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SUMMARY

We have developed a new geodetic inversion method for space—time distribution of fault slip
velocity with time-varying smoothing regularization in order to reconstruct accurate time
histories of aseismic fault slip transients. We introduce a temporal smoothing regularization
on slip and slip velocity through a Bayesian state space approach in which the strength of
regularization (temporal smoothness of slip velocity) is controlled by a hyperparameter. The
time-varying smoothing regularization is realized by treating the hyperparameter as a time-
dependent stochastic variable and adopting a hierarchical Bayesian state space model, in which
a prior distribution on the hyperparameter is introduced in addition to a conventional Bayesian
state space model. We have tested this inversion method on two synthetic data sets generated
by simulated aseismic slip transients. Results show that our method reproduces well both rapid
changes of slip velocity and steady-state velocity without significant oversmoothing and un-
dersmoothing, which has been hard to overcome by the conventional Bayesian approach with
time-independent smoothing regularization. Application of this method to transient deforma-
tion in 2002 caused by a silent earthquake off the Boso peninsula, Japan, also shows similar
advantages of this method over the conventional approach.

Key words: Time series analysis; Inverse theory; Probability distributions; Transient
deformation.

1 INTRODUCTION

In recent years, arrays of continuously operated Global Positioning System (GPS) receivers have recorded transient crustal deformations
resulting from aseismic fault slip events. For example, transient deformation caused by earthquake afterslip has widely been observed by
GPS arrays (e.g. Heki et al. 1997; Miyazaki et al. 2004). In addition, silent earthquakes (also called slow slip events), which are spontaneous
aseismic slip events, have been inferred from GPS data in central Japan (e.g. Ozawa et al. 2002), southwest Japan (e.g. Hirose ef al. 1999),
Cascadia (e.g. Dragert ef al. 2001) and southern Mexico (e.g. Kostoglodov ef al. 2003), and space—time fault slip inversions have been applied
to some of these events.

Imaging time evolution of aseismic slip events is important for inferring spatiotemporal relationships between aseismic slip and seismicity.
It has been demonstrated that slow slip events in some subduction zones are correlated with non-volcanic tremors (Rogers & Dragert 2003;
Obara et al. 2004). Slow slip events on the San Andreas fault and on Kilauea volcano are associated with increased levels of microseismicity
(Linde et al. 1996; Segall et al. 2006). Furthermore, it has been suggested that aseismic slip events may trigger relatively large earthquakes
(Murakami et al. 2006; Pritchard & Simons 2006). Stressing due to afterslip can also contribute to the temporal evolution of aftershocks
(e.g. Schaff et al. 1998; Perfettini & Avouac 2004; Perfettini et al. 2005). In order to investigate causal relationships between aseismic slip
and seismicity, we require detailed images of the time evolution of aseismic slip. Finally, the time evolution of aseismic slip velocity can be
used to infer fault frictional properties (Miyazaki et al. 2004, 2006a; Hsu et al. 2006).

Segall & Matthews (1997) presented a space—time fault slip inversion method, the Network Inversion Filter (NIF), based on the state space
(Kalman filtering) method (e.g. Kalman 1960; Kitagawa & Gersch 1996), one of the Bayesian sequential estimation methods (e.g. Kitagawa
1984, 1987; Kitagawa & Gersch 1996). In their method, a temporal smoothness prior is employed to regularize the inversion. Specifically,
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Figure 1. GPS time-series (pluses) at Erimo-1 (0019) (Miyazaki ef al. 2006b). Solid lines show predicted displacements from the afterslip distribution obtained
by the NIF (Miyazaki et al. 2006b). (a) East component, (b) North component.

slip acceleration is assumed to be a Gaussian white noise process whose variance governs the temporal smoothness of slip. Thus the variance
is often called temporal smoothing parameter. It is also called a hyperparameter in the Bayesian modelling framework. This hyperparameter
is estimated by maximizing the likelihood (e.g. Kitagawa & Gersch 1996; Segall & Matthews 1997). The NIF and its modified version,
the Extended Network Inversion Filter (ENIF) (McGuire & Segall 2003), have been applied to earthquake afterslip (e.g. Segall ez al. 2000;
Biirgmann et al. 2001; Miyazaki e al. 2004; Hsu et al. 2006) and to slow slip events (e.g. Ozawa et al. 2001, 2002; McGuire & Segall 2003;
Miyazaki et al. 2003; Murray & Segall 2005).

In the NIF and the ENIF frameworks, the hyperparameter (temporal smoothing parameter) is assumed to be constant over time. Under
this assumption, rapid changes of slip velocity may be oversmoothed because the hyperparameter is too small (i.e. temporal smoothing
regularization is too strong) to trace such rapid changes. On the other hand, the estimated slip velocity during periods of steady slip may be
too oscillatory because the hyperparameter is too large (i.e. temporal smoothing regularization is too weak). Therefore, it may be difficult to
image, for example, the nucleation of slow slip events or rapid decay of slip velocity in the very early stage of post-seismic slip. For example,
Hsu et al. (2006) applied the ENIF to GPS time-series after the 2005 Nias-Simeulue earthquake to estimate time evolution of afterslip. They
showed that fit of the estimated afterslip to the GPS time-series is poor for a short period immediately after the main shock (see fig. S4 of Hsu
et al. 2006). Miyazaki et al. (2006b) employed the NIF to image afterslip for 7 months following the 2003 Tokachi-oki earthquake in Japan.
Fig. 1 shows comparison of observed GPS time-series and predicted displacements from their NIF inversion for 50 d following the earthquake
at a GPS station close to their estimated afterslip area. From Fig. 1, it is clear that their afterslip model cannot fit the rapid displacements
immediately after the earthquake. We infer that these poor fits are due to oversmoothing of rapid afterslip decay.

In order to overcome this difficulty, Fukuda et al. (2004) developed an inversion method for temporal variation of fault slip with time-
varying smoothing regularization by introducing a temporal change of the hyperparameter. They applied this method to synthetic data sets
generated by transient aseismic slips and compared the inverted slip histories with those obtained by the conventional inversion method. They
showed that the slip histories estimated by their inversion method did not suffer from significant oversmoothing and undersmoothing of slip
in the temporal domain, whereas those obtained by the conventional inversion method with a constant hyperparameter were oversmoothed
and undersmoothed. Although their method has such an advantage, fault slip was assumed to be spatially uniform. It is necessary to relax this
assumption in order to obtain detailed images of spatiotemporal evolution of aseismic slip events.

© 2008 The Authors, GJI, 173, 25-48
Journal compilation © 2008 RAS



Geodetic inversion for space—time fault slip 27

In this study, we extend the work of Fukuda ez al. (2004) to include spatial variability of fault slip and slip velocity. Following Fukuda ez al.
(2004), we introduce a time-varying hyperparameter for temporal smoothness of slip velocity to avoid the oversmoothing/undersmoothing
problem. We combine the hierarchical Bayesian approach (e.g. MacKay 1992) with state space Kalman filtering (e.g. Kitagawa & Gersch
1996; Segall & Matthews 1997) to estimate the temporal variation of the hyperparameter. We call this approach hierarchical Bayesian state
space approach. This approach treats the hyperparameter as a stochastic variable and estimates the posterior distribution of the hyperparameter
in the Bayesian framework. In the following section, we present the new geodetic inversion method for space—time distribution of fault slip.
In Section 3, the method is applied to simulated data sets and results are compared with the conventional method that assumes a constant
hyperparameter. Finally, in Section 4, we apply the inversion method to a slow slip event off the Boso peninsula, central Japan, and demonstrate
the advantages over the conventional method.

2 INVERSION METHOD

2.1 Statistical model

We use a hierarchical Bayesian state space model to estimate space—time distribution of fault slip and slip velocity with a time-varying
hyperparameter. This method consists of two models: a state space model and a stochastic model of the hyperparameter evolution. The state
space model is further comprised of an observation model and a system model. The observation model relates fault slip at depth to observed
surface displacements and the system model describes the temporal smoothness prior on the fault slip. The observation model and the system
model are formulated in Sections 2.1.1 and 2.1.2, respectively. The stochastic model of the hyperparameter evolution specifies the prior
distribution of the hyperparameter and is presented in Section 2.1.3. Then we briefly describe the sequential estimation method for evolution
of the hyperparameter, slip and slip velocity in Section 2.2.

