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Abstract 

Temporary slip speed increases with durations of 1–3 h were identified during short-term slow slip events 
in records of borehole and laser strainmeters in the Tokai region, Japan. They were found by searching for peaks 
of correlation coefficients between stacked strain data and ramp functions with rise times of 1 and 2 h. Although 
many of the strain steps were considered due to noise, some strain steps occurred with simultaneous activation 
of the deep tectonic tremors and shared source areas with the tremors. From 2016 to 2022, we observed five strain 
steps with simultaneous activation of tectonic tremors and coincidence of source locations with the tremors. Those 
strain steps occurred during short-term slow slip events and were temporary slip speed increases of the slow slip 
events. Those strain steps seemed to be related to successive occurrences with source migration of short-term slow 
slip events. The detrended strain steps corresponded to plate boundary slip events of moment magnitude around 5, 
which was consistent with the scaling law of slow earthquakes.
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Graphical Abstract

Introduction
Various types of slow earthquakes occur along 
subduction zones in both the deep and shallow parts of 
the source areas of megathrust earthquakes. The source 
durations and seismic moments of slow earthquakes 
vary greatly. Tectonic tremors, including shallow 
tremors and low-frequency earthquakes (LFEs), have 
a characteristic period of 0.2–2  s (Obara 2002; Rogers 
and Dragert 2003; Katsumata and Kamaya 2003). Both 
deep and shallow very low frequency earthquakes 
(VLFEs) have a dominant period of 10–50  s (Obara 
and Ito 2005; Ito et al. 2007; Ghosh et al. 2015). Bletery 
et al. (2017) detected migrations of LFEs at time scales 
between 30  min and 32  h, and interpreted them as 
secondary slip front propagation. Aiken and Obara 
(2021) analyzed LFE clusters and detected slowly 
slipping fault motion, whose durations ranged from 
104 to 106 s. Along the Nankai Trough subduction zone 
in Southwest Japan, slow slip events (SSEs) of various 
source durations have been observed. The Tokai SSEs 
have source durations of a couple to several years 
(Ozawa et  al. 2005; Kobayashi and Yoshida 2004; 
Ozawa et al. 2016). SSEs around the Bungo channel can 
last from several months to a couple of years (Hirose 
et  al. 1999; Hirose and Obara 2005; Seshimo and 
Yoshioka 2022). In a wide area along the Nankai Trough 
subduction zone, SSEs of about several days’ duration, 
called short-term slow slip events (S-SSEs), have been 

observed (Obara et  al. 2004; Kobayashi et  al. 2006). 
SSEs with longer durations than S-SSEs are called long-
term SSEs. SSEs often accompany tectonic tremors, and 
they are identified as episodic tremor and slip (ETS) 
(Rogers and Dragert 2003; Obara et  al. 2004). VLFEs 
are also related to the activities of ETSs (Ito et al. 2007). 
Fukao et al. (2021) reported an aseismic slip with a rise 
time around 1 h at the Izu-Bonin Trench, which was a 
different type of slow earthquake from that seen along 
the Nankai Trough subduction zone. The moment rate 
of the event found by Fukao et  al. (2021) was much 
larger than that of the slow earthquakes along the 
Nankai Trough.

The durations of SSEs in Cascadia, North America, 
are 2–4 weeks (Miller et al. 2002). Whereas SSEs along 
the Hikurangi subduction zone, New Zealand, have 
durations ranging from 6 days to 1.5 years, with SSEs 
at shallower depths having shorter durations (Wallace 
and Beavan 2010). SSEs in southern Mexico with 
durations of several months have also been reported 
(Kostoglodov et al. 2003; Cruz-Atienza el al. 2021).

Because the sizes of slow earthquake sources are 
distributed over a wide range, a single instrument 
cannot cover the entire observation range of slow 
earthquakes. Tremors and VLFEs are detected with 
seismometers. Observation data from S-SSEs are mainly 
obtained with highly sensitive strainmeters (Kobayashi 
et  al. 2006) and tiltmeters (Hirose and Obara 2005). 
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S-SSEs are also detected with GNSS (Nishimura 2014; 
Okada et  al. 2022). Crustal deformation due to long-
term SSEs along the Nankai Trough subduction zone 
and most of SSEs in other regions are measured mainly 
by the GNSS network (e.g. Hirose et  al. 1999; Dragert 
et al. 2001).

