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We have been working on several methods for detection, and analysis of aseismic slip. The
first approach, referred to as the Network Inversion Filter (NIF), estimates spatio-temporal
variations in slip-rate from geodetic data. The assumptions are: 1) interseismic deformation

is nearly steady-state, and 2) that departures from steady slip produce deformation that is

spatially coherent. The NIF has been used to analyze transient deformation in a number of
tectonic and volcanic areas. With Jess Murray-Moraleda and Zhen Liu we have employed the
SCEC Community Fault Model (CFM) in a NIF to search for deformation transients in SCIGN
data. The advantages of the NIF are: 1) Spatial coherence is enforced by a physical process,
i.e., fault slip; 2) the method images fault slip in space-time; 3) it has already been used to
image slip transients using diverse data sets. Disadvantages are: 1) inaccurate fault geometry
and/or elastic Green’s functions will bias the estimated slip-rate; 2) non-tectonic motions, such
as hydrologic signals, can be mapped into fault slip.

To address limitations in the NIF we developed an alternate set of algorithms referred to as
Network Strain Filters (with Jeff McGuire WHOI, and Ryu Ohtani, GSJ, Japan). The approach
is to search for spatially coherent transients in the surface strain-rate field. The advantage of
this approach is that it is not dependent on a particular fault model. The disadvantage is
that, because it is not tied to a physical model, there is no obvious way to separate tectonic
from non-tectonic motions. The two approaches, NIF and NSF, are complementary, in that the
strain filter may first detect transients, which could be further analyzed with a NIF. In both
cases spatial coherence is enforced on the transient signal at the outset. This contrasts with a
number of other approaches that analyze the time series at individual stations separately, and
then later look to see if the deviations from steady-state are spatially coherent.

In the past year we focused on: 1) participating in the blind test exercise undertaken by
SCEC with collaborators Jessica Murray-Moraleda (UGSS) and Zhen Liu; 2) Further refinement
of the NSF with Jeff McGuire; and 3) Development of a particle filter based extension of the NIF,
referred to as a Monte Carlo Mixture Filter (MCMF), that rigorously addresses the statistical
significance of potential transients (with Junichi Fukuda, now at ERI).

The NIF [Segall and Matthews, 1997] assumes that transient tectonic displacements are
spatially coherent. This helps to separate tectonic motions from spatially incoherent errors.
For the NIF the basic equation is
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X(t)−X(t0) = v · (t− t0) +
∑

eq

∆XeqH(t− teq) + u
tect(x, t) + u

non−tect(x, t) +

∑

inst

∆XinstH(t− tinst) + Ff +A(t) cos(ωt+ φ) + L(x, t) + ǫ (1)

where X(t) is the GPS position time series, v is the secular station velocity, ∆Xeq coseis-
mic offsets, utect(x, t) and u

non−tect(x, t) are transient tectonic and non-tectonic displacements,
respectively, F a Helmert Transformation matrix, f a vector of translation, rotation, scale,
and A(t) the amplitude of seasonal signals, L(x, t) local benchmark motions, and ǫ other er-
rors [Segall and Matthews 1997; Mcguire and Segall, 2003]. Multipath, benchmark instability,
antenna phase and troposphere mis-modeling can appear in multiple terms. Post-seismic tran-
sients could be modeled parametrically, but are usually included in u

tect(x, t).
Tectonic motions u

tect(x, t) are modeled as due to slip on faults. The fault slip sp(ξ, t)

is expanded in spatial basis functions Bk(ξ), as sp(ξ, t) =
∑M

k=1 c
(p)
k (t)Bk(ξ), where c

(p)
k (t) are

temporally varying coefficients. If the data do not require transient motion, slip is assumed
a priori to be steady-state. Rather than set the slip accelerations to zero, we assume they
follow a white noise process with mean zero and variance α2. Thus, the coefficients ck follow an
integrated random walk process W (t), [Segall and Matthews, 1997]. Local benchmark motion
is modeled as random walk, and reference frame errors as white noise. The coefficients ck, as
well as the other time varying parameters are estimated with a Kalman Filter. In the Extended
NIF (ENIF), we have implemented non-negativitiy constraints on slip-rates, and the system
hyperparameters, including α2 and a spatial smoothing parameter, are estimated in the filter.
Various versions of NIF have been employed by: Aoki et al (1999), Segall et al (2000), Burgmann
et al (2002, 2001), McGuire and Segall (2003), Miyazaki et al, (2003, 2004, 2006), Ozawa et al,
(2007a, 2007b, 2005, 2004a, 2004b, 2003, 2002, 2001), Murray and Segall (2005), Demarais and
Segall (2007), Hsu et al (2007, 2006), Miyazaki and Larson (2008)]. For this project we (Liu
and Segall) have developed a representation of the SCEC Community Fault Model based on a
triangular dislocation elements (e.g., Figure 1).

Figure 1 shows the result of applying the NIF to one of the SCEC phase II blind test data
sets (with Murray-Moreleda and Liu). In this case the NIF was not only able to detect the
transient, but also to determine which fault caused the transient.

