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[1] Traditionally, P wave arrival times have been used to locate regional earthquakes. In
contrast, the travel times of surface waves dependent on source excitation and the source
parameters and depth must be determined independently. Thus surface wave path delays
need to be known before such data can be used for location. These delays can be estimated
from previous earthquakes using the cut-and-paste technique, Ambient Seismic Noise
tomography, and from 3D models. Taking the Chino Hills event as an example, we show
consistency of path corrections for (>10 s) Love and Rayleigh waves to within about 1 s
obtained from these methods. We then use these empirically derived delay maps to
determine centroid locations of 138 Southern California moderate-sized (3.5 > Mw > 5.7)
earthquakes using surface waves alone. It appears that these methods are capable of
locating the main zone of rupture within a few (�3) km accuracy relative to Southern
California Seismic Network locations with 5 stations that are well distributed in azimuth.
We also address the timing accuracy required to resolve non-double-couple source
parameters which trades-off with location with less than a km error required for a 10%
Compensated Linear Vector Dipole resolution.
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1. Introduction

[2] The characterization of earthquakes in terms of hypo-
center, mechanism, origin time, and directivity remains a
major focus of seismic monitoring. Traditional methods
generally use the travel times of P waves to locate events and
long-period surface waves for magnitude (MW) estimates
[Clinton et al., 2006]. Modern regional seismic networks
(Figure 1) have dense station coverage sufficient for aver-
aging out biases due to local site and path complications.
Thus, the origin time, hypocenter, mechanism, and size of an
event could be well determined and reported within minutes
[Hauksson, 2001]. Similar real-time systems have been
developed in recent years in other seismically active regions
to monitor seismic activity for rapid notification and damage
assessment [e.g., Gee et al., 1996; Okada et al., 2004;
Tajima et al., 2002; Teng et al., 1997].
[3] However, many earthquakes with magnitude larger

than 4.0 have weak onsets, which makes them difficult to
locate [Lin et al., 2007]. Such as the recent 2008 Chino Hills
earthquake (Mw = 5.4) which displays this property
[Hauksson et al., 2008]. Thus, locating the main rupture
zone can be augmented by using other phases such as has
been done by the Global studies of Centroid Moment Tensor

(CMT) estimation [Dziewonski et al., 1981]. In this study,
we introduce some techniques that used together can
improve the accuracy of event characterization and advance
real-time reporting of earthquakes.
[4] We start with a brief review of existing methodologies,

and introduce our approach. For convenience, we break
regional seismograms into the extended P waves (Pnl)
and surface waves which have simple pulse-like shapes at
local distances when filtered to 5 s or longer [Zhao and
Helmberger, 1994; Zhu and Helmberger, 1996]. The basic
idea is displayed in Figure 2 for the vertical component of
one of the Chino Hills observations at station GMR
(Figure 1). Generally, it is difficult to overlay a synthetic for
an entire record because of variations in shallow crustal
velocity. Thus the cut-and-paste (CAP) methodology breaks
the recording up into segments as given in Figure 2a denoted
as Pnl and Surface wave, and a grid search scheme is applied
to determine the best source parameters by allowing timing
shifts between segments of observed waveforms and syn-
thetics. There are advantages in using broadband waveforms
in source inversion, but it requires accurate 3D Green’s
functions or empirical site corrections [Tan et al., 2006].
Generally, filtering the Pnl waveform with a 5 s lowpass
(Figure 2c) and surface waves with a 10 s lowpass
(Figure 2b) proves workable in semi-automated practice as
displayed in Figure 2.
[5] Byproducts of the grid search are the timing correc-

tions needed for alignment as displayed in Figure 2, i.e., the
3.6 s shift for the Rayleigh wave. If such delays can be
accurately estimated, we could use Rayleigh waves to locate
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earthquakes similar to the way of using P waves. Tan et al.
[2010] introduced an empirical approach to determine
these delays based on past earthquakes as given in Figure 3
with a prediction for the path between source and station
GMR of about 4 s. The bottom trace in Figure 2d is an
example fit for a synthetic generated from a 3D model [Tape
et al., 2009]. Here we are essentially fitting a 3D synthetic
with a 1D synthetic and again deriving a timing correction of
3 s. A similar estimate of this delay 3.1 s can be obtained
from an analysis of Ambient Seismic Noise (ASN) study as
given by Zhan et al. [2011] and discussed later.
[6] In this paper, we will begin with a case study of the

Chino Hills event using the tomographic maps where the
delays (Figure 3) are obtained from previous events [Tan
et al., 2010]. Based on these maps, surface wave travel
time corrections between any two points are computed by
summing the perturbation along the great circle path.
Thus, our paper is essentially an extension of these efforts
where we compare the locations obtained for 138 events
with surface waves against those given in the Southern
California Seismic Network (SCSN) catalog. This is fol-
lowed by a consideration of the accuracy of quick esti-
mates from a sparse network. In the discussion section, we

revisit the Chino Hills event with comparisons against
ASN, 3D timing considerations and non-double-couple
contributions to location trade-offs.

2. Chino Hills Event as a Test

[7] To test our method, we chose the Chino Hills event (29
July 2008) which was well recorded by the local seismic
array (Figure 1), and was not an event listed in the data set
[Tan et al., 2010]which was used to derived the tomographic
map. Data are arranged according to distance and azimuth
assuming the estimated epicenter and assembled in wave-
form segments corresponding to respective group velocities
(UPnL, URayleigh, ULove), and are aligned with the 1D syn-
thetic as in Figure 2 for each segment. Time shifts are pro-
duced automatically for each seismogram by applying the
CAP analysis. Here the Green’s functions are computed
using a reflectivity code [Zhu and Rivera, 2002] and stored
in a library with a 1 km grid in both depth and distance. This
particular data set is broken into 3 ranges, 0 to 100 km, 100
km to 200 km, and 200 km to 300 km, with stations in the
first quadrant included (Figure 4). As displayed, the inverted
source parameters are stable and quite independent of the

