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Abstract

quake, intense monitoring is going on.

The Tokai region of Japan is known to be a seismic gap area and is expected to be the source region of the antici-
pated Tokai earthquake with a moment magnitude of over 8. Interplate slow slip occurred from approximately 2001
and subsided in 2005 in the area adjacent to the source region of the expected Tokai earthquake. Eight years later,
the Tokai region again revealed signs of a slow slip from early 2013. This is the first evidence based on a dense Global
Positioning System network that Tokai long-term slow slips repeatedly occur. Two datasets with different detrending
produce similar transient crustal deformation and aseismic slip models, supporting the occurrence of the Tokai slow
slip. The center of the current Tokai slow slip is near Lake Hamana, south of the center of the previous Tokai slow slip.
The estimated moments, which increase at a roughly constant rate, amount to that of an earthquake with a moment
magnitude of 6.6. If the ongoing Tokai slow slip subsides soon, it will suggest that there are at least two different types
of slow slip events in the Tokai long-term slow slip area: that is, a large slow slip with a moment magnitude of over 7
with undulating time evolution and a small one with a moment magnitude of around 6.6 with a roughly linear time
evolution. Because the Tokai slow slip changes the stress state to one more favorable for the expected Tokai earth-
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Background
The Tokai region in Japan is located near the Suruga
trough, where the Philippine Sea plate subducts in the
northwest direction beneath the Amurian plate at an
annual rate of 2-3 cm/year (Sella et al. 2002) (Fig. 1).
Because of the subduction of the Philippine Sea plate,
large interplate earthquakes have repeatedly occurred
in the Tokai region at time intervals of around 150 years
(e.g., Kumagai 1996). The last Tokai earthquake occurred
in 1854 (Richter magnitude M = 8.4). Currently, approxi-
mately 150 years have elapsed since the last Tokai earth-
quake. The Tokai region is deemed a seismic gap because
it did not rupture at the time of the 1944 Tonankai earth-
quake [moment magnitude (M,,) = 8.1] (Ishibashi 1981;
Mogi 1981).

In this tectonic setting, the dense Global Positioning
System (GPS) network (GEONET) in Japan detected
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transient movements in the Tokai region from early 2001,
which disappeared around 2005 (e.g., Ozawa et al. 2002;
Miyazaki et al. 2006; Liu et al. 2010). This transient was
interpreted as a long-term slow slip on the plate interface
near Lake Hamana, central Japan, adjacent to the Tokai
seismic gap (e.g., Ozawa et al. 2002; Ohta et al. 2004;
Miyazaki et al. 2006; Liu et al. 2010; Tanaka et al. 2015).
The previous Tokai slow slip gradually stopped and did
not trigger the anticipated Tokai earthquake. After the
discovery of the Tokai slow slip by GEONET, it was pro-
posed that the Tokai long-term slow slip occurred during
the periods of approximately 1978-1983 and 1987-1991
on the basis of baseline measurements by an electro-
magnetic distance meter or based on leveling data (e.g.,
Kimata et al. 2001; Ochi 2014). This hypothesis is con-
sistent with other slow slip events around Japan, such as
the Bungo slow slip and the Hyuga-nada slow slip (e.g.,
Ozawa et al. 2013; Yarai and Ozawa 2013), in that they
have occurred quasi-periodically.
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Fig. 1 aTectonic setting in and around Japan. Dashed lines indicate plate boundaries. Red solid lines show the fault patch adopted to estimate
aseismic slip for the Tohoku and Tokai regions. Blue circles show the locations of the GPS sites used in the inversion of the first detrended dataset
(see text). The T-direction and S-direction are denoted by black arrows (see text). Epicenters of the 2004 off Kii peninsula earthquakes are denoted
by white circles. b Enlarged map of the Tokai region in a. Green arrows show the first detrended crustal movements (see text) for the period between
January 1, 2013, and October 25, 2015, relative to the Misumi site. The red dashed line shows the source region of the anticipated Tokai earthquake
or a seismic gap. The red solid line shows the fault patch adopted in the Tokai region to estimate aseismic slip. The T-direction and S-direction are
denoted by black arrows (see text). Solid blue circles show the locations of the GPS sites used in the inversion of the second detrended dataset. Posi-
tion time series of sites 996, 097, and 102 are shown in Figs. 2 and 6. The position time series of site 303 is shown in Additional file 1

