile.
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Figure 1. W-phase solutions obtained for M > 5.0 earthquakes. Studied events include M > 5.0 events in China and neighboring areas from November 2011 to
November 2015 along with the 2008 M,,, = 7.9 Wenchuan earthquake and the 2011 M,, = 9.1 Tohoku earthquake. Beach balls are colored according to the
angular difference ® with respect to the Global Centroid-Moment Tensor (GCMT) solution (see equation (3) in the main text). These solutions were obtained using
stations presented in the upper right inset using red, green, and blue triangles for China, Taiwan, and global networks, respectively.

In this study, we implement the W-phase algorithm at regional scale to rapidly characterize the source of
moderate to large (M,, > 5.0) earthquakes in China and neighboring areas. China is one of the most active
seismic regions in the world and is currently experiencing a notable increase in the number of seismological
stations (Figure 1). Using real-time data streams from about 974 permanent seismic stations, the China
Earthquake Networks Center (CENC) is now able to rapidly provide preliminary hypocenter location, origin
time, and magnitude. The purpose of this work is to evaluate the accuracy and rapidity of the W-phase
approach using regional data and the preliminary earthquake information provided by the CENC. To this
end, we analyze the CMT parameters that are inverted automatically for M > 5.0 earthquakes in China and
neighboring areas between 2011 and 2015 (145 events). We also evaluate the performance of the W-phase
algorithm for the 2008 M,, = 7.9 Wenchuan earthquake and the 2011 M,, = 9.1 Tohoku event. We further
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Figure 2. W-phase time windows for (a) global and (b) regional applications. Green areas indicate the portion of the
records that are selected for inversion. t,(A) shows the P wave arrival time for different epicentral distances A.

discuss the effects of the maximum epicentral distance, time window length, and velocity model on the
accuracy of inverted results.

2. Data and Method
2.1. Data Selection and Processing

Our data set includes broadband records from more than 970 seismic stations retrieved at the CENC in real
time (Figure 1). To improve the station coverage in neighboring regions, we also incorporate real-time data
streams from Taiwan and global seismological networks (green and blue triangles, respectively, in Figure 1).

A key point to ensure the robustness of real-time W-phase solutions is the selection of stations providing
high-quality data at long period. More specifically, we have to exclude noisy records associated with incorrect
instrument responses or stations that are not adapted to the recording of long period seismic waves. For this
purpose, we have manually defined an optimum set of stations by systematically comparing long-period
observations and point source synthetic waveforms for several large teleseismic earthquakes. Using this pro-
cedure, we selected 825 stations providing high-quality waveforms at long period. This preliminary data
selection is complemented by an automated data screening procedure in which noisy records are discarded
before inversion (Duputel et al., 2012). In China, the selected stations are generally those equipped with BBVS-
120, CTS-1, CMG-3ESPC, JCZ-1, JCZ-1T STS-1, and STS-2 instruments, while other international stations are
with mainly STS-1 and STS-2 sensors.

Defining appropriate time window for the inversion is essential because it dictates both the delay in availabil-
ity of the results and the amount of data used for the inversion. At a given epicentral distance A, the W-phase
waveforms are generally selected from the P arrival time t,(A) until t,(A) + 15 s deg™' x A (Kanamori & Rivera,
2008a). This definition is appropriate for global application but yields very short waveforms at regional
distances (Figure 2). Following Kanamori and Rivera (2008b), we thus extend the W-phase time window
to t,(A) + 180 s at distances A < 12° (Figure 2b). Although the inversion is conducted using the same pro-
cedure as global W-phase inversions, a portion of the surface wave trains are incorporated in the inverted
time window.
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Table 1

