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Abstract 
To constrain the source properties of a mainshock earthquake one can use another earthquake as 
an empirical Green’s function (EGF) to approximate the path- and site-effect contributions to the 
seismic waveform. An ideal EGF earthquake is smaller in magnitude than the mainshock and has 
a similar focal mechanism and hypocentral location to the mainshock. Here, we quantitatively 
define optimal EGF event selection using data from the spatially complex San Jacinto Fault Zone 
(SJFZ) in southern California. The high seismicity rate within the SJFZ allows us to test the EGF 
method for 51 target M>3 mainshock events using a large range of potential EGFs (>200 for all 
mainshocks; >1000 for 29 mainshocks). We estimate a mainshock corner frequency from the 
spectral ratio of each mainshock/EGF waveform pair. The suitability of an EGF event is 
determined by quantifying the variability of these corner frequencies across the network, 
assuming an ideal EGF event produces similar corner frequencies at every station. We find 
optimal EGF events are at least one unit of magnitude smaller than the mainshock, but that 
selecting EGFs with larger than one magnitude differentials does not produce significantly better 
results. Negligible differences are found in our results for EGF events located 2-14 km from the 
mainshock, suggesting an EGF event ~2 km from the mainshock may be as poor a choice as an 
EGF event ~14 km from the mainshock.  We suggest also limiting mainshock/EGF pairs to those 
with high waveform cross-correlations at all stations (median >0.5 for this dataset).    

1.0  Introduction 
 In applying the EGF technique to a given earthquake (hereafter referred to as the 
‘mainshock’), the path- and site-effect contributions to the seismic waveform are approximated 
by the ground motion of a smaller earthquake sharing a similar source location and focal 
mechanism (e.g., Hartzell, 1978; Mueller, 1985; Hutchings and Wu, 1990a; Hutchings and Wu, 
1990b; Mori and Frankel, 1990; Dreger, 1994; Velasco et al., 1994; Hough, 1997; Plicka and 
Zahradnik, 2002; Vallee, 2004; Prieto et al., 2006; Iglesias and Singh, 2007; Causse et al., 2008; 
Viegas et al., 2010; Baltay et al., 2011; Chen & Shearer, 2011; Kane et al., 2011). This approach 
assumes that the smaller earthquake (hereafter referred to as the ‘EGF earthquake’) approximates 
a point-source relative to the larger earthquake, and that the waveform of the smaller earthquake 
primarily represents the propagation path and site effect signals. The mainshock source can 
therefore be obtained by deconvolving the EGF earthquake signal from the mainshock signal. 
This technique assumes that the EGF earthquake: (1) is sufficiently small to be approximated as 
a point-source relative to the mainshock earthquake; (2) is close enough to the mainshock 
earthquake such that the propagation paths between both events and a given station are identical; 
and (3) has a focal mechanism solution that mimics the mainshock and therefore the two events 
share an identical radiation pattern.  
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2.0  Study Area and Data 
 We use a mainshock database of 51 M > 3 earthquakes recorded by the ANZA seismic 
network (Berger et al., 1984; Vernon, 1989). For each mainshock, we create a catalog of 
potential EGF earthquakes (>200 events for each mainshock) that locate within a 0.2° by 0.2° 
box centered on the mainshock epicenter. We limit event selection to those in the Lin et al. 
(2007a and 2007b) LSH relocated catalog. For our 51 mainshocks, our selection criteria net 
56,196 trial EGF events and 183,953 P-wave velocity waveforms recorded at 100 sps by 11 
stations in the ANZA network. For each vertical component waveform, we compute the 
spectrum using a one-second time window starting 0.25 seconds prior to the P-wave arrival. We 
also compute a noise spectrum using one second of data prior to the start of the P-wave. These 
spectra are calculated using the multitaper method (Thomson, 1982) with a time-bandwidth 
parameter of 3.5. We restrict each EGF record to have a minimum signal to noise ratio (SNR) of 
3 within the 2 to 5 Hz band, and we additionally require that a minimum of half of the frequency 
points examined also have a minimum SNR of 3. 