Figure 1. Station distribution and epicenter location for the Chino Hills earthquake; squares represent
stations used for CAP inversion, and circles are stations used for noise cross-correlation calculation with
3 of them in the inset as pseudo-source stations.
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range window, with a strike, dip, rake, moment magnitude
and depth (288�/61�/129�/5.4/15 km) mechanism.
[8] Performing the analysis on other layered velocity

models will change the depth and moment estimates but
only slightly at these periods [Jones and Helmberger, 1998],
however, the dtR (Rayleigh wave time shift) and dtL (Love
wave time shift) values will change. The time shifts relative
to the SC model (Standard Southern California 1D crustal
model) are given in spider-diagrams in Figure 5a. Several
stations have pink lines indicating their delays for the Ray-
leigh waves are over 5 s. However, the waveforms are fit
well (blue triangles representing high waveform correlation),
as are the over 90 stations shown. Basin stations generally
have complex waveforms with low correlations and are
removed automatically for correlation coefficients less than
0.7 in determining the source parameters. Generally, we find
up to 2/3 of the SCSN array fitting well. Note that if the SC
model was the earth, we could easily reduce these dt’s by
moving the source away from warm colors and toward cool
colors, or about 4 km based on these corrections. However,
the general patterns of delays in Figure 5a are also seen in
the calibration predictions (Figure 3) as displayed in
Figure 5b. Since the latter were derived from smaller events,

they should be relatively free from significant finite-source
effects, where the locations by the P-picks and centroid
agree [Tan and Helmberger, 2010]. Thus, it does appear that
the dtR delays in the data are larger for paths to the NNW
than in the calibrations suggesting some correction in loca-
tion is needed.
[9] In Figure 6, we present eight locations that include the

Southern California Earthquake Center (SCEC) estimate, the
refined location given by Hauksson et al. [2008], estimated
from the ASN, and five estimates from using travel time of
surface waves that are corrected by the empirical maps
(Figure 3), 3D SEM synthetics (Figure 11b) and without
correction (1D). Uncertainty estimations in Figure 6a are
determined by equation (B7). The Root Mean Square (RMS)
values are displayed in Figures 6c–6f. Note that the RMS
values are reduced from 1.4 to 0.6 with tomographic cor-
rections. Without delay corrections, the inversion moves the
event about 4 km to the South. With corrections, the event
moves more to the west, which is close to that obtained from
the ASN result [Zhan et al., 2011] and the result from 3D
corrections. Generally, the observed Love waves are fit
better than the Rayleigh and display less travel time scatter.
Because the surface wave delays depend on mechanism,

Figure 2. Comparison between 1D synthetic, 3D synthetic and data at different frequency bands for the
Chino Hills earthquake recorded at station GMR. The 1D SC and the CVM-H are used to generate 1D and
3D synthetic, respectively. All the records are in velocity where waveforms are filtered to (a) 0.01�0.3
Hz; the red (short) and blue (long) bars on the data record indicates the time window of Pnl wave and sur-
face wave used in the CAP inversion. (b) Surface waves and (c) Pnl waves are filtered to typical frequency
bands used during the inversion. (d) Detailed comparisons between 1D synthetic and data, and 1D
synthetic and 3D synthetics are shown with red traces as 1D synthetic. The first number below each
seismogram is the time shift (dtPnl, dtR) necessary to align the seismograms and the second number is
the cross-correlation coefficient (CC’s) in percentage. The number in the parentheses below data is time
shift predicted by the tomographic map and the number below 3D synthetic is time shift generated from
ambient seismic noise cross-correlation technique which will be discussed later on.
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Figure 3. The surface wave time shifts relative to 1D SC model of 120 events with depths between 3 and
15 km are presented (a, b) directly and (c, d) in tomographic maps [Tan et al., 2010]. (e) A 2D cut through
the Love wave tomographic model between the Chino Hills earthquake and the GMR station. Locations of
earthquake and GMR are indicated in Figure 3d. The delays are computed by summing the travel-times
along the colored strip; in this case, about 4.0 s since most of the colors are red.
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there are trade-offs with location error. This subject is
addressed by Tan et al. [2006] with an extension of the CAP
method to include two more horizontal location parameters,
called CAPloc.
[10] Since our inversion starts from a given epicenter

location, and there are always some errors associated
with it, we also test the sensitivity of our inversion scheme to
the epicenter location. As shown in Figure 7, we invert for
the centroid locations assuming the shifted epicenter loca-
tions in longitude and latitude directions (�2 km, �5 km
and �10 km). The inverted centroid locations are scattered
in a range of less than 2 km and all located �3 km to the
west of the SCEC epicenter (the red star) consistent with the

result obtained in Figure 6f. The two locations with the
largest errors, which are about 50% larger than those of the
smallest ones, are the ones with original epicenter locations
shifted by 10 km. This sensitivity test suggests that location
errors of less than �2 km given the current accuracy of
earthquake location within the Southern California Seismic
Network.

3. Centroid Locations of 157 SC Earthquakes

[11] In this section, we address the relocation of events
ranging in size from 3.5 < Mw < 5.7 listed in the catalog
given by Tan et al. [2010] and included in Appendix A. The

Figure 5. (a) Time shifts of Rayleigh waves (bottom) and Love waves (top) obtained from CAP inver-
sion of real data with SCEC origin time and location; (b) tomographic map (Figure 3) prediction with
SCEC location. Stations (triangles) in Figure 5a are colored by cross-correlation coefficients and lines
are colored by the amount of the time shifts.
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events occurred between 1998 and 2004 and range in depths
from 3.2 to 18 km. Only events at depths between 3 and 15
km were used to generate the delay (tomographic) maps
given in Figure 3. The locations of these events were
referenced to the SCSN catalog that determines location of
an earthquake with 1D SC model. Thus any relocation by
surface waves should be close to these values even though
the travel time corrections are averaged in 10 km cubes in
the surface wave correction maps (Figure 3). Only time
shifts of surface waves with good waveform fits (CC ≥ 0.90)

are used in the relocation procedure. This criterion elim-
inates bad fitting components but reduces the number of
stations, especially for those with magnitudes near the lower
limit (Mw�3.5) and those at the boundary or outside of the
network. Allowing stations with CC’s ≥ 0.80 would greatly
increase the coverage and it may be necessary to include
island stations for some event locations. Here, we want to
test our new procedure with the highest quality data, see
Appendix B for the details of the relocation method.