Ide et  al. (2007) have pointed out the existence of a 
scaling law among slow earthquakes; seismic moment 
is approximately proportional to event duration. Ide 
and Beroza (2023) updated the event list related to the 
scaling law, and discussed the rupture propagation 
process of slow earthquakes. Slow earthquakes with 
source durations greater than several tens of seconds and 
less than a few days were reported based on strain rate 
changes observed by borehole strainmeters (Hawthorne 
and Rubin 2013), LFE migration analyses (Bletery et  al. 
2017; Aiken and Obara 2021), and ocean bottom pressure 
gauges (Fukao et  al. 2021). Hawthorne and Rubin 
(2013) found correlated strain rate changes observed by 
borehole strainmeters with seismic amplitude changes 
with durations from 15 min to 16 h in central Cascadia. 
Bletery et al. (2017) estimated the seismic moment of the 

slow earthquakes detected by LFE migration by summing 
up the seismic moment of LFEs. It is difficult to get a 
direct observation about the slip amount during such 
slow earthquakes.

There is a gap of direct observation of seismic moment 
in the duration range between several tens of seconds 
of VLFEs and a few days of S-SSEs along the Nankai 
Trough. It is important to estimate the seismic moments 
of slow earthquakes with such durations to understand 
the features of the slow earthquake group related to 
ETS along the Nankai Trough. We aimed to detect slow 
earthquakes with durations between those of VLFEs 
and S-SSEs and to estimate their seismic moments 
using strainmeter data. Since strainmeters record 
tidal responses, strain changes shorter than 6  h have 
a better signal–noise ratio. We searched for SSEs with 
durations of one to several hours in crustal deformation 
data measured by borehole and laser strainmeters in 
the Tokai region, Japan, where the Philippine Sea plate 
subducts beneath the Eurasia plate from the Nankai 
trough (Fig. 1). In Fig. 1, epicenters of the tectonic tremor 
(Imanishi et  al. 2011) and source areas of S-SSEs (e.g. 

Fig. 1 Source Area of investigated slow slip events. The blue rectangle in the inset map of Japan shows the map area. Epicenters of the tectonic 
tremors from 2016 to 2022 estimated by the method of Imanishi et al. (2011) (red circles) and S-SSE source areas from 2021 to 2022 (e.g. Japan 
Meteorological Agency, 2021) (black rectangles) are shown. The period for S-SSEs was limited to two years to avoid too many plots. The blue 
triangles and rectangles show the borehole and laser strainmeter locations, respectively. The black dots show the assumed fault center locations 
used in the stacking method
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Japan Meteorological Agency 2021) are shown. As a 
result, we identified some strain steps with durations of 
1–3 h, which were temporary slip speed increases during 
S-SSEs. In this article, we describe our analysis of these 
strain steps.

Data
We analyzed strain data obtained using borehole (Ishii 
et al. 1997a, b) and laser strainmeters (Araya et al. 2002; 
Katsumata et  al. 2010) installed at the stations listed in 
Table 1. Station locations are shown in Additional file 1: 
Fig. S1. We selected the Tokai region of the Nankai 
Trough subduction zone in Japan for our analysis because 
of the dense distribution of strainmeters there. Data of 
1 sample/min were used, which were obtained by deci-
mating the original data of higher sampling rates. Sam-
pling rates of the original data were 1 sample/s or higher. 
Before the strain step analysis, the strain data were cor-
rected for tidal and atmospheric pressure responses 
with the BAYTAP program (Tamura et  al. 1991). Each 
strainmeter was equipped with a barometer at the site. 
Response correction matrices from Kamigaichi et  al. 

(1999) were applied to the data obtained with borehole 
strainmeters.

Detection of strain steps
At first, we searched for strain steps in the data of 
strainmeters. The procedure is described in this section. 
Then the source locations of the strain steps and their 
relationships with tectonic tremor activity are discussed 
in the latter sections.

We searched for strain steps with durations of around 
1–4  h by calculating the correlation coefficient time 
series between stacked strain data and ramp functions 
(CCsr ). The strain data are contaminated with variation 
from various causes. To enhance the signal-to-noise ratio 
(S/N) and to exclude strain steps due to noise, we used 
the stacking method of Miyaoka and Yokota (2012) to 
analyze the strain data as follows: 

(1) Assume source parameters (fault center location, 
fault depth, strike, dip, rake, fault width, fault 
length, and seismic moment).

(2) Calculate the theoretical strain value by the method 
of Okada (1992).

(3) Change the polarity of the data when the theoretical 
value is negative.

(4) Detrend the strain at each sensor using data before 
the investigated period.

(5) Calculate the standard deviation of the data before 
the investigated period.

(6) Reject data when the theoretical value is less than 
the standard deviation.

(7) Normalize the strain change by the calculated 
standard deviation.

(8) Sum the data from multiple channels.

