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Abstract

We examine the spatiotemporal distributions of the interplate couplings and the tremor count rate in the Shikoku
region, which is located in the western part of the Nankai subduction zone in Japan, from July 2007 to June 2015

by comparing the results of static geodetic inversion using onshore global navigation satellite system data and the
published tremor catalog. We observe that the temporal fluctuations in these two rates correlated well at a few spot-
like points in the tremor-occurrence zone at a deeper location next to the strongly coupled area. The well-correlated
points are densely distributed around the long-term slow slip area in the Bungo Channel and are randomly dispersed
in the central and eastern portions. The correlation coefficients of the well-correlated points differ from point to point;
however, at some points, zero tremor counts can be expected when the coupling rates reach the plate convergence
rate. This indicates that tremors occur on the plate interface and that the tremor count rates can be used as proxies for

monitoring the small fluctuations in interplate coupling.
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Introduction

The Shikoku region is located in the western part of the
Nankai subduction zone; more specifically, it is located
at the boundary between the subducting Philippines
Sea plate and the overriding continental plate (Fig. 1).
Interactions between the two plates cause great histori-
cal earthquakes in intervals of 100-150 years (e.g. Ando
1975; Kumagai 1996) and crustal deformations dur-
ing interseismic periods. To monitor the crustal defor-
mations, several types of geodetic observations are
conducted such as the observations that were conducted
using the global navigation satellite system (GNSS), tilt-
meter, and strainmeter. The main part of the GNSS
observation network is maintained by the Geospatial
Information Authority of Japan (GSI), and it is referred
to as the GNSS Earth Observation Network (GEONET)
(Tsuji et al. 2013). GEONET data not only reveal
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and indicate if changes were made.

interplate coupling distributions (e.g. Miyazaki and Heki
2001; Tabei et al. 2007; Loveless and Meade 2010) but
also reveal long-term slow slip events (SSEs) that occur
during intervals of several years and continue for a period
of several months (e.g. Ozawa et al. 2013; Ochi 2015;
Yoshioka et al. 2015) in the Bungo Channel, which is
located in the western part of the Shikoku region (Fig. 1).

According to the results of Miyazaki and Heki (2001),
a strongly coupled area is distributed beneath the Tosa
Bay (see Fig. 1) at depths of 20-30 km, and the coupling
rates are almost 100%. Yokota et al. (2016) analyzed the
offshore Global Positioning System and acoustic ranging
(GPS-A) data with the onshore GEONET data and esti-
mated that the coupling distribution extends to the shal-
lower regions and reaches close to the trough. Along with
the discussion about spatial distributions, Ochi (2015)
estimated the temporal variations in coupling distribu-
tions and observed that the long-term SSEs in the area of
the Bungo Channel do not affect the coupling rates in the
strongly coupled area. Furthermore, they release 30-40%
of the strain on the plate interface that was accumulated
between the long-term SSEs in the SSE area.
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Fig. 1 Tectonic settings around the Shikoku region. Solid lines are
the plate boundaries, as per the study by Bird (2003). AM, NA, PA,
and PH denote the Amurian, North American, Pacific, and Philippine
Sea plates, respectively. TB and BC denote the Tosa Bay and the
Bungo Channel areas, respectively. Small crosses denote the GEONET
stations that were used in this study, whereas the black square
denotes GEONET 940075, which was used as a fixed point. Blue
and red contours show the coupling and the long-term SSE in BC
between 2010 and 2011, and dark red rectangles show fault models
of the short-term SSE published by Sekine et al. (2010)

31°

In addition to the interplate coupling and the long-
term SSEs, the short-term SSEs, whose duration may
be of several days, are mainly detected using the tilt-
meter data that were maintained by the National
Research Institute for Earth and Disaster Resilience
(NIED) (e.g. Obara et al. 2004). The short-term SSEs
are often observed to coincide spatially and tempo-
rally with the deep low-frequency tremors (LFTs), and
these phenomena are collectively referred to as an epi-
sodic tremor and slip (ETS) (Obara 2010). ETS often
occurs in the deeper portions of the subducting plate
interface around the depth of 30 km, that is deeper
next to the strongly coupled area (Ito et al. 2007). The
typical duration of ETS is few days, and the recurrence
interval is few months (e.g. Nishimura et al. 2013). In
Fig. 1, we also draw coupling and long-term SSE area
inferred by Ochi (2015) and rectangular faults of the
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short-term SSE by Sekine et al. (2010) to show the spa-
tial distribution of these events. Many previous stud-
ies discussed spatiotemporal synchronization between
SSE and tremor in the subduction zones such as Nankai
(e.g. Obara et al. 2004; Hirose and Obara 2010) Casca-
dia (e.g. Bartlow et al. 2011; Wech and Bartlow 2014),
and Hikurangi (e.g. Bartlow et al. 2014).

