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Spatio-temporal changes in the seismic
velocity induced by the 2011 Tohoku-Oki
earthquake and slow slip event revealed
from seismic interferometry, using ocean
bottom seismometer’s records
Miyuu Uemura1* , Yoshihiro Ito2, Kazuaki Ohta2, Ryota Hino3 and Masanao Shinohara4

Abstract

Seismic interferometry is one of the most effective techniques for detecting temporal variations in seismic velocity
caused by large earthquakes. Before the 2011 Tohoku-Oki earthquake (Mw9.0) near the Japan Trench, a slow slip event
(SSE, Mw7.0) and low-frequency tremors were observed near the trench. Here, we applied a seismic interferometry
technique using ambient noise to data from 17 ocean bottom seismometers (OBSs) installed above the focal region
before the main shock. We used our technique to detect temporal variations in seismic velocity caused by the main
shock, SSE, and low-frequency tremors. In the region above the large coseismic slip area, we detected a 1–2% seismic
velocity decrease after the main shock. In addition, we observed very small temporal increases in seismic velocity near
the SSE fault during the initial SSE stage. Moreover, for most of the OBSs, we observed temporal variations in the
autocorrelation functions (ACFs) during the low-frequency tremors. These may have been caused by temporal
variations in the ambient noise source distributions, resulting from low-frequency tremors. These results suggest the
possibility of detecting low-frequency tremors using ACF monitoring.
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Introduction
Seismic interferometry is one of the most powerful
techniques for obtaining Green’s functions. While seismic
interferometry has a high temporal resolution (equivalent
to analyses using an artificial source), it does not require an
artificial source. Wegler et al. (2009) reported a decrease in
seismic velocity of 0.5% after the 2004 mid-Niigata earth-
quake (Mw6.6) based on seismic interferometry applied to
ambient noise. Similarly, other studies have reported
decreases in seismic velocity accompanied by large earth-
quakes in several regions, such as Japan and Sumatra (e.g.,
Nimiya et al. 2017; Sawazaki et al. 2016; Takagi et al. 2012;
Xu and Song 2009). A wide variety of techniques have been
used in many regions, and most studies have reported vari-
ations in the seismic velocity structure accompanying large

earthquakes. However, only a few studies have reported
variations in the underground structure accompanying slow
slip events (SSEs) (Rivet et al. 2011, 2014).
A number of studies have reported variations in seismic

velocity of between 0.1 and 5% after a main shock and
accompanying SSE. For example, Sawazaki et al. (2016)
detected velocity decreases of 3.1% and 1.4% 1 week after
the 2014 northern Nagano Prefecture earthquake (Mw6.2),
and recovery to velocity decreases of 1.9% and 1.1%
4 weeks after the main shock, using KiK-net data and
autocorrelation functions (ACFs). In contrast, Rivet et al.
(2011) reported a velocity decrease of only 0.2% during
the early part of the 2006 Guerrero SSE, and an almost
complete velocity decrease recovery during the later part.
Seismic velocity decreases immediately after an earth-
quake, and velocities recover in proportion to the time
elapsed. However, during SSEs, changes are observed in* Correspondence: uemura.miyuu.25c@st.kyoto-u.ac.jp
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seismic velocities, which decrease during the early parts of
an SSE period and subsequently recover in the later parts.
The 2011 Tohoku-Oki earthquake (Mw9.0) occurred

off the coast of mainland Japan on March 11, 2011, and
prior slow earthquakes (Mw7.0) occurred off the coast of
mainland Japan nearer the Japan trench about 1 month
prior. Prior to the main shock, a clear preslip was not
observed near the main shock’s epicenter (Hirose 2011;
Hino et al. 2013). An episodic SSE and low-frequency
tremors were observed beginning 1 month before the
earthquake in the region trenchward of the main shock’s
epicenter (Ito et al. 2013; Ito et al. 2015). The phase vel-
ocity of the Rayleigh wave decreased below 0.5%, accom-
panying the main shock at Tono, Iwate Prefecture
(Takagi et al. 2014). Additionally, accompanying a series
of earthquakes (including aftershocks), a seismic velocity
decrease of approximately 2% was detected in southern
Fukushima Prefecture (Minato et al. 2012). Moreover,
seismic velocity decreases under the sea floor of 1–5%
were reported after the earthquake (Ito and Hino 2013).
However, variations in seismic velocity accompanying
the preceding SSE have not been reported. Therefore, in
this study, we used a seismic interferometry technique
using ambient noise to data, and applied it to ocean bottom
seismographs (OBSs). We aimed to detect temporal
variations in the seismic velocity structure accompanying
the SSE.

Methods/Experimental
2011 Tohoku SSE, analysis period, and data
From January 29 to March 9, 2011, an SSE and low-fre-
quency tremors were detected offshore from Miyagi Pre-
fecture, Japan (Ito et al. 2013; Ito et al. 2015; Katakami et
al. 2018). Low-frequency tremors were observed during
three periods:
Sequence 1. January 24–January 29
Sequence 2. February 16–February 20
Sequence 3. March 5–March 9
We used the vertical components of the continuous

records of 17 OBSs from November 2010 to April 2011.
These OBSs were installed offshore from Miyagi Prefec-
ture before the SSE (Fig. 1), and some were installed above
the SSE fault. The OBSs had a sampling rate of 100 Hz
and eigen frequencies of 4.5 Hz. The shallowest OBS was
located approximately 300 m below the sea surface, and
the deepest was located approximately 4150 m below the
sea surface (Table 1). The OBSs recorded wave fields with
one vertical and two horizontal components, and almost
all OBSs recorded data for more than 6 months. However,
we used only the data for the vertical components, because
the horizontal orientations at the bottom had not been
precisely estimated. Moreover, we have not yet detected
significant wave propagations between OBSs using Z–Z

cross-correlation function (CCF). Therefore, we analyzed
only the ACF in the Z–Z component.

