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We have developed a broadband ocean bottom seismometer (BBOBS) and its new
generation (BBOBS-NX) with the penetrator sensor system since 1999. With them, we
performed many practical observations to create a new research category of ocean
bottom broadband seismology. As the next step in seafloor geophysical observation, the
BBOBS and the BBOBS-NX can be a breakthrough in realizing a geodetic observation
network on the seafloor. Although vertical displacement observation by the absolute
pressure gauge has been widely conducted in recent years, other geodetic observations
are rarely performed. A few trials to measure the seafloor tilt were performed, but those
looked inadequate for practical observations. Note that the broadband sensor in our
BBOBSs has a mass position signal output, which can be used to measure the tilt change.
As the horizontal component noise level of the BBOBS-NX is good at a long period range,
we expected it to be adequate for the tilt measurement. At the first evaluation, we
performed a comparison with a water-tube tiltmeter. The result was comparable with a
resolution of better than 1 p radian. A practical observation at the south of Boso Peninsula
(KAPS site) was conducted as the in-situ study from April, 2013. In January, 2014, a slow
slip event (SSE) occurred near this site. The tilt data were processed by removing steps,
mechanical relaxation, and tides. The results show a clear peak started from late
December 2013. Two more 2 year-long tilt observations began in 2015: one was at
the KAP3 site and another was off the Miyagi Prefecture at the slope to the Japan Trench.
The latter was recovered in 2017 with about 1.5 years of data, which indicate a large
continuous tilt up to several tens of p radian. This amount of tilt can be explained by a similar
already estimated SSE. Mobile tilt measurement at the seafloor can be a powerful tool to
study SSEs, as they can be located above the source area and also possible to build an
observation array for a practical study because of its low cost and ease of deployment
compared with a seafloor borehole site.

Keywords: geodesy, ocean bottom seismometer, tilt observation, broadband seismometer, earth tide, bottom
current, slow slip event

INTRODUCTION

To understand the Earth from a geophysical point of view, observations on the seafloor are very
important due to the fact that the seafloor encompasses a large percentage of the Earth’s surface, as
well as several phenomena in the oceanic area, such as seafloor spreading at the oceanic ridge and
oceanic slab subduction at the trench, which cause earthquakes and magma source production by
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water and chemical cycling. Slow slip events (SSEs) have been
found from land networks (e.g., Hirose et al., 1999; Obara, 2002),
which are also key to understanding usual earthquakes (Ide et al.,
2007). Most SSE sources are beneath the land area, but some
shallow SSEs occur between the trench and the coast, below the
seafloor (e.g. Sugioka et al.,, 2012; Ozawa, 2014).

Several kinds of geophysical observations at the seafloor have
been attempted since the 1960s. After the 1990s, seismic studies
using ocean bottom seismometers (OBS) became common for
temporal observations (Shinohara et al., 2012), as well as those
using a cable system for real-time monitoring (e.g. Kaneda et al.,
2015). For researchers in this field, it is natural to try to expand
the observation coverage in many aspects and also to adopt the
same kind of observations performed on the land, for a better
understanding of the natural phenomena through seafloor
observations. A broadband seismic observation at the seafloor
was attempted by Suyehiro et al. (1995), and it has already
become a common tool in several countries as the broadband
ocean bottom seismometer (BBOBS), which is explained in
Suetsugu and Shiobara (2014). With the BBOBS, shallow very
low frequency seismic activity near the trench was revealed clearly
by Sugioka et al. (2012), and a non-volcanic SSE was recently
found around the ridge off Chile (Saez et al., 2019) by Japanese
OBS array data.

To achieve more coverage in longer, geodetic periods, as
shown in this special issue, the GNSS (GPS)/Acoustic method
has become a common tool to measure horizontal displacements
at the seafloor after the success by Spiess et al. (1998). In addition,
absolute pressure observation to measure the vertical
displacement of the seafloor (e.g. Hino et al., 2009; Ito et al,
2013) has been widely performed with several technical
improvements (e.g. Kajikawa and Kobota, 2014). However,
other geodetic observation methods at the seafloor have not
become common yet.