In step (1), source locations were assumed as: longitudes 
from 136◦ E to 138◦ E with intervals of 0.1°; averaged 
latitude of S-SSEs estimated by Japan Meteorological 
Agency (e.g. Japan Meteorological Agency 2016) in each 
longitude interval; depths at the plate boundary (Hirose 
et al. 2008) beneath the assumed longitude and latitude. 
Because we expected that slow slip events of 1 h duration 
would have occurred in the source area of S-SSE such as 
tectonic tremors, VLFEs, and S-SSEs sharing the same 
source area (Ito et  al. 2007), the source locations were 
assumed based on those of S-SSEs. The assumed fault 
center locations are shown by black dots in Fig.  1. The 
strike and dip were set based on the plate configuration 
(Hirose et  al. 2008), and the slip direction based on 
the plate motion parameters by Seno et  al. (1993). 
The average fault length (31  km) and width (30  km) of 
estimated S-SSEs (e.g. Japan Meteorological Agency 

Table 1 Stations from which strain data were obtained for this 
study

JMA Japan Meteorological Agency, AIST National Institute of Advanced Industrial 
Science and Technology, MRI Meteorological Research Institute, JMA, ERI 
Earthquake Research Institute, The University of Tokyo

Station code Latitude Longitude Type Affiliation

ASAYA 34.937◦N 137.542◦E Borehole JMA

KURATA 34.975◦N 138.197◦E Borehole JMA

MIYAGUCH 34.818◦N 137.755◦E Borehole JMA

OCHIAI 35.111◦N 138.332◦E Borehole JMA

SAKUMA 34.999◦N 137.731◦E Borehole JMA

TAKATENJIN 34.699◦N 138.035◦E Borehole JMA

TAKAMATS 34.626◦N 137.221◦E Borehole JMA

TOMBE 34.789◦N 137.971◦E Borehole JMA

URUGI 35.288◦N 137.674◦E Borehole JMA

EFUJIKAW 35.097◦N 138.135◦E Borehole Shizuoka Pref.

HARUNO 35.034◦N 137.926◦E Borehole Shizuoka Pref.

HGM 33.867◦N 135.732◦E Borehole AIST

ICU 33.900◦N 136.138◦E Borehole AIST

KST 33.520◦N 135.836◦E Borehole AIST

MYM 34.112◦N 136.182◦E Borehole AIST

TSU 34.787◦N 136.402◦E Borehole AIST

TYE 34.766◦N 137.469◦E Borehole AIST

TYS 35.041◦N 137.358◦E Borehole AIST

FUNAGIRA 34.893◦N 137.818◦E Laser MRI and ERI

INUYAMA 35.353◦N 137.026◦E Laser Nagoya Univ. and ERI
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2016) were used for the fault size. The seismic moment 
M0a was set at 101.5×6.0+9.1  Nm for theoretical strains, 
which does not affect the estimation of the seismic 
moment of a strain step. This Mw is an approximate value 
of a background SSEs.

Strain data from January 2016 to December 2022 was 
surveyed with dividing the period into 10-day intervals. 
The leading part of 10 day length was added to each 
interval. In the stacking method, the detrending in step 
(4) and the standard deviation calculation in step (5) for 
the data of each sensor were based on the data in the 
leading part.

Rejection of data with prevailing noise over the signal 
in step (6) and normalization by standard deviation in 
step (7) were applied to reduce the contribution from 
noisy sensors in the stacked time series. The time series 
from the stacking method A(t) is evaluated as follows:

where t, oi(t) , pi , σi , and ci denote time, observed strain 
change at the ith sensor, polarity of the theoretical strain 
(1 or – 1), standard deviation of data, and the theoretical 
strain value. If oi(t) coincides with ci M0(t)

M0a
,

where M0(t) is the source time function of the slip 
event. Strain data at each sensor and stacked strain 
data for various assumed source locations are shown in 
Additional file 2: Fig. S2 and Additional file 3: S3 for an 
interval from 31 January, 2019.

CCsr with ramp functions of 1, 2, and 4 h rise times 
were calculated. Because tidal components cannot be 
removed completely and the remaining tidal responses 
cause strain variation similar to a ramp function, we 
limited the rise time to less than 6 h. Time lengths before 
and after the ramp were set at double the rise time in the 
calculation of CCsr , and trend was removed from both 
the stacked strain and the ramp function before the CCsr 
calculation. An example of the analysis is shown in Fig. 2. 
The data shown in this figure include an S-SSE ( Mw5.9 ) 
from February 3, 2019 (Japan Meteorological Agency 
2019).

