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Testing and Reconciling Stress Drop and Attenuation Models for Southern California 
Technical Report for SCEC Award # 19163 
Investigators:  Rachel Abercrombie (BU) and Peter Shearer (UCSD) 

The aim of our collaborative work is to improve the quality and reliability of stress drop estimates 
(SCEC5 Q1) and attenuation models (SCEC5 Q4) for southern California, and beyond.  This involves 
developing an improved, multi-scale approach for obtaining more precise, reliable stress drops with 
known uncertainties, and simultaneously inverting for attenuation.  

Earthquake stress drop is a fundamental source parameter, implicit in many of the science goals of 
SCEC 5. Stress drops are now commonly estimated from seismic data, but are hard to measure reliably 
and well. The large uncertainties and scatter in results affect strong ground motion prediction, and also 
limit our understanding of the physics of the earthquake rupture process, including distinguishing induced 
seismicity from natural seismicity. We are combining the complementary approaches of the two PIs to 
improve resolution in stress drop estimates, and quantify uncertainties, and also investigate the effects of 
path dependent attenuation.  

Shearer et al. (2019a) use a tight cluster of aftershocks of the 1992 Landers earthquake to show that 
limited frequency range causes trade-offs between modeling parameters, and consequently relative stress 
drop measurements are much more reliable than estimates of absolute values. Combination of high 
frequency recordings from the deep Cajon Pass borehole sensor and the Southern California Seismic 
Network (SCSN) reveals that high-frequency information can help constrain trade-offs between source 
and attenuation parameters (Shearer et al., 2019b). In addition, analysis of results from multiple 
published, consistent studies is showing assuming depth-independent attenuation can result in an apparent 
depth dependence to earthquake source parameters.  

 

Motivation and Relation to the Goals of SCEC5 
Small earthquakes dominate earthquake catalogs, but only their locations and magnitudes are 

routinely determined. To understand the evolving stress state within southern California, a priority of 
SCEC5, we need to go beyond this. Earthquake stress drop, proportional to the slip divided by the length 
scale of rupture, is a basic property of earthquakes and is fundamental to the physics of the source and its 
energy budget. Together with the seismic moment, these parameters define the earthquake energy budget 
(e.g., Kanamori and Brodsky, 2004), and also the expected ground motions at frequencies of engineering 
interest (>1 Hz, Cotton et al., 2013, Trugman and Shearer, 2018). Often the stress drop is used as a simple 
way of quantifying the variability in high frequency source radiation. 

Unfortunately, it has become clear that the uncertainties in these source dimension and stress drop 
estimates are large enough to significantly limit their use in: (a) quantifying the spatial heterogeneity of 
the stress state over a wide range of scales (e.g. Hauksson, 2014), (b) predicting strong ground motion 
(e.g. Baltay et al., 2013; Trugman and Shearer, 2018), (c) discriminating induced seismicity (e.g. Huang 
et al., 2016; Zhang et al., 2016; Trugman et al., 2017), and (d) resolving source scaling (e.g. Shearer et 
al., 2019a,b), all priorities of SCEC5. Cotton et al. (2013) and Baltay et al. (2013) showed that the 
variability of stress drop estimates is 3-4 times higher than that of the peak earthquake ground motions. 
This may reflect a high variability of earthquake sources, but is more likely to be an artifact of the 
uncertainties that remain in estimating stress drop from seismograms. If multiple earthquakes, recorded at 
multiple stations, are combined then it should be possible to invert for both source parameters (constant 
for each event) and path effects (constant for individual paths), e.g., Oth et al. (2011). Most analyses 
concentrate on either source (e.g. Shearer et al., 2006; Abercrombie et al., 2017a) or attenuation (e.g. 
Hauksson and Shearer, 2006), often with simplifying assumptions, and do not test for the self-consistency 
of the resulting models. An improved model of attenuation is a priority of the GM group in SCEC5. 
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Our analysis to date has focused on three selected test regions (see Figure 1): a 6-km cube of over 

4000 aftershocks of the 1992 Landers earthquakes, seismicity centered on the SCEC5 “Earthquake Gate” 
focus region of Cajon Pass, and a cluster of over 5000 earthquakes dominated by the 1992 Big Bear 
earthquake aftershock sequence.  Seismicity in the latter two regions was well recorded both by the Cajon 
Pass borehole sensor and the Southern California Seismic Network (SCSN), providing a unique 
opportunity to compare results obtained from large numbers of surface stations with the cleaner (i.e., less 
attenuation) results from a single borehole location.  

 
 
 
 
 
 
 
Figure 1.  Southern 
California seismicity (1981–
2013) with the locations of 
our three study regions 
plotted as the red boxes.  The 
Cajon Pass borehole location 
is indicated by the small solid 
red square inside the Cajon 
pass box. 
 

 
We have obtained significant insights into sources of uncertainty within the methods, and shown that 

the relative values within a small region are much better constrained than their absolute values.  The next 
stage is to investigate how to expand the analysis to larger regions, applying what we have learnt, and 
maintaining discrimination between source and path effects.  Our work forms part of the essential 
groundwork for developing an improved approach for inverting for source parameters and attenuation 
throughout southern California.  

