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Abstract

Along the Nankai Trough subduction zone, southwest Japan, short-term slow slip events (SSEs) are commonly
detected in strain and tilt records. These observational data have been used in rectangular fault models with uniform
slip to analyze SSEs; however, the assumption of uniform slip precludes the possibility of mapping the slip distribution
in detail. We report here an inversion method, based on the joint use of strain and tilt data and evaluated in terms of
the Akaike’s Bayesian information criterion (ABIC), to estimate the slip distributions of short-term SSEs on the plate
interface. Tests of this method yield slip distributions with smaller errors than are possible with the use of strain or tilt
data alone. This method provides detailed spatial slip distributions of short-term SSEs including probability estimates,
enabling improved monitoring of their locations and amounts of slip.
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Introduction

Several types of slow earthquakes commonly occur along
the Nankai Trough subduction zone (Fig. 1) of the Phil-
ippine Sea plate southwest of Japan (Obara and Kato
2016). Among these, short-term slow slip events (SSEs)
with durations of several days have been detected from
records of borehole strainmeters (Kobayashi et al. 2006)
and tiltmeters (Obara et al. 2004; Hirose and Obara
2005). Strain and tilt data have been combined to rep-
resent these short-term SSEs on the basis of rectangular
fault models with uniform slip (e.g., Itaba et al. 2012).
In another approach, Nishimura et al. (2013) detected
short-term SSEs from Global Navigation Satellite System
(GNSS) data by fitting linear functions with and without
offsets and estimated fault model parameters. Because
these estimates assumed a single rectangular fault model
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with uniform slip and used a least-squares evaluation of
error, the spatial distribution of slip may be biased.
Alternatively, Kano and Kato (2020) estimated the
detailed cumulative slip distribution of short-term
SSEs along the Nankai Trough subduction zone from
2004 to 2009 by stacking GNSS data. Hirose and
Kimura (2020) used tilt-offset measurements to esti-
mate slip distributions of short-term SSEs from Jan-
uary 2001 to March 2019 in the Shikoku region and
gain insight into the slip budget along the strike direc-
tion of the Nankai Trough. Although these estimates
of the slip distribution on the plate boundary surface
yield more detailed slip locations than rectangular
fault models, they employed GNSS or tilt data alone.
In this study, we developed a joint inversion of strain
and tilt data using the Akaike’s Bayesian information
criterion (ABIC; Akaike 1980) to estimate detailed
slip distributions of short-term SSEs. We report the
use of this method to calculate detailed spatial slip
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Fig. 1 Map of southwest Japan showing locations of JMA, Shizuoka
Prefecture, and AIST strainmeter stations (solid squares) and NIED
Hi-net tiltmeter stations (open triangles). The inset map shows the
regional location and plate boundaries. Labeled rectangles indicate
the areas of other figures

distributions of short-term SSEs and evaluate the
error of the obtained slip distributions.

Method

Inversion of slip distribution

We  represent the  observation vector as
0= (01,...,0n)T, where N is the number of obser-

vational data components, in this case strain and tilt
steps, and (...)T denotes the transpose of the matrix.
We seek to determine the slip distribution assum-
ing that the changing trends in strain and tilt data are
caused by non-uniform slip on the plate interface. For
this purpose, the plate interface is divided into M grid
points, and we assume a small subfault centered on each
point that has a rectangular shape and uniform slip. By
decomposing the fault slip of the ith grid point into two
orthogonal directions s; and s;;,, the slip vector is rep-
resented as s = (sl, e SM>S14+M, - - - ,SZM) T. We divide
the observation vector o into tilt data component 0; and
strain data component 0y, and then represent the obser-
vation vector as