Since the 2011 M, 9 Tohoku earthquake, eastward
postseismic deformation has been the dominant source
of crustal deformation in the Tokai region (see Fig. 1b).
Around 12 years after the start of the previous Tokai
slow slip, GEONET has been detecting a similar tran-
sient signal in the Tokai region since early 2013, which
is mixed with the postseismic deformation due to the
2011 Tohoku earthquake. This transient movement sug-
gests the possibility of the restart of the Tokai slow slip
on the interface between the Amurian plate and the Phil-
ippine Sea plate. In addition to the crustal deformation
detected by GEONET, a strain meter in the Tokai region
also shows transient deformation (Miyaoka and Kimura
2016).

Because there is a possibility that the ongoing slow slip
will lead to the anticipated Tokai earthquake, it is impor-
tant to monitor the state of the current Tokai slow slip.
In this study, we estimate the spatial and temporal evolu-
tion of the possible Tokai slow slip by applying square-
root information filtering following the time-dependent
inversion technique and compare it with the previous
event. We also discuss the relationship between the low-
frequency earthquakes and the estimated slow slip model
and the influence of the latter on the expected Tokai
earthquake.

Methods

GPS data were analyzed to obtain daily positions with
Bernese GPS software (version 5.0). We adopted the F3
solution (Nakagawa et al. 2008), which uses the final orbit
and earth rotation parameters of the International GNSS
Service (IGS) and provides a higher S/N ratio than the
previous F2 position time series (Hatanaka et al. 2003).
We used the east—west (EW), north—south (NS), and up-
down (UD) components at approximately 400 GPS sites
in the Tokai, Kanto, and Tohoku regions.

Postseismic deformation due to the 2011 Tohoku
earthquake has strong potential to contaminate and bias
our search for slow slip in the Tokai region. We therefore
attempt to remove its influence in two different ways,
each generating a different dataset. First, we invert two
fault patches (one for the Tokai slow slip and one for the
Tohoku afterslip). In this analysis, we attributed all the
postseismic deformation of the Tohoku earthquake to
afterslip on the plate interface in the Tohoku region and
did not take viscoelastic relaxation into account. This
first approach assumes that the postseismic deformation
due to viscoelastic relaxation can be partly modeled by
afterslip modeling. However, it is a fact that viscoelas-
tic relaxation contributes to the postseismic deforma-
tion due to the Tohoku earthquake (e.g., Sun et al. 2014).



Ozawa et al. Earth, Planets and Space (2016) 68:54

Thus, we need another approach to estimate the effects
of viscoelastic relaxation and afterslip on the plate inter-
face to support the results of the analysis with two fault
patches. For this purpose, second, we attempt to remove
the Tohoku postseismic deformation by considering
exponential and logarithmic trends in the position time
series in the analysis with one fault patch for the Tokai
slow slip.

Analysis with two fault patches

In the analysis with two fault patches, we estimated and
removed annual components separately from the EW,
NS, and UD raw position time series at each station using
a polynomial function corresponding to the trend com-
ponent and trigonometric functions corresponding to the
periodic annual components. Because the antenna was
changed in 2012, we estimated different annual compo-
nents before and after January 1, 2013, for the data from
January 1, 2012, to October 25, 2015, using the following
functions.
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Here, Y(t) is the position time series, ¢ is time, A; are the
coefficients of the polynomial functions, and B, C;, D,
and E; are the coefficients of the trigonometric functions.

The degree of the polynomial functions # and the over-
tone of the trigonometric functions m were estimated on
the basis of Akaike information criterion (AIC) (Akaike
1974). After removing the annual components, we esti-
mated the linear trend for the data between January 1,
2008, and January 1, 2011, during which no transient dis-
placements occurred, and removed it from the data with-
out annual components. We consider that the adopted
steady state for this period is satisfactory for emphasiz-
ing the results, because the previous 2001-2005 slow slip
and the current slow slip were clearly detected as a devia-
tion from this adopted steady state. After this detrending,
we smoothed the position time series by averaging over
3 days to reduce errors. Thus, this first detrending does
not take into account the postseismic deformation due
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to the 2011 Tohoku earthquake, which is the main differ-
ence from the following second detrended dataset. We
call this dataset the first detrended dataset.

