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In this paper, we describe the development of a continuous real-time system
capable of measuring seafloor crustal deformation using the global satellite navigation
system (GNSS)/Acoustic technique and a moored buoy. A program developed was
implemented on the buoy to automatically distinguish the onset of a direct acoustic
wave even if that wave had been contaminated with reflected waves and to detect
the true travel-times by onboard processing rather transferring raw waveforms to the
ground base station. This onboard procedure contributed to reduce the data size over
a satellite communication. We conducted an operations test for a total of 106 days and
found that the acoustic ranging and data transmissions were frequently interrupted by
an unstable power supply, resulting in only 21% of the transmitted data being received
at the ground base station. Nevertheless, we did not find any problem with continuous
acoustic ranging measurement except for the above-mentioned power supply failure.

Keywords: GNSS buoy, GNSS/Acoustic, seafloor crustal deformation, acoustic ranging, technical development

INTRODUCTION

A system for seafloor crustal deformation measurement using the global satellite navigation system
(GNSS) and acoustic techniques has been developed over the last 20 years (e.g., Spiess et al., 1998;
Fujimoto, 2006; Fujita et al., 2006; Tadokoro et al., 2006; Ikuta et al., 2008). The system measures
seafloor crustal deformations by making repeated measurements of the positions of several acoustic
transponders placed on the seafloor. The system has contributed much to the understanding of
various geophysical and seismological phenomena, such as the motions of plates or blocks (Spiess
et al., 1998; Chadwell and Spiess, 2008; Yasuda et al., 2017; Chen et al., 2018), plate convergence and
interplate coupling (Gagnon et al., 2005; Fujita et al., 2006; Matsumoto et al., 2008; Tadokoro et al.,
2012, 2018; Watanabe et al., 2014, 2018; Yasuda et al., 2014; Yokota et al., 2015, 2016; Nishimura
et al., 2018; Kimura et al., 2019), co-seismic displacements (Kido et al., 2006, 2011; Tadokoro et al.,
2006; Sato et al., 2011a; Iinuma et al., 2012), and post-seismic deformations (Matsumoto et al., 2006;
Sato et al., 2011b; Tomita et al., 2015, 2017; Iinuma et al., 2016).

The next objective is to add continuous real-time measurement capability to the system to
detect transient events, such as slow slips, and to provide quick response for geodetical events. As
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currently implemented, the GNSS/Acoustic measurements are
performed using research vessels, which restricts observations
during a campaign to long time intervals of more than several
months. Recently, the Japan Coast Guard made a significant
effort to obtain high frequency measurements with vessels, and
successfully detected an off-shore slow slip event with seafloor
displacements of about 5–10 cm (Yokota and Ishikawa, 2020).
Nevertheless, the observation frequency was still limited to 6–
8 times a year. Thus, to achieve the above stated objective, it
is essential to develop techniques using alternative sea-surface
platforms instead of vessels. Kido et al. (2015, 2018) and Imano
et al. (2019) reported the development and operational tests of
a GNSS/Acoustic measurement system using a small moored
buoy and an autonomous surface vehicle. Other researchers have
evaluated the use of the Wave Glider (Liquid Robotics, Inc.) as
a novel platform for GNSS/Acoustic measurements (Chadwell,
2013; Sathiakumar et al., 2016).

Our research group was tasked with developing a system
capable of continuous real-time measurement of seafloor crustal
deformations using the GNSS/Acoustic technique. In this
development, a moored buoy was employed as a sea-surface
platform as the plan is to eventually integrate the developed
system into existing GNSS buoys to enhance their function (Kato
et al., 2018). The GNSS buoy system was developed in around
1997 for tsunami early warning purposes, and the particular
GNSS buoys under successfully recorded tsunamis generated by
the 2001 Peru earthquake, the 2003 Tokachi-Oki earthquake in
Japan (Kato et al., 2001), and an earthquake that occurred off the
southern coast of Japan in 2004 (Kato et al., 2005). The developed
GNSS buoy system has been employed in the nationwide ocean
wave information network for ports and harbors (NOWPHAS)
wave monitoring system installed along the Japanese coast from
approximately 2008. The NOWPHAS provided real-time records
of the tsunamis after the Mw 9.0 Tohoku-oki earthquake, which
were used to significantly upgrade the tsunami warning level after
the earthquake (Ozaki, 2011).