(2)=e+(2)

where G is a Green’s function coefficient matrix of
dimensions N by 2M when a uniform unit slip is given to
the small subfault at each grid point. The matrix compo-
nents can be obtained from surface deformation due to a
fault slip in a homogeneous elastic half-space, computed
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by the method of Okada (1992). e; and e; are error vec-
tors of tilt and strain data, respectively. It is assumed that
e; and e, follow a normal distribution with 0 mean and
variance—covariance matrix O'lel and 022132, respectively.
012 and o are scale factors for the variance of e; and e;.
No correlation is assumed between components, and the
covariance elements in the variance—covariance matrix
are set at 0. It is not appropriate to use the same scale fac-
tor for the variance of different observation data. There-
fore, we introduce the hyper-parameter n*(= o3 /G%) to
evaluate errors on different forms of observational data.
This hyper-parameter n? expresses the relative weight of
the strain and tilt datasets in the probability distribution
(Funning et al. 2014). Then, the probability density func-
tion of the observation vector given a slip distribution s is
represented as

—N/2

p(ols; le, nz) = (2:1(712) IE|~1/2 exp [—2{%2(0 —Gs)TE (0 — Gs)] s (2)

where matrix E is a function of n> = 022 /012,
E; O
2\ _ | E1
E() = [0 rﬂEJ’ ®)
which is an N by N dimension matrix, and || ... || repre-

sents the determinant of the matrix.
We represent a slip vector s using a basis function

oM
s= Z $iXi(%,7), (4)

in which the basis function is the boxcar function
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Fig. 2 Set of subfaults (rectangles) and grid points (black dots)
used for the inversion analyses. Each grid point is at the center of
a rectangle defining a small subfault on the plate interface. The
dashed contours indicate the depth of the subducting Philippine
Sea plate interface north of the Nankai Trough. Blue dots indicate the
hypocenters of deep low-frequency tremors during 2015-2018 (NIED
catalog)
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Fig. 3 Test of the proposed method using synthetic strain and tilt datasets. a Given slip distribution. b Surface projection of the given slip

distribution. Dots indicate the location of subfaults. ¢ Retrieved slip distribution. d Surface projection of the retrieved slip distribution (arrows) and a

rectangular fault model (rectangle and gray arrow). Slips exceeding the standard deviation (10) are shown in red and slips below the 10 are shown

in light pink. Map region corresponds to Area A in Fig. 1. e, f Distribution of the standard deviation (10) of the estimated slip in the direction of

N170E (e) and N8OE (f) at each subfault
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' ] 1(x,y) € i th subfault
Xi (x,y) B { OEx,y; ¢ i th subfault ®)
The slip distribution s is a smooth distribution rep-

resented by the 2M by 2M matrix L and 2M-dimen-
sion vector 8 as (Fukuda and Johnson 2008)

Ls = §, (6)

where L represents a discrete Laplacian and 8§ follows
a normal distribution with 0 mean and the variance—
covariance matrix p2I (where I is the unit matrix). The
resulting slip distribution also follows a normal distri-
bution with 0 mean and variance—covariance matrix
L~1p%(L7Y) ’ and the probability density function of s is
written as follows with R = LTL:

Table 1 Optimal hyper-parameters for each case
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-M
p(slo?) = (2mp%) " IRJM2exp [—

According to Bayes’ theorem, the probability den-
sity function of the slip vector for the observation
vector o is obtained with a normalizing coefficient ¢
to set the probability to 1 as

p(SIo; ot %, pZ) = CP(OIs; of,nz)p(SIpz). (8)
With o2 = =0 /,0 ,
p(SIO; o, nz,az)

—(N+2M)/2 M
= (21’(012) (az)

1 T
ﬁs RS:| (7)

)

_ 1
IEN~2IR||Y 2exp | - —s(s)
20’1

where

s(s) = (0 — Gs)"E7 (0 — Gs) + a*sRs. (10)

Following Yabuki and Matsu’ura (1992), to find the
slip vector s and hyper-parameters o2, 7%, and o to
maximize this probability function, first, we hold
fixed the three hyper-parameters. Then, the probabil-
ity density is maximized when the slip vector s is

-1
s = (G"E7'G+a’R) G'Elo. (11)

With this s* and s(s*), we can write

s(s) =s(s*) + (s —s*)" (GTE_lG + aZR) (s —s*).
(12)

