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[1] Many earthquakes of moment magnitudes greater than 8 associated with subduction of
the Philippine Sea plate under Japan have occurred along the Nankai trough with a
recurrence interval of 90–150 years. A large-scale rupture of the Tokai fault segment is
believed to be imminent because that segment did not rupture during the most recent
Tonankai earthquake in 1944. Recurring long-term slow slip events (LSSEs) have recently
been observed in the Tokai region. To investigate the current stress state in the Tokai region,
we numerically simulated earthquake cycles using a three-dimensional model consisting of
triangular cells based on the rate- and state-dependent friction law. Our numerical
simulations successfully modeled the Tokai segment not ruptured during the 1944 Tonankai
earthquake as well as the recurring LSSEs in the Tokai region. We found that a large
characteristic displacement (L) and effective normal stress (σ) in areas of subducted ridges
are essential to avoid rupture of the Tokai segment during the 1944 Tonankai earthquake.
We also demonstrated that we can reproduce the recurring LSSEs by assigning low values
of σ and L to the area beneath Lake Hamana without introducing a velocity-strengthening
friction law at high slip rate. Our simulation showed that the amplitudes of the LSSEs
increased following the earthquakes that did not rupture the Tokai segment, which suggests
that the recent LSSEs may be related to the accumulation of stresses in the Tokai segment
because it did not rupture during the 1944 earthquake.

Citation: Hirose, F., and K. Maeda (2013), Simulation of recurring earthquakes along the Nankai trough and their
relationship to the Tokai long-term slow slip events taking into account the effect of locally elevated pore pressure and
subducting ridges, J. Geophys. Res. Solid Earth, 118, 4127–4144, doi:10.1002/jgrb.50287.

1. Introduction

[2] The Philippine Sea plate is subducting beneath south-
western Japan in a west-northwest direction at a rate of
1.5–6.5 cm/y (Figure 1) [Heki and Miyazaki, 2001]. The
Nankai trough is the source area of large earthquakes
associated with subduction of the Philippine Sea plate. The
trough has been divided into the Nankai, Tonankai, and
Tokai segments (Figure 1). Although the recurrence interval
for earthquakes on these segments is 90�150 years
[Earthquake Research Committee, 2001], earthquakes do
not always involve all three segments (Figure 2). There is
considerable concern that a large earthquake involving the
Tokai segment will occur this century, because it did not
rupture during the 1944 Tonankai earthquake (Figure 2)

[e.g., Ishibashi, 1976]. The rupture of the 1944 Tonankai
earthquake, initiated off Kii Peninsula, propagated northeast-
ward [Ichinose et al., 2003; Kikuchi et al., 2003], and
terminated off Tokai in an area where seismic survey data
from active source have revealed subducted seafloor ridges
(Figure 1) [Kodaira et al., 2004]; thus, the Tokai segment
did not rupture in 1944, although the slower subducting rate
along the Tokai segment may also contribute to the longer
recurrence interval there.
[3] There are some simulation studies based on the rate-

and state-dependent friction (RSF) law [Dieterich, 1979,
1981; Ruina, 1983] that dealt with subducted ridges or
seamounts by assigning an additional effective normal stress
(σ) and/or characteristic displacement (L) (see equation (3) in
section 2.1) [e.g., Honkura et al., 1999; Hori, 2006; Hirose
et al., 2009; Yang et al., 2012]. Honkura et al. [1999]
conducted a numerical simulation of earthquakes at the
Suruga trough in the Tokai area and showed that a significant
preseismic sliding occurs in regions where locally large σ are
applied in the seismogenic zone in the 2-D model, although
they did not clearly describe about L. Hori [2006] applied
locally large σ and L to the region of subducted seafloor
ridges in the 3-D planar subduction model based on the
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RSF law with composite law for state evolution including the
saturation velocity, and reproduced the nonruptured Tokai
segment. Hirose et al. [2009] set locally large L near the
subducting ridges off Tokai and found that large L played a
role in suppressing seaward spreading of the slow slips.
However, their model was unable to simulate the lack of
rupture of the Tokai segment in 1944 because of the limita-
tions of their study area in the later description. Yang et al.
[2012] showed in a 2-D model that introducing a large σ
(and L) patch in velocity-weakening region arrested seismic
rupture or enhanced seismic magnitude depending on the
position of applied large σ (and L). Note that in their model,
the large σ corresponds to the large L because they used a
fixed value of h* (see section 2.2). These results indicate that
introducing a large σ and/or large-L patch in velocity-
weakening region has the possibility to produce a barrier
against seismic rupture.
[4] By the way, long-term slow slip events (LSSEs), which

are events with durations of a few years, have been recorded
recently in the Tokai region [Ozawa et al., 2002; Ohta et al.,
2004; Miyazaki et al., 2006; Geographical Survey Institute,
2007]. The most recent event was observed via a dense

GPS network and lasted from 2001 to 2005 with an average
slip rate of 5 cm/y and a moment magnitude of 7.1
[Geographical Survey Institute, 2007]. Similar events,
probably of smaller magnitude, with a recurrence interval
of about 10�30 years have been observed beneath Lake
Hamana (Figure 1) on the basis of electro-optical distance
measurements [Kimata and Yamauchi, 1998], tilt change,
and microseismic quiescence [National Research Institute
for Earth Science and Disaster Prevention, 2004], tidal
change [Kobayashi and Yoshida, 2004], and leveling surveys
[Sagiya et al., 2007]. Hirose et al. [2008b] and Matsubara
et al. [2008] estimated seismic velocity structures beneath
southwestern Japan and found that the area where LSSEs
were observed corresponds to a high Vp/Vs region along
the Philippine Sea slab, which suggests that LSSEs may
occur in the environment high pore fluid pressure probably
resulting from dehydration of the Philippine Sea slab.
[5] Kuroki et al. [2004] and Hirose et al. [2009] attempted

to simulate recurring LSSEs that precede cyclic great earth-
quakes in the Tokai region by using a three-dimensional
earthquake cycle model based on the simple RSF law with
the slip law for state evolution [Dieterich, 1979, 1981;
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Figure 1. Bathymetric map off southern Japan. Green stars denote epicenters of the 1944 Tonankai and
the 1946 Nankai earthquakes. Areas enclosed by purple lines represent the postulated source regions of
Tokai earthquakes [Central Disaster Management Council, 2001], and Tonankai and Nankai earthquakes
[Earthquake Research Committee, 2001]. The area enclosed by a pink line near Lake Hamana delineates
the Tokai slow slip area, where the observed slip rate on the plate interface during 2001–2005 was more
than 1 cm/yr [Geographical Survey Institute, 2007]. Broken blue lines are contours of depth to the top of
the subducting Philippine Sea plate [Hirose et al., 2008b]. The straight black line marks a seismic reflection
and refraction survey line; the thick parts of this line indicate locations of subducted ridges interpreted from
the seismic data from active source [Kodaira et al., 2004]. Black arrows show the locations of ridges
identified from bathymetric data. White arrows on the inset map indicate the direction of movement of
the Pacific and Philippine Sea plates relative to the land plate [Seno et al., 1996; Heki and Miyazaki, 2001].
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Ruina, 1983; Beeler et al., 1994]. Kuroki et al. [2004]
simulated recurring LSSEs beneath Lake Hamana at intervals
of about 60 years before the cyclic Tokai earthquakes of Mw