Figure 6. (a) Centroid locations of the Chino Hills earthquake determined by using travel times of sur-
face waves. The stars are the inversion results of 1D model (black) and tomographic maps (red, green and
blue), the result of 3D SEM synthetics (CVM-H) is indicated as purple square, the error bars are the uncer-
tainty estimations (�2s) in longitude and latitude direction, SCEC epicenter and Egill Hauksson’s (EH)
epicenter [Hauksson et al., 2008] locations are given as references. The diamonds are the centroid loca-
tions determined by travel time of surface waves corrected by ASN cross-correlation technique, using
CHN (red), OLI (blue) and SRN (green) as pseudo-source station [Zhan et al., 2011]. (b) The travel time
delays derived from applying the CAP routine to the data are plotted versus azimuth. The stars indicate
Rayleigh wave travel times while circles are for Love wave travel times. (c–f) Surface wave travel times
after being corrected by the 1D model and tomographic maps, given the corresponding best centroid loca-
tion. The Root Mean Square (RMS) is indicated at the top of each plot.
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[12] In Figure 8a we display 138 events with relatively
good station coverage. The inversions for the other 19 events
proved unstable, which is mainly caused by poor azimuthal
coverage, as 18 of them occurred before 2000 and have
maximum azimuthal gaps larger than 180�, where the
accuracy in obtaining the SCSN locations is within 3 km for
most of the events unless the largest azimuthal gap is over
120�. The error estimates grow accordingly as displayed in
Figure 8b.
[13] The mislocations are plotted in map-view in Figure 8c

where the black mechanisms are those shown in Figure 8a
and the red mechanisms are those with location difference
more than 10 km. Most of these relocations (red mechan-
isms) are on the edge of the network and probably badly
located by both approaches. There are some events inside
the network that have significant differences in location,
such as the circled event in red. The event with ID of
9165761 at (34.56�, 241.1�) is an example where the SCSN
reports a depth of 25.7 km while CAP yields a depth of
7.8 km. It appears that the depth differentials are related to
some of these mislocations. This can be seen in a blowup
of the Hector Mine Sequence. Nearly all of the events
south of 34�35′ have very shallow depth estimates in the
SCSN catalog, see Appendix A. Most of these events moved
south along the fault. These events are mostly early after-
shocks and somewhat noisy on the P wave onsets as dis-
cussed by Hauksson et al. [2002] and will be re-examined

with respect to directivity and fault zone damage in future
efforts.

4. Fast Source Estimation With Sparse Stations

[14] The above results have demonstrated the effective-
ness of locating earthquakes with CAP mechanisms. How-
ever, there remains the question about the minimum number
of stations needed to ensure an accurate mechanism and
location. In this section, we demonstrate the importance of
azimuthal coverage which is best displayed in polar coor-
dinates. Here, we compare the mechanism and location of
the Chino Hills event as a function of stations used where we
picked 42 hard-rock stations for this experiment (Figure 9).
We picked a number of randomly chosen stations and plot
their results with respect to the P- and T-axes (Figure 9) and
their corresponding locations in Figure 10. We used 500
samples so that many of the 42 stations are repeats when
using just one station.
[15] As expected, single station does not do very well

without some added information about other station polari-
ties, as reported on by Tan et al. [2006]. However, one station
solutions produce a cluster around the correct mechanism. As
time shifts of surface waves relative to the 1D SC model are
produced automatically in these inversions, we can use them
to determine the centroid location of the earthquake after
correcting by the calibration map as we did in previous

Figure 7. Sensitivity tests for the epicenter location for the Chino Hills earthquake. The red star indicates
the SCEC epicenter location and the open circles are the shifted epicenter locations used for the tests with
offsets in longitude and latitude of �2 km, �5 km and �10 km respectively. The red dots are the inverted
centroid location using the same scheme (Rayleigh and Love) as in Figure 6, the dash line connects the
original and the final location. The bars in the inset show the errors obtained during the inversion.
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Figure 8. (a) Centroid location of 138 events relative to the SCEC epicenter (0, 0), determined by invert-
ing surface wave travel times with tomographic corrections. (b) Uncertainty estimations (2s) in longitude
and latitude direction are given. (c) Map view of all events; red beach balls are events with centroid loca-
tion more than 10 km away from the epicenter location or events where the inversion did not converge.
These events usually have poor station coverage. (d) Enlargement of the small rectangle in Figure 8c,
which indicates the Hector Mine region. The beach balls are plotted according to the SCEC epicenter loca-
tion, and the stars are the relocated centroid locations colored by the maximum azimuthal gap of station
distribution, the bars on each star indicates uncertainty estimations (2s) in longitude and latitude direction.
The event (9165761) enclosed by the red circle is the event with the SCEC depth 25.7 km relative to CAP
(7.8 km), see Appendix A.
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sections. Two stations show a great improvement where 60%
of the trials produced accurate estimates with about 15�.
Three station inversions reached 80% accuracy and 10 sta-
tion inversion results produce over 90% accuracy with less
than 10� errors. The largest azimuthal gap is the controlling
feature which appears even more important when locating the
event (Figure 10).
[16] The more stations the better but 5 to 10 stations pro-

duces excellent results with errors less than 10� in the 3
mechanism parameters, �0.05 in Mw, �1 km in depth and
�2 km in horizontal location, see Figure 10 and Figure S1 of
the auxiliary material.1 Thus, eight source parameters are
reliably obtained following this procedure.
[17] Note that we pick the hard-rock stations for the tests,

which is also essential for the semi-automated procedure in
determining source mechanisms, since basin records are
hard to fit with the 1D velocity model and should be
excluded from the inversion at these periods. This process

could be done naturally in Southern California with the
advantage of the SCSN. Broadband data could be down-
loaded automatically from hard-rock sites through Seismic
Transfer Program (STP) with instrument response removed.
Then based on the SCSN epicenter location and origin time,
the CAP method is applied to the data, which has been
chosen based on good signal-to-noise ratio and azimuthal
coverage, to perform a grid search for the best moment
tensor solution and centroid depth. Time shifts of surface
wave can then be used later to derive the centroid horizontal
location, using the empirical delay maps or any other path
corrections as discussed in the next section. The factors that
affect the stability of this procedure are mainly introduced
during the mechanism inversion process, since reliable time
shifts rely on the accuracy of the mechanism. When the
azimuthal coverage is poor or the starting epicenter location
and/or origin time is off by too much, the inversion could
easily be biased. Consequently, in poor azimuthal coverage
cases the mechanism and depth searches will not converge.
Those should be rated as poor inversions and be reviewed
later on by analysts. Analyst can fix these problems to some

1Auxiliary materials are available in the HTML. doi:10.1029/
2011JB008501.

Figure 9. Comparison between the obtained P-axes (circles) and T-axes (triangles) with the known
values (open ones) for the Chino Hills earthquake, when we randomly chose a certain number of stations
(3,4,5,10) from the data set for the inversion. The data set is composed of 42 hard-rock stations.
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extent either by adjusting the time window and/or includ-
ing more data in the inversion. Similar problems will arise
when this method is applied to other regions in the world,
especially where we don’t have a network as dense as in
the Southern California region. Fortunately, path correc-
tions and better 1D velocity model could be obtained with
the commonly employed PASSCAL experiments [i.e., Zhu
et al., 2006]. Sparse network capabilities have been dem-
onstrated to be working but they do require more careful
review [Tan et al., 2006]. With the newly developed ASN
technique, this kind of path corrections could be achieved
in an independent way which will be discussed in the next
section, along with the discussion of 3D velocity models.