Case ABIC o? o2 n¥(strain/tilt)
Synthetic data — 44538 416x 107" 508 x 10720 0.92
Example 1: 14-19 April 2015 245 126x1071° 180 107" 0.38
Based on stain data alone 22932 340% 1072 1.01%107° -
Based on tilt data alone 420.14 811 x 107" 216x 107" -
Example 2: 29 December 2015 to 1 January — 33663 435x 107" 623x 107" 0.10
2016

Example 2: 1-5 January 2016 — 28453 164x 107" 220x 107" 0.25
Example 2: 5-7 January 2016 —320.50 481 x 107" 1.10x 1071° 0.91
Example 3: 23-27 October 2016 547.83 6.85x 107" 801 x107'° 046
Based on stain data alone*1 78051 87410710 133% 107" -
Based on tilt data alone*1 702.08 1.82x 107" 573 107'® -
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Fig. 5 Epicentral distribution of LFTs (dots) observed in the Tokai
region during 14-19 April 2015 (NIED catalog). Also shown are
locations of strain observation stations (squares), Hi-net (tilt data)
stations (triangles), and Hamamatsu weather station 47654 (circle).
Map region corresponds to Area B in Fig. 1. The solid line indicates
the Nankai Trough and dashed contours indicate the depth of the
Philippine Sea plate

From this equation, the slip distribution s is a nor-
mal distribution with a mean of s* and covariance
o2(GTE"1G +o?R) .

Next, with the marginal likelihood of o7, n%, and o?
when a slip distribution is given

—N/2 M -1/2
P(oa®n?) = (2m0?) 7 (o2) T IE(n?)N T IRI2

Te(2) ! oy 1
IG E(n ) G+a’R|  exp [—zs(s)}. (13)
20
We then use the ABIC (Akaike 1980), which is to be
minimized based on the entropy maximization princi-
ple (Akaike 1977)

ABIC = —2logP (of, 0% 1?). (14)
To do this requires 8P/8012 = 0, which follows:
2 s(s*)
= . 1
oq N (15)

Substituting this into (14), we obtain
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where C is a constant independent of ¢ and n2. As we
cannot calculate ? and 72 to minimize ABIC analytically,
we determine optimal values ¢2 and n2 by the shuffled
complex evolution (SCE-UA) method (Duan et al. 1992).
With these in hand, the optimal value of s is given as

-1
s= (G7E(n?) Gt+a? ()
s= (G E(n G+ o“R G E(n o, (17)

the optimal value of o is given as.

- s
2

o = s 18
N (18)

and the covariance of the estimated errors of s is given as

o7 (GTE"1G +a’R) - (19)

Estimation of rectangular fault model parameters

For the evaluation of the slip-distribution model, we
also modeled a short-term SSE as a rectangular fault
with parameters

@ = ()\4, (by h,L; W; S» SyR,D); (20)

where \ is the longitude, ¢ the latitude, and % the depth
of the center of the fault; L is the length, W the width,
S the strike, and & the dip of the fault; and R is the rake
and D the amount of slip. The amount of slip is uniform
on the fault in this model. Observation data (01, 02)T are
represented with residual r as

(01,00)T =GD +r, (21)

where the Green’s function coefficient matrix G is calcu-
lated by the same method used for the inversion of slip
distribution. We estimate parameters of ® that minimize
L2 norm

Iz = min. (22)

First, the optimal position (A, ¢) of the fault and
the amount of slip D are calculated by a grid search
method with the other parameters held fixed, using
the upper surface of the subducting plate as the posi-
tion according to Itaba and Ando (2011). Since we
fixed the length and the width of the fault 20 km in the
grid search, strain and tilt are linearly related to the
amount of slip. Second, the optimal value of param-
eter O is calculated to minimize the sum of squares of

ABIC (o2, ”) = Nlog{s(s") } ~2Mloga’ +loglE (1) IIG"E(r?) " G+a’RI+C,

(16)
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Fig. 6 Time series of a, b corrected tilt data and ¢, d corrected strain data for 10-19 April 2015. Also shown are numbers of LFTs per hour and
barometric pressure and precipitation data from Hamamatsu weather station. Linear trends have been removed from the original strain and tilt
data. Data from the period in blue (0000 on 14 April to 0000 on 19 April) were used to estimate slip distribution in this study