We applied square-root information filtering (Ozawa
et al. 2012) to the first detrended dataset following the
inversion technique of McGuire and Segall (2003) for the
period between January 1, 2013, and October 25, 2015.
To reduce the computational burden, we used posi-
tion time series with an interval of 3 days. Because we
used detrended data, the estimated aseismic interplate
slip is the deviation from the steady state for the period
between January 1, 2008, and January 1, 2011.

We used 389 GPS sites in the filtering analysis for the
first detrended dataset (see Fig. 1a). We weighted the EW,
NS, and UD displacements with a ratio of 1:1:1/3 consid-
ering the standard deviations estimated from ordinary
Kalman filtering.

We used two fault patches for the upper boundary of
the Pacific plate along the Japan Trench and that of the
Philippine Sea plate along the Suruga trough (Fig. 1).
Because postseismic deformation occurred after the
2011 Tohoku earthquake as mentioned above, we attrib-
uted the cause of all postseismic deformation to afterslip
on the Tohoku fault patch. In this case, we do not take
the viscoelastic response due to the Tohoku earthquake
into account because we consider that the effect of the
viscoelastic response to ground deformation occurs on
a spatially large scale and is similar to the afterslip effect
at this point. That is, the contribution of the viscoelastic
response to the surface deformation in the Tokai region
may be partly compensated by our afterslip model on the
first fault patch, which is the upper surface of the Pacific
plate after the Tohoku earthquake.

We incorporated the inequality constraint that the slip
is within 40° of the direction of the plate motion following
the method of Simon and Simon (2006). In this filtering
analysis, we incorporated the spatial roughness of the slip
distribution (McGuire and Segall 2003). Hyperparameters
that scale the spatial and temporal smoothness were esti-
mated by approximately maximizing the log-likelihood
of the system (Kitagawa and Gersch 1996; McGuire and
Segall 2003). The optimal values of the spatial and tem-
poral smoothness of the Tohoku fault patch are approxi-
mately 1.0 and 0.001, while those of the Tokai fault patch
are approximately 0.004 and 0.001, respectively.

In the above analysis, a fault patch and a slip distribu-
tion on a fault patch are represented by the superposition
of spline functions (Ozawa et al. 2001). The fault patch for
the Tokai region consists of 11 nodes in the T-direction
and 15 nodes in the S-direction (see Fig. 1b) (Ozawa et al.
2001). These directions are defined in Fig. 1b. The spac-
ing of knots on the fault patch is approximately 20 km
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in the Tokai region. The plate boundary model is from
Hirose et al. (2008). With regard to the fault patch in
the Tohoku region, we used 12 nodes in the T-direction
and 10 nodes in the S-direction with spacing of approxi-
mately 80 and 40 km in the T-direction and S-direction,
respectively (see Fig. 1a). This Tohoku fault patch is used
only in the analysis with two fault patches. Although the
spacing between the parallel trench nodes is larger than
that between the normal trench nodes, the results for the
afterslip on this Tohoku fault patch are similar to those of
Ozawa et al. (2012), in which the grid spacing is shorter.
Thus, we consider that the fault patch adopted for the
Tohoku region can satisfactorily describe the afterslip
of the Tohoku earthquake. The plate boundary model is
from Nakajima and Hasegawa (2006) and Nakajima et al.
(2009). The coefficients of the spline functions that rep-
resent the slip distribution on the fault patches are esti-
mated in this inversion (Ozawa et al. 2001).

Analysis with one fault patch

In the second detrending, we assumed that the postseismic
deformation after the 2011 Tohoku earthquake follows a
time evolution with exponential and logarithmic decay,
because the causes of the postseismic deformation due to
the 2011 Tohoku earthquake seem to be afterslip and vis-
coelastic relaxation (e.g., Sun et al. 2014). Theoretically,
exponential decay corresponds to the viscoelastic relaxa-
tion in a medium with linear viscoelasticity, and logarith-
mic decay corresponds to the afterslip on a plate boundary
with a rate- and state-dependent friction law (e.g., Hetland
and Hager 2006; Marone et al. 1991). Tobita and Akashi
(2015) first proposed that the postseismic deformation due
to the 2011 Tohoku earthquake can be well reproduced
by a function consisting of logarithmic and exponential
functions. In this case, we first produced a dataset without
annual components or the linear trend from the raw data
in the same way as for the first detrended dataset, although
we estimated annual components between January 1,
1997, and January 1, 2011. In this estimate of annual com-
ponents, the 2001-2005 Tokai slow slip does not affect the
results. The linear trend is estimated for the same period
as for the first detrended dataset. After this process, we
estimated the logarithmic and exponential components
for the period between March 12, 2011, and March 11,
2013, assuming that the crustal deformation for this period
was caused by the afterslip and viscoelastic relaxation due
to the Tohoku earthquake and the local Tokai transient
starting from early 2013. We regressed the following func-
tion to the position time series, as was first conducted by
Tobita (2016):

