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SPECIAL ISSUE ON UNDERSEA NATURAL HAZARDS

A Forecasting Procedure for
Plate Boundary Earthquakes Based
on Sequential Data Assimilation

BY TAKANE HORI, MAMORU HYODO,
RYOKO NAKATA, SHIN'ICHI MIYAZAKI,
AND YOSHIYUKI KANEDA

A snapshot of slip velocity (V) distribution for M8 earthquake occurrence in an earthquake generation
cycle simulation along the Nankai Trough, off Southwest Japan. Red, yellow, and blue colors indicate
high-speed slip (seismic), moderate-speed slip (comparable to the plate motion = V), and slow speed
slip (much slower than the plate motion), respectively.
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ABSTRACT. A forecasting procedure is proposed for plate boundary earthquakes

in subduction zones. It is based on spatio-temporal variation in slip velocity on the

plate interface, which causes interplate earthquakes. Model outputs are not only

information about the occurrence of great earthquakes (time, place, and magnitude)

but also information about the physical state evolution that causes earthquakes.

To overcome the difficulty in forecasting earthquake generation resulting from

uncertainty both in the physical model and in the observation data, we introduce a

type of sequential data assimilation. In this method, we compare observed crustal

deformation data to simulations of several great interplate earthquake generation

cycles. We are currently constructing a prototype, applying this forecasting procedure

to the Nankai Trough, Southwest Japan, where great interplate earthquakes have

occurred and are anticipated.

INTRODUCTION
Earthquake forecasting or prediction
attempts to estimate when, where,
and how large earthquakes will occur.
Long-term earthquake forecasts
provide probabilities of earthquake
occurrence within a few decades. This
information is used, for example, in
seismic hazard assessment for building
codes, insurance rate calculations, and
policymaking. However, short-term
forecasts—whether an earthquake will
occur within several years or less—are
still at the trial stage (e.g., Jordan, 2006).
Short-term deterministic predictions
have been tried, but they have not been
successful (e.g., Geller, 1997; Geller et al.,
1997; Kagan 1997). Note that the outputs
of most earthquake predictions and
forecasts, whether based on statistics or
physics, are information on earthquake
occurrence, such as occurrence time,
magnitude (M), hypocenter location,
frequency magnitude distribution, and
recurrence time probability density
functions (e.g., Tullis et al., 2012).

In contrast, weather forecasts provide
not only the probability of rainfall
but also the state of the atmosphere

that causes rainfall. The state of the

atmosphere is monitored continuously
so that its evolution can be forecast. Both
the atmosphere’s monitored (current)
and forecast states are important outputs
in weather forecasting. Our ultimate
goal in earthquake forecasting is to
provide outputs similar to those in
weather forecasting—monitored and
forecast physical states that cause great
interplate earthquakes. In this paper,

we describe a procedure for forecasting
earthquake generation based on incor-
poration of real-time observations into

a physical model.

Mathematical models for earth-
quake generation that correspond to
atmospheric models exist only for
interplate earthquakes (e.g., Rice, 1993;
Lapusta et al., 2000; Hashimoto et al.,
2013). These simple models can, at
least qualitatively, reproduce a range
of slip behaviors on the plate interface,
including those that generate great
interplate earthquakes (e.g., Kodaira
et al., 2006; Kato, 2008; Nakata et al.,
2012; Noda et al., 2013). In these models,
earthquakes are represented as unstable
frictional slip on a plate interface. Strain
energy that will be released during an

earthquake is stored around the coupled

area of the interface, where the slip
velocity of the interface is much slower
than the velocity of plate motion. In the
model, we use a simple law of friction
derived from rock experiments because
we cannot measure the friction at the
plate interface. Because of such limita-
tions in the model and also limitations
in observed data, we cannot forecast
the slip behavior in a deterministic way.
We can, however, use physical models
and run as many different scenarios as
possible to avoid overlooking any risks.
Despite these limitations, our model is
worth pursuing because improvements
can be introduced easily, and soon we
will be able to include more real-time
observations, especially oftfshore, where
great interplate earthquakes nucleate.
In this article, we show that physical
state evolution that causes earthquakes
on a plate interface can be modeled as
spatio-temporal variation in slip velocity
along the interface. We then introduce
a simple mathematical model for
plate-interface earthquakes and explain
our forecasting procedure. Finally, we
introduce a model prototype and discuss

remaining issues.