Tilt observation at the seafloor has been tried since the 1980s
in an effort to investigate the ridge center volcanism or
subduction dynamics. Sakata and Shimada (1984) developed
an ocean bottom tiltmeter (OBT) that was tested in shallow
water in offshore Japan, as it was of an on-line cabled type.
Shimamura and Kanazawa (1988) seemed the first off-line OBT
observation. Two OBTs were deployed at the top of the Erimo
seamount (3,930 m depth) in the Kuril Trench using the
manned French submersible vessel, Nautile. This OBT system
was considered well, but was designed with too advanced
specifications as there was no precise positioning system
(such as GPS) at that time, which was important for data
recovery by the acoustic link within a short distance. Other
OBT developments were of the free-fall and self pop-up type
(Tolstoy et al., 1998; Sato and Kasahara, 1999). Another type of
OBT, a long-baseline OBT (LBT), was also tried at the Juan de
Fuca ridge by Anderson et al. (1997). In the same project, several
short-baseline OBT's (Tolstoy et al., 1998) were also used, which
were based on Scripp’s OBS with a bubble tilt sensor (Westphal
etal., 1983). The LBT had alength of 100 m, which was deployed
with the dynamic deployment technique by Webb et al. (1985),
like a deep-tow system, not by using a remotely operated vehicle
(ROV). Fabian and Villinger (2007, 2008) made the first long-
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term tilt observation with their original OBT which was
operated with a ROV at the Mid-Atlantic Ridge. Although
those OBTs were designed to be deployed on the seafloor,
there were some tilt observations in seafloor boreholes even
in the 1980s, when the geophone was used as a seismic sensor.
Duennebier et al. (1987) obtained continuous tilt data in a
seafloor borehole in the northwestern Pacific for 64 days. Sacks
et al. (2000) deployed two seafloor borehole geophysical
observatories on the deep-sea terrace of the Japan Trench,
and the data obtained were examined by Araki et al. (2004).
Those were stand-alone systems, but recently, an online
borehole observatory with a tilt sensor near the Nankai
Trough has begun operation (Araki, 2017).

This paper introduces our new approach of the simultaneous
broadband seismic and tilt observation by Japanese BBOBSs, not
only regarding the instrumentation, but also offering some results
of the feasibility long-term observations at the landside slope of
the Japan Trench.

MATERIALS AND METHODS

Base of the Instrumentation

Broadband Ocean Bottom Seismometer

The BBOBS in Japan has been developed since 1999 (e.g.
Suetsugu and Shiobara, 2014). This BBOBS (Figure 1)
contains all necessary components in its titanium alloy
sphere housing of 650 mm in diameter, which was designed
as a free-fall and self pop-up type. The CMG-3T of 360s
(Guralp systems, United Kingdom) was chosen as the
broadband sensor with special orders for its weight and
power consumption. This sensor was installed on our
original leveling unit to keep it in level within +0.2°, during
the observation. During more than 170 deployments of the
BBOBS, we obtained noise models (Incorporated Research
Institutions for Seismology (IRIS), 1994) that show the
averaged noise spectrum without known earthquakes in
short, for almost all sites. An example is shown in
Figure 2A, with the new high noise model (NHNM) and the
new low noise model (NLNM) by Peterson (1993). Because of
the low gravity center and the rigid connection between the
sphere housing and the anchor, the noise level of the vertical
component (Z) is between the NHNM and the NLNM, which
means it is comparable to land seismic sites. However, those of
the horizontal components (H1 and H2) are around or above
the NHNM, due to the effect of the bottom current with the
housing above the seafloor. Even with this situation, the lowest
noise level of the horizontal component would be near the
NLNM (Figure 2B), probably when the bottom current is weak.

New Generation BBOBS With a Penetrator Sensor

To improve the noise level of the horizontal components, a burial
sensor system seems effective as land seismic stations and at the
seafloor, which was well demonstrated in Collins et al. (2001). We
started the development of a BBOBS with a penetrator sensor unit
in 2003, based on an original CMG-3T equivalent broadband
sensor and our BBOBS system. The first-generation system,
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FIGURE 1 | Japanese broadband ocean bottom seismometer (BBOBS). The most recent design of the Japanese BBOBS originally developed in 1999. The
broadband sensor inside is the CMG-3T (360 s) mounted on the original leveling system. The anchor base size was 1 m x 1 m. To achieve more stable coupling to the
sediment, the “extended anchor” is attached to a2 m x 2 m base. The DPG (differential pressure gauge) is now standard equipment. The maximum observation period is
now 2 years, and it can be deployed at up to 6,000 m.