5. Discussion

[18] We have introduced a new method for rapid event
assessment in which we can use the initial short-period
source detection to trigger the CAP routine as proposed by
Zhu and Helmberger [1996], and produce a centroid solu-
tion by also refining location using a delay map. This esti-
mate can be further refined by performing a joint location
with P wave picks or using 3D modeling including non-
double-couple components [Liu et al., 2004]. The latter
source complexity shifts the surface waves and thus trades-

off with location. We will briefly review this feature along
with refinements in path corrections.
[19] The basic problem of constructing a 3D model with

uncertain earthquake source information and location is
addressed by Tape et al. [2009]. Thus, we can investigate
some of the path effect issues by analyzing artificial data or
3D synthetics for the Chino Hills event along with compar-
isons from the ASN analysis. In short, we use 3D Spectrum
Element Method (SEM) synthetics as “observations” and
perform the CAP search on these records. In Figure S2 of the
auxiliary material, we present the results of using synthetics
from the SCEC Community Velocity Model-4 (CVM-4)
[Komatitsch et al., 2004] and a more recent model by Tape
et al. [2009] labeled SCEC Community Velocity Model-
Harvard (CVM-H) for the same stations used in determining
the Chino Hills solutions. For this test, we used a similar
mechanism (292�/60�/137�/14.2 km/5.37) for strike, dip,
rake, depth and moment magnitude, reported by SCEC in
generating the 3D synthetics. The inversion of these syn-
thetics produced new but similar mechanisms that are dis-
played in Table 1. The fits at the various stations and “shifts”
are expressed in spider diagram form as given in Figure 11.
Note that the CAP inversion can fit the CVM-4 synthetics
better than the data for our 100 station collection. The sur-
face wave delays for CVM-H are consistent with those

Figure 10. (top) Errors and (bottom) locations of the Chino Hills earthquake. These centroids locations
are determined by inverting travel time of surface waves when we randomly select a certain number of
stations from the 42 hard-rock data set (as in Figure 9). The tomographic maps are used to construct the
travel time correction. The origin (0, 0) is the SCEC epicenter location given as the reference.
Corresponding uncertainty estimations are determined by equation (B7).
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obtained from the data as displayed in Figure 11b. However,
there is a problem with modeling the CVM-H synthetics
along paths to the northwest since these fits are too poor
to be meaningful. This is expected since these paths are
indeed complex, crossing several basins and mountain
ridges. Note that the basin stations have been removed
because of low CC’s for source consideration in the 1D
inversion. Obviously, the synthetics from the 3D model fit
these rejected station better than those from the 1D model
as pointed out by Komatitsch et al. [2004]. However, their
results are difficult to interpret in that they display the 1D
synthetics not shifted and their 3D synthetics shifted by
some amount not listed. The comparison of shifts in the
data versus CVM-4 results in Figure 11 is a more realistic
indicator at hard-rock sites, assuming high CC’s are
indicative of such sites. In Figure S3 of the auxiliary
material, we display a comparison of paths to the north-
west where the CC’s are large enough to allow their use in
source inversion (CC’s > 0.8). Most of these sites are

situated on relatively hard-rock (Figure 1) but could be
easily contaminated by basin-edge effects [Tape et al.,
2009]. Again the fits are better for CVM-H synthetics
and agree quite well with the data, whereas the modeling
of CVM-4 synthetics are seriously late. Note that while
the 1D synthetics do not fit many of the observed wave-
forms for basin stations in Figure S4 of the auxiliary
material, the 3D synthetics for CVM-H do well. This is
a good model and can be used to retrieve 1D delays or
used directly in a search for refined source recovery,
although it is time consuming in 3D. Note that if the 3D
models are accurate, we should be able to replace the data
with 3D synthetics and obtain the same delays as given in
Figure 11a. This seems to work as demonstrated above.
However, the model relies on assumed source properties
which could be easily biased.
[20] A more independent approach is to use ASN either

to develop the 3D model [Shapiro et al., 2005] or to
calibrate 1D paths as suggested by Zhan et al. [2011].
Note that the ASN has an obvious advantage in that the
stations have very accurate locations. In particular, we
choose stations near the event (Figure 1) as pseudo-source
and cross-correlate the noise records along each path with
results presented in Figure S4 of the auxiliary material.
The result for using CHN as source station is summarized
in Figure 11d, which is consistent with the prediction from
the tomographic map (Figure 11a) and that derived from
the 3D velocity model (Figure 11b). This encourages the
application of the method to regions with tomographic and
ASN models, as are currently being developed for other

Table 1. Inversion Parameters for Real Data and 3D Synthetics
CVM-4 and CVM-Ha

Mechanismb Mw Depth (km)

Data 288/61/129� 5.39 15.0
CVM-4 290/59/138� 5.37 14.8
CVM-H 290/63/135� 5.37 14.6

aNote that we used a similar mechanism (292/60/137/14.2/5.37) for
strike, dip, rake, depth and moment magnitude to generate synthetic data.

bStrike/dip/rake.

Figure 11. Comparison of surface wave travel times obtained by different methods and data sets, relative
to the 1D SC synthetics. Travel times are determined by (a) predictions from the tomographic maps,
(b) 3D synthetic from CVM-H, (c) 3D synthetics from the CVM-4, and (d) ASN cross-correlation
calculation with CHN as pseudo-source station. Stations (triangles) are colored by cross-correlation
coefficients between synthetics and lines are colored by the amount of time shifts.
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Table A1. Source Parameters of 160 Southern California Events From April 1998 to October 2004