On the other hand, the SSEs can be regarded as small
fluctuations of the coupling rates from the viewpoint of
stress accumulation process in the interseismic period
(Ochi 2015). The results of Ochi (2015) indicate the
occurrence of a few temporal fluctuations in the coupling
rate that is observed in the ETS zone. Although the fluc-
tuations in coupling rates in the ETS zone were small,
Figure 5 of Ochi (2015) shows that the values exceeded
the posterior standard deviation and might be further
discussed. Based on this point of view, we re-analyze the
GNSS data that was used in Ochi (2015) and compare the
coupling rates and LFT rates in the ETS zone. The pur-
pose of this study is to discuss overall spatiotemporal
evolution of the coupling and the tremor in the ETS zone
regardless of each SSE.

Data and analysis procedure

To compare the temporal variations of the coupling
tremor count rates, we estimated the 1-year averaged
coupling rates and counted the number of tremors that
were observed during the same period. We considered
the average of the values at £ — 0.5 year and ¢ + 0.5 year
to be the value at a time epoch ¢ and incremented ¢ by
0.2 year. The interval that we have examined ranges from
January 01, 2007 to December 31, 2016, and the total
number of epochs is observed to be 41.

The data and procedures that are used in this study to
estimate the coupling rates are approximately similar to
those in Ochi (2015) except for the temporal segmenta-
tion. We compiled the daily coordinates of GEONET data
that were published as F3 solutions by GSI (Nakagawa
et al. 2009) and used three components of the 225 sta-
tions that are depicted in Fig. 1. We fitted the following
function to the time-series data of the pth component of
the ith station in each epoch k:

xip(t) = Cf-fp + vfpt + A;pcos(2mt)
+ Bip sin(2rt) + Cjp cos(4mt)

+ D;psin(4mt) + ZEf,pH(t — 1), (1)
/

where cffp is a constant offset and V{fp denotes the mean
crustal deformation rate in the epoch k. The remain-
ing terms in 1 are as follows: the succeeding four terms
correspond to the annual and semiannual variations,

whereas the last term E;,H (¢t — ;) corresponds to the
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artificial steps at ¢; resulting from various actions, such
as antenna replacement and tree trimming around the
station, as well as the coseismic displacements that were
caused due to the Tohoku earthquake, which occurred
March 11, 2011 (Mjma = 9.0). We estimated cffp, V{fp,
Aips Bip, Cips Dip, and E; , using a least squares method.
The derived velocities v{fp are converted relative to the
velocity values of GEONET 940075 (see Fig. 1).

Using the converted velocities, we perform static geo-
detic inversion and obtain the coupling rate distribu-
tions for all the epochs. In case of inversion analysis, we
assume that all the crustal deformations are caused by
the slip on the subducting plate interface whose shape is
determined by Hirose et al. (2008). The shallowest and
deepest ends of the model regions are 4.0 and 62.5 km,
respectively, and slip on four sides of the model region are
assumed to be zero. Further, we assume that the media
is a homogeneous isotropic elastic half space and apply
the theoretical crustal deformation due to dislocation, as
derived from Okada (1985). In order to stabilize the solu-
tions, we imposed two prior constraints; one is the spatial
roughness of slip r1 and the other is the total amount of
the slip perpendicular to the plate convergence direction
ry. r1and rp are defined by the following equations;

n= [ IV @iz,
z
n= [ lsupaz,
x
where Au is slip (coupling) amount on the plate interface,
Au is the slip component perpendicular to the plate

convergence direction N55°W, which was determined
by Miyazaki and Heki (2001), and V? is a Laplacian along
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the curved fault surface X, respectively. The observation
equations are solved together with the constraint equa-
tions r1 = 0 and ro = 0. The contributions of two con-
straint equations are determined by using ABIC criterion
methods defined by Ito and Hashimoto (2004).

Three examples of the inferred coupling distributions
are depicted in Fig. 2. Blue and red contours represent
the normal and reverse slip areas, i.e. the interplate cou-
pling and slow slip areas, respectively. To locally dis-
cuss the relation between the coupling rates and tremor
count rates, we divide the area in which the tremors were
detected into small grids with side lengths of 0.1° in terms
of latitude as well as longitude (see Fig. 2).

