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ABSTRACT 
 

The purpose of this study is to demonstrate the feasibility of full-waveform earthquake location using semi-
empirical synthetic waveforms and received data from two or more regional stations. 
 
Matching observed waveforms with synthetic waveforms has been used for some time in ocean acoustics to 
provide robust tracking of underwater sources in bearing, range and depth using synthetic pressure fields 
(e.g., Baggeroer et al., 1993). In such matched field processing, the pressure time series recorded by a 
dense array of hydrophones is steered using the synthetic pressure field predicted for a known environment. 
This approach is ideally suited for the ocean environment since the medium properties are well constrained. 
In contrast, the properties of the solid earth are not known at the detail required to perform matched field 
processing on seismic arrays for source location on a global scale. Matched waveform processing for 
seismic source locations has only been successfully applied when the overall velocity is well constrained 
(e.g., Pulliam et al., 2000). 
 
Our method overcomes the uncertainty in the velocity models by generating semi-empirical synthetic 
seismograms. Empirical and semi-empirical approaches for modeling waveforms have been used to model 
waveforms from large events using smaller events as Green’s functions (Wu, 1978). However, this 
approach breaks down when the two events are neither co-located nor have similar mechanisms. Others use 
semi-empirical synthetic seismograms, i.e., synthetic seismograms convolved with empirically determined 
source time functions, to estimate the ground motion of hypothetical events to assess earthquake hazards 
(e.g., Summerville et al., 2000). Salzberg (1996) developed a semi-empirical technique for fundamental 
mode surface waves which allows synthetic seismograms to be computed when the reference event is at a 
different location and has a different mechanism.  
 
Our approach is to find the semi-empirical synthetic seismogram computed that best matches the observed 
seismic waveforms across a dense grid of possible locations. For each grid location, two or more 
waveforms are compared for a known moment tensor using the semi-empirical synthetic waveforms. The 
resulting minimum in the residual at the grid points yields the optimal location.  
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OBJECTIVE(S)  

The objective of the research is to provide a method that gives accurate locations and source mechanisms 
using a sparse regional network when two or more seismic stations record the event. Tests using synthetic 
waveforms indicate that location accuracy on the order of 300-500 km2 and depth uncertainty of less than 5 
km can be obtained with recordings from only two stations low pass-filtered at 0.5 Hz. Since the 
fundamental constraint in matched waveform processing is the increasing incoherence between the 
complete waveforms with distance, sensor separation can be used to simulate event separation. Thus, 
examining full waveform correlations from a seismic array should provide a separate estimate of the ability 
to resolve the source location.  

Methodology 
SAIC is implementing a matched waveform approach to locate seismic events using a sparse regional 
network.  
 
Matching observed waveforms with synthetic waveforms has been used for some time in ocean acoustics to 
provide robust estimates of underwater source locations in range, bearing and depth (Baggeroer et al., 
1993) using synthetic pressure fields. In such matched field processing, the pressure time series recorded at 
each element of a tightly spaced an array of hydrophones correlated with the synthetic pressure field. The 
variation is the wave field resulting from interference patterns may be unique to the source location. By 
searching over a grid of potential sources, the optimal source location is identified by the maximum in 
correlation. This approach is ideally suited for the ocean environment since the medium properties are well 
constrained.  
 
In contrast, the properties of the solid earth are not known at the detail required to perform matched field 
processing on seismic arrays for source location on a global scale. However, matching synthetic waveforms 
has been effectively applied in seismology to techniques such as inversion of the source and inversion of 
velocity models (Burdick and Langston, 1977). Waveform matching for source properties has been limited 
to regions with well constrained velocity models such as teleseismic body-waves which travel mostly in the 
lower mantle (Langston, 1981), long period surface waves (Romanowicz, 1981), and normal modes 
(Dziewonski et al., 1981). In these three examples, most of the energy propagates within the lower mantle. 
However, matched waveform processing for source locations, has only been successfully applied when the 
overall velocity is well constrained (Pulliam et al., 2000). 
 
