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The objective of this work is to improve the quality and reliability of stress drop measurements in
southern California. The first step of this is to compare different approaches and investigate their
consistency. Are the main uncertainties and discrepancies between different measurements of
earthquake stress drop the result of the different methods of resolving the source spectra and
modeling them, or are they principally a consequence of the limited quality and quantity of the
data?

Motivation

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 SCEC4 and SCECS, as well as earthquake physics and scaling relations, 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 [Kanamori and Brodsky, 2004]. It is often estimated by measuring the corner
frequency and assuming a simplified theoretical model of rupture [e.g. Brune, 1970; Madariaga,
1976; Kaneko and Shearer, 2014, 2015]. Knowledge of the true variability of stress drop is
essential to strong ground motion modeling and prediction [e.g. Cotton et al.,2013]. The large
number of stress drop studies attest to its importance, but their widely varying results (~0.1 to 100
MPa), the large uncertainties (when calculated), and the ongoing controversy of whether stress
drop changes with moment are evidence for how hard it is to calculate reliably (e.g., Abercrombie
[2013], Abercrombie and Rice [2005], Shearer et al. [2006], Pacor et al. [2016], Kwiatek et al.
[2011], and references therein). This uncertainty severely limits the use of stress drop studies 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], and (c)
discriminating induced seismicity [e.g. Huang et al., 2016; Zhang et al., 2016], all priorities of
SCEC4 and SCECS.

The main problem in calculating earthquake stress drop is how to separate source and path effects
in band-limited signals and so measure corner frequency reliably. The fact that stress drop is
proportional to the cube of the corner frequency only exacerbates the problem. Various forms of
empirical Green’s function (EGF) analysis, in which the seismogram of a co-located small
earthquake is used to represent the path effects in a larger earthquake recording, should decrease
the trade-offs inherent in extracting the source spectrum [e.g. Kwiatek et al., 2014]. If multiple
earthquakes, recorded at multiple stations, are combined then it is 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, however, concentrate on either source [e.g. Shearer et al., 2006;
Abercrombie et al., 2016] 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 SCEC4 and SCECS.

Methods

We worked to compare and improve two different approaches for estimating earthquake stress
drops from P-wave spectra: (1) the spectral decomposition method of Shearer et al. [2006], a
large-scale, automated approach involving stacking and averaging spectra to obtain parameters
for large catalogs of events; and (2) the traditional empirical Green's function (EGF) method of



Abercrombie et al. [2017], a smaller-scale approach that attempts to obtain optimal results for a
small number of the best-recorded earthquakes. We focused on two test regions with dense
seismicity, one near the Landers earthquake epicenter and one around the Cajon Pass borehole, in
which previous results predict spatial variability in both earthquake stress drops and attenuation.

Graduate student Daniel Trugman at SIO refined and improved the original Shearer [2006]
algorithm in a number of ways, including: (a) adding a clip detector to remove clipped data, (b)
implementing multitaper spectral estimates, (c) expanding the bandwidth to include higher
frequencies, and (d) computing bootstrap error estimates for corner frequency. Perhaps most
importantly, he implemented a new EGF approach that drops the constraint of self-similarity.
Although the Shearer et al. [2006] approach applied a version of the EGF correction, it did so by
simultaneously fitting a large number of stacked source spectra to a single self-similar source
model. While this has the advantage that small earthquakes can be retained in the analysis (i.e.,
they are not simply calibration events for study of larger events), it has the disadvantage of
potentially biasing the results toward self-similarity (i.e., no scaling of stress drop with moment).
To address this we now use a more general version of the spectral decomposition approach that
does not require self-similarity, indeed we can use it to test for deviations from self-similarity.
Results for five test regions in southern California indicate an increase in median stress drop with
moment for the original Brune model. Self-similarity can be preserved if the high-frequency
spectral falloff rate is shallower than the f 2 of the Brune model, and there is a strong trade-off
between the two parameters [Trugman and Shearer, 2017].
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Figure 1. Stress drop estimates
for 1709 earthquakes in the
Landers epicentral region,
computed using P-wave
spectral decomposition.
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Working independently, Rachel Abercrombie analyzed the 950 largest earthquakes in the Landers
epicentral region. She began with the same stations and earthquakes, used the same phase picks,
and implemented the same clipping detector to remove clipped waveforms. Abercrombie tested
hundreds of EGFs for each target earthquake, and used only those with a high level of cross-
correlation with the target earthquake. In tandem with this Southern California analysis,
Abercrombie further developed her approach focusing on earthquakes associated with the
Hikurangi subduction zone, New Zealand (Abercrombie et al. [2017]). She was then able to
compute corner frequency and stress drops for 255 of the Landers region earthquakes that met the
quality criteria used by Abercrombie et al. [2017], based on the results of Abercrombie [2015].
The method improvements used in Abercrombie et al. [2017] were developed with input from
this analysis: (a) magnitude-dependent time-window, (b) cross-correlation criteria and (c)
stacking criteria.



Results and Significance

Our spectral-decomposition-derived stress drop estimates for 1709 events in the Landers
epicentral region are plotted in Figure 1. Spatially coherent patterns of high and low stress drop
events are clearly seen, which are correlated with earlier results from Shearer [2006], although
they differ in some details.

Figure 2 compares the corner frequency estimates from the two methods for common events.
Both approaches assume an omega-squared high frequency fall off, and the spectral
decomposition fit includes an increase in average stress drop with increasing magnitude. The
results are strongly correlated; the spectral decomposition approach has a smaller mean but larger
range for the traditional EGF approach. To identify the origins of differences between the
methods, we looked at subsets of the earthquakes that met different quality criteria defined by
Abercrombie et al. [2017]. These focus on the position of the corner frequency within the signal
bandwidth, and the amplitude ratio and error range of the spectral fit. The best agreement is for
the best-recorded earthquakes, which are best modeled by the simple circular source spectral
model (red symbols).
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Figure 2: Direct comparison of the individual EGF measurements, cross correlation (xc) = 0.8, with the
spectral decomposition results (original Brune model with magnitude-dependent stress drop. The different
symbols divide the events by the quality of the individual EGF fits; red should be best, and blue and
yellow, poorest quality (see Abercrombie et al. (2017).



We then focused in more detail on individual events that show disagreement beyond the
calculated uncertainties. Figure 3 shows some examples; we are encouraged by the similarity of
spectral shape between the two methods. We also note that the source spectra from the spectral
decomposition look tilted in frequency compared to the ratios from the individual event EGF
approach. Varying the tradeoff between self-similarity and spectral fall-off in the spectral
decomposition method change this frequency-dependent effect, and also the mean stress drops.
Disagreement between the methods appears largely related to station selection and signal-to-noise
criteria (particularly for less well recorded events), and inappropriateness of the source model,
rather than any fundamental flaw or bias in either method. By implementing bootstrap resampling
approaches, and varying the available frequency bandwidth, we have begun computing realistic
uncertainties for our corner frequency estimates. Ultimately our goal is to refine the methods
(including calculating of uncertainties) such that their estimates agree within their calculated
uncertainties. Then we can be sure of the quality of future, independent studies. We are also
intrigued by the possibility of using the best-recorded and modeled events from the individual
EGF approach to help constrain tradeoffs between parameters in the spectral decomposition
analysis.
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Figure 3. Comparison of individual events from the two approaches. For the spectral decomposition
approach the different colored source spectra correspond to the stations on the adjacent maps. The black
line is the mean. For the individual EGF approach, the colors represent the minimum cross-correlation for
EGF included. All the spectral ratios are shown, as well as the stack over all stations and EGFs, and the
map of stations used.
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