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Summary 

 
Quantifying transient tectonic signals continues to reveal new insights into fault behavior and 

crust/mantle rheology [Segall and Matthews, 1997; McGuire and Segall, 2003; Freed and 
Bürgmann, 2004; Ji and Herring, 2013].  Through previous SCEC funding we have developed, 
tested, and automated a geodetic network processing system for detection of anomalous strain 
transients in Southern California [Holt and Shcherbenko, 2013]. These codes are now being 
incorporated into the Collaboratory for the Study of Earthquake Predictability (CSEP). The 
modeling procedure determines time-dependent displacement gradient fields from continuous 
GPS (cGPS) time series [Hernandez et al., 2005, 2007; Holt and Shcherbenko, 2013]. The 
method has been tested using the SCEC IV Transient Detection Exercise and is able to recover 
the spatial and temporal distribution of slow events and determine their statistical significance.  
To date we have detected several transient strain phenomena within southern California. We 
show that these anomalous strains have occurred on a variety of time scales, they involve 
heterogeneous distributions, and they have impacted stress rates and coulomb stress changes on 
faults [Shcherbenko, 2014; Shcherbenko and Holt, 2015]. Current efforts are showing promise for 
quantifying links between measured strain changes, model stress changes, and seismicity rates. 
We applied the network processing tool in northern California where seasonal transient strains 
prior to the 2014 South Napa earthquake show a focused anomally within the South Napa region 
[Kraner and Holt., 2015, Kraner et al., 2016]. Using our time-dependent measurements obtained 
from the geodetic network processing tool [Holt and Shcherbenko, 2013] we are currently 
developing a data product that will enable the tracking of strain and stress change evolution, 
along with expected seismicity rate evolution through time. The work performed to date fulfills 
the SCEC Science Objective 5b “Application of geodetic detectors to the search for aseismic 
transients across southern California” and also supports 2c, 1d, and 1e and 2d.  Moreover, this 
research fulfills the recommendations under Research Strategies in Tectonic Geodesy to: (a) 
“Improve our understanding of the processes underlying detected transient deformation signals 
and/or their seismic hazard implications through data collection and development of new 
analysis tools.”  

 
1.0 Method and Results to Date 
 
The geodetic network processing tool, along with all benchmarking results, has been 

described in detail in Holt and Shcherbenko [2013] and involves a modification from previous 
methodologies [e.g., Holt et al., 2000a, 2000b; Beavan and Haines, 2001] to determine an 
ongoing and evolving estimate of the displacement gradient tensor field from cGPS data, 
downloaded daily from the UNAVCO archive.  

Regularization of the solution for Southern California consists of obtaining the sharpest 
estimate of strain tensor field possible that can be supported by the cGPS data. The smoothing of 
the strain solution is controlled through optimization of the following functional in a formal least-
squares joint inversion of strain and displacement field: 
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Vij,kl  is the variance-covariance matrix of the strains, 
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€ 

ˆ e ij  and 

€ 

eij
obs  are the model and observed strains, and 

€ 

ˆ u i  and 

€ 

ui
obs  are the 

model and observed displacements. The fitting algorithm that minimizes (1) is equivalent to a 
finite element method that satisfies force balance equations (spherical Earth). The methodology 
solves the Weak formulation of the linear problem, where the basis functions for the 
displacements are higher order elements involving the Bessel form of bi-cubic spline 
interpolation on a generally curvilinear grid of quadrilateral sub-domains [de Boor, 1978; Beavan 
and Haines, 2001] (0.1°x0.1° grid). The final model predicts a continuous displacement gradient 
tensor field. Finer grid spacing can be used to adapt to problems supported by dense station 
spacing. We use a constant Poisson’s ratio of 0.25 and displacement boundary conditions may or 
may not be imposed. Also, a priori constraints from fault location, strike and expected range of 
fault slip rates can be used to define anisotropic and inhomogeneous components of the variance-
covariance matrix

€ 

Vij,kl , which influences the model parameter estimates for interpolated 
displacements and strains.  

We use a reference strain field to define 

€ 

eij
obs values within regions of Southern California. 