SAIC‘s method overcomes the uncertainty in the velocity models by generating semi-empirical synthetic 
seismograms. Empirical and semi-empirical approaches for modeling waveforms have been used to model 
waveforms from large events using smaller events as Green’s functions (Wu, 1978). This approach, 
however, breaks down if the two events are neither co-located nor have similar mechanisms. Others (e.g., 
Summerville et al., 2000) use semi-empirical synthetic seismograms, i.e., synthetic seismograms convolved 
with empirically determined source time functions, to estimate the ground motion of hypothetical events to 
assess earthquake hazards. Salzberg (1996) developed a semi-empirical technique for fundamental mode 
surface waves which allowed synthetic seismograms to be computed when the reference event is at a 
different source location and has a different mechanism. This technique provided coherent surface-waves at 
periods as short as 15 seconds, and allowed for the determination of moment tensor source mechanisms for 
small events (M > 4.7).  
 
SAIC’s approach is to find the semi-empirical synthetic seismogram computed across a dense grid of 
possible locations that best matches the observed seismic waveforms. For each grid location, two or more 
3-component waveforms are inverted for the moment tensor using the semi-empirical synthetic waveforms. 
The resulting minimum in the residual (χ2 norm) from the moment tensor inversion results at the grid 
points yields the optimal location. . 

Semi-Empirical Synthetics  
When comparing the synthetic waveform with real data, a match is not possible unless the velocity model 
is well defined. Furthermore, errors in the synthetic waveforms translate into errors in the resolved location 

455

27th Seismic Research Review:  Ground-Based Nuclear Explosion Monitoring Technologies



and source parameters. Consequently, the primary limitation in matched waveform processing is the ability 
to produce high-fidelity simulations based on an idealized environmental model. One approach that can be 
used to improve the quality of the synthetic waveforms is to empirically determine the propagation portion 
of the synthetic waveform, yet still use the theoretical excitation (Salzberg, 1996; Velasco et al., 1994). 
These semi-empirical Green’s Functions can be used to characterize the seismic wavefield recorded from 
sources in a reasonably homogeneous source region at a seismic station or array.  
 
Semi-empirical Green’s Functions are unnecessary if the source-to-receiver velocity structure is known 
perfectly, as full waveform synthetic seismograms are sufficient for matched waveform processing. 
However, only high-quality approximations of the velocity model can be determined. As such, any 
synthetic waveforms generated will only approximate the observed waveform written as:  
 
observed (t) = u(t) * Δu(t)            (1) 
 
where * represents the convolution operation, u is the synthetic waveform, and Δu is the mismatch of the 
data and synthetic represented as a filter. Δu corresponds to a systematic bias caused by model mismatch 
and an incoherent portion caused by random noise. The systematic portion of Δu can be written as: 
 

( ) ( )ωωω xpu Δ⋅Δ=Δ )(         (2) 

 
where Δp is the mismatch caused by inaccuracies in the propagation, and Δx is the mismatch in the source 
excitation. The synthetic waveform, u, can be written as (Mendiguren, 1977): 
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where u is the far-field displacement, s is the source function, P is the propagation from source to receiver, 
Hi is the excitation function corresponding to mi, and mi is the ith element of the moment tensor. 
Transferring Equation (1) into the frequency domain, and combining with Equations (2) and (3) can be 
combined to represent the observed seismogram as: 
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In this formulation, the propagation term is mathematically separable from the source terms which include 
the moment tensor, excitation, and time functions. After deconvolving the source terms from the reference 
waveforms of known source mechanism, location, and depth, the source-to-receiver propagation is isolated 
as:  
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If a second event occurs close to the first event, then it reasonable to assume that the propagation from the 
second event to the receiver will be similar to the first event.  The reference waveform can then be 
transferred to the mechanism and depth of the new waveform by substituting the empirical propagation 
determined in Equation (5) into observed waveform formulation in Equation (4). This result gives new 
waveform as 
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where ~ over a variable indicates the reference waveform.   
 
Accurate knowledge of the source moment tensor and excitation terms implies that the Δx terms are 
approximately 1.  Furthermore, since the two events are in close proximity and assumed to have the same 
propagation, or pp Δ=Δ~ . Thus the new semi-empirical synthetic waveform is: 
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Conceptually, the formulation in (7b) assumes that the mismatch between the reference waveform and its 
synthetic waveform is identical to the mismatch between the new waveform and its corresponding synthetic 
waveform. 
 