Data analysis
Seismic interferometry is one of the most effective tech-
niques for detecting temporal variations in seismic veloci-
ties caused by large earthquakes. Claerbout (1968) showed
that a reflected wave (generated at an observation station
on the earth’s surface, reflected off a boundary under the
station, and returned to the station) could be obtained by
calculating the ACF from the waveform observed at the
station. This technique is only effective if the structure
around the site is a horizontal stratified structure. In the
field of helioseismology, Duvall et al. (1993) proved that the
Green’s function between two stations can be obtained by
calculating the CCF between the stations. In seismic inter-
ferometry, this technique is applied to the field of seismol-
ogy. Since Campillo and Paul (2003) reported that a CCF
constructed from teleseismic coda waves corresponded to
the direct wave between two stations in the scattering field,
many studies using seismic interferometry have been
published (e.g., Hillers and Campillo 2016; Poli et al. 2012).
In seismic interferometry, a Green’s function is created

by assuming that one station is the hypocenter and another
station is an observation station. This is achieved by calcu-
lating the CCF between the waveforms of the wave field at
each station (e.g., Wapenaar et al. 2010). Assuming a noise
source that is uniformly distributed around the stations
(both temporally and spatially), the CCF (r(τ)) between the
two stations is calculated using the following formula:

r τð Þ ¼
R∞
−∞ s tð Þu t þ τð ÞdtffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiR∞

−∞ s tð Þ2dt R∞
−∞ u tð Þ2dt

q ð1Þ

where s(t) and u(t) are the observation waveforms at the
two stations. If seismic interferometry is applied to only
one observation station (i.e., the ACFs of the station are
calculated by replacing u(t) with s(t) in Eq. (1)), then a
waveform can be derived by stacking the ACFs. The wave-
form is generated at the station, reflected by a boundary
surface under the station, and returned to the station.
We removed the waveforms of ordinary earthquakes

from the analysis, because apparent variations in ambient
noise can affect the ACF and CCF values. These ambient
noise variations are caused by temporal changes in back-
ground seismicity, such as variations in the hypocenter
distribution of ambient noise. To exclude the effects of
the spatio-temporal variations caused by the temporal
changes in background seismicity, we applied weight func-
tions based on a seismic coda wave shape for ordinary
earthquakes (Katakami et al. 2017). Generally, regardless
of the distance from the hypocenter, after the elapsed time
(which is twice the travel time of an S wave), the envelope
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form s(t) of a seismic coda wave satisfies the following
formula:

s tð Þ∝ exp −πft
.
Q

� �
ð2Þ

where t is the time elapsed since the earthquake, and
f and Q are the frequency and attenuation factors
within the region, respectively (Rautian and Khalturin
1978). Here, we use a simplified function from Eq. (2)
and assume an attenuation factor of 50, which was
determined experimentally:

sS tð Þ ¼ exp −t
.
50

� �
ð3Þ

In addition, we calculated the envelope of the observed
seismogram sO(t) from one vertical and two horizontal
components of the continuous record for 1 day:

sO tð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX3

i¼1
si
2
,

3

vuut ð4Þ

Furthermore, we calculated the coefficient c(t) of the
cross-correlation between the observed envelope sS(t)
and the calculated envelope sO(τ) using a moving time

Fig. 1 Locations of OBSs. Location details are presented in Table 1
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window with a length of 300 s. We applied the weight
w(t) to each time window for the ACF calculations,
according to the cross-correlation coefficient as follows:

w tð Þ ¼ 0 c tð Þ > 0:5ð Þ
1 c tð Þ≤0:5ð Þ

�
ð5Þ

Generally, the coefficient c(t) represents the correl-
ation between the observed and calculated envelopes
only after an elapsed time that is twice the travel time of
the S wave. In addition, we also applied a weight of 0
before 300 s if the coefficient exceeded 0.5, because the
600 s time window included seismic waves radiating
from the ordinary earthquake.
In this study, we investigate spatio-temporal variations

of three functions: ACFs of ambient noise, cross-correl-
ation coefficients of the CCFs between a 15-day ACF and
a reference ACF, and phase shift based on the CCFs.
These values are calculated as shown below.
First, all observation data were corrected for the in-

strument response before applying the band-pass filter.
Then, we applied a band-pass filter at 0.25–2.0 Hz and a
one-bit technique to the observed continuous data.
These filters were applied to prevent the continuous
data from being affected by (1) unexpected signals (such
as micro-earthquakes) that could not be removed with
the aforementioned weight function, or (2) mechanical
or biological noise at the site.

Next, after applying the band-pass filter and one-bit
technique at intervals of 0.1 s, we calculated 120 s ACFs
using 5 s moving time windows. The coefficient for the
time including earthquakes equaled 0 after multiplying
the weight w(t) of the time window, and the earthquake
effects were removed. The 15-day ACF was defined as
the ensemble average of the 120 s ACFs calculated over
15 days. The reference ACF was defined as the ensemble
average of 120 s ACFs calculated over a month from
November 19 to December 19, the period before the
occurrence of SSE and low-frequency tremors.
In addition, we calculated the CCF using a 15 s mov-

ing time window between the 15-day ACF and reference
ACF with a lag time of − 2 s to 2 s, at intervals of 0.1 s,
and estimated the variation in seismic velocity based on
the lag time at the maximum CCF. Finally, we object-
ively evaluated the temporal variations in the 15-day
ACFs based on the variations in the cross-correlation
coefficient at zero lag time. The shape changes of the
15-day ACFs cause the coefficients to decrease. When a
velocity change occurs, the phase of the 15-day ACF
delays or progresses, and the shape changes. Even when
a velocity change does not occur, it is possible for the
shape to change, and a variation in the hypocenter distri-
bution of the ambient noise may explain this shape
changes. Therefore, we used the coefficient at zero lag
time to detect the temporal variations in the 15-day
ACFs caused by, not only velocity change, but also
temporal variation of the ambient noise.

Table 1 Location and recording period of each OBS. We measured the locations of LS1 and S03 when they were collected, and the
locations of other stations when they were set up

Station name Location of OBSs Record period

Longitude (°E) Latitude (°N) Depth from sea surface (m)

LS1 (Additional file 1, Additional file 2) 142.46059 38.68408 1112 November 5, 2010–April 13, 2011

LS2 (Additional file 3, Additional file 4) 142.49997 38.91679 1194 November 5, 2010–October 6, 2011

LS3 (Additional file 5, Additional file 6) 142.83307 38.76621 1403 November 5, 2010–October 6, 2011

LS4 (Additional file 7, Additional file 8) 142.69956 38.29971 1409 November 5, 2010–October 6, 2011

S01 (Additional file 9, Additional file 10) 142.11688 38.35023 524 November 5, 2010–May 21, 2011

S02 (Additional file 11, Additional file 12) 142.08274 37.98356 538 November 5, 2010–May 21, 2011

S03 (Additional file 13, Additional file 14) 142.39969 38.18343 1052 November 5, 2010–April 13, 2011

S04 (Additional file 15, Additional file 16) 142.50041 38.50208 1100 October 1, 2010–July 12, 2011

S09 (Figure 2, Figure 3) 143.13214 38.19742 2041 October 1, 2010–July 12, 2011

S10 (Figure 4, Additional file 17) 143.03415 38.49841 1981 July 1, 2010–March 18, 2011