In this paper, we describe the developed observation system
that was installed on a moored buoy and report the results of
acoustic ranging tests.

BUOY-MOUNTED ACOUSTIC RANGING
SYSTEM

The buoy-mounted system for the GNSS/Acoustic measurement
is composed of the following five components (Figure 1): (1)
an acoustic ranging controller (developed by Kaiyo Denshi Co.,
Ltd.) and an acoustic transducer; (2) a signal processing computer
(PC Engines alix3d3) running a Linux OS; (3) a GNSS receiver
(Hitachi Zosen) equipped with a network solution module
(RTNet, GPS Solutions Inc.; Rocken et al., 2004) that employs
the precise point positioning with ambiguity resolution (PPP-AR)
algorithm (Mervart et al., 2008); (4) a gyroscope (SBG Systems
Ellipse-N); and 5) a satellite communications modem. The signal
processing computer, GNSS receiver, gyroscope data storage, and
satellite modem are all connected in a single Ethernet network via

a switching hub and all the data are transmitted in real-time to a
ground base station via a satellite link.

The acoustic ranging controller transmits an ultrasonic wave
with a signal length of 14.322 ms in the form of a fifth-order
M-sequence wave with six-cycle carrier waves per unit digit on
carrier wave frequency of 12.987 kHz (Tadokoro et al., 2006). The
signal timing is synchronized to the 1 PPS (Pulse Per Second)
signal and the National Marine Electronics Association (NMEA)
recommended minimum (RMC) sentence from a GPS time
server (Garmin GPS 19x HVS). The acoustic ranging controller
works by receiving commands from the signal processing
computer. Once the acoustic ranging controller has received a
wake-up command, it starts and automatically continues signal
transmission with a fixed interval written in a configuration file
in the signal processing computer. It is possible in principle
to remotely manage the acoustic ranging controller, including
the pinging interval, by modifying the configuration file via
satellite communication. The signal processing computer can
automatically restart the acoustic ranging controller in the event
the power has been temporarily interrupted. The transmitted
acoustic signal is received at a pre-installed seafloor transponder.
The transponder once records the acoustic signal and returns it
to the buoy-mounted acoustic ranging controller after a turn-
around-time of 1.024 s to avoid reverberations in the sea. The
acoustic ranging controller samples the received signal at 16-
bits at a frequency of 500 kHz, then stores the waveform for
64.512 ms before sending the associated data to the USB 2.0
connected signal processing computer at 230,400 bps. After
the computer receives the signal, it automatically detects the
onset of the returned acoustic signal within about 20 ms using
our original programming code described later. The position
of the buoy is computed as per the PPP-AR algorithm once
per second in real-time by the network module in the GNSS
receiver. Note that the PPP-AR positioning in the system relies
on precise orbits and clock correction parameters obtained from
the regional data of the GNSS Earth Observation Network System
(GEONET) operated by the Geospatial Information Authority of
Japan (Kato et al., 2017). When tested, the accuracy of our PPP-
AR positioning is within a few centimeters for all dimensions
including the vertical component in the presence of fixed carrier
phase ambiguity (Terada et al., 2015; Kato et al., 2018). As we
are more interested in the position of the acoustic transducer
rather than that of the GNSS antenna itself, the attitude of
buoy is measured using the gyroscope (SBG Systems Ellipse-N)
once per second.

The buoy-mounted system was installed on a moored buoy
which is anchored 32 km off Cape Ashizuri, Japan (Figure 2),
on March 28, 2018 for an operational test. The water depth
is about 800 m. The buoy, named Kuroshio-Bokujyo No. 18
(Figure 3), is operated by the Kochi Prefecture as a floating fish
aggregation device and had a diameter of 8 m and a height of
more than 8 m above sea level. The system components were
installed in waterproof boxes and affixed to the deck of the buoy.
The necessary power was generated using five 135-Watt 18-Volt
solar panels connected in a series and is stored in 24 V (12× 2 V)
valve-regulated stationary lead-acid batteries with a capacity of
300 Ah (10-h rate). The acoustic ranging controller and GPS time
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FIGURE 1 | Diagram showing system configuration of buoy-mounted components and data flow. Frames painted gray indicate the waterproof boxes.