Results from Method Comparison 
This continuing award has led to a productive collaboration between the PIs and we published a 

paper in JGR-Solid Earth last year focused entirely on our SCEC-funded comparative work (Shearer et 
al., 2019a), as applied to the Landers test region.  In addition, since 2016 our research has contributed to 
13 related SCEC publications and conference presentations (indicated in the Reference list).  Our work 
has focused on comparing two distinct EGF-based approaches: (1) the spectral decomposition and global 
EGF fitting approach, and (2) the more traditional EGF method of modeling spectral ratios with smaller 
nearby events.  The former assumes that a single global EGF is appropriate to a large number of events, 
stabilizing the analysis compared to the latter approach, but potentially introducing artifacts if there is real 
variation in the EGF within the analyzed region.   

Our results for the 6-km test region near Landers found that spectral decomposition yields event terms 
that are consistent with stacks of spectral ratios, but source-parameter estimates nonetheless vary between 
the methods.  The main source of differences comes from the modeling approach used to estimate the 
EGF.  The global EGF-fitting approach suffers from parameter tradeoffs among the absolute stress drop, 
the stress-drop scaling with moment, and the high-frequency falloff rate.  We found that a variety of 
Brune-type (n = 2) models achieve nearly the same fit to the data, but with varying degrees of non-self-
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similar scaling and absolute levels of stress, which tradeoff with the assumed EGF.  A self-similar model 
with a shallower high-frequency falloff rate (n = 1.66) can also achieve a good fit to the data.  However, 
the global EGF method has the advantage that the relative spectral shapes and stress drops among the 
different events in the cluster are well-resolved even if their absolute levels are not. 

We compared the spectral ratios from the spectral decomposition with those from the more traditional 
EGF approach; those averaged over many stations were very similar, but there were significant 
differences when only a small number of stations recorded both the target and EGF events. The spectral 
decomposition approach has the advantage of using more of the available data than the spectral ratios, 
thus often obtaining a better average spectrum over the focal sphere.  We then calculated the spectral 
ratios of each of 52 M~3 target events to a stack of 285 smaller events, and fit the spectral ratios, as in the 
more traditional EGF approach. We found that the extra degree of freedom included by allowing the 
smaller event corner frequency to vary, even though it is unused, can result in highly biased results. We 
therefore recommend placing constraints on small-event corner frequency in the spectral ratio method, 
and using a stack of small events, which is likely to be consistent with the regional average behavior. 

To investigate the tradeoffs uncovered in the spectral decomposition approach, we designed and 
performed synthetic tests. Initial results suggest that the magnitude and frequency range of the Southern 
California seismic network data are too limited to be able to resolve any magnitude-dependent non-self-
similar scaling, as there are too many tradeoffs between the EGF and other parameters, such as the high-
frequency falloff rate.  These synthetic tests have the potential to determine the ranges needed to resolve 
scaling, and hence interpret past and future work using different earthquake data sets and recording 
networks. We find that much of the disagreement between different published analyses results from 
tradeoffs inherent in band-limited data, but our results also suggest a path toward ways to improve 
resolution and quantification of uncertainties (Shearer et al., 2019a,b).  

Depth Dependence in Spectral Falloff—Source or Q Related? 
A robust signal in earthquake spectral analyses is that shallow earthquakes are commonly observed 

to have less high-frequency radiation than deeper earthquakes in the same location (e.g. Shearer et al., 
2006; Trugman and Shearer, 2017b; Hardebeck and Aron, 2009). It is unclear how much of this is a 
source effect (shallower earthquakes have slower rupture velocities or lower stress drops) and how much 
can be explained as a path effect (increased attenuation at shallower depths).  We observed this effect in 
our earlier study of the Landers aftershocks (Shearer et al., 2019a), but for the purposes of that study we 
restricted our comparison to a limited depth range to remove this effect. In the current award, we are 
exploring ways to discriminate between depth dependent source and path effects, including: (1) Using 
spectral ratios and comparing results to 1D velocity models for the same region to see if there is a clear 
correlation, (2) examining borehole seismic data, which are less sensitive to attenuation, (3) developing 
new approaches to spectral decomposition that will explicitly solve for a Q model, rather than using a 
purely empirical approach to computing path corrections. 