Corner Frequency Bands Used for Band-Pass Filtering

To maximize the signal to noise ratio for a wide range of magnitudes,

Moment magnitude, M,

we automatically adapt the passband corner frequencies given the

My, >80
80> My >75
75> My >7.0
70> My, >65
6.5 > My,

Frequency band, mHz (s) preliminary magnitude provided by the CENC. For M,, > 8.0 earthquakes,
1.0-5.0 (200-1,000) we filter the waveforms within the standard W-phase frequency band
1.7-6.7 (150-600) 1-5 mHz (Kanamori & Rivera, 2008a). For smaller earthquakes
2.0-8.3 (120-500) (5.0 <M, < 8.0), we gradually increase corner frequencies to reduce

4.0-10.0 (100-250)

long-period noise in the records (Duputel et al., 2012; Hayes et al., 2009).
6.7-20.0 (50-150)

2.2. Regional W-Phase Method

Using the same procedure as Duputel et al. (2012), we invert for the full

set of CMT parameters, including the moment tensor, the centroid loca-
tion (latitude, longitude, and depth) and the centroid time. We also assume a triangular moment rate func-
tion with a half duration identical to the centroid delay (i.e., the delay between the origin time and the
centroid time).

Real-time W-phase inversions at the CENC involve three main stages. First, the inversion assumes a centroid
location fixed at the preliminary epicenter determined by the CENC automated system. The preliminary mag-
nitude issued at the CENC is also used to obtain a preliminary estimate of the centroid time delay (Duputel
et al, 2012) and to define the passband used to filter the waveforms (Table 1). To avoid any artifact due to
an incorrect preliminary magnitude, the frequency passband is further updated using the scalar moment esti-
mated after a first W-phase inversion. In the second stage, we perform a grid search to estimate the optimum
centroid time delay minimizing the root-mean-square (RMS) of the waveform misfit. Finally, we perform
another grid search to estimate the optimum centroid location, which yields our final centroid moment
tensor solution. The employed grid search procedure is detailed in Duputel et al. (2012).

To speed up the inversion process, grid searches performed in the second and last stages are parallelized
using OpenMP. Our data set comprising several thousands of records, we also use a parallel procedure to deal
with data processing (instrument correction, waveform filtering, etc.). The full CMT inversion including the
data preparation is usually computed in less than 30 s using 12 Xeon X5690 CPU cores.

3. Automated W-Phase CMT Inversions From 2011 to 2015

Of 153 events with M > 5.0 in the CENC catalog from November 2011 to November 2015 (available at http://
data.earthquake.cn, last accessed May 2017), 145 events also had solutions in the GCMT catalog (http://www.
globalcmt.org/CMTsearch.html; Dziewonski et al., 1992; Ekstrom et al., 2012), making them suitable to assess
the reliability of W-phase solutions. To better evaluate the performance of our implementation for very large
earthquakes, we also performed W-phase inversions for the 2011 M,, = 9.1 Tohoku and the 2008 M,, = 7.8
Wenchuan earthquakes. Events that occurred before August 2013 were used to tune the W-phase algorithm
for automated operations in China (i.e, to define appropriate frequency passbands, data screening
parameters, and time window). The solutions obtained after August 2013 were inverted in real time using
the resulting automated W-phase algorithm. Two W-phase inversions are conducted in a completely
automated manner: (1) a first inversion using data within an epicentral distance A < 5° available 4 min after
the origin time and (2) a second inversion 3 min later using stations within A < 12°. In order to provide stable
results, we established a minimum number of 10 channels to perform a W-phase inversion. In addition, the
third stage of the inversion (i.e., the centroid location grid search) is conducted only if the station coverage
is sufficient to ensure a stable solution (number of channel N > 15 and azimuthal gap y < 270°).