FIGURE 2 | Locations of test site, Kuroshio-Bokujyo No. 18 buoy (red solid
circle) and ground base station (blue solid square). Topography and
bathymetry data are provided from SRTM30_PLUS (Becker et al., 2009).

server operated at 24 VDC while the other instruments operated
at 12 VDC, converted from 24 V using a DC/DC converter.
Antennas for the GNSS, Trimble Zephyr 2 Geodetic, and satellite
communications were mounted on the top of the buoy. The
precise relative position between the acoustic transducer and
GNSS antenna was 9.98 m vertically and 4.18 m horizontally in
the coordinate system fixed on the buoy.

The acoustic transducer was mounted at about 1.7 m below sea
level with a stainless pole rigidly attached to the buoy (Figure 3B).
To eliminate interference from acoustic waves reflected from the
surface of the sea, the acoustic transducer was initially installed
in a conical antireflection cover with soundproofing rubber.
However, even with these precautions, multiple reflections inside
of the cover were frequently detected because the soundproofing
rubber became detached probably due to wave vibrations, and
this made it difficult to distinguish the onset of the direct wave.
To overcome this, the antireflective cover was removed as it was
found to significantly reduce the confusion effects of the multiple
reflections. The travel-time differences between the direct and
sea-surface reflected waves were estimated to be almost 1.3–
1.8 ms, which was sufficient to ensure that the direct wave
could be easily distinguished even if the acoustic wave was
contaminated by sea-surface reflections.

The data recorded on the buoy were transmitted to a ground
base station through a commercial communications satellite
operated by Thuraya Telecommunications Company where it
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FIGURE 3 | (A) Kuroshio-Bokujyo No. 18 buoy equipped with our system. The antireflection cover around the acoustic transducer has been removed. (B) Side view
of the design drawing of the buoy.

FIGURE 4 | Photo of an ocean bottom acoustic transponder installed in the
test site. The black device fixed on the top is the acoustic transducer.

was stored in a data storage server. The ground base station was
in the inland town of Niyodogawa, Kochi Prefecture (Figure 2),
which is 30 km from the southern coast of Japan and is therefore

unlikely to be affected in the event of a tsunami due to a
major subduction earthquake. The original acoustic waveform,
raw GNSS, and gyroscope measurement data were also stored
on-board for quality check and postprocess.

The ocean bottom acoustic transponders (Figure 4) were
equipped with batteries with a planned life span of 5 years
and electronic circuit boards mounted in a 17-inch diameter
glass sphere along with an acoustic transducer. The seafloor
benchmark, which consisted of three ocean bottom acoustic
transponders, was installed on June 5, 2017 by the vessel Yuge
Maru of the National Institute of Technology, Yuge College.
The triangular configuration of the three transponders covered
the area under the drifting sea surface buoy (Figure 5A).
The locations of the transponders were selected based on the
anchoring point of the buoy, the mooring chain length, and the
dominant direction of the ocean current.