That reference strain field is obtained from SCEC4.0 GPS [Shen et al., 2011] as well as the 
UCERF-3 GPS model (Figure 1). It is important to have accurate estimates of the variance-
covariance matrix, 

€ 

Vi, j , of the time-dependent displacements. In the presence of transients, the 
model solution will be forced to misfit the reference strain field in the joint inversion in order to 
match the time-dependent displacements. We add an adjustable isotropic component of strain 
variance, embedded in 

€ 

Vij,kl , as a measure of the a priori expected departure of strain from the 
reference field (associated with potential transients). This isotropic component of variance-
covariance is adjusted until the reduced Chi-Squared misfit to the time dependent displacements 
is optimal (around 1.0). Note that in general the variance-covariance matrix, 

€ 

Vij,kl , is anisotropic 
and it is defined using geologic information on fault strike and expected style of faulting (strike-
slip, mixed strike-slip and dip-slip, or pure dip-slip).   

The steady-state strain rate model (reference field) provides us with a steady-state stress rate 
model (Figure 1A), and directions of no-length-change (Figure 1B).  The no-length-change 
directions are the predicted fault strike directions governed by the steady-state reference strain 
rate solution.  Stress changes inferred from the time dependent solutions, act on the expected fault 
strike orientations [King et al., 1992] to provide Coulomb stress changes on near-vertical faults 
that are primarily pure strike-slip (Figure 1B).  Both the steady-state background tectonic stress 
rates (Figure 1A) and the Coulomb stress changes will later be used in a rate-state model 
[Dieterich, 1994; Toda et al., 2005] for predicting seismicity rate change evolution. 
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Figure 1. (A) Stress rates obtained from the steady-state strain rate tensor solution defined 

from SCEC4.0 velocity field [Shen et al., 2011]. We have assumed incompressible elastic 
[Luttrell et al., 2011] and the second invariant of the tensor field is plotted in (A). (B) No-length-
change directions obtained from the steady-state strain rate tensor solution defined from SCEC4.0 
velocity field (Bold lines = Right-lateral shear directions, light green lines = left-lateral shear 
direction).  

 
1.1 Strain Transient Evolution, Coulomb Stress Change Estimates, and Seismicity Rate 

Estimates 
 
Analysis of the cGPS data have revealed significant transients on a variety of time scales. 

Some of these are linked with known earthquakes (post-seismic relaxation in El Mayor-Cucapah 
[Pollitz et al., 2012]; Brawly Swarm, Hauksson et al., 2013), whereas others are linked with 
unknown, and potentially slow-slip, processes (Parkfield) (Holt and Shcherbenko, 2013), where 
tremor activity has been observed [Shelly, 2009, 2010]. We propose to investigate inferred stress 
changes on fault interfaces in association with the modeled strain tensor changes (Coulomb Stress 
Change). We will track these changes over time throughout southern California. We will 
investigate the relation between the inferred stress tensor changes and seismicity rates (including 
a comparison with moment tensor style) and provide this tool as a data product. Furthermore, we 
will use the inferred Coulomb stress changes to determine expected seismicity rate changes.  

1.1.1 Sensitivity Tests For Resolving Power of cGPS Network. We have performed 
sensitivity tests to determine if the concentration of strain anomalies near some of the faults 
(Figures 2, 3) is linked with the inhomogeneous and anisotropic variance-covariance weighting, 

€ 

Vij,kl , in the inversion for strain rates (equation 1). The current weighting uses the geologic 
structures [Jennings, 1994; Shen-Tu et al., 1999] as information for the likely orientation and 
relative magnitude of principal axes of model strains that are necessary for the fitting of the cGPS 
displacements. This weighting introduces an a priori bias. Alternatively, we experimented using a 
purely isotropic and spatially homogeneous variance-covariance matrix, 

€ 

Vij,kl , in the inversion of 
the cGPS displacements. The model anomalous strain distributions were very close to that 
obtained using the anisotropic solution, suggesting that the model is not strongly dependent on 
the a priori information and that it depends primarily on the cGPS displacements [Shcherbenko, 
2014; Shcherbenko and Holt, 2014].  

 



     
 
1.1.2 Coulomb Stress Changes on Faults. Using the strain change estimates from the cGPS 

analysis, we have calculated the coulomb stress changes on both right-lateral and left-lateral 
faults [King et al., 1992] (see examples in Figures 3 and 4). The strikes of the structures were 
obtained from the no-length-change directions within the steady-state strain rate solution (Figure 
1b). Theoretical fault planes from the tensor solution (Figure 1b) are consistent with near-vertical 
dip in the vicinity of the major strike-slip structures. We assume continuity of surface strains 
down to the base of the seismogenic zone.  The SCEC Community Fault Model (CFM) can also 
be used to calculate the Coulomb stress change response. 

