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Abstract 

We used Global Navigation Satellite System (GNSS) time series data to estimate the spatiotemporal slip distribution 
for a long-term slow slip event (L-SSE) that occurred in the Tokai region, central Japan, from 2012 to 2016. Since all 
the used GNSS data were affected by the postseismic deformation associated with the 2011 Mw9.0 Tohoku-Oki earth‑
quake, we removed such postseismic signal from the time series of three components at each of the stations. The 
minimal time window for an inversion analysis was set to 0.5 years (6 months), taking into account the signal-to-noise 
ratio of displacements for each time window. In the horizontal displacement fields, displacements were observed 
in the south‒southeast and southeast directions on the west and east sides of Lake Hamana, respectively, with tem‑
poral changes in their amounts and directions. In the vertical displacement fields, uplift was observed on the east 
side of Lake Hamana. From these data, we estimated the L-SSE initiated in approximately 2012.5 and ended by 2017.0, 
indicating the duration time is 4.5 years and the duration was much longer than that obtained in a previous study. 
Using these data, we performed the inversion analysis, in which three a priori information were assumed, i.e., the spa‑
tial distribution of slip is smooth, slip mainly occurs in the direction of plate convergence, and the temporal varia‑
tion in the slip is smooth, to obtain the spatiotemporal slip distribution on a plate boundary with 3-D geometry. As 
a result, we identified that the L-SSE consisted of two subevents. The first subevent initiated on the southwest side 
of Lake Hamana and expanded during the period from 2013.0 to 2014.5. The maximum slip velocity during the period 
from 2012.5 to 2017.0 was estimated to be approximately 3.5 cm/year there for 2013.5–2014.0. The second subevent 
took place on the west side of Lake Hamana gradually from 2015.0 to 2015.5, continued, and expanded from 2015.5 
to 2016.5. From the cumulative slip distribution, we found that its shape spread in the dip direction and obtained 
a maximum slip of approximately 10.6 cm, a moment release of 2.7 × 1019 Nm, and an equivalent moment mag‑
nitude of 6.9. Comparing our results with the L-SSE that occurred in the Tokai region between 2000 and 2005, we 
found that the slip initiation location was almost the same, but the subsequent slip location was more southerly 
for the 2012–2016 Tokai L-SSE. Additionally, the maximum slip velocity and moment magnitude were smaller 
for the 2012–2016 L-SSE.
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Introduction
In the Tokai region, central Japan, the Philippine Sea 
(PHS) plate  is subducting beneath the Amurian plate 
along the Suruga Trough at convergence rates of 5.4–
5.6  cm/year in a northwesterly direction [DeMets et  al. 
2010] (Fig. 1). Aseismic slips, called long-term slow slip 
events (L-SSEs), with durations of months to years, have 
occurred on the plate boundary in the Tokai region. Such 
aseismic slow slip events have been detected by the GNSS 
continuous observation system [GEONET (GNSS Earth 
Observation Network System)], which was launched by 
the Geospatial Information Authority of Japan in 1996.

L-SSEs occurred in the Tokai region from 2000 to 
2005 [e.g., Ozawa et al. 2002; Ohta et al. 2004; Miyazaki 
et  al. 2006; Liu et  al. 2010; Ochi and Kato 2013; Ozawa 
et al. 2016]. Liu et al. (2010) estimated the slip distribu-
tion every 60  days using a Kalman filter-based network 
inversion method with an analysis period from 1998 to 
2004.67. The slip occurred near Lake Hamana from the 
end of 2000 to 2001, followed by a slight northeastward 
shift of the slip area from late 2001. The slip weakened 
in late 2002. In early 2003, slip activity occurred again on 
the north side of Lake Hamana, and the slip reached a 
maximum in early 2004. The maximum amount of total 

slip was estimated to be approximately 24 cm, the maxi-
mum slip velocity was approximately 10 cm/year, and the 
equivalent moment magnitude (Mw) was approximately 
7.0. Ochi and Kato (2013) inverted statically temporal 
changes to interplate coupling and long-term aseismic 
slip in the Tokai region from July 1996 to June 2009 by 
using continuous GNSS and levelling data. Then, using 
a new interpretation, they suggested that the interplate 
coupling and the aseismic slip should be inferred and 
compared with reference to a state of no coupling on 
the plate interface. As a result, slip appeared at a depth 
of approximately 25  km beneath northwestern Lake 
Hamana.