Y() =A log (ttl + 1) +B<exp (—;2) — 1) +C,

3
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where ¢, 71, and £2 are the time elapsed from the 2011
Tohoku earthquake on March 11, 2011, and the time con-
stants of logarithmic and exponential decay, respectively.
The time constants ¢1 and £2 of the logarithmic and expo-
nential components were estimated from the position time
series of four GPS sites in the Tohoku and Kanto regions
of Japan (Tobita 2016). After the estimates of the time
constants, we estimated A, B, and C in Eq. (3) and deleted
the logarithmic and exponential components from all the
position time series on the assumption that the time con-
stants are the same among all the GPS position time series.
With regard to the remaining annual components due to
the changes to the antenna in 2012, we estimated them
from the data for the period between 2012 and 2015 by
employing a different annual component before and after
January 1, 2013. We removed this annual component, as
for the case of the first detrended dataset, so that we could
compare the first and second detrended datasets. We call
this detrended dataset the second detrended dataset from
now.

We used 129 GPS sites in the Tokai region of the sec-
ond detrended dataset for the time-dependent inversion
analysis (Fig. 1b). This is because it is not necessary to
take into account the postseismic deformation due to the
2011 Tohoku earthquake for the second detrended data-
set, although we have to take it into account in the first
detrended dataset.

In the second detrended dataset, we used the same
fault patch between the Philippine Sea plate and the
Amurian plate beneath the Tokai region as that in the
first detrended dataset without the Tohoku fault patch,
because we consider that the effects of the viscoelastic
relaxation and afterslip due to the 2011 Tohoku earth-
quake are nonexistent in the second detrended dataset
owing to the removal of the exponential and logarithmic
trends.

The spatial and temporal smoothness of the second
detrended dataset is set to the same values as those of the
Tokai fault patch in the analysis with two fault patches
so that we can approximately compare the results of this
analysis with those of the analysis with two fault patches.

Analysis of the previous Tokai slow slip

In addition, we created a third detrended dataset using
the same method as for the first detrended dataset
but with a different period of estimation for the annual
components. That is, we estimated the annual compo-
nents of the EW, NS, and UD position time series sep-
arately for the period up to January 1, 2011, together
with a polynomial function from the raw position time
series at each station. We estimated the linear trend for
the same period as for the first and second datasets and
removed it from the position time series without annual
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components. We used 86 GPS sites in the following
inversion. Using this third detrended dataset, we esti-
mated an approximate model of the previous Tokai slow
slip for the period between January 1, 2001, and January
1, 2008, by the same method as for the second detrended
dataset because there are no other signals, such as those
corresponding to postseismic deformation due to the
2011 Tohoku earthquake, for this period. We consider
that the postseismic deformation due to the 2004 off Kii
peninsula earthquakes (M, > 7) (see Fig. 1a) does not sig-
nificantly affect the previous Tokai slow slip model. The
estimated optimal spatial and temporal parameters are
approximately 3.0 and 1.0, respectively.

Results and discussion

Analysis with two fault patches

The first detrended crustal deformation data show east-
ward displacements relative to the Misumi site (Fig. 1b).
The time evolution of these eastward displacements can
be clearly observed in the first detrended position time
series of selected GPS sites (Fig. 2a—c). The eastward
displacements are mostly attributed to the postseis-
mic deformation due to the 2011 Tohoku earthquake,
although the Philippine Sea plate is subducting beneath
the Amurian plate from the Suruga trough in the north-
westward direction. However, there are also southward
displacements of approximately 1 cm in the north—south
position time series from early 2013 in Fig. 2a—c com-
pared with approximately 2 c¢cm eastward movements,
which cannot be explained by either afterslip or viscoe-
lastic relaxation due to the 2011 Tohoku earthquake, sug-
gesting aseismic slip on the plate interface in the Tokai
region. Thus, we assume that transient crustal deforma-
tion started locally from early 2013 at the latest in the
Tokai region. We do not treat the southward transient
movements before 2013 in the same time series in this
paper, because the spatial pattern of this change before
2013 is less clear than that of the transient movements
after 2013.