S14 (Additional file 18, Additional file 19) 142.7457 38.51379 1459 July 1, 2010–May 22, 2011

S15 (Additional file 20, Additional file 21) 142.9276 38.31377 1454 July 1, 2010–May 22, 2011

S18 (Additional file 22, Additional file 23) 143.29608 38.31918 2770 July 1, 2010–March 18, 2011

S21 (Figure 3, Additional file 24) 142.00192 38.4319 358 November 5, 2010–May 21, 2011

S22 (Additional file 25, Additional file 26) 141.98375 38.22922 299 November 5, 2010–May 21, 2011

S27 (Additional file 27, Additional file 28) 142.15009 38.60032 545 November 5, 2010–May 21, 2011

TJT2 (Additional file 29, Additional file 30) 143.65558 38.21309 4147 November 19, 2010–May 23, 2011
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Results
Temporal variations in ACF
We detected several temporal variations accompanying
the 2011 Tohoku-Oki earthquake, SSE, and low-frequency
tremors. The cross-correlation coefficient at zero lag time
between the 15-day and reference ACFs during later lapse
times decreased after the main shock (Fig. 2b). This de-
crease was clearer at trenchward stations (e.g., S09 (Fig. 2b)
and S10 (Fig. 4b)) than landward stations (e.g., S21
(Fig. 3b)), and continued until the end of the observation
period without the full recovery of the pre-main shock
coefficient value. At nine stations (TJT2 (Additional
file 29(b)), S15 (Additional file 20(b)), S14 (Additional
file 18(b)), S09, S04 (Additional file 15(b)), LS4 (Additional
file 7(b)), LS3 (Additional file 5(b)), LS2 (Additional file
3(b)), and LS1 (Additional file 1(b))), we detected de-
creases in the coefficient between the 15-day and refer-
ence ACFs after the main shock. We excluded landward
stations, such as S21 (Fig. 3b), and stations collected
1 week after the main shock, such as S10 (Fig. 4b).
The cross-correlation coefficient around a lapse time of

10 s decreased after sequence 1 (Fig. 2b). A decrease in the
coefficient was detected at most stations installed east of
142.5° E and appeared before sequence 1 at 60% of these
stations, such as S10 (Fig. 4b). At all stations, the decreases
recovered after 10 days. Similar coefficient variations were
detected during sequences 2 and 3, but the decreases were
less than that during sequence 1. During SSE, some
sustained variations in cross-correlation coefficients were
not detected.

Temporal variations in seismic velocity based on
variations in the 15-day ACF
We measured phase delays and progressions in 15-day
ACFs after the main shock. If the phase of the 15-day
ACF was delayed from the phase of the reference ACF,
we called this “phase delay,” and if the phase of the
15-day ACF proceeded from the phase of the reference
ACF, we called this “phase progression.” At station S09,
the phase delay during the later lapse time was larger
than it was during the early lapse time (Fig. 2c). Velocity
changes dv

v around the site were calculated from phase
changes using the following formula:

dv
v

¼ −
dT
T

; ð6Þ

where T is the lapse time and dT is the phase progres-
sion at a lapse time of T s (Snieder et al. 2002). For
example, the phase delay between a lapse time of 40 s
and 50 s was approximately equivalent to a 2% velocity
decrease (Fig. 5). This decrease was detected in multiple
lapse times. While the velocity recovered slightly over
time after the main shock, it did not recover completely

by the end of the study period for all lapse times. Similar
velocity decreases were detected at five stations near the
trench (TJT2 (Additional file 30), S15 (Additional file 21),
S04 (Additional file 16), LS1 (Additional file 2), and LS4
(Additional file 8)). These post-main-shock decreases were
approximately 1–2% and did not recover completely. An
OBS was installed closer to the epicenter of the main
shock, and greater velocity decreases were detected.
In addition, we also calculated the velocity changes

accompanying the SSE and low-frequency tremors from
the phase changes. However, we did not detect obvious
changes. Although velocities changed by a few tenths of a
percent during the SSE at several stations, such as S09 and
S15, the changes were equivalent to those in a normal
period when no SSE, no low-frequency tremors, and no
large earthquakes occurred (Fig. 5). At all stations, the vel-
ocity changes accompanying the SSE and low-frequency
tremors were smaller than the velocity fluctuations in the
normal period.

Regional characteristics of temporal variations in 15-day
ACF
Next, we assessed decreases in the cross-correlation co-
efficient between the 15-day ACFs and the reference
ACF at zero lag time around a lapse time of 10 s during
the occurrence of low-frequency tremors. We calculated
the average coefficients for the seven periods, shown in
Table 2, using a 15 s moving time window from a lapse
time of 2.5 s to 17.5 s (Fig. 6).
At the six landward stations (S27, S22, S21, S02, S01,

and LS1), the variations for each period were extremely
small. This indicates that the cross-correlation coeffi-
cients at the six stations were stable in all periods (here-
after region L). However, at the other 11 stations, clear
variations were observed for each period. For example,
the variation from period II to period III (Fig. 6b) was
equivalent to the variation induced by a low-frequency
tremor occurrence. A low-frequency tremor did not occur
in period II but did occur in period III. At the 11 stations,
the variations basically decreased when low-frequency
tremors occurred and increased (recovered) after
low-frequency occurrences.
The 11 stations were classified into 2 groups. In one

group, the coefficient decreased primarily in period II.
The eight stations (S15, S14, S10, S04, S03, LS4, LS3,
and LS2) located at the center of the OBS array (here-
after Region C) belong to this first group. In another
group, the coefficient decreased primarily in period III.
The three stations (TJT2, S18, and S09) located near the
trench (hereafter Region T) belong to this second group.
Regions C and T correspond roughly to the slip area of
the largest foreshock and the SSE occurrence area
mentioned in Ito et al. (2013), respectively.