EARTHQUAKE GENERATION
MODEL FOR PLATE
BOUNDARIES

Earthquake generation can be repre-
sented in a model as a repetitive sequence
of stick-slip events on a plate interface.
The coupled zone is loaded by the veloc-
ity difference between the area that is
stuck and surrounding areas where slow
sliding occurs. “Slow” means that the
sliding velocity is an order of magnitude
smaller than that of seismic slip, which

causes elastic wave radiation. Our model
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can accommodate earthquakes whose
magnitude and recurrence intervals
have complex patterns caused by stress
transfer from surrounding stick-slip fault
movement as well as slow sliding.
Geodetic data can confirm that cou-
pled areas on plate interfaces correspond
to source areas where M>7 earthquakes
have generated tsunamis (Hashimoto
et al,, 2009, 2012). Slip causes defor-
mation at Earth’s surface that can be
measured by global navigation satellite
systems (GNSS) with great accuracy
(Iess than 1 cm error in the horizontal
components). From these data, it is
possible to estimate interseismic slip rate
distribution and from that to calculate
slip deficit (slip that is insufficient to
fully accommodate the plate movement).
Peaks in slip deficit that coincide with
the source regions of large, historical

interplate earthquakes are observed
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(Figure 1a; Hashimoto et al., 2012). More
importantly, from these data it is possible
to determine the extent of the coupled
area that is consistent with the large slip
area of the 2011 Tohoku-Oki earthquake
(Figure 1b; Hashimoto et al., 2012),
suggesting that the source areas of future
M9 great earthquakes could be estimated
using observational data. For example,
Figure 1a indicates that a wide coupled
area exists along the Kuril Trench off
northernmost Japan, which corresponds
to a past tsunami source area as large as
that of the 2011 Tohoku-Oki earthquake,
whose recurrence is anticipated based
on geological data analyses (Nanayama
et al., 2003; Sawai et al., 2009).
Uncertainties remain about the size
of the coupled area, especially offshore
near the trench if only on-land data are
available (e.g., Nishimura et al., 2004).
The relationship between the coupled
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area and potential earthquakes is also
uncertain because large amounts of

slip can occur in slow sliding areas
during interseismic periods (Noda

and Lapusta, 2013). Note that the
uncertain coupled area corresponds

to the relatively large fault slip area
during the 2011 Tohoku-Oki earthquake
(e.g., Fujiwara et al., 2011).

During interseismic periods, afterslip
along faults triggered by the main earth-
quakes (Heki et al., 1997) and slow slip
events (SSEs; Hirose et al., 1999) have
been observed. An SSE denotes sponta-
neous slow sliding on the plate interface.
A few years before the 2011 Tohoku-Oki
earthquake, SSEs were observed near
the Tohoku-Oki hypocenter (Ito et al.,
2012), and M7 earthquakes with large
afterslips were observed within the
source area (Suito et al., 2011). SSEs and
large afterslips may be preseismic signals
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Figure 1. (a) Slip-deficit zones estimated from interseismic global navigation satellite systems (GNSS) data (from Hashimoto et al.,

2012). The blue and red contours represent, respectively, interseismic slip-deficit and slip-excess rates at intervals of 3 cm yr™".