The tremor data, which are depicted in Fig. 2 as well,
are extracted from the NIED tremor catalogue (Obara
2010; Maeda and Obara 2009; Obara et al. 2010). Finally,
we count the number of detected tremors in each grid
and each epoch that was set during the inversion analysis
to determine the coupling rate distributions for compar-
ing the tremor activity with the coupling rate.

Results

To discuss the relation between the coupling and
tremor count rates, we select five grids that were dis-
tributed evenly over the ETS zone, as depicted in Fig. 2,
and obtain the time series of the coupling rates and
the tremor count rates as shown in the upper panels of
Fig. 3. In order to emphasize the relation, each lower
panel in Fig. 3 shows the scaled and shifted time series
of the coupling rates to fit the time series of the tremor
count rate. The noticeable decrease in the coupling rate
at grid A around 2010 and 2011 corresponds to the long-
term SSE that was observed in the Bungo Channel from
2009.5 to 2011.2 (Yoshioka et al. 2015), which is marked
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Fig. 2 Examples of coupling distributions (solid contours) at 3 of the 41 epochs with epicenters of tremor in the same epoch. a, b and ¢ show
the distributions in 2010.2-2011.2, 2011.6-2012.6, and 2013.0-2014.0, respectively. The blue and red contours represent the positive and negative
coupling rates, respectively, and the negative coupling rates correspond to slow slips. Spacings of the contours are 1 and 3 cm/year for the positive
and negative values, respectively. Blue dots denote the epicenters of the tremors, and black grids are used for analyzing the relation between the
coupling and the tremor count rates. Grids A-E correspond to the results that are depicted in Figs. 3 and 5
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Fig. 3 (Upper panels) Time series of the coupling rates (solid lines and right axes) and the tremor count rates (dashed lines and left axes). a-e
correspond to the values at grids (A)—(E) in Fig. 2. (Lower panels) Scaled time series of the coupling rates (solid lines) to fit the time series of the
tremor count rates (dashed lines), which are identical to those that are depicted in the corresponding upper panels. The vertical scales are the
same in the five upper panels, except for d, and in the five lower panels.”SSE"in a is the period of long-term SSE from 2009.5 to 2011.2, that was
mentioned in Yoshioka et al. 2015

“SSE” in Fig. 3a and is coincident with the increase in the
tremor count rate. Temporal synchronization between
the tremor count rate and the long-term SSE was already
mentioned by Hirose et al. (2010). The decrease in the
coupling rate and increase in the tremor count rate are
observed around 2014 as well, and they correspond to
another long-term SSE.

In addition to these two long-term SSEs, there are fluc-
tuations in both the coupling and the tremor count rates
in grids B-E, and a few reverse synchronizations can be
observed. As is the case in grid A, the upper panels of
Fig. 3b, ¢ may depict reverse synchronization between
the coupling and the tremor count rates in grids B and C.

Although the tremor count rates in grid B is not as active
as those in grid A, increases in the tremor count rates can
be observed corresponding to the decreases in the cou-
pling rates during 2010-2012 and at the end of 2014. The
tremor count rate in grid C depicts a few short-period
fluctuations around 2010-2012 and 2014—2015; however,
the overall increase and decrease were observed to be
synchronized with the decrease and increase in the cou-
pling rate, respectively.

However, we can observe little reverse synchronization
between the coupling and the tremor count rates in grids
D and E. In grid D, the tremor count rates exhibit con-
siderably shorter period fluctuations than those in grid
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C; however, the coupling rates do not exhibit such fluc-
tuations. Identical short-period fluctuations are observed
in grid E during the latter half; however, after 2012.5, we
can observe a few reverse synchronizations in the former
half.

To verify and obtain the spatial distributions of the
relation between the coupling and the tremor count
rates, we calculated the correlation coefficients for all the
samples at all the grid points (Fig. 4). In this step, we treat
the values of the coupling and the tremor count rate at
each time step as two-dimensional data and calculated
the correlations through variances of each rate and a
covariance between them. It is known that the correla-
tion is high around the long-term SSE region and that the
high correlation coefficient in grid A is trivial. In addition
to grid A, there are a few spot-like high correlation grids
such as grids B and C. This may indicate a few boundary
conditions between the Philippine Sea plate and the con-
tinental plate.