2.1.1 Observation model

We consider displacement discontinuity, or slip s (&, 7), at a point £ and at a time ¢, on a fault surface 4(£) embedded in a homogeneous,
isotropic, elastic half-space. Let u(r, 7) be the cumulative surface displacement as a function of station position r and time of measurement ¢.
We model the surface displacementatr =r; and t = ¢, uw(r;, t,), by

2
wiry, b)) =y /A Gi(r ;. E)5i(&, t)AAE) + Li(xy, 1) + filt) + e, (1
k=1

where the left-hand side is the ith component of u(r, ¢,,). The first term on the right-hand side of (1) represents the surface displacement due
to cumulative slip s(&, ) on the fault surface A(§), where G (1, §) is the elastostatic Green’s function for dislocation (e.g. Okada 1985). The
summation over the index k shows contributions from strike and dip slip components. The second term £, (r;, ¢,) represents coloured noise due
to non-tectonic random benchmark motions (e.g. Langbein & Johnson 1997). Segall & Matthews (1997) modelled coloured noise as random
benchmark motions which were assumed to follow Brownian random walk processes and estimated random benchmark motions together with
slip distribution in the NIF. They showed that this approach can distinguish fault slip-induced displacements from coloured noise. Further,
Fukuda ef al. (2004) demonstrated that this approach also works well for the fault slip inversion with time-varying smoothing regularization.
Therefore, we incorporate random benchmark motions into our model. The third term on the right-hand side of (1), f;(¢,), represents errors
that are common to all stations, the common-mode-errors, which are well known to be contained in GPS time-series (e.g. Wdowinski et al.
1997; Miyazaki et al. 2003). The final term of (1), e;;,, represents the observation error that is assumed to follow a Gaussian distribution with
zero mean and covariance 0%, where ¥, is a data covariance matrix and o2 is an unknown scale factor. In the case of GPS data, X, is a
covariance matrix of GPS site coordinates derived from GPS data processing. Because the GPS processing software does not fully model all
error sources such as multipath or azimuthally varying path delays, the scale factor o2 is introduced to account for these error sources.

We divide the fault surface 4(&§) into M , small subfaults and assume that slip is spatially uniform in each subfault. Because estimating
the spatial distribution of slip is an ill-posed inverse problem, solutions may be extremely oscillatory due to measurement errors without any
constraints on the spatial slip distribution. In order to obtain a slip distribution that is spatially smooth to some degree, spatial smoothing
constraints are necessary. Here we adopt the method developed by Segall ef al. (2000) in which spatial smoothing is implemented by
representing the slip distribution with spatial basis functions. Following Segall ez al. (2000), the slip distribution at time ¢,, a,, is expanded
in some spatial basis set B,

a, = Be,, (2)

where B is a 2M ; x M matrix, ¢, is a M dimensional vector of time-varying coefficients, and M is the number of basis functions. The
spatial basis functions B are given in (A15). These spatial basis functions are based on the singular value decomposition (SVD) solution to
the fault slip inversion with spatial smoothing constraints (Harris & Segall 1987) and enforces spatial smoothing on the slip distribution. The
degree of smoothness is controlled by the number of basis functions, M (see A16 and Segall et al. 2000). Derivation of the basis functions is
summarized in Appendix A.
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Using the basis function representation of the slip distribution, the observation model (1) can be written in state space form as follows:
Yo =H, X, +wW,, W, ~ N(O,R,). (©)

Here x,, is an unknown state vector that contains ¢,, ¢,, £;(r;, t,) and f;(¢,), y, is a data vector, H, is a known matrix, and R, is defined by
R, = o%X,,. The subscript 1 corresponds to time ¢,. An explicit expression of the observation model (3) is given in Appendix A.

2.1.2 System model

Next, we introduce a system model that describes the temporal smoothness prior of the fault slip. We assume slip velocity follows a Brownian
random walk process (i.e. slip velocity is locally nearly constant in time) following Segall & Matthews (1997). For the kth spatial basis
functions (the kth column of B), temporal evolution of slip is determined by the kth component of the time-varying coefficient ¢,,, cx(¢,), and
its first derivative with respect to time, ¢(#,). Temporal variation of ¢,(z,) is expressed as follows:

aw) ] _[1 an] a0 w ooy ([0] 2403 262 “
a0 1 e " ol a2 A |)

Here At, is defined as ¢, — ¢,_1, V;k) is a 2-D vector of system noise that represents deviation from the constant slip velocity, and O(i is a
time-varying hyperparameter that controls the magnitude of v{%).

The random benchmark motions are assumed to follow Brownian random walk processes with scale parameter T (unit length/time!/?)
(e.g. Langbein & Johnson 1997) following Segall & Matthews (1997):

Li(rj, t,) = Li(x;, ti_1) + €juy €jn ~ N(O, T2 At,), Q)
We assume that 7 has the same value for all components of all sites.

The common mode errors [third term in the right-hand side of (1)] are assumed to follow a Gaussian white noise process with system
noise variance 77:

Jilt) = Nins 1in ~ N(O, T7). (6)

The variance ‘L’i» is treated as a known constant in this study.
Combining (4), (5) and (6) yields the state space form of the system model:

X, = annfl + v, Vp ™~ N(O’ Qn)’ (7)
where
Vu = [VEI)T, VE,Z)T, ceey Vf,M)Ts €11ns €21ns €31ns + + + s €1Ngns €2Ngns €3Ngns Nins> N2ns 713n]T (8)
F/ ... O (0} (0]
F,.=lo .. ¥ o o ©)
O ... O DLy, (0]
(0] . (0} (0] O3><3
_ale,fV (0] (0] (0]
Q= o .. 2Q" o o |- (10)
(0] . (0] ‘EZAI,,I3NXX3NS (0]
L (0] e (0] (0] ‘E}I3x3
Here F” and Q! are given by
(1 Az,
FV = 11
" 0 1 } an
and
a3 agp )
n 2 ’
AtZ/2 At

I3y, x3n, and I3 are 3N x 3N, and 3 x 3 identity matrices, respectively, and N is the number of observation sites.

2.1.3 Stochastic model of hyperparameter evolution

To allow temporal variations of the hyperparameter «,,, we treat the hyperparameter as a time-varying stochastic variable following Fukuda
et al. (2004). Specifically, we introduce a time-varying stochastic variable A, whose realization corresponds to &> = a2 /0. A, is assumed
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to be a discrete stochastic variable which takes a value among {&(21), &(22), AU &(Zm)} at time ¢, where m denotes the number of candidate
values.

In order to estimate the temporal evolution of \4,,, we introduce a stochastic model which describes a prior information for the temporal
evolution of the hyperparameter. In this study, .4, is assumed to follow a Markov process, that is,

p(AnIAlzn—]) :p(-AnLAn—]), (13)

where A;; = (A, Aiq1, ..., A;} is aset of A, from time #; to time 7 ;. The stochastic model is realized by a Markov switching model with
transition probability given by

B I=k
(I=B)/m—=1)1#k,

where 0 < B < 1. This means that the probability of A, taking the same value as .4,_; is 8, and the probability of .4, taking a different value

Pr(A, =aj) A, = &) = (14)

from A, _; is (1 — B)/(m — 1). Hence the value of 8 controls the temporal smoothness of the hyperparameter evolution. We present a method
to determine the value of 8 in Section 2.1.5.

2.1.4 Hierarchical Bayesian state space model

Let 615 be a realization of A, at time ¢,,. Given a realization &5, the observation model (3), the system model (7), and the stochastic model of
hyperparameter evolution (14), form a hierarchical Bayesian state space model as follows:

X, = F,X,_1 +v,, Vp ™ N[O, Uan(An = &5)] (15)
y, = H,x, +w,, w, ~ N(O0, azﬁ,,) (16)
Pr(A, =& |Ai = ag) = P P=J (17)
v O a=p/m =1y i),
where
aQr ... (0} (0] (o)

QA =a)=| o .. aqQ 0 0 (18)

(0] cen (0] '[Z/O’ZAIV,Iy\/S><3Nv (0]

o .. o o 17/ L33
R, =3, (19)

with Q) defined in (12).