3.0  Source spectra and source parameter estimates 
 The ground motion recorded at a given station can be represented as a convolution of 
signals from the source, s(t), the propagation path between source hypocenter and recording 
station, p(t), and any near-site surface scattering effects and contributions from the recording 
instrument, i(t). For the mainshock earthquake (indicated by subscript m), we formulate this as: 

! 

um t( ) = sm t( )" pm t( )" im t( )       (1) 

We represent the EGF earthquake similarly using a subscript of egf: 

! 

uegf t( ) = segf t( )" pegf t( )" iegf t( )      (2) 

In accordance with the EGF method, we treat the propagation paths and instrument effects for 
both the mainshock and EGF earthquakes as identical (e.g., pm(t) = pegf(t) and im(t) = iegf(t)). We 
also assume that the EGF earthquake source is a point-source in time, and hence segf is a scalar 
value rather than a function of time. These assumptions allow us to rewrite equation 1 as: 

! 

um t( ) = srel t( )" uegf t( ) =
sm t( )
segf

" uegf t( )     (3) 

Here, srel(t) is the relative source time function obtained by scaling the mainshock source by the 
amplitude of the EGF source. The waveforms um(t) and uegf(t) are the recorded ground motions 
for the mainshock and EGF earthquake, respectively. Obtaining srel(t) requires inverting the 
recorded ground motion equation to solve for the source term.  
 In practice, it is common to approach this inversion in the frequency domain because the 
convolution can be simply represented as multiplication: 

! 

Um f( ) = S( f )Uegf f( )       (4) 

Then the relative source spectrum, S(f), is determined through spectral division: 

! 

S( f ) =Um ( f ) /Uegf ( f )      (5) 

In this study, we use the Brune (1970, 1971) source spectrum to fit the relative seismic 
moment, M0, and the corner frequency, fc: 
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Here, the corner frequency is inversely related to the source rupture duration. 

We compute spectral ratios and identify the preferred corner frequency for all possible 
mainshock/EGF event pairs meeting our signal to noise ratio criteria (67,498 pairs examined). 
We assume that an ideal choice of mainshock and EGF event pairing will generate similar corner 
frequency estimates at all stations in the array. In this simple approach, we overlook possible 
azimuthal dependence in corner frequency measurements generated by effects such as rupture 
directivity. To gauge the appropriateness of each EGF earthquake, we measure the standard 
deviation of the corner frequency estimates at all stations in the array. We take the logarithm of 
the corner frequency estimates prior to measuring this standard deviation in order to normalize 
the effects of fitting the spectrum in the log domain (e.g., the difference in source spectrum fit for 
a shift in corner frequency from 10 to 15 Hz is significantly larger than the fit for a shift in corner 
frequency from 30 to 35 Hz). We define this measured quantity as the ‘corner frequency 
variability’. 

4.0  EGF selection criteria 
 A key aspect of our analysis is that we use a large suite of possible EGF earthquakes 
representing a broad range of event choice characteristics. This large dataset of trial EGF 
earthquakes ranges from those within the common limits for EGF selection to events falling far 
outside the typically accepted limits. The purpose in allowing such a wide range is to identify the 
transition separating these two populations. We assume the preferred EGF event will produce 
similar corner frequency estimate at every station and we gauge the suitability of the EGF using 
the variability in corner frequency estimates for each mainshock and EGF earthquake pairing 
across the network. Low variability indicates appropriate EGFs and high variability indicates 
non-appropriate EGFs.  

4.1  Importance of EGF/mainshock Magnitude Differential 
 We begin our study by examining how the magnitude differential between the mainshock 
and the EGF earthquake can influence source parameter estimates. For each of our 51 
mainshocks, we create a catalog of possible EGF events that includes all smaller earthquakes 
within 3 km (hypocentral distance) of the mainshock. This nets 3134 mainshock/EGF pairs, 
recorded at up to 11 stations. For each of these mainshock/EGF waveform pairs we compute 
corner frequencies, as defined above, and track the variability between the mainshock and EGF 
corner estimates at each station. We analyze the corner frequency variability by looking at the 
mean values in differential magnitude bins of 0.5 magnitude units. Overall, no strong correlation 
between corner frequency variability and magnitude differential is observed. The lack of a trend 
in this relationship suggests it is sufficient to require the EGF earthquake to be at least one unit 
of magnitude unit smaller than the mainshock, and that magnitude differentials that exceed this 
one magnitude unit threshold do not necessarily produce significantly better results. 
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4.2  Importance of Mainshock and EGF Hypocentral Separation Distance 
 We next assess how the separation distances between the mainshock and EGF 
hypocenters alter our results. We select a magnitude 3.6 mainshock and a representative sample 
of EGF events, purposely selecting potential EGF events at hypocentral separation distances out 
to 20 km, many of which clearly do not satisfy the collocation requirement. We find the 
signatures of the EGF velocity waveforms vary considerably from station to station, but exhibit 
similar characteristics between mainshock and EGF records at individual stations when 
interevent spacing is small. Such similarity would traditionally confirm the validity of the EGF 
assumptions and the acceptability of these mainshock/EGF pairing. We expect as the spacing 
between mainshock and EGF hypocenters increases, the mainshock/EGF waveform pairs would 
become increasingly different in shape at each station because the assumption of identical path 
propagation effects is less appropriate. However, if asked to identify the waveform from the most 