Event ID

SCSN Fault Parameter

Origin Date, Time Latitude/Longitude h mb FM: 8/d/l h Mw

10023841 2004/06/29,10:20:43.600 36.0728/�117.9002 5.3 3.7 70/77/34 8.1 3.7
10964587 2001/07/14,17:30:39.570 36.0228/�117.8708 3.7 3.8 81/88/12 5.1 4.4
10970835 2001/07/17,12:22:19.830 36.0257/�117.8810 1.9 3.6 80/89/�36 7.0 3.9
10972299 2001/07/19,20:42:36.720 34.2655/�117.4642 10.9 3.8 92/62/56 9.8 3.8
10992159 2001/07/20,12:53:07.530 35.9950/�117.8772 3.4 4.4 80/79/�20 5.1 4.1
12887732 2002/05/02,06:00:15.060 35.7097/�118.0788 3.1 3.8 218/80/9 5.1 3.6
13657604 2002/06/14,12:40:46.000 36.6938/�116.3353 7.0 4.9 212/29/�92 10.6 4.5
13692644 2002/07/25,00:43:15.140 34.1613/�117.4288 6.5 3.7 229/69/�16 6.5 3.6
13813696 2002/09/17,15:00:05.170 33.5032/�116.7787 16.0 3.7 227/59/3 21.0 3.5
13917260 2002/12/10,21:04:00.690 32.2317/�115.7982 7.0 4.8 42/51/�42 7.2 4.6
13935988 2003/02/22,12:19:10.580 34.3098/�116.8480 1.2 5.4 42/81/�18 6.3 5.0
13936432 2003/02/22,14:16:08.420 34.3242/�116.8580 4.2 4.1 21/71/�30 5.8 3.8
13936596 2003/02/22,16:12:16.980 34.3135/�116.8492 4.3 3.9 210/85/14 6.7 3.7
13936812 2003/02/22,19:33:45.800 34.3097/�116.8503 3.0 4.5 82/47/77 5.4 4.3
13938812 2003/02/25,04:03:04.800 34.3155/�116.8445 2.7 4.6 44/81/�12 5.2 4.2
13939856 2003/02/27,05:00:21.700 34.3043/�116.8430 4.6 4.0 37/80/�21 6.3 3.8
13945908 2003/03/11,19:28:17.910 34.3592/�116.1332 3.9 4.6 47/81/�6 8.2 4.3
14000376 2003/10/29,23:44:48.910 34.2722/�118.7530 13.8 3.6 238/58/43 9.2 3.6
14065544 2004/06/15,22:28:48.160 32.3287/�117.9175 10.0 5.3 234/72/�31 17.1 5.0
14072464 2004/07/09,04:43:45.820 32.5083/�115.7413 5.5 3.7 226/79/�50 7.7 3.7
14079184 2004/07/28,20:19:42.910 34.1287/�117.4483 6.4 3.8 226/90/�20 5.2 3.6
14095628 2004/09/29,22:54:54.240 35.3898/�118.6235 3.5 5.0 202/72/�2 8.4 4.9
3298170 1998/03/06,05:54:21.732 36.0720/�117.6250 1.1 4.5 71/85/9 9.0 4.4
3298292 1998/03/11,12:18:51.834 34.0240/�117.2300 14.9 4.5 236/66/�79 17.4 4.2
3317364 1999/05/14,10:52:35.210 34.0330/�116.3590 1.8 4.2 61/84/10 4.5 4.1
3319204 1999/08/01,16:27:18.568 37.3960/�117.0890 6.0 4.0 92/75/�3 9.2 4.8
3320884 1999/10/21,01:57:38.773 34.8630/�116.3950 3.5 5.0 69/90/32 4.9 4.5
3320940 1999/10/22,20:16:01.092 34.8700/�116.3960 1.3 4.1 250/65/�29 5.9 3.8
3320951 1999/10/22,16:51:36.133 34.8220/�116.3940 2.6 3.7 258/68/�26 5.2 3.6
3320954 1999/10/22,20:17:30.145 34.8610/�116.3880 2.9 4.2 110/63/37 3.3 4.0
3321426 1999/11/03,02:55:05.730 34.7987/�116.2833 4.5 3.8 291/90/10 5.6 3.8
3321590 1999/10/21,01:54:34.175 34.8740/�116.3910 1.0 5.1 68/84/6 5.4 5.0
3324595 1999/10/22,11:34:23.653 34.5970/�116.2660 0.0 3.8 151/44/88 5.9 3.7
7112721 1998/10/01,18:18:15.959 34.1110/�116.9200 4.4 4.6 229/73/34 7.0 4.3
7177729 2000/02/14,09:57:42.020 34.8030/�116.3720 2.3 4.4 98/90/38 5.0 4.0
7179710 2000/02/28,23:08:42.010 36.0720/�117.6010 0.2 4.2 217/70/4 4.2 4.2
7180136 2000/03/02,15:00:34.050 36.0823/�117.6042 0.4 3.9 41/87/21 3.5 4.0
7210945 2000/12/27,00:27:14.100 32.7260/�118.0680 6.0 4.0 265/89/�62 11.6 4.0
9038699 1998/01/05,18:14:06.475 33.9510/�117.7090 11.5 4.3 40/83/34 9.9 3.9
9044494 1998/03/06,05:47:40.335 36.0670/�117.6380 1.8 5.2 228/77/�24 7.7 5.0
9044650 1998/03/06,07:36:35.447 36.0620/�117.6470 2.1 4.4 220/74/�18 9.8 4.2
9045109 1998/03/07,00:36:46.839 36.0760/�117.6180 1.7 5.0 69/89/�6 6.3 4.7
9045697 1998/03/08,15:28:41.967 36.0750/�117.6170 1.1 3.9 58/82/�11 5.6 3.7
9058934 1998/07/02,03:39:50.446 36.9450/�117.5250 6.0 4.8 242/81/�11 3.4 4.7
9059586 1998/07/05,16:25:14.073 36.9400/�117.5420 6.0 3.7 251/23/9 4.7 3.9
9064093 1998/08/16,13:34:40.227 34.1210/�116.9280 6.2 4.8 47/90/�35 6.7 4.5
9064568 1998/08/20,23:49:58.442 34.3740/�117.6480 9.0 4.4 109/36/91 10.6 4.1
9069997 1998/10/27,01:08:40.647 34.3230/�116.8440 5.9 4.8 43/73/�15 7.0 4.4
9070083 1998/10/27,15:40:17.064 34.3200/�116.8500 4.3 4.1 51/79/�21 5.6 3.8
9075784 1999/01/13,10:02:05.385 32.7180/�115.9190 10.0 3.8 227/83/�36 8.8 3.8
9075803 1999/01/13,13:20:55.914 32.7110/�115.9250 10.5 4.4 219/90/�30 8.2 4.2
9085734 1999/05/05,02:17:46.910 34.0690/�116.3710 1.8 3.6 69/61/�12 2.6 3.6
9086693 1999/05/14,08:22:07.140 34.0280/�116.3550 1.4 3.9 232/87/�12 4.8 3.9
9087073 1999/05/15,13:22:11.083 37.5300/�118.8180 6.0 5.4 28/70/36 5.0 5.5
9090617 1999/06/03,21:36:28.083 37.5270/�118.8040 0.0 4.4 188/58/16 3.8 4.2
9093975 1999/06/29,12:55:00.828 34.0100/�118.2180 9.5 3.8 102/58/63 6.1 3.7
9094270 1999/07/01,12:43:07.898 35.0950/�118.3060 6.9 3.8 34/74/31 9.0 3.6
9095528 1999/07/11,18:20:46.889 35.7310/�118.4780 5.7 4.3 �1/36/�66 5.6 4.2
9096656 1999/07/19,22:09:27.475 33.6320/�116.7170 14.1 4.2 57/52/33 14.9 3.8
9096972 1999/07/22,09:57:24.071 34.3980/�118.6090 11.3 4.0 291/58/66 10.5 3.8
9098566 1999/08/01,16:06:20.871 37.5300/�116.9680 6.0 5.9 78/40/�39 8.5 5.7
9098867 1999/08/02,05:40:26.963 37.4170/�117.0650 6.0 4.1 81/56/�18 7.3 4.1
9105672 1999/09/20,07:02:49.179 34.3220/�116.8460 2.8 4.1 51/83/�22 5.5 3.9
9106250 1999/09/26,16:15:37.619 37.4350/�117.0430 6.0 4.5 99/30/�49 5.8 4.2
9109131 1999/10/16,16:08:24.568 34.6800/�116.3090 0.8 4.0 241/67/�30 3.9 3.9
9109254 1999/10/16,17:38:48.645 34.4300/�116.2520 0.0 4.9 261/32/10 6.5 4.6
9109287 1999/10/16,18:01:57.490 34.7038/�116.2937 3.6 4.3 83/79/�28 3.6 4.0
9109442 1999/10/16,20:13:37.643 34.6890/�116.2800 1.3 4.6 81/71/�23 4.9 4.3
9109496 1999/10/16,21:10:50.520 34.6698/�116.3417 2.9 3.9 257/72/�47 4.8 3.8
9109636 1999/10/16,22:53:41.270 34.7075/�116.3562 6.0 4.5 250/76/�21 8.8 4.1
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Table A1. (continued)