According to Ozawa et  al. (2016), the Tokai L-SSE 
occurred from 2013 to 2015. They showed the yearly slip 
distribution of the L-SSE using the time-dependent inver-
sion method. The analytical period was from 1 January 
2013 to 25 October 2015. The slip velocity was estimated 
to be 1–2 cm/year, and the location of the maximum slip 
area was almost the same in each period. Cumulative 
slip was estimated to be greater than 4 cm, with Mw6.6. 
However, the moment release rate was almost constant in 
their analysis, indicating that the L-SSE had not yet been 
completed in October 2015, and its whole rupture pro-
cess had not yet been revealed. Therefore, we extended 
the time series data to be analyzed and concluded that 
the L-SSE had continued by the end of 2016, as described 
later in more detail. Additionally, although Ozawa et al. 
(2016) performed an inversion every 3  days, if we con-
sider the noise level of the GNSS time series data, which 
is described in detail in a later section, it is impossible to 
discuss the difference in slip associated with the L-SSE 
during such a short period of time. For this reason, we 
suggest that they showed the inverted slip distributions 
on a map with a 1-year time window to take the conserv-
ative view. In this paper, to obtain meaningful inverted 
spatiotemporal slip distributions, we suggest that data 
with better signal-to-noise ratios should be used.

Therefore, in this study, we estimate the minimum time 
window for which signal-to-noise (S/N) ratios at almost 
all of the GNSS stations were carefully selected. More 
concretely, we set the time window as 0.5  years so that 
averages of S/N ratios of total used data both in north–
south and east–west components can be larger than 1.0, 
excluding time windows with rather poor S/N ratios at 
the beginning and end of the whole analysis period. Thus, 
we aim to increase the temporal resolution of the rupture 
process of a single L-SSE as much as possible in a strict 
sense.

Using an inversion analysis of GNSS data with a time 
window of 0.1 year, Yoshioka et al. (2015) compared the 
rupture processes of the 1997–1998, 2002–2004, and 
2009–2011 L-SSEs that occurred beneath the Bungo 
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Fig. 1  Tectonic map in and around the Japanese Islands. The black 
line represents the plate boundary obtained by Bird (2003), Lindquist 
et al. (2004), and Iwasaki et al. (2015), and the solid triangles indicate 
the direction of motion of the plate to be subducted. The red 
circles and blue squares represent the GNSS observation stations 
and the reference stations used in this study, respectively. The blue 
box represents the horizontal projection of the model source region 
used in this study
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Channel, southwest Japan, where L-SSEs have occurred 
repeatedly with recurrence intervals of 6–7  years. They 
showed that spatiotemporal slip distributions are differ-
ent between them, although the final slip distributions 
are similar. Assuming the same time window of 0.1 year, 
Seshimo and Yoshioka (2022) investigated the most 
recent 2018–2019 Bungo Channel L-SSE and found that 
the rupture process was similar to that of the 2002–2004 
Bungo Channel L-SSE. Therefore, it is important and 
meaningful to obtain the temporal evolution of a sin-
gle L-SSE to identify its rupture process using the same 
inversion method by increasing the temporal resolution 
as much as possible.

Therefore, in this study, we estimate the spatiotem-
poral slip distributions associated with the 2012–2016 
Tokai L-SSE after determining the minimum signal-to-
noise ratio of the displacement data, thereby setting the 
minimum period of the time window to be carefully used 
for the inversion analysis by our own inversion method 
developed by Yoshioka et al. (2015). The results were then 
compared with those of previous studies for the L-SSE. 
We also compared the results obtained in this study 
with the previous 2000–2005 L-SSE that occurred in the 
Tokai region. In addition, we investigated the relationship 
between the occurrence of slip and tectonic tremors.

For GNSS time series analysis, inversion method, and 
model setup, please refer to Additional file  1: Texts S1, 
S2, and S3, respectively.

Results
Crustal deformations associated with the 2012–2016 Tokai 
L‑SSE
Figures  2a and b show the horizontal and vertical dis-
placement fields, respectively, at the GNSS stations in 
Fig.  3 for the total period of 2012.0–2018.0. Taking ref-
erence stations at six stations in the Chugoku district, 
southwest Japan shown in Fig. 1, the displacement fields 
were obtained, after removing the common-mode errors, 
the coseismic steps and the steps caused by antenna 
exchange, linear trend, annual and semiannual varia-
tions, and postseismic deformations associated with the 
2011 Mw9.0 Tohoku-oki earthquake. For details, please 
see Additional file 1: Text S1. In the horizontal displace-
ment field, the stations located other than in and around 
Omaezaki showed displacement in the south‒southeast 
to southeast directions, whereas the stations located 
in and around Omaezaki showed displacement in the 
southeast to east directions. In the vertical displacement 
field, uplift was observed at stations located to the east to 
northeast of Lake Hamana, and subsidence was observed 
in the western part of Aichi Prefecture and Omaezaki, 
although subsidence near Omaezaki consists of both 
uplift periods and subsidence ones as explained later. In 

