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Abstract Earthquake source spectra contain fundamental information about the dynamics of
earthquake rupture. However, the inherent tradeoffs in separating source and path effects, when
combined with limitations in recorded signal bandwidth, make it challenging to obtain reliable source
spectral estimates for large earthquake data sets. We present here a stable and statistically robust spectral
decomposition method that iteratively partitions the observed waveform spectra into source, receiver,
and path terms. Unlike previous methods of its kind, our new approach provides formal uncertainty
estimates and does not assume self-similar scaling in earthquake source properties. Its computational
efficiency allows us to examine large data sets (tens of thousands of earthquakes) that would be
impractical to analyze using standard empirical Green’s function-based approaches. We apply the spectral
decomposition technique to P wave spectra from five areas of active contemporary seismicity in Southern
California: the Yuha Desert, the San Jacinto Fault, and the Big Bear, Landers, and Hector Mine regions of
the Mojave Desert. We show that the source spectra are generally consistent with an increase in median
Brune-type stress drop with seismic moment but that this observed deviation from self-similar scaling is
both model dependent and varies in strength from region to region. We also present evidence for significant
variations in median stress drop and stress drop variability on regional and local length scales. These results
both contribute to our current understanding of earthquake source physics and have practical implications
for the next generation of ground motion prediction assessments.

Plain Language Summary Just as a line of music can be characterized in terms of its amplitude
and pitch, earthquakes can be characterized in terms of their magnitude and frequency content. The
frequency content of an earthquake depends on its size, with smaller earthquakes having systematically
higher “pitches” than larger ones. Previous studies in earthquake seismology have assumed that the
frequency content of earthquakes exhibits a particularly simple form of scaling with earthquake size
known as self-similarity. Under this paradigm, large earthquakes are perfectly scaled-up versions of small
ones, with the physical properties of the earthquake scaling in much the same way as font size does on
a computer. In this article, the authors develop a new method to examine the frequency content of tens
of thousands of earthquakes occurring in different regions of Southern California over the past 15 years.
The authors find that the frequency content of these earthquakes deviated significantly from the self-similar
model, with larger earthquakes being enriched in more high-frequency energy than expected. This result
has important implications for earthquake hazard, as the most damaging ground motions are generated
by the high-frequency seismic waves of the largest earthquakes.

1. Introduction

Analyses of waveforms recorded by arrays of seismic stations provide the most fundamental observational
constraints on earthquake occurrence. While the arrival times of different phases of seismic energy are rou-
tinely used to determine the hypocentral location, the detailed features of the spectra of recorded waveforms
give a snapshot of the earthquake source and can yield insight into the complex physical processes under-
lying earthquake nucleation, rupture, and arrest. Of particular interest is the earthquake source spectrum,
the frequency-domain analog of the moment-rate (or source-time) function that describes the temporal evo-
lution of slip on the fault interface. The amplitude and shape of source spectra can be used to infer key
earthquake source parameters like seismic moment, radiated energy, and stress drop that are essential for
seismic hazard assessment.
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The waveform spectrum recorded by a seismometer is a convolution of source, path, and receiver terms.
To isolate source spectra, one must somehow correct for these effects. There exist a number of established
approaches for attempting to do so, including empirical Green’s function methods tailored for detailed study
of individual earthquakes [e.g., Mori and Frankel, 1990; Hough, 1997; Prieto et al., 2006; Abercrombie, 2013;
Huang et al., 2016], and larger-scale stacking and generalized inversion approaches [e.g., Castro et al., 1990;
Shearer et al., 2006; Oth et al., 2011] that are more readily applicable to larger data sets of earthquakes. While
each technique has its own strengths, none can perfectly resolve the contribution of the earthquake source
to the observed waveform spectra, even in idealized scenarios. This tradeoff between source and path effects,
when combined with noise and the limited signal bandwidth of raw waveform data, implies that earthquake
source parameter estimates, while critical to our understanding of earthquake hazard, are subject to consider-
able uncertainty [e.g., Hough, 1996; Prieto et al., 2007; Abercrombie, 2015; Kane et al., 2011; Cotton et al., 2013].
Thus, any technique designed to study earthquake source spectra and source parameters should include
realistic uncertainty estimates.

Here we describe a spectral decomposition technique that is capable of providing reliable source spectral esti-
mates for large ensembles of earthquakes. The method builds upon the basic approach used by Shearer et al.
[2006] to analyze P wave spectra of more than 60,000 ML 1.5–3.1 earthquakes occurring in Southern California
from 1989 to 2001. The technique uses an iterative, robust least squares algorithm to partition the observed
spectra into source, station, and traveltime (path) terms, with L1-norm weights applied to large misfit residuals
to mitigate the influence of the outliers pervasive in seismic data sets. We develop a nonparametric resam-
pling approach to estimate source parameter uncertainties and apply an automated algorithm to detect and
discard clipped waveforms that are common for larger events.

A crucial improvement of our new technique over that of Shearer et al. [2006] is that our approach does not
presume the self-similar scaling of earthquake source properties first proposed by Aki [1967], in which stress
drop is constant with moment. While self-similarity is intuitively appealing and has been supported in many
studies [e.g., Choy and Boatwright, 1995; Ide and Beroza, 2001; Ide, 2003; Prieto et al., 2004; Allmann and Shearer,
2009; Baltay et al., 2010, 2011; Abercrombie et al., 2017], other studies have found evidence for a slight increase
in stress drop or scaled energy with moment [e.g., Mayeda and Walter, 1996; Izutani and Kanamori, 2001; Mori
et al., 2003; Mayeda et al., 2005; Takahashi et al., 2005; Mayeda et al., 2007; Calderoni et al., 2013; Pacor et al.,
2016a; Lin et al., 2016; Poli and Prieto, 2016]. This controversy over self-similarity has important theoretical
implications for our understanding of the scale dependence of earthquake rupture processes [Kanamori and
Rivera, 2004; Abercrombie and Rice, 2005; Walter et al., 2006; Cocco et al., 2016], as well as practical ramifications
for hazard analyses [e.g., Field et al., 2014; Yenier and Atkinson, 2015; Petersen et al., 2016] that implicitly assume
self-similar scaling.

We apply the improved spectral decomposition technique to revisit the question of earthquake scaling in
Southern California. We analyze source parameters and their scaling with moment for more than 10,000 M1
to M5 earthquakes in five regions of recent seismic activity (Figure 1) recorded by the modern (2002–2016)
Southern California Seismic Network (SCSN) [Hutton et al., 2010]: (1) the Yuha Desert, including thousands
of aftershocks of the 2010 Mw 7.2 El Mayor-Cucapah earthquake; (2) the trifurcation zone of the San Jacinto
Fault, in which the recent 2016 Mw 5.2 Borrego Springs earthquake was located; (3) the Big Bear region on
the western boundary of the Mojave Desert; and the rupture zones of the prominent (4) 1992 Mw 7.3 Lan-
ders and (5) 1999 Mw 7.1 Hector Mine earthquakes. We present evidence for an increase in median stress drop
with moment for these regions and also demonstrate that the observed deviation from self-similarity is sensi-
tive to modeling assumptions and in particular on the assumed high-frequency falloff rate. We further show
that there are significant regional and local variations in median stress drop, stress drop variability, and source
parameter scaling. This study outlines the computational framework for future studies to extend these pre-
liminary findings to larger regions to obtain a updated catalog of source parameter estimates [Shearer et al.,
2006] that would provide key constraints on earthquake source physics and inform the next generation of
ground motion prediction equations in Southern California and worldwide.