2.1.5 Model selection

We can determine the number of basis functions, M, and the value of 8 which controls the temporal smoothness of the hyperparameter
evolution using a Bayesian model comparison framework (e.g. MacKay 1992, 2003). In this framework, relative plausibilities of models with
different (M, B) values are evaluated by posterior probabilities of (M, ). If we have two different models with (M = M, 8 = B;) and (M =
M,, B = B»), the relative plausibility is given by the ratio of posterior probabilities of (M, 8,) and (M, B,). Using Bayes’ theorem, we
obtain

p(My, Bily) — p(yIMy, 1) p(M,, Br)
p(My, Boly)  p(YIMa, B2) p(Ma, B2)’
where y is data, p(M, Bly) is the posterior probability, p(y|M, B) is the marginal likelihood, and p(M, B) is prior probability of (M, B). The
second ratio, p(M, B1)/p(M,, B>), on the right-hand side measures how much we favour the model with (M, 8) over that with (M,, 8,)
before we collect the data. The first ratio, p(y|M 1, 1)/ p(YI|M 2, B2), expresses how well the model with (M, B,) predicts the data compared
to that with (M», B,). When the posterior ratio on the left-hand side is greater than 1, we prefer (M, 8,) over (M, B,). Similarly, if we have
many models with different (M, ) values, the optimal value of (M, B) is the one that maximizes the posterior probability p(M, B|y).

In this study, we assume a uniform prior probability, that is, p(M, B) is constant for all the possible values of (M, B). In this case, the
prior ratio, p(M,, B1)/p(M,, B2), in (20) is equal to unity and, as a result, the ratio of the posterior probabilities is proportional to the ratio
of the marginal likelihoods. Therefore, the optimal value of (M, B) is the one that maximizes the marginal likelihood, p(y|M, B). A method
for computing the marginal likelihood is given in appendix C of Fukuda et al. (2004).

(20)
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2.2 Bayesian recursive estimation

For estimation of the hyperparameter A, and the state vector x,, based on the hierarchical Bayesian state space model given in Section 2.1.4,
we use a Bayesian recursive filtering algorithm, Monte Carlo mixture Kalman filter (MCMKEF) introduced by Fukuda et al. (2004). Here we
briefly summarize the method. Readers are referred to section 3 of Fukuda et al. (2004) for more details. Let y;.; be a set of data vectors from
time ¢, to time ¢, that is, y;.; = {y, ¥i+1» . .., ¥, }- The purpose of the MCMKF algorithm is to estimate the joint posterior distribution of
the hyperparameter .A;.y, and the state vector x,, conditioned on data y;.x,, p(X,, A, IY1:n,), forn =1, ..., N, where N, is the number
of observation epochs. As shown in (15) and (16), the state vector x,, is linearly related to data while the hyperparameter A, is non-linearly
related. The linear and the non-linear parameters in the joint posterior distribution, p(x,, A;.y, |1y, ), can be separated using an identity for
joint probability,

P(Xm -Al:Nelyl:Ng) = P(Xn|YI:NN -AI:Ng)p(-Al:NJYI:NF)- (21)

The MCMKF estimates the linear part, p(X,|y1.x,, A1y, ), using the Kalman filtering algorithm and the non-linear part, p(A;.y, |1y, ), using
a Bayesian sequential Monte Carlo method which is conceptually similar to the particle filter (Kitagawa 1996).

In the MCMKE, we first estimate the posterior distribution of Aj.y,, p(Ay.x, |¥1.n, ). For this purpose, two conditional distributions of A, .,,,
(i) predictive distribution p(Ay.,|y:..—1) and (ii) filter distribution p(A,.,|y1..), are approximated by many ‘particles’ that can be considered
to be independent realizations from each conditional distribution in a similar way as the particle filter (Kitagawa 1996). Let Aff‘;c be the
jth realization of the distribution of A4, given data y., p(A,|yi.), and let .A(lj z)lk = {A(l",)(, gj‘ o Aﬁlj ,\) } denote the jth realization of the
conditional distribution p(Aj;.;|y1). Each of the predictive and filter distributions is approximated by N ,(N, > 1) realizations (particles) as
follows:

Y
{A(ll:;\n—l ’ A(lzz;)z\n—l 1t A(lznﬁr)l—l } ~ p(AI:n |yl:n—1) (22)
(Np)
{A(ll::mn’ A(lzzll\n’ e Al:nﬁn} ~ p(-Alzn Iyl:n)~ (23)
(22) and (23) mean that the predictive and the filter distributions are approximated by the following probability density functions:
1 &
DAY = 3 Y 8(An — Ay, 1) (24)
f
1 &
p(Al:nlyl:n) - Za Aln _Aln\n) (25)
Ny =
where §(x) is a discrete version of the delta function defined by §(x) = 1 if x = 0 and 8(x) = 0 otherwise. Fukuda ef al. (2004) showed that
starting from {Af)l‘()), .. é’l\g’)} which are realizations of an initial distribution for A,, p(Ay), a set of particles approximating the predictive

distribution and the ﬁlter distribution are obtained recursively by implementing the following prediction and filtering algorithms for n = 1,
.., N,

ESUTSRIN (Np) a (Np)
Prediction : {.Al il A]:n"_”n_]} — {Alj,),‘,,_l, ey .Aljn”m_l} (26)
Filtering :  { AL}, ..., A0} — {4l A0 L 27
The prediction step propagates the filter distribution at the previous epoch, {A(llz,:_”n_l, e A(IZ”_)”,, b~ p(Aiu—1lyin—1), through the
stochastic model of the erparameter evolution to form the predictive distribution, RATRETTIN ~ LnlY1n—1 en the
hastic model of the hyperp lution (17) to form the predictive distribution, {AL), |, .... A\ 1} ~ p(A1ly1s-1). Then th
filtering step incorporates the new data y, and updates the predictive distribution through Bayes’ theorem to form the new filter distribution,
{A(ll:;‘n, .. (11\;”‘31} ~ p(Ar..ly1..). More specifically, particles approximating the predictive and the filter distributions can be obtained by
repeating (1) and (ii) forn =1, ..., N,:
(i) Repeat (a), (b) and (c) for j =1,..., N,.
(a) Generate a realization Aff‘:, | from p(A,|A,- = (’)”n ,) which is given by (17).
(b) Obtain a particle A(I{,)jln , by Amn = [-Am a1+ An‘n 1] .
(¢) Compute the importance weight for jth particle, w") = p(y,| A, = AV ,)”,, L Yin—1)-
(ii) Obtain particles {A(ll:f,‘n, . (ll\f,’"n} by the sampling with replacement of {A(ll,i‘nfl, coe A(ll:\,:”‘,)lfl} with sampling probabilities w!/)/

DT

Intuitively, the prediction step [step (i)(a)— (b)] imposes temporal smoothing of the hyperparameter using (17), and then, in the fil-

tering step [step (i1)], particles {.A(ll,)ll,, Iy e .Al am—1) With high/low importance weights are multiplied/discarded to generate particles

{A(llzz‘n, .. (1}\;”‘3} The details of these steps are described in Fukuda et al. (2004). Using the prediction and the filtering algorithms recur-

sively, we ﬁnally obtain N, particles {A]: NolNes + =+ "41: N":‘ v, ) that approximate p(A.y, |¥1.x,), the posterior distribution of \A,.y, conditioned
on all of the available data.
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Next, the MCMKEF estimates the linear part in (21), p(X,|y1.n,. Arx,). The posterior distribution of x,, conditioned on each particle,
pPXulyin,, Ay, = A(I{;\,e‘ w,)» 1s @ Gaussian distribution because X, is linearly related to data and the observation and the system noises are
assumed to be Gaussian [see (15) and (16)]. Therefore, the Kalman filtering algorithm can be used to estimate p(x,|yi.x,, A1y, = A(l{z)\/g| N)-
Specifically, mean vector and covariance matrix of p(X, |y, Ay, = A(I{Z)Ve\ ~,) can be obtained by implementing the Kalman filter for (15)
and (16) with a time history of the hyperparameter fixed to the each particle, .A(lj;,)\,e‘ x,- From (21), the joint posterior distribution of x,, and
Ain,, p(X,, Ar:n, Y12, ), 1s given by

Pr (an Ay, = A(lfgve\N(, |Y1:Ne) = P(Xn |Y1:NP, Ay, = Al Newé) Pr (Al:Ne = A(l{])\/e\N{, |Y1:Ne)~ (28)

Estimate of the state vector x,, is obtained from the posterior distribution of X,,, p(X,|y1.x,). This distribution is derived by marginalizing the
joint posterior distribution p(x,, A;.y, |y1:n,) over A,.y, as follows:

Np
p(X,lyin,) = ZP(X;«, Ay, = A(l"{])v(,|Ne|y1:Ne)

J=1

Y p(xalyine A, = AL ) Pr(Aiy, = AV ¥,

=

1 .
=— Zp Xal¥ives Ay, = ATy, (29)

Ny 3
(Fukuda et al. 2004). Eq. (29) means that p(x,|y;.y,) is given by the sum of the Gaussian distributions each of which is obtained by the
Kalman filter in which the hyperparameter history A,.y, is fixed to each particle A(ljgz)v()\ w,- 1t should be noted that we do not choose one
particular particle as an optimal hyperparameter history. Instead, the information from the full posterior distribution of the hyperparameter,
P(Ain,ly1:n,), is incorporated into the posterior distribution of x,,, p(X,|y1:n,)-

A summary of the MCMKF algorithm is as follows:

(i) Generate {Af)lu)), 5,2‘()), . f)|op '} from an initial distribution Pp(Ao).