8.3 that occur at intervals of about 450�500 years by
introducing a zone of larger L than that in other area within
the seismogenic region. However, because they used the
overshooting method employed by Tse and Rice [1986] in
order to save the calculation time for the coseismic rupturing
process, unrealistic stresses were produced in shallow and
deep parts of seismogenic zone just after (the occurrence
of) a Tokai earthquake in their model, which effects the result
of LSSE simulation. On the other hand, Hirose et al. [2009]
simulated recurring LSSEs beneath Lake Hamana at intervals
of about 30�40 years before the cyclic Tokai earthquakes of
Mw 8.3�8.4 that occur at intervals of about 300�400 years
by introducing heterogeneous friction parameters on the plate
interface parallel to the trench axis and without the
overshooting method. However, their study area did not
include the Tonankai and Nankai segments, which implies
an unrealistic assumption of a constant slip at the rate of plate
convergence for those segments where the plate boundary is
locked actually [Kobayashi et al., 2006; Ozawa and Sagiya,
2008]. Therefore, their simulation results may be affected by
overestimated stress caused by assuming a constant slip in
the Tonankai and Nankai segments.
[6] Our principal objective is to simulate in the 3-D model

that the Tokai segment did not rupture and LSSEs have

recurred beneath Lake Hamana. To ensure that our study
took into account regional effects at the plate boundary
and avoided the unrealistic assumptions of Hirose et al.
[2009], we chose an area that extends from the Tokai region
to western Shikoku. We simulated the 1944 Tonankai earth-
quake without rupture of the Tokai segment by applying
mainly large values of L (similar to those of Hori [2006]
and Hirose et al. [2009]) to take into consideration ridges
subducted beneath the Tokai district, and we investigated
the effect of L on the rupture resistance for the Tokai
segment. In addition, we also examined the case of large σ
in subducted ridges to arrest the rupture of the Tokai
segment. We also attempted to simulate recurring LSSEs
in the Tokai region by applying locally small effective
normal stress beneath Lake Hamana, where dehydration of
the Philippine Sea slab is assumed to be intense [Hirose
et al., 2008b; Matsubara et al., 2008]. In addition, we
investigated the effects of L in subducted ridges on
LSSEs; L and σ beneath Lake Hamana on LSSEs; and
different friction law (slip law [Beeler et al., [1994]).

2. Model and Modeling Parameters

2.1. Model

[7] Our model is a system of two plates in a uniform elastic
medium filling a three-dimensional half space. The steady
relative motion between the two plates at depth generates
dislocations on the shallow part of the plate interface, which
we approximated by a set of three-dimensional 7292 triangu-
lar cells with dip and strike dimensions of about 7 km to a
depth of 50 km to represent the curvature of the plate
interface (Figure 3a). For simplicity, we considered only
the component of fault movement in the direction of relative
plate motion and the variation of static shear stress on the
fault only in this direction. Shear stress τi at the center of
the ith cell induced by the slip uj at the jth cell at time t can
be expressed as

τi tð Þ ¼ ∑
N

j¼1
Kij Vpl

j t � uj tð Þ
� �

� G

2β
dui tð Þ
dt

; (1)

where Kij is the static shear stress at the center of the ith cell
caused by a unit of slip on the jth cell, and Vj

pl, G, and β are
plate convergence rate at the jth cell, rigidity, and shear-wave
speed, respectively. Values of Kij are simply obtained by
using a stress formula of dislocation expressed in terms of
Green’s function in a uniform elastic medium occupying a
half space [Mura, 1987; Kuroki et al., 2002; H. Ito, personal
communication, 2005]. The second term on the right-hand
side of equation (1) represents shear-stress reduction during
high-speed slip, and was introduced by Rice [1993] to ap-
proximate quasi-dynamic slip behavior during earthquakes.
For elastic moduli, we used G = 30 GPa, a Poisson’s ratio
of 0.25, and β = 3.75 km/s.
[8] We assumed that the shear stress on the fault obeys a

RSF law derived from laboratory experiments. Among the
many versions of friction laws, we used here the composite
law [Kato and Tullis, 2001] which applies a “slip law” in
the high slip-velocity range and a “slowness law” in the
low slip-velocity range, which fits laboratory data better than
some other versions [Dieterich, 1979; Beeler et al., 1994].
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Figure 2. Occurrence times and source regions of historical
great earthquakes along the Nankai trough. Data are from
Ando [1999] for the events of 1361 and before, Tsuji
[1999] for the 1498 Nankai earthquake, and Earthquake
Research Committee [2001] for other events. Broken lines
indicate less reliable data. Historical records may be incom-
plete before 1498 (shaded area). The mean recurrence
interval was calculated only for events from 1498 to 1946.
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According to this friction law, the frictional stress on the ith
cell can be described as follows:

τi tð Þ
σi

¼ μi tð Þ ¼ μ0 þ Θi tð Þ þ ai ln
V i tð Þ
V 0

� �
; (2)

dΘi tð Þ
dt

¼ V 0

Li
bi exp � V i tð Þ

Vc
þ Θi tð Þ

bi

� �� �

� V i tð Þ
Li

Θi tð Þ þ bi ln
V i tð Þ
V 0

� �
; (3)

where τi, σi, μi, and Θi are frictional stress, effective normal
stress, frictional coefficient, and the state variable

[Nakatani, 2001], respectively, of the ith cell. For simplicity,
the effective normal stress is assumed to be constant in time.
V0 is an arbitrarily chosen reference velocity, which is set at
1.0 × 10�6 m/s. Parameter μ0 is the steady state frictional
coefficient at slip rate V = V0 and is set at 0.6. Vc is a cutoff
velocity for the composite law and is set at 1.0 × 10�8 m/s
in accordance with Kato and Tullis [2001]. Parameters a, b,
and L are constant frictional parameters that control sliding
behavior on the fault. When a� b< 0 (velocity weakening),
an unstable slip may occur because the strength decreases as
the slip velocity increases. On the other hand, when a � b >
0 (velocity strengthening), unstable slip does not occur
unless driven by a strong stress perturbation. Assuming
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Figure 3. (a) Three-dimensional computational cells used in simulations. Map-view of (b) plate conver-
gence rate Vpl [Heki and Miyazaki, 2001], (c) friction parameter (a � b), (d) characteristic displacement L,
and (e) the area in Tokai region where high pore pressure was assumed (green shaded cells). The rectangle
in Figure 3b shows the area of Figure 3e. Broken pink lines in Figure 3d and 3e are contours of the Tokai
slow slip rate (1, 3, 5 cm/yr) on the plate interface during 2001–2005 [Geographical Survey Institute,
2007]. Broken lines X to Z in Figure 3c are locations of cross sections shown in Figure 4 and the cross
in Figure 3e refers to the location of data shown in Figures 8, 11, and 17. Depth contours to the top of
the subducting Philippine Sea plate, the postulated source areas, and the direction of movement of the
Philippine Sea plates relative to the land plate are as shown in Figure 1.
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that equilibrium between shear stress and frictional stress
remains quasi-static, we numerically solved equations
(1)–(3) simultaneously by the fifth-order Runge-Kutta
method with an adaptive step-size control [Press et al.,
1992]. The initial condition was μi(0) = μ0 + (ai� bi)ln(Vi

(0)/V0) and Vi(0) = 0.1 cm/y (3.1688 × 10�11 m/s) for all
cells. Note that because we cannot apply the periodical
solution [e.g., Rice, 1993] due to the three-dimensional cells
which represent the curvature of the plate interface,
equation (1) assumes that a constant slip at the plate conver-
gence rate occurs outside the study area.