Although we estimated the afterslip on the Pacific plate
in the Tohoku region together with the slip on the Philip-
pine Sea plate in the Tokai region, we will not discuss it
in this paper because our focus is on the Tokai slow slip.
The characteristic features of the estimated afterslip on
the Pacific plate in the Tohoku region are similar to the
results of Ozawa et al. (2012) (Additional file 2).

Figure 2d—f shows position time series with the effect
of the Tohoku afterslip model removed from the first
detrended dataset to make the Tokai transient clear.
That is, we calculated the contribution to the ground
displacements from the optimal Tohoku afterslip model
estimated in this study and subtracted it from the
first detrended position time series. We consider that
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Fig. 2d—f may be directly comparable to the second data-
set. All the GPS sites in Fig. 2d—f show southeastward or
eastward displacements from early 2013. Figure 3 shows
the characteristic features of the spatial patterns of the
data derived by removing the component of the 2011
Tohoku afterslip model estimated in this research from
the first detrended dataset for the period between Janu-
ary 1, 2013, and October 25, 2015. In this figure, we can
observe southeastward crustal deformation west of Lake
Hamana and eastward deformation east of Lake Hamana,
strongly indicating the occurrence of aseismic inter-
plate slip near Lake Hamana. Furthermore, the vertical
crustal deformation shows uplift east of Lake Hamana
for the same period (Fig. 3a), which is also expected to
result from a slow slip near Lake Hamana. The 1o error
is 1-2 mm for horizontal displacements and 3-6 mm for
vertical displacements in Fig. 3a, as estimated by ordinary
Kalman filtering. Thus, the observed transients in Fig. 3a
exceed the 1o error. We do not consider that the post-
seismic deformation due to the 2011 Tohoku earthquake
could have created the pattern in Fig. 3a by viscoelastic
relaxation or afterslip on the Pacific plate. This is because
this pattern occurs in a spatially small scale in the Tokai
region compared with the viscoelastic relaxation and
afterslip on the Pacific plate, which probably causes spa-
tially larger-scale ground deformation because the source
is so far from the ground surface in the Tokai region. Fur-
thermore, afterslip or viscoelastic relaxation could not
have created the uplift near Lake Hamana.

On the basis of the observed first detrended displace-
ments, our filtering analysis shows a slow slip area near
the west boundary of the source region of the expected
Tokai earthquake (Fig. 4a—c) as expected from Fig. 3a.
The aseismic interplate southeastward slip rate from Jan-
uary 1, 2013, to January 1, 2014, amounts to 1 cm/year
in Fig. 4a and is centered near Lake Hamana. The maxi-
mum aseismic interplate slip rate for the period between
January 1, 2014, and January 1, 2015, exceeds 2 cm/year
in Fig. 4b. Figure 4c shows an aseismic interplate slip rate
of approximately 1-2 cm/year near Lake Hamana for the
period between January 1, 2015, and October 25, 2015.
The aseismic slip in the Nagoya area in Fig. 4c is less reli-
able because it is located near the western boundary of
the fault patch used in the modeling, and the estimated
error is relatively large in this area. The time evolution of
the slip area indicates that the center of the aseismic slip
is near Lake Hamana, and movement of the center of the
slip area is not observed. Figure 4d—f shows the 1o error
of the estimated aseismic slip rate with a contour inter-
val of 2 mm/year, indicating that the estimated interplate
slip rates for all the periods are larger than the 1o error.
The main area in which the estimated total slip is in the
southeastward direction is located on the west boundary
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of the seismic gap, and the slip magnitude surpasses 4 cm
for the period between January 1, 2013, and October 25,
2015, with a moment magnitude exceeding 6.6 (Fig. 5a,
b). The estimated moment release rate seems to be
roughly constant in Fig. 5b from a long-term viewpoint.
The horizontal and vertical displacements computed
from our best-fitting Tokai aseismic slip model based on
the first detrended dataset reproduce the observed crus-
tal deformation well, as shown in Figs. 2 and 3b.