A Frequency (Hz) B

o190 0.1 0.01 0.001 0.0001 o -

-80 -80 1

-90 -90
B -100{ f}m& H2 7 i B-100 ‘ =
£ 110 ﬁﬂ i";, \ MR J\f" E-no -
§-120 ] 7 \\ = N-120
3, 190 2 | 3,130 -
E 140 -] B N\E 140
5 -150 T - f’“ 5150
P -160 S & 160

-170 \\ -170

-180 -180 !

1 10 100 1000 Too00 o 1 10 ‘ 100 1000

Period (s) Period (s)

FIGURE 2 | Noise model of the BBOBS. (A) One example of the noise model (NM) of the BBOBS using the IRIS standard procedure, which indicates the
observation performance of the site including the instrument. The vertical component NM (2) is usually between the NHNM and the NLNM (thick curves), but horizontal
ones (H1 and H2) are around or above the NHNM in the long period range, more than 30 s. (B) Stack of the noise spectra used to calculate the H1 component NM in
Figure 2A. Colors indicate four seasons: cyan (January-March), pink (April-dune), red (July-September), and green (October-December). Although the H1’s NMis
high, the lowest noise level could be near the NLNM in a 10-30 s period.

BBOBS-NX, was used at an in-situ test in 2009, which was operated
by a ROV (Shiobara et al,, 2013). The broadband sensor is separated
into three component units without the leveling mechanism to
minimize the height and diameter of the pressure case for each
component, which makes it easier to penetrate into the sediment
layer using gravity (Figures 3A,B). The noise model of the test
showed more than 20dB of noise reduction in the horizontal
components (Figure 3C). This effect was obvious in more than

10 s periods, which reflects the fact that a smaller part of the sensor
was exposed to the bottom current (Shiobara et al., 2013).

The advantage of the penetrator sensor system is apparent, but the
necessity of a ROV limits the opportunity of observations because of
availability and cost issues. If the data quality of the BBOBS-NX was
obtained with a high-mobility operation like our BBOBS, it would be
a breakthrough in the broadband seismology at the seafloor. This
second-generation system, NX-2G, is now in its final evaluation stage
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FIGURE 3| The BBOBS-NX. The BBOBS with the penetrator sensor system using gravity. ROV operation is required in deployment and recovery. The broadband
sensor has the same performance of the BBOBS. (A) The sensor unit and the recording unit are temporally attached, and free-fallen from the sea surface. Descending
speed is about 1.5 m/s. (B) They are detached and the recording unit is moved a few meters away from the sensor unit by the ROV. The observation period can be more
than 2 years. (C) An NM example of the BBOBS-NX. Because of the penetration of the sensor unit, all three component NMs are between the NHNM and the
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(Shiobara et al.,, 2019). As shown in Figure 4, it is almost based on the
BBOBS-NX, and functions of the NX-2G’s operation were tested on
the deep seafloor in 2017 and 2018.

Method for Simultaneous Broadband

Seismic and Tilt Measurement

The broadband sensor equipped in the BBOBS and the BBOBS-NX
has a mass position signal output, which are the low-pass filtered
(cut-oft at 360 s of the eigen period) acceleration data, which can be
used to measure the tilt change in time after the mass centering
(and the mass unlocking) operation from the two horizontal
components data. This is because these mass position signals
indicate the fraction of the gravitational acceleration according
to the tilt change of the BBOBS or the sensor unit of the BBOBS-
NX at the seafloor. As the horizontal component noise level of the
BBOBS-NX is more than 10 times better than the BBOBS in a long
period range (more than 10s), and because the penetrator sensor
system has good coupling to the sediment layer and is influenced
less by bottom currents, we expected the BBOBS-NX to be
adequate for tilt measurement. Here, we refer to the BBOBS-
NX with the tilt measurement function as the BBOBST-NX. This

additional tilt measurement requires a small modification in the
system (new wiring and two more input channels of the data
recorder). Even for the BBOBS deployed on the seafloor, this tilt
measurement is possible with a limitation of the noise level, which
relates with conditions of the site, such as the bottom current.