1

The green circles and yellow stars indicate tsunami source regions and epicenters, respectively, of large interplate earthquakes
that occurred in the last century. (b) Coseismic slip distribution estimated from inversion of GEONET (GNSS Earth Observation

Network System) data (from Hashimoto et al,, 2012). The green contours represent the inverted coseismic slip distribution on

the plate interface at intervals of 4 m. For comparison, the blue contours show the interseismic slip-deficit rate distribution at

intervals of 3cm yr.
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that could have indicated that the 2011
Tohoku-Oki earthquake was about to
occur, although it is also possible that
such phenomena occur without being
followed by a larger earthquake (Ohtani
et al,, 2014). The SSEs occurred within
the subseafloor source area of the 2011
Tohoku-Oki earthquake so that GNSS
observations couldn’t detect them. They
were revealed during processing of ocean
bottom pressure gauge data recovered
after the earthquake. Ocean bottom
cabled observatories that are now oper-
ating off Kumano in the eastern part of
the Nankai Trough (Kaneda, 2010) and
being constructed in the western part
of the Nankai Trough and in the Japan
Trench (Kaneda, 2014, in this issue) will
enable detection of such slow sliding

signals in real time.

MATHEMATICAL MODEL

OF SLIP VARIATION AT THE
PLATE INTERFACE

We need to model the geometry of

the plate interface in order to model
stick-slip behavior there. The interface is
divided into small subfaults. The stress
transferred to each small subfault from
slip on other subfaults is calculated
using a Green’s function for an elastic
half-space medium (Okada, 1992).

The interface is assumed to obey a
simple law of friction derived from
rock experiments. This law of friction
describes the relationships between
slip velocity, shear stress in the slip
direction, and fault strength (Nakatani,
2001). If the shear stress is less than the
fault strength, the slip velocity is much
smaller than the relative plate motion.
However, if the stress is higher than the
fault strength, the velocity can reach
seismic slip rates as high as 1 ms™'.
Fault strength is not constant but rather

evolves, depending on slip history. Fault

strength declines when slip occurs (slip
weakening) and recovers when the slip
rate is low (logarithmic healing). Laws
for fault strength evolution have been
proposed (e.g., Dieterich, 1979; Ruina,
1983; Kato and Tullis, 2001). Stick-slip
and slow sliding areas can be identified
from the heterogeneous distribution of
friction law parameters. For the stick-slip
area, the rate of fault weakening is high
and fault strength recovery time is short.
Slow sliding areas have the reverse prop-
erties. Recent experiments indicate that
fault strength becomes very low when
the sliding velocity reaches the order of
1 ms™! (e.g., Wibberley et al., 2008).
When the mathematical model
described above is applied to slip behav-
ior at subduction zone plate interfaces,
it successfully reproduces various
earthquake occurrence patterns and slow
sliding behaviors. For example, varia-
tions in the size of and the time intervals
between significant earthquakes along
the Nankai Trough, offshore Southwest
Japan, and along the northern part of
the Japan Trench have been reproduced
qualitatively (Kodaira et al., 2006; Kato,
2008). The model of an earthquake
generation cycle for an M9 earthquake,
with preceding earthquakes of M7~M8
within the source area, is qualitatively
consistent with the characteristics of the
2011 Tohoku-Oki earthquake (Hori and
Miyazaki, 2011; Ohtani et al., 2014). In
addition to earthquake generation, slow
sliding behavior on the plate interface

has also been reproduced qualitatively

using this mathematical model. For
example, the coexistence of afterslip and
slow slip events for an M7 earthquake
was reproduced for the Hyuga-nada
region in Southwest Japan (Nakata et al.,
2012). The above simulations are based
on quasi-dynamic models in which
elastic wave propagation is not included.
Although fully dynamic models are more
realistic (e.g., Lapusta et al., 2000; Noda
and Lapusta, 2013; Noda et al., 2013),
especially for rupture propagation, fully
dynamic simulations with realistic plate
geometry require very large computa-
tional resources, so their introduction

remains to be tackled in the future.