Tsuyuki et al. Earth, Planets and Space (2021) 73:181

Page 7 of 22

a strain-+tilt

136° 138°
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Fig. 7 Estimated slip distributions during 14-19 April 2015. Map region corresponds to Area A in Fig. 1. a Surface projection of estimated slip
distribution on the plate interface (arrows) and a rectangular fault model (rectangle and gray arrow). Slips exceeding the standard deviation (10) are
shown in red and slips below the 10 are shown in light pink. Colored dots are LFT epicenters during 14-19 April (see Fig. 5). The solid line indicates
the Nankai Trough and dashed contours indicate the depth of the Philippine Sea plate. b Surface projection of estimated fault slip on the plate
interface and rectangular fault model based on strain data alone. ¢ Surface projection of estimated fault slip on the plate interface and rectangular

the residual between theoretical and observed values
within a certain search range around the optimal fault
position and fault parameter at that position by the
SCE-UA method (Duan et al. 1992).

Strain and tilt data

We used strain observational data from volume
strainmeters (Sacks et al. 1971) and multi-compo-
nent strainmeters (Ishii et al. 2002) of the Japan

Meteorological Agency (JMA), Shizuoka Prefecture,
and the National Institute of Advanced Industrial Sci-
ence and Technology (AIST). We used tilt data from
the high-sensitivity accelerometers of the Hi-net
(Okada et al. 2004; Obara et al. 2005) stations of the
National Research Institute for Earth Science and Dis-
aster Resilience (NIED). The locations of all stations
are shown in Fig. 1. We used all components of the
multi-component strainmeter measurements. The
effects of barometric pressure, tides, precipitation,
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and geomagnetism were removed from the 1-h aver-
age strain and tilt values during the period from
January 2015 to December 2016 as described below.
Background linear trends during a time period before
the SSEs were then removed from the corrected data.
Barometric pressure effects were corrected by
first-order correlation with data from the barometer
attached to the observation station or barometric data
from the nearest JMA weather station. Tidal effects
were removed from the pressure-corrected data using
Baytap-G software (Tamura et al. 1991). Precipitation
effects were corrected using a three-stage tank model
(Kimura et al. 2015). Because the multi-component
strainmeters contain a magnetic sensor, the influence

of geomagnetism was removed by the method of
Miyaoka (2011). In addition, observed (in-situ) strain
data from borehole strainmeters may be amplified or
attenuated in response to crustal strain (Gladwin and
Hart 1985). This effect was removed by a calibration
based on theoretical tides (Matsumoto et al. 2001;
Hirose et al. 2019) for multi-component strainme-
ters and one based on theoretical teleseismic wave-
forms (e.g., Nakanishi and Kasahara 1990) for volume
strainmeters.

Subfaults parameters
The set of subfaults used for the basis functions intro-
duced in the Method section is shown in Fig. 2. We
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Table 2 Inversion results for each case
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Case Seismic moment (N m) Moment magnitude Standard deviation/slip (cm)®
N170E N8OE

Example 1: 14-19 April 2015 799 % 10" 587 0.18/1.15 0.19/0.56
Rectangle fault model 125% 10" 6.00

Based on strain data alone 320% 10" 5.60 043/0.56 0.33/0.65
Rectangle fault model 154 % 10'® 6.06

Based on tilt data alone - - 0.36/0.97 0.40/0.26
Rectangle fault model 127 %108 6.00

Example 2: 29 December 2015 to 1 January 2016 6.05 x 10"/ 579 0.07/0.25 0.07/0.36
Rectangle fault model 381 x 10" 565

Example 2: 1-5 January 2016 6.67 x 10" 5.82 0.20/0.61 0.16/0.86
Rectangle fault model 6.14 % 10" 5.79

Example 2: 5-7 January 2016 156 % 107 540 0.07/0.30 0.07/0.15
Rectangle fault model 428x 10" 569

Example 3: 23-27 October 2016 6.92 x 10" 583 0.23/0.89 0.25/0.42
Rectangle fault model 116 x 10" 598

Based on strain data alone 2.05% 10" 547 0.15/0.17 0.15/0.17
Rectangle fault model 181 %108 6.11