Event ID

SCSN Fault Parameter

Origin Date, Time Latitude/Longitude h mb FM: 8/d/l h Mw

9110685 1999/10/17,16:22:48.200 34.3533/�116.1425 0.2 4.2 49/82/�3 5.3 4.1
9113909 1999/10/21,01:25:42.120 34.8660/�116.3970 3.2 4.2 111/70/15 5.2 4.0
9114042 1999/10/21,05:47:38.865 34.5280/�116.2700 0.0 3.8 179/40/92 6.2 3.6
9114612 1999/10/22,05:54:01.544 34.6960/�116.3600 3.0 3.7 282/69/�63 5.9 3.5
9114763 1999/10/22,12:40:52.530 34.3360/�116.2070 9.5 4.2 75/79/8 15.9 3.8
9114775 1999/10/22,13:43:14.733 34.8550/�116.3980 4.2 3.8 247/71/�29 3.7 3.6
9114812 1999/10/22,16:08:48.055 34.8650/�116.4090 0.9 5.0 90/84/22 4.0 5.0
9114858 1999/10/22,16:48:23.189 34.8270/�116.3820 4.2 4.1 262/80/16 4.2 3.8
9116921 1999/10/26,22:59:36.209 36.4450/�117.9040 0.0 3.9 228/89/�26 4.4 4.0
9119414 1999/11/03,03:27:56.986 34.8440/�116.3570 7.0 4.1 82/78/�17 5.9 3.9
9120741 1999/11/07,06:47:49.697 34.7900/�116.2920 5.1 4.0 100/87/�20 6.8 4.0
9122706 1999/11/14,14:20:09.409 34.8360/�116.4050 6.3 4.4 81/82/�13 7.3 4.3
9128775 1999/12/13,13:20:16.300 34.1013/�117.0087 3.3 3.8 216/70/13 5.2 4.0
9130422 1999/12/23,14:30:54.383 34.5920/�116.2650 7.4 4.0 100/69/14 9.2 3.8
9140050 2000/02/21,13:49:43.133 34.0470/�117.2550 15.0 4.3 272/82/�1 17.7 4.2
9141142 2000/02/29,22:08:05.780 36.0850/�117.6008 0.1 4.0 223/82/�20 3.8 4.0
9147453 2000/04/16,01:15:57.951 34.7950/�116.2690 4.1 3.8 279/71/8 6.5 3.6
9148510 2000/04/25,18:36:07.880 33.1620/�115.6370 4.9 3.7 57/90/�36 6.5 3.8
9150059 2000/05/10,23:25:42.644 33.1600/�115.6380 4.0 3.9 61/79/�34 12.0 4.0
9151000 2000/05/18,09:41:37.400 35.0983/�118.3027 6.8 3.9 31/75/40 7.5 3.7
9151375 2000/05/21,06:27:37.364 34.2940/�116.8680 5.9 3.6 48/90/�22 7.7 3.5
9151609 2000/05/23,04:42:43.960 36.3215/�118.0662 1.7 3.9 81/69/�39 9.2 3.9
9152038 2000/05/27,03:35:34.371 35.7800/�117.6510 0.8 4.0 79/77/�26 3.5 3.8
9152745 2000/06/02,14:24:14.337 33.1770/�115.5970 1.8 3.5 17/62/�61 11.4 3.8
9153800 2000/06/12,03:15:02.658 34.6830/�116.3570 7.3 3.9 261/66/7 8.7 3.6
9154179 2000/06/14,22:39:27.812 32.8690/�115.5060 8.8 3.6 249/60/�27 16.1 3.9
9155518 2000/06/26,15:43:07.550 34.7822/�116.2968 4.3 4.5 282/87/�18 7.3 4.4
9158503 2000/07/26,03:01:46.338 32.1540/�115.1140 6.0 3.8 121/77/14 14.3 3.9
9163702 2000/09/20,16:10:33.430 36.0450/�117.8733 2.8 3.7 70/64/�41 2.4 3.7
9164821 2000/10/01,04:46:19.027 32.1250/�115.1520 6.0 3.9 22/29/�31 11.7 3.9
9165019 2000/10/03,02:44:02.990 35.7835/�117.6510 3.6 3.5 39/71/�57 6.2 3.5
9165761 2000/10/12,16:51:19.190 34.5598/�118.9022 25.7 3.9 84/68/79 7.8 3.8
9169867 2000/12/02,08:28:07.470 34.2657/�116.7773 3.4 4.0 41/77/�7 5.9 3.8
9171679 2000/12/24,01:04:21.874 34.9180/�119.0200 13.9 4.4 22/90/�22 17.1 4.1
9613229 2001/01/14,02:26:14.056 34.2840/�118.4040 8.8 4.3 121/40/72 8.8 4.2
9613261 2001/01/14,02:50:53.691 34.2890/�118.4030 8.4 4.0 79/58/33 7.6 3.9
9627557 2001/02/10,17:50:22.380 33.8152/�116.1463 8.2 3.9 69/90/�21 9.0 3.7
9627721 2001/02/10,21:05:05.780 34.2895/�116.9458 9.1 5.1 205/76/4 8.4 4.7
9627953 2001/02/11,00:39:15.970 34.2875/�116.9418 8.1 4.2 198/46/�12 7.8 3.8
9642941 2001/04/08,01:25:28.840 36.0173/�117.8117 3.6 3.8 51/60/�47 3.3 3.9
9644345 2001/04/14,14:51:22.740 35.9893/�118.3312 5.6 3.8 181/51/�84 4.9 4.1
9646589 2001/04/23,16:33:48.940 36.0248/�117.8827 4.8 3.5 71/83/�17 5.4 3.7
9652545 2001/05/14,17:13:30.290 34.2262/�117.4397 8.7 3.8 50/49/�1 7.1 3.7
9653293 2001/05/17,20:47:58.940 35.7985/�118.0398 5.6 3.6 240/66/�32 9.5 3.7
9653349 2001/05/17,21:53:45.570 35.7990/�118.0437 8.7 4.2 214/80/�26 10.8 4.0
9653493 2001/05/17,22:56:45.850 35.7960/�118.0462 8.4 4.1 212/74/�38 12.1 4.1
9655209 2001/05/23,19:10:34.500 34.0238/�116.7572 14.4 3.8 31/67/43 16.8 3.7
9666905 2001/07/03,11:40:48.110 34.2635/�116.7642 3.3 3.9 43/55/13 6.2 3.8
9671933 2001/07/14,17:30:28.900 36.0303/�117.8778 2.7 3.6 263/89/�13 7.7 4.3
9673577 2001/07/16,15:55:28.330 36.0178/�117.8777 2.9 3.5 242/68/�46 3.3 3.6
9674049 2001/07/17,12:07:26.360 36.0135/�117.8608 7.0 4.8 259/90/�11 5.6 5.1
9674093 2001/07/17,12:22:28.620 36.0268/�117.8650 5.5 3.8 258/78/�38 7.5 4.0
9674097 2001/07/17,12:25:18.950 36.0430/�117.8722 5.6 4.1 30/47/�75 5.3 4.1
9674205 2001/07/17,12:56:31.430 36.0285/�117.8828 2.7 3.7 250/79/�36 5.3 3.8
9674213 2001/07/17,12:59:59.170 36.0170/�117.8823 0.4 4.7 243/71/�23 3.2 4.9
9674653 2001/07/17,14:59:50.320 36.0325/�117.8835 2.6 3.7 267/82/�21 4.3 3.7
9686565 2001/07/28,01:09:29.110 36.0582/�117.8715 1.7 4.0 49/63/�29 3.2 4.0
9688025 2001/07/30,23:34:17.900 36.0487/�117.8828 2.8 3.7 21/37/�58 5.2 4.0
9688709 2001/08/01,03:05:15.640 35.9893/�117.8782 3.5 3.6 72/77/�25 3.9 3.9
9689717 2001/08/02,16:21:18.950 37.2195/�117.7913 10.1 3.7 2/22/�92 10.3 4.0
9716853 2001/10/28,16:27:45.550 33.9220/�118.2702 21.1 4.0 110/74/81 15.8 3.8
9718013 2001/10/31,07:56:16.630 33.5083/�116.5143 15.2 5.1 221/80/�48 17.0 5.0
9734033 2001/12/11,21:40:35.420 34.1078/�116.7233 9.3 3.6 218/57/�2 6.9 3.8
9735129 2001/12/14,12:01:35.520 33.9545/�117.7463 13.8 4.0 40/82/�26 8.3 3.7
9742277 2002/01/02,12:11:28.680 33.3793/�116.4345 12.6 4.2 46/90/21 14.7 4.0
9753485 2002/01/29,05:53:28.930 34.3613/�118.6572 14.2 4.2 94/66/85 13.1 4.3
9753489 2002/01/29,06:00:39.820 34.3705/�118.6678 14.2 3.9 73/72/52 11.6 3.9
9753497 2002/01/29,06:08:01.890 34.3653/�118.6643 14.4 3.8 74/58/71 11.6 3.9
9753949 2002/01/29,20:23:07.060 34.3628/�118.6668 12.6 3.6 61/70/85 10.2 3.8
9774569 2002/03/30,13:50:51.710 33.1947/�116.7280 9.3 3.8 68/77/13 10.3 3.7
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regions by various researchers, i.e., western U.S. [Yang
et al., 2008].
[21] When we derive the spider diagram for the ASN