2.2. Parameter Setting

[9] We used the configuration of the Philippine Sea plate
estimated by Hirose et al. [2008b] (see depth contours for
Philippine Sea plate interface in Figures 1 and 3).Hirose et al.
[2008b] revealed the widespread existence of layers with low
Vs and high Vp/Vs ratio in southwestern Japan by using the
double-difference tomography method of Zhang and
Thurber [2003]. By combining the results of tomography
and seismic refraction surveys, and considering the location
of the slab Moho as delineated by receiver function analyses,
Hirose et al. [2008b] interpreted the top of these layers to

Table 1. Parameters Used Beneath Lake Hamana (LH), in Areas of Subducting Ridges, and in Other Regions for 19 Simulation Cases:
Effective Normal Stress, Characteristic Displacement L, and Frictional Parameter (a � b) at Depths of 10�30 kma

Rupture
(R) or
Not

Rupture
(N) of
the

Tokai
SegmentCase

Effective Normal Stress (MPa) L (m)

(a � b) at
Depths of
10–30 km

lc (km) Recurrence Interval (years)

Lake Hamana Ridge Other LH Ridge Other LH Ridge Other Slow Slip Earthquake

1 30 100 100 0.0165 0.13 0.13 �0.00055 30 71 71 - 114 R
2 30 100 100 0.0165 0.2 0.13 �0.00055 30 109 71 - 113 R
3 30 100 100 0.0165 0.3 0.13 �0.00055 30 164 71 12–18 113/112 R/N
4 30 100 100 0.0165 0.4 0.13 �0.00055 30 218 71 11–14 114/111 R/N
5 30 100 100 0.0165 0.5 0.13 �0.00055 30 273 71 9–12 115/112 R/N
6 30 100 100 0.0165 0.6 0.13 �0.00055 30 327 71 9–12 115/112 R/N
7 30 100 100 0.0165 0.7 0.13 �0.00055 30 382 71 9–12 115/110 R/N
8 30 100 100 0.0165 0.8 0.13 �0.00055 30 436 71 9–12 115/109 R/N
9 20 100 100 0.0110 0.5 0.13 �0.00055 30 273 71 6–8 115/112 R/N
10 40 100 100 0.0220 0.5 0.13 �0.00055 30 273 71 13–18 115/112 R/N
11 50 100 100 0.0275 0.5 0.13 �0.00055 30 273 71 17–20 115/112 R/N
12 60 100 100 0.0330 0.5 0.13 �0.00055 30 273 71 22–25 115/112 R/N
13 70 100 100 0.0385 0.5 0.13 �0.00055 30 273 71 27 115/112 R/N
14 80 100 100 0.0440 0.5 0.13 �0.00055 30 273 71 - 115/112 R/N
15 30 100 100 0.0110 0.13 0.13 �0.00055 20 71 71 13–15 114 R
16 30 100 100 0.0200 0.5 0.13 �0.00055 36 273 71 10–14 115/112 R/N
17 100 100 100 0.1300 0.5 0.13 �0.00055 71 273 71 - 115/112 R/N
18 30 200 100 0.0165 0.13 0.13 �0.00055 30 35 71 17–19 114/111 R/N
19 30 100 100 0.0125 0.5 0.08 �0.00066 19 227 36 11–12 115/110 R/N

aSimulated recurrence intervals of slow slip events and earthquakes are also shown. Note that the frictional law used in simulations was the composite law
for cases 1–18 and the slip law for case 19. See text for description of lc.
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represent the upper surface of the Philippine Sea slab in
southwestern Japan. The depth of the plate boundary
estimated by Hirose et al. [2008b] is generally 5–7 km
shallower than that based on the upper envelope of the
hypocenters, which has previously been interpreted to
represent the plate boundary [e.g., Noguchi, 1996; Miyoshi
and Ishibashi, 2004].

[10] Our simulation area (Figure 3) included the postulated
source regions of Tokai, Tonankai, and Nankai earthquakes
[Central Disaster Management Council, 2001; Earthquake
Research Committee, 2001]. For simplicity, we considered
that frictional parameters a and b depend only on depth and
that the seismogenic zones for which (a � b) is negative
are within the depth ranging from 10 to 30 km [cf. Blanpied
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et al., 1991; Hyndman et al., 1995] (Table 1, Figures 3c and
4a). We applied these values because the value similar to the
minimum value of (a � b), �5.5 × 10�4, are suggested in
some models [e.g., Kato and Tullis, 2003; Kuroki et al.,
2004]. Note that deep parts of seismogenic regions in this
study (Figures 3c, 6, 13, and 15) are different from those that
are postulated by Central Disaster Management Council
[2001] and Earthquake Research Committee [2001] (areas
enclosed by purple lines in Figure 3c) using the plate boundary
data based on the upper envelope of hypocenters [e.g.,
Noguchi, 1996] and an assumption that the seismogenic zones
are within the depth ranging from 10 to 30 km [cf. Hyndman
et al., 1995]. We plotted postulated source regions in our
figures to show rough position of three earthquakes. The plate
convergence rate and the value of (a� b)σ in the seismogenic
zone control the recurrence interval of great interplate
earthquakes. We chose values of (a � b) such that the simu-
lated recurrence interval was close to the historical average
recurrence interval of 110 years for great earthquakes along
the Nankai trough (Figure 2), assuming the plate convergence
rates of Heki and Miyazaki [2001] and an effective normal
stress of 100 MPa [Rice, 1992] except for beneath Lake
Hamana where LSSEs have occurred. The plate convergence
rate we used along the Nankai trough was 6.5 cm/y in the
western part of the study area, decreasing eastward from the
Kii Peninsula to 1.5 cm/y in the eastern part of the study area
(Figure 3b) [Heki andMiyazaki, 2001].We assumed the direc-
tion of plate convergence to be N55°W throughout the study

area, which is an average of the values of Heki and Miyazaki
[2001], and we did not change it during the simulation.
[11] When hydrated minerals in oceanic crust are