The largest advantage of the tilt observation at the seafloor by the
BBOBST-NX (or the BBOBS) exists at the location above or close to
the source area of the event with a short horizontal distance.
Because tilt is a spatial differentiate of vertical displacement, we
can expect large tilt change around the source area. In addition, with
these mobile observation instruments, it is possible to build a dense
array to cover the target area, because of its low cost and ease of
deployment compared with a seafloor borehole site.

RESULTS
Test at the Land Vault

As the first evaluation test of this method, we performed a
comparison test in 2010 between the sensor unit of the
BBOBST-NX and the water-tube tiltmeter (WTT) at the land
vault (at Nokogiri-yama, Chiba Prefecture) near Tokyo Bay (Ishii
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FIGURE 4 | The NX-2G, autonomous type of the BBOBS-NX. To
achieve the same performance of the BBOBS-NX without aid of submersibles,
the autonomous type is in the final feasibility test.

et al,, 1992), about 600 m from the shore. The tilt data were
resampled in 1 min intervals at first to match with the WTT data,
and were high-pass-filtered with 100,000 s of the cut-off period
to remove longer fluctuations than those of 1-day length. The
result (Figure 5) shows tilt changes comparable to that of the
WTT with a resolution of better than 1 u radian, which shows
clear signals by tides. Our sensor was placed inside the
seismometer room in the vault, but several tests were
ongoing simultaneously with some human operation
(performed on May 6 and 9) during our test. As the WTT
is located in the tunnel of the same vault separated by two
doors from the seismometer room, no human noise was
recognized. One problem was a large drift (a few u radian
per day) in the raw tilt data, which is the same as that often
seen in our BBOBS as several automatic mass centering
operations occurred soon after the deployment lasting for a
few weeks. Usually, this kind of drift in our BBOBS becomes
smaller, and only a few times of the mass centering operation
were observed during the 1 year-long observation period after
1 month of the mass unlocking operation of the broadband
sensor. Thus, it was necessary to investigate the mass position

Tilt Observations by OBS

stability of the broadband sensor at the seafloor environment
in terms of whether it is adequate for tilt measurement.

Here, it is worth mentioning the difference of mass centering
function of the broadband sensor used in the BBOBS and the
BBOBS-NX. The CMG-3T in the BBOBS has a fixed threshold
level to start the mass centering at about 10% to the full-scale
(FS), when the mass centering command is received by the
sensor’s controller. But the original broadband sensor for the
BBOBS-NX, based on the borehole type of the CMG-3T, has a
user definable threshold level (0-100% FS) by a command.
Therefore, we can set a large value (such as 50%) to expect
continuous mass position (tilt) change with a trade-off of an
adequate operation condition as the seismic sensor because, as
mentioned above, it is better to keep a small mass position value
like that of the BBOBS.

First Test Observation at the Seafloor

Before the application of the BBOBST-NX for a practical
observation, such as SSE monitoring, we performed a test to
measure the resolution and instrumental noise level in this tilt
observation at an empirically known quiet site (T08) that was
previously used for tests of the BBOBS-NX, at the Shikoku Basin
(4,930 m depth) of the Philippine Sea Plate (Figure 6A), in
2012-2013 for about 2 months. As this test also aimed to
undertake  preparation  experiments of the NX-2G
development, the large Ti sphere housing (recording unit) and
the gray colored tube were located close to the sensor unit
(Figure 6B), unlike in Figure 3B. This was done to examine
the effect of objects closely located to the sensor unit on the long
period noise level. Same as for the BBOBS-NX, the deployment of
the BBOBST-NX was performed by free falling from the sea
surface, then the ROV (KAIKO 70001II, JAMSTEC) was used to
untie the connection between the sensor unit and the recording
unit, and to move the recording unit beside the sensor unit
without any mechanical connection except the underwater cable.
The recovery was also done by the same ROV. In this observation,
an ocean bottom Doppler current profiler (OBDC), which is
based on our long-term OBS, was also deployed with a distance of
100 m.