(1)A(t) =

∑

i
oi(t)pi
σi

∑

i
cipi
σi

,

(2)A(t) =
M0(t)

M0a
,

The time series of CCsr in Fig. 2b have many peaks. Fig-
ure 3 shows the ratios of positive peaks to the total num-
ber of peaks and troughs with a 0.005 interval of CCsr . All 
the cases from 2016 to 2022 at the various fault locations 
are counted in the figure. The positive peaks indicate 
polarity consistent with the plate boundary slip event. 
The ratio of 0.5 corresponds to a random situation. When 
the number of positive peaks surpasses that of negative 
ones (troughs), the positive peaks would include strain 
steps due to the plate boundary slip events. For a rise time 
of 1 h, the ratio deviates to the higher side in the range 
of CCsr greater than about 0.88 in Fig. 3. More than 300 
peaks with CCsr > 0.88 were found from 2016 to 2022, 
where duplicate counts due to different assumed source 
locations were removed. For a rise time of 4 h, higher side 
deviation was not observed. Positive peaks greater than 
0.88 for an assumed rise time of 1 and 2 h were selected 
for the following analyses since they are consistent with 
the plate boundary slip events. When plural strain steps 
in overlapped time ranges were detected at different 
source locations or with different assumed rise times, 
the source location and the rise time of the highest cor-
relation were adopted for further analysis. Though CCsr 
peaks less than 0.88 could include those related to plate 
boundary slip events, identification of them is not easy 
due to contamination by various noises.

The ratio of positive peaks deviates from 0.5 in Fig.  3 
for high CCsr . The ratio was evaluated with a statistical 
test. If the time series of the CCsr has random variation, 
the number of positive and negative peaks should be 
even. If the number of samples and the ratio of the 
positive peaks are assumed to be n and p, the expected 
number of positive peaks and dispersion are 
approximated as np and np(1− p) for large np in a bino-
mial distribution. Therefore, Z =

X−np
√

np(1−p)
 would follow 

a normal distribution N(0, 1), where X is a statistical vari-
able. For a rejection region of 5%, |Z| is greater than 1.96. 
Figure  4 shows the relationship between X−np

√

np(1−p)
 and 

CCsr at peaks from 2016 to 2022, where X is the number 
of positive peaks and n the total number of peaks and 
troughs. For n and X, sums of data with CCsr greater than 
the value on the horizontal axis were used. In most of the 
range in Fig. 4, Z is greater than 1.96, which means that 

(See figure on next page.)
Fig. 2 (a) Example of stacked strain change. During this period, an S-SSE of Mw5.9 (Japan Meteorological Agency 2019) was detected. The gray 
shade indicates the period shown in (c) and (d). (b) Time series of correlation coefficients between the stacked strain shown in (a) and a ramp 
function of 1 h rise time (CCsr ). The gray shade is the same as that in (a). (c) Detrended stacked strain shown in (a) during a 5-day interval that is the 
middle part of (a) and (b). (d) Detrended accumulated number of tectonic tremors in the same time period as that of (c). The periods shown in (c) 
and (d) with gray shades show durations of strain steps with CCsr > 0.88
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Fig. 2 (See legend on previous page.)
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Fig. 3 Ratio of positive peaks (upper) to the total of peaks and troughs (lower) with CCsr on the horizontal axes from 2016 to 2022. Three sets 
of graphs show those for assumed rise times of 1, 2, and 4 h of the ramp function
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the null hypothesis of p = 0.5 can be rejected. Especially, 
Z was large around CCsr = 0.93.

Sources of strain steps
When a strain step with CCsr > 0.88 was identified, 
its duration and location were estimated with data 
from selected sensors. In this section, sensor data with 
|CCir| > 0.5 were selected for duration and location 
estimations to reject noisy data, where CCir is a 
correlation coefficient between strain at an individual 
sensor and a ramp function with the rise time used to 
detect the strain step in the previous section. The value of 
0.5 was used as a threshold of a clear correlation.

Stacked strain and its correlation coefficient with a 
ramp function (CCsr2 ) were calculated to estimate the 
duration of the strain step from the data of |CCir| > 0.5 . 
For CCsr2 , the same location and fault parameters used 
to detect the stain step in the previous section were 
assumed. Durations were estimated by identifying the 
peak value of the CCsr2 using the grid search method. 
In the grid search, the rise time of a ramp function was 
changed from 0.5 to 2 times rise time used for the strain 
step detection. Used data length was fixed at six times the 
rise time used in the detection, for which the leading and 
tail parts are of the same length of rise time assumed in 
the grid search when the rise time assumed in the grid 
search is double the rise time used for the detection. The 
rise time with the highest CCsr2 was adopted as the dura-
tion of the strain step. A graph of the duration grid search 
is shown in Additional file 4: Fig. S4.