3.1. First W-Phase Inversion Results: Ty + 4 min (A < 5°)

W-phase CMT solutions obtained 4 min after the origin time (i.e., using stations within A <5°) are shown in
Figure 3 and from Figures S1 to S4 in the supporting information. Out of 145 earthquakes, we obtain stable
solutions for 105 events with estimated magnitudes within £0.2 units of the GCMT moment magnitude. On
the other hand, 40 inversions were considered of low quality as a result of the poor station coverage (less
than 10 channels remaining after data screening). Most of these events correspond to earthquakes occurring
in poorly covered regions such as in western China. These low-quality solutions also incorporate some large
earthquakes that are affected by the clipping of records at short epicentral distances (i.e., within A <5°), as
noted in previous regional implementations (e.g., Kanamori & Rivera, 2008b). As discussed in section 4.2,
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Figure 3. W-phase moment tensor solutions for M,, > 5.8 in China and neighboring area from November 2011 to
November 2015 along with the 2011 M,,, = 9.1 Tohoku and the 2008 M,, = 7.8 Wenchuan earthquakes. The events

obtained for smaller magnitudes are presented in Figures S2-S4. The solutions are displayed in order of decreasing
GCMT magnitude. N is the number of used channels after inversion, and y is the azimuthal gap (in degrees). GCMT solutions
are presented in green, W-phase solutions (A < 5°) are shown in red, and W-phase solutions(A < 12°) are denoted in purple
red. Note that automated W-phase inversions are only conducted when at least 10 channels are available after data
screening (cf. section 3).

those events can actually be processed in less than 5 min if we remove stations at very short epicentral
distances. Those undetermined events put aside, the majority of earthquakes are characterized accurately.
As shown in Table 2 and Figure S1, all W-phase inversions provide magnitudes that are within +0.2 units
of the GCMT estimates.

Table 2

Statistical Comparison of W-Phase and Global CMT Solutions Using Stations Within A <5°and A < 12°

Distance RMS (AM,,) p (| AM,,| <0.1) p (| AM,,| <0.2) (D) RMS (®) p (O <20°) p (O <30°)
A<5° 0.06 90% 100% 144° 16.9° 77% 95%
A<12° 0.06 92% 100% 13.0° 15.5° 85% 96%

Note. The number of solutions obtained is indicated in each case (event number) along with the mean and RMS values of the magnitude difference

(AM,, = M, — M,_gcmT) and focal mechanism angular difference (®). We also present the proportion (p) of solutions with AM,, < 0.1, AM,,, < 0.2, ® < 20°,

or ® <30°
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magnitude (M, _ gcmT)- (€) Comparison between W-phase (M,,) and
GCMT magnitude (My,_gcmr)-

To quantitatively compare W-phase and GCMT focal mechanisms, we
also measure the difference of P or S radiation pattern (see Rivera &
Kanamori, 2014)

1
= —2\/5
1
2v2
where chm and MGCMT are the normalized W-phase and GCMT

moment tensors defined as M = M//M : M with M the moment tensor
and the double tensor contraction M : M = M;M;. D denotes the

1/2

Ag [(Mwemr — Macmr) : (Mwemr — Macr) ]

(D:D)"* M

difference between chm and MGCMT. Explicitly expressed in terms of
the components of D, the above expression gives

1
Ag = ﬁ (D% + Dgz + D§3 + Z(sz + D§3 + D§1>)1/2 )
The angular difference ® between W-phase and GCMT focal mechan-
isms is then defined as

® =2 - arcsin(Ag) (3)

For double-couple sources, this definition coincides with the geometri-
cal angular distance between two focal spheres as defined by Kagan
(1991). The resulting angular differences presented in Figure S1 and
Table 2 indicate a relatively good agreement between GCMT and
W-phase focal mechanisms with more than 95% of the solutions having
® < 30° using stations within A <5°.

3.2. Second W-Phase Inversion Results: Ty + 7 min (A < 12°)

W-phase solutions obtained 7 min after origin time using stations within
A < 12° are presented in Figures 1, 3, and Figures S2 to S4. In order to
avoid the clipping issues noted in section 3.1, these solutions are
obtained after removing all stations at distances shorter than 5°. Using
this procedure, our regional implementation provides reliable results
for the entire earthquake catalog considered in this study (i.e., M,, > 5
earthquakes). As shown in Figure 4 and Table 2, all solutions are within
+0.2 units of the GCMT moment magnitude and more than 90% of the
events have a magnitude difference AM,, < 0.1. W-phase focal mechan-
isms are also very stable with an angular difference ® < 30° for 96% of
the events (cf. Figure 1 and Table 2). However, as shown in Figure 4a,
we notice that @ increases for small magnitudes with an average value
of (®)~ 15°for M,, <6 and of (®) ~ 10 ° for M, > 6. This probably reflects
a decrease of the signal-to-noise ratio for smaller magnitude earth-
quakes due to long period noise.