The tilt data were resampled in 1 h intervals at first, and were
processed to remove the large drift that is considered as the
mechanical relaxation effect. This effect is assumed to be
empirically expressed by a combination of logarithmic
function and linear trend, so that the best-fit parameters were
searched using a curve fitting function built-in the gnuplot
program, and these parameters were used to substitute the
drift from the tilt data. Finally, the Baytap08 program
(Tamura et al., 1991) was applied to remove tidal components,
and a moving averaging of 7 days window length was also applied
to observe stability in long periods. The result (Figure 6C)
indicates a small tilt fluctuation at about 0.6 u radian peak-to-
peak throughout the observation period. The bottom current
speed and seawater temperature obtained by the OBDC are
shown too. As we cannot control the azimuth of the OBS
landing, two horizontal components are expressed as H1 and
H2, which are the NS and EW outputs of the broadband sensor,
respectively.
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FIGURE 5 | The land vault test of this method. A 2 month test of the broadband sensor for the BBOBST-NX (MP) compared with the water tube tilt-meter (WT) in
the same vault. The two large disturbances on May 6 and 9 were due to other human works in the same seismometer room that we used.

Feasibility Observations
Next, more practical observation at the seafloor south of Boso

Peninsula (close to the KAP3 site, 1,370 m depth) was
performed as an in-situ feasibility study from April 2013 for
1 year. In this observation, the BBOBST-NX was deployed and
recovered using the ROV (Hyper DOLPHIN, JAMSTEC). As
this site is near the Kuroshio current axis, the OBDC was
deployed near the BBOBST-NX (Figures 7A,B) to monitor
the environment condition. Between December 28, 2013 and
January 4, 2014, a slow slip event (SSE) occurred near this site
(Ozawa, 2014), which is indicated as a yellow rectangle in
Figure 7C. The tilt data were resampled in 1h intervals at
first, then several steps in the mass centering operations were
removed. Other processes were the same as mentioned in First
Test Observation at the Seafloor. The result shows a clear peak of
about 6 p radian in the H2 components, which started from late
December 2013, but the tilt did not persist after the SSE ended.
In the H1 component, it is difficult to recognize the existence of
the similar peak, due to a large disturbance in the whole
observation period. As additional information, the azimuth
of the HI component, the dominant bottom current, and the
seafloor topography were almost matched with each other in the
NE-SW direction (Figures 7B,D).

As the 1year-long data were thought to be too short to
examine the tilt data of the BBOSBT-NX, which seemed to
contain an annual fluctuation, two more tilt observations were
started from 2015 for 2 year-long observations. One was at the
KAP3 site, which is shallower and has no special topography,
from July and another one was east off Miyagi Prefecture at the
slope to the Japan Trench (AoA40 site, 5430 m depth) from
September, as shown in Figures 7B, 8A. They were deployed by
the ROVs, Hyper DOLPHIN and KAIKO 700011, respectively.
The latter was recovered in April 2017 with about 1.5 years worth
of data, because of the ship schedule. The raw data were processed
with the same method used for the 2013 data near the KAP3 site.
The result indicates large continuous tilt changes up to several
tens of p radian in both components from the middle of the
observation period, which started around June 10 and October
20, 2016, respectively (two purple thick lines in Figure 8B). From
our experiences of the same type of broadband sensors in
BBOBSs, this is not due to an internal sensor problem,
because the mass position is usually more stable. It is difficult
to judge whether gradual changes in both the components for
7 months before the start of the large and sudden change are
annual or not. Another BBOBST-NX at the KAP3 site was
recovered in October 2020 by SHINKAI 6500, because of no
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observations, the first test was conducted. (B) The recording unit and a large gray tube were located close to the sensor unit for the preparation of NX-2G development,
to examine influence on the data by these objects. The tube was originally designed as the base for the recording unit, but we failed to place the unit on the tube. The
OBDC was also deployed at a 100 m distance. (C) Results of the tilt change for 2 months by the BBOBST-NX and water temperature and bottom current speed by

the OBDC. All data were resampled with 1 h intervals and moving-averaged (1 week). The tilt data were processed using the Baytap08 program.

01/03 01/10
2013

ROV dive being performed in 2017 and 2019 due to a strong
surface sea current and bad sea conditions, respectively. This
newly obtained full 2 years worth of data are still being initially
processed.