order to remove postseismic deformation associated with 
the 2011 Tohoku-oki earthquake, we used the similar 
method as Ozawa et al. (2016), resulting in similar domi-
nant subsidence in the western part of Aichi Prefecture. 
They also tested simultaneous spatiotemporal slip inver-
sion, assuming that postseismic deformation was caused 
by afterslip on the plate interface of the upper surface of 
the Pacific plate in northeast Japan. This removal method 
of the postseismic deformation also shows subsidence 
in the western part of Aichi Prefecture in their analysis. 
Therefore, we consider that subsidence in the western 
part of Aichi Prefecture is robust, regardless of the cor-
recting method of the postseismic deformation.

Next, we focus on the temporal changes and describe 
their characteristics. Among the corrected time series 
data at the stations used in the analysis, Fig.  4b shows 
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Fig. 2  Accumulated displacements associated with the L-SSE 
from 2012.0 to 2018.0 relative to the secular motion from 2008.0 
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the time series data of the three components at 10 sta-
tions around Lake Hamana (Fig. 4a). For the north‒south 
component, gradual southward displacement began to 
be identified at most of the stations from the middle of 
2012 and continued until the end of 2016. For the east‒
west component, eastward displacement was observed 
at Stations 071161, 041136, and 93050 from the mid-
dle of 2012. At Stations 970821, 93097, and 93098, east-
ward displacement was identified from the beginning 
of 2013. Each of the displacements ceased by the end of 
2015. With respect to the vertical component, uplift was 
identified at Station 041136 from the middle of 2013 to 
the middle of 2014. Subsidence was observed at Stations 
041136, 93050, and 970821 from the middle of 2014 to 
the end of 2014. The maximum displacements of the 
north‒south and east‒west components among 10 sta-
tions shown in Fig.  4 were approximately 2.4  cm to the 
south and approximately 4.0 cm to the east, respectively, 
and the maximum uplift was approximately 2.2 cm.

Horizontal displacements divided by 0.5  years for the 
total analytical period are shown in Fig. 5. From 2012.5 to 
2013.0 (Fig. 5b), displacements in the southeast direction 

began to be observed at stations on the west to northwest 
side of Lake Hamana and in the east‒southeast direction 
at stations on its east side. The directions of displace-
ments changed to south‒southeast at the stations on 
the west side of Lake Hamana and to east‒southeast at 
the stations on its east side over time, and the displace-
ments were larger at the stations on the east side than 
on the west side (Fig.  5c–e). After the displacements 
decreased (Fig. 5f ), displacements in the south‒southeast 
direction were observed again at many stations (Fig. 5g–
j). It should be noted that the horizontal displacements 
associated with the L-SSE appear to have continued even 
in 2016, and displacements were smaller than standard 
errors at most of the stations in 2017 (Fig.  5k–l). This 
indicates that the L-SSE had finished around the end of 
2016.

Vertical displacements divided by 0.5 years for the total 
analytical period are shown in Fig. 6. Uplift began to be 
observed at stations around Lake Hamana for the period 
of 2013.0–2013.5 (Fig. 6c), and larger uplift was observed 
on its east side for 2013.5–2014.0 (Fig.  6d), with the 
maximum uplift during this period being approximately 
1.0  cm. Thereafter, the displacement decreased, and 
more stations showed subsidence (Fig. 6f ). In the period 
of 2015.0–2015.5 (Fig.  6g), uplift was again observed at 
stations around Lake Hamana, and later uplift became 
larger at stations to the east of Lake Hamana. Subsidence 
was dominant near Omaezaki during the total analysis 
period. However, it should be noted that the subsidence 
consists of both uplift periods (Fig.  6d, h, j and k) and 
subsidence periods (Fig.  6b, e, f, i and l). Generally, the 
standard errors of the vertical displacements were 3 to 4 
times larger than those of the horizontal displacements.

Judging from spatiotemporal horizontal displacement 
fields in Fig.  5, which are reliable than spatiotemporal 
vertical displacement fields which have larger standard 
errors (Fig. 6), it would be suitable to conclude that the 
L-SSE initiated in 2012.5–2013.0 and ended in 2016.5–
2017.0, indicating that total period of the L-SSE was 
approximately 4.5 years.