The estimation error of the duration was evaluated 
using the statistical nature of the correlation coefficient. 
A correlation coefficient r approximately follows a nor-
mal distribution of N ( 12 log

1+r
1−r ,

1
n−3 ) , where n is the data 

number (e.g. Sugiyama et al. 2007). A range of duration 
where 1

2 log
1+r
1−r > 1

2 log
1+rp
1−rp

−

√

1
n−3  is shown as an 

indication of uncertainty in Additional file 4: Fig. S4 and 
Table 2, where rp is the peak value of CCsr2 . In Table 2, 
the shown value is half of the duration range.

Next, the source locations of the strain steps were 
investigated. Source locations were estimated by a 
method based on the coefficient of determination ( r2 ) 
between the observed and theoretical strain changes of 
individual sensors (Tsuyuki et al. 2017) as follows: 

(1) Set grid points (latitude and longitude) around the 
assumed source epicenter for the stacking method 
(Fig. 1). The grid point interval was assumed to be 
7 km here.

Fig. 4 Relationship between Z =
X−np

√

np(1−p)
 and CCsr at peaks 

(Fig. 2b), where X is number of positive peaks with CCsr greater 
than that shown on the horizontal axis, n the total number of peaks 
and troughs with CCsr greater than that shown on the horizontal axis, 
and p assumed ratio of positive peaks ( = 0.5 ). The gray horizontal line 
denotes the threshold ( Z > 1.96 ) for 5% rejection

Table 2 List of strain steps shown in Fig. 5

Mid time (JST) Latitude Longitude Depth Duration Seismic moment Strike, Dip, Rake CCsr2 CCst

(Nm) (deg) (deg) (km) (min) (Mw)

26 Nov. 2017 23:34 35.16 137.09 34.0 154 6.3E+16 301, 14, 165 0.91 0.99

(+/- 33) (Mw5.1)

28 Nov. 2017 00:52 35.10 137.21 32.7 73 2.0E+16 270, 17, 134 0.93 0.99

(+/- 20) (Mw4.8)

04 Feb. 2019 23:10 35.04 137.21 30.3 146 3.6E+16 277, 16, 141 0.94 0.99

(+/- 25) (Mw5.0)

05 Feb. 2019 16:03 35.10 137.13 32.7 50 4.3E+16 276, 16, 140 0.94 0.99

(+/- 21) (Mw5.0)

20 Jan. 2022 07:25 35.10 137.09 32.4 199 4.1E+16 286, 15, 150 0.95 0.93

(+/- 17) (Mw5.0)
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(2) Set source depth, strike, and dip of the fault based 
on plate configuration (Hirose et al. 2008). The grid 
point was not set for a point with the plate bound-
ary deeper than 60 km.

(3) Set slip direction based on the plate motion (Seno 
et al. 1993).

(4) Assume fault length and width. Both were set at 
7 km as a small enough size to express a localized 
source.

(5) Assume seismic moment. It was set at the same 
value as that obtained from strain step analysis.

(6) Calculate the theoretical strains of individual 
sensors by the method of Okada (1992).

(7) Calculate regression line between the calculated 
and the observed strains.

(8) Calculate a coefficient of determination r2 from the 
regression line. The intercept of the regression line 
is assumed to be zero, then r2 is calculated as 

 where i is an index for a sensor, yi the observed 
strain step, and ŷi its regression.

(9) Make a map of r2 distribution. Examples are shown 
in Additional file 4: Fig. S4. The point with high r2 is 
considered the probable source location of the slip 
event.

Graphs related to these analyses are shown in Additional 
file 4: Fig. S4.

The peak r2 of the strain step at 16:03 on 5 February 
2019 was 0.83 (Additional file 4: Fig. S4c). Z-transformed 
correlation coefficient Z =

1
2 log

1+r
1−r

1/
√

n−3
 approximately fol-

lows the normal distribution N(0, 1) (e.g. Sugiyama et al. 
2007), where n is the data number. When a null hypothe-
sis is set as r = 0 , r2 of 0.83 corresponds to Z = 7.1 which 
is much higher than the threshold 1.95 of 5% rejection. 
For the strain step at 23:10 on 4 February 2019 (the peak 
r2 = 0.77 , Fig. S4b), Z was 4.3. This indicates that such 
high r2 was rarely caused by random noise.