Figure 5 shows a comparison of W-phase and GCMT moment tensor
estimates. Although the six elements of the moment tensor are in good
agreement with GCMT, we notice a larger dispersion at small amplitude.

This is probably related to the decrease of signal-to-noise ratio for small earthquakes as noted above. There is
also a larger scatter for the moment tensor elements M,, and M, . These elements are more difficult to con-
strain for shallow earthquakes due to the small amplitude of the associated excitation kernels at long periods
(Kanamori & Given, 1981). This results in a well-known trade-off between the dip angle § and the scalar
moment M, for shallow earthquakes (Tsai et al., 2011).

Figure 6 shows a comparison between W-phase and GCMT centroid locations. Overall, there is a relatively
good agreement between both catalogs with an average great circle distance (AX) of 17 km and a depth
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Figure 5. Comparisons of the moment tensor elements in dyne-cm of W-phase (vertical axis, unit: dyne-cm) and GCMT (horizontal axis, unit: dyne-cm) solutions.
Red circles denote W-phase and GCMT moment tensor components having the same sign, and blue crosses denote opposite sign.

standard deviation of 8.5 km. The majority of events with AX> 30 km are located in areas with sparse station
coverage (e.g., central Tibet, northwestern Xinjiang, and Ryukyu Islands). There is no clear pattern in the
orientation of mislocation vectors, except in Japan, Taiwan, and the Philippines where W-phase centroids
seem to be biased toward the east. This is probably due to the unbalanced network geometry in these
regions (i.e., large azimuthal gap), most stations being located in mainland China.

3.2.1. Example 1: 2011 M,, = 9.1 Tohoku Earthquake

Although the 2011 Tohoku earthquake is not included in our original catalog, this event is particularly
valuable to evaluate the accuracy of our regional implementation for megathrust earthquakes. The W-
phase solution obtained using data within A < 12° is presented in Figure 7. The results indicate that reliable
source estimates can be determined using waveforms from regional seismic stations. The difference
between M,, and M,,_ccmt is about 0.02, and the estimated thrust mechanism is consistent with the
GCMT solution (angular difference ® = 5.1°). We also notice that the optimal centroid time shift
twemt = 67 s and centroid depth Hwemt = 25 km are in good agreement with zgcmt = 70 s and
Hoemt = 20 km. The horizontal centroid location is shown in Figure 7c for the optimal centroid depth.
W-phase and GCMT centroids are significantly different, with a horizontal distance AX~40 km. This mainly
results from the unbalanced distribution of stations (azimuthal gap y~180°). As illustrated in Figure 7, many
records are clipped at short epicentral distances due to large amplitude surface waves. There are thus only
a few stations available within A < 5°. However, our tests show that a first reliable focal mechanism and
moment magnitude (M,, = 9.03) can be obtained by including stations A < 6° and removing stations within
A < 5° (Figure 7).
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Figure 6. Comparison between W-phase and GCMT centroid locations. (a) Differences in locations. The arrows point from the GCMT to the W-phase centroid
location. (b) Distribution of the great circle distance (AX) between W-phase and GCMT centroid locations. (c) Depth differences (AH = Hyemt — HoemT)-
(d) Distribution of AH.