Spatiotemporal slip distribution of the 2012–2016 Tokai 
L‑SSE
Inversion analysis of the spatiotemporal slip distribution 
on the plate boundary with 3D geometry was performed 
using the data of horizontal displacements (Fig.  5) and 
vertical displacements (Fig. 6) at 0.5-year time windows 
at all the stations, which were corrected through the data 
analysis method.

We show the inverted slip distributions in Fig.  7. The 
slip in the southeast direction began to be identified on 
the southwest side of Lake Hamana for the period of 
2013.0–2013.5 (Fig.  7c) and expanded, moved slightly 
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Fig. 4  a Locations of 10 GNSS observation stations for the time series data shown in (b). b GNSS time series data, including displacements 
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northeastward, and the slip became the largest during the 
period of 2013.5–2014.0 (Fig. 7d). At this time, the maxi-
mum slip velocity was estimated to be approximately 
3.5 cm/year. The slip was oriented in the southeast direc-
tion. A slip area of more than 1 cm for each time window 
was found on the western side of Lake Hamana during 
the period of 2013.0–2014.5 (Fig.  7c–e). The slip direc-
tions appear to have changed slightly during that period, 
reflecting the directional changes in horizontal displace-
ment fields during that period (Fig.  5c–e). During the 
period of 2014.5–2015.0 (Fig. 7f ), the slip beneath Lake 
Hamana weakened and became active again on the west 
side of Lake Hamana in the subsequent period (Fig. 7g), 
continued, and expanded there (Fig.  7h–i). If we define 
a subevent as slippage larger than 1  cm, these results 
indicate that the L-SSE consisted of two subevents. The 
slip continued until the end of 2016 (Fig. 7j). Slips almost 
ceased in 2017.0–2017.5 (Fig.  7k), which is consistent 
with the observed smaller horizontal and vertical dis-
placements in the corresponding time windows (Figs. 5k 
and 6k) than those in the previous time windows.

The spatial distribution of the total amount of slip in 
the Tokai L-SSE from 2012.0 to 2018.0 is shown in Fig. 8. 

The maximum slip area was located at a depth of approx-
imately 20 km, and the areas with slips greater than 2 cm 
were located at depths between approximately 15 km and 
33 km. The maximum amount of total slip was estimated 
to be approximately 10.6  cm, with a moment release of 
2.7 × 1019 Nm and Mw6.9.

As for comparison between observed and calculated 
displacement fields, please refer to Additional file 1: Text 
S4.

Incidentally, we tested the case where time window 
is 0.25  years, which is a half of the above time window 
(Additional file 1: Figs. S1, S2 and S3). In this case, S/N 
ratios of horizontal displacements became much worse: 
Horizontal displacement vectors are less than stand-
ard  errors at almost all the stations at all the time win-
dows. Although average of S/N ratios of all the vertical 
displacements for time window of 0.5 years is about 0.5, 
the values became much worse of about 0.25. As a result 
of the inversion analysis, statistically meaningful south-
eastward slips, which are larger than estimation errors of 
1σ, can be only identified around from 2014.0 to 2015.5. 
However, we cannot distinguish difference between no 
slips and discernible slips, both of the slip amounts are 
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less than estimation errors of 1σ for the rest of the time 
windows. Although we admit that it is difficult to connect 
S/N ratios of the horizontal and vertical displacements 
with statistically meaningful inverted spatiotemporal 
slip distributions directly, determining a minimum time 
window so that the averages of S/N ratios of both NS and 
EW components can be larger than 1.0 may be one of the 
useful measures to obtain statistically meaningful spa-
tiotemporal slip distributions for which most of the slip 
amounts are larger than estimation errors of 1σ.

Discussion
Comparison with previous studies in the Tokai region
An L-SSE occurred in the Tokai region from 2000 to 
2005 [e.g., Ozawa et al. 2002; Ohta et al. 2004; Miyazaki 
et  al. 2006; Liu et  al. 2010; Ochi and Kato 2013; Ozawa 
et al. 2016]. Here, we compare the results obtained in this 
study with those in the most recent of these papers, i.e., 
Ozawa et  al. (2016). According to their paper, slip initi-
ated on the southwest side of Lake Hamana in 2001. In 
2002, slip was no longer observed on the southwest side 
of Lake Hamana, but slip was observed on the north 
side of Lake Hamana; then, in 2003, slip expanded on 

the north side of Lake Hamana. In 2004, the slip area 
expanded in a southwesterly direction, but this was con-
sidered to be due to the 2004 Kii-hanto-nanto-oki earth-
quake (Mw7.3) that occurred at the upper surface of the 
Philippine Sea (PHS) plate, and this southwesterly expan-
sion of the slip area was considered unreliable. In 2005, 
the slip weakened, and in 2006, no slip was observed 
around Lake Hamana. The moment magnitude was esti-
mated to be greater than 7.0.