subducted to great depth, they undergo phase transforma-
tions, liberating large amounts of water [e.g., Hacker et al.,
2003]. Dehydration reactions at the plate boundary increase
pore pressures when the released fluids are trapped by, for
example, low permeability, which in turn reduce the effective
normal stress and weaken coupling at the plate boundary. We
adopted the excess pore pressure model of Rice [1992], as
shown in Figure 4c. Hirose et al. [2008b] and Matsubara
et al. [2008] showed that the regions where LSSEs occur
coincide with areas of high Vp/Vs ratio, and attributed this
to the presence of water produced by dehydration reactions.
Therefore, we believe that the dehydration process is
especially active in the subducting slab beneath Lake
Hamana [Hirose et al., 2008b; Matsubara et al., 2008], so
we used smaller effective normal stresses (20�80 MPa) at
the plate interface beneath Lake Hamana than the 100 MPa
we used elsewhere (Table 1, Figure 4c).
[12] L has been estimated to be a few micrometers in labo-

ratory experiments [e.g., Dieterich, 1979], but we adopted
much larger values (Table 1, Figures 3d and 4b) because
the characteristic displacements in real fault systems are of
the order of a few centimeters to a few meters [e.g.,
Guatteri et al., 2001]. The large L value is also required
due to the limitation of calculation time associated with the
critical cell size in the later description and the number of
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Figure 6. The spatial distribution of slip displacement on the plate interface for case 5 during a great
earthquake: (a) without rupture of the Tokai segment from Figures 5c–5e and (b) with rupture of the
Tokai segment from Figures 5h–5j. Depth contours to the top of the subducting Philippine Sea plate and
the postulated source areas are as shown in Figure 1.

Figure 5. Snapshots of the spatial distribution of slip velocity normalized by plate convergence rates [Heki and
Miyazaki, 2001] on the plate interface for simulation case 5 using the composite law. The cold and warm colors indicate
locking and sliding state on the plate interface, respectively. The number at the top of each panel is elapsed time (years)
from commencement of the simulation. Depth contours to the top of the subducting Philippine Sea plate and the postulated
source areas are as shown in Figure 1. (a) The most of seismogenic zone recovers locking state about 13 years after a great
earthquake which ruptures whole regions. (b) Locked regions become smaller with time. (c) A pre-slip area extends off the
Kii Peninsula, and a great earthquake rupture initiates. (d) The ruptures spread bilaterally from the epicenter. (e) The Tokai
segment remains locking while the ruptured area shows an after-slip. (f) The most of seismogenic zone recovers locking
state about 13 years after a great earthquake except for regions between the Tokai and Tonankai segments. (g) Locked
regions become smaller with time. (h) A pre-slip area extends off the Kii Peninsula, and a great earthquake rupture initi-
ates. (i) The ruptures spread bilaterally from the epicenter. (j) The whole regions including the Tokai segment are ruptured.
And the state on the plate interface comes back to Figure 5a.
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meshes. Table 1 shows the parameters we used for each
simulation in this study. Cases 1–8 show the relationship
between unbroken area of the Tokai segment and L in the
range 0.13�0.8 m for ridges subducted beneath the Tokai
region. Regions where L is large can behave as barriers
against rupture propagation because the energy required for
rupture increases in proportion to L [Rubin and Ampuero,
2005]. Therefore, in our simulations, we assigned large
values of L to the regions near subducted ridges in the
Tokai segment like Hori [2006] and Hirose et al. [2009].
Cases 5, 9–14 show the response of LSSEs to the change of
effective normal stress σ and L beneath Lake Hamana, where
we assume h* (see below) is constant. Case 15 shows LSSEs
occur even if L in areas of subducted ridges is not relatively
large. Case 16 shows that the change of L affects the
amplitudes of LSSEs in comparison with case 5. Case 17
shows that LSSEs do not occur when σ and L are not locally
set low. Case 18 shows that an increased σ instead of large
L in subducted ridges can also behave as barriers against
rupture propagation (similar to those of Honkura et al.
[1999], Hori [2006], and Yang et al.[2012]). Finally, case
19 shows the simulation result using the slip law instead
of the composite law.
[13] Rice [1993] derived the critical cell size h* (= GL/

(b� a)σ) required to satisfy the continuum approximation
and demonstrated that the computation cell size h must be
smaller than h*. For the ith cell, h/h* is given theoretically
by (bi� ai)σi/LiKii [Hori et al., 2004]. For our simulations,
h/h* was always smaller than 0.225 (the maximum value in
the area of high pore pressure beneath Lake Hamana);
elsewhere, except for the areas of subducted ridges, it was
always smaller than 0.121. Liu and Rice [2005] showed that
for values of h/h* between 0.25 and 0.125, there was minimal
effect on simulated slip displacements and slip rates.
Therefore, we believe that the resolution of our numerical
model was sufficient to evaluate the occurrence patterns of
great earthquakes and LSSEs in the Tokai region because
the maximum value of h/h* is 0.225.

3. Results

3.1. Simulation of Great Earthquakes Along
the Nankai Trough

[14] We performed 19 numerical simulations in total, and
parameters for them are listed in Table 1 (refer also to
Figures 3 and 4). All cases showed that great earthquake
ruptures initiate off the Kii Peninsula and spread bilaterally
from there. Takayama et al. [2008] researched the effect of
three-dimensional plate boundary configuration on initiation
points of great earthquakes along the Nankai trough. The
narrower the width of the seismogenic zone along dip
direction becomes, the larger the stress concentration for
the seismogenic zone is. Thus, the earthquake ruptures
initiate off the Kii Peninsula where the seismogenic zone is
narrower than other region. Note that the stress concentration
is not large at the Tokai region due to the lowest plate conver-
gence rate although the seismogenic zone at that region is
the narrowest.
[15] The simulated ruptures do not always propagate as far

as the Tokai segment, as was the case for the 1944 Tonankai
and 1946 Nankai earthquakes, except for cases 1, 2, and 15
where relatively small L is applied to the region of subducted
ridges and we expect less effect of barriers against rupture
propagation [Rubin and Ampuero, 2005] (see section 4.1).
For case 5 simulation, as an example, a great earthquake that
ruptures both the Tonankai and Nankai segments occurs
about every 112�115 years, but the rupture propagates into
the Tokai segment for only every second earthquake (i.e.,
about every 220 years; Figures 5 to 7). According to our
case 5 simulation, the moment magnitude Mw of a great
earthquake is 8.8 when the entire region along Nankai trough
ruptures, and 8.7 when only the Nankai and Tonankai
segments rupture. Note that Mw was estimated from the
relationship log M0 = 1.5Mw + 9.1 [Kanamori, 1977], where
M0 [Nm] is obtained from the slip distribution of the
coseismic zone, which is defined here as the area for which
slip velocity is higher than 0.1 m/s.
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Figure 7. Time evolution of (top) cumulative displacement and (bottom) and slip velocity normalized by
plate convergence rate for case 5 at locations marked by white crosses in Figure 5a. (a) White cross A,
(b) white cross B.
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[16] The simulated area of the case 5 for Tokai region with-
out rupture (shown in Figures 5e and 6a) is approximately
equal to the area where no slip was observed during the
1944 Tonankai earthquake [Ichinose et al., 2003; Kikuchi
et al., 2003] and also agrees with the postulated source area
of the next Tokai earthquake [Central Disaster Management
Council, 2001].
[17] Because in our model the Tonankai and Nankai

earthquakes always occur at the same time, the simulated
results are inconsistent with historical records, which show
that earthquakes in these regions have not always occurred
at the same time (Figure 2). However, because the interval
between them is generally small (from days to about 2 years)
compared to the recurrence interval (about 110 years), this
inconsistency has little effect on the simulated occurrence
patterns of the Tokai earthquake or LSSEs.