Tilt Data Using the BBOBS on the Seafloor
We also tried to perform tilt observations using the (standard)
BBOBS, free-fall and self-popup type, with mass position data
recording on the seafloor, four times at three sites. Compared

with the tilt data obtained by the BBOBST-NX using the
penetrator sensor system, the effective resolution was generally
larger at more than 10 p radian, which should correspond to the
horizontal noise level difference between the BBOBS and the
BBOBS-NX as show in Shiobara et al. (2013). However, one case
of the BBOBS deployed near the Izu-Ogasawara Trench (5,430 m
depth) showed stable and high signal to noise ratio tilt data
(Figure 9), especially in the H1 component with less mass
centering operations. Figure 9A shows a kind of a “RAW?” tilt
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FIGURE 7 | The first feasibility test off the Boso Peninsula. The first long-term observation of the BBOBST-NX was performed at the source area of the SSE with
3-4 years intervals. (A) The BBOBST-NX and the OBDC deployed in April 2013 for 1 years-long observation. (B) The location map of two sites in 2013-2014 and
2015-2017 (recovered in October 2020). The former site was near the cliff with an NE-SW strike. (C) Results of this test observation. In December 28, 2013-January 4,
2014 (yellow rectangle), the SSE was detected (Ozawa, 2014). The data were processed as in Figure 6C, after removing the steps at mass centering operations.
Two purple vertical lines show two earthquakes mentioned in SSE Estimations (D) The rose histogram (normalized) of the bottom current direction (gray shade) and the
current velocity (purple) from the 1 h averaged OBDC data. In spite of the surface current by Kuroshio, the dominant current direction was toward N245°E, similar to the

data without any process that effects the waveform. Several jumps
after July 2015 reflected mass centering operations, when the tilt
value exceeded about +10 u radian. From the relatively stable
period between September 2015 and March 2016, the tilt data
were applied to the Baytap08 program and were moving-
averaged. The result is in Figure 9B, which shows a similar
result to that of the BBOBST-NX in Figure 6C. So, the possibility
of tilt measurement even using the BBOBS exists, if the ambient
noise at the site is low enough in the long period range that we
want to use for analyses. Nevertheless, there is a limitation in the
continuity of the tilt data due to the narrow range of the mass
position, as mentioned in Test at the Land Vault.

DISCUSSION AND CONCLUSION
Effective Resolution of This Method

The tilt fluctuation shown in Figure 6C is about 1y radian
through the observation period for 2 months, and more stable in a
shorter time window. The speed of bottom currents and water

temperature measured by the OBDC are also indicated in
Figure 6C. It shows a clear relation between the speed of
bottom currents and the tilt, and also between the temperature
and the tilt, which show opposite relation patterns. As the
temperature change seems to be caused mainly by the
movement of the water block, it would be a secondary
indicator by bottom currents, the first importance in the tilt
should be the speed of the bottom current. From the tidal
deformation model calculation by GOTIC2 (Matsumoto et al.,
2001), the tilt change by the Earth tide that includes the oceanic
tide loading at this site is less than 0.1 p radian and mostly contain
M,, S;, K, and O; tidal components which occur in approximate
12 or 24 h cycles. Thus, we assumed that a fluctuation of about 1
radian at this site was mainly due to the bottom current and the
mechanical instability of the broadband sensor.

Although, in the first feasibility test near the KAP3 site, the H1
component of the tilt data showed a fluctuation of a few yu radian
order after the tide reduction process by the Baytap08 program as
shown in Figure 7C. And, as this fluctuation only occurred in the
H1 component, this indicates a clear relation with the
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FIGURE 8 | The long-term test off the Miyagi Prefecture. For more detail validation of the BBOBST-NX, a test lasting more than 1 years was conducted at the
landward terrace near the Japan trench. (A) The location map of the site, AoA40, 5,430 m depth. No bottom current observation was conducted in this time. (B) Results
of whole observation period of 18 months (earlier recovery due to the ship schedule). The data processing was the same as in Figure 7C. The H1 component had a
similar direction matched with the maximum gradient (6°) of the seafloor. Two thick purple lines show the starting points of the large tilt change mentioned in
Feasibility Observations (C) Same as (B) but re-scaled in both axes as in Figure 7C for easier comparison.
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temperature change that occurred about 30h offset of the
advance, but not always with the speed of the bottom current,
in contrast to that in Figure 6C. This H1 component had an
azimuth of NE-SW (N63°E) determined by the video picture and
the magnetic compass value of the ROV superimposed at the
seafloor, which is matched with the dominant bottom current
direction (N245°E, SW going current) as shown in Figure 7D and
the seafloor topography trend (Figure 7B). If the temperature
affected the broadband sensor, it seems difficult to explain why
there was no large fluctuation in the H2 component like that of
the H1 component. This means that the temperature change
should indicate the move of the water block like in Figure 6C, and
affected the tilt measurement less. To make it clear, we deployed
the next BBOBST-NX in 2015 near the site of the 2013-2014
observation at the KAP3 site with a relatively flat topography
(Figure 7A). So, it is better to wait for this new data that were
recovered in October 2020 for a detailed discussion, but if the SSE
may cause a tilt change of more than a few y radian within a few
days, it seems that the BBOBST-NX can resolve it. This detection
level looked similar to the case at the AoA40 site (Figure 8B). For
an easier comparison, this graph is re-scaled with the same range