CONTINUOUS ACOUSTIC RANGING
TESTS

Continuous acoustic ranging tests were performed for a total
of 106 days during the following four periods: March 28–31,
June 2–July 12, and November 16–December 17 in 2018; and
March 24–April 25, 2019. The buoy position (i.e., the positions
of the buoy-mounted GNSS antenna) every 10 min is shown
in Figure 5. Note that the positions from March to July, 2018
were obtained via a post-processed PPP analysis conducted
using commercial software (GrafNav of NovAtel, Inc.) as PPP-
AR solutions from the system on the buoy were intermittently
unavailable during this period. The positions after November,
2018 were computed by the PPP-AR algorithm on the buoy. The
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FIGURE 5 | Positions of the buoy-mounted GNSS antenna during the operational test period determined by post-processed PPP (until July) and PPP-AR (after
November). (A) and (B) Horizontal positions (small dots). Different colors indicate differences in period shown by the legend in (A). Red squares, red cross, and blue
plus indicate the positions of ocean bottom acoustic transponders, center of the triangular transponder array, and anchored point of the buoy, respectively. (C)
Ellipsoidal height after the tidal correction on the basis of NAO.99b model (Matsumoto et al., 2000). Black ticks indicate timings of no acoustic signal is recorded at
the buoy-mounted acoustic ranging controller.
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fluctuations in the ellipsoidal height due to the ocean tide were
corrected using the NAO.99b model (Matsumoto et al., 2000).
The test site was in an area of the strong east-northeastward
Kuroshio ocean current, and the buoy drifted in the east-
northeast direction from the anchored point and remained there
for the entire period. The buoy drifted almost 100–250 m to the
west of the array center, that is, the center of the triangle formed
by the three ocean bottom acoustic transponders, which was
the desired buoy position relative to the transponder formation
(Kido et al., 2018; Imano et al., 2019). As the buoy well followed
the movement of the sea-surface, the effects of heavy waves
and/or swells due to cold and stagnant fronts (March 30 and
July 5–7, 2018), low pressures (June 6, 18–21, and 24, 2018),
and severe tropical storms or typhoons (June 11, July 2–4,
and July 9–11, 2018) can all be seen in the time series of the
ellipsoidal height.

It is known that temporal variations in the speed of sound
in the ocean directly affect the accuracy of acoustic ranging,
and short-period internal waves are one of the phenomena
contributing to temporal variations in the speed of sound.
In addition, the time scale of internal waves is known to
be tens of minutes at a minimum (e.g., Ali, 1993). Matsui
et al. (2019) reported that short-period, less than 1 h, internal
waves arises fluctuations of sound-speed in the shallow layer
causing large uncertainty of seafloor position. With this in
mind, acoustic signals were transmitted sequentially to the
three ocean bottom transponders at 3-min intervals; thus, each
transponder received a signal every 9 min. This interval was
chosen to balance the power consumption and keeping up
the temporal variation in the sound speed associated with
the internal wave.

A number of problems were encountered during the time
the test was underway. The test unexpectedly terminated on
March 28, 2018 when the circuit breaker in the battery charge
controller forced to cut the power. The data transfer to the
ground base station stopped on June 10, 2018 when the
satellite modem disconnected. To prevent future occurrences
of these situations, we implemented disconnection monitoring
and a self-rebooting algorithm to the satellite modem. The
data storage on the buoy terminated on June 13, 2018,
probably due to high CPU load in the buoy-mounted server
along with a communication port error. After this time, the
devices handling the acoustic ranging data were no longer
connected to the satellite communication modem, and no
acoustic data were sent to the ground base station from
November to December, 2018. Also, after November 29 or so,
the acoustic ranging was frequently interrupted by unstable
power, which was thought to be due to the lack of sunshine in
the winter season.

In the original configuration installed on the buoy in 2018, the
signal processing computer was connected to the GNSS receiver
as a temporary data server via an RS-232C communication
interface. However, in an attempt to resolve the above issues and
improve system reliability before restarting the test on March 24,
2019, the data flow and connections between components were
reconfigured to use Ethernet. Although the test was restarted on
March 24, 2019, the power supply continued to be a problem that

affected the data transfer to the ground base station until it finally
terminated on April 11. The acoustic ranging was interrupted
from April 6 to April 10, 2019.

The results from the continuous acoustic ranging test are
shown in Figure 6. The acoustic ranging itself successfully
continued throughout the test period as long as power was
supplied to the system, as indicated by the red bars in
Figure 6, although data transfer to the ground base station was
intermittent. A total of 41,083 acoustic signals were transmitted
from the buoy while the buoy-mounted acoustic ranging
controller successfully received a total of 35,316 waveforms (86%)
from the ocean bottom transponders. Nothing was recorded in
the remaining 5767 files (14%), as indicated by the black bars
in Figure 6, due to failures in automatic header detection by
the acoustic ranging controller (Figure 5C). The ocean bottom
transponders transmit a header signal prior to the main signal
for the acoustic ranging to notify the buoy-mounted acoustic
ranging controller the signal transmission. The acoustic ranging
controller start the waveform recording after detecting the header
signal. If the acoustic ranging controller fails to detect the header
signal, nothing is recorded in the file. After the waveform data
was manually reviewed, no clear returned signal was recognized
in 1073 additional waveforms. A total of only 7553 signals
(21% of the total number of successfully recorded signals) were
transmitted to the ground base station through the satellite
link, as indicated by the blue bars in Figure 6. Examples of
acoustic ranging data received at the ground base station over
the period of an hour are shown in Figure 7. The transmission
time stamps of the acoustic signal transmissions are shown in the
second column in Figure 7. In this example, the acoustic ranging
data was successively transferred to the ground base station at
3-min intervals.