2. Data and Methods

Our spectral decomposition technique to analyze earthquake source spectra has four main steps: (1) com-
putation of P wave spectra from the vertical-component waveform time series records of each earthquake;
(2) application of an iterative, robust least squares inversion procedure to decompose the observed (data)
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Figure 1. Map view of Southern California seismicity, showing geographic bounds for the five study regions—Yuha
Desert (Yuha), San Jacinto Fault Trifurcation Zone (SJF), Big Bear, Landers, and Hector Mine—considered in this study.
Seismicity (black dots) is derived from the relocated catalog of [Hauksson et al., 2012], with only ML ≥ 1.1 events
occurring from January 2002 through September 2016 shown (consistent with the magnitude range and time period
of this study). Vertical-component stations from the Southern California Seismic Network are marked (red triangles)
for reference.

spectra into event, station, and traveltime terms; (3) stacking of relative event spectra in bins of spectral
moment to estimate an empirical correction (or empirical Green’s function, EGF) for average near-source
attenuation and other path effects common to all events; and (4) estimation of corner frequency, seismic
moment, and stress drop for individual events, with estimates of parameter uncertainties obtained using a
nonparametric resampling method. Steps (1) and (2) are largely the same as the method described by Shearer
et al. [2006], with minor modifications designed to improve the algorithm’s robustness and capability of pro-
cessing data sets over a wider magnitude range than the ML 1.5–3.1 considered for their study. Steps (3) and
(4), while conceptually similar, contain major modifications and improvements that allow for a more rigorous
examination of self-similarity.

2.1. Waveform Data and Spectral Computation
We use the Seismic Transfer Protocol (STP) tool of the Southern California Earthquake Data Center (SCEDC,
http://scedc.caltech.edu/, last accessed 4 December 2016) to obtain raw waveform data and phase pick
information from ML 1.1 and greater events occurring during the time period from January 2002 through
September 2016 within the five regions listed in Figure 1. For each event, we consider waveforms from
vertical-component, short-period, and high-broadband channels (EHZ or HHZ) on stations within 80 km. Most
such records have 100 Hz sampling frequencies, and we exclude all records with a lower sampling rate while
subsampling any 200 Hz records to 100 Hz to maximize data availability.

For each event, we select a magnitude-dependent window length for spectral computations ranging from
1.5 to 4.5 s, with longer windows used for events of higher magnitude to ensure adequate resolution of the

TRUGMAN AND SHEARER EARTHQUAKE SOURCE SCALING IN SOUTHERN CALIFORNIA 3

http://scedc.caltech.edu/


Journal of Geophysical Research: Solid Earth 10.1002/2017JB013971

spectral corner frequency [Ross and Ben-Zion, 2016; Abercrombie et al., 2017]. We define the signal window to
begin 0.05 s before the cataloged P arrival to account for potential errors in the pick time and define a noise
window of equal length (used for signal-to-noise computations) immediately preceding the signal window.
Clipped waveforms are common for near-source stations recording M≥ 3 events [Shearer et al., 2006; Yang and
Ben-Zion, 2010], and we detect and exclude all waveforms flagged as clipped using a classification algorithm
that compares the probability distribution of observed waveform amplitudes to that of known, clipped wave-
forms. For the nonclipped waveforms, we then compute velocity amplitude spectra for the signal and noise
windows using a multitaper algorithm [Park et al., 1987; Prieto et al., 2009]. We convert these velocity spectra to
displacement, resample all spectra to the frequency points corresponding to the shortest time windows (1.5 s,
which have the coarsest frequency sampling), and only further consider spectra with average signal-to-noise
amplitude greater than 5 in each of five frequency bands (2.5–6, 6–10, 10–15, 15–20, and 20–25 Hz). Note
that these are somewhat more stringent quality control criteria than those used by Shearer et al. [2006], who
used a fixed spectral window length, tested signal-to-noise from 5 to 20Hz, and did not explicitly check for
clipped waveforms. We implemented the above preprocessing steps and selection criteria to ensure that we
could reliably assess source scaling over a wide range of event magnitudes (both smaller and larger). The P
wave spectra meeting these quality control criteria comprise the input data to the spectral decomposition
inversion technique described below.

2.2. Spectral Decomposition and Relative Source Spectra
The observed displacement spectra are a convolution of source, path, and station effects, the latter of which
includes both site effects and the instrument response. In the frequency domain, the recorded spectra d(f )
can thus be written as a product of event (source), path, and station spectra:

d(f ) = e(f ) p(f ) st(f ), (1)

which can be linearized by working in the log f domain,

log d(f ) = log e(f ) + log p(f ) + log st(f ). (2)

The basic idea behind the spectral decomposition technique is that because each earthquake will be recorded
by many stations, each station will record many earthquakes, and each approximate source-receiver path will
be traversed many times, it should be possible to solve for each contribution as part of an overdetermined
system of equations defined by the input data spectra.

More precisely, consider the observed displacement spectra dij corresponding to event i, recorded by station j.
Approximating the path term pij as a traveltime-dependent term ttk(i,j) that depends primarily on the distance
from the source to the station, we can write a linear equation of the form

dij = ei + ttk(i,j) + stj + rij, (3)

for each observed spectra, where rij is a residual error term. Equation (3) defines an overdetermined inverse
problem in which the number of observations (recorded spectra, d) outnumber the desired model parameters
e, tt, st. We discretize the traveltime terms (indexed by k) in bins of 1 s of observed source-receiver traveltime
and only further consider spectra from events that are observed by at least five stations, and stations that
observe at least 20 events.

For stability and to mitigate the influence of data outliers, we use an iterative, robust least squares method to
solve sequentially for model parameters ttk , stj , and ei , where L1-norm weights are applied to large misfit resid-
uals at each iteration. The inversion is performed independently for each frequency point. The focus of this
study is on the source terms ei, so the traveltime and station terms ttk and stj are essentially nuisance param-
eters but do contain useful information about midcrustal attenuation and site effects [e.g., Castro et al., 1990;
Shearer et al., 2006; Oth et al., 2011] that may be of interest for ground motion and seismic hazard analyses.
Note that strong near-surface attenuation and its lateral variability will largely be absorbed into the station
(site) terms and the empirical Green’s function correction described below.

2.3. Spectral Stacking and EGF-Corrected Source Spectra
One limitation of the above spectral decomposition is that it can only resolve relative differences between the
source spectra of each event. Thus, it is necessary to further correct for propagation effects that are common to
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all paths (e.g., near-source attenuation and common site or instrument effects) in order to interpret the source
spectra within the framework of theoretical earthquake source models. Shearer et al. [2006] resolved this ambi-
guity by first computing averaged, stacked spectra in bins corresponding to a range of spectral moments (i.e.,
long-period spectral amplitudes). They then solved for the correction term (i.e., the empirical Green’s function
or EGF) that minimized the root-mean-square (RMS) misfit between the EGF-corrected stacked spectra, and a
Brune-type [Brune, 1970] circular crack source model of the form

u(f ) =
Ω0

1 + (f∕fc)n
, (4)

where Ω0, fc, and n are the spectral moment (proportional to seismic moment, M0), corner frequency, and
high-frequency falloff rate, respectively. For simplicity, Shearer et al. [2006] fixed n = 2 (as in the canonical 𝜔−2

model) and assumed that the stacked spectra were well described by a self-similar, constant stress drop model
in which stress drop Δ𝜎 is related to corner frequency and seismic moment by

Δ𝜎 = 7
16

M0

(
fc

k𝛽

)3

(5)

for shear wave speed 𝛽 and a constant k (here 0.32 following Madariaga [1976], derived for a circular crack with
constant stress drop, elliptical slip, and a constant rupture velocity vr = 0.9𝛽). Shearer et al. [2006] performed
a grid search over trial values of stress drop Δ𝜎 and determined the EGF correction from the average residual
(across all stacks) between the observed and theoretical Brune-type spectra (equation (4)), given Δ𝜎 and the
relative moment of each stack. They showed that the resulting EGF and self-similar Brune model produced
a reasonable overall fit to the moment-binned spectral stacks averaged over their entire data set of ∼60,000
earthquakes and proceeded to show that median stress drops estimated for individual events using this EGF
were nearly constant with moment. However, this approach may have biased the results toward self-similarity
because it did not test whether non-self-similar models could produce equal or even better fits to the data.

Here we generalize the stacking approach [Shearer et al., 2006] used to obtain the EGF, while relaxing the
assumption of self-similar scaling between the stacked spectra. Following Shearer et al. [2006], we stack source
spectra in bins of spectral moment,Ω0. Each of the stacked spectra thus represents the average relative source
spectra of events with comparable seismic moment M0 (which is proportional to Ω0). Note that we define Ω0

using the mean amplitude over the 2.5–4 Hz band, as the signal-to-noise worsens at lower frequencies.