With the Network Strain Filter we forgo associating transient deformation with specific
sources and simply seek a spatially coherent strain-rate field consistent with the GPS data.
Expanding u

tect
r (x, t) in spatial wavelet basis functions Bn(x)

utecti (x, t) =
K∑

k

B
(i)
k (x)c

(i)
k (t) (2)

where the index (i) refers to the component of displacement.Assuming a differentiable basis one
can compute the strain and rotation from the gradient of the displacement,

∂utecti (x, t)

∂xj
=

K∑

k

∂B
(i)
k (x)

∂xj
c
(i)
k (t). (3)

We assume a separable basis, B(x, y) = {Ψ(x)⊗Ψ(y)} where x and y are latitude and longitude

and Ψ(x) represents a one-dimensional wavelet.The Strain Filter estimates the coefficients c
(i)
k (t)

using a Kalman filter, including random walk, reference frame corrections, etc as in equation
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Figure 1: Results of the ENIF for Phase II Group A dataset 010157. a) Map shows the cumulative
estimated slip on the Compton fault at the final epoch. Pink dots are the locations of the stations
for which time series are shown. b) Observed (color) and predicted (black line) time series from the
estimated fault slip. Note that the filter recovered two pulses of transient slip. This analysis was done
by Jessica Murray-Moreleda.

(1). We have conducted a number of blind tests comparing results using different wavelet bases.
In addition to the transient signal component, the synthetic data included secular motion, as
well as colored and white noise (Figure 2). Results are generally positive, although the recovered
transient tends to be smeared out in time, a feature of both the NIF and NSF with constant
α2 (see below). In the past year we made two substantial advances that have greatly improved
the recovery of subtle transients in simulations. First, we developed an appropriate spatial
regularization that specifies how the different wavelet scales are weighted. We seek strain-rate
distributions that are to some degree spatially smooth. This leads to a Gram matrix (inner
product of the basis functions) with entries that scale with the spatial order of the wavelet.
In the Kalman filter this scaling is used to weight the a priori covariance matrix as in Segall
and Matthews [1997]. The transient terms at all spatial scales are set a priori to zero, however
the uncertainty in the prior is much less for the smaller spatial scales. Secondly, by estimating
the secular deformation with station velocities rather than expanded in basis functions, we
minimize the leakage of secular deformation into the inferred transients. The simulation in
Figure 2 shows that weak transients can be detected in the presence of colored noise.

The real difficulty with anomaly detection is not finding anomalies, but in assigning a
significance level to potential anomalies. One way to approach this problem is to asses if
and when the system as a whole has moved away from steady-state behavior, as specified by
the transient acceleration parameter, α2. For α2 below some threshold, α2

min, the system is
effectively steady. One can then compute the probability that the system is no longer steady
state, p(α2 | d > α2

min), where d is the data vector. Assuming a uniform prior distribution
on α, Bayes theorem leads to p(α2|d) ∝ p(d|α2). Segall and Matthews [1997] showed that the
prediction error decomposition can be employed to efficiently compute the likelihood of α2 within
the Kalman Filter. A limitation of the NIF had been that the temporal smoothing parameter
α was assumed to be constant in time. Fukuda and others [2004; 2008] have implemented a
Monte Carlo Mixture Filter (MCMF), that allows for changes in α2 if required to fit the data.
A key aspect of their approach is that they propagate in time a discrete probability density
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Figure 2: Results of strain filter test (internal blind test prior to SCEC exercise). top left) true transient
displacement at final epoch; top right) estimated transient displacement at final epoch; bottom left) True
secular velocity field; bottom right) estimated secular velocity field.

function of α2. When the data reflect steady-state deformation, α2 tends toward a low value.
However, if the data include signals from transient slip, larger values of α2 are favored. This
approach lends itself directly to an on-line anomaly detector, as follows: Start with α2 having a
broad prior distribution (a “non-informative prior”). If the data detect transient deformation,
larger values of α become favored. Integrating the (discrete) distribution for values exceeding a
minimum value associated with effectively steady deformation, ie

∫
∞

αmin
p(α2 | d)dα provides a

measure of the probability that a transient signal had been detected. The value of αmin can be
determined in two ways. First, α has the interpretation of an acceleration, so that it is possible
to specify a threshold a priori; for example, as a change in slip rate of ∆ṡ occurring over a time
interval ∆t. Secondly, αmin can be determined empirically by analyzing existing data that are
judged to be free of transients.

In the past year we have explored this approach with Junichi Fukuda on both simulated and
actual data from a slow slip event in the Boso Penninsula region of Japan. The results of these
tests have been very positive, although it does take some time to become familiar with the time
dependent probability density functions. An example of the method applied to the Boso slow
slip event is shown in Figure 3. Movies of the evolving pdf, p(α2 | d>α

2
min) show clearly how

much data are required for the filter to detect the presence of a transient. As expected, subtle
transients require more data and are detected at a lower confidence level.
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Figure 3: Mesh plot showing the probability density p(α2 | dk > α2

min), the probability that the
acceleration parameter exceeds some threshold, here log(α2

min) = 1, given data up to epoch k. The
current time is shown on the right axis, k is shown on the left axis. Note that at day tj the data can only
be conditional on data up to that day, so that k ≤ j, which explains why there is data only for the “back
triangle”. The filter starts at day 240 and it appears that there is a possibility of a transient, however
as more data are collected it becomes clear there is no transient there. The actual transient that starts
near day 278 shows up very clearly and becomes more pronounced as more data are collected. In this
case the occurrence of a transient is detected with high confidence.
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