3.2.2. Example 2: 2008 M,, = 7.9 Wenchuan Earthquake

The 2008 Wenchuan earthquake is the largest thrust event that occurred in continental China in the last
50 years. This event devastated cities along the northwest margin of the Sichuan basin, which caused more
than 80,000 fatalities (Shen et al., 2009). Despite the clipping of records at short epicentral distances, results
presented in Figure 8 indicate that W-phase solutions can be accurately determined using regional wave-
forms within A <6° and A < 12°. Figure 8a shows that automated W-phase solutions are in good agreement
with the GCMT solution. Inversions performed at A < 6° and A < 12° provide reliable magnitude estimates
(with a difference between M,,.\wemt and My, _ccemr of about 0.02) and focal mechanisms that are consistent
with GCMT solutions (with an angular difference ® < 11°). These results show that the rupture is dominated
by thrust motion with a minor strike-slip component, in agreement with previous studies (Shen et al., 2009;
Wang et al.,, 2011; Xu et al., 2009). The optimal centroid time shift is about 34 s, which is similar to that from
GCMT (39 s). As shown in Figure 8c, the horizontal location grid search yields a centroid that is located in the
northeast of the epicenter. This is consistent with the northeastward rupture directivity that has been identi-
fied for this event (Parsons et al., 2008; Wang et al., 2008).

3.2.3. Example 3: 2015 M,, = 7.9 Gorkha Earthquake

The 25 April 2015 M,, = 7.9 Gorkha (Nepal) earthquake and its M,, = 7.2 aftershock are the first M,, > 7.0
events inverted in real time using our regional W-phase implementation at the CENC. Though the
M,, = 7.9 Gorkha earthquake took place outside of our network, the W-phase solution was accurately deter-
mined in real time using waveforms from Chinese seismic stations within A < 12°. The inversion results and
the corresponding waveform fit are presented in Figure 9. Despite the clipping of records at multiple stations,

ZHAO ET AL. REGIONAL W-PHASE SOURCE INVERSION 8
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Figure 8. Regional W-phase inversion results for the 2008 M,, = 7.9 Wenchuan earthquake. Same as in Figure 7.
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Figure 9. Regional W-phase inversion results for the 2015 M,, = 7.9 Gorkha earthquake. Same as in Figure 7.
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Figure 10. Regional W-phase inversion results for the 2013 M,, = 6.6 Lushan earthquake. Same as in Figure 7.
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the W-phase waveforms are generally well recovered before the arrival of large amplitude seismic waves. The
W-phase focal mechanism and moment magnitude are consistent with the GCMT solution, with a difference
between M,,.wcmt and My,_gemt of only 0.03. As shown in Figure 9b, the optimal W-phase centroid time shift
Twemt = 35 s also agrees with GCMT estimates tgcmt = 32 s. Moreover, the W-phase point source is located in
the southeast of the epicenter (cf. Figure 9¢), which is consistent with the southeastward directivity of the
rupture (e.g., Duputel et al., 2016; Yue et al.,, 2016).

3.2.4. Example 4: 2013 M,, = 6.6 Lushan Earthquake

The 20 April 2013 M,, = 6.6 Lushan earthquake occurred in Longmenshan (Sichuan, China), which is one of
the most active regions of China. This event initiated about 84 km southwest of the 2008 Wenchuan earth-
quake epicenter. Given the density of seismic observations in the epicentral area, this event illustrates how
rapidly a W-phase inversion can be performed in real time. As shown in Figure 10, the solutions obtained
4 min (A <5°) and 7 min (A < 12°) after origin time are both within 0.03 magnitude unit of M,,.gcmt. W-phase
focal mechanisms are consistent with GCMT with an angular difference smaller than 14° for both solutions.
Centroid time shift and location are also consistent with GCMT estimates. The W-phase centroid location
is located south of the CENC epicenter over the large-slip area inferred by Hao et al. (2013) and Zhao
etal. (2014).