Rather than assume a constant stress dropΔ𝜎 for each stack, we allow for the possibility of a variation in mean
stress drop with moment by comparing generalized linear models of the form log10 Δ𝜎 (Ω0|𝝐) = 𝜖0 + 𝜖1 Ω0 +
𝜖2 Ω2

0 +, …, + 𝜖m Ωm
0 , where 𝝐 = [𝜖0, 𝜖1, 𝜖2,… , 𝜖m] is a model vector whose parameters specify a degree-m

polynomial-type scaling of stress drop and moment (both measured in logarithmic units). The degree-0 model
corresponds to a constant stress drop model that is functionally equivalent to the approach used by Shearer
et al. [2006]. The results presented in this study compare the self-similar (degree-0) parameterization to models
with linear (degree-1) scaling [e.g., Kanamori and Rivera, 2004; Mayeda et al., 2007; Oth, 2013]:

log10 Δ𝜎 (Ω0|𝝐) = 𝜖0 + 𝜖1 Ω0. (6)

We also tested higher-order models, as well as those with unconstrained variation of stress drop with moment,
but found the marginal improvement in data misfit provided by such models to be insufficient to warrant the
increase in model complexity [Akaike, 1974] and tendency for instability (symptomatic of overfitting noise in
the stacked spectra). The basic steps in our new, iterative algorithm can be summarized as follows (see Figure 2
for a representative example using data from the Yuha Desert region):

1. Bin events by spectral moment Ω0 and compute stacked source spectra for each bin, requiring at least 20
events per bin to ensure the stacked spectra are well resolved.

2. Initialize the parameter vector 𝝐i = [0, 0] to a starting value implying constant stress drop for each bin (here
the subscript i denotes the current iteration of the optimization algorithm).

3. Compute theoretical source spectra for each stack, given its stress drop value defined by the current
parameter vector 𝝐i and mean spectral moment Ω0 (proportional to M0).

4. Estimate the EGF correction from the residual between the observed and theoretical stacked spectra, at
all frequency points, averaged across all stacks. Note that while each stack has its own unique stress drop
value, the EGF correction is common to all of the stacked spectra.
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Figure 2. Example of stacked source spectra from the Yuha Desert region, before and after the EGF correction for
common path effects (see text for details). (a) Stacked source spectra (binned by spectral moment Ω0), prior to the EGF
correction. (b) EGF-corrected source spectra (solid black lines), assuming a self-similar, constant stress drop source
model with f−2 falloff at high frequencies. Theoretical source spectra corresponding to each stack are shown with
dashed black lines, with the implied corner frequency of the fit marked for reference. The self-similar model fits poorly
for both lower and higher values of Ω0. (c) EGF-corrected source spectra (solid black lines), assuming a source model in
which stress drop increases linearly with moment (both measured in logarithmic units). Theoretical source spectra
corresponding to each stack are shown with dashed black lines, with the implied corner frequency of the fit marked for
reference. This model provides a significantly better fit than the self-similar model.

5. Compute the weighted RMS misfit between the EGF-corrected, observed spectra and the theoretical spec-
tra in the frequency band from 2.5 to 25 Hz. Here we apply weights inversely proportional to log f to prevent
random fluctuations in the high-frequency portion of the spectra from dominating the fit.

6. Update 𝝐i → 𝝐i+1 using a conjugate gradient algorithm and repeat steps 3–6 until convergence to the
minimum of the misfit function. Note that while first-order models can be solved in analogous ways using
a grid search over the model parameters, the iterative conjugate gradient approach provides a unified
computational framework for efficiently comparing higher-order or otherwise more complex models.

The final EGF obtained at the convergence point is used to correct the shape of the relative source spectra of
each individual event for propagation effects that are common to all paths, making them directly comparable
to the theoretical source model of interest (Figures 2 and 3). For the main results presented in this paper, we
assume the widely used Brune [1970] source model with 𝜔−2 spectral falloff (equation (4) with n = 2) but
discuss in detail the influence of this choice in section 4.

The use of stacked spectra in the EGF estimation procedure has certain advantages, most notably, that
it relies solely on the relative shape of well-constrained, averaged spectra within the high signal-to-noise
band, and not on resolving the corner frequencies of smaller individual events, some of which may be
beyond the usable signal bandwidth. However, it does neglect the lateral and depth-dependent variations
in average attenuation properties that are not accounted for in the station terms, which may be important
for studies over larger length scales than within the five regions we consider here. In these cases, nearest
neighbor or spatial interpolation techniques could be incorporated into the stacking procedure in order to
include lateral and depth-dependent attenuation corrections into the spectral decomposition algorithm [e.g.,
Shearer et al., 2006].

2.4. Source Parameter Estimates: Corner Frequency, Moment, and Stress Drop
With the EGF-corrected source spectra in hand, we are now able to estimate source parameters for each event.
To compute stress drop Δ𝜎 as defined by (5), we need estimates of corner frequency fc , seismic moment M0,
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Figure 3. EGF-corrected, stacked source spectra from the (a) San Jacinto Fault Trifurcation Zone, (b) Big Bear, (c) Landers,
and (d) Hector Mine regions. Each EGF-corrected source spectra (solid black lines, binned by spectral moment Ω0)
assumes a source model in which stress drop increases with moment (as in Figure 2c for the Yuha region). Theoretical
source spectra corresponding to each stack are shown with dashed black lines, with the implied corner frequency of the
fit marked for reference.
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and shear wave velocity 𝛽 . We first estimate the corner frequency fc using a bounded optimization algorithm
that minimizes the weighted RMS residual between the observed, EGF-corrected source spectra si(f ) and the-
oretical spectra ŝi(f |fc) in the 2.5–25 Hz band (where again, inverse log f weights are applied to prevent the
high-frequency portion of the spectra from dominating the fit).

Although some of the larger events (ML ≥ 3.5) have independent estimates of M0 from regional analyses of
long-period waveforms, the vast majority of the events we consider are listed by local magnitude ML rather
than moment magnitude Mw . We therefore need a self-consistent way of computing M0 for all events, large
and small, as numerous studies [e.g., Hutton et al., 2010; Ross et al., 2016; Munafò et al., 2016] have demon-
strated that Mw ≠ ML for smaller events. We follow the same basic approach used by Shearer et al. [2006]
and assume the M0 is proportional to the spectral moment Ω0, but apply a correction term to the Ω0 esti-
mates obtained from the 2.5–4 Hz band (section 2.3) to zero frequency using the observed corner frequency
fc (this correction is more important for the larger events with fc < 4 Hz, where the spectral decay significantly
reduces the observed 2.5–4 Hz amplitude). We derive the proportionality constant between M0 and Ω0 in
two steps [Shearer et al., 2006]. We first perform regression analysis to calibrate a linear relationship between
ML and Ω0: M̂L = a0 + a1 Ω0. The amplitude-adjusted local magnitudes M̂L are then converted to moment
magnitudes Mw and absolute moment M0 by assuming that Mw ≈ M̂L at M = 3.50 for earthquakes within
Southern California [Hutton et al., 2010; Ross et al., 2016]. This regression analysis is performed separately for
each region, as the regression coefficients depend slightly on local attenuation.

Finally, we use a smoothed version of the 1-D velocity model of Hadley and Kanamori [1977] and the
waveform-relocated event depths from the catalog of Hauksson et al. [2012] to compute depth-dependent
shear wave velocities 𝛽 for all events and use our estimates of fc, M0, and 𝛽 to compute stress drop Δ𝜎 for
each event (equation (5)). We use the revised P wave value of the constant k = 0.38 from the numerical study
of Kaneko and Shearer [2014], though encourage caution in interpreting the absolute values of the stress
drop estimates, which can be highly model dependent. More robust are the relative variations in stress drop
estimated using a uniform and consistent set of modeling assumptions and processing procedures.