distant EGF event for each station 
one is hard-pressed to select the 
correct answer. Similarly, a 
demarcation between waveforms 
from ‘far’ and ‘close’ EGF events is 
not clearly apparent.  

To conduct a more 
quantitative study, we first limit the 
EGFs we consider to those with 
magnitudes ≥1.5 units smaller than 
the mainshock magnitudes in order 
to remove any magnitude differential 
effects. We measure the corner 
frequency variability (as defined 
above) for these event pairs and then 
compute the median of these 
estimates over 0.1 km separation 
distance bins of the hypocentral 
locations (Figure 1). The resulting 
trend of the median corner frequency 
variability with changing interevent 
separation distance has two 
interesting features. First, the corner 

frequency variability is smallest at the closest separation distances and increases approximately 
linearly with separation distance up to ~2 km. This result validates the expectation that the 
closest events will produce the best estimates and provides an ideal upper bound of 2 km on the 
maximum separation between the EGF and mainshock. The second interesting feature is the 
relatively constant median corner frequency variability with separation distance from ~2-14 km. 
This relatively low variability and the minimal change with distance demonstrates that the 
mainshock and EGF waveforms have fairly similar characteristics even at larger interevent 
spacing, or put another way, that the waveforms are not unique enough to discriminate between 
their different features.  

 
Figure 1: Median corner frequency variability versus 
hypocentral separation distance using distance bins of 
0.1 km width. For reference the shaded region marks 2 
km hypocentral separation distance that we assume 
should be used as a limiting value in EGF selection 
because it corresponds to the lower standard deviations 
in corner frequency estimates. 
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4.3  Importance of Mainshock and EGF Waveform Similarity 
 In regions of relatively homogeneous focal mechanism distributions, it is reasonable to 
assume that a mainshock and EGF event pair chosen by location proximity will likely satisfy the 
requirement of similar focal mechanism solutions. In the SJFZ, however, where the distribution 
of focal mechanism orientations is heterogeneous (Bailey et al., 2010) relative to other regions in 
California (e.g., the San Andreas Fault at Parkfield), this criterion is less likely to be satisfied. 
Because focal mechanism solutions can be prone to substantial uncertainties and smaller 
magnitude events, such as those typically used as EGF earthquakes (e.g., M<2), often do not 

have reliable solutions 
(Hardebeck and Shearer, 2003) 
instead of using focal mechanism 
solutions to assist in our EGF 
selection we prefer using 
waveform similarity.  

For mainshock/EGF event 
pairs with small separation 
distances we assume waveform 
similarity can be used as a proxy 
for focal mechanism similarity. 
We compute peak cross-
correlation coefficients for each 
mainshock and EGF waveform 
pair at each station using 0.25 
seconds of data following the P-
wave arrival. This time window 
excludes the noise prior to the P-
wave arrival while retaining 
several cycles of P-wave ground 
motion. As expected, the EGF 
events with the highest peak 
cross-correlation coefficients 
between EGF and mainshock 
waveforms indeed exhibit 

waveforms very similar to the mainshock. We order the waveforms from highest peak cross-
correlation to lowest at station KNW. The EGF waveforms for stations FRD and SND follow the 
same ordering from KNW, yet they do not follow the similar high-to-low cross-correlations 
arrangement. In fact, the EGF with the highest cross-correlation for station KNW (0.71) 
produces the lowest cross-correlation at station FRD (0.19). This non-sequential ordering 
demonstrates that a high correlation value at one station does not assure high values at all other 
stations, indicating more than one station should always be tested if possible. 