3.2. Simulation of the Slow Slip in the Tokai Region

[18] The time evolution of LSSE slip rates beneath Lake
Hamana for cases 5, 9–14 (Figure 8) clearly shows that the

0

5

10

15

V
el

oc
ity

 [c
m

/y
]

650 700 750 800 850 900 950

(a) Case 9
=20 MPa

R N R

0

5

10

15
V

el
oc

ity
 [c

m
/y

]

650 700 750 800 850 900 950

(b) Case 5
=30 MPa

R N R

0

5

10

15

V
el

oc
ity

 [c
m

/y
]

650 700 750 800 850 900 950

(c) Case 10
=40 MPa

R N R

0

5

10

15

V
el

oc
ity

 [c
m

/y
]

400 600 800 1000 1200

Time [years]

(d) Case 10
=40 MPa

0

5

10

15

V
el

oc
ity

[c
m

/y
]

650 700 750 800 850 900 950

(e) Case 11
=50 MPa

R N R

0

5

10

15

V
el

oc
ity

[c
m

/y
]

650 700 750 800 850 900 950

(f) Case 12
=60 MPa

R N R

0

5

10

15

V
el

oc
ity

[c
m

/y
]

650 700 750 800 850 900 950

(g) Case 13
=70 MPa

R N R

0

5

10

15

V
el

oc
ity

[c
m

/y
]

650 700 750 800 850 900 950

Time [years]

(h) Case 14
=80 MPa

R N R

Figure 8. (a–h) Time evolution of slip velocity for cases 5, 9–14 at the location of the cross in Figure 3e.
The shaded period in Figure 8d is enlarged in Figure 8c. R and N denote the occurrence of great earthquakes
during which the Tokai segment is ruptured and not ruptured, respectively. The shaded interval in Figure 8c
refers to data presented in Figure 10.
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amplitudes of simulated LSSEs increase after earthquakes
during which the Tokai segment does not rupture, whereas
they are negligible after that segment has ruptured. After a
great earthquake without rupture of the Tokai segment,
LSSEs with a certain level of amplitude begin after an

interval that is positively correlated with normal stress σ
beneath Lake Hamana.
[19] Our simulations clearly show that as the effective

normal stress was increased, the recurrence interval of
LSSEs also increased (Table 1, Figures 8 and 9). There were
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Figure 10. (a–r) Snapshots of the spatial distribution of slip velocities on the plate interface for case 10 in
the shaded interval in Figure 8c. The cold and warm colors indicate locking and sliding state on the plate
interface, respectively. The number at the top of each panel is elapsed time (years) from the start of the
simulation. Broken pink lines in Figure 10a are contours of the Tokai slow slip rate (1, 3, 5 cm/yr) on
the plate interface during 2001–2005 [Geographical Survey Institute, 2007]. Depth contours to the top of
the subducting Philippine Sea plate and the postulated source areas are as shown in Figure 1. In
Figures 10a and 10b, the most of seismogenic zone remains locking. In Figures 10c–10n, stable sliding
on the plate interface at depth gradually invaded the shallow locked region. Then locked regions become
smaller with time and LSSE occurs. In Figures 10o–10r, locked regions become larger with time due to
the healing process.
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no recurring LSSEs when σ was greater than or equal to 80
MPa (case 14 in Table 1). The value of (a � b)σ in the
seismogenic zone controls the stress drop of great interplate
earthquakes. The dependency of the length of the period of
LSSEs on normal stress can be explained by the need for
sufficient time to accumulate the shear stress required to
produce LSSEs, and that the amount of time is dependent
on the amount of stress drop. Furthermore, for cases 5,
9�12 (Table 1, Figures 8a–8f), the intervals between
LSSEs became gradually shorter as time passed because a
constant slip at the plate interface at depth gradually invaded
the shallow locked region and accelerated the rate of stress
accumulation in the area of slow slip. The LSSEs gradually
increase in amplitude up to the time of the next great
earthquake (Figure 8). The increase of the LSSE velocity in

our simulation is consistent with the observation that a
magnitude of the last Tokai LSSE during 2001�2005 was
larger than that of the LSSE during 1988�1990 [National
Research Institute for Earth Science and Disaster
Prevention, 2004; Kobayashi and Yoshida, 2004].
[20] Figure 10 shows the spatial distribution of the simu-

lated slip rates of LSSEs beneath Lake Hamana for case 10.
The simulated slip rate distribution is consistent with the ob-
served distribution measured from GPS data for the Tokai
SSE during 2001�2005 [Geographical Survey Institute,
2007]. Simulated LSSE whose maximum velocity is ~5 cm/
yr (Figure 10) is also consistent with the observed velocity
estimated from GPS inversion by Geographical Survey
Institute [2007]. On the other hand, Miyazaki et al. [2006]
estimated it at ~15 cm/yr from GPS inversion. We consider
that one of the causes of this discrepancy is a difference in
configuration of the Philippine Sea plate used in each study
because the plate configuration that Miyazaki et al. [2006]
used is deeper than those that we and Geographical Survey
Institute [2007] used. The moment rate of the Tokai slow slip
during 2001�2005 was estimated to be 5.5 × 1011 Nm/s
[Geographical Survey Institute, 2007]. If a slow slip area is
taken to be an area where V ≥ Vpl, the moment rate we esti-
mated for a simulated LSSE was 1010�1011 Nm/s, which
agrees well with the estimate of the Geographical Survey
Institute [2007].
[21] We used case 15 (Table 1) to investigate the effect of

large L in areas of subducted ridges on LSSEs. In case 15, we
did not assign a large L in areas of subducted ridges, but still
simulated recurring LSSEs (Figure 11a). Because σ and L be-
neath Lake Hamana were locally small, even for an L of 0.13
m in areas of subducted ridges (the same L value as that in the
surrounding region), L for subducted ridges remained large
enough to form a barrier to the growth of LSSEs into
subducted ridges. However, in case 15, the Tokai segment
ruptured every time the Tonankai segment ruptured, and al-
ways produced a great earthquake that ruptured along the en-
tire Nankai trough. This result shows that large L in areas of
subducted ridges is essential to avoid rupture of the Tokai
segment during the 1944 Tonankai earthquake.
[22] Comparison of cases 5 and 16 shows that changes

of L affect the amplitudes of LSSEs (Figures 8b and
11b). Increasing the value of L lowers the slip weakening
rate and increases the frictional energy that resists sliding
[Rubin and Ampuero, 2005], making unstable sliding
difficult. Therefore, large values of L lower the amplitudes
of slow slips. This sensitive relation between L and the
amplitude of LSSEs may be used to estimate the value
of L in a slow slip area, although we did not take into
consideration the dependency of L on other parameters
such as σ or (a � b).
[23] Case 17, in which pore pressure and L beneath Lake

