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I. Abstract 

In this work we present preliminary results from using geostatistics and body-force methods to compute 

surface strain rate from geodetic data. These methods allow us to quantify the uncertainty in strain rate for 

a given method and compare to the uncertainty arising due to differences between methods. We 

furthermore have developed a methodology for estimating backslip rates on faults from surface strain rate 

directly, which allows to differentiate between strain that may be accruing elastically through fault coupling 

and strain that cannot be accounted for in this way. Our preliminary results for southern California show 

high strain rate along the San Andreas Fault, as expected, and relatively low uncertainty (peak uncertainty 

<25% peak strain rate) for the geostatistical method. Uncertainty is low in locations with data, as expected. 

Total moment accumulation rate has a fairly low uncertainty (+/- 3%).  

 

II. Technical Report 

In this project we address the problem of estimating the total strain field and uncertainties on 

a regular grid covering southern California, and separating out the component of the strain field 

that is due to elastic deformation associated with coupling along modeled faults. The difference in 

the two provides an estimate of the the residual or “off-fault” strain rate. This represents the 

minimum off-fault strain rate required to explain the geodetic data. In this report we report on initial 

strain rate results for southern California, and develop and compare methods for strain rate 

estimation. The issue of off-fault strain rate is important, as one study finds roughly 30% of the 

total strain rate to be off-fault in the western US [1].  

1. Methods 

GNSS velocities are non-uniformly spaced; thus, to estimate strain rates some form of 

triangulation or interpolation to a regular grid is required. We develop and use two methods for 

estimating surface strain rates from GNSS data: 1) a geostatistical approach and 2) a method 

based on body forces [21]. Several approaches to compute strain rates from surface geodetic 

velocities have been developed [13, 20, 4, 17, 18, 5, 6, 21], but robust quantification of 

uncertainties in strain rates has not been done to date. Because of data noise and uneven 

station spacing, any interpolation scheme requires a trade-off between data misfit and spatial 

smoothness of the interpolated field. The methods we use explicitly account for the spatial 

correlation structure using either the data itself (geostatistics) or elasticity theory (body force 

method). This eliminates one of usual ad-hoc decisions required for interpolation. In addition, the 

geostatistics method in particular can be used to generate uncertainties of the actual strain rates 

[19, 2]. This will allow us to robustly differentiate between on-fault and off-fault strain 

accumulation that is statistically significant.  

We will apply these two methods (geostatistics and body forces [21]) to interpolate the actual 

GNSS observations onto a regular grid suitable for strain rate field calculation via numerical 

derivatives. In addition, an accurate assessment of the off-fault strain requires quantification of 

uncertainty in both the total strain field and the subtracted elastic strain field, which we will obtain 

through stochastic realizations of the velocity field conditioned on and manifesting the same 

spatial structure present in the data. We will use variogram analysis to estimate the spatial 

structure function and data noise for the geostatistical approach, and generate conditional 

realizations of the data that account for the uncertainties while honoring the spatial structure. 

The result will be a distribution of (1) total strain rate fields, (2) elastic back-slip models for 

crustal faults in southern California, and (3) residual strain rate fields that cannot be explained 

through elastic deformation on faults. 

1.1 Geostatistical Method 
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The geostatistical method involves estimating the spatial structure function from the observations 

(Figure 1a, b). The variogram is estimated as the mean semivariance for a set of distance bins of the 

observed field. Once the spatial structure function is determined, we generate conditional simulations 

of the velocity field using the covariance function, which are stochastic realizations of the velocity field 

that honor the available data and use stochastic representations of the velocity field in areas with no 

data that match the spatial structure of the data. These are more likely to accurately represent the 

total (spatially integrated) strain rate field, and the variation between realizations is a direct estimate 

of uncertainty in strain rate. The realization is generated using a Cholesky factorization of the 

covariance matrix to generate an unconditional realization of the field VU and then conditioning on the 

data: 

Vc = Vu + λT (v(x) − Vu(x))                      (1) 
 

where the subscripts c and u are 

conditional and unconditional 

realizations, x are the observation 

positions, and the λ’s are 

generated using the kriging 

equations [19, 2]. v(x) are the 

velocity observtions (generated 

separately for each component). 

Figure 3a-b shows the mean and 

1-standard deviation of the strain 

rate for southern California.  