Uemura et al. Progress in Earth and Planetary Science            (2018) 5:87 Page 5 of 16



Fig. 2 (See legend on next page.)
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Discussion
Temporal variations in seismic velocity and the 15-day
ACF
The observed phase delays after the main shock were
larger during the later lapse times for the 15-day ACFs
than during the earlier lapse times (Fig. 2c). When velocity
structures change equally, the travel time increases mono-
tonically for the wave transmitted in a region in propor-
tion with the propagation distance, resulting in an
increase in the phase delay during the latter part of the
15-day ACF. In addition, the phase in the latter part of the
15-day ACF carries information regarding waves that have
traveled longer distances because of reflection and refrac-
tion around the observation station. Moreover, it is pos-
sible for the velocity to change equally around a site after
the main shock. At S09, the equal velocity decreased after
the main shocks were detected for the lapse times of 30–
40 s, 40–50 s, 50–60 s, and 60–70 s (Fig. 5). This suggests
that a wave reflected many times under S09 reaches this
observation station after 60 s. In contrast, the phase
delay at TJT2 appeared only for part of the lapse time
(Additional file 1), suggesting that the velocity structure
did not change equally, but rather in part of the region.
At S09, although phase changes appeared for only a short

section around a lapse time of 10 s during sequences 1, 2,
and 3 (Fig. 2c), we did not detect a velocity change corre-
sponding to the phase changes (Fig. 5). If the phase changes
are caused by an increase in the seismic velocity in part of
the region, a phase (or velocity) change several times larger
than a phase change at a lapse time of 10 s should appear
when the wave transmitted along the same path several times
returns to the station. However, such a phase change was
not observed. Therefore, the phase changes were not caused
by variations in the velocity structure, and it is possible that
variations in the hypocenter distribution of ambient noise in-
duced by the low-frequency tremors cause a phase change
similar to that caused by a structural change. The phase
progression during sequence 1 continued longer after
the end of the low-frequency tremor activity and was
larger than those during sequences 2 and 3. This phase
progression probably included the dummy structural
variation accompanying the beginning of the SSE, in
addition to the dummy structural variation caused by
the variation in the hypocenter distribution accompanying
the low-frequency tremors.

When the density of a crack near a hypocenter increases
because of the formation of cracks before an earthquake,
seismic velocity is expected to decrease around the hypo-
center. Several studies using rocks have reported a decrease
in the elastic wave velocity accompanying an increase in
crack density (e.g., Nishizawa and Kanagawa 2005). Accord-
ing to Lockner et al. (1991), a decrease in elastic wave vel-
ocity and decrease in amplitude were detected before a
rock sample broke. This was accompanied by the creation
of micro-cracks formed by acoustic emissions. Therefore,
we speculate that the observed phase delays and decreases
in cross-correlation coefficients may have been caused by
the creation of micro-cracks. We detected decreases in vel-
ocity before the main shock, and noted that these velocity
decreases began earlier at the observation station nearer
the hypocenter of the main shock. However, we detected
no velocity changes before the SSE around the SSE region.
This suggests the possibility that the crack density varied
little before the SSE, although the density varied enough to
change the 15-day ACF before the main shock. Overall, the
results suggest that the mechanism of structural change in
seismic velocity accompanying an SSE detected by seismic
interferometry may differ from that associated with an
earthquake.

Spatio-temporal variations in cross-correlation
coefficients at each station
We classified the temporal variations in the
cross-correlation coefficients around a lapse time of 10 s
at all stations (Fig. 6) into three groups: region T, region
C, and region L. These three regions corresponded to
three slip areas: region L corresponded to the area that
slipped only during the main shock (Iinuma et al. 2012),
region C corresponded to the slip area of the largest
foreshock (Ohta et al. 2012), and region T corresponded
to the SSE slip area (Ito et al. 2013). In “Temporal varia-
tions in seismic velocity and the 15-day ACF” section,
we indicated the possibility that the phase changes
around a lapse time of 10 s were caused by the occur-
rence of low-frequency tremors. The cross-correlation
coefficient between the 15-day ACF and the reference
ACF at zero lag time decreases if the phase of the
15-day ACF changes. Although the coefficients de-
creased during sequences 1, 2, and 3, the time when the
decrease of sequence 1 began was different at each

(See figure on previous page.)
Fig. 2 Temporal variations in 15-day ACFs at station S09. a 15-day ACFs calculated from OBS data over 15 continuous days, including the 7 days
before and after the given date. The ACFs plotted in red are in the SSE period, and the bottom ACF is the reference ACF, calculated for the month
from November 19 to December 19. b The cross-correlation coefficient between the 15-day ACFs and the reference ACF, using a 15-s time window
and zero lag time. The period between the black triangles corresponds to the SSE period, and the periods between the red, blue, and green triangles
correspond to low-frequency tremor periods in sequences 1, 2, and 3. The magenta broken line represents the main shock. c Phase variation in the 15-
day ACFs relative to the reference ACF, using a 15-s time window. Warm colors represent phase progressions, and cold colors represent phase delays.
The four pairs of triangles and the magenta broken line correspond to each period and the main shock described in (b)
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Fig. 3 (See legend on next page.)
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observation station. In region C, where coefficient de-
creases started from period II before sequence 1, it is
possible that low-frequency tremors occurred during
period II, and that the 15-day ACF changed because of
variations in the hypocenter distribution. In agreement,
Katakami et al. (2018) reported that micro-low-frequency
tremors occurred near region C in the same period.
Therefore, the coefficient decreases during period II were
caused by the occurrence of a low-frequency tremor.
Meanwhile, the widths of the lapse time section, where

the coefficients decreased substantially, were different in
during period II and during low-frequency tremor periods
(III, V, and VII). The coefficients during period II at the
stations installed in region C decreased substantially in a
wide section between lapse times of 10 s and 20 s (Fig. 4b).
However, the coefficients during periods V and VII at the
stations installed in region C decreased substantially in
narrow sections around a lapse time of 10 s. The coeffi-
cients during period III at stations installed in region T
also decreased largely in a narrow range, around a lapse
time of 10 s (Fig. 2b). The width of the lapse time section
during period II was different from the widths of the
lapse-time section during periods V and VII at the same
station installed in region C. In addition, although the sta-
tions were different, the width of the lapse time section
during period II at the station installed in region C was
different from the widths of the lapse time section during
period III at stations installed in region T. This suggests
that the decrease during period II was unique in terms of
the width of the lapse time section where the coefficients
decreased substantially compared to the coefficient de-
creases for the section widths during periods III, V, and
VII. Therefore, it is possible that the decrease during
period II occurred not only because of low-frequency
tremors, as detected by Katakami et al. (2018), but also be-
cause of an additional event, for example, the preparation
process of the 2011 Tohoku-Oki earthquake.