2.5. Source Parameter Uncertainties: Corner Frequency, Moment, and Stress Drop
Each source spectra estimate is in some sense an average over all stations recording the event, and we utilize
this fact in order to characterize the parameter uncertainties associated with our fc estimates. To do so, we
first define the apparent source spectra s̃ij [e.g., Pacor et al., 2016b] for each station j recording event i:

s̃ij = dij − ttk(i,j) − stj − r̄ij − EGFcorr, (7)

where d, tt, st, EGFcorr, and r̄ are the data spectra, traveltime spectra, station spectra, EGF correction, and mean
residual spectra, respectively. Note that r̄ represents an average residual across all stations recording the event
and is usually quite small, but may be nonzero because of the robust L1-norm weighting scheme in the inver-
sion algorithm. The apparent spectra defined by equation (7) have the useful property that their mean value
is equal to the inferred EGF-corrected source spectra: 1

N

∑N
j=1 s̃ij = si. This fact allows us to use a bootstrap

resampling approach to assess the uncertainties with each corner frequency estimate as follows.

For each event, we first obtain a corner frequency estimate f̂c using the EGF-corrected source spectra si(f ) as
described in section 2.4. We next synthesize a set of B = 100 bootstrap-resampled source spectra by resam-
pling with replacement from the N apparent spectra associated with the event and taking the mean. We then
estimate the corner frequency of each of the B resampled source spectra to obtain a bootstrap distribution of
f̂c estimates for each event and use the bias-corrected, accelerated percentile technique [Efron and Tibshirani,
1994; Carpenter and Bithell, 2000] to derive confidence intervals for f̂c at the 50% (i.e., the interquartile range)
and 90% levels from the raw bootstrap distribution.

We use a similar approach to obtain uncertainties in M0 by examining the variability in spectral moment
Ω̃0(ij) across all stations recording an event. In this case, the bootstrapping procedure is unnecessary, as the
Ω0 estimate is a linear function of the apparent spectra (a mean over the 2.4–4 Hz frequency band). We
use the median absolute deviation in the apparent spectral moments of each event (i.e., the Ω̃0(ij) of each
event i) to quantify uncertainties in moment, which are typically of order 0.1 (in log10 units). Error estimates
for f̂c and M̂0 can then be used to derive confidence intervals for Δ𝜎̂ through propagation of errors (using
equation (5)), though we caution that these measures of uncertainty are likely lower bounds, as they do
not account for uncertainty in rupture velocity, and also do not address any of the epistemic or modeling
uncertainties associated with the assumed source model.
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Figure 4. Scaling of (left column) corner frequency (fc) and (right column) stress drop (Δ𝜎) with seismic moment M0.
Each panel corresponds to one of the five study regions: (a) Yuha Desert, (b) San Jacinto Fault Trifurcation Zone, (c) Big
Bear, (d) Landers, and (e) Hector Mine. In each panel, the black dots correspond to measurements of source properties
for individual events, and the median fc and Δ𝜎 in M0 bins of 0.4 (log10 Nm units) are marked with square symbols. The
best fitting scaling parameter 𝜖1 and two sigma uncertainty for the binned data (obtained from weighted regression
analysis; see text for details) is denoted in each right inset and plotted with a solid line. Events with poorly resolved
corner frequencies due to bandwidth limitations are marked with open circles.

3. Results

We apply the spectral decomposition technique (section 2) to each of the five regions shown in Figure 1, per-
forming a separate inversion for each region. Below, we present the salient features of the source parameter
estimates for each region individually and compare the similarities and differences in the results across all
regions. We focus in particular on the question of self-similarity (the scaling of Δ𝜎 with M0) and the observed
spatiotemporal variations in stress drop on both regional and local scales.

3.1. Yuha Desert
The 2010 Mw 7.2 El Mayor-Cucapah earthquake is the largest event within the footprint of the SCSN
during our study period (January 2002 through September 2016). The complex, bilateral faulting of the
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El Mayor-Cucapah earthquake [Wei et al., 2011; Fletcher et al., 2014] triggered a dense cloud of aftershocks
north of the USA-Mexico border in the Yuha Desert [Kroll et al., 2013; Hauksson et al., 2011]. Our Yuha Desert
study region is composed primarily of these more northerly aftershocks, as the SCSN does not have an
adequate azimuthal distribution of station coverage to make reliable spectral estimates for earthquakes to
the south of the USA-Mexico border (Figure 1). The detailed relocation analysis of the first 2 months of after-
shocks performed by Kroll et al. [2013] imaged the structural complexity of this region before the June 2010
Mw 5.7 Ocotillo earthquake, which triggered a second wave of seismicity in middle-to-late 2010 [Hauksson
et al., 2011].

In applying the improved spectral decomposition technique (section 2) to the Yuha Desert region, we obtain
source parameter estimates for 3706 events that meet our minimum quality control criteria. Normalized
uncertainties in corner frequency (Δfc∕fc) tend to be higher for the lowest and highest magnitude events,
which have corner frequencies at the limits of the signal bandwidth, but overall, the source spectra are well
resolved. Corner frequency and stress drop show a moderate but consistent deviation from self-similarity, with
median stress drop tending to increase as a function of seismic moment (Figure 4a). To quantify this more pre-
cisely, we define bins of width 0.4 in log10 M0 and compute the median stress drop for events in each bin. We
then perform a weighted least squares regression analysis on the binned data to determine the best fitting
scaling parameter 𝜖1 in a linear relation of the form

log10 Δ𝜎 = 𝜖0 + 𝜖1 log10 M0. (8)

Here the weights account for both the number of events in each bin and the median uncertainty in stress
drop, where the latter depends primarily upon the uncertainty in corner frequency and secondarily on the
uncertainty in moment (equation (5)). The scaling parameter 𝜖1 = 0.18 (± 0.039) inferred in this manner for
the Yuha Desert is statistically positive, which is true for all five regions considered in this study (Figure 4).
Median stress drop for this region is comparable to other regions (2.29 MPa), but of lower variability (Figure 5a,
left), with nearly all events having stress drops in the range 0.5 to 20 MPa. Seismicity rates in the Yuha Desert
region during our study period are greatest in 2010, following the April 2010 Mw 7.2 El Mayor-Cucapah and
June 2010 Mw 5.7 Ocotillo events, and the M ≥ 3 events of this time period tend to exhibit high stress drops
(Figure 5a, right). However, we do not observe any systematic time evolution in the stress drop, as events
of comparable magnitude occurring at different times exhibit comparable stress drop. In other words, the
conditional probability distribution of stress drop, given seismic moment, is stationary with time, but 2010
has an unusually large number of M ≥ 3 events due to its high seismicity rate.

We do observe significant spatial variations in median stress drop, with a tendency for events within the
eastern portion of the Yuha Desert study region to have higher median stress drop than those in the west
(Figure 6a). To check whether this observation is truly due to differences in source properties, and not a result
of spatial variation in attenuation, we implemented a spatial interpolation-based EGF technique analogous to
the (nearest neighbor) spatial EGF correction used by Shearer et al. [2006], finding the inferred spatial patterns
in source parameters largely unchanged by the laterally varying EGF. This is not surprising, given the relatively
small length scales (tens of kilometers) over which the region is defined. We further observe an increase in
median corner frequency as a function of depth, larger than can be explained by the assumed increase in
midcrustal shear velocity (Figure 7a).

3.2. San Jacinto Fault: Trifurcation Zone
The San Jacinto Fault (SJF) is the most seismically actively fault system in California [Sanders et al., 1986; Kagan
et al., 2006; Wdowinski, 2009], and, along with the southern portion of the San Andreas Fault located to its
east, accommodates the dominant portion of the plate boundary motion in Southern California [Rockwell
et al., 1990; Fialko, 2006; Lindsey et al., 2014]. While the Anza section of the central SJF is notable for its lack of
microseismicity and major earthquake sequences during historical times [Sanders and Kanamori, 1984; Zöller
and Ben-Zion, 2014; Rockwell et al., 2015; Jiang and Fialko, 2016], the intersection of the Coyote Creek, Clark,
and Buck Ridge faults to the southeast of the Anza gap is responsible for approximately 10% of all earthquake
production in Southern California during our study period (2002–2016). This region of particularly dense seis-
micity has produced multiple distinct sequences of M≥ 4 earthquakes distributed across the three subparallel
faults that comprise the trifurcation zone [Allam et al., 2014; Ross et al., 2017], including the recent (June 2016)
Mw 5.2 Borrego Springs event. Though the main shocks within these sequences show predominantly
strike-slip mechanisms, the individual faulting structures within the trifurcation zone are particularly complex,
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Figure 5. Histograms of stress drop (left column) and magnitude-time plots (right column) for each of the five study regions: (a) Yuha Desert, (b) San Jacinto
Fault Trifurcation Zone, (c) Big Bear, (d) Landers, and (e) Hector Mine. Median and standard deviation values (log10 MPa) of the stress drop distributions are
marked in the histogram insets (Figure 5, left column). Events are color coded by stress drop in each magnitude-time plot (Figure 5, right column), with bluer
colors indicating higher stress drop (more high-frequency energy).

with high-resolution tomography [Allam et al., 2014; Lin et al., 2016] and studies of fault zone-trapped waves
[Li and Vernon, 2001; Lewis et al., 2005; Ross and Ben-Zion, 2015] indicating the prevalence of damage zones.