Hamana are the same as those for other regions (other than
ridge areas), can be used as a reference case that does not
show recurring LSSEs (Figure 11c). Comparison of case 17
with other cases suggests that it is the locally elevated pore
pressures and low values of L that are essential to the occur-
rence of slow slips. This is also supported by the evidence
that the LSSEs occur with a recurrence interval of about 6
years beneath the Bungo channel [Kobayashi and
Yamamoto, 2011], where the presence of water produced
by dehydration reactions is also estimated from the
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Figure 11. Time evolution of slip velocity for (a) case 15,
(b) case 16, (c) case 17, and (d) case 18 at the location marked
by a cross in Figure 3e. R and N denote the occurrence of
great earthquakes during which the Tokai segment is ruptured
and not ruptured, respectively.
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distribution of high Vp/Vs ratio region obtained by tomogra-
phy analysis [Hirose et al., 2008b].
[24] Figure 12 shows snapshots of the spatial distribution

of shear stress on the plate interface just after a great earth-
quake when the Tokai segment is not ruptured (Figure 12a)
and when it is ruptured (Figure 12b). Following the great
earthquake without rupture of the Tokai segment, shear stress
increased around the Tokai segment (Figure 12a), which
caused repeated slow slips in the Tokai region. On the
contrary, such a concentration of shear stress did not occur
around the Tokai region when the Tokai segment ruptured
during the earthquake (Figure 12b) and the amplitudes of
Tokai LSSEs were very small, probably representing stable
sliding at about 1 cm/yr (Figure 8). These modeling
outcomes suggest that the distinctive LSSEs recently
observed in the Tokai region are related to the lack of rupture
of the Tokai segment during the 1944 Tonankai earthquake.

4. Discussion

4.1. Effect of Subducted Ridges

[25] The bathymetric map of the study area (Figure 1)
shows parallel seafloor ridges on the Philippine Sea plate
south of the Zenisu ridge off the Tokai region. Kodaira
et al. [2004] showed that at least two ridges have been
subducted under the Tokai region (Figure 1). The present
bathymetry suggests that ridges on the Philippine Sea plate
may have been regularly subducted beneath the Japanese
arc since 15 Ma, when subduction of the Philippine Sea plate
began [Okino et al., 1994]. Therefore, it is reasonable to
assume the existence of subducted ridges deeper than the
two identified by Kodaira et al. [2004].
[26] The plate boundary near the subducted ridges is not

flat, but appears to be an undulating surface and rougher than
other plate interface [Kodaira et al., 2004]. Laboratory
experiments [Dieterich, 1979, 1981] show that the rougher
the contact surface, the larger the characteristic displacement
L. Note that we do not mean that surface roughness is compa-
rable to L, but we assume it has some correlation with L. In
addition, regions where L and/or σ are large can behave as
barriers to rupture propagation because the energy required
for rupture increases in proportion to L and/or σ [Rubin and

Ampuero, 2005]. Therefore, first, we applied relatively large
L to subducted ridges whose roughness is large. We extended
the region with large L to depths of 0�30 km to take into
consideration the possible existence of more subducted
ridges, as discussed above. For L smaller than 0.4 m in areas
of subducted ridges (cases 1�3 in Table 1), the simulations
produced rupture on half of the Tokai segment, because the
effect of the barrier was smaller and, instead of periodic
LSSEs, stable sliding continued at a constant slip rate of
about 1 cm/yr. In contrast, when L in areas of subducted
ridges was larger than 0.6 m (cases 7 and 8), the simulation
showed no rupture in the northeastern area of the Tonankai
segment that ruptured during the 1944 Tonankai earthquake
[Baba and Cummins, 2005] because the effect of the large-
L barrier increased. Thus, L in areas of ridge subduction
ranged from 0.4 to 0.6 m (cases 4–6), but note that the estima-
tion of L depends on the assumed value of (b � a)σ. When
only the two areas corresponding to the subducted ridges
(see thick black lines in Figure 1) identified by Kodaira et al.
[2004] were assigned large L (0.8 m), not placed in Table 1,
only the southeastern half of the Tokai segment remained not
ruptured because the effect of the large-L barrier was small,
suggesting that there are more subducted ridges deeper
beneath the Tokai region than those identified by Kodaira
et al. [2004].
[27] So far we have considered mainly the effect of large L

for subducted ridges to simulate rupture arrested in the Tokai
segment. Next, we examined the effect of large σ for
subducted ridges on the rupture arrest. Honkura et al.
[1999] evaluated an additional effective normal stress due
to subducted seamounts in the Tokai region as 100 MPa.
Accordingly, we also applied an additional σ of 100 MPa
(that is 200 MPa in total) to the same area of large L (green
area) in Figure 3d. Note that we applied same L of 0.13 m
in subducted ridges and other area to evaluate the effect of
just σ (case 18 in Table 1). As a result of simulation, the
rupture propagation stopped at the Tokai segment like cases
of large L (cf., Figures 6 and 13) although the amplitudes
of LSSEs became small (cf., Figures 8 and 11d). It would
be possible to make the amplitudes of LSSEs large by tuning
the parameter L beneath Lake Hamana in the similar manner
in section 3.2 (cf., cases 5 and 16).
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Figure 12. Snapshots of the spatial distribution of shear stress on the plate interface for case 5 immedi-
ately after a great earthquake: (a) without rupture of the Tokai segment and (b) with rupture of the Tokai
segment. The number at the top of each panel is elapsed time (years) from the start of the simulation.
Depth contours to the top of the subducting Philippine Sea plate and the postulated source areas are as
shown in Figure 1.
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4.2. Comparison of This Study With Simulations by
Hirose et al. [2009]

[28] In the modeling of Hirose et al. [2009], the last slow
slip before the Tokai earthquake accelerated and spread
widely, producing the earthquake. On the other hand, in the
new model extended westward to Shikoku, the simulated
Tokai slow slip did not grow into a large earthquake because
the accumulation speed of shear stress off Kii Peninsula is
faster than that in the Tokai region, thus an earthquake tends
to initiate there [Takayama et al., 2008]. One reason why
there was less acceleration of the Tokai slow slip in this study
than in Hirose et al. [2009] is that by extending the model to
the west, we have avoided unrealistic steady aseismic slip in
the Tonankai segment, which was implicit in the modeling of
Hirose et al. [2009], and which caused stress concentration in
the Tokai segment. Another reason is that the large L that we
introduced near subducted ridges to restrain the 1944
Tonankai earthquake from rupturing into the Tokai segment,
also restrained the LSSE from expanding into the Tokai
segment. When the length of a localized pre-slip region
exceeds a critical length lc [Kato, 2004], approximately equal
to GL/(b� a)σ = h* [Rice, 1993], seismic slip occurs.
Considering lc (Table 1), the Tokai earthquake was not trig-
gered by the LSSE because lc (several hundred kilometers)
near subducted ridges was much larger than the length of
the slow slip area (several tens of kilometers in Figure 10),
whereas the earthquake initiated off Kii Peninsula because
lc (~71 km) in that region was smaller than the along-dip
dimension (at least ~80 km, see Figure 3c) of the seismogenic
zone. It is noteworthy that when the Tokai earthquake
occurred in our simulations, it was always preceded by a
Tonankai earthquake.