Estimated velocity reductions during 2011 Tohoku-Oki
earthquake and SSE
The decrease in velocity under an observation station
represents one interpretation of the cause of a phase
delay. When a wave reflects off a surface and returns to
the station, a phase delay is observed if the seismic wave

velocity decreases along the propagation path. The delay
can also be explained by an increase in the distance be-
tween an observation station and a reflection surface,
because the propagation distance of the reflected wave is
determined by the distance between an observation sta-
tion and a reflection surface. Assuming that the distance
to the reflection surface did not change, the observed
phase delays after the main shock were equivalent to a
2% or lower seismic velocity decrease at six stations
(TJT2, S15, S09, S04, LS4, and LS1) near the trench. Ito
and Hino (2013) studied the sea floor in the same region as
the present study, and detected decreases in seismic vel-
ocity of 1–5% after the main shock in the overall analysis
region. Moreover, a decrease in seismic velocity of 2% in
the southern Fukushima Prefecture (Minato et al. 2012)
and 0.1–0.5% in the Iwate Prefecture (Takagi et al. 2012)
were reported after the main shock using land data. In the
present study, the observed seismic velocity decreases were
lower than those of Ito and Hino (2013), but roughly
equivalent to those of other regions that shook during the
main shock.
In the SSE period, we detected a perturbation in seismic

velocity of a few tenths of a percent around the SSE area. At
TJT2, S18 (Additional file 23), and S09, which were installed
near the SSE region, the velocity changes calculated from
the phase changes at lapse times of 20–30 s, 30–40 s, and
40–50 s increased slightly during the initial SSE stage, and
did not change after that stage (e.g., Fig. 5). Two studies of
the 2006 SSE and 2009 SSE at Guerrero, Mexico, detected
decreases and recoveries in seismic velocity during the SSEs
using data from stations landward of the SSE slip regions
(Rivet et al. 2011, 2014). The researchers proposed that the
velocity decreased by 0.8% in the former part of the SSE
period and recovered almost completely in the latter part. In
this study, increases in velocity were observed in the former
part of the SSE period using data from both landward and
trenchward stations. However, after that, we did not observe
an additional decrease (recovery) during the observation
period. We observed a difference between the two Guerrero
SSEs and the Tohoku-Oki SSE with respect to whether or
not any large earthquakes occurred at the plate boundary
immediately after the SSEs. The Guerrero SSEs concluded
without any large earthquakes, but the Tohoku-Oki SSE
concluded with large earthquakes with foreshocks, a

(See figure on previous page.)
Fig. 3 Temporal variations in 15-day ACFs at station S21. a 15-day ACFs calculated from OBS data over 15 continuous days, including the 7 days
before and after the given date. The ACFs plotted in red are in the SSE period, and the bottom ACF is the reference ACF, calculated for
the month from November 19 to December 19. b The cross-correlation coefficient between the 15-day ACFs and the reference ACF,
using a 15-s time window and zero lag time. The period between the black triangles corresponds to the SSE period, and the periods
between the red, blue, and green triangles correspond to low-frequency tremor periods in sequences 1, 2, and 3. The magenta broken
line represents the main shock. c Phase variation in the 15-day ACFs relative to the reference ACF, using a 15-s time window. Warm
colors represent phase progressions, and cold colors represent phase delays. The four pairs of triangles and the magenta broken line
correspond to each period and the main shock described in (b)

Uemura et al. Progress in Earth and Planetary Science            (2018) 5:87 Page 9 of 16
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mainshock, and aftershocks. Because SSEs were detected by
GPS data, if another crustal deformation, such as a large
earthquake, occurs during an SSE, it is possible that the tim-
ing of the end of the SSE is not detected clearly. Moreover,
because earthquakes release stress near the hypocenter, an
occurrence of large earthquakes ends SSEs that occur near
the hypocenter. It is highly likely that the Guerrero SSEs
were observed from beginning to end completely because
no large earthquakes occurred during the Guerrero SSEs.
On the other hand, it is highly likely that the 2011
Tohoku-Oki earthquake occurred before the Tohoku-Oki
SSE finished, and it is possible that the Tohoku-Oki SSE was
ended suddenly by the 2011 Tohoku-Oki earthquake. If the

2011 Tohoku-Oki earthquake ended the Tohoku-Oki SSE
before the velocity recovery period in SSE, it is not surpris-
ing that we could not detect velocity recovery in the latter
part of the Tohoku-Oki SSE.

Conclusion
We detected decreases in seismic velocity of no more than
2% at six stations near the hypocenter of the 2011
Tohoku-Oki earthquake. These decreases were detected
after the main shock using seismic interferometry with
ambient noise. The largest velocity reduction was observed
at S09, located between the hypocenter of the main shock
and the slip region of the SSE before the main shock.

(See figure on previous page.)
Fig. 4 Temporal variations in 15-day ACFs at station S10. a 15-day ACFs calculated from OBS data over 15 continuous days, including the 7 days
before and after the given date. The ACFs plotted in red are in the SSE period, and the bottom ACF is the reference ACF, calculated for the month
from November 19 to December 19. b The cross-correlation coefficient between the 15-day ACFs and the reference ACF, using a 15-s time window
and zero lag time. The period between the black triangles corresponds to the SSE period, and the periods between the red, blue, and green triangles
correspond to low-frequency tremor periods in sequences 1, 2, and 3. The magenta broken line represents the main shock. c Phase variation in the
15-day ACFs relative to the reference ACF, using a 15-s time window. Warm colors represent phase progressions, and cold colors represent phase
delays. The four pairs of triangles and the magenta broken line correspond to each period and the main shock described in (b)

Fig. 5 Temporal variations in seismic velocity at S09. These figures show the temporal velocity changes calculated from the phase delays at each
lapse time: from 10–20 s, 20–30 s, 30–40 s, 40–50 s, 50–60 s, and 60–70 s. The four colors of broken lines correspond to the occurrence of each
low-frequency tremor and to the main shock
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In addition, we detected temporal perturbations in
the seismic velocity during the SSE at three stations
around the SSE region. The velocities increased a few
tenths of a percent immediately after the SSE began
and did not change after that. Velocity decreases in
the early parts of SSEs and recoveries in the latter
parts of SSEs were reported in previous studies;

however, we did not detect any velocity recoveries in
the latter period.
We observed variations in the 15-day ACFs before a lapse

time of 15 s at most stations installed east of 142.5° E.
These variations were accompanied by low-frequency
tremors, although no variations in seismic velocity were de-
tected. Specifically, the 15-day ACFs showed substantial,
long-lasting variations during sequence 1. The variations
during sequence 1 included not only the effects of the
low-frequency tremors but also the effects of the SSE. All
stations were classified based on their characteristics when
variations in the 15-day ACFs were observed. Variations in
the 15-day ACFs at stations installed between 142.5° E and
143° E were observed 15 days before sequence 1, and varia-
tions at stations installed east of 143° E near the trench
were observed during sequence 1. These regions roughly
corresponded to the slip areas of the largest foreshock and
SSE. Moreover, the variations in the 15-day ACFs indicated
the possibility that low-frequency tremors occurred before
sequence 1 between 142.5° E and 143° E.