A comparison with the slip distribution of the 2012–
2016 Tokai L-SSE estimated in this study reveals con-
sistency with the slip that initiated in the southwestern 
part of Lake Hamana. The 2000–2005 Tokai L-SSE sub-
sequently caused slip on the north side of Lake Hamana, 
while the 2012–2016 Tokai L-SSE caused slip around 
Lake Hamana, indicating that the latter was more 
southerly than the former (Fig.  8). The other difference 
between them is the difference in the equivalent moment 
magnitude: the Mw of the 2012–2016 Tokai L-SSE was 
smaller than that of the 2000–2005 Tokai L-SSE (Table 1).

We also compared the spatiotemporal slip distribution 
associated with the 2012–2016 Tokai L-SSE obtained in 
this study with those by Ozawa et al. (2016) and Sakaue 
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Fig. 6  Spatial distribution of the vertical displacement associated with the L-SSE in every 0.5-year time window from 2012.0 to 2018.0. The 
short horizontal black line represents the location of the observation station. The thick red and blue bars above and below the horizontal 
line represent the observed uplift and subsidence, respectively, derived from the time series data after various corrections. The orange bars 
at the tips of the red and blue bars represent the ± 1σ error. The thin yellow and light blue bars above and below the horizontal line denote uplift 
and subsidence, respectively, calculated from the inverted slip distributions shown in Fig. 7. Periods (a–l) are the same as those in Fig. 5
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et al. (2019). Ozawa et al. (2016) used the network filter 
inversion by McGuire and Segall (2003) to estimate the 
slip distribution by performing the analysis for the period 
from 1 January 2013 to 25 October 2015. The exact start 
date is unknown, but they state that the slip occurred 
around Lake Hamana at the beginning of 2013 at the 
latest. In the period from 1 January 2013 to 1 January 
2014, slip was identified on the southwest side of Lake 
Hamana, followed by an expansion of slip in the follow-
ing year. From 1 January 2015 to 25 October 2015, the 
slip area greater than 1 cm moved 10–20 km to the west. 
The maximum slip area did not move significantly. The 
total amount of slip was estimated to be more than 4 cm 
and was estimated to be Mw6.6 during the above analyti-
cal period.

Sakaue et al. (2019) analyzed GNSS data from 1 Janu-
ary 2008 to 31 January 2016 for the Tokai region, in 
order to study long‐ and short‐term SSEs on the subduc-
tion interface. The dataset included their new temporary 

stations to obtain high spatial resolution observations. 
They applied a time‐dependent inversion with improved 
temporal resolution to GNSS data and obtained the spa-
tiotemporal evolution of long‐ and short‐term SSEs. 
Their results show the very slow and stable slip of the 
L-SSE with Mw6.6, reaching amount of slip less than 
6 cm. However, since temporal change of slip patterns is 
not shown associated with the L-SSE, it would be difficult 
to make a direct comparison between their slip time evo-
lution and ours.

The slip location obtained in this study was consistent 
with that of Ozawa et  al. (2016). However, because we 
extended the analytical period before and after that of 
Ozawa et  al. (2016) to 2012.0–2018.0 and used a mini-
mum time window of 0.5  years, which was determined 
by taking into account the signal-to-noise ratio of the 
observed displacement in each time window, we clari-
fied the timing of the initiation and end of slippage to be 
2012.5 and 2017.0, respectively. Therefore, the duration 
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Fig. 7  Spatiotemporal slip distribution associated with the 2012–2016 Tokai L-SSE inverted from the horizontal and vertical displacement 
data shown in Figs. 5 and 6, respectively, with a 0.5-year time window from 2012.0 to 2018.0. The arrows indicate the direction and amount 
of slip on the continental upper plate relative to the oceanic lower plate at the plate boundary, and the circles at the tips of the arrows 
indicate the estimation error of 1σ. The contour lines represent the amount of slip, with an interval of 1 cm. The gray area represents the area 
where the resolution is less than 0.05. The thin gray isodepth contour lines with an interval of 10 km represent the upper surface of the subducting 
PHS plate obtained by Hirose et al. (2008). The black line represents the plate boundary obtained by Bird (2003), Lindquist et al. (2004), and Iwasaki 
et al. (2015), and the solid triangles indicate the direction of motion of the plate to be subducted. The light blue dots represent the epicenters 
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of the L-SSE was estimated to be 4.5  years, which was 
much longer than the period of less than 3  years pro-
posed by Ozawa et al. (2016). As a natural consequence, 
the total slip amount and equivalent moment magnitude 
were obtained as 10.6  cm and 6.9, respectively, which 
were much larger than the values of 4  cm and 6.6 esti-
mated by Ozawa et  al. (2016) (Table  2). The total slip 
distribution spread with an oval shape in the east‒south-
east to west‒northwest direction (Fig.  8), which was 
opposite to the spreading in the northeast to southwest 
direction of Ozawa et al. (2016). We also identified that 
the L-SSE consisted of two subevents. The first subev-
ent initiated on the southwest side of Lake Hamana, and 
the slip expanded during 2013.0–2014.5 (Fig. 7c–e). The 