4.3. Controls for Slow Slip Events

[29] We simulated recurring LSSEs in the Tokai region by
applying low values for effective normal stress and L beneath
Lake Hamana. Note that we applied large L to the subducted
ridges in the Tokai region but small L to regions where the
ridges are also expected to subduct beneath Lake Hamana
where LSSEs have occurred. Because states of the plate
boundary beneath Lake Hamana where dehydration process
is especially active [Hirose et al., 2008b; Matsubara et al.,

2008] are different from those of other regions, we consider
that friction properties beneath Lake Hamana are also locally
different from other regions. Kato [2004] showed that
episodic aseismic slip events (slow earthquakes) may occur
in a velocity-weakening patch whose size is approximately
equal to or slightly smaller than the critical size (lc) of earth-
quake nucleation. On the other hand, in our present model, lc
beneath Lake Hamana (~30 km, Table 1) is about half the
length of the shaded green area in Figure 3e where the simu-
lated Tokai LSSEs occurred, which apparently suggests that
the relation of lc to the size of the slow slip area of our model
is inconsistent with the results of Kato [2004]. This may be
explained by the difference of the frictional property around
a velocity-weakening patch. In our model. a velocity-
weakening patch is almost surrounded by velocity-
weakening regions with large L and σ while in Kato [2004],
it is surrounded by velocity-strengthening regions. The rate
of stress accumulation from surrounded area to slow slip area
becomes low when coupling rates are high (slip rates are low)
in the surrounding area as our model (see Figure 10). The dif-
ference of stress accumulation rates in slow slip area between
our model and Kato’s [2004] model is the reason why the slip
speed remains slow even if the size of a velocity-weakening
patch (the shaded green area in Figure 3e) is larger than lc.
[30] As above mentioned, we found that it is necessary to

assign low values of σ and L to the area beneath Lake
Hamana in order to reproduce the recurring LSSEs. There
are many studies on the mechanisms of reproducing the
recurring LSSEs [e.g., Liu and Rice, 2007; Rubin, 2008;
Matsuzawa et al., 2010]. For the case of partially locked plate
interface, Liu and Rice [2007] and Rubin [2008] found that
the parameter W/h* determines the style of slip, where W is
the width of the velocity-weakening zone between the locked
zone and velocity-strengthening zone, and h* is the critical
cell size [Rice, 1993]. Liu and Rice [2007] showed that high
pore pressure is required to explain observed recurrence
intervals and slips of SSEs in the 2-D planar subduction
model based on the RSF law with the slowness law [Beeler
et al., 1994] for state evolution. Rubin [2008] pointed out that
SSEs arise under small positive value of (b � a) in combina-
tion with low effective normal stress in the 2-D planar
subduction model similar to Liu and Rice [2007]. On the
other hand, he also suggested that two mechanisms are
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Figure 13. The spatial distribution of slip displacement on the plate interface during a great earthquake
for case 18 applying an additional effective normal stress to subducted ridges: (a) without rupture of the
Tokai segment and (b) with rupture of the Tokai segment. Depth contours to the top of the subducting
Philippine Sea plate and earthquake source areas are as shown in Figure 1.
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required for generating SSEs “stably” for the slip law which
is relatively consistent with lab data rather than the slowness
law: one is a transition of friction from velocity weakening to
velocity strengthening at the appropriate slip speed, and the
other is an inelastic dilatation of the fault zone coupled with
pore pressure reduction and diffusive recovery. In our 3-D

plate model, W beneath Lake Hamana has a range 40�70
km (the dip length of the shaded green area in Figure 3e)
and the length in the strike direction is about 60 km. We used
values of h* in the range of 19–36 km to recur LSSEs (the
same as lc listed in LH in Table 1). Thus, W/h* in the
LSSEs regions has values ranging 1.11�3.68. These values
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are basically consistent with the slow slip condition
suggested by Rubin [2008]. However, from our simulation
results (e.g., compare case 1 with case 5 in Table 1), there
are cases with and without recurring LSSEs even if W/h* is
the same value. Therefore, we think that although W/h*
may be an index for determining the style of slip in a 2-D pla-
nar subduction model with simple spatial distribution of pa-
rameters, complicated heterogeneous stress distribution and
stress accumulation process are also related to make LSSEs
to occur in a 3-D complex model. Matsuzawa et al. [2010]
reproduced long- and short-term SSEs in the transition zone
by adopting the RSF law with two cutoff velocities and as-
suming high pore fluid pressure in both of the 2-D and 3-D
planar subduction models. Recurring SSEs tend to occur eas-
ily when steady state friction behaves as velocity weakening
at low slip velocity and velocity strengthening at high slip ve-
locity by incorporating two cutoff velocities, as pointed out
by Rubin [2008]. However, it is unknown whether the fric-
tion law including two cutoff velocities is appropriate at
depths where SSEs occur. As shown in the following
section 4.4, we can also reproduce recurring LSSEs using
the slip law instead of the composite law by assigning locally
low values of σ and L without introducing a velocity-
strengthening friction law at high slip velocity. Although
there are differences in the friction laws and dimension of
model space among these recent models, the term of a high
pore pressure (low effective normal stress) may be the com-
mon keyword for generating SSEs. Therefore, it is necessary

to estimate spatial distribution of pore fluid precisely [e.g.,
Kato et al., 2010] for the better modeling of LSSEs in
the future.

4.4. Effect of Using Different Friction Laws

[31] For cases 1–18, we used the composite RSF law of
Kato and Tullis [2001], which applies a “slip law” in the high
slip-velocity range and a “slowness law” in the low slip-
velocity range [Beeler et al., 1994]. Hirose et al. [2009]
simulated the recurring Tokai slow slips by using the slip
law. For case 19, we ran a simulation using the slip law in-
stead of the composite law and also took into consideration
the locally high pore pressures beneath Lake Hamana and
the subducted ridges beneath the Tokai region.
[32] The simulation results for case 19 are very similar to

those we generated using the composite law. That is, pre-slip
occurred off Kii Peninsula, the rupture spread bilaterally
from there, great earthquakes in Tonankai and Nankai
segments occurred about every 110�115 years, and the
rupture propagated to the Tokai segment only during every
second great earthquake (Figures 14 to 17). It is noteworthy
that we use the slip law and different values of friction param-
eters from these for the composite law in order to simulate the
similar earthquake cycles (see case 19 in Table 1). For this
model, the moment magnitude of the great earthquake when
all three segments along the Nankai trough ruptured was 8.8;
it was 8.7 when there was no rupture of the Tokai segment.
Although the slip rates during the interseismic period

132˚ 134˚ 136˚ 138˚

32˚

34˚

36˚
(a) Fig.14(c−e)

132˚ 134˚ 136˚ 138˚

(b) Fig.14(h−j)

Displacement [m]
0 1 2 3 4 5 6 7 8 9 10

Figure 15. The spatial distribution of slip displacement on the plate interface for case 19 during a great
earthquake: (a) without rupture of the Tokai segment from (Figure 14c–14e) and (b) with rupture of the
Tokai segment from (Figure 14h–14j). Depth contours to the top of the subducting Philippine Sea plate
and earthquake source areas are as shown in Figure 1.