a b c

d e f

Fig. 6 Variations in cross-correlation coefficient averages for each period at a lag time of zero between the 15-day ACFs and the reference ACF,
using a 15-s time window from 2.5 to 17.5 s at each OBS. These figures show variations in the cross-correlation coefficient averages a from period
I to period II, b from period II to period III, c from period III to period IV, d from period IV to period V, e from period V to period VI, and f from
period VI to period VII. Details of these periods are presented in Table 2. A red upward triangle represents an increase in the cross-correlation
coefficient, and a blue downward triangle represents a decrease

Table 2 Periods used for calculation of variations in cross-
correlation coefficients

Period

I November 26, 2010–December 14, 2010

II January 9, 2011–January 23, 2011

III (sequence 1) January 24, 2011–January 29, 2011

IV February 6, 2011–February 15, 2011

V (sequence 2) February 16, 2011–February 20, 2011

VI February 22, 2011–March 3, 2011

VII (sequence 3) March 5, 2011–March 9, 2011
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Additional files

Additional file 1: Temporal variations in 15-day ACFs at Station LS1. (a)
15-day ACFs calculated from OBS data over 15 continuous days, including
the 7 days before and after the given date. The ACFs plotted in red are in
the SSE period, and the bottom ACF is the reference ACF, calculated for
the month from November 19 to December 19. (b) The cross-correlation
coefficient between the 15-day ACFs and the reference ACF, using a 15 s
time window and zero lag time. The period between the black triangles
corresponds to the SSE period, and the periods between the red, blue,
and green triangles correspond to low-frequency tremor periods in Se-
quences 1, 2, and 3. The magenta broken line represents the main shock.
(c) Phase variation in the 15-day ACFs relative to the reference ACF, using
a 15 s time window. Warm colors represent phase progressions, and cold
colors represent phase delays. The four pairs of triangles and the ma-
genta broken line correspond to each period and the main shock de-
scribed in (b). (PDF 1740 kb)

Additional file 2: Temporal variations in seismic velocity at LS1. These
figures show the temporal velocity changes calculated from the phase
delays at each lapse time: from 10 to 20 s, 20–30 s, 30–40 s, 40–50 s, 50–
60 s, and 60–70 s. The four colors of broken lines correspond to the
occurrence of each low-frequency tremor and to the main shock. (PDF
51 kb)

Additional file 3: Temporal variations in 15-day ACFs at Station LS2. (a)
15-day ACFs calculated from OBS data over 15 continuous days, including
the 7 days before and after the given date. The ACFs plotted in red are in
the SSE period, and the bottom ACF is the reference ACF, calculated for
the month from November 19 to December 19. (b) The cross-correlation
coefficient between the 15-day ACFs and the reference ACF, using a 15 s
time window and zero lag time. The period between the black triangles
corresponds to the SSE period, and the periods between the red, blue,
and green triangles correspond to low-frequency tremor periods in Se-
quences 1, 2, and 3. The magenta broken line represents the main shock.
(c) Phase variation in the 15-day ACFs relative to the reference ACF, using
a 15 s time window. Warm colors represent phase progressions, and cold
colors represent phase delays. The four pairs of triangles and the ma-
genta broken line correspond to each period and the main shock de-
scribed in (b). (PDF 1968 kb)

Additional file 4: Temporal variations in seismic velocity at LS2. These
figures show the temporal velocity changes calculated from the phase
delays at each lapse time: from 10 to 20 s, 20–30 s, 30–40 s, 40–50 s, 50–
60 s, and 60–70 s. The four colors of broken lines correspond to the
occurrence of each low-frequency tremor and to the main shock. (PDF
51 kb)

Additional file 5: Temporal variations in 15-day ACFs at Station LS3. (a)
15-day ACFs calculated from OBS data over 15 continuous days, including
the 7 days before and after the given date. The ACFs plotted in red are in
the SSE period, and the bottom ACF is the reference ACF, calculated for
the month from November 19 to December 19. (b) The cross-correlation
coefficient between the 15-day ACFs and the reference ACF, using a 15 s
time window and zero lag time. The period between the black triangles
corresponds to the SSE period, and the periods between the red, blue,
and green triangles correspond to low-frequency tremor periods in Se-
quences 1, 2, and 3. The magenta broken line represents the main shock.
(c) Phase variation in the 15-day ACFs relative to the reference ACF, using
a 15 s time window. Warm colors represent phase progressions, and cold
colors represent phase delays. The four pairs of triangles and the ma-
genta broken line correspond to each period and the main shock de-
scribed in (b). (PDF 1901 kb)

Additional file 6: Temporal variations in seismic velocity at LS3. These
figures show the temporal velocity changes calculated from the phase
delays at each lapse time: from 10 to 20 s, 20–30 s, 30–40 s, 40–50 s, 50–
60 s, and 60–70 s. The four colors of broken lines correspond to the
occurrence of each low-frequency tremor and to the main shock. (PDF
51 kb)

Additional file 7: Temporal variations in 15-day ACFs at Station LS4. (a)
15-day ACFs calculated from OBS data over 15 continuous days, including
the 7 days before and after the given date. The ACFs plotted in red are in

the SSE period, and the bottom ACF is the reference ACF, calculated for
the month from November 19 to December 19. (b) The cross-correlation
coefficient between the 15-day ACFs and the reference ACF, using a 15 s
time window and zero lag time. The period between the black triangles
corresponds to the SSE period, and the periods between the red, blue,
and green triangles correspond to low-frequency tremor periods in Se-
quences 1, 2, and 3. The magenta broken line represents the main shock.
(c) Phase variation in the 15-day ACFs relative to the reference ACF, using
a 15 s time window. Warm colors represent phase progressions, and cold
colors represent phase delays. The four pairs of triangles and the ma-
genta broken line correspond to each period and the main shock de-
scribed in (b). (PDF 1839 kb)

Additional file 8: Temporal variations in seismic velocity at LS4. These
figures show the temporal velocity changes calculated from the phase
delays at each lapse time: from 10 to 20 s, 20–30 s, 30–40 s, 40–50 s, 50–
60 s, and 60–70 s. The four colors of broken lines correspond to the
occurrence of each low-frequency tremor and to the main shock. (PDF
51 kb)

Additional file 9: Temporal variations in 15-day ACFs at Station S01. (a)
15-day ACFs calculated from OBS data over 15 continuous days, including
the 7 days before and after the given date. The ACFs plotted in red are in
the SSE period, and the bottom ACF is the reference ACF, calculated for
the month from November 19 to December 19. (b) The cross-correlation
coefficient between the 15-day ACFs and the reference ACF, using a 15 s
time window and zero lag time. The period between the black triangles
corresponds to the SSE period, and the periods between the red, blue,
and green triangles correspond to low-frequency tremor periods in Se-
quences 1, 2, and 3. The magenta broken line represents the main shock.
(c) Phase variation in the 15-day ACFs relative to the reference ACF, using
a 15 s time window. Warm colors represent phase progressions, and cold
colors represent phase delays. The four pairs of triangles and the ma-
genta broken line correspond to each period and the main shock de-
scribed in (b). (PDF 1922 kb)