Examples 
Two clusters from central and southern California were studied. This region was selected due to the quality 
of the catalog locations (GT2 or better), and the large number of regional stations. This particular study 
focuses on the Parkfield and Hector Mine events using data from two regional stations (TUC and ELK). In 
preliminary tests, semi-empirical Green’s Functions and derived synthetics were computed on a 0.02o x 
0.02o x 2 km grid, assuming that the reported focal mechanisms were correct. The results are listed Table 1. 

 
Parkfield Event of Sept. 30, 2004 18:54:28 
The reference event used for Parkfield was the 29-Sep-2004 17:10:04 aftershock. The match between the 
semi-empirical synthetic waveforms computed at each grid pint (.02 x .02 degree grid, 2 km in depth) and 
the observed waveforms indicates the optimal source location (upper left). As shown in Figure 1, this 
location is within 5 km of the ground-truth location, and a significant improvement over a location 11 km 
from ground truth reported by the CTBTO IDC. However, the event was also within 8 km of the location of 
the reference event. The optimal depth at each horizontal grid point, shown in Figure 2, was determined by 
finding the depth of the minimum residual at each point. However, this shows considerable variability , at 
the minimum residual shown in the upper right, where the optimal depth of 12 km is close to the ground 
truth depth of 10.43 km. In Figure 3, the observed waveform shows an excellent agreement to the semi-
empirical synthetic waveform (). 
 
Hector Mine Event of October 16, 1999 17:38 
Matching the waveforms the Hector Mine aftershock relative to another Hector Mine Aftershock of 
October 22 at 16:08:48 yields an optimal source location which is within 8 km of the ground-truth location 
even though the event was 50 km from the reference event (Figure 4). In this case, the CTBTO PIDC 
system did not locate this event. 
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CONCLUSION(S) AND RECOMMENDATION(S) 

In this preliminary study, we have demonstrated the ability to accurately locate events by matching semi-
empirical synthetic waveforms to observed data using two regional broad-band stations. Assumptions 
implicit in the analysis are that the source mechanism for the event is known and there is a reference event 
available to generate the semi-empirical synthetic waveforms. In both cases listed in the table below, the 
two-station optimal location was within 8 km of ground-truth. Of particular importance is that our solution 
was closer to the ground truth location than the IDC REB solution.It should be noted that we accomplished 
these results using a global earth structure and published source mechanisms. After incorporating more 
appropriate regional velocity models and refined source inversions, the accuracy and robustness of the 
technique should improve significantly. 
 
 

RESEARCH ACCOMPLISHED 

• Refined Methodology; tested in 3-D for Parkfield and Hector Mine Aftershocks 

• Collected Data for 218 Events in Southern and Central California (Figure 5) 

• Reviewed the available data to identify those with usable signals 

Work in the next 12 months: 

• Measure the Group Velocity Curves or all reviewed waveforms 

• Cluster the event to common group velocity curves at each station 

• Define a set of master/reference events for each cluster 

• Determine the 1-d path specific velocity models 

• Generate Semi-Empirical Synthetics for the grid spacing 

• Execute to grid search 
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Table 1.  The relocated event locations compared with catalog events.  

Time Name GT Lat GT Lon GT 
Depth 

WF 
Lat 

WF 
Lon 

WF 
Depth 

Error IDC Lat IDC Lon 

2004/09/30 
18:54 

Parkfield 35.9885 -120.5387 10.43 35.96 -120.54 12 3.2 36.0283 -120.4298 

1999/10/16 
17:38 

Hector 
Mine 

34.43 -116.252 N/A 34.36 -116.26 14 7.8 N/A N/A 

 

 

Figure 1.  Map Minimum Residual for the Parkfield test Case 
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Figure 2.  Residual vs. Depth for the Parkfield test Case 
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Figure 3.  Comparison of Data and Synthetic for Parkfield Test Case 

0 100 200 300 400 500 600 700 800 900 1000 1100
-8000 

-6000 

-4000 

-2000 

0 

2000 

4000 

6000 

Time (Seconds since Earthquake Origin) 

A
m

pl
itu

de
 (

C
ou

nt
s)

 

Semi-Empirical Synthetic Waveform 
Observed Data

 
 

461

27th Seismic Research Review:  Ground-Based Nuclear Explosion Monitoring Technologies



Figure 4.  Map Minimum Residual for the Hector Mine test case 
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Figure 5.  Event groupings in the study 
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