(ii) Obtain {A] New Y (,N,CE‘NE} ~ p(Ai.n,lyi1:n,) by repeating (a) and (b) forn =1,..., N,
(a) Prediction: {Alznfu,,fl, . A(IAZ,” 1) — {A(lljz,‘nfl, . (ll\:f‘,), .

(b) Filtering: {A),, ... ﬁ”f& d— AD,. . Aiﬁﬁi}.

(iii) Repeat(c)forj=1,..., N,

(c) Compute p(X,|yin,, Ay, = A(I{;VQ\NE) forn=1,..., N, using the Kalman filter.
(vi) Compute p(x,|y.y,) forn =1,..., N, using (29).

2.3 Kalman filter-based inversion method

In order to demonstrate the effectiveness of the new inversion method, it is necessary to compare results obtained by the new method with
those obtained by the conventional inversion method. For this purpose, we introduce a Kalman filter-based inversion method which is similar
to the conventional NIF method (Segall & Matthews 1997). In this section, we briefly describe the Kalman filter-based inversion method used
in this study.

We employ a state space model (e.g. Kitagawa & Gersch 1996; Segall & Matthews 1997) to formulate a statistical model. The state space
model used in this study is the same as (15) and (16) except that the hyperparameter a?/c? is treated as a temporally invariable constant, not
a time-varying stochastic variable.

In the framework of the state space modelling, mean vectors and covariance matrices of the posterior distributions of the state
P(X,ly1.n,, @2, o) given the hyperparameters o> = o2 and 02,

Xav, = EXu Yoy, 0%, 07) (30

Vv, = Cov(x,|yi:n, 0l27 Uz)a (31

are obtained using the Kalman filter algorithm (e.g. Kitagawa & Gersch 1996; Segall & Matthews 1997). The hyperparameters « and o2 are
estimated by maximizing the likelihood, p(yi.y,|a?, 0%). A recursive method for computing the likelihood is given by Kitagawa & Gersch
(1996) and Segall & Matthews (1997).

3 NUMERICAL EXAMPLES

In this section, we examine the validity and advantages of the new inversion method through two numerical examples in which the method
is applied to simulated data. The procedure for inverting simulated data is as follows. First, the fault geometry and the ‘true’ space—time slip
distribution on the fault surface are specified. Second, surface displacement time-series at observation sites are computed based on the true
slip distribution. Third, simulated data are generated by adding Gaussian white noise, random benchmark motions, and common mode errors

© 2008 The Authors, GJI, 173, 25-48
Journal compilation © 2008 RAS




32  J Fukuda et al.

Iy
Iy
£
Skm| =
@k@
€Ty = t 120°
20°
-
152km £

Figure 2. Fault geometry used in the numerical simulation. The bold arrow on the fault plane represents true slip direction (the true direction of the movement
of the hanging wall relative to the foot wall).

to the surface displacement time-series. Finally, the simulated data are inverted to reconstruct the space—time distribution of slip and slip
velocity. The validity of our inversion method is examined by comparing the estimated slip velocity with the true value and with that obtained
by the conventional Kalman filter-based inversion method.

3.1 Simulated data

We consider a dipping thrust fault in a homogeneous, isotropic, elastic half-space as shown in Fig. 2. The fault surface is discretized into
4 km x 4 km rectangular subfaults and slip on each subfault is assumed to be spatially uniform. Let (§4, £,) be a coordinate of the centre of
a subfault in £,— &, coordinate system defined in Fig. 2. Let s(¢ 4, &,, t,,) be the true slip magnitude on a subfault whose centre is located at
(&1, &2). s(&1, &2, 1,) as a function of (§1, &,) and the time of measurement ¢, is assumed as follows:

1 (6 -9\ [&-e2\
s, &1 = Apexp = ) (2 , (32)

(s
0 p)

where A4, is a constant, ¢(¢,) is a function which describes time dependence of the slip magnitude, and S(S), (25), (r(f) and o5’ determine spatial

distribution of slip magnitude. These constants are given by 4, = 0.1 m, £\ = 74 km, &5 = 54 km, ¢\ = 30 km and ¢’ = 20 km. The
time dependence ¢(t,) is assumed as

(s)
2

0 n=1,...,45

@(ty) = { 15(tn —45) n =46,...,55 (33)
1 n=>56,...,97,

wheren=1,2,...,N,, N, =97andt, = 1,1, =2,...,t97 =97 d. The true slip direction is assumed to be uniform in space and time with

the rake angle of 120° as shown in Fig. 2.

The distribution of 81 observation sites on the ground surface is shown in Fig. 3. We sample the horizontal and vertical displacements
with observation noise, random benchmark motions, and common mode errors at the 81 stations with sampling interval of 1 d for 97 d. Surface
displacement time-series at the observation sites are computed as the sum of contributions from slip on each subfault using the analytical
expressions that relate surface displacements to a rectangular dislocation in a homogeneous elastic half-space (Okada 1985). Finally, the
observation noise (e, in eq. 1), the random benchmark motions [L;(r;, #,) in eq. 1], and the common mode errors [ f;(z,) in eq. 1] are
added to the time-series to make a set of simulated data. The observation noise and the common mode errors are generated from Gaussian
distribution with zero mean and standard deviation of 2 mm. The random benchmark motions are computed from Brownian random walk
processes with scale parameter 1 mm yr~'/2,

3.2 Inversion

We first discretize the slip distribution on the fault surface with 4 km x 4 km subfaults. Second, the spatial basis functions for slip distribution
is generated following (A15). Third, the observation model (16) and the system model (15) is constructed. The random walk scale parameter,
7, divided by o and the system noise standard deviation of the common mode errors, 7 /, divided by o are fixed to /0 = 1 mmyr~!/?
and T /0 = 2 x 1072 m, respectively. Finally, in the model of hyperparameter evolution, (17), we employ m = 18 candidate values
for A,, {&(2]), &(22), e &(2]8)} = {10’4, 1073, ..., 10]3}. For this inversion, N, = 2000 particles are used. The initial distribution of the
hyperparameter A,, p(Ay), is assumed to follow a uniform distribution: Pr(A4, = &(2[.)) =1/m@i=1,2,...,m).

The number of spatial basis functions, M, and the parameter 8 in the hyperparameter evolution model are unknown in this inversion.
These parameters can be determined by maximizing the marginal likelihood, p(yi.x,|M, B), as shown in Section 2.1.5. It is expected that
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Figure 3. Map of the station distribution and fault plane for the numerical simulation. The solid squares are the observation sites and the rectangle is the surface
projection of the fault plane whose geometry is shown in Fig. 2.
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Figure 4. (a) Log marginal likelihood as a function of the number of spatial basis functions, M, for 8 = 0.95. (b) Log marginal likelihood as a function of .
The number of spatial basis functions is fixed to M = 18.

the correlation between M and S is small because M determines spatial smoothness of slip distribution, whereas § controls the temporal
smoothness of the hyperparameter evolution. Therefore, we first determine M with a fixed value of g and then estimate 8 with M fixed to the
selected value. More specifically, we first fix 8 = 0.95 and apply the inversion method for M =1, 2, ..., 30. Fig. 4(a) shows the log marginal
likelihood, log[ p(y1.n, | M, B)], as a function of M for B = 0.95, showing that the marginal likelihood is maximized at M/ = 18. Based on this
result, we employ M = 18 basis functions below. Next, we compute the log marginal likelihood for 8 = 0.1, 0.2, ..., 0.9 with the number
of basis functions fixed to M = 18. Fig. 4(b) shows the log marginal likelihood as a function of 8. The 8 value that maximizes the marginal
likelihood is 8 = 0.8. Below, we show the inversion result for A = 18 and g = 0.8.