We use the spectral decomposition technique (section 2) to obtain source parameter estimates for 4564 earth-
quakes in the SJF trifurcation zone region. The median stress drop (2.27 MPa) is comparable to that of the
Yuha region. However, the inferred stress drops for events within the SJF trifurcation zone exhibit greater het-
erogeneity, as evidenced by the significantly larger standard deviation in the stress drop distribution than is
observed for Yuha (Figure 5b, left). This heterogeneity may reflect the tectonic complexity of this region, which
is characterized by a hierarchical network of structures that accommodate a diverse set of faulting mecha-
nisms and varying levels of recent seismic activity [Sanders and Kanamori, 1984; Li and Vernon, 2001; Lewis
et al., 2005].

Seismicity within the SJF trifurcation zone is also notable for its strong deviation from classical self-similarity,
with median stress drop increasing by nearly a factor of 10 across the magnitude range considered in our data
set (Figure 4b). The scaling parameter 𝜖1 = 0.35 (± 0.064) inferred using the weighted regression procedure
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Figure 6. Map view of source parameter estimates for (a) Yuha Desert and (b) San Jacinto Fault Trifurcation Zone
regions. Events are color coded by stress drop in each map, with bluer colors indicating higher stress drop (more
high-frequency energy).

described in section 3.1 is the highest of any of the five regions in our study and would be on the higher end
of previously reported values, which typically are in the range of 0.1–0.4 [Mayeda and Walter, 1996; Izutani
and Kanamori, 2001; Kanamori and Rivera, 2004; Takahashi et al., 2005; Mayeda et al., 2005; Venkataraman et al.,
2006; Pacor et al., 2016a]. This trend in scaling is persistent over the duration of our study period (Figure 5b,
right) and may in part be related to fact that the larger (M ≥ 3.5) events in the trifurcation zone tend to occur
along the three major fault strands, while microseismicity preferentially occurs in the off-fault and intrafault
regions [Ross et al., 2017]. A full exploration into the causative mechanisms of this strong regional trend in
scaling is, however, beyond the scope of this study.

Despite the lack of clear time dependence in scaling, there does appear to be some variability in the dis-
tribution of stress drops within individual earthquake sequences. Of particular interest is the June 2016 Mw

5.2 Borrego Springs event, which is the most recent prominent main shock in our data set. Both the Borrego
Spring event and its aftershocks exhibit unusually high stress drop values compared to other events with
equivalent moment (Figure 5b, right). The Borrego Springs event occurred on the Clark Fault, near the site of
two Mw ≥ 4 events that occurred in 2008 but were of much lower stress drop. Most of the Borrego Springs
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Figure 7. Depth dependence of (top row) corner frequency (fc) and (bottom row) stress drop (Δ𝜎) for each of the five study regions: (a) Yuha Desert, (b) San
Jacinto Fault Trifurcation Zone, (c) Big Bear, (d) Landers, and (e) Hector Mine. In each plot, the black dots correspond to measurements of source properties for
individual events, and the median fc and Δ𝜎 in depth bins of 1 km are marked with solid lines. Events with poorly resolved corner frequencies due to bandwidth
limitations are marked with open circles.

aftershocks occurred between the Clark and Buck Ridge faults, at depths of ∼12 km and on previously inac-
tive structures that are almost orthogonal to the primary strands. These events are visually prominent in the
map view shown in Figure 6b due to their high median stress drop.

3.3. Mojave Desert Regions: Big Bear, Landers and Hector Mine
In contrast to the Yuha Desert and San Jacinto Fault regions examined above, seismicity within the Big
Bear, Landers, and Hector Mine regions of the Mojave Desert occurs to the east of the main Pacific-North
American plate boundary. These regions comprise the southern portion of the Eastern California Shear Zone
(ECSZ), a diffuse deformational belt characterized by a complex distribution of incipient faulting structures
[VanWormer and Ryall, 1980; Faulds and Henry, 2008; Wesnousky et al., 2012]. Studies of earthquake hazard in
the ECSZ became more exigent with the occurrence of the 1992 Landers (Mw 7.3), 1992 Big Bear (Mw 6.5), and
1999 Hector Mine (Mw 7.1) earthquakes, three of the largest events in Southern California in the past century
[Hauksson et al., 1993; Cohee and Beroza, 1994; Wald and Heaton, 1994; Fialko, 2004]. Stress changes from these
events had a significant influence on the local stress field and seismicity during their immediate aftermath
[e.g., Hauksson, 1994; King et al., 1994; Hardebeck et al., 1998; Lin and Stein, 2004]. Our study period begins in
2002 and thus considers only the longer-term aftershocks of these events and present-day background seis-
micity within each region. In our study, we perform the spectral decomposition for each region independently
in order to mitigate the effects of differences in local attenuation on source spectral estimates but present the
results for all three regions here, as they form a coherent tectonic zone within the southern ECSZ.

We obtain source parameter estimates for 1723, 1215, and 810 events in the Big Bear, Landers, and Hector Mine
regions, respectively. Despite their proximity, we observe quantifiable differences in the source properties of
earthquakes in each region. Earthquakes in the Landers rupture zone are characterized by significantly higher
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Figure 8. Map view of source parameter estimates for the (a) Big Bear, (b) Landers, and (c) Hector Mine regions. Events are color coded by stress drop in each
map, with bluer colors indicating higher stress drop (more high-frequency energy).

median stress drop (4.36 MPa) than those in the Hector Mine rupture zone (1.02 MPa), with Big Bear (2.68 MPa)
falling in between (Figures 5c–5e). The distribution of stress drop is also more variable in the Landers and
Big Bear regions than in Hector Mine. Applying the binning procedure and the weighted regression analysis
described in section 3.1, we also observe a moderate increase in median stress drop with moment in each of
the Big Bear (𝜖1 = 0.17 ± 0.027), Landers (𝜖1 = 0.28 ± 0.064), and Hector Mine (𝜖1 = 0.13 ± 0.066) regions. We
note, however, that the inferred scaling parameters (𝜖1) are more poorly constrained for these three regions
due to the relative scarcity of M ≥ 3 events, as compared to the dense seismicity of the Yuha or SJF regions.

Although localized clusters of higher and lower median stress drops can be discerned in each of the three
regions (Figure 8), the spatial variations are most apparent within the Landers rupture zone. Specifically, we
observe significant along-strike variations in median stress drop, with higher values in the northernmost and
southernmost segments, and lower values in the central portion of the Landers rupture (Figure 8b), a pattern
similar to that found in the stress drop study of Shearer et al. [2006] for Landers aftershocks from 1992 through
2001. Overall, there appears to be a rough anticorrelation between the stress drops of Landers aftershocks
(both early and late) and the magnitude of fault slip during the 1992 rupture, during which peak values of
fault slip were observed along the central portion of the rupture and lower slip at the northern and south-
ern tips and auxiliary fault segments [Fialko, 2004]. The lack of significant pre–main shock seismicity in this
region makes it hard to assess whether this stress drop pattern is a long-standing feature (perhaps caused
by local variations in fault strength, with the stronger zones both inhibiting slip during the Landers rupture
and producing ambient seismicity with higher stress drops), or whether it reflects stress changes caused
by the main shock rupture, with lowered stress in the high-slip regions and increased stress near the fault
tips. Unfortunately, the large uncertainties in finite slip models for the Landers main shock (as evidenced by
the substantial differences among the published models [e.g., Mai and Thingbaijam, 2014]) complicate more
detailed comparisons between aftershock stress drops and main shock slip at finer spatial scales.