Based on tilt data alone - - 0.43/1.00 0.46/0.22
Rectangle fault model 1.07 % 10'® 595

21 The standard deviation and amount of the slip in the two orthogonal directions (N170E and N8OE) at the maximum slip subfault

approximated the area around the Nankai Trough
by rectangular coordinates with the Y-axis oriented
N55°W, the direction of subduction of the Philip-
pine Sea plate (Heki and Miyazaki 2001). Grid points
were set every 10 km in the X-axis (N35°E) direction
and 10 km intervals along the plate interface. X and
Y axes are shown in Fig. 2. We defined a small 10 km
square subfault (rectangular in Fig. 2) centered on
each grid points with specified strike and dip accord-
ing to the configuration of the upper surface of the
subducting Philippine Sea plate (Hirose et al. 2008)
and used in subsequent analyses. As we represented a
slip vector using the boxcar basis function (Egs. 4, 5),
we supposed a uniform slip at each subfaults and cal-
culated the Green’s function. It should be mentioned
that subfaults have overlaps and gaps on the plate
interface in discretization, which can cause errors
when calculating the whole slip amount in the region.

Verification of the method using a synthetic dataset

We checked the validity of our inversion method
using a synthetic dataset for the set of subfaults in
region A in Fig. 2. The subfaults were assigned the
slip distribution shown in Fig. 3a,b, in which the slip

amount varies from point to point (every 10 km). We
calculated synthetic linear strain at 14 measurement
points and tilt at 10 measurement points in a homoge-
neous elastic half-space with a Poisson’s ratio of 0.25
using the formula of Okada (1992), yielding the results
shown in Fig. 4. Strain changes were converted to the
principal strain in this figure. We did not consider the
measurement errors. We estimated a slip distribution
(Fig. 3c,d) and rectangular fault model parameters
separately with this synthetic data set. Since we did
not consider the measurement errors, only modeling
errors were contained (Yabuki and Matsu'ura 1992)
in the errors of Eq. (1). Therefore, in the variance—
covariance matrix of observation error, the covariance
components were not considered and the variance
components were set to 1.0.

Optimal hyper-parameters from this exercise are
listed in Table 1. We introduced hyper-parameter 7>
to represent the weight of the strain and tilt dataset.
In this test, since the observation data used for the
inversion do not include any error, this parameter rep-
resenting the weights of the strain and tilt data should
be 1.0. Therefore, it is reasonable to obtain 0.92 as this
value. The slip distribution retrieved by the inversion
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Fig. 10 Epicentral distribution of LFTs (dots) in the Tokai region
during 29 December 2015-6 January 2016 (NIED catalog). Dot colors
correspond to the time intervals shown at bottom. Also shown are
locations of strain observation stations (squares), Hi-net (tilt data)
stations (triangles), and Hamamatsu weather station 47654 (circle).
Map region corresponds to Area A in Fig. 1. The solid line indicates
the Nankai Trough and the dashed contours indicate the depth of the
Philippine Sea plate

(Fig. 3c, d) nearly matched the given slip distribution
(Fig. 3a, b). Distribution of the standard deviation of
the estimated slip in the two orthogonal directions at
each subfault is shown in Fig. 3e, f. The standard devi-
ation was used as a reference to evaluate the estima-
tion error of slip obtained in each subfault. It can be
seen that the standard deviation is relatively small in
the region where many observation points are distrib-
uted. We calculated the total seismic moment using
only subfaults with slips larger than the 1-0 estima-
tion error in this study. The calculated total seismic
moment of 1.45 x 10'®* N m (M,,=6.04) was almost
equal to the given seismic moment of 1.41 x 10'® N m
(M,=6.03). A rigidity of 4.0x10' N m™ was
assumed in this study. Strain and tilt change calcu-
lated from the given and the retrieved slip distribution
are similar (Fig. 4). We also estimated a rectangular
fault model with the same data set. The estimation
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based on the rectangular fault model (rectangle in
Fig. 3d) imperfectly reproduced the given slip and
the eastern side of the given slip area is not included
in the rectangular fault model. Estimated seismic
moment was 1.33 x 10'® N m (M,,=6.02). Slip on the
fault was assumed to be uniform in rectangular fault
model, and therefore, the estimated fault model, while
including all points with given large slip, excluded
some with given small slip. When calculating the aver-
age slip amount for a long period, the estimation of
the slip distribution at the grids is more appropriate
than the rectangular fault.