It is preferable to express the region of high r2 with 
parameterized values to compare it with other distribu-
tions. In the following part, we compare the r2 distribu-
tion with the tectonic tremor distribution. One of the 
ways to express a region is fitting a diagram such as a cir-
cle or rectangle to it. A two-dimensional Gaussian distri-
bution was fitted to the r2 distribution here. The Gaussian 
distribution f(x, y) was expressed as

(3)r2 =

∑

i ŷ
2
i

∑

i y
2
i

,

(4)f (x, y) = exp
[

−{a11(x − xc)
2
+ 2a12(x − xc)(y− yc)+ a22(y− yc)

2
}/2

]

,

where (x,  y) denotes a horizontal coordinate and xc , 
yc , a11 , a12 , and a22 parameters of the Gaussian distri-
bution. The parameters xc , yc , a11 , a12 , and a22 were 
determined with a grid search method by minimizing 
∑

i

(

r2/r2max − f (xi, yi)
)2 , where (xi, yi) is a grid point 

of r2 . The fitted distribution is shown with an ellipsoid 
(  a11(x − xc)

2
+ 2a12(x − xc)(y− yc)+ a22(y− yc)

2
= 1 ) 

in Figs. 5 and S4. CCsr of six strain steps exceeded 0.88 in 
a 10-day interval from 31 January, 2019. Three of the six 
strain steps (Additional file 4: Fig. S4b,c,e) have relatively 
concentrated r2 distributions. Since random noise should 
not make a concentrated distribution of r2 , a concen-
trated r2 distribution would mean that the corresponding 
strain step would be related to a localized plate boundary 
slip event.

After the estimation of the source location, the stacking 
is done again to estimate seismic moment of the strain 
steps. For this stacking, the fault center was assumed to 
be the center of the fitted ellipsoid, and the fault length 
and width were set at the average of the short and long 
diameters of the ellipsoid. The strike and dip of the fault 
were based on the plate configuration by Hirose et  al. 
(2008). The slip direction was based on the plate motion 
by Seno et al. (1993).

Correlation with tectonic tremor activity
It is difficult to exclude the possibility of environmental 
noise as the cause of the detected strain steps completely. 
To get supporting evidence of plate boundary slip events 
as the cause of the strain steps, an independent obser-
vation was referred to. The open circles on the maps of 
Fig.  5 and Additional file  4: Fig S4 denote epicenters of 
tectonic tremors estimated by the method of Imanishi 
et al. (2011). An example of the accumulated number of 
tectonic tremors is shown in Fig. 2d. The periods shown 
by gray shades in Fig. 2c,d correspond to those of strain 
steps with CCsr > 0.88 . Accumulated number of tectonic 
tremors during the strain steps is shown in Additional 
file  4: Fig. S4. The correlation coefficient between the 
stacked strain and the accumulated number of tectonic 
tremors (CCst ) was calculated. Tremors within 50  km 
of epicentral distance from the assumed source location 
used in “Detection of Strain Steps” section (a black dot in 
Fig. 1) were counted. We used the assumed source loca-
tion rather than the peak location of r2 because some of 
the peak locations were far from the tremor clusters. The 
distance of 50 km was used to include tectonic tremors a 
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little far from the assumed source location. The time win-
dow used for CCst is five times of the estimated duration, 
with double time length before and after the duration of 
the strain step. CCst of strain steps with concentrated r2 
distributions (Additional file  4: Fig. S4b,c,e) were more 
than 0.98. This indicates that such strain steps have a 
strong relationship with tremor activities.

In addition to time domain correlation, spatial correla-
tion was considered using the Gaussian distribution fitted 

to the r2 distribution. We selected strain steps for which 
the averaged tremor epicenter (the red dot in Fig. 5) was 
within the ellipsoid fitted to r2 distribution. Only five 
strain steps were found with this criterion from 2016 to 
2022. They are shown in Fig. 5 and Table 2. Their dura-
tions were about 1–3  h. The strain steps in Fig.  5 were 
probably caused by plate boundary slip events because 
of the synchronous activation with tectonic tremors and 
the coincidence of source locations. Whereas the strain 

Fig. 5 Detected strain steps in the stacked strain from 2016 to 2022. a–e show the strain steps which indicated spatiotemporal correlations 
with tectonic tremor activities. Stacked strain changes are shown on the left side of each panel, and their r2 distributions are shown on the right. 
Dur, M 0 , CCsr2 , and CCst denote the estimated duration, the seismic moment, the correlation coefficient with a ramp function, and the correlation 
coefficient with the accumulated number of tectonic tremors of the strain step. The rectangle on each map shows a fault model used 
for the seismic moment estimation; the red line segment on the rectangle indicates the upper edge of the fault, and the green arrow indicates 
the slip direction. The blue dot indicates the fault center location assumed in the strain step detection described in “Detection of Strain 
Steps” section. Black circles with arrows indicate the locations of strainmeters used for the analysis, and the direction of each arrow indicates 
the strain-sensing direction. Open circles and the red dot denote the epicenters of tectonic tremors occurring during the strain step and their 
averaged location, respectively
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steps of Additional file  4: Fig S4e,f showed high values 
of CCst , their high r2 area did not share tremor-active 
region. There were 11 strain steps with CCst > 0.9 from 
2016 to 2022 including those shown in Additional file 4: 
Fig. S4. All of them occurred during S-SSEs. It might 
be possible that the strain steps in Additional file 4: Fig 
S4e,f were caused by plate boundary slip events. How-
ever, their reliability is lower than those in Table 2. Strain 
changes of individual sensors for Fig.  5c are shown in 
Fig. 6. The strain step at each sensor is not so evident as 
in the stacked strain.