of Figure 6C in both axes (Figure 8C). Generally, except for the
H1 component of Figure 7C which had a large (almost monthly)
fluctuation, they showed a similar long-term change of a few p
radian per month. If the tilt event is in a short time and the
background noise level is low enough, we may resolve the tilt
change well less than 1 p radian as shown in Figure 9B even at the
seafloor by the BBOBS, but it is better to measure below the
seafloor as results of the BBOBST-NX demonstrated.

From these results, the effective resolution of this method is a
few p radian per week or smaller under better conditions of the
observation site. If the tilt change is in a shorter time span, it
becomes easier to detect. These values look large compared with a
tiltmeter on the land, but this method has an inherent advantage
in the tilt signal level because of the short distance between the
source and the site. To perform better tilt signal detection from
the noisy data, the analysis technique in Sato et al. (2017) will be
useful. In addition, if the NX-2G with the same broadband sensor
of the BBOBST-NX is available, we can deploy the dense array
without the use of a submersible vessel near the source area of the
SSE in the near future. As mentioned already, tilt measurement in
a seafloor borehole is ideal to obtain precise data of a nano radian
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FIGURE 9 | An example of the tilt measurement using the BBOBS. The
BBOBS may be used for tilt measurement in the same method as the BBOBST-
NX. One example is shown here, which was obtained by the BBOBS deployed
near the lzu-Ogasawara trench (Figure 6A). (A) The whole “RAW” tilt data
were only converted from the mass position data, which includes several mass
centering steps. However, the H1 component in the middle part seemed stable
for 7. months. (B) The stable period mentioned above was processed with the
same method as in Figure 6C. Except for a few parts of mass centering
operations in the H2 component, usual tilt fluctuation remained smaller than 1 p
radian.

order, but it requires high cost and drilling ship availability.
Instead, this method has high mobility and a lower cost.
Therefore, a combination of both the tilt measurement types
will be a good solution to achieve the best quality and quantity
data for our scientific goals.

SSE Estimations

As SSE observation is the first target of this method, we examined
the tilt observed at two sites, whether these tilt values were
adequate with that estimated by a ground deformation model.
Here, we used an interactive tool, Coulomb3.3 (Toda et al., 2011)
based on Okada (1992), and also the method of Sato et al. (2017)
for one case, to estimate the tilt from the elevation output of the
tool and the method.