Analysis with one fault patch

Figure 6a—c shows the position time series with the
annual components and the linear trend removed from
the raw data, as described in detail in the subsection on
the analysis with one fault patch in the “Methods” sec-
tion, and the values computed using an optimal function

consisting of logarithmic and exponential functions. The
second detrended dataset is shown for the same selected
GPS sites in Fig. 6d-f. In Fig. 6d—f, we can clearly
observe southeastward and eastward residuals from early
2013. Figure 7a shows the spatial pattern of the second
detrended dataset for the period between January 1,
2013, and October 25, 2015. The observed spatial pat-
tern of the second detrended dataset shows southeast-
ward displacements west of Lake Hamana and eastward
displacements east of Lake Hamana. Uplift is observed
near Lake Hamana. The 1o error ranges from 1 to 2 mm
for the horizontal components and from 3 to 6 mm for
the vertical components. These features are similar to
those in Fig. 3a for the first detrended dataset without
the Tohoku afterslip effects. The filtering analysis of the
second detrended dataset shows an area of aseismic slip
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centered on Lake Hamana (Fig. 8a—c), which is similar to
the slip area estimated from the first detrended dataset
in Fig. 4. Furthermore, the slip rate magnitude seems to
be very similar to that obtained by analysis using the first
detrended dataset, ranging from 1 to 2 cm/year (Fig. 8a—
c). We cannot observe any significant movements of
the center of the slow slip area for the entire period.
Figure 8d—f shows that the estimated aseismic slip rates
in Fig. 8a—c are larger than the 1o error. The total slip
magnitude amounts to more than 4 cm for the period
between January 1, 2013, and October 25, 2015, with a
moment magnitude reaching 6.6 (Fig. 9a, b). This model
closely reproduces the observed transient deformation
shown in Figs. 6d—f and 7a, b.

Comparison between the two models

We obtained almost the same results using the two dif-
ferent detrended datasets. With regard to the estimated
model based on the first detrended dataset, we can-
not rule out the existence of a systematic error resulting
from the postseismic deformation since the 2011 Tohoku
earthquake. However, we believe that any such system-
atic error would be small considering the difference in
the spatial scale of the viscoelastic relaxation effect men-
tioned above. Furthermore, because our model based on
the second detrended dataset, which excludes the expo-
nential and logarithmic time evolution corresponding to
viscoelastic relaxation and afterslip, respectively, shows
similar results for the location and time evolution of
aseismic slip to those obtained from the first detrended

dataset, we consider that slow slip is now occurring on
the west boundary of the Tokai seismic gap area, without
signs of decay. This finding is consistent with the strain
meter observations in this region by Japan Meteorologi-
cal Agency, which also indicate interplate slow slip near
Lake Hamana (Miyaoka and Kimura 2016). Although
the start time of the current slow slip event is unclear,
we assumed that it started in early 2013 at the latest on
the basis of the approximate start time of the transient
in Figs. 2 and 6 and the moment release rate shown in
Figs. 5b and 9b. For the second detrended data, we also
changed the regression periods for the logarithmic and
exponential functions to March 12, 2011-March 12,
2012, and March 12, 2011-March 12, 2014, respectively,
and found that the characteristic feature of a slip area
appearing that was centered on Lake Hamana was not
changed.

The reason why the two different detrended datasets
gave similar results is that the postseismic deformation
due to the 2011 Tohoku earthquake can be well explained
by both the kinematic afterslip model and the logarith-
mic and exponential functions, which are based on the
physics of the rate- and state-dependent friction law and
viscoelasticity. However, it remains unclear why the kin-
ematic afterslip model and the logarithmic and exponen-
tial functions produced similar postseismic deformation.
We cannot rule out the possibility that the estimated
logarithmic and exponential functions may reflect
an actual process of afterslip and viscoelastic relaxa-
tion involved in the postseismic deformation due to the
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Fig. 6 (Top) Position time series with the linear trend estimated for the period between January 1, 2008, and January 1, 2011, and annual compo-
nents estimated between January 1, 1997, and January 1, 2011, removed from the raw data (see text) at sites a 996, b 097, and ¢ 102. The nomen-
clature is the same as that in Fig. 2. Red lines show values computed by our best-fitting function consisting of logarithmic and exponential functions
(see text). (Bottom) Second detrended position time series at sites d 996, @ 097, and f 102 (see text). The green line shows values computed from the

Tohoku earthquake. This problem remains to be solved in
a future study.