All the strain steps in Fig.  5 occurred during S-SSEs, 
and they were considered to be slip speed variations dur-
ing S-SSEs. Slip speed fluctuations have been reported 
for larger slow slip events by GNSS observations (e.g. 
Ozawa et al. 2005; Rousset et al. 2019; Yousfi et al. 2023). 
However, it has been difficult to detect slip speed fluctua-
tions during slow earthquakes of M 6 class. Frank et al. 
(2018) showed that a large slow slip event ( Mw 7.5) in 

Mexico was a cluster of short-duration slow transients 
based on LFE activity analysis. Our observations showed 
the relationship between tremor activities and the slow 
plate boundary slip events directly for smaller events.

Discussion
It is apparent that detectable strain steps of 1–3  h 
duration occur infrequently. We thus infer that some 
special conditions must be met for a slip speed increase 
of 1–3  h duration to occur. The background S-SSE in 
February 2019 continues from February 3 to February 
10 in the Tokai region (Japan Meteorological Agency 
2019). Source migration and slip speed changes were 
observed in the S-SSE. Japan Meteorological Agency 
(2019) identified three stages in the event. They looked 
like successive occurrences of three S-SSEs. Strain steps 
in 5c,d occurred in the first stage. Such event groups are 
relatively rare, although a similar sequence of S-SSEs 
was observed in November 2017 (Japan Meteorological 

Fig. 6 Strain change of each sensor during the strain steps on 4 February, 2019 (Fig. 5c). The broken red line indicates the calculated strain change 
for the parameters shown in Table 2. Dir denotes the sensor orientation measured clockwise from the north
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Agency 2018) in the area covered by the stations listed in 
Table 1. In the case of the S-SSE in November 2017, two 
strain steps shown in Fig. 5 were observed. The strain step 
on 20 January 2022 (Fig.  5e) occurred during an S-SSE 
from 14 January to 2 February (Japan Meteorological 
Agency 2022). Source migration was also observed for 
this event (Japan Meteorological Agency 2022). The 
successive occurrence with source migration of S-SSEs 
may be related to the conditions necessary to provoke a 
temporary slip speed increase of about 1–3 h duration.

Tectonic tremor and VLFE activities become high 
during an S-SSE, and the synchronous activation of 
tremors and VLFEs has been observed (Ito et  al. 2007). 
The strain steps detected in this study can be recognized 
as a phenomenon similar to tremor and VLFEs, which 
are recognized as parts of S-SSE activity. The strain steps 
of 1–3  h duration were observed simultaneously with 
tectonic tremor activation, and the detected slip speed 
change of 1–3  h duration, tectonic tremors, and S-SSE 
shared the same source locations. Therefore, tectonic 
tremors, VLFEs, this slip speed change of 1–3 h duration, 
and S-SSE are part of the same group of phenomena. 
The similarity between Fig 2c (detrended stacked strain) 
and Fig 2d (detrended accumulated number of tremors) 
indicates that more synchronous activations of tectonic 
tremors with plate boundary slip events of one to several 

hours would have occurred than those shown in Fig.  5 
and Table  2. However, step-like activation of tectonic 
tremors does not always accompany the step-like 
variation of strain as seen in Fig.  2. For example, clear 
strain steps are not seen on 4 February in Fig.  2c while 
some activations of tremors are recognized in Fig.  2d. 
Therefore, although tectonic tremor and the slip speed 
change of 1–3 h duration may share the same source area, 
they are not different aspects of a single phenomenon.

Figure 7 shows the epicenters of the tectonic tremors 
during an S-SSE from 3 February to 6 February in 2019 
(black circles) and those during strain steps shown in 
Fig.  5c,d and Table  2 (red circles). Because tectonic 
tremors activated synchronously with the plate bound-
ary slip event of an S-SSE as seen in Fig. 2c,d, the hypo-
centers of tectonic tremors would be related to the slip 
area of the S-SSE. The tremor-active area moved during 
the S-SSE. The tremor hypocenters during the strain 
steps in Fig. 5c,d (red circles in Fig. 7) would be related 
to slip areas that caused the strain steps. The red cir-
cles in the figure occupy only a part of the tremor active 
area during the S-SSE. This indicates that the plate 
boundary slip area during the strain steps would have 
been smaller than the whole slip area of the S-SSE.