A NEW EARTHQUAKE
GENERATION FORECASTING
SYSTEM CONCEPT

As described above, we can quan-
titatively estimate spatio-temporal
variations in slip (slip rate) on a plate
boundary from observational data, and
we can reproduce such spatio-temporal
variations (at least qualitatively) using
numerical simulations based on a
mathematical model of slip on a plate
interface. However, it is impossible

to predict future slip behavior in a
deterministic way using a simulation
that completely reproduces slip history.
This is partly because slip variation

is a highly nonlinear process. This is
also because our mathematical model,
especially with the simple law of friction
we use, is incomplete, and observational

data for slip history is also incomplete,
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especially for M9 earthquakes whose
recurrence time is every several hundred
years. However, we now expect to be able
to detect phenomena that may occur
prior to great earthquakes because of the
availability of real-time continuous data
from ocean bottom cabled networks.
Thus, we need to consider how such slow
sliding phenomena evolve and whether
large earthquakes will nucleate sooner

or later based on observations. How can
we effectively use our knowledge of slip
variation on the plate boundary?

We can study slip evolution and
attempt to forecast earthquakes by
modeling many scenarios of slip behavior
on a plate interface using different initial
conditions and frictional parameters
(Figure 2). Rundle et al. (2005) used a
similar concept, in which many scenarios
are numerically simulated. We store
many scenarios in a “simulation data-
base” while real-time observational data
are stored in an “observation database”
From the simulation database, we calcu-

late expected surface deformation, and

then compute the differences between
simulated and real-time observed
deformation. If we assume an error
distribution between the model and
observations, we can evaluate how well
each simulation fits observations. We can
then forecast slip evolution using scenar-
ios whose likelihood is relatively high,
exploiting our knowledge of slip behavior
in the area of interest. Such a procedure
has recently become available using
massively parallel high performance
supercomputers such as the K computer.
Our forecast procedure is a type
of data assimilation method called
Sequential Importance Sampling (SIS)
that can be applied to nonlinear systems
with observation errors. It is one of the
most flexible data assimilation methods
because nonlinear mathematical
models can be used directly in SIS
without modification or approximation
(e.g., Kitagawa, 1996; Murakami
etal, 2012). Werner et al. (2011) fully
describe the mathematical background

of this method, which applies similar
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Figure 2. Schematic diagram of the earthquake forecasting procedure proposed in this study.
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assimilation methods to statistical
earthquake forecasting.

In sequential data assimilation, the
likelihood of each scenario varies due to
input of real-time data. As mentioned
earlier, our model is too simple and
data are too limited to reproduce slip
history and predict slip evolution by
one optimum scenario in which model
parameters are constant. Hence, during
the prospective forecast, model param-
eters that have higher likelihood can be
changed depending on the observational
data. This allows effective use of limited
knowledge in forecasting slip evolution

on a plate boundary.

PROTOTYPE FORECAST
PROCEDURE FOR NANKAI
TROUGH EARTHQUAKES

We are now constructing observation
and simulation databases for the Nankai
Trough, where a great earthquake is
anticipated (Hori et al., 2013). For

the observation database, we obtain
GEONET (GNSS Earth Observation
Network System) on-land data, and
residuals are automatically calculated
with simulated data every week. To
calculate ocean bottom deformation,
we use pressure gauge data collected
automatically on a daily basis from the
ocean bottom cable network (DONET:
the Dense Ocean Floor Network for
Earthquakes and Tsunamis) installed
just above the source area of the 1944
Tonankai earthquake (Kaneda, 2010,
and 2014, in this issue). However,
residuals are not calculated for DONET
data. Instead, the data are compared
graphically with simulated data
because the pressure gauge data include
variations caused by processes other
than crustal deformation. Removing
such “noise” in the future will enable

us to use this type of DONET data for



likelihood estimation.

For the simulation database, we show
the preliminary results of 118 scenarios
whose parameter variations do not yet
cover an appropriate range of uncer-
tainty. Each scenario corresponds to one
set of model parameters. To calculate
one scenario, it takes about 12 hours
using 128 nodes of the K computer.
Figure 3a shows the standard case: V,, is
the plate motion rate, and L, A and B are
frictional parameters. L determines the
slip amount necessary for fault weaken-
ing. A-B control the stability of steady
sliding. Figure 3b shows some examples
of earthquake slip distribution. Note
that the moment magnitude can reach
9.0 in the simulated scenarios, although
interpretations of historical data
indicate only M8 earthquakes occurred
(Ishibashi, 2004). See Hyodo and Hori
(2013) for a more detailed description
of model parameter distribution and
simulated results of earthquakes along
the Nankai Trough.