second subevent took place approximately 20 km west of 
the slip area of the first subevent during 2015.0–2016.5 
(Fig. 7g–i).

Tectonic implication of the 2012–2016 Tokai L‑SSE
By analyzing GNSS data in the Tokai region from Janu-
ary 2001 to December 2002, Ohta et al. (2004) estimated 
the slip distribution of the L-SSE that occurred during 
that period. They stated that tectonic tremors occurred 
on the downdip side of the L-SSE and that there is a cor-
relation between the L-SSE and tectonic tremors. The 
relationship between tectonic tremors and an L-SSE has 
been pointed out not only in the Tokai region but also in 
other regions. For example, Seshimo and Yoshioka (2022) 
stated that the number of tectonic tremors increased in 
the 2018–2019 Bungo Channel L-SSE when the slip of 
the L-SSE was large for each time window of 0.1 year.

In Fig.  7, we also plot the tectonic tremors that 
occurred along with the slip distribution estimated for 
each time window. However, it is difficult to identify the 
relationship between the slip amount and occurrence of 
tectonic tremors for the 2012–2016 L-SSE. Although tec-
tonic tremors appear to be activated at the downdip side 
of the L-SSE in Fig.  7d, more intense activated tectonic 
tremors take place nearly at the same locations in Fig. 7b 
and l, for which little slips associated with the L-SSE can 
be identified at their updip sides. Tectonic tremors were 
not activated in this L-SSE due to the small moment 
release and the slip amount per unit time. This may also 
be because the slip region was far from the area where 
the tectonic tremors took place.

Fig. 8  The blue contour lines represent spatial distribution 
of the total amount of slip of the Tokai L-SSE from 2012.0 to 2018.0. 
The contour interval is 2 cm. The gray contours show the slip 
magnitude of the previous Tokai L-SSE for the period between 1 
January 2001 and 1 January 2008, with a contour interval of 10 cm 
by Ozawa et al. (2016). The area surrounded by the thick purple line 
is the source region of the anticipated Tokai megathrust earthquake, 
which was proposed by the Central Disaster Prevention Council 
of the Cabinet Office, Government of Japan (2001). The black 
isodepth contour lines with an interval of 10 km represent the upper 
surface of the subducting Philippine Sea plate obtained by Hirose 
et al. (2008). The black line represents the plate boundary obtained 
by Bird (2003), Lindquist et al. (2004), and Iwasaki et al. (2015), 
and the solid triangles indicate the direction of motion of the plate 
to be subducted

Table 1  The differences between the results of the 2000–2005 Tokai L-SSE [Ozawa et al. (2016)] and 2012–2016 Tokai L-SSE (this study)

2000–2005 Tokai L-SSE
[Ozawa et al. (2016)]

2012–2016 Tokai L-SSE
[This study]

Maximum slip velocity More than 10 cm/year 3.5 cm/year

Equivalent moment magnitude Greater than Mw7.0 Mw6.9

Duration Approximately 5 years Approximately 4.5 years

Table 2  The differences between the results of Ozawa et  al. 
(2016) and this study

Ozawa et al. (2016) This study

Analytical period 1 January 2013 to
25 October 2015

1 January 2012 to
31 December 2017

Timing of the onset of slip Beginning of 2013 2012.5–2013.0

Total amount of slip Less than 6 cm 10.6 cm

Equivalent moment mag‑
nitude

Mw6.6 Mw6.9
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Kodaira et  al. (2004) found regions with high pore-
water pressure in the oceanic crust in subducted 
seamounts and their deep extensions through high-
precision seismic reflection surveys in the Tokai region 
along the across-arc profile. They argued that the expan-
sion of the conditionally stable slip region was the cause 
of the 2000–2005 L-SSE in that location. However, since 
the main slip area of the 2012–2016 L-SSE is located 
southwestward of the previous event and spreads in the 
updip and downdip directions, it may occur at the transi-
tion zone from conditionally stable slip to unstable slip. 
Kato et al. (2010) revealed the seismic velocity structure 
using seismic tomography and receiver function analysis 
in the Tokai region along the across-arc direction. Based 
on their velocity structure, they suggested that overpres-
sured fluids in the 2000–2005 L-SSE occurrence region 
appear to be trapped within the oceanic crust by an 
impermeable cap rock in the fore‐arc and impede intra-
slab earthquakes therein. However, their profile passes 
through eastern Omaezaki, and there is no overlap with 
the slip area obtained in this study; thus, it would be dif-
ficult to make a direct comparison between them.