Some evidence for long-lived spatial variations of small earthquake stress drops was provided by a stress
drop study at Parkfield [Allmann and Shearer, 2007], in which the overall pattern of high and low stress drop
regions was unaffected by the 2004 M6.0 Parkfield earthquake. Although the Parkfield section of the San
Andreas Fault is distinctly different from our study regions (having a single well-defined fault, and many areas
of fault creep), it is nonetheless interesting that the spatial patterns we observe in stress drop appear to per-
sist over long time periods. For example, the spatial heterogeneity in source parameters observed within the
Mojave Desert regions remains largely unchanged from the study of Shearer et al. [2006], who considered a
completely independent source parameter data set ending in year 2001. The long-term persistence of these
trends—lower stress drop in the Hector Mine rupture zone, higher stress drop in the Landers rupture zone,
with significant along-strike variations—supports the notion that there exist real spatial variations in median
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stress drop that are both quantifiable and somewhat predictable due to their stationarity in time. If so, this
has important implications for hazard assessments that use seismically determined stress drop or a related
proxy stress parameter as input for ground motion prediction equations [Yenier and Atkinson, 2014; Atkinson
et al., 2015]. Also of interest from a hazard perspective is that the shallowest seismicity (observed primarily in
the Big Bear region) is characterized by particularly low stress drops (Figure 7c). At more intermediate depths,
corner frequency increases with depth at roughly the same rate as the shear wave speed (and hence, mean
rupture velocity), such that the inferred stress drop estimates remain approximately depth-invariant.

4. Discussion

The observed trends in earthquake source properties within the five regions have important implications for
our understanding of earthquake rupture and seismic hazard. As such, it is worth examining in closer detail the
limitations of the methods applied to obtain these source parameter estimates, and their potential influence
on the results presented here. These limitations fall into two main classes: (1) limitations in the ability of the
spectral decomposition method to isolate the source spectrum from the raw waveform data and (2) limitations
in the source spectral model to adequately characterize the salient properties of earthquake rupture.

Addressing (1) first, a key advantage of the spectral decomposition method is that it provides an empiri-
cal and completely nonparametric framework for partitioning the observed spectra into source, path, and
station terms, with no need to explicitly evaluate the instrument response or model attenuation along the
raypath. This framework, while designed to minimize the tradeoffs between source and path effects, may
still fail to adequately resolve the source term, especially in circumstances where the ratio of the number of
input, observed spectra, to desired, output source spectra is small. The EGF correction that is inferred from
the shape of stacked source spectra (section 2.3) is an essential step in the spectral decomposition algo-
rithm, as it removes nonsource effects that are common to all travel paths. This includes both near-source and
near-receiver attenuation, which, if left uncorrected, can introduce an artificial fmax into the spectra that may
bias source parameter estimates [Hanks, 1982; Anderson and Hough, 1984; Anderson, 1986]. We do not believe
that uncorrected high-frequency attenuation is causing problems in our analysis for several reasons: (1) we
explicitly require that all of the individual spectra we analyze have signal-to-noise of five or greater out to the
25 Hz upper bandwidth and (2) we see no evidence for any sharp change in our traveltime terms or in our
EGFs as frequency approaches 25 Hz. Certainly, attenuation will limit the ability to resolve corner frequencies
above 25 Hz, but accurately determining these corner frequencies is not crucial for our analysis.

However, the spectral stacking procedure requires a reasonable distribution of events at different magnitudes
over a relatively small length scale (tens of kilometers). This does not present a significant obstacle for the five
regions considered here, which have relatively dense seismicity sampling a wide range of magnitudes (M 1
to 5) and are well recorded by modern broadband and short-period SCSN stations. It is important, however, to
keep these considerations in mind in future applications of the spectral decomposition technique to scenarios
with sparse seismicity or station coverage.

The second limitation—the possible inadequacy of the commonly applied Brune-type, omega-squared (𝜔−2)
source model to describe the earthquake rupture process—presents a more serious problem for the events
considered here. The observed deviation from self-similarity, in which stress drop appears to increase as a
function of seismic moment (𝜖1 > 0), is based on the assumption that the high-frequency spectral falloff rate
(n in equation (4)) is 2, as in the classical 𝜔−2 model [Aki, 1967]. There is, however, a fundamental tradeoff
between 𝜖1 and n, as shown schematically in Figure 9 for the Yuha Desert region (the other four regions con-
sidered in this study exhibit a similar effect). If we instead allow for n < 2 (gentler spectral falloff), the data
once again become consistent with self-similarity; the difference in misfit between the 𝜖1 > 0, n = 2 and
𝜖1 = 0, n < 2 models is only 1.2%. This makes intuitive sense if we consider that our fundamental observa-
tion is that the source spectra of larger events contain more high-frequency content than would be predicted
by a self-similar Brune model. The tradeoff between 𝜖1 and n occurs because the high-frequency falloff rate
substantially affects the results only well above the corner frequency, a portion of the spectra that is observ-
able only for the larger events in our data set. There are two different end-member ways of explaining the
high frequencies we observe for the larger events: we can fix the spectral falloff and relax the assumption of
self-similarity (Figure 9a) or we can assume that earthquakes are (on average) self-similar and allow for gentler
spectral falloff (Figure 9b).
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Figure 9. Example showing the tradeoff between stress drop scaling parameter 𝜖1 and spectral falloff rate n, for
stacked source spectra from the Yuha Desert region (results are similar for the other regions considered in this study).
(a) EGF-corrected, stacked source spectra (solid black lines, binned by spectral moment Ω0) assuming a source model
with 𝜔−2 spectral falloff rate (n = 2) and scaling parameter 𝜖1 > 0. In this model, log10 Δ𝜎 is permitted to vary linearly
with log10 M0. (b) EGF-corrected source spectra (solid black lines, binned by spectral moment Ω0), now assuming a
source model with lower spectral falloff rate (n < 2) and fixed scaling parameter 𝜖1 = 0. In this model, Δ𝜎 is constrained
to be invariant with M0. (c) Contour plot of the relative misfit between the observed (EGF-corrected) and theoretical
stacked spectra, plotted as a function of scaling parameter (𝜖1, x axis) and high-frequency falloff rate (n, y axis). Source
models that assume n = 2 (an 𝜔−2 model) require 𝜖1 > 0, while source models that assume 𝜖1 = 0 (a self-similar model)
require n < 2.
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We focus on the former approach for the purposes of this study because it makes our source parameter esti-
mates (corner frequency fc and stress drop Δ𝜎) more directly comparable to those of other studies, which
are typically derived under the assumption of an 𝜔−2 model. The discussion above, however, demonstrates
that the absolute values of these source parameter estimates depend strongly on modeling assumptions.
This makes it difficult to interpret fc and Δ𝜎 directly in terms of actual physical properties of the earthquake
source, such as the source dimension or average static stress drop. Moreover, the tradeoff complicates stud-
ies of earthquake source scaling, as the inferred scaling parameter will in turn depend on the assumed falloff
rate (again, typically fixed to 2 in such studies). Though the high-frequency falloff n must be greater than 1.5
to bound the radiated energy [Walter and Brune, 1993], this limitation only applies in the high-frequency limit,
i.e., not to intermediate falloff rates that may occur in double-corner frequency models. For single-corner fre-
quency models, if the true falloff rate falls anywhere in the range 1.5 < n < 2, the scaling will be less intense
than that inferred with n = 2, as is typically assumed for such studies [Kanamori and Rivera, 2004]. Finally, we
note that the observed scaling relationships are pertinent only to the magnitude range that comprises the
bulk of our data set (1 ≤ M ≤ 4) and should not be extrapolated without further study. Independent of these
issues, we can still pose the following questions: what are the underlying causes of the observed deviations
from classical source models, and what are the broader implications for our understanding of earthquake
rupture processes?