1.1.3 Predicted Seismicity Rates. Using a rate/state algorithm [Dieterich, 1994; Toda et al., 
2005] that incorporates the influence of all inferred Coulomb stress changes on faults (co-seismic 
and post-seismic) constrained by the cGPS data, we generate predicted seismicity rates and 
compare with observed rates for magnitudes > M 1.5.  The background tectonic stressing rates 
come from the reference model (Figure 1), and background seismicity rates are determined by 
binning events of M>1.5 [Hauksson et al., 2012] within 0.1° x 0.1° sized grid areas. Seismicity 
rate patterns are well predicted throughout the last 3 years, but seismicity rates in some regions 
are under-predicted by as much as a factor of 3 along the Laguna Salada Fault (northernmost 
segment)/southern Elsinore FZ (Figure 5). Elsewhere, rate predictions provide a good match with 
observed, including along the Brawley fault zone, both before and after the swarm of August, 
2012.  

 
 

Figure 2. Anomalous strains and 
displacements during the period spanning 
(8/27/2010 – 8/27/2012). Observed 
displacement differences (red), model 
displacement differences (bold) (95% 
confidence ellipses) on top of contoured 
model shear strain rate magnitudes (pure 
strike-slip style). The anomalous strain is 
dominated by the post-seismic effects of El 
Mayor-Cucapah event. The strain changes, 
and inferred stress changes, show interesting 
correlations with seismicity distributions and 
rates. Figure from Holt and Shcherbenko 
[2013]. 



     
 

Figure 3. (A) Coulomb stress change on right lateral faults (vertical) shortly after the El Mayor 
event. Epicenter locations of all earthquakes for the month of April, 2010 [Hauksson et al., 2012]. 
(B) Same as (A) but for the total period spanning April 4, 2010 – August 25, 2012 (effects of 
Brawley swarm on stress changes are not included). The epicenters of earthquakes from the same 
time period are also plotted. Contour interval is 0.2 bars and maximum stress changes approach 
1.6 bars over the two years of strain evolution following El Mayor event. 
	  
1.1.4  Tracking Stress Changes on Faults Throughout Southern California. We are working 
to develop a data product for quantifying stress changes on faults throughout the region, which is 
a compliment to our transient detection algorithm. This tool will be provided to the SCEC 
community. Our goal is to track stress change evolution on faults continuously. We will develop 
a Monte Carlo method to quantify uncertainties in these model estimates (using a posteriori 
uncertainties in the anomalous strain changes). We will also compare stress change predictions 
with more traditional forward modeling methods [Okada et al., 1992; Lin and Stein, 2004]. 

 
 
1.1.5 Testing Seismicity Rate Changes/Evolution Based on Estimates of Anomalous Strain 
and Associated Coulomb Stress Changes on Faults. Using a rate/state algorithm (see Figure 4 

Figure 4. Contour of log of predicted seismicity rates 
(events per year for M > 1.5) for the time interval 
5/1/2010 – 6/15/2010, obtained using a rate/state 
algorithm [Dieterich, 1994; Toda et al., 2005]. To obtain 
this prediction we used the calculated Coulomb stress 
change history on faults, obtained from the anomalous 
strain evolution defined by the cGPS (Figure 3), a model 
for background tectonic stress rates (Figure 1A), and a 
value for 

€ 

Aσ  of 0.1.  Background seismicity rates were 
obtained using all events of M> 1.5 [Hauksson et al., 
2012] between the period 1/1/2001– 3/1/2010. Actual 
events during the time period of 5/1/2010 – 6/15/2010 
are plotted as small gray dots. We propose to refine and 
test this methodology further and develop a prediction 
algorithm for seismicity rates that will track with the 
evolution of anomalous strain from our transient 
detection efforts. The seismicity rate patterns predicted 
using this model provide a good	  match	  with	  observed.	  



caption) we have estimated predicted seismicity rates between April 2010 (post-El Mayor) and 
the present. In general, predicted rates based on the geodetically inferred strain changes (and 
model Coulomb stress changes on the faults), provide a very good match to observed seismicity 
rates following El Mayor. We have experimented with different values for 