Figure 14. Snapshots of the spatial distribution of slip velocities normalized by plate convergence rates [Heki and Miyazaki,
2001] on the plate interface for case 19 using the slip law. The cold and warm colors indicate locking and sliding state on the
plate interface, respectively. The number at the top of each panel is the elapse time (years) from the start of the simulation.
Depth contours to the top of the subducting Philippine Sea plate and the postulated source areas are as shown in Figure 1.
(a) The most of seismogenic zone recovers locking state about 14 years after a great earthquake which ruptures whole regions.
(b) Locked regions become smaller with time. (c) A pre-slip area extends off the Kii Peninsula, and a great earthquake rupture
initiates. (d) The ruptures spread bilaterally from the epicenter. (e) The Tokai segment remains locking while the ruptured area
shows an after-slip. (f) The most of seismogenic zone recovers locking state about 14 years after a great earthquake except for
regions between the Tokai and Tonankai segments. (g) Locked regions become smaller with time. (h) A pre-slip area extends
off the Kii Peninsula, and a great earthquake rupture initiates. (i) The ruptures spread bilaterally from the epicenter. (j) The
whole regions including the Tokai segment are ruptured. And the state on the plate interface comes back to Figure 14a.
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differed for the composite and slip laws (see Figures 7 and
16), modeling with both laws simulated both the phenomena
of recurring slow slips and the lack of rupture of the Tokai
segment during every second great earthquake. Therefore,
there was little difference in the simulation outcomes
achieved using these two friction laws.

4.5. Problems to be Addressed in Future Studies

[33] Taking into consideration the results of Hyndman
et al. [1995], we assumed in this study that the frictional
parameter (a � b) depends only on depth [Hirose et al.,
2008b] and does not change along the axis of the Nankai
trough. However, Hirose et al. [2008a] suggested that the
spatial distribution of temperature on the Philippine Sea slab,
which controls the value of (a� b), does not necessarily mir-
ror the iso-depth contours of the top of the slab. Therefore,
future studies should include variation of (a � b) along the
trough axis.
[34] In our model, great earthquakes along the Nankai

trough always initiate off Kii Peninsula and the ruptures then
propagate bilaterally; that is, the Tonankai and Nankai
segments always rupture at the same time. Furthermore, the
Tokai segment does not rupture in isolation, but it does
rupture every second time the Tonankai segment ruptures.

These simulated results are not completely consistent with
the complicated historical record of great earthquakes along
the Nankai trough (Figure 2). Generally, the potential of
seismic occurrence becomes higher when a LSSE occurs, be-
cause shear stresses applied to the seismogenic zone around
slow slip regions become larger. However, in our model,
we cannot simulate the case that the Tokai slow slip grows
into a large earthquake. This is because subducted ridges be-
neath the Tokai region behave as barriers to the growth of
LSSEs, and the accumulation speed of shear stress off Kii
Peninsula is faster than that in the Tokai region, thus an earth-
quake tends to initiate there [Takayama et al., 2008].
Therefore, we cannot discuss the details of the relation
between LSSEs and the anticipated Tokai earthquake in our
model. In addition, the preseismic sliding area off Kii
Peninsula with lc = 71 km may be too large. Since plate con-
vergence rates are fast at western parts of the study area [Heki
and Miyazaki, 2001] and we assume that a constant slip at the
plate convergence rate occurs outside the study area, stress
easily concentrates at the western edge of study area and
seismic rupture tends to start there. To avoid rupture starting
from the western edge, we applied enough large L (= 0.13 m).
Because our principal objective is to simulate that the Tokai
segment did not rupture and LSSEs have recurred beneath
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Figure 16. Time evolution of (top) cumulative displacement and (bottom) slip velocity normalized by
plate convergence rate for case 19 at the locations marked by white crosses in Figure 14a. (a) White cross A,
(b) white cross B.
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Figure 17. (a,b) Time evolution of slip velocity for case 19 at the location marked by a cross in Figure 3e.
The shaded period in Figure 17a is enlarged in Figure 17b. R and N in Figure 17b denote the occurrence of
great earthquakes during which the Tokai segment is ruptured and not ruptured, respectively.
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Lake Hamana, we applied the same L for all the area except
for the Tokai region to simplify the spatial distribution of
friction parameters. Therefore, we think that the large
preseismic sliding area in this study may be overestimated.
The ability to develop simulations that reproduce that
complex sequence is important for earthquake prediction
and, although it is our final aim, it is beyond the scope
of this paper.

5. Conclusions

[35] We extended the study area of Hirose et al. [2009]
westward to include the western Shikoku region, which
allowed us to more realistically simulate the locked state of
the plate interface of the Tokai segment. Our 3-D numerical
simulations successfully modeled the lack of rupture of the
Tokai segment during the 1944 Tonankai earthquake as well
as the recurring LSSEs in the Tokai region that precede its
rupture. We also found little difference in our simulations
of the behavior comparing simulations using two friction
laws (the composite law and the slip law).Relatively larger
L and σ in areas of subducted ridges than those in other
regions are essential to avoid rupture of the Tokai segment
during the 1944 Tonankai earthquake because the energy
required for rupture increases in proportion to these parame-
ters. Furthermore, the examination of spatial distributions of
large L suggests that there may be more subducted ridges
deeper beneath the Tokai region than those identified by
Kodaira et al. [2004]. We found that it is necessary to assign
low values of σ and L to the area beneath Lake Hamana in
order to reproduce the recurring LSSEs. Low value of σ is
consistent with the observations that suggest that the dehy-
dration process is especially active in the subducting slab
beneath Lake Hamana [Hirose et al., 2008b; Matsubara
et al., 2008; Kato et al., 2010]. The term of a high pore
pressure (low effective normal stress) may be the keyword
for generating SSEs. The amplitudes of the simulated
LSSEs were larger during the periods following great earth-
quakes without rupture of the Tokai segment because shear
stress was increased around the Tokai segment when it was
not ruptured. Thus, we concluded that the LSSE observed
in the Tokai region during 2001–2005 may reflect concentra-
tion of stress related to the arrest of rupture of the Tokai
segment during the 1944 Tonankai earthquake.
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