Performing 2D thermal modeling associated with sub-
duction of the PHS plate, Suenega et al. (2016) estimated 
the temperature distribution on the plate interface in the 
Tokai region. They showed that the temperatures of the 
upper surface of the PHS plate, where the 2000–2005 
Tokai L-SSE occurred, were estimated to be 350–450 °C 
for the isoslip line where the cumulative slip was 10 cm in 
Miyazaki et al. (2006). If we take the depth range of total 
slip greater than 5 cm, which is approximately half of the 
maximum amount of slip (Fig. 8), its temperature ranges 
from approximately 300 to 420 °C. It should be noted that 
if we take the isoslip line of the cumulative slip of 10 cm 
obtained in this study, its updip limit almost coincides 
with the temperature of 350 °C. The updip limit tempera-
ture of 350 °C for an L-SSE was also consistent with the 
1997, 2003, and 2010 Bungo Chanel L-SSEs that occurred 
in southwest Japan (Nakata et  al. 2017; Ji et  al. 2016). 
According to Hyndman et  al. (1997), this temperature 
range is located at the downdip end of the coseismic slip 
area, corresponding to the brittle‒ductile and unstable to 
stable sliding transition zone.

In the Tokai region, megathrust earthquakes have 
occurred repeatedly, with recurrence intervals of approx-
imately 150 years (e.g., Kumagai 1996). The most recent 
event was the 1854 Ansei earthquake (M8.4). Thus, 
the region has been a so-called seismic gap for almost 
170 years, and the next megathrust earthquake will likely 
take place in the Tokai region in the near future (e.g., 
Ishibashi 1981). In Fig.  8, we show the source region of 
the anticipated megathrust earthquake proposed by 
the Central Disaster Prevention Council of the Cabinet 

Office, Government of Japan (2001) (https://​www.​bou-
sai.​go.​jp/​jishin/​tokai/​senmon/​11/​pdf/​siryo​u2-2.​pdf ). 
If we compare it with the slip distribution of the L-SSE 
obtained in this study, we notice that the downdip limit 
of the former almost coincides with the maximum slip 
area of the latter. This may suggest that the slip of the 
L-SSE took place not only in the brittle‒ductile transi-
tion zone but also in the downdip portion of the brit-
tle zone, indicating invasion of the coupled area by slip 
associated with the L-SSE. This situation may be similar 
to the Guerrero seismic gap in the Mexico subduction 
zone along the Middle American Trench, which has been 
active for more than 110 years (Kostoglodov and Pacheco 
1999) and where large L-SSEs may have invaded a deeper 
part of the strongly coupled seismogenic zone (e.g., Yosh-
ioka et al. 2004).

In order to identify causal relationship between the 
L-SSE and the anticipated Tokai earthquake more quanti-
tatively, we calculated Coulomb stress change (Coulomb 
Failure Function: � CFF) for the source area of the Tokai 
earthquake when total slip distribution of the L-SSE was 
given, using Okada (1992)’s plane fault model. Therefore, 
we approximated the 3-D plate geometry with a flat fault 
plane, whose strike and dip were determined from the 
range of the L-SSE slip distribution and the isodepth con-
tour lines of the upper surface of the PHS plate. Since the 
Tokai earthquake is assumed to occur in a shallow area 
on the same plate boundary as the L-SSE, we assumed 
that the source region of the Tokai earthquake is located 
on the same flat fault plane as that of the L-SSE occur-
rence. Furthermore, at the time of the Tokai earthquake, 
we also assumed that the continental Amurian plate 
would slip in the opposite direction of subduction direc-
tion of the PHS plate with respect to the Amurian plate 
by DeMets et al. (2010). Specifically, the strike, dip, and 
rake of the fault plane of the L-SSE and the Tokai earth-
quake were set to 270.0°, 12.7°, and 148.7°, respectively. 
Then, based on the total slip distribution shown in Fig. 8, 
we divided the L-SSE slip area into multiple subfaults and 
gave different slip amounts to each subfault to calculate � 
CFF for the source area of the Tokai earthquake, assum-
ing that the value of the apparent friction coefficient μ’ 
was 0.4 (e.g., King et al. 1994).