€ 

Aσ  in this region and 
have found the best fit using a range of 0.1 – 0.15.  Our goal is to test and develop this method 
further and make the Coulomb stress change/seismicity rate predictions a data product that will 
accompany the transient detection method. Testing and development will consist of (1) more 
comparisons with observation; (2) use of the SCEC community fault model, as opposed to our 
current method of using theoretical fault orientations based on the no-length-change orientations 
in the steady-state reference model; (3) development of algorithms for estimating uncertainties in 
the seismicity rate estimates using a posteriori uncertainties in anomalous strains.  
 We have found that predicted seismicity rates are under-predicted by as much as a factor 
of 3 along the Laguna Salada Fault (northernmost segment)/southern Elsinore Fault zones for 
much of the early time span following El Mayor. On the other hand, seismicity rate predictions 
are very accurate for the Brawley seismic zone regions (both before and after the Brawley 
sequence). Some possibilities for explaining the misfit include that the background seismicity 
rates for Laguna Salada/southern Elsinore FZ regions are underestimated there, or that rate/state 
theory may not be fully applicable where clustering of seismicity is a strong factor [Zaliapin and 
Ben-Zion, 2013a,b]. 
 Recent tests following the strain changes in southern California during the time interval 
of the Brawley sequence produced the surprising results of accurate predictions of seismicity rate 
clustering in some areas far outside of Brawley (parts of San Jacinto FZ). Examination of the 
strain solution from cGPS data for this time period showed pulses of strain in these regions. 
Normally these more erratic strain variations are smoothed over in our time series filtering 
[Shcherbenko and Holt, 2013], but they were captured in this particular case because we wanted 
to spatially resolve the Brawley co-seismic strain signal. Based on this observation, one of our 
goals is to investigate whether we might be missing potentially important signal embedded in the 
cGPS time series through the application of too much temporal smoothing. We will re-investigate 
the temporal smoothing of the cGPS times series and test the possibility that a finer temporal 
sampling might provide an improvement in seismicity rate predictions. 
 
2.0 Intellectual Merit 
 
Analysis of the cGPS data have revealed significant transients on a variety of time scales. Some 
of these are linked with known earthquakes (post-seismic relaxation in El Mayor-Cucapah 
[Pollitz et al., 2012]; Brawly Swarm, Hauksson et al., 2013), whereas others are linked with 
unknown, and potentially slow-slip, processes (Parkfield and San Simeon regions) (Holt and 
Shcherbenko, 2013). We show that these anomalous strains have occurred on a variety of time 
scales, they involve heterogeneous distributions, and they have impacted stress rates and coulomb 
stress changes on faults. Current efforts are showing promise for quantifying links between 
measured strain changes, model stress changes, and seismicity rates. We applied the network 
processing tool in northern California where seasonal transient strains prior to the 2014 South 
Napa earthquake show a focused anomally within the South Napa region [Kraner et al., 2015, 
2016]. Using our time-dependent measurements obtained from the geodetic network processing 
tool [Holt and Shcherbenko, 2013] we are currently developing a data product that will enable the 
tracking of strain and stress change evolution, along with expected seismicity rate evolution 
through time. The work performed to date fulfills the SCEC Science Objective 5b “Application of 
geodetic detectors to the search for aseismic transients across southern California” and also 
supports 2c, 1d, and 1e and 2d.  Moreover, this research fulfills the recommendations under 
Research Strategies in Tectonic Geodesy to: (a) “Improve our understanding of the processes 



underlying detected transient deformation signals and/or their seismic hazard implications 
through data collection and development of new analysis tools.” 
 
3.0 Broader Impact 
 
The Broader Impact of this work involves the training of a graduate student, Gina Shcherbenko. 
Gina completed a Masters Thesis [Shcherbenko, 2014] and she is currently writing up a paper 
summarizing the results of Coulomb stress changes and seismicity rate predictions [Shcherbenko 
and Holt, 2015]. The development of a data product, enabling automated detection of anomalous 
strain from CGPS data also constitutes a broader impact. Furthermore, we worked with 
undergraduate student, Meredith Kraner, who developed the network processing application 
within northern California. Ms. Kraner refined the method application for northern California and 
she presented the results at the 2015 EarthScope Meeting [Kraner and Holt, 2015] and also at the 
2015 Fall AGU meeting [Kraner et al., 2015]. She currently has a manuscript in review in 
Journal of Geophysical Research [Kraner et al., 2016]. 
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