3.3 Results and discussion

Fig. 5(a) shows the estimated temporal variation of the posterior probability distribution of the hyperparameter A, , Pr(A, = &2|yi.y,), where
&5 is a realization of .4, and takes a value among {5[(21), 5:(22), S, &(Zm)}. Because we employ the stochastic model of slip evolution shown in
(4), the magnitude of @ characterizes the magnitude of slip velocity change. As shown in Fig. 5, the estimated posterior probability of the
hyperparameter A, is distributed around smaller values before the transient slip event starts, then concentrates on larger values around 103
when slip velocity suddenly changes, and finally returns to smaller values after the event ends. This temporal variation of .4, is consistent
with the true slip history shown in (33) and Fig. 5(b).

The true and estimated slip velocity distributions for Day 43, 46, 50, 54 and 57 are shown in Figs 6(a) and (b), respectively. For
comparison, the slip velocity distributions estimated by the conventional Kalman filter-based method (see Section 2.3 for details) are also
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Figure 5. (a) Estimated temporal variation of posterior probability distribution of the hyperparameter A,,, Pr (A,, = a2y Ne)- The dashed line shows the
value of /0% that is used in the Kalman filter-based method. (b) The first derivative of ¢(¢) that govern the time dependence of true slip velocity [See (33)
for the definition of ¢(¢)].

presented in Fig. 6(c). In the Kalman filter analysis, the hyperparameter ? /o2 is estimated by maximizing the likelihood and the estimated
value is a® /o> = 102. The slip velocity distributions estimated by the conventional method have some considerable differences from true slip
velocity distributions and those obtained by the new method. First, the estimated slip velocity is not zero at Day 43 when the true transient
slip event has not started yet. Second, the estimated slip velocity at Day 46 and 54 is considerably smaller than true slip velocity. Finally,
the estimated slip velocity has not fallen to zero after the end of the transient slip (Day 57). In other words, the slip velocity estimated by
the conventional method is temporally oversmoothed during the transient slip event. This problem has been conquered by the new method
(Fig. 6b). Fig. 7 compares time histories of slip velocity magnitude at two points on the fault surface, (£, §,) = (74, 54) km and (¢4, &,) =
(106, 54) km, obtained by the two methods with the true slip velocity history. The slip velocity history obtained by the conventional method is
rather oscillatory during the steady-state periods, and is excessively smoothed during the true slip velocity changes. On the other hand, the slip
velocity history estimated by the new method much better reproduces both slip velocity changes and the steady-state velocity. We measure
the reproducibility of the two methods in terms of the rms residual between the true slip velocity distributions and the recovered ones:

Ne
iwf DG 807 50 (34)

=

N

where §, and §, are M s-dimensional vectors of the estimated and the true slip velocities at time ¢, respectively. The values of 7 for the new
and the conventional methods are 1.4 x 1072 and 4.2 x 1072 cm d~', respectively, indicating that the new method provides a better recovery of
the true slip velocity than the conventional method. These results show that the differences between slip velocity estimated by the conventional
method and true slip velocity are due to inappropriate temporal smoothing caused by the constant hyperparameter assumption. These results
also demonstrate that introducing the time-varying hyperparameter .4, considerably improves the ability of reproducing time history of slip
velocity in slow slip events.

To examine the effect of the choice of B on the solution, we show in Fig. 8 the estimated temporal variations of the hyperparameter and
slip velocity for = 0.1 and 0.9. Comparison of the time histories of the hyperparameter for 8 = 0.1 (Fig. 8a), = 0.8 (Fig. 5a) and 8 = 0.9
(Fig. 8b) shows that temporal roughness of the hyperparameter is controlled by g. Fig. 8(c) shows slip velocity histories at (&, £,) = (74,
54) km for g = 0.1, 0.8 and 0.9. Although the recovered slip velocity histories are generally similar to each other, the slip velocity history for
B = 0.9 is smoother than that for 8 = 0.8 at which the log marginal likelihood is maximized, whereas that for 8 = 0.1 is slightly rougher than
the case of B = 0.5. Therefore, the choice of 8 affects the estimated slip velocity histories, although the effect is not large in this inversion.

We check the effect of the initial distribution of the hyperparameter, p(.A,), on the solution. Figs 9(a)—(c) show temporal variations
of the hyperparameter for three initial distributions, p(Ag) = U(10%, 10'%), §(10%) and §(10~2), where U(10%, 10'3) is a discrete uniform
distribution over the interval [10*, 10], and §(10%) and §(10~2) are the delta functions concentrated on 10% and 1072, respectively. These
temporal variations are generally similar to Fig. 5(a) in which p(A¢) = U(107*, 10'3) is employed. The initial distributions employed in
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Figure 6. True and estimated slip velocity distributions for Day 43, 46, 50, 54 and 57. (a) True slip velocity distributions. (b) Estimated slip velocity distributions
using the new method with the time-varying hyperparameter A,,. (c) Estimated slip velocity distributions using the conventional Kalman filter-based method
with the constant hyperparameter.

Figs 9(a) and (b) take significantly larger values than the estimated hyperparameter distribution shown in Fig. 5(a). However, influence of the
initial distribution can only be seen at the first epoch. On the other hand, influence of the initial distribution continues for a longer period in
Fig. 9(c) in which the initial distribution is close to the estimated hyperparameter distribution. Fig. 9(d) shows slip velocity histories for the
four initial distributions, p(Ag) = U(1074, 10'3), U(10%, 10'3), §(10%) and §(1072). The slip velocity histories are very similar to each other
and the small differences in the hyperparameter histories do not have significant effects on the slip velocity histories. This indicates that slip
velocity is insensitive to the selection of the initial distribution.
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Figure 7. Temporal variation of slip velocity magnitude at two points on the fault plane. (a) Slip velocity magnitude at the location of the largest slip, (§1,
£7) = (74, 54) km. (b) Slip velocity magnitude at (£ 1, £2) = (106, 54) km. The dash-dotted curve is true slip velocity, the solid curve represents slip velocity
obtained by the new method with time-varying hyperparameter A,,, and the dashed curve denotes slip velocity obtained by the conventional method with
constant hyperparameter.
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Figure 8. Temporal variations of the hyperparameter and slip velocity for different 8 values. (a) Estimated temporal variation of posterior probability distribution
of the hyperparameter A, Pr (.A,, = &ﬁlyl; Ne) for B = 0.1. (b) Same as (a) but for 8 = 0.9. (c) Temporal variations of slip velocity magnitude at (§1, §7) =
(74, 54) km for g = 0.1, 0.8, 0.9. Black, red, and blue curves are slip velocity histories for 8 = 0.1, 0.8 and 0.9, respectively. The slip velocity history for § =
0.8 is the same as the solid curve in Fig. 7(a).

3.4 A more complex example

In the previous example, spatial distribution and time history of the true slip were very simple in that the spatial distribution has only one
large slip area and the true slip accelerates and decelerates simultaneously everywhere on the fault. Here we test the new method with a
more complex example in which the true slip distribution has two patches, each of which has a different time history. We use the same fault
geometry and the same station distribution as used in the previous example (Figs 2 and 3). We assume the true slip distribution for 7, = 1, 2,
..., 97 (d). Temporal variation of the true slip velocity distribution for the period between ¢, = 29 and 77 (d) is shown in Fig. 10. Simulated
daily time-series that contain fault slip-induced displacements, observation noise, random benchmark motions, and common mode errors are
generated in the same way as described in Section 3.1. We apply the new inversion method to the simulated data in the same way as described
in Section 3.2. The values of M and S are determined by maximizing the marginal likelihood. The resulting values are M = 30 and 8 = 0.55.
We also apply the conventional Kalman filter-based inversion method for comparison. In the Kalman filter analysis, we use the same value
of M as in the new method, and the hyperparameter o? /o2 is estimated by maximizing the likelihood and the estimated value is o /0% =
102.
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Figure 9. Temporal variations of the hyperparameter and slip velocity for different initial distributions of the hyperparameter, p(.Ay). (a) Estimated temporal
variation of posterior probability distribution of the hyperparameter A, Pr(A, = 6:,3 [y1:3,) for p(Ap) = U(10*, 10'3). (b) Same as (a) but for p(Ag) = §(10%).
(c) Same as (a) but for p(Ag) = 8(1072). (d) Temporal variations of slip velocity magnitude at (£, £2) = (74, 54) km for four different initial distributions.
Black, green, red, and blue curves are slip velocity histories for p(Ag) = U(1074, 10'3), U(10%, 10'3), §(10%) and 8(10~2), respectively. The slip velocity
history for p(Ag) = U(10™4, 1013) is the same as the solid curve in Fig. 7(a).