Examples of the acoustic waveform recorded in the buoy-
mounted acoustic ranging controller are shown in Figure 8,
where it can be seen that the buoy-based acoustic ranging
system provided high quality waveforms based on the high
maximum value of the absolute cross-correlation function
(CCF) between the received and transmitted (reference)
signals (Figure 9). This situation is different from those of
conventional observations made using moving vessels with
acoustic transducers mounted on a rod.

REDUCTION OF ACOUSTIC RANGING
DATA SIZE

The raw acoustic ranging waveform data from the developed
system was 64 KB (=64.512 ms × 500 kHz × 2 byte + 1024 byte
of header information and spare areas) in size. If this were to be
transmitted without modification over a satellite link, it would
cost more than $200,000 USD per year. Thus, we reduced the data
down to a final size of 60 bytes, which is less than 1/1000 the size
of the raw data. The data transferred to the ground base station
only contained information related to the travel time of the direct
wave as shown in Figure 7.

It is necessary to use the travel time of direct wave for
the accurate acoustic ranging. The recorded waveforms were
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FIGURE 6 | Diagram showing the status of acoustic ranging test. Red: buoy-mounted acoustic ranging controller transmitted the acoustic signal to the ocean
bottom transponder, black: nothing was recorded at the acoustic ranging controller (the signal receiving was failed), green: the acoustic waveform was sent to the
signal processing computer, blue: the acoustic waveform was sent to the data storage server at the ground base station via the satellite communication.

frequently contaminated by waves reflected from the sea-surface,
buoy body, and seafloor (Figure 8B), which was also reported by
Imano et al. (2015). The onset of a direct wave is determined
based on the timing of the maximum CCF value. However,
it has been empirically known that reflected waves exhibit
multiple CCF peaks, and that the maximum CCF value is
sometimes attained during the onset of the subsequent reflected
wave (Figure 8B), resulting in the direct wave onset being
misrecognized (Tadokoro et al., 2012). In this study, it was found
that the maximum CCF value was attained at the time of the
reflected wave onset for 1250 of the total 35,316 waveforms over
the course of the entire test period.

To address this, the energy ratio (ER) was introduced to aid in
identifying the correct direct wave onset. The ER is defined as the

average wave energy within the time window just after a target
time relative to that just before the same target time as follows
(e.g., Han et al., 2008):

γi =
1
Wa

i+Wa∑
j=i

(
sj
)2
/

1
Wb

i−d∑
j=i−d−Wb

(
sj
)2 (1)

where γi is the energy ratio at the i-th sample, sj is the amplitude
of the acoustic wave at the j-th sample (j ≥ 1), d (≥ 1) is
the time shift, and Wa (≥1) and Wb (≥1) are the lengths
of the following and preceding windows at the target sample,
respectively. Originally, the two windows Wa and Wb were
defined as having the same length. Here, the windows had a
length of 195 samples (0.390 ms), which corresponded to 5 cycles
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FIGURE 7 | Example of acoustic ranging data received at the ground base
station.

of the acoustic signal. Because the wave sample started at j = 1,Wb
was reset at i – d – 1 for the case of i – d – Wb < 1. The time shift d
was set at 117 (0.234 ms), which corresponded to three cycles, to
avoid the transitional vibration of the element inside the acoustic
transducer. The direct wave onset could then be detected from a
relatively high CCF peak accompanied by a high ER value.