Results and discussion
In this section, we analyzed some known short-term
SSEs as examples to test our inversion method.

Example 1

In the first example, we tested whether the simultane-
ous use of strain and tilt data (joint use) improves the
estimation error for a short-term SSE beneath region
A in Fig. 2. Figure 5 shows the distribution of low-fre-
quency tremor events (LFTs) in the Tokai area during
14-19 April 2015. We plotted the LFTs taken from the
NIED catalog (Maeda and Obara 2009; Obara et al.
2010) in this study. During that time, the strain and tilt
change appeared (Fig. 6). These phenomena may cor-
respond to a short-term SSE in this region (e.g., Ochi
et al. 2015; Kimura and Kimura 2015). We analyzed
the slip distributions resulting from the use of strain
or tilt data alone, and analyzed the slip distribution by
our inversion method using strain and tilt data. The
observational components to be used were selected
manually. Observed values are calculated using the
difference between the corrected data at the begin-
ning and the end of the period in this study (e.g., Itaba
and Ando 2011). The uncertainties of the data are rep-
resented by the variance from 11 March to 14 April
2015. (Additional file 1: Table S1). We considered that
the error contained in the data was mainly observa-
tion error, and that the observation component with
larger variation in the original data had larger error.
Therefore, in the variance—covariance matrix, the
diagonal elements were set to the ratio of each com-
ponent’s variance to their maximum variance for the

(See figure on next page.)

Fig. 11 Time series of a, b corrected tilt data and ¢, d corrected strain data for 22 December 2015 to 8 January 2016. Also shown are numbers of
LFTs per hour and barometric pressure and precipitation data from Hamamatsu weather station. Linear trends have been removed from the original
strain and tilt data. Data from the periods in red (29 December 2015 to 1 January 2016), blue (1 January to 1200 on 5 January 2016), and yellow
(1200 on 5 January to 7 January) were used to estimate slip distributions in this study
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Fig. 12 Estimated slip distributions during 29 December 2015-7 January 2016. Map region corresponds to Area A in Fig. 1. a Surface projection of
estimated slip distribution on the plate interface (arrows) and a rectangular fault model (rectangle and gray arrow) for the first period (29 December
2015-1 January 2016). Slips exceeding the standard deviation (10) are shown in red and slips below the 10 are shown in light pink. Colored dots are
LFT epicenters in this period (see Fig. 10). The solid line indicates the Nankai Trough and the dashed contours indicate the depth of the Philippine
Sea plate. b Surface projection of estimated slip distribution on the plate interface and a rectangular fault model for the second period (1 January to
1200 on 5 January). ¢ Surface projection of estimated slip distribution on the plate interface and a rectangular fault model for the third period (1200
on 5 January-7 January)

strain and tilt data respectively. The optimal hyper-
parameters are listed in Table 1. Estimated slip distri-
bution, distribution of the standard deviation of the
slip in the two orthogonal directions at each subfault,
and the comparison between observed strain and tilt
data and calculated strain and tilt data are shown in

Figs. 7, 8, 9, respectively. In the comparison between
observed strain and calculated strain, linear strain
components of each station used for inversion were
converted to the principal strain. Seismic moment and
the standard deviation and amount of the slip in the

(See figure on next page.)

Fig. 13 Distribution of the standard deviation (10) of the estimated slip (Fig. 12) in the N170E direction (left panel) and N8OE direction (right panel)
at each subfault. Map region corresponds to Area A in Fig. 1. a, b Standard deviation of the estimated slip for the first period (29 December 2015-1
January 2016). ¢, d Standard deviation of the estimated slip for the second period (1 January to 1200 on 5 January). e, f Standard deviation of the
estimated slip for the third period (1200 on 5 January-7 January)
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two orthogonal directions at the maximum slip sub-
fault are listed in Table 2.