The posterior probability distribution of the hyperparameter .4, estimated by the new method concentrates on values around 10> when
slip velocity suddenly changes (¢, = 40, 50, 60, 70). During other periods, the posterior probability distribution of the hyperparameter is
distributed around smaller values (10~*~10°). The Kalman filter-based estimate of the hyperparameter value, o? /o> = 107, is between the two
ranges. This behaviour is similar to the previous example. Figs 11 and 12 show temporal variations of slip velocity distribution estimated by
the new method and the Kalman filter-based method, respectively. Both methods underestimate the magnitude of slip velocity. This is because
we impose spatial smoothing of slip by expressing the slip distribution in terms of a finite number of spatial basis functions. Comparison of
the slip velocity distributions estimated by the Kalman filter-based method (Fig. 12) and the true slip velocity distributions (Fig. 10) shows
that the Kalman filter-based method temporally oversmoothes the slip accelerations and decelerations and undersmoothes the slip velocity
during the steady-state periods. On the other hand, Fig. 11 shows that the new method does not suffer from significant oversmoothing and
undersmoothing and better reproduces the true temporal evolution. These results are qualitatively similar to the previous example. The rms
residuals between the true and the estimated slip velocity distributions, r, defined in (34) for the new and the Kalman filter-based methods
are 3.0 x 1072 and 4.7 x 1072 ecmd~!, respectively, indicating that the new method better reproduces the true slip velocity. This example
suggests that the new method is useful not only for transient slip events with very simple slip evolution, but also for events with complex slip
evolution.

4 APPLICATION TO THE 2002 SLOW SLIP EVENT OFF THE BOSO PENINSULA,
JAPAN

4.1 Brief description of the event

The Boso peninsula is located in the southeast Kanto region in central Japan beneath which the Philippine Sea plate is subducting at the
Sagami trough to the northwest (Fig. 13a). In addition, the Pacific plate is subducting to the west beneath the Philippine Sea plate at the Japan
trench (e.g. Ishida 1992). Recent continuous GPS measurements have revealed that the interseismic surface velocity in this region is about
2 cm yr~! to the northwest relative to the landward plate in the southern part and smaller value in the northern part, reflecting interplate
coupling between the Philippine Sea plate and the landward plate (Sagiya 2004). Sagiya (2004) estimated interplate coupling rate between

© 2008 The Authors, GJI, 173, 25-48
Journal compilation © 2008 RAS




38 J Fukuda et al.

100 -

50 - = = - - - s

E; (km)

0 T T T T T T T T T T
100

50

£ (km)

100

50

£, (km)

100

50 —™

Ee (km)

100

50 ™

&, (km)

0 T T 7 T T T T T T T T
4] 50 100 1500 50 100 1500 50 100 1500 50 100 1500 50 100 15C

g (km) £ (km) £ (km) & (km) & (km})
- — |
00 02 04 06 08B 10
Slip velocity (cm/day)

Figure 10. True slip velocity distributions for the period between Day 29 and 77.

the Philippine Sea plate and the landward plate. According to his results, the estimated coupling rate off the east coast of the Boso peninsula
is over 30 mm yr~' in southern part and gradually decreases northward. The two plates are decoupled in the northern part.

In 1996 May, a continuous GPS array, GPS Earth Observation Network (GEONET) (Miyazaki ef al. 1997), detected aseismic transient
displacements in the Boso peninsula (Sagiya 2004). The observed transient displacements were southeastward, opposite to the displacements
caused by interplate coupling. Sagiya (2004) analysed the transient deformation and found that the observed displacements are reasonably
well fit by aseismic slip on the Philippine Sea plate interface off the east coast of the Boso peninsula. The aseismic slip region found by Sagiya
(2004) is located between the strongly coupled and decoupled regions. In October 2002, six years after the 1996 transient, similar transient
displacements caused by aseismic slip were recorded by GEONET at GPS sites in and around the Boso peninsula (Ozawa et al. 2003). Ozawa
et al. (2003) applied the NIF to estimate spatiotemporal evolution of aseismic slip and found that the observed displacements are well fit by
aseismic slip on the Philippine Sea plate similar to the 1996 event.

In this section, we analyse the surface deformation data during the 2002 transient slip event off the east coast of the Boso peninsula using
the new inversion method presented in Section 2 in order to demonstrate the effectiveness of the method.

4.2 Data

We use the daily GPS data from 77 stations of GEONET in Kanto district for the period between 16 August 2002 and 23 November 2002.
The GPS phase and pseudo-range data are processed with the GIPSY-OASIS II software using the precise point positioning technique
(Zumberge et al. 1997), with fiducial-free satellite orbits, satellite clock offsets, and Earth orientation parameters provided by Jet Propulsion
Laboratory (JPL). The obtained fiducial-free solutions are then transformed into ITRF2000 (Altamimi ez al. 2002) reference frame using
network transformation parameters given by JPL to yield daily coordinate time-series at the 77 stations.

Fig. 13(b) shows observed horizontal displacements for the period between 20 August 2002 and 23 November 2002. Horizontal dis-
placements up to 3.7 cm were observed along the east coast of the Boso peninsula. On the other hand, observed vertical displacements are
at most 0.8 cm, much smaller than horizontal displacements and within data uncertainties. Figs 14(a)—(c) show daily time-series of observed
displacement at selected GPS sites shown in Fig. 14(d). Rapid transient displacements were observed between day of year (DOY) 276-285
(October 3—12), and the transient continued after DOY 285 with smaller displacement rates.
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Figure 11. Slip velocity distributions for the period between Day 29 and 77 estimated by the new method with the time-varying hyperparameter A,

4.3 Inversion

In this study, we assume that the observed transient displacements were caused by transient aseismic slip on the Philippine Sea plate interface
following Ozawa et al. (2003). We approximate the geometry of the plate interface by a planar fault summarized in Table 1 following the plate
interface configuration given by Ishida (1992).

We invert the observed displacement time-series at the 77 stations for the period between 2002 August 16 and 2002 November 23 to
infer space—time distribution of aseismic slip and slip velocity using the new inversion method. We approximate a continuous slip distribution
on the fault plane (Table 1) with a discrete slip distribution by dividing the fault plane into 31 x 25 of 4 kmx4 km rectangular segments.
Then the spatial basis functions for slip distribution (A15) and the observation and the system models are constructed. The random walk
scale parameter, 7, divided by o and the system noise standard deviation of the common mode errors, 7 ¢, divided by o are fixed to 7 /0 =

Immyr~"2and 7 ;/o =2 x 1072 m, respectively. As for time-evolution model for the hyperparameter .A,,, (17), we employ m = 13 candidate
values for A,, {61(21), 6:(22), e 6:(213)} ={107%,1073, ..., 10%}. For this inversion, N, = 2000 particles are used. The initial distribution of the
hyperparameter A,, p(Ay), is assumed to follow a uniform distribution: Pr(A4, = &(Zi)) =1/m@i=12,...,m).

The number of spatial basis functions, M, and the parameter 8 in the hyperparameter evolution model are determined by the same
procedure as described in Section 3.2. Fig. 15(a) shows the log marginal likelihood, log[ p(yi.n,|M, B)], as a function of M for g = 0.95,
indicating that the marginal likelihood is maximized at M = 15. Fig. 15(b) shows the log marginal likelihood as a function of B. The B value
that maximizes the marginal likelihood is 8 = 0.5. Below, we show the inversion result for A = 15 and g = 0.5.

4.4 Results and discussion

Fig. 16 shows the estimated temporal variation of posterior probability distribution of the hyperparameter A,, Pr(A, = &>|y;.y,), where &? is
arealization of .4, and takes a value among {&(21), 6((22), ey 6:(21 3)}- As shown in Fig. 16, the estimated probability density of the hyperparameter
A, is distributed around smaller values until DOY 273 (September 30), then concentrates on larger values around 10' and 10 between
DOY 276 and DOY 285 (October 3—12) and gradually returns to smaller values. The period with larger hyperparameter value has good
correspondence to that of the transient displacements (see Fig. 14). As seen in (4), the magnitude of the hyperparameter characterizes the
magnitude of slip velocity change. Therefore, the time-variation of the hyperparameter shown in Fig. 16 is the expected result because of the
relatively rapid acceleration and deceleration of slip during the slow slip event.
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Figure 12. Slip velocity distributions for the period between Day 29 and 77 estimated by the conventional Kalman filter-based method with the constant
hyperparameter.
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Figure 13. (a) Tectonic setting of the Japanese islands. Solid lines indicate plate boundaries. AM, PH, PA, and NA denote Amurian, Philippine Sea, Pacific
and North American plates, respectively. (b) Magnified map of a rectangular area in (a). Black and white arrows show observed and calculated horizontal
displacements, respectively, in ITRF 2000 for the period between 20 August 2002 and 23 November 2002. Error ellipses show 95 per cent confidence limits.