An algorithm was developed to automatically recognize the
correct direct wave onset in the buoy-mounted signal processing
computer. First, the CCF peak with the maximum value
throughout the waveform was identified as Peak-3. Next, Peak-
2, the highest peak in the second largest envelope of CCF prior to
Peak-3 and Peak-1, the highest peak in the third largest envelope
of CCF prior to Peak-2 were identified as each are candidates for
the direct wave onset. Finally, the algorithm evaluates whether
or not each peak corresponds to the direct wave in order of the
peak number on the basis of thresholds set using the CCF and ER
values. In essence, relatively high CCF peaks are unconditionally
identified as indicators of the direct wave onset. In contrast, low
CCF peaks indicate no direct wave is present. If none of the

FIGURE 8 | Examples of received acoustic waveform on the buoy-mounted
acoustic ranging controller. (A) Waveform with high signal-to-noise ratio. Top:
received waveform middle: theoretical transmitted signal from the buoy
mounted acoustic transducer, bottom: absolute cross-correlation function
(CCF) between the received and transmitted (reference) signals. The
maximum value of the cross-correlation function is 0.92. (B) Waveforms with
obvious reflected waves. Each noticeable peak of CCF corresponds to the
onset of the direct or the reflected waves. Top and middle: reflected waves
from the buoy body or the sea bottom are included, bottom: reflected waves
from the sea surface are included.
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FIGURE 9 | Histogram of the maximum value of CCF. The white bars show
the frequency distribution for the waveforms without significant acoustic
ranging signal.

three identified CCF peaks exceed the thresholds, the waveform
is rejected as containing no clear return. However, if a CCF value
is somewhat below the maximum, the CCF peak can still be

recognized as indicating a direct wave onset if the ER value is
large enough at the peak (Figure 10). Note that the CCF values
are rounded to two decimal places in our programming code, and
the plots in Figure 10 are discretely distributed. The algorithm
was successful and only misrecognized direct wave onsets in 136
waveforms or 0.39% of the data (Table 1), which was equivalent
to less than twice a day. Most of these cases (112 data) were
misrecognized as direct wave onsets due to the extremely small
path difference between the direct and reflected waves, which
caused an overlap of the CCF peak corresponding to the reflected
wave on the direct wave peak. This was identified as a limitation
of the present algorithm.

DISCUSSION

In general, our primary purpose was achieved as the acoustic
ranging every 3 min continued successfully throughout the test
periods. However, the acoustic ranging controller frequently
experienced power failures, especially during the winter season.
The power delivery for satellite communications did not fully
recover even in April, and completely stopped on April 11
(Figure 6). The total electric power consumption amounted to
624 Wh (=26 W × 24 h) per day for all components on the
buoy, and theoretically, the buoy-mounted system continued to
work for an assumed non-sunshine period of about 11.5 days

FIGURE 10 | Example of thresholds to recognize the direct wave onset on the basis of the CCF and ER values. Graphs displayed here are for the judgment at
Peak-1 among the waveform data recorded on the buoy from March 28 to July 12, 2018. For this case, the peaks with CCF values >0.20 (red square frame in the
left panel) are judged whether they correspond to the direct wave onset (red shadow in the right panel) or Reject (gray shadow in the right panel). The peaks with
CCF values ≥0.27 unconditionally correspond to the direct wave onset. The peaks with CCF values >0.20 and <0.27 are judged to be the direct wave onset or
Reject depending on both their CCF and ER values. The remaining data (blue square frame in the left panel) are subjected to the judgment at Peak-2.

TABLE 1 | Result of the automatic recognition of the direct wave onset.

Actual (manually checked) Direct wave onset at: Total

Peak-1 Peak-2 Peak-3 Reject

Judged
(automatically picked)
Direct wave onset at:

Peak-1 83 0 1 1 85

Peak-2 1 1044 1 3 1,049

Peak-3 0 3 32,987 3 32,993

Reject 1 6 4 1066 1077

Inseparable peak* 5 107 112

Total 90 1160 32,993 1073 35,316

*The CCF peaks overlapped due to extremely short path difference between the direct and the reflected waves. The colored values indicate the number of data.
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(=300 Ah× 24 V/624 Wh). The power supply system on the buoy
was conservatively designed to operate for 5 days without any
sunshine. Approximately 5–6 days were required to recover the
power. Thus, it is assumed that chronic power delivery shortages
caused excess electric power consumption relative to the charging
power even when there was enough sunshine until the batteries
were fully depleted.