Whereas the detected strain step was part of an 
S-SSE, the differential seismic moment during the 
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Fig. 7 Epicenter map of tectonic tremors estimated with the method of Imanishi et al. (2011) during an S-SSE from 3 February 2019 to 6 February 
2019 (Japan Meteorological Agency 2019). The rectangle on each map shows a fault model of the S-SSE; the red line segment on the rectangle 
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tectonic tremor epicenters during the strain steps shown in Fig. 5c,d and Table 2
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strain step can be calculated by detrending the stacked 
strain based on the strain change before the strain step. 
In Fig.  5 and Table  2, the differential seismic moment 
is shown. The moment magnitudes of the detected 
strain steps were estimated to be about Mw 5. The 
scaling law of Ide et  al. (2007) for slow earthquakes is 
shown in Fig. 8 together with the duration and seismic 
moment of the event in Fig. 5c. The detected strain step 
is consistent with the scaling law of slow earthquakes. 
If the source area is assumed to be about 15  km × 
15 km based on the tremor distribution (Fig. 7), the slip 
distance would be about 6 mm for an assumed rigidity 
of 30 GPa, which is of the same order as the slip events 
of other SSEs (Ide et al. 2007).

Conclusions
We researched strain steps with durations of about 1 h in 
the data of borehole and laser strainmeters. Some strain 
steps of 1–3  h durations simultaneously occurred with 
the activation of tectonic tremors, and it was estimated 
that they shared the same source locations with the trem-
ors. They occurred during short-term slow slip events 
(S-SSEs), and were considered to be temporary slip speed 
increases during S-SSEs. Five strain steps were identified 
from 2016 to 2022. Two of them were during the succes-
sive occurrences with source migration of S-SSEs in 2017, 
two of them were during the successive occurrences 
of S-SSEs in 2019, and one of them was during source 
migration of S-SSEs in 2022. Successive occurrences with 
source migration of S-SSEs would be related to detectable 
slip speed changes of about 1 h. Detrended stain changes 
of those strain steps correspond to moment magnitudes 

around 5.0, which is consistent with the scaling law for 
slow earthquakes proposed by Ide et al. (2007).
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Additional file 1: Figure S1. Station map with station codes. The blue 
triangles and rectangles show the borehole and laser strainmeter loca-
tions, respectively. Epicenters of the tectonic tremors from 2016 to 2022 
estimated by the method of Imanishi et al. (2011) (red circles) and S-SSE 
source areas from 2021 to 2022 (e.g. Japan Meteorological Agency, 2021) 
(black rectangles) are also shown. The black dots show the assumed fault 
center locations used in the stacking method.

Additional file 2: Figure S2. Strain change at each sensor from 21 Jan. 
2019 to 19 Feb. 2019.

Additional file 3: Figure S3. Stacked strain data and detection of strain 
steps. Every two pages show various graphs for assumed source locations 
shown in Fig. 1. (a) Stacked strain made from the strain data shown in 
Fig. S2. The assumed source location is shown at the top of the graph. 
Strain steps were searched for in the interval from 31 Jan. to 9 Feb. 2019 
in this stacked strain time series. (b) Time series of correlation coefficients 
between stacked strain shown in (a) with a ramp function of 1 h rise time. 
(c) The same as (b) for 2 h rise time. (d) The same as (b) for 4 h rise time. (e) 
Detrended stacked strain of a 10-day interval. (f ) Detrended accumulated 
number of tectonic tremors. The gray filled area in (e) and (f ) indicates 
the interval with a high correlation between stacked strain and the ramp 
function of 1 or 2 h rise time (CCsr > 0.88).

Additional file 4: Figure S4. Estimation of various parameters of strain 
steps with CCsr > 0.88. Five or six panels are shown for each strain step. 
Upper left, time series of stacked strain. The vertical gray lines show the 
duration of the strain step. Upper center, relationship between CCsr2 and 
the assumed rise time of the ramp function. The horizontal line indicates 
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tremors occurring during the strain step. The red dot is the average 
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and observed strains at an assumed source location with the highest r2 in 
the upper right map. The line denotes the result of the regression analysis. 
Lower center, accumulated number of tectonic tremors during the time 
interval shown in the upper left panel. Lower right, time series of stacked 

strain for the source location based on the r2 distribution. Fault length and 
width were assumed to be the average of the short and long diameters of 
the ellipsoid in the map of the upper right panel.
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