3.2.5. Example 5: 2013 M,, = 4.9 Jilin Earthquake

The 22 November 2013 M,, = 4.9 Jilin earthquake occurred in eastern China. It is an interesting example
to illustrate the ability of our regional implementation to retrieve source parameters of small earthquakes
(M,, < 6.0). Because of the availability of numerous stations in the epicenter area, W-phase solutions can
be obtained for this event using records within A < 5° and A < 12°. As shown above for large earth-
quakes, the solutions presented in Figure 11 are in good agreement with the GCMT solution. The differ-
ence between M, .wcmt and My,.gemt is about 0.12 when using data within A < 5° and is reduced to 0.03
when the data set is supplemented by stations at A < 12°. W-phase focal mechanisms are remarkably
similar to GCMT with an angular difference ®< 13°. The optimum centroid time shift is 1 s, consistent
with that from GCMT (0.7 s), and the centroid mislocation is smaller than 5 km. This demonstrates
that W-phase solutions for M,, = 5.0 earthquakes can be accurately determined using our regional
W-phase implementation.

4. Discussion
4.1. Accuracy of Regional W-Phase Solutions

Rapid CMT inversion is a central part of ongoing efforts at the CENC to improve the fast characterization of
earthquakes in China and neighboring areas. In this study, we show that rapid W-phase CMT solutions can
be obtained in this region using broadband data from Chinese seismic networks. Reliable source parameters
can be obtained for moderate to large earthquakes (M,, > 6.0) and also for lower magnitude events down to
M,, = 5.0 with only minor modifications to the W-phase algorithm.

Within only 7 min after the origin time, reliable W-phase CMT solutions can be obtained for all M,, > 5 earth-
quakes in our catalog. This provides a significant speedup compared to the 20 to 35 min delay of teleseismic
W-phase solutions. When sufficient data are available at very short epicentral distances (A < 5°), this delay can
be further reduced to 4 min. However, due to the poor station coverage in some regions or to the clipping of
records for large earthquakes, the number of inverted channels is not always sufficient to yield a stable
W-phase solution in 4 min only. In the future, such limitations could be avoided by incorporating high-rate
GPS data that is not subject to clipping and proved effective in other regional applications (e.g., Riquelme
et al, 2016; Rivera et al,, 2011). It is worth noting that the W-phase approach often performs relatively well
with a small set of waveforms (N < 15 or y < 270°), such as for the 2011 M,, = 9.1 Tohoku Earthquake and
the 2008 M,, = 7.9 Wenchuan earthquake. Nevertheless, even if accurate moment tensor parameters can
be estimated using a limited number of waveforms, good station coverage is crucial to obtain a reliable
centroid location.

4.2, Effects of Station Distance and Time Window Length

To further improve the current implementation, we tested the performance of the W-phase algorithm using
different epicentral distances and time window lengths. Such tests are presented in Figure 12 for four events:
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Figure 11. Regional W-phase inversion results for the 2013 M,, = 4.9 Jilin earthquake. Same as in Figure 7.
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Figure 12. W-phase solutions obtained for four earthquakes using variable maximum (a) epicentral distance A and (b) time
window length. In Figure 123, the time window length is assumed to be 180 s. N is the channel number after inversion,
and y is the azimuthal gap (in degrees). In Figure 12b, we incorporate stations within 5°< A <12°. Beach balls are colored
based on the angular difference ® with respect to GCMT solutions (see equation (3) in the main text).

the 2011 M,, = 9.1 Tohoku, the 2008 M,, = 7.9 Wenchuan, the 2013 M,, = 6.6 Lushan, and the 2013 M,, = 4.9
Jilin earthquakes.

Although W-phase solutions are better constrained when incorporating stations at larger epicentral dis-
tances, Figure 12a shows that faster reliable solutions can be obtained in 5 min by incorporating data within
A <6° of the epicenter and removing near-field stations for large earthquakes (to overcome limitations due to
clipping issues and unaccounted finite-fault effects). To provide more reliable estimates, future implementa-
tions should thus adapt the minimum epicentral distance given the preliminary magnitude of the earthquake
(using standard scaling relationships; e.g., Aki, 1967). Figure 12b also shows that W-phase solutions are rela-
tively stable when reducing the time window length to 130 s. For future implementations, we could thus use
narrower time windows to obtain faster solutions. However, the reduction of the time window length might
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be problematic for great earthquakes that have very long rupture durations. For example, moment magni-
tude estimates for the 2011 M,, = 9.1 Tohoku earthquake are clearly underestimated when using a time
window that is narrower than the total rupture duration (~170 s; Lee et al., 2011). This is probably due to
the fact that the late part of the rupture is not captured using shorter time windows.