To determine if there exists a threshold cross-correlation value that can be used to select 
optimal EGF events we compute the binned corner frequency variability over cross-correlation 
coefficient bins of 0.05 width, using event pairs with EGF magnitudes ≥1.5 units smaller than 
the mainshocks. Here, we consider EGFs at all distances. Because we have a cross-correlation 
estimate for each station in the array, rather than a single value for the event pair as in our 
previous analyses, we track the results using the mean, maximum, and median values of cross-

 
Figure 2: Median peak cross-correlation values versus 
hypocentral separation distance. These results are shown 
using distance bins of 0.1 km width. For reference, the 
shaded region marks 1 km hypocentral separation 
distance that we assume should be used as a limiting 
value in EGF selection because it corresponds to the 
higher cross-correlation values.  
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correlation coefficients for each mainshock/EGF event pair at all stations. For each of the three 
quantities we consider (mean, median and maximum cross-correlation coefficient) all exhibit low 
corner frequency variability at high levels of correlation, with a transition to increasing corner 
frequency variability at lower levels of correlation. This observation reinforces the importance of 
choosing an EGF event with similar waveform characteristics to the mainshock. This also 
confirms our assumption that similar corner frequencies result across the array when an 
appropriate EGF is selected and more highly variable corner frequencies results when a poor 
EGF choice is made. Results of the median cross-correlations as a function of mainshock/EGF 
hypocentral separation distance (Figure 2) suggest the optimal EGFs are those with median 
cross-correlation coefficient ≥ 0.5. If waveform cross-correlation information is not available we 
suggest instead limiting interevent spacings between the mainshock/EGF to ≤1 km, which should 
yield waveform pairs more highly correlated at all stations than spacings exceeding 1 km.  

5.0  Conclusions 
Based on our analysis of a large amount of data (51 mainshock events; 67,498 

mainshock/EGF pairs examined; 11 seismic stations) from the SJFZ we find EGF selection can 
be greatly improved when using a catalog with precise locations. In agreement with Hutchings 
and Wu (1990) our results show EGF events should be at least 1 magnitude unit or more smaller 
than the mainshock, but that magnitude differentials significantly smaller than 1 magnitude unit 
are not necessarily a better choice (i.e., one magnitude unit is sufficient to satisfy the point-
source approximation assumption). We also find the difference in magnitude between the 
mainshock and EGF event is not as important a factor in EGF selection as hypocentral separation 
distance. Surprisingly we found a relatively constant median corner frequency variability for 
mainshock/EGF event pair separation distance from ~2-14 km, suggesting an EGF ~2km from 
the mainshock may be as inadequate a choice as one ~14 km from the mainshock. 

In regions of highly heterogeneous seismic sources like the SJFZ region we suggest that 
in addition to distance separation and magnitude differential restrictions it is also wise to require 
high waveform cross-correlation coefficients (median ≥0.5 over the array for this dataset). 
Ideally, the cross-correlation coefficients for any mainshock/EGF pair would be measured to 
confirm an acceptable EGF choice. We caution that a high correlation value at one station does 
not assure high values at all other stations, so all stations used in analysis should be tested. 
Examining median mainshock/EGF waveform cross-correlation coefficients as a function of 
mainshock/EGF hypocentral separation distance we find a limiting value of <1 km interevent 
spacings where the waveform pairs are more highly correlated across the array than for larger 
spacings. From this observation we conclude that separation distances of 1 km should be 
considered the maximum allowed, at least within regions of high faulting complexity.  

In summary, for the SJFZ data we find selecting EGF events based on the hypocentral 
separation distance between the mainshock and EGF locations is a more important constraint 
than selection based on magnitude differentials or similarity in waveforms. For regions of highly 
heterogeneous faulting we recommend selecting EGFs using relocated earthquake catalogs to get 
accurate separation distances, choosing separation distances of less than 1 km, and confirming 
waveform similarity between the mainshock and EGF waveforms at each station. Each of these 
three requirements must be met to obtain robust source parameter estimates and minimize 
erroneous results. 



Page 7 of 9 

Intellectual Merit 
A key aspect of our analysis is that we use a large suite of possible empirical Green’s function 
EGF earthquakes representing a broad range of event choice characteristics. This large dataset of 
trial EGF earthquakes ranges from those within the common limits for EGF selection to events 
falling far outside the typically accepted limits. The purpose in allowing such a wide range is to 
identify the transition separating these two populations. 
 

Broader Impacts  
This project included work by graduate student Deborah Kane. 
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