Discussion

Figure 5 illustrates the scatter plot between the tremor
count rates and the coupling rates for all the samplings at
grids A—C, where the correlations mentioned above are
strong. The dashed lines in Fig. 5 are the linear regression
lines.

y=oax+p, (2)

132° 153" 134°

-10 -05 0.0 0.5 1.0
Correlation

Fig. 4 Correlation coefficients between the coupling and tremor
count rates in each grid. Red and blue contours are the same as in
Fig. 1
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Fig. 5 Scatter plot of the coupling and tremor count rates at grids
A-C that is depicted in Fig. 2 for all the 41 epochs between 2007.5
and 2015.5. Bold dashed lines denote the regression lines of the plots
having the same color

where x and y are the coupling and tremor count rates,
respectively, and the coefficient o and the intercept § are
determined to minimize the sum of the squared distances
perpendicular to the regression line from the data points.
The values of « for grids A-C are —41.2, —15.3, and
— 89.7 counts/cm, respectively. Therefore, the conversion
factor between the coupling and the tremor count rates is
observed to vary by location even though the correlations
may be strong.

Because the recurrence interval of the short-term SSEs
in the same area is less than one year, the 1-year averaged
tremor count does not drop to zero and always depicts
a positive value. However, if the three regression lines in
Fig. 5 are extended to the coupling axis where the tremor
count is zero, the lines of grids A—C cross the coupling
axis at 6.6, 6.4, and 3.8 cm/year (depicted by the dashed
lines in Fig. 5), respectively. The values of grids A and B
are almost equal even though the grids are not adjacent,
and the values are not much different from 7 cm/year,
which represents the plate convergence rate in this region
(Miyazaki and Heki 2001).

As shown in Fig. 4, there are many well-correlated grids
other than the grids A—C. If the grids where the correla-
tions are less than — 0.6 (9 grids) or — 0.5 (14 grids) are
selected, the average coupling rates at the zero tremor
count rate expected by the same regression above are
5.6 £ 1.2 or 4.6 & 1.9 cm/year, respectively. Although the
standard deviations are comparatively large, this result
indicates that low-frequency tremors cannot occur dur-
ing the condition of full coupling and that the hypocent-
ers of the tremor are located at the plate interface. This
investigation cannot be applied to the results of grid C
because 3.8 cm/year is too small to represent the plate
convergence rate. It should be noted that the result of
grid C, 3.8 cm/year, is smallest among the 9 selected grids
mentioned above, and the data points in grid C seem to
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be well fit by the regression line for the grid A (Fig. 5)
but some outlier or offset may cause the results quite
different.

Obara (2010) examined the number of tremors and
short-term SSEs in southwestern Japan and observed
that a few tremor events were not associated with short-
term SSEs owing to the detection limit of the SSEs. They
divided the study area into small segments that were
defined by tremor gaps along the strike direction of
the subducting plate, discussed the tremor events with
and without short-term SSEs, and derived the relation
between the tremor counts and the amount of slip of the
corresponding short-term SSE. Using the relation, they
presented the temporal evolution of the cumulative slip
histories in each region.

We analyzed the relation between the tremor count
and the coupling rates in a two-dimensional manner
and observed that the correlations vary not only along
the strike direction but also along the dip direction of
plate subduction (Fig. 4). Because the segments in Obara
(2010) are larger than the grids in our study, the slip his-
tory in Obara (2010) is observed to be spatially averaged.
Although the fluctuations of the coupling rate in our
study reflect the sum of short-term SSEs in each epoch,
we cannot resolve the fluctuations into individual SSEs.
This indicates that the spatial and temporal resolutions
are complementary.

The other problem is a change of the detection level
for the tremor because the analyzed duration in this
study reaches 7 years. We assume that the detection level
is constant and do not further considered this matter
because the seismic network for detecting tremor does
not change drastically in this period.

Conclusion

In this study, we focus on the temporal evolution of the
interplate coupling in Shikoku region and infer it using
daily GNSS data. We do not focus on each SSE but regard
the temporal change of the coupling rate as fluctuations
of strain accumulation in the interseismic period, and
we find some fluctuations of the coupling rate in the ETS
zone at a region underneath the strongly coupled area.
The fluctuation of the coupling is correlated with the
tremor count rates at the same area in some spot-like
points, and the points locate not only around the long-
term SSE area but also in the other area in the ETS zone.
The fluctuations may reflect superposition of some short-
term SSEs, but it is not clear due to the lack of temporal
resolution of this study. Instead, we show the spatial het-
erogeneity of the correlations between the coupling and
tremor activity that was spatially smoothed and regarded
as the faults of short-term SSE in the previous studies.
This result may reflect a few physical aspects, such as
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plate shapes, thermal conditions, or friction properties.
The procedure of this study can be adopted to other sub-
duction zones. Comparing the results in many subduc-
tion zone will overcome the problem of physical aspects.
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