Tilt Observations by OBS

In the case of the near KAP3 site (Figure 7), the SSE in January
2014 was detected by land sites and ocean bottom pressure gauges
(OBPs), and the slip distributions were already analyzed (Sato et al,,
2017). For the tilt calculation, the fault plane geometry and slip
parameters were almost adjusted to that of Sato et al. (2017) for the
Coulomb3.3. The shape of the fault plane was simplified into a
rectangle (60 km x 60 km) to cover the main slip region of Sato et al.
(2017), and the maximum slip was set as 6.5 cm at the center and
gradually decreased toward the edge of the rectangle as shown in
Figure 10A. The shallowest depth, the dip, and rake angle of the
reverse fault plane were assumed as 9.3 km (bsf), 12.0° toward
northwest (N315°), and 90°, respectively. The position of the
BBOBST-NX was at the origin, and the calculated tilt values
were rotated to the H2 component direction (N153°E)
(Figure 10A). The color shows the wvertical displacement
distribution obtained by the tool. As this result reflects the tilt
when the SSE had ended, the tilt at the site was —2.4 p radian and the
maximum was +3  radian in the calculated area, which was about
half of the peak value observed in the H2 component (Figure 7C).
And, we also obtained the calculated H2 tilt value as —0.43 pu radian
by the method and the slip distribution of Sato et al. (2017), which
was about one sixth smaller than that in Figure 10A. Reasons for
this difference probably come from the roughness of slip
distributions applied for the tool and the method, and also a
small difference in the BBOBST-NX position in both models,
which were located near the ridge / peak of the elevation
distribution (Figure 10A). If the tilt observation was far from
the source area, the tilt record was a simple increase or decrease
pattern. However, above the source area, the polarity of the tilt may
change according to the slip propagation, as we observed in
Figure 7C. As for the seismic activity obtained at the same site
and the broadband sensor, even around the time period of the SSE
detected (December 28, 2013-January 4, 2014), no significant
continuous change was seen in signal strength in the longer
period range of 400-10s for the CMG-3T sensor (Figure 10B).
There was an intensity change in higher frequency (2-40 Hz) on
about December 21, 2013, which was related the earthquake (Mjya
5.5) and its aftershocks occurred at the northwestern edge of this
SSE source area. On January 2, 2014, three earthquakes, the largest
one of My 5.0, occurred at the western edge, too. These two
earthquakes are indicated as purple lines in Figure 7C and also as
purple arrows in Figure 10B. The high intensity at the microseism
range (around 0.2 Hz) and longer period on about December 21
were due to high wave height by the low pressure from the
meteorological record.

In another case of the AoA40 site, no SSE was detected by other
observations at land sites. However, this area is far from any land
observatories, more than 130 km, Ito et al. (2013) suggested the
possible SSE in 2008 (Mw 6.8), which was based on analysis of the
OBPs and the volumetric strain meter data on land. The fault plane
was close to the A0oA40 site, less than 10 km from its eastern edge.
For the tilt calculation, we used similar fault parameters estimated
by Ito et al. (2013), as 100 km length in N-S, 40 km width in E-W,
and 1 m slip toward east as a reverse fault (rake angle = 90°). The
depth and the dip were determined as 5.1 km to the top of the fault
plane and 7.0°, respectively, based on the result of the crustal
structure study (Miura et al, 2005) nearby. As shown in
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FIGURE 10| The SSE in 2013-2014 off Boso Peninsula. (A) Calculated result of H2 tilt (contour lines in p radian) based on the fault parameters by Sato et al. (2017).
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green rectangle shows the fault plane (100 km x 40 km), and the slip amount is 1 m. In this case, the position of the BBOBST-NX is unknown. However, the calculated tilt
range is between —20 and +30 in p radian. (B) The running spectrum of the vertical (UD) component is the same as in Figure 10B, but for the AoA40 site in 2016,
including two starting points of the large tilt change at about June 10 and October 20, which are shown as two thick purple lines.
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Figure 11A, the range of the tilt was between several tens of u radian
of plus and minus, which was a same order of the tilt observed, but the
location of the AoA40 site was unknown relative to this assumed fault
and the tilt was only estimated when the fault slip had ended. Seafloor
pressure gauges of the S-net (Uchira et al., 2018) in this area did also
not show large change. One explanation for this large tilt change may
be an event in the shallow sediment, such as a land slide. The azimuth
of the H1 component (N140°E) was close to the maximum gradient of
the seafloor (6°) from the fine topography data. Regarding the
positions of the BBOBST-NX in deployment and recovery, there
were no clear differences, and the condition of the instrument and the
seafloor in the recovery ROV dive had no remarkable change. So that,
it was still difficult to find a reason for the large tilt change observed. In
the seismic data of the BBOBST-NX, there were no significant change
in the signal strength in the whole frequency range according to two
tilt changes around June 10 and October 20, 2016 (Figure 11B), as in
Figure 10B, except for aftershocks mostly of the 2011 off-Tohoku
earthquake shown in higher frequency (2-20 Hz).

In both cases, the necessity of the tilt array observation and a
dynamic analysis of tilt source modelling became essential to
further study of the SSE process. And, it is highly recommended
that the tilt and absolute pressure are simultaneously observed as
a geodetic measurement site on the seafloor.

DATA AVAILABILITY STATEMENT

The datasets used in Figures 2, 3, 5-11 can be found in the
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