This is thought to have occurred for the following reasons.
A center pillar with a diameter of 8 m and a height of more than
4 m was constructed on the deck of the buoy (Figure 3), and
a structure with an area of 2.4 m × 2.4 m was positioned on
the top of the center pillar. As the solar panels were mounted
1 m above the deck and connected in series (Figure 1), it
is likely that some portion of the solar panel modules fell
into the shadow of the above-mentioned objects. When this
happened, the designed power-generation voltage may have not
been acquired even under daylight conditions because of the
series connection. The power problems are a critical issue that
must be resolved for continuous operation. In the future, we plan
to redesign the system so that the solar panels are connected
in parallel to ensure adequate power delivery. In addition, the
power supply lines for the 12 VDC and 24 VDC systems
will be separated.

All electronic components and batteries were stored in five
waterproof boxes mounted on the deck of the buoy. The boxes
were 102 cm (W) × 74 cm (D) × 50 cm (H) size and weighted
85 kg in aggregate. The present buoy has enough space (8 m
in diameter) and buoyancy force (1.45 × 106 N) to support
the installation of this equipment. However, when this system
is applied in practical applications, it is not realistic to deploy
many huge platforms similar to the current setup. Thus, it will
be necessary to reduce the size and weight of the equipment
to allow installation on platforms with limited payload capacity.
To accomplish this, it will be necessary to reduce the power
consumption of each electronic component in order to reduce
the size of the batteries and solar charge/discharge controller,
which occupy three waterproof boxes in total (Figure 1). In other
words, more than half of the boxes are used to store electric power
supply components. Reducing the power consumption will also
contribute to solving the insufficient power delivery problem.
In the present system, three independent processors were used
to process the acoustic ranging data, gyroscope measurement
data, and PPP-AR positioning of GNSS data. In the future, this
could be reduced by using a single compact PC with multiple
functions, which would also simplify the signal transmission
lines and wiring.

The purpose of our system is seafloor positioning. Our
system is still in the testing phase, and we are developing a
positioning algorithm for point survey specific to the present
buoy measurement. It is desirable to measure the sound speed
profile continuously because temporal and spatial variations
in sound speed also directly affects the accuracy of seafloor
positioning. Nevertheless, the continuous measurement of sound
speed has not been realized in our system. Instead, we plan to
estimate variations in sound speed, that appear in the time series
of acoustic travel time (e.g., Kido et al., 2008), together with the
seafloor positions as demonstrated in previous studies (Fujita

et al., 2006; Ikuta et al., 2008; Honsho and Kido, 2017). Average
sound speed profiles should be measured with research vessel
at some time interval, once a year for our case. Imano et al.
(2019) reported accuracy of seafloor positioning from a smaller
buoy than ours in the ocean with a depth of about 3000 m.
Their buoy was slackly moored, and it drifted within a circle of
4000 m radius due to the strong Kuroshio ocean current. The
extreme drifting effect caused decrease in positioning accuracy
down to about 1 m. In contrast, the large and heavy buoy we
used was moored more tightly. The buoy, therefore, drifted
within the area of about only 150–200 m even under the
strong Kuroshio current (Figure 5). We should demonstrate an
advantage of our tightly-moored buoy on the basis of the seafloor
positioning accuracy with the positioning algorithm that we are
developing now.

CONCLUSION

In this study, we developed a system capable of continuous and
real-time measurement to measure seafloor crustal deformation
using the GNSS/Acoustic technique. The following summarizes
our findings after conducting operational tests using a moored
buoy for 106 days:

1. If sufficient electrical power is supplied, the developed
system can continuously transmit acoustic ranging to the
on-land station via the satellite link;

2. The system on the buoy was able to acquire high-quality
acoustic waveforms;

3. More than 99% of the direct acoustic wave onsets at the
buoy were correctly distinguished based on the energy ratio
factor as well as the cross-correlation value even if those
waveforms had been corrupted with reflected waves; and

4. The system on the buoy successfully contributed to reduce
the data size over a satellite communication.

In terms of future work, we plan to resolve the identified
problems in the electrical system so that the project can advance
to the operational stage.
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