The standard deviation (lo estimation error) is
larger when using stain data or tilt data alone than
by joint use (Fig. 8). The ratio of the standard devia-
tion to the estimated slip amount in the two orthogo-
nal directions at the maximum slip subfault are 77%
and 51% when using strain data alone, while 16% and
34% for joint use (Table 2). We could not estimate
slip larger than the standard deviation when using
tilt data alone (Fig. 7c). Also, when using strain data
alone, slips in the same direction as the plate conver-
gence are shown in the eastern side of the grids which
are not considered to be due to the short-term SSE
(Fig. 7b). The addition of tilt data therefore yielded a
more plausible slip distribution with better estimation
error.

We denoted the relative weight of strain and tilt
data as a value of hyper-parameter 52. The value of
n? is 0.38 (Table 1) in this example, signifying that
the contribution of the strain data was relatively
large. Because the average variance ratio of strain and
tilt data used in this study was about 0.5, the ratio
obtained by inversion was slightly small.

Example 2

In the second example, we tested whether the
slip distribution can be tracked as a short-term
SSE migrates beneath region A in Fig. 2. During
29 December 2015-6 January 2016, LFTs shifted
toward the northeast in the Kii Peninsula and the
Tokai area (Fig. 10). At the same time, both strain
and tilt data change appeared (Fig. 11). These phe-
nomena may correspond to a short-term SSE in
this region (e.g., Ochi et al. 2016; Kimura 2016).
We divided the data into three periods (Fig. 11)
and analyzed slip distributions by our inver-
sion method using strain and tilt data during each
period. Observed values and their observation
errors are listed in Additional file 1: Table S2. In the
variance—covariance matrix, the diagonal elements
were set to the ratio of each component’s variance
to their maximum variance for the strain and tilt
data, respectively, from the preceding period (15—
29 December 2015). The optimal hyper-parameters
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are listed in Table 1. Estimated slip distribution,
distribution of the standard deviation of the slip in
the two orthogonal directions at each subfault, and
the comparison between observed strain and tilt
data and calculated strain and tilt data are shown
in Figs. 12, 13, 14, respectively. We also estimated
rectangular fault model parameters (rectangle in
Fig. 12) with the same dataset. Seismic moment
and the standard deviation and amount of the slip
in the two orthogonal directions at the maximum
slip subfault are listed in Table 2. The slip distribu-
tion obtained by inversion follows the propagation
of the LFTs and they probably indicate the migra-
tion of the short-term SSE. Estimated distribution
of slips larger than 1o estimation error is almost
same as the distribution of LFTs, whereas the slip
distribution of the first period is slightly wide. This
may be because there is no observation point on the
west side of the slip. The locations of the rectangu-
lar faults were generally consistent with the LFTs,
but it was estimated to be a bit wider for the third
period.

Example 3

In the third example, we analyzed a short-term SSE
that occurred in the Bungo Channel during 23-27
October, 2016 (e.g., Ochi et al. 2017; Kimura 2017)
where LFTs were also observed (Fig. 15). Both the
strain and tilt data appeared to respond to this event
(Fig. 16). We analyzed the slip distribution using
strain and tilt data during the period shown in color
on Fig. 16 (2100 on 23 October to 0000 on 27 Octo-
ber) and the subfaults of region B in Fig. 2. We also
analyzed rectangular fault model parameters using
the same data set. Strainmeters are not as densely dis-
tributed in this region as in the Tokai region (Fig. 1).
Therefore, we also analyzed the slip distributions
resulting from the use of strain or tilt data alone and
compare the results with the one obtained with joint
use. Observed values and their observation errors are
listed in Additional file 1: Table S3. The diagonal ele-
ments in the variance—covariance matrix were set to
the ratio of each component’s variance to their maxi-
mum variance for the strain and tilt data, respec-
tively, from 10 to 23 October 2016. The optimal

(See figure on next page.)