(Figure 11d), the same SC 1D crustal model is used to
establish the path stability by applying the same shifting
procedure in the CAP method to determine the delays. Low
CC’s suggest that the path is not 1D-like and to be rejected.
As discussed by Zhan et al. [2011], paths that appear
complex in ASN are similar to those observed from earth-
quakes as expected. Thus, the ASN delays as displayed in
Figure 11d agree very well with both delays derived from the
data and the calibration prediction, Figure 11a. The locations
obtained by applying the ASN corrections for the three
pseudo-source stations, CHN, OLI, and SRN are given in
Figure 6a. Again, the locations are in good agreement with
our earlier results. We presently do not know which location
is correct, since we do not know the structure that well, they
are probably all wrong. On the other hand, an event of this
size could easily extend over the entire area which would
make them all correct or at least reasonable.
[22] Although it appears that time shifts of local surface

waves can be used to locate earthquakes as discussed above,
there remains a fundamental issue of the trade-off in delays
between Love and Rayleigh waves and the location. In par-
ticular as sources become more complex, they shift the Love
waves and the Rayleigh waves differently. This can be seen
in adding Compensated Linear Vector Dipole’s (CLVD)
components to the double-couple sources (Figures 12a and
12b), where we inverted 3D SEM synthetics with various
CLVD strengths. Even with 10%CLVD, we observe a nearly
0.4 s shift in the Love wave at azimuths near 300�. The shifts
reach over 1 s for 90% CLVD although the synthetics can
still be matched by 1D synthetics assuming a double-couple
source. If we allow errors in double-couple mechanisms of
10�, we obtain about the same level of differential shifts in
dtL and dtR delays. Since 1 s in timing equals about 3 km in
distance, we have an intrinsic uncertainty of a few kms.
Conversely, if we do not know the model well enough, we
cannot determine the full CMT as presently used. Thus, we

propose systematically comparing event locations as esti-
mated by the various methods to better understand these
trade-offs in space-and-time, and systematically address the
non-double-couple solutions.