Brune [1970] developed an instantaneous rupture model for a circular crack that related the source radius of
an earthquake to the inverse of the corner frequency of the calculated source spectra. This model was later
extended by Madariaga [1976] and others who considered more realistic circular crack models in which the
rupture propagates at a constant fraction of the shear wave velocity. However, real source spectra, especially
those of pulse-like ruptures, can be much more complex and may be characterized by several timescales (and
hence corner frequencies), notably those related to the total rupture duration and to the duration of slip at
a given point on the fault [e.g., Haskell, 1969; Luco, 1985; Lin et al., 2016]. Resolution of these features in real
source spectra is challenging due to the inherent noise and bandwidth limitations of the data, but a number
of studies of larger earthquakes [e.g., Papageorgiou and Aki, 1983; Joyner, 1984; Atkinson, 1990; Denolle and
Shearer, 2016] have provided evidence for source spectra with multiple corners and intermediate spectral
falloffs (n < 2), the details of which can likewise be scale dependent [Walter et al., 2006].

We do not attempt to resolve multiple corners within the source spectra in our study, as lower magnitude
events have poor signal-to-noise within the higher-frequency bands in which the secondary corner would
be expected to occur. However, the presence of multiple corners, even if they cannot be independently
resolved in the spectra, could account for the observed tradeoff between high-frequency falloff rate n and
self-similarity 𝜖1. Further complexity in the rupture process, including directivity effects [e.g., Boatwright, 1980;
Pacor et al., 2016b; Ross et al., 2016], fault-roughness [e.g., Madariaga et al., 2006; Dunham et al., 2011; Trugman
and Dunham, 2014], and scale-dependent frictional properties or dynamic weakening mechanisms [Brodsky
and Kanamori, 2001; Abercrombie and Rice, 2005; Cocco et al., 2016] may also produce the same effect. Though
it is difficult to discriminate among these plausible causal mechanisms, their unifying feature—source com-
plexity beyond that of a circular crack—makes it worth exploring alternative or nonparametric means for
directly comparing source spectra, rather than comparing source parameter derivative of an assumed model
[e.g., Uchide and Imanishi, 2016].

The results presented here also bear significance for seismic hazard assessment. Ground motion prediction
equations (GMPEs) are fundamental to hazard assessments, and source spectral studies that characterize
regional variations in stress drop provide valuable constraints for the source terms of modern GMPEs, which
are becoming increasingly regionalized [Bozorgnia et al., 2014; Yenier and Atkinson, 2015; Douglas and Edwards,
2016]. Previous work [e.g., Allmann and Shearer, 2009; Oth, 2013; Uchide et al., 2014] has provided compelling
evidence for regional variations in median stress drop. Here we find in addition that both median stress drop
and the intensity of the apparent deviation from self-similarity may vary regionally, with the San Jacinto Fault
trifurcation zone being of particular note in this regard (Figure 4). Accurately characterizing such variations
may help reconcile the well-known difference in scatter between the Δ𝜎 of GMPEs (stress parameter) and the
Δ𝜎 of source spectral estimates (stress drop) [Atkinson and Beresnev, 1997; Cotton et al., 2013; Atkinson et al.,
2015], although it is worth again cautioning that the scaling relationships inferred here likely do not extrap-
olate to the higher-magnitude (M > 4) events that cause the most damaging ground motions. Future studies
should examine the robustness of these preliminary observations over wider magnitude ranges and larger
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spatial scales and explore how the modeling limitations of source parameter estimates may influence the
relationship between seismically inferred stress drop and observed ground motion.

5. Conclusions

We describe an improved spectral decomposition approach to compute earthquake source parameters
that is suitable for analyzing large data sets containing thousands or more events. The technique uses an
iterative, robust least squares algorithm to partition the observed waveform spectra into source, site, and
traveltime-dependent path terms. Unlike previous methods of its kind, this technique requires no assumption
about self-similarity in earthquake source parameters. We leverage this improvement to explore variations in
source parameters and source scaling within five regions of active, contemporary (2002–2016) seismicity in
Southern California. In each region, we find that if one assumes the classical, 𝜔−2 high-frequency falloff rate,
the data are most consistent with an increase of stress drop with moment, in direct contrast to the self-similar
paradigm. We show, however, that this conclusion is model dependent, with the inferred deviation from
self-similarity trading off with the assumed high-frequency falloff rate. Independent of these parametric limi-
tations, the source spectra of the larger magnitude earthquakes in this study contain greater high-frequency
content than would be predicted by a self-similar model with 𝜔−2 falloff. This observation, along with the
evidence we present for regional, local, and depth-dependent variations in earthquake source parameters,
may provide important constraints for seismic hazard assessments and for our understanding of earthquake
rupture processes.
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Pacor, F., F. Gallovič, R. Puglia, L. Luzi, and M. D’Amico (2016b), Diminishing high-frequency directivity due to a source effect: Empirical
evidence from small earthquakes in the Abruzzo region, Italy, Geophys. Res. Lett., 43, 5000–5008, doi:10.1002/2016GL068546.

Papageorgiou, A. S., and K. Aki (1983), A specific barrier model for the quantitative description of inhomogeneous faulting and the
prediction of strong ground motion: Part II. Applications of the model, Bull. Seismol. Soc. Am., 73(4), 953–978.

Park, J., C. R. Lindberg, and F. L. Vernon (1987), Multitaper spectral analysis of high-frequency seismograms, J. Geophys. Res., 92(B12),
12,675–12,684, doi:10.1029/JB092iB12p12675.

Petersen, M. D., C. S. Mueller, M. P. Moschetti, S. M. Hoover, A. L. Llenos, W. L. Ellsworth, A. J. Michael, J. L. Rubinstein, A. F. McGarr, and
K. S. Rukstales (2016), Seismic-hazard forecast for 2016 including induced and natural earthquakes in the Central and Eastern United
States, Seismol. Res. Lett., 87(6), 1327–1341, doi:10.1785/0220160072.

Poli, P., and G. A. Prieto (2016), Global rupture parameters for deep and intermediate-depth earthquakes, J. Geophys. Res. Solid Earth, 121,
8871–8887, doi:10.1002/2016JB013521.

Prieto, G., R. Parker, and F. Vernon III (2009), A Fortran 90 library for multitaper spectrum analysis, Comput. Geosci., 35(8), 1701–1710,
doi:10.1016/j.cageo.2008.06.007.

Prieto, G. A., P. M. Shearer, F. L. Vernon, and D. Kilb (2004), Earthquake source scaling and self-similarity estimation from stacking P and S
spectra, J. Geophys. Res., 109, B08310, doi:10.1029/2004JB003084.

Prieto, G. A., R. L. Parker, F. L. Vernon, P. M. Shearer, and D. J. Thomson (2006), Uncertainties in earthquake source spectrum estimation using
empirical Green functions, in Geophysical Monograph Series, vol. 170, edited by R. Abercrombie et al., pp. 69–74, AGU, Washington, D. C.

Prieto, G. A., D. J. Thomson, F. L. Vernon, P. M. Shearer, and R. L. Parker (2007), Confidence intervals for earthquake source parameters,
Geophys. J. Int., 168(3), 1227–1234, doi:10.1111/j.1365-246X.2006.03257.x.

Rockwell, T., C. Loughman, and P. Merifield (1990), Late Quaternary rate of slip along the San Jacinto Fault Zone near Anza, Southern
California, J. Geophys. Res., 95(B6), 8593–8605, doi:10.1029/JB095iB06p08593.

Rockwell, T. K., T. E. Dawson, J. Y. Ben-Horin, and G. Seitz (2015), A 21-event, 4,000-year history of surface ruptures in the Anza seismic gap,
San Jacinto Fault, and implications for long-term earthquake production on a major plate boundary fault, Pure Appl. Geophys., 172(5),
1143–1165, doi:10.1007/s00024-014-0955-z.

Ross, Z. E., and Y. Ben-Zion (2015), An algorithm for automated identification of fault zone trapped waves, Geophys. J. Int., 202(2), 933–942,
doi:10.1093/gji/ggv197.