Figure  9 shows thus calculated spatial distribution of 
� CFF. In the slip area of the L-SSE and approximately 
two thirds of the deeper source area of the Tokai earth-
quake, the value of � CFF became negative. However, 
for the rest of one third of the shallow Tokai earthquake 
source region, � CFF shows positive values ranging from 
0.00 MPa to 0.005 MPa, indicating a sense that promotes 
the occurrence of the Tokai earthquake.

Kimura and Kakehi (2005) showed that the aftershocks 
of the Hyogo-ken Hokubu earthquake (Mw5.2) that 

https://www.bousai.go.jp/jishin/tokai/senmon/11/pdf/siryou2-2.pdf
https://www.bousai.go.jp/jishin/tokai/senmon/11/pdf/siryou2-2.pdf
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occurred in southwestern Japan in 2001 took place in 
areas where � CFF due to the slip of the mainshock was 
positive. From their results, there is a good correspond-
ence between the � CFF increase area of about 0.01 MPa 
and the area where aftershocks occur.

Therefore, in the shallow source area of the Tokai 
earthquake, the analysis of � CFF indicates that the Tokai 
earthquake is accelerated by the occurrence of the L-SSE, 
but its value remains below approximately 0.005  MPa. 
Therefore, it is unlikely that this L-SSE had a major influ-
ence on the occurrence of the Tokai earthquake. This is 
because as the amount of slip due to the L-SSE gradually 
decreases spatially, and so, its spatial gradient, which is 
related to stress change, also decreases.

Conclusions
In this study, we used GNSS time series data to estimate 
the spatiotemporal slip distribution associated with the 
long-term slow slip event that occurred in the Tokai 
region from 2012 to 2016 through inversion analysis. The 
significant results obtained in this study are summarized 
as follows:

(1)	 In the horizontal displacement fields, southeast-
ward displacements began to be observed on the 
west side of Lake Hamana around from 2012.5, 

and the directions of displacements changed over 
time to east‒southeast at the stations. On the other 
hand, the directions of displacements changed over 
time from east‒southeast to east at the stations on 
the east side of Lake Hamana. The amount of dis-
placement became larger at the stations on the east 
side than on the west side over time. After the dis-
placements decreased, south‒southeast displace-
ments were observed again at many stations. The 
horizontal displacements appeared to continue 
even in 2016, and the displacements were smaller 
than the standard errors at most of the stations in 
2017. Therefore, we propose that the duration of 
the 2012–2016 Tokai L-SSE was 4.5  years, which 
is much longer than that estimated in a previous 
study. In the vertical displacement field, uplift was 
observed at stations around and on the east side of 
Lake Hamana. After the displacement increased, 
subsidence was observed once, but then uplift was 
observed again. Subsidence was dominant near 
Omaezaki in most of the time windows.

(2)	 The L-SSE consisted of two subevents. The first 
subevent occurred during the period from 2013.0 to 
2014.5. The slip initiated on the southwest side of 
Lake Hamana, and it expanded on the plate bound-
ary. Subsequently, the slip area moved slightly 
northeastward, the amount of slip reached its maxi-
mum, and the slip changed to the east‒southeast 
direction. The second smaller subevent took place 
on the west side of Lake Hamana for 2015.0–2015.5.

(3)	 The maximum total amount of slip was estimated 
to be approximately 10.6  cm, the moment release 
was estimated to be 2.7 × 1019 Nm, with Mw6.9, 
and the maximum slip velocity was approximately 
3.5 cm/year for the period of 2013.5–2014.0.

(4)	 The slip distribution spread in the dip direction. 
This suggests that the L-SSE occurred not only in 
the brittle‒ductile transition zone but also in the 
downdip portion of the brittle strongly coupled 
zone.

(5)	 From the analysis using � CFF, although the L-SSE 
is a sense that promotes the occurrence of the 
anticipated Tokai earthquake on its shallow source 
region, its effect would be limited.
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L-SSE	� Long-term slow slip event
GSI	� Geospatial Information Authority of Japan
NIED	� National Research Institute for Earth Science and Disaster Prevention

Fig. 9  Horizontal projection of spatial distribution of � CFF 
caused by the total slip distribution associated with the L-SSE 
(Fig. 8) to calculate its effect on the anticipated Tokai earthquake 
on the same flat fault plane. For details, please see the text. The 
red and blue areas denote positive and negative values of � CFF, 
respectively
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