Additional file 10: Temporal variations in seismic velocity at S01. These
figures show the temporal velocity changes calculated from the phase
delays at each lapse time: from 10 to 20 s, 20–30 s, 30–40 s, 40–50 s, 50–
60 s, and 60–70 s. The four colors of broken lines correspond to the
occurrence of each low-frequency tremor and to the main shock. (PDF
55 kb)

Additional file 11: Temporal variations in 15-day ACFs at Station S02.
(a) 15-day ACFs calculated from OBS data over 15 continuous days, in-
cluding the 7 days before and after the given date. The ACFs plotted in
red are in the SSE period, and the bottom ACF is the reference ACF, cal-
culated for the month from November 19 to December 19. (b) The cross-
correlation coefficient between the 15-day ACFs and the reference ACF,
using a 15 s time window and zero lag time. The period between the
black triangles corresponds to the SSE period, and the periods between
the red, blue, and green triangles correspond to low-frequency tremor
periods in Sequences 1, 2, and 3. The magenta broken line represents the
main shock. (c) Phase variation in the 15-day ACFs relative to the refer-
ence ACF, using a 15 s time window. Warm colors represent phase pro-
gressions, and cold colors represent phase delays. The four pairs of
triangles and the magenta broken line correspond to each period and
the main shock described in (b). (PDF 1943 kb)

Additional file 12: Temporal variations in seismic velocity at S02. These
figures show the temporal velocity changes calculated from the phase
delays at each lapse time: from 10 to 20 s, 20–30 s, 30–40 s, 40–50 s, 50–
60 s, and 60–70 s. The four colors of broken lines correspond to the
occurrence of each low-frequency tremor and to the main shock. (PDF
62 kb)

Additional file 13: Temporal variations in 15-day ACFs at Station S03.
(a) 15-day ACFs calculated from OBS data over 15 continuous days, in-
cluding the 7 days before and after the given date. The ACFs plotted in
red are in the SSE period, and the bottom ACF is the reference ACF, cal-
culated for the month from November 19 to December 19. (b) The cross-
correlation coefficient between the 15-day ACFs and the reference ACF,
using a 15 s time window and zero lag time. The period between the
black triangles corresponds to the SSE period, and the periods between
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the red, blue, and green triangles correspond to low-frequency tremor
periods in Sequences 1, 2, and 3. The magenta broken line represents the
main shock. (c) Phase variation in the 15-day ACFs relative to the refer-
ence ACF, using a 15 s time window. Warm colors represent phase pro-
gressions, and cold colors represent phase delays. The four pairs of
triangles and the magenta broken line correspond to each period and
the main shock described in (b). (PDF 1799 kb)

Additional file 14: Temporal variations in seismic velocity at S03. These
figures show the temporal velocity changes calculated from the phase
delays at each lapse time: from 10 to 20 s, 20–30 s, 30–40 s, 40–50 s, 50–
60 s, and 60–70 s. The four colors of broken lines correspond to the
occurrence of each low-frequency tremor and to the main shock. (PDF
58 kb)

Additional file 15: Temporal variations in 15-day ACFs at Station S04.
(a) 15-day ACFs calculated from OBS data over 15 continuous days, in-
cluding the 7 days before and after the given date. The ACFs plotted in
red are in the SSE period, and the bottom ACF is the reference ACF, cal-
culated for the month from November 19 to December 19. (b) The cross-
correlation coefficient between the 15-day ACFs and the reference ACF,
using a 15 s time window and zero lag time. The period between the
black triangles corresponds to the SSE period, and the periods between
the red, blue, and green triangles correspond to low-frequency tremor
periods in Sequences 1, 2, and 3. The magenta broken line represents the
main shock. (c) Phase variation in the 15-day ACFs relative to the refer-
ence ACF, using a 15 s time window. Warm colors represent phase pro-
gressions, and cold colors represent phase delays. The four pairs of
triangles and the magenta broken line correspond to each period and
the main shock described in (b). (PDF 1960 kb)

Additional file 16: Temporal variations in seismic velocity at S04. These
figures show the temporal velocity changes calculated from the phase
delays at each lapse time: from 10 to 20 s, 20–30 s, 30–40 s, 40–50 s, 50–
60 s, and 60–70 s. The four colors of broken lines correspond to the
occurrence of each low-frequency tremor and to the main shock. (PDF
56 kb)

Additional file 17: Temporal variations in seismic velocity at S10. These
figures show the temporal velocity changes calculated from the phase
delays at each lapse time: from 10 to 20 s, 20–30 s, 30–40 s, 40–50 s, 50–
60 s, and 60–70 s. The four colors of broken lines correspond to the
occurrence of each low-frequency tremor and to the main shock. (PDF
48 kb)

Additional file 18: Temporal variations in 15-day ACFs at Station S14.
(a) 15-day ACFs calculated from OBS data over 15 continuous days, in-
cluding the 7 days before and after the given date. The ACFs plotted in
red are in the SSE period, and the bottom ACF is the reference ACF, cal-
culated for the month from November 19 to December 19. (b) The cross-
correlation coefficient between the 15-day ACFs and the reference ACF,
using a 15 s time window and zero lag time. The period between the
black triangles corresponds to the SSE period, and the periods between
the red, blue, and green triangles correspond to low-frequency tremor
periods in Sequences 1, 2, and 3. The magenta broken line represents the
main shock. (c) Phase variation in the 15-day ACFs relative to the refer-
ence ACF, using a 15 s time window. Warm colors represent phase pro-
gressions, and cold colors represent phase delays. The four pairs of
triangles and the magenta broken line correspond to each period and
the main shock described in (b). (PDF 1933 kb)

Additional file 19: Temporal variations in seismic velocity at S14. These
figures show the temporal velocity changes calculated from the phase
delays at each lapse time: from 10 to 20 s, 20–30 s, 30–40 s, 40–50 s, 50–
60 s, and 60–70 s. The four colors of broken lines correspond to the
occurrence of each low-frequency tremor and to the main shock. (PDF
53 kb)