Figure 4 shows how we changed
the model parameter distributions for
the various scenarios. We changed
(1) the deeper limit of the seismogenic
slip area (seismogenic zone) and its
strength for 56 scenarios (Figure 4a),
(2) the upper limit of the seismogenic
zone for 30 scenarios (Figure 4b),
and (3) the strength of the barrier for
slip propagation between eastern and
western areas of the Kii Peninsula for
30 scenarios (Figure 4c). An SSE patch is
included for two scenarios (Figure 4d).
The resultant recurrence time intervals

of great earthquakes for the different

scenarios were from 50 to 210 years, with

an average of 115 years, which is compa-
rable to historical data on recurrence of
M8 class earthquakes along the Nankai
Trough (Ishibashi, 2004).

From the scenarios of spatio-temporal
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Figure 3. (a) Distribution of relative plate motion and frictional parameters in the Nankai Trough.
(b) Resultant slip distributions from earthquake generation cycle simulation.
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variations in slip on the plate interface,
we estimated the surface deformation
at 22 GEONET stations located along
the Pacific coast from Kyushu to the
Kii Peninsula in Southwest Japan using
vertical deformation data from those
stations (Figure 5a). We then calculated
the differences between the deformations
estimated from our simulations and
those observed at the stations. The
period of simulation was more than
1,000 years and included several earth-
quake cycles. Because GEONET data are
available for only 17 years, we searched
for the 17-year period that gave the min-
imum residual between observed and
simulated deformation in the earthquake
generation cycle simulation for each
scenario. This means that we estimated
the time when each large earthquake
would occur in each scenario.

Vertical and horizontal velocity
vectors at GEONET sites for the
highest/lowest likelihood are plotted

together with observations in Figure 5a.

Average Vertical Velocities

At Kushimoto, large differences in
subsidence velocity are shown among
the different scenarios, but other sites
(e.g., Muroto) have considerably smaller
variations. Accordingly, likelihoods
largely depend on the consistency of
the vertical deformation data around
the Kushimoto station on the Kii
Peninsula. Vertical deformation around
Kushimoto depends on how strongly
the plate boundary is coupled below the
Kii Peninsula. Weak (strong) coupling
causes lower (higher) subsidence rates
at Kushimoto. As Figure 5b shows,
coupling is weak (slip velocity is around
the plate rate) and strong (slip velocity
is much lower than the plate rate) below
the Kii Peninsula for the best and worst
scenarios, respectively.

Figure 6 shows temporal variations
in vertical displacement at Kushimoto
and Muroto for GEONET data and
simulated scenarios in which the initial
values are optimally fit to the data. Each

of 10 scenarios with similar likelihood

is plotted. Each scenario shows abrupt
uplift or subsidence, which indicates the
occurrence of a great interplate earth-
quake along the Nankai Trough. The
occurrence times are widely distributed
even for higher likelihood scenarios. To
further constrain the occurrence time,
some preseismic phenomena should

occur and be detected by observation.

CONCLUSIONS

The forecasting procedure presented
here is a prototype, but we consider it
important to demonstrate a test forecast
using it. Although earthquake predict-
ability is low, monitoring and contin-
uous communication with the public
about slip variations on plate interfaces
and their possible results may improve
public scientific literacy with regard to
earthquake generation. Further, testing
our procedure will identify issues that
need to be solved for forecasting and
public communication of earthquake

information. We need to improve our
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(below) velocity distri-
bution of observation
data (black), the best
scenario (red), and the
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the Kii Peninsula, indi-
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(a) Kushimoto

Vertical displacement (m)

Vertical displacement (m)

simulation model for treating smaller
earthquakes not only at plate boundaries
but also off the boundaries. We also
need to improve our physical model

of earthquake generation, especially

by incorporating a more complex and
realistic law of friction for the plate
interface. Because of the flexibility of the
assimilation procedure, we can compare
mathematical models for earthquake
generation if they can estimate observed

surface deformation.
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