Fig. 17(a) shows the slip velocity distributions for the period between DOY 273 and DOY 287 (September 30—October 14), indicating
that aseismic slip started on DOY 277 (October 4), accelerated and shifted southward until DOY 281 (October 8), and decelerated until DOY
287 (October 14). The aseismic slip continued after DOY 287 with much smaller slip velocity. The location of aseismic slip is consistent
with the analysis of Ozawa et al. (2003). For comparison, we also apply the conventional Kalman filter-based method (see Section 2.3 for
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Figure 14. Observed and computed displacements at selected stations, (a) 0226, (b) 0756 and (c) 3033. Data are shown with pluses. Solid lines show computed
displacements estimated by the new inversion method. Common mode errors are subtracted from both observed and computed displacements. (d) Locations of
the selected stations.

Table 1. Fault parameters for the slow slip event off the east coast of the Boso
peninsula. Latitude and longitude are position of the upper left-hand edge, D is
depth of the upper edge, W is width, L is length, ¢ is strike measured clockwise
from the north, and § is dip angle of the fault plane, respectively.

Latitude (°N)  Longitude (°E) D (km) W (km) Lkm) ¢©) &(°)
45.700 141.300 10.0 100.0 1240 2000 11.5

details) to estimate slip and slip velocity. In the Kalman filter-based analysis, we use the same number of spatial basis functions as in the new
method (M = 15), and the hyperparameter o /o is optimized as a? /o> = 10°. Resulting slip velocity distributions are shown in Fig. 17(b).
Comparison of Figs 17(a) and (b) shows the slip velocity distribution on DOY 281 (October 8) estimated by the new method is significantly
larger than that estimated by the conventional method. The maximum slip velocity of 2.1 cmd~! is obtained on DOY 281 by the new method,
whereas that obtained by the conventional method is 1.2 cmd~'. Figs 18(a)—(c) show the temporal variation of slip velocity magnitude at
3 points on the fault plane shown in Fig. 18(d). The slip velocity history obtained by the conventional method is rather oscillatory before and
after the slow slip event, whereas the slip velocity transient is very smooth. Consequently, it is difficult to identify the onset time of the slow
slip event. In contrast, the slip velocity history estimated by the new method is constant before and after the event and has larger maximum
value compared with that estimated by the conventional method. Furthermore, the slip velocity estimated by the conventional method begins
to accelerate around DOY 269 (September 26), whereas that estimated by the new method does on DOY 276 (October 3) (see Fig. 18a).
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Figure 15. (a) Log marginal likelihood as a function of the number of spatial basis functions, M, for g = 0.95. (b) Log marginal likelihood as a function of 8.
The number of spatial basis functions is fixed to M = 15.
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Figure 18. (a), (b) and (c) Temporal variation of slip velocity magnitude at points A, B and C on the fault plane shown in (d). The solid curve represents slip
velocity obtained by the new method with time-varying hyperparameter A,,, and the dashed curve denotes slip velocity obtained by the Kalman filter-based
method with constant hyperparameter. (d) Cumulative slip inferred from the new method for the period between 2002 August 16 and 2002 November 23. White
circles show locations of the points A, B and C.

Figs 17(a) and (b) show that the two methods give fairly different spatial distributions of slip velocity on DOY 281 and 283. Specifically,
the new method images slip areas on the deeper and northern parts of the main slip area, whereas the conventional method does not. During the
slow slip event, the hyperparameter obtained from the new method becomes larger than that obtained from the conventional method (Fig. 16).
Therefore, temporal smoothing of slip velocity is weaker in the new method during the event. This weak temporal smoothing tends to make
slip velocity oscillatory in regions of low slip. On the other hand, the conventional method gives stronger temporal smoothing during the
event, thus oscillation of slip velocity in low slip regions is small. We think that this effect generates the deeper and northern slip areas on
DOY 281 and 283 in Fig. 17(a), resulting in different slip velocity distribution from that shown in Fig. 17(b). This effect is clearly a limitation
of our method and the deeper and northern slip areas in Fig. 17(a) are probably artefacts.

Fig. 13(b) shows a comparison of the observed and computed cumulative displacements for the period between 2002 August 20 and 2002
November 23, indicating that the fit is reasonable. Figs 14(a)—(c) show comparison of the observed and computed displacement time-series
at selected stations shown in Fig. 14(d). The observed and computed time-series demonstrate good agreements. Fig. 19 shows time-series of
displacements computed from the slip distributions and the random benchmark motions estimated by both methods for the period between
DOY 260 and DOY 300, together with the data corrected for the common mode errors, at the selected stations (Fig. 14d). Although the
computed displacements obtained from the conventional method generally fit the observed data, they oversmooth the transient displacements
for several time-series (e.g. NS component time-series shown in Fig. 19). On the other hand, the computed displacements obtained from the
new method better fit the transient displacements.

Results presented in Figs 17—19 are qualitatively similar to the numerical simulation shown in Section 3. The numerical simulation shows
that the conventional method oversmoothes slip velocity changes associated with transient slip events on the one hand and undersmoothes
slip velocity during steady-state periods on the other. In contrast, the new method can better reproduce the true slip velocity history because
the time-varying hyperparameter A, enables the estimates not to be oversmoothed or undersmoothed. In view of the simulation results, the
slip velocity estimated by the new method is probably a better approximation to the true slip velocity than that estimated by the conventional
method. The differences of the maximum slip velocity and the start time of the transient slip event between the two methods result from the
different smoothing strategies employed in the two inversion methods.

Figs 20(a) and (b) show the estimated temporal variations of the hyperparameter for 8 = 0.1 and 0.9, respectively. Comparison of the
time histories of the hyperparameter for 8 = 0.1 (Fig. 20a), 8 = 0.5 (Fig. 16) and 8 = 0.9 (Fig. 20b) shows that temporal roughness of the
hyperparameter strongly depends on 8. Fig. 20(c) shows slip velocity histories at point C in Fig. 18(d) for g = 0.1, 0.5 and 0.9. The slip
velocity history for § = 0.1 is rougher than that for 8 = 0.5 at which the log marginal likelihood is maximized, whereas that for g = 0.9 is
smoother. This result shows the importance of properly determining § to obtain the optimal solution.
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Figure 19. Comparison of observed displacements (pluses) and computed displacements estimated by the new method (solid line) and the conventional method
(dashed line) for selected stations for the period between DOY 260 and 300. Common mode errors are subtracted from both observed and predicted data.
Left- and right-hand panels show EW and NS components, respectively. Note that the vertical scale is different for each plot. (a) 0226, (b) 0756 and (c) 3033.
Locations of the stations are shown in Fig. 14(d).

It has been reported that a swarm-like seismic activity occurred associated with the slow slip event around the estimated slip area.
(Japan Meteorological Agency 2003; National Research Institute for Earth Science and Disaster Prevention 2003; Ozawa et al. 2003). This
seismic activity started on DOY 274 (October 1) and high seismicity rate continued for 8 d, with the largest earthquake of magnitude 3.8
(Japan Meteorological Agency 2003). These earthquakes are considered to occur on the upper surface of the Philippine Sea plate based on
hypocentre distribution and focal mechanisms (National Research Institute for Earth Science and Disaster Prevention 2003). We compare the
onset times of the slow slip event obtained by the two inversion methods with the start time of the seismic activity. The onset time of the slow
slip event obtained by the new inversion method, DOY 276 (October 3), indicates that the slow slip event started immediately after the onset
of the seismic activity. On the other hand, the onset time of the slow slip event obtained by the conventional method is approximately DOY
269 (September 26), well before the onset of the seismic activity. This difference indicates that it is difficult to precisely determine the onset
time of the slow slip event relative to the seismic activity using the conventional method. It is important to precisely determine the relative
timing of the aseismic and seismic events because the relative timing may significantly affect the interpretation of mechanical relationships
between them (Segall ef al. 2006). Therefore, the new method may provide insights into the association of the slow slip event and the seismic
activity.