Ross, Z. E., and Y. Ben-Zion (2016), Toward reliable automated estimates of earthquake source properties from body wave spectra,
J. Geophys. Res. Solid Earth, 121, 4390–4407, doi:10.1002/2016JB013003.

Ross, Z. E., E. Hauksson, and Y. Ben-Zion (2017), Abundant off-fault seismicity and orthogonal structures in the San Jacinto fault zone,
Sci. Adv., 3(3), doi:10.1126/sciadv.1601946.

Ross, Z. E., Y. Ben-Zion, M. C. White, and F. L. Vernon (2016), Analysis of earthquake body wave spectra for potency and magnitude values:
Implications for magnitude scaling relations, Geophys. J. Int., 207(2), 1158–1164, doi:10.1093/gji/ggw327.

Sanders, C., H. Magistrale, and H. Kanamori (1986), Rupture patterns and preshocks of large earthquakes in the southern San Jacinto fault
zone, Bull. Seismol. Soc. Am., 76(5), 1187–1206.

Sanders, C. O., and H. Kanamori (1984), A seismotectonic analysis of the Anza Seismic Gap, San Jacinto Fault Zone, Southern California,
J. Geophys. Res. Solid Earth, 89(B7), 5873–5890, doi:10.1029/JB089iB07p05873.

Shearer, P. M., G. A. Prieto, and E. Hauksson (2006), Comprehensive analysis of earthquake source spectra in Southern California, J. Geophys.
Res., 111, B06303, doi:10.1029/2005JB003979.

Takahashi, T., H. Sato, M. Ohtake, and K. Obara (2005), Scale dependence of apparent stress for earthquakes along the subducting Pacific
plate in Northeastern Honshu, Japan, Bull. Seismol. Soc. Am., 95(4), 1334–1345, doi:10.1785/0120040075.

Trugman, D. T., and E. M. Dunham (2014), A 2D pseudodynamic rupture model generator for earthquakes on geometrically complex faults,
Bull. Seismol. Soc. Am., 104(1), 95–112, doi:10.1785/0120130138.

Uchide, T., and K. Imanishi (2016), Small earthquakes deviate from the omega-square model as revealed by multiple spectral ratio analysis,
Bull. Seismol. Soc. Am., 106, 1357–1363, doi:10.1785/0120150322.

TRUGMAN AND SHEARER EARTHQUAKE SOURCE SCALING IN SOUTHERN CALIFORNIA 20

http://dx.doi.org/10.1007/s00024-013-0753-z
http://dx.doi.org/10.1785/0220140077
http://dx.doi.org/10.1029/96JB00112
http://dx.doi.org/10.1029/2005GL022405
http://dx.doi.org/10.1029/2007GL030041
http://dx.doi.org/10.1029/2001JB000474
http://dx.doi.org/10.1785/0120160130
http://dx.doi.org/10.1016/j.epsl.2013.06.037
http://dx.doi.org/10.1785/0120100135
http://dx.doi.org/10.1093/gji/ggv448
http://dx.doi.org/10.1002/2016GL068546
http://dx.doi.org/10.1029/JB092iB12p12675
http://dx.doi.org/10.1785/0220160072
http://dx.doi.org/10.1002/2016JB013521
http://dx.doi.org/10.1016/j.cageo.2008.06.007
http://dx.doi.org/10.1029/2004JB003084
http://dx.doi.org/10.1111/j.1365-246X.2006.03257.x
http://dx.doi.org/10.1029/JB095iB06p08593
http://dx.doi.org/10.1007/s00024-014-0955-z
http://dx.doi.org/10.1093/gji/ggv197
http://dx.doi.org/10.1002/2016JB013003
http://dx.doi.org/10.1126/sciadv.1601946
http://dx.doi.org/10.1093/gji/ggw327
http://dx.doi.org/10.1029/JB089iB07p05873
http://dx.doi.org/10.1029/2005JB003979
http://dx.doi.org/10.1785/0120040075
http://dx.doi.org/10.1785/0120130138
http://dx.doi.org/10.1785/0120150322


Journal of Geophysical Research: Solid Earth 10.1002/2017JB013971

Uchide, T., P. M. Shearer, and K. Imanishi (2014), Stress drop variations among small earthquakes before the 2011 Tohoku-oki, Japan,
earthquake and implications for the main shock, J. Geophys. Res. Solid Earth, 119, 7164–7174, doi:10.1002/2014JB010943.

VanWormer, J. D., and A. S. Ryall (1980), Sierra Nevada-Great Basin boundary zone: Earthquake hazard related to structure, active tectonic
processes, and anomalous patterns of earthquake occurrence, Bull. Seismol. Soc. Am., 70(5), 1557–1572.

Venkataraman, A., G. C. Beroza, S. Ide, K. Imanishi, H. Ito, and Y. Iio (2006), Measurements of spectral similarity for microearthquakes in
western Nagano, Japan, J. Geophys. Res., 111, B03303, doi:10.1029/2005JB003834.

Wald, D. J., and T. H. Heaton (1994), Spatial and temporal distribution of slip for the 1992 Landers, California, earthquake, Bull. Seismol. Soc.
Am., 84(3), 668–691.

Walter, W. R., and J. N. Brune (1993), Spectra of seismic radiation from a tensile crack, J. Geophys. Res., 98(B3), 4449–4459,
doi:10.1029/92JB02414.

Walter, W. R., K. Mayeda, R. Gok, and A. Hofstetter (2006), The scaling of seismic energy with moment: Simple models compared with
observations, in Earthquakes: Radiated Energy and the Physics of Faulting, edited by W. R. Walter et al., pp. 25–41, AGU, Washington, D. C.

Wdowinski, S. (2009), Deep creep as a cause for the excess seismicity along the San Jacinto fault, Nat. Geosci., 2(12), 882–885,
doi:10.1038/ngeo684.

Wei, S., et al. (2011), Superficial simplicity of the 2010 El Mayor-Cucapah earthquake of Baja California in Mexico, Nat. Geosci., 4(9), 615–618,
doi:10.1038/ngeo1213.

Wesnousky, S. G., J. M. Bormann, C. Kreemer, W. C. Hammond, and J. N. Brune (2012), Neotectonics, geodesy, and seismic hazard in the
Northern Walker Lane of Western North America: Thirty kilometers of crustal shear and no strike-slip?, Earth Planet. Sci. Lett., 329-330,
133–140, doi:10.1016/j.epsl.2012.02.018.

Yang, W., and Y. Ben-Zion (2010), An algorithm for detecting clipped waveforms and suggested correction procedures, Seismol. Res. Lett.,
81(1), 53–62, doi:10.1785/gssrl.81.1.53.

Yenier, E., and G. M. Atkinson (2014), Equivalent point source modeling of moderate to large magnitude earthquakes and associated
ground motion saturation effects, Bull. Seismol. Soc. Am., doi:10.1785/0120130147.

Yenier, E., and G. M. Atkinson (2015), Regionally adjustable generic ground motion prediction equation based on equivalent point source
simulations: Application to Central and Eastern North America, Bull. Seismol. Soc. Am., 105(4), 1989–2009, doi:10.1785/0120140332.

Zöller, G., and Y. Ben-Zion (2014), Large earthquake hazard of the San Jacinto Fault zone, CA, from long record of simulated seismicity
assimilating the available instrumental and paleoseismic data, Pure Appl. Geophys., 171(11), 2955–2965, doi:10.1007/s00024-014-0783-1.

TRUGMAN AND SHEARER EARTHQUAKE SOURCE SCALING IN SOUTHERN CALIFORNIA 21

http://dx.doi.org/10.1002/2014JB010943
http://dx.doi.org/10.1029/2005JB003834
http://dx.doi.org/10.1029/92JB02414
http://dx.doi.org/10.1038/ngeo684
http://dx.doi.org/10.1038/ngeo1213
http://dx.doi.org/10.1016/j.epsl.2012.02.018
http://dx.doi.org/10.1785/gssrl.81.1.53
http://dx.doi.org/10.1785/0120130147
http://dx.doi.org/10.1785/0120140332
http://dx.doi.org/10.1007/s00024-014-0783-1

	Abstract
	Plain Language Summary
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (ECI-RGB.icc)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