To assess the benefits of incorporating more observations, we also performed inversions extending our data
set to stations within A < 20°. The comparison of the resulting W-phase solutions with GCMT is presented in
Figure S5 and Table S1 of the supporting information. There is no significant improvement of magnitude esti-
mates that are already quite reliable using data within A < 12° (cf. Figure 4 and Table 2). However, we notice
that W-phase focal mechanisms obtained at A < 20° are globally in better agreement with GCMT. This is clear
in Figure S5 showing that nearly all solutions have an angular difference ® < 30°. Such results being available
in about 10 min in real-time conditions, it might be interesting for future implementations to update W-phase
solutions by incorporating stations up to A < 20°.

4.3. Impact of the Elastic Structure

W-phase solutions presented above were obtained using Green’s functions computed by the PREM model
(Dziewonski & Anderson, 1981). To assess the possible benefits of using regional velocity models, we select
four moderate-sized earthquakes in Yunnan where the dense broadband seismic network provides high-
quality long-period records. We estimate W-phase CMT solutions for these four earthquakes using a regional
1-D velocity model presented in Figure S6. Green'’s functions are computed using Herrmann (2013) imple-
mentation of the wave number integration algorithm (Bouchon, 2003). Table S2 shows the comparison of
inverted results with Global CMT solutions along with double-couple solutions obtained using the cut-and-
paste (CAP) method (available at http://www.cea-igp.ac.cn; Zhao & Helmberger, 1994).

As presented in Table S2, W-phase solutions obtained using PREM are very similar to the ones obtained using
the regional velocity model with relatively small differences in the focal mechanism, moment magnitude, or
centroid depth. These estimates are also consistent with CAP solutions. This is particularly true for W-phase
solutions obtained using a regional velocity model, which provides a slightly better agreement with centroid
depths estimated for events 3 and 4 (cf. Table S2). This suggests minor improvements in W-phase depth
estimates when using a regional model. W-phase and CAP solutions are systematically shallower than
GCMT estimates with a depth difference ranging from 2 to 8 km. This is probably related to the depth bias
noted by Hjorleifsdéttir and Ekstrdm (2010) due to regional lateral heterogeneities.

5. Conclusion

We implement the W-phase algorithm at regional scale to rapidly characterize the source of moderate to
large (M,, > 5.0) earthquakes in China and neighboring areas. Using data from dense regional seismic net-
works, this approach can automatically provide centroid moment tensor parameters within only 4 to 7 min
after the earthquake origin time. To assess the accuracy of W-phase CMT estimates, our regional implemen-
tation is tested for all M,, > 5.0 events in the region from 2011 to 2015 along with the 2008 M,, = 7.9
Wenchuan and the 2011 M,, = 9.1 Tohoku earthquakes. The results demonstrate that regional W-phase
CMT solutions are generally in good agreement with Global CMT solutions. One major limitation is the clip-
ping of records at short distances, which prevent us from having reliable solutions in less than 4 min for large
earthquakes. For such large events, our tests showed that solutions can still be obtained in 5 min by removing
stations at very short epicentral distances depending on the preliminary magnitude of the earthquake. To
provide faster estimates, we could also integrate other observations such as high-rate GPS providing direct
measurements of near-field displacements. Our estimates can also be improved by incorporating regional
1-D velocity models. The regional W-phase implementation is now used in real time at the CENC to rapidly
characterize the source of M,, > 5.0 earthquakes. Such rapid estimates can be used for various purposes such
as tsunami warning and fast damage assessment that are essential to reduce the impact of earthquakes and
initiate rapid emergency activities.
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