Fig. 14 Observed and calculated strain (right panel) and tilt (left panel) data during 29 December 2015 to 7 January 2016. Map region corresponds
to Area A in Fig. 1. a Strain and tilt data for the first period (29 December 2015 to 1 January 2016) from observations (blue) and calculated from the
estimated slip distribution shown in Fig. 12a (white). b Strain and tilt data for the second period (1 January to 1200 on 5 January) from observations
and calculated from the estimated slip distribution shown in Fig. 12b. ¢ Strain and tilt data for the third period (1200 on 5 January to 7 January) from
observations and calculated from the estimated slip distribution shown in Fig. 12¢
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Fig. 15 Epicentral distribution of LFTs (dots) in the Shikoku region
during 23-27 October 2016 (NIED catalog). Also shown are locations
of strain observation stations (squares), Hi-net (tilt data) stations
(triangles), and Matsuyama weather station 47887 (circle). Map region
corresponds to Area C in Fig. 1. Dashed contours indicate the depth

of the Philippine Sea plate
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hyper-parameters are listed in Table 1. Estimated slip
distribution, distribution of the standard deviation of
the slip in the two orthogonal directions at each sub-
fault, and the comparison between observed strain and
tilt data and calculated strain and tilt data are shown in
Figs. 17, 18, 19, respectively. Seismic moment and the
standard deviation and amount of the slip in the two
orthogonal directions at the maximum slip subfault are
listed in Table 2. Although the standard deviation of
the estimated slip is small (Fig. 18) in the result using
strain data alone, small slips are widely distributed
(Fig. 17b) and there is almost no slip in the distribution
of LFTs. When using tilt data alone, we could not esti-
mate slip larger than the standard deviation (Fig. 17c).
On the other hand, the standard deviation of each sub-
fault slip estimated by joint use of strain and tilt data is
smaller than when using tilt data alone. Region of sub-
faults where the estimated slip is larger than 1o esti-
mation error is almost the same as the distribution of
LFTs (Fig. 17a). In this example as well as Example 1,
we could obtain more likely slip distribution by joint
use of strain and tilt data.
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Fig. 16 Time series of a corrected tilt data and b corrected strain data for 20-29 October 2016. Also shown are numbers of LFTs per hour and
barometric pressure and precipitation data from Matsuyama weather station. Linear trends have been removed from the original strain and tilt data.
Data from the period in blue (2100 on 23 October-27 October) were used to estimate slip distributions in this study
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Fig. 17 Estimated slip distribution during 23-27 October 2016. Map region corresponds to Area C in Fig. 1. a Surface projection of the estimated
slip distribution on the plate interface (arrows) and rectangular fault model (rectangle and gray arrow) based on strain and tilt data. Slips exceeding
the standard deviation (10) are shown in red and slips below the 10 are shown in light pink. Colored dots indicate LFT epicenters in this period (see
Fig. 15). Dashed contours indicate the depth of the Philippine Sea plate. b Surface projection of the estimated slip distribution on the plate interface
and rectangular fault model based on strain data alone. ¢ Surface projection of the estimated slip distribution on the plate interface and rectangular

b strain data alone

Conclusion

Short-term SSEs along the subduction zone of the
Nankai Trough are typically detected by interpret-
ing strain and tilt data. We formulated an inversion
method to estimate the slip distribution of these
SSEs by the joint use of strain and tilt data based on
ABIC. The effectiveness of this method was dem-
onstrated by a test using a synthetic dataset. When
we applied this method to analyze the slip distri-
butions of known short-term SSEs, we showed that
estimated slip distribution follows the migration of

the short-term SSE. We also showed that a plausi-
ble slip distribution with less estimation error can
be obtained by the joint use of strain and tilt data
than when each data is used alone. By stochastically
evaluating the slip distributions obtained by our
method, we showed that it is possible to map vari-
ations in the detailed slip distribution on the plate
boundary, an improvement over results using rec-
tangular fault models with uniform slip.
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Fig. 18 Distribution of the standard deviation (10) of the estimated slip (Fig. 17) in the N170E direction (left panel) and N8OE direction (right panel)
at each subfault. Map region corresponds to Area Cin Fig. 1. a, b Standard deviation of the estimated slip based on strain and tilt data. ¢, d Standard
deviation of the estimated slip based on strain data alone. e, f Standard deviation of the estimated slip based on tilt data alone
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