Comparison between the previous and current slow slips

Interplate aseismic slip occurred in the Tokai region
approximately during the period between 2001 and 2005.
Figure 10 shows the spatial pattern of the third detrended
dataset for the period between January 1, 2001, and Janu-
ary 1, 2008. As shown in Fig. 10, the spatial pattern of this
transient deformation is very similar to that of the cur-
rent Tokai transient (Figs. 3a, 7a). This strongly indicates
that the current transient is a true signal caused by aseis-
mic interplate slip in the Tokai region. The center of the
previous slow slip area for the period between January 1,
2001, and January 1, 2008, is located between the low-
frequency earthquake area and Lake Hamana, while the
ongoing slow slip area is located in the southern part of
the previous Tokai slow slip area (Ozawa et al. 2002; Ohta

et al. 2004; Miyazaki et al. 2006; Liu et al. 2010; Ochi and
Kato 2013) (see Fig. 11). Low-frequency earthquakes are
accompanied by episodic slip on the plate interface (e.g.,
Shelly et al. 2006). The estimated moment magnitude
(M,,) of the previous event is over 7 and much larger than
the values based on the two different detrended datasets
(see Fig. 12).

Because the previous Tokai slow slip reached a moment
magnitude of over 7, we cannot rule out the possibility
that the present stage may correspond to the initial stage
of the time evolution of the Tokai slow slip. The estimated
moment release of the current Tokai slow slip seems to
have increased almost linearly since early 2013, as shown
in Figs. 5b and 9b and in Fig. 12 in the long term, while
the moment release rate of the previous Tokai slow slip
changed in the long term. At this point, the current Tokai
slow slip seems to be following a different time evolution
from that in the previous event (Fig. 12).
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At the time of the previous Tokai slow slip, the
center of the slip area was located near Lake Hamana
in the early period, then moved north over time (e.g.,
Ozawa et al. 2001; Miyazaki et al. 2006) (see Addi-
tional file 3). Thus, there is a possibility that the ongo-
ing slow slip will move northward over time with an
increase in the slip magnitude. However, if the current
aseismic slip stops in the near future, it will indicate
the coexistence of relatively small slow slip events in
the Tokai long-term slow slip area. Our previous Tokai
slow slip model reproduces the observations well as
shown in Fig. 10.

Relationship with low-frequency earthquakes

Non-volcanic low-frequency tremors have been dis-
covered in the Nankai trough subduction zone in Japan
(Obara 2002). These low-frequency tremors include low-
frequency earthquakes whose hypocenters can be deter-
mined by identification of coherent S-wave and P-wave
arrivals (Katsumata and Kamaya 2003). Low-frequency
earthquakes occur at a depth of approximately 30—40 km
on the plate interface in the Tokai region. Low-frequency
tremors that contain low-frequency earthquakes occur in
the Tokai region with a recurrence interval of approximately
6 months accompanied by aseismic slip, which continues for
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2-3 days, and release a seismic moment corresponding to
M,, ~ 6 (Hirose and Obara 2006). This relationship between
low-frequency tremors or earthquakes and slow slip events
has also been observed in many other areas (e.g., Rogers
and Dragert 2003; Shelly et al. 2006). Thus, we can expect
low-frequency tremors or earthquakes with higher activity
owing to the influence of the current Tokai slow slip. How-
ever, such a relationship has not been observed this time,
although there was a correlation between the low-frequency
earthquake activity in the Tokai region and the previous
Tokai slow slip (Ishigaki et al. 2005). We consider that low-
frequency earthquakes are not being activated by the cur-
rent slow slip because the central part of the slow slip area
is located away from the low-frequency earthquake area
(Figs. 5a, 9a) and its magnitude is still small, suggesting lit-
tle change in the stress in the low-frequency earthquake
area. Although short-term slow slip events of M6 in the
Tokai region trigger low-frequency tremors or earthquakes
(Hirose and Obara 2006), the area of induced low-frequency
tremors or earthquakes overlaps with the short-term slow
slip area, indicating a large change in stress in this case.

The short-term slow slip with a maximum moment
magnitude of M6 in the low-frequency earthquake area
(Hirose and Obara 2006) does not affect our optimal
Tokai slow slip model owing to its small moment mag-
nitude compared with the current Tokai event and the
center location of our current Tokai model.