6. Conclusion

[23] We have investigated a possible real-time system for
SC that would determine local centroid solutions, with eight
parameters including mechanism parameters, depth,
moment, coordinates and origin time and with full CMT’s
containing non-double couple components. The first four
can be determined by fitting a set of 1D synthetics stored on
a 1 km grid with the CAP methodology. Next, the travel
time lags for the Love and Rayleigh wave fits can be com-
pared against another table or map to relocate the initial P
wave location to better match the 10 s surface wave arrivals.
We have conducted a detailed test on the recent Chino Hills
event using corrections derived from past earthquakes
(empirical correction), from Ambient Noise analysis, and
extracted from 3D models. These methods yield comparable
results, validating the approach. We also demonstrated the
ability to locate over a hundred events with locations near
those found by SCSN, except for estimates of depth. The
differences will be pursued in future efforts.
[24] In conclusion, it appears that path effects for a critical

number of stable paths can be established in a complex
geology such as SC where the predicted lag of Rayleigh
waves and Love waves can be established. Although we have
demonstrated this at relatively long-periods, 10 s, the method
can probably be effectively automated and can be generalized
to shorter-periods to particularly simple paths for detailed
source characterization as discussed by Tan et al. [2006].

Appendix A

[25] The mechanism (strike/dip/rake), depth and moment
magnitude of 160 earthquakes are listed in this appendix
(Table A1). These mechanisms are determined by long

Table A1. (continued)

Event ID

SCSN Fault Parameter

Origin Date, Time Latitude/Longitude h mb FM: 8/d/l h Mw

9775765 2002/04/05,08:02:56.050 34.5240/�116.2947 5.6 4.4 331/43/�63 4.7 4.1
9805021 2002/07/31,08:31:47.980 34.5710/�116.4412 3.0 3.7 137/60/61 8.5 3.5
9817605 2002/08/31,16:24:33.330 33.0453/�115.6100 14.2 3.8 311/67/�27 9.9 3.8
9818433 2002/09/03,07:08:51.870 33.9173/�117.7758 12.9 4.8 29/87/�6 7.6 4.3
9826789 2002/09/21,21:26:16.640 33.2248/�116.1128 14.6 4.3 58/86/�12 12.8 4.0
9827109 2002/09/23,08:13:16.610 32.1813/�115.3837 7.0 3.6 30/71/�21 11.3 3.8
9828889 2002/09/28,10:34:47.160 35.9462/�117.3035 3.7 4.1 252/56/20 6.4 4.0
9829213 2002/09/28,18:11:29.720 35.9455/�117.3052 3.5 4.0 246/69/18 5.9 3.8
9854597 2002/10/29,14:16:54.080 34.8027/�116.2665 4.6 4.8 84/80/�10 7.6 4.5
9875657 2003/01/02,16:11:37.640 35.3195/�118.6567 3.6 3.6 150/31/�70 6.6 3.8
9875665 2003/01/02,16:15:44.710 35.3130/�118.6567 3.6 3.6 213/55/�10 5.2 3.7
9882325 2003/01/25,09:11:02.890 35.3248/�118.6610 5.6 3.9 182/26/�42 3.5 4.1
9882329 2003/01/25,09:16:10.220 35.3175/�118.6538 5.6 4.5 200/50/�34 3.9 4.3
9915709 2003/05/14,22:47:18.460 33.7492/�116.0235 8.2 3.9 262/43/�36 7.4 3.6
9915909 2003/05/15,17:58:02.230 35.8380/�118.1095 10.7 3.6 241/48/�23 15.8 3.5
9930549 2003/07/15,06:15:50.750 34.6217/�116.6672 7.6 4.2 186/71/30 10.0 3.8
9941081 2003/08/27,06:02:22.250 34.4042/�118.6477 17.9 3.9 263/87/�72 15.8 3.9
9966033 2003/12/20,16:35:23.880 37.1788/�117.8552 9.3 4.0 230/59/�36 8.8 4.0
9983429 2004/02/14,12:43:11.390 35.0378/�119.1312 12.1 4.3 72/38/87 12.9 4.5
9994573 2004/03/28,07:20:02.830 36.1802/�118.1617 7.7 3.8 173/66/�63 7.2 3.7

WEI ET AL.: LOCATING EARTHQUAKES WITH SURFACE WAVES B04309B04309

16 of 18



period inversion of regional waveform data [Tan et al.,
2010]. Time shifts associated with these mechanisms are
used to derived the tomographic models as shown in
Figure 3.

Appendix B

[26] We suppose velocities of surface wave at frequency
band of 100�10 s are proportional to horizontal distance and
constant group velocities of surface waves at the source
region, then we can have [Lay and Wallace, 1995]

ti ¼ t þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xi � xð Þ2 þ yi � yð Þ2

q
v

ðB1Þ

in which v is the velocity of surface waves (3.4 km/s for
Rayleigh wave, 3.7 km/s for Love wave in this study), ti are
observed travel times, t is centroid origin time, (xi,yi) is
station coordinate and (x,y) is the centroid location we
would like to determine. To study this problem in an inver-
sion way, a model vector m is defined as (x,y,t)T, and the
data vector d is composed by observed travel times (ti). Then
equation (3) could be written as

F x; y; tð Þ ¼ d ðB2Þ
with a starting solution m0, for which the predicted times is
d0, the Taylor series expand about m0 yields

∂F
∂x0

� �
dx0 þ ∂F

∂y0

� �
dy0 þ ∂F

∂x0

� �
dt0 ¼ di � F0

i x0; y0; t0ð Þ ðB3Þ

Substituting (5) into (4) and rewriting gives

ddi ¼ ∂di
∂mj

dmj ðB4Þ

or defining a partial derivatives matrix: Gij ¼ ∂di
∂mj

, we can

write a system of equations that maps changes in model
parameters on to improvements in the fit to the data:

Dd ¼ GDm ðB5Þ
Drop the Δ notation and this equation can be solved as

m ¼ GTG
� ��1

GTd ðB6Þ
Once dx, dy, dt are calculated, we can update the source
parameters and repeat the process ((5)–(8)) to estimate a
refined solution. This iterative process is continued until the
Δd becomes acceptably small. The error estimates are
determined by the variance of the data and the diagonal
elements of the inverse matrix ((GTG)�1). We can write the
uncertainty in mi by Δmi, and compute it by

Dmi ¼ ffiffiffiffiffi
cii

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXN
j¼1

dt2j
N � Np

vuut ; i ¼ 1; 2 ðB7Þ

where Np is the number of parameters (here 3, x, y and t), cii
are the diagonal elements of (GTG)�1, and dtj are the dif-
ferential arrival times between observed and computed for
station j.
[27] In this study, we start the inversion from SCEN epi-

center location and origin time(m0), and correct travel times
of surface waves by a tomographic map (Figure 1) with

proved accuracy up to 1 s [Tan et al., 2010] in the first
iteration. Then we assume a 1D structure in the source
region and use constant velocity for Rayleigh (3.4 km/s) and
Love (3.7 km/s) waves which are obtained from the 1D SC
model.
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