1.  Depth Dependence in Spectral Decomposition Event Spectra? 
 We have compiled event spectra from published spectral decomposition studies throughout 

California and beyond (e.g. Shearer et al., 2019a; Trugman et al., 2017b; Hardebeck and Aron, 2009). 
These were all calculated assuming depth-independent attenuation, and many show depth variations in the 
calculated source spectra. We use a spectral ratio approach to distinguish the two effects. If large deep 
event spectra are observed to contain more high-frequency energy than those of similar-sized shallow 
events, then we check whether using deep and shallow empirical Green’s functions respectively can 
remove the differences. If the sources do not vary with depth, then ratios of large shallow events to small 
shallow events should produce the same spectral shapes as ratios of large deep events to small deep 
events. Figure 2. shows that a significant amount of the apparent depth dependence reported in previous 
studies could be an artefact of uncorrected depth-dependent attenuation. We are currently performing 
more detailed testing and adding more studies, in preparation to publishing this finding in collaboration 
with the original authors of the included studies.  
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Figure 2:  Depth dependence within event 
spectra from spectral decomposition studies. (a) 
Synthetic spectra of large earthquake (solid) 
and small earthquake(dash) Brune-type source 
spectra affected by more attenuation (shallow, 
red) or less (deep, blue). (b) Spectral ratios of 
synthetic source spectra showing that the path-
dependent depth effect (seen with one global 
EGF, black and magenta) cancels out if depth 
dependent EGFs are used (red and blue), (c) 
and (d) examples showing spectral ratios of 
stacked M2.25 event spectra divided by stacked 
M1.25 event spectra, showing the apparent 
depth difference assuming no depth-dependent 
attenuation (black and magenta) cancels, or 
decreases, when the depth-dependent EGF is 
used (blue and red).  
 

2.  Reanalysis of Cajon Pass Borehole Data 
The deep borehole seismometers at Cajon Pass (Abercrombie, 1995; Abercrombie and Rice, 2005) 

recorded earthquakes over a wider frequency range than surface SCSN stations, and so have the potential 
to address the trade-offs revealed in the Landers region study; many borehole seismograms of earthquakes 
more than ~25 km from the borehole have never been analyzed. Therefore, we began examining data 
from the Cajon Pass test region, a broad area of seismicity in the SCEC Cajon Pass Earthquake Gate 
focus area, near the junction of the San Jacinto and San Andreas faults.  

The first step in using the old data is to convert the dataset into an easily accessible database, 
benefitting from the improved computing power and storage that were not available at the time the data 
were collected and originally analyzed. We are working to pick seismograms previously unused, and also 
improve corrections for 60-Hz noise and borehole resonances to increase the number and frequency range 
of useable signals.  Our initial analysis focused on events close to the borehole and match the original 
work well (e.g., Abercrombie, 1995) and correlate with the regional-scale SCSN analysis of Shearer et al. 
(2006) (see Figure 3), and we are now moving on to use the borehole data to calibrate surface station 
response functions and examine possible depth dependence of source properties and attenuation. 

 
Figure 3.  Corner-frequency (fc) 
estimates for events within 40 km 
of the Cajon Pass borehole.  (a) fc 
estimates from the comprehensive 
SCSN analysis of Shearer et al. 
(2006) vs. our new borehole fc 
measurements.  (b) fc versus 
moment, with a self-similar line 
drawn for reference.  The 58 events 
in the SCSN catalog are plotted as 
squares, with red for 0 to 8 km 
depth and blue for greater than 12 
km.  Note the decrease in average 
fc for shallow events. 
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Toward this end, we have analyzed 1992 seismicity in a box surrounding the Big Bear aftershock 
sequence (see Figure 1), as it contains over 5000 earthquakes, many of which were well recorded by both 
the borehole seismometer at Cajon Pass and the SCSN network.  Preliminary results suggest that the 
borehole data, together with a plausible Q model, can be used to provide an absolute calibration for the 
event terms resulting from spectral decomposition of the SCSN data.  This is shown in Figure 4, which 
compares stacked P spectra from the borehole and SCSN event terms for common sources.  The EGF 
function plotted as the green line in the figure brings the event terms from spectral decomposition into 
approximate agreement with the borehole data.  The great advantage of this approach is that it removes 
the “empirical” part of the EGF, which is now tied to an actual physical model of the attenuation structure 
in southern California. 
 

 
 
 
 
 
 
 
 
 
 
Figure 4.  A comparison between stacks of P-wave log 
spectra from borehole and SCSN surface stations.  
Earthquakes are binned in 0.25 increments in log moment.  
Borehole spectra are plotted in red and have been corrected 
for instrument response and assuming Qp = 1000.  SCSN 
event term spectra are plotted in black and are smoother 
because of the averaged over many stations.  The green 
curve is the correction “empirical” Greens Function (EGF) 
that brings the event terms and the borehole spectra into 
best agreement. 
 

We plan to use this EGF and its estimated uncertainties to calibrate SCSN event terms for the Big 
Bear region and estimate stress drops for many more earthquakes than those that were recorded by the 
borehole sensor.  Ultimately this should lead to insights that can be used to stabilize spectral 
decomposition results across all of southern California and reduce the parameter tradeoffs that prevent 
reliable separation of source and path effects and determination of absolute stress drops.  

Because both PIs are collaborating with multiple groups and analyzing earthquakes in many parts of 
the world, the results of our comparison are already being implemented as improvements to ongoing 
analyses. Our work therefore meets the both the specific and broader goals of SCEC, to use Southern 
California as a natural laboratory to improve our understanding of earthquake processes in Southern 
California and beyond.   
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