 

1.2 Body force Method 

 This class of methods uses a 

Green’s function approach for 

interpolation of 2-D vector data [6; 

21] using a 2-D thin-sheet elastic 

model to provide coupling between 

the two horizontal velocity 

components of GPS models. The 

basic approach is to impose 

horizontal body forces at specified 

locations, which deform the elastic 

body. The strengths of the force 

vectors are adjusted until velocities match the vector data. [6] used a finite element modeling approach 

while [21] replaced the finite element computations with analytic Green’s functions, which simplifies the 

computations.  

 Kinematic deformation models, such as elastic block models, can be used to distinguish between on-

fault and off-fault moment accumulation. The drawback of these models is that moment accumulation rate 

is related indirectly to the observables (GPS-derived velocities) through a specific set of kinematic 

assumptions about the long-term deformation field. Inevitably, different kinematic assumptions will lead to 

different estimates of moment accumulation rate ([8] and references therein). We implement a method 

relating strain rates directly to back-slip on faults, independent of assumptions about the long-term 

kinematics of deformation. A key assumption in this method is that crustal strain rate field can be 

decomposed into a contribution from elastic deformation associated with a slip deficit along known faults 

and an inelastic contribution due to off-fault deformation processes. We model strain rates with back-slip 

on faults exactly as in a traditional elastic block model. Specifically, in the forward model we compute the 

strain rate from the solution for a dislocation in an elastic half-space [12].  In the inversion, we solve for the 

backslip rate that minimizes the misfit with the observed strain rate field while bounding backslip rates 

between zero and the maximum slip rate from the UCERF3 geologic slip rate model. Fig. 2 illustrates the 
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inversion method for a preliminary strain rate field (computed using the body force method). The figure plots 

the second invariant of the strain rate field (J2). The predicted strain rate field is the best-fitting field from 

the backslip inversion. The residual field is the difference between the observed and predicted strain rate 

fields.  

 

2. Preliminary Results in Southern California 

 To quantify the overall strain rate, we use a quantity called the seismic moment deficit rate (MDR), a 

single number that captures the total seismic potential of a specific region or fault system. This number 

gives a quantitative estimate of the maximum earthquake moment release we can expect over a given 

period of time, if all the accumulated moment deficit is released elastically through earthquakes. MDR can 

be estimated directly from surface strain rates using the Kostrov method by integrating the maximum 

principal strain rate on each grid node over the surface area of interest and multiplying by the elastic shear 

modulus, µ, and the seismogenic depth H [14]: MDR = 2µHA max(|e1|, |e2|, |e1 + e2|), where the e’s are 

the eigenvalues of the strain rate tensor on each grid node (principal strain rates), and A is the spatial area 

of interest. MDR can also be estimated from the back-slip models, and in this case the assumptions are the 

fault geometry and the shear modulus. Figure 3 shows the mean and standard deviation of the shear strain 

rate estimated using the geostatistical method.  

 

 
Figure 2. Illustration of strain rate inversion method for backslip on faults. J2 is the second strain-rate 

invariant. The observed strain rate field is computed using the body-force method. J2 predicted is the strain 

rate attributed to elastic coupling along faults. Residual J2 is strain rate attributed to off-fault deformation 

processes.  

 

 

 The total moment deficit rate estimated using kriging is about 3 x 1019 N m/yr. Figure 4 shows total 

moment estimated using the conditional realizations. These have a bias upward because any variation in 

the maximum shear strain rate results in a positive contribution to the total moment deficit, introducing 

spatial variability away from data results in an overall greater moment accumulation rate. Further work is 

required to improve the spatial model and reduce the bias. However, the result does indicate the level of 

uncertainty in the total moment rate to be relatively small.  
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Figure 3. Mean and standard deviation of the maximum shear strain rate in southern California from 200 

stochastic realizations of the strain rate field conditioned on the data. Each realization fits the data (mean 

reduced chi-square value of about 2.1) while representing the spatial variability in the velocity field away 

from data locations. Strain rate and uncertainty is shown as microstrain / year.  

 

3. Conclusions and Future Work  

We have demonstrated in this preliminary work the potential for geostatistical estimation for estimating 

uncertainties in strain rate. We will continue to build on this work to improve the current preliminary 

results and develop the methodology further. Quantification of uncertainties from strain rate will allow 

for quantitative comparison of strain rate methods and better comparisons with other measurements of 

strain rate, such as seismic moment tensors.  
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