Additional file 20: Temporal variations in 15-day ACFs at Station S15.
(a) 15-day ACFs calculated from OBS data over 15 continuous days, in-
cluding the 7 days before and after the given date. The ACFs plotted in
red are in the SSE period, and the bottom ACF is the reference ACF, cal-
culated for the month from November 19 to December 19. (b) The cross-
correlation coefficient between the 15-day ACFs and the reference ACF,
using a 15 s time window and zero lag time. The period between the

black triangles corresponds to the SSE period, and the periods between
the red, blue, and green triangles correspond to low-frequency tremor
periods in Sequences 1, 2, and 3. The magenta broken line represents the
main shock. (c) Phase variation in the 15-day ACFs relative to the refer-
ence ACF, using a 15 s time window. Warm colors represent phase pro-
gressions, and cold colors represent phase delays. The four pairs of
triangles and the magenta broken line correspond to each period and
the main shock described in (b). (PDF 1911 kb)

Additional file 21: Temporal variations in seismic velocity at S15. These
figures show the temporal velocity changes calculated from the phase
delays at each lapse time: from 10 to 20 s, 20–30 s, 30–40 s, 40–50 s, 50–
60 s, and 60–70 s. The four colors of broken lines correspond to the
occurrence of each low-frequency tremor and to the main shock. (PDF
53 kb)

Additional file 22: Temporal variations in 15-day ACFs at Station S18.
(a) 15-day ACFs calculated from OBS data over 15 continuous days, in-
cluding the 7 days before and after the given date. The ACFs plotted in
red are in the SSE period, and the bottom ACF is the reference ACF, cal-
culated for the month from November 19 to December 19. (b) The cross-
correlation coefficient between the 15-day ACFs and the reference ACF,
using a 15 s time window and zero lag time. The period between the
black triangles corresponds to the SSE period, and the periods between
the red, blue, and green triangles correspond to low-frequency tremor
periods in Sequences 1, 2, and 3. The magenta broken line represents the
main shock. (c) Phase variation in the 15-day ACFs relative to the refer-
ence ACF, using a 15 s time window. Warm colors represent phase pro-
gressions, and cold colors represent phase delays. The four pairs of
triangles and the magenta broken line correspond to each period and
the main shock described in (b). (PDF 1404 kb)

Additional file 23: Temporal variations in seismic velocity at S18. These
figures show the temporal velocity changes calculated from the phase
delays at each lapse time: from 10 to 20 s, 20–30 s, 30–40 s, 40–50 s, 50–
60 s, and 60–70 s. The four colors of broken lines correspond to the
occurrence of each low-frequency tremor and to the main shock. (PDF
43 kb)

Additional file 24: Temporal variations in seismic velocity at S21. These
figures show the temporal velocity changes calculated from the phase
delays at each lapse time: from 10 to 20 s, 20–30 s, 30–40 s, 40–50 s, 50–
60 s, and 60–70 s. The four colors of broken lines correspond to the
occurrence of each low-frequency tremor and to the main shock. (PDF
53 kb)

Additional file 25: Temporal variations in 15-day ACFs at Station S22.
(a) 15-day ACFs calculated from OBS data over 15 continuous days, in-
cluding the 7 days before and after the given date. The ACFs plotted in
red are in the SSE period, and the bottom ACF is the reference ACF, cal-
culated for the month from November 19 to December 19. (b) The cross-
correlation coefficient between the 15-day ACFs and the reference ACF,
using a 15 s time window and zero lag time. The period between the
black triangles corresponds to the SSE period, and the periods between
the red, blue, and green triangles correspond to low-frequency tremor
periods in Sequences 1, 2, and 3. The magenta broken line represents the
main shock. (c) Phase variation in the 15-day ACFs relative to the refer-
ence ACF, using a 15 s time window. Warm colors represent phase pro-
gressions, and cold colors represent phase delays. The four pairs of
triangles and the magenta broken line correspond to each period and
the main shock described in (b). (PDF 1850 kb)

Additional file 26: Temporal variations in seismic velocity at S22. These
figures show the temporal velocity changes calculated from the phase
delays at each lapse time: from 10 to 20 s, 20–30 s, 30–40 s, 40–50 s, 50–
60 s, and 60–70 s. The four colors of broken lines correspond to the
occurrence of each low-frequency tremor and to the main shock. (PDF
59 kb)

Additional file 27: Temporal variations in 15-day ACFs at Station S27.
(a) 15-day ACFs calculated from OBS data over 15 continuous days, in-
cluding the 7 days before and after the given date. The ACFs plotted in
red are in the SSE period, and the bottom ACF is the reference ACF, cal-
culated for the month from November 19 to December 19. (b) The cross-
correlation coefficient between the 15-day ACFs and the reference ACF,
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using a 15 s time window and zero lag time. The period between the
black triangles corresponds to the SSE period, and the periods between
the red, blue, and green triangles correspond to low-frequency tremor
periods in Sequences 1, 2, and 3. The magenta broken line represents the
main shock. (c) Phase variation in the 15-day ACFs relative to the refer-
ence ACF, using a 15 s time window. Warm colors represent phase pro-
gressions, and cold colors represent phase delays. The four pairs of
triangles and the magenta broken line correspond to each period and
the main shock described in (b). (PDF 1881 kb)

Additional file 28: Temporal variations in seismic velocity at S27. These
figures show the temporal velocity changes calculated from the phase
delays at each lapse time: from 10 to 20 s, 20–30 s, 30–40 s, 40–50 s, 50–
60 s, and 60–70 s. The four colors of broken lines correspond to the
occurrence of each low-frequency tremor and to the main shock. (PDF
55 kb)

Additional file 29: Temporal variations in 15-day ACFs at Station TJT2.
(a) 15-day ACFs calculated from OBS data over 15 continuous days, in-
cluding the 7 days before and after the given date. The ACFs plotted in
red are in the SSE period, and the bottom ACF is the reference ACF, cal-
culated for the month from November 19 to December 19. (b) The cross-
correlation coefficient between the 15-day ACFs and the reference ACF,
using a 15 s time window and zero lag time. The period between the
black triangles corresponds to the SSE period, and the periods between
the red, blue, and green triangles correspond to low-frequency tremor
periods in Sequences 1, 2, and 3. The magenta broken line represents the
main shock. (c) Phase variation in the 15-day ACFs relative to the refer-
ence ACF, using a 15 s time window. Warm colors represent phase pro-
gressions, and cold colors represent phase delays. The four pairs of
triangles and the magenta broken line correspond to each period and
the main shock described in (b). (PDF 1704 kb)

Additional file 30: Temporal variations in seismic velocity at TJT2. These
figures show the temporal velocity changes calculated from the phase
delays at each lapse time: from 10 to 20 s, 20–30 s, 30–40 s, 40–50 s, 50–
60 s, and 60–70 s. The four colors of broken lines correspond to the
occurrence of each low-frequency tremor and to the main shock. (PDF
44 kb)
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