5 CONCLUSION

We have developed an inversion method for estimating the distribution of fault slip velocity in space and time from geodetic data. We
introduced a state space model that relates observed deformation to an aseismic fault slip event. In this model, temporal smoothness of slip
velocity is controlled by a hyperparameter, which is assumed to be a constant in conventional geodetic inversion methods. The assumption
of constant hyperparameter often causes oversmoothing of rapid slip velocity changes and/or undersmoothing of steady-state slip velocity,
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Figure 20. Temporal variations of the hyperparameter and slip velocity for different B values. (a) Estimated temporal variation of posterior probability
distribution of the hyperparameter A,,, Pr(A, = 6{5|y1; ~,) for g = 0.1. (b) Same as (a) but for § = 0.9. (c) Temporal variations of slip velocity magnitude at
point C in Fig. 18(d) for 8 = 0.1, 0.5, 0.9. Black, red and blue curves are slip velocity histories for 8 = 0.1, 0.5 and 0.9, respectively. The slip velocity history
for B = 0.5 is the same as the solid curve in Fig. 18(c).

which obscures the estimated slip velocity history. In order to avoid temporally oversmoothed/undersmoothed slip velocity estimates caused
by this assumption, we treated a hyperparameter as a time-varying stochastic variable. To estimate temporal variation of the hyperparameter,
we employed the hierarchical Bayesian state space approach. Specifically, we introduced a stochastic model of hyperparameter evolution in
addition to the state space model. Application of a Bayesian recursive filtering method, Monte Carlo mixture Kalman filter, yields the posterior
distribution of the hyperparameter and slip velocity.

The validity of the new inversion method was examined through numerical simulations using synthetic data sets generated by simulated
slow slip events. The results were compared with those obtained by the conventional method with constant hyperparameter. The space—time
distribution of slip velocity estimated by the conventional method is temporally oversmoothed when slip velocity rapidly changes, whereas it
is excessively oscillatory during steady-state periods due to undersmoothing. On the other hand, the new method does not undergo significant
oversmoothing nor undersmoothing, and consequently better reproduces the true slip velocity.

Finally, we applied the new inversion method to transient deformation observed in the Boso peninsula, Japan, in October 2002, caused
by a slow slip event. Estimated slip velocity was compared with that obtained by the conventional method with constant hyperparameter. The
space—time distribution of slip velocity obtained by the conventional method is temporally smoother than that obtained by the new method
during the slow slip event, whereas it is more oscillatory before and after the slow slip event. In view of the simulation results, we infer
that slip velocity estimated by the conventional method suffers from the oversmoothing/undersmoothing problems, whereas that estimated
by the new method does not. Therefore, the slip velocity estimated by the new method is probably better approximation to the true slip
velocity. These results demonstrate that introducing the time-dependent smoothing regularization through the time-varying hyperparameter
is effective to solve the oversmoothing/undersmoothing problems and consequently enables us to reconstruct detailed image of slow slip
events.
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APPENDIX A: OBSERVATION MODEL

In this appendix, we give an explicit expression of the state space representation of the observation model. We divide the fault surface 4(£) into
M ; rectangular subfaults and assume that slip is spatially uniform in each subfault. In this case, the observation model (1) can be expressed

as
2 My

iy, 1) = D a(t)Giu(r) + Li(ey, 1) + filta) + e, (A1)

k=1 I=1
where a(t,) is kth component of slip on /th subfault at time #,, and G, (r;) relates slip a(t,) to surface displacement u,(r;, ¢,) and is
computed by the analytical expressions given by Okada (1985). From (A1), the observation model at time # = ¢,, is represented in vector form
using a data vector y,,, slip distribution a,, random benchmark motion 1,, common mode error f, and observation noise w, as follows:

Y. =Ta, +1,+f, +w,, w,~N(OR,), (A2)
where
Vo = [ur(ry, 6,), ua(ry, 1), us(ry, 8,), ur(ro, t,), ua(ra, £,), us(ra, 4,), oo

ul(rNx’ tn)! MZ(rNx! tn)! u3(rNy’ tn)]T’ (A3)
a, = [an(t), a1 (ty), a12(tn), an(t), - - - @1v, (tn), asz(fn)]T7 (A4)

L, = [Li(ry, t,), Lo(xy, 1), L3(xy, 1), Li(x2, 1), Lo(xa, 1), L3(X2, 1), ...

L‘,l(l‘/\/s7 t,,), CQ(rNX, l,,), £3(I'NA,, l‘n)]T, (AS)
£, = [/1(t), faltn), fs(t)s S1(0)s foltn), fa(ta). - oo fi(t)s foltn), f3(t)] (A6)
W, = [€11ns €21n» €31n» €120s €2205 €3205 « - + » €1Nn» €2Ngn» €3an]T, (A7)
and
R, = 622n~ (A8)
Here N is the number of observation sites. I' is a 3N, x 2M ; matrix whose pg component is defined by
qu = gikl(rj) (A9)
with
p=3(—D+i (A10)
q=2(—-1)+k. (A11)

We represent slip distribution a, using the spatial basis functions as in eq. (2). In what follows, we present an explicit expression of the
spatial basis functions (Segall et al. 2000) following Harris & Segall (1987) and Segall ef al. (2000), and then rewrite the observation model
(A2) in state space form. Harris & Segall (1987) introduced a transformation of I,
=r1', (A12)

where T is a 2M ; x 2M ; matrix and is taken to be the finite difference approximation to the Laplacian operator, and applied the SVD to
[, T = UAVT, where Uis a 3N, x 3N, matrix of eigenvectors that span the data space, V is a 2 £ X 2M ; matrix of eigenvectors spanning

the model space, and A isa 3N, x 2M ; matrix containing the singular values A1, A,, ..., A3y, as diagonal elements. Here the singular values
are assumed to be ranked as A; > X, > ... > A3y,. In this case, the observation model (A2) reduces to
Yo =[Ta, +1,+f +w, w,~N(@OR,). (A13)

Harris & Segall (1987) showed that slip distribution that minimize both data misfit, ||y, — I'a,||?, and roughness of spatial slip distribution,
[ Ta, |2, is obtained by replacing I' = UAV7 in (A13) with

[y =UyAyVi, (Al4)
where U, isa 3N, x M matrix which consists of first M column of the matrix U, Vs is a 2M ; x M matrix which consists of first A/ column
of the matrix V, and A, is given by A, = diag[A, A, ..., Ay]. Based on this solution, Segall ez al. (2000) introduced the spatial basis
functions

B=T"'V,A;. (A15)

They showed that the squared roughness norm of the slip distribution, || Ta,||?, is expressed by
ITa, |I> = ¢] Aye,. (A16)
This means that increasing the number of singular values, M, in the spatial basis functions increases the squared roughness norm of the slip

distribution. Therefore, spatial smoothing can be implemented by ignoring large singular values.
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In this study, we employ the spatial basis set (A15) in order to obtain a solution that is spatially smooth to some degree. Using (2), (A12),

(A14) and (A15), I'a, in (A2) can be expressed by I'a, = U),c¢,. Substituting this relation into the observation model (A2) yields
v, =Uye, +1, +f, +w,, w, ~N(0,R,).

The observation model (A17) can be expressed in state space form as follows:
Y. =H,x, +w,, w,~N(@O,R,),
where
X, = [c1(ty), ¢1(tn), c2(ty), Ca(tn), - . ., cp(tn), Cra(tn),

Li(r, 1), Lo(re, 1), L3(rn, 1), - ooy La(Xng, 1), Lo(Ony, 1), L3(Tng, 1),

fit), fot), 31"

Hn = [UMJ I}NyX}N; L:l

1

00 0 O0 ... 10

T
L= [I3X3 L. I}x}] .

(A17)

(A18)

(A19)

(A20)

(A21)

(A22)

Here ¢,(¢,) is kth component of ¢, and ¢(¢,) is the first derivative of ¢ (¢,) with respectto ¢. H,,, J,and Lis 3N, x QM + 3N, + 3), M x
2M, and 3N, x 3 matrices, respectively. y,, w,, and R, are defined in (A3), (A7) and (AS), respectively. Isy, x3n, and I3 are 3N, x 3N

and 3 x 3 identity matrices, respectively.
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