Influence on the expected Tokai earthquake

There is a possibility that the 2011 Tohoku earthquake
and its postseismic deformation have affected the seis-
mic activity of the Japanese archipelago. In studies on the
Coulomb failure stress change (ACFS) due to the Tohoku
earthquake, Toda et al. (2011) showed seismic excitation
throughout central Japan after the Tohoku earthquake
and Ishibe et al. (2015) reported changes in seismicity in
the Kanto region that were correlated with ACES. Further-
more, slow slip events off the Boso peninsula, east Japan,
have shown a shorter recurrence interval after the Tohoku
earthquake (Ozawa, 2014). Our Tohoku coseismic model
(Ozawa et al. 2012) produces a ACFES of approximately
3 kPa near Cape Omaezaki in the Tokai seismic gap. Fur-
thermore, the two estimated models of the current Tokai
slow slip produce ACEFS of approximately 3 kPa near Cape
Omaezaki (see Fig. 1b). We assumed a rigidity of 30 GPa,
Poisson’s ratio of 0.25, and a friction coefficient of 0.4 in
these calculations (Harris 1998). Considering these points,
we cannot rule out the possibility that the ongoing slow
slip will trigger the anticipated Tokai earthquake, although
the previous event did not cause the expected earthquake.
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Thus, it is very important to intensively monitor the ongo-
ing Tokai slow slip using the dense GPS network in Japan.

Conclusions

It has been proposed that the Tokai slow slip occurs with
a recurrence interval of 9-14 years, although the truth of
this hypothesis is difficult to establish because of the scar-
city of data (e.g., Kimata et al. 2001; Ochi 2014). Thus, our
finding, obtained using the dense GPS network in Japan,
confirms that the Tokai slow slip has occurred repeatedly
on the west boundary of the Tokai seismic gap and changed
the stress state in favor of the anticipated Tokai earthquake.
Although the start time of the current event is not clear, the
recurrence interval of the Tokai slow slip is approximately
12 years if we assume it to be early 2013. Our estimated
models of the current Tokai slow slip indicate differences
from the previous event regarding the following points.
First, the magnitude of the current event is approximately
6.6, which is very small compared with the A, of over 7
for the previous event, and increasing at a roughly constant
rate. Second, the center of the slip area is located south of
that in the previous event. Third, the moment release rate
is very small compared with that in the previous event.
We cannot clearly state whether the current slow slip will
become similar to the previous Tokai slow slip or whether
it will be a different type of slow slip from the above points.

Additional files

Additional file 1. (A) Third detrended position time series at site 303,
whose location is shown in Fig. 1b. The red lines indicate the values
computed from our best-fitting Tokai model. (B) Third detrended position
time series at site 097, whose location is shown in Fig. Tb. The red lines
indicate the computed values. (C) Third detrended position time series at
site 102, whose location is shown in Fig. 1b. Our model reproduces the
observations well.

Additional file 2. (Top) First detrended crustal deformation for the
periods between (A) January 1, 2013 and January 1, 2014, (B) January 1,
2014 and January 1, 2015, and (C) January 1, 2015 and October 25, 2015.
(Bottom) Estimated aseismic slip with a contour interval of 20 cm. (D-F)
The periods of (A-C). All the estimated slip patterns are similar to the
results of Ozawa et al. (2012).

Additional file 3. Estimated aseismic slip based on the third detrended
dataset for the period (A) between January 1,2001 and January 1,2002.
The red lines indicate the aseismic slip magnitude with a contour interval
of 5 cm. The nomenclature is the same as that in Fig. 4a. We can see a
relatively large slip area on the west boundary of the expected source
region of the Tokai earthquake. (B) January 1, 2002-January 1, 2003. In
this period, the slip area west of Lake Hamana disappears and the slip
area north of Lake Hamana expands slightly. (C) January 1, 2003-January
1,2004. The slip area north of Lake Hamana becomes large in this period.
(D) January 1,2004-January 1, 2005. In this period, the slip area expands
to the southwest, which is attributed the postseismic deformation due
to the 2004 off Kii-peninsula earthquakes with a moment magnitude of
around 7.3-7.4 inside the Philippine Sea plate (Fig. 1a). Thus, we consider
that this expansion of the slip area to the southwest is not reliable. (E)
January 1, 2005-January 1, 2006. In this period, the aseismic interplate
slip seems to be nearing its end. (F) January 1, 2006-January 1, 2007. (G)
January 1, 2007-January 1, 2008. (H-N) Estimated 10 error for the periods
corresponding to (A-G).
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Abbreviation
GPS: Global Positioning System.
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