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Abstract

The Global Navigation Satellite System-Acoustic ranging combination technique (GNSS-A) is a
seafloor geodetic technique that enables precise global seafloor positioning to detect subseafloor
geophysical phenomena. The technique requires a sea surface observation platform that combines
GNSS positioning and acoustic ranging. Currently, a survey vessel is used as the platform, which
entails substantial financial and human resources costs, which makes increasing observation
frequency difficult. It is possible to detect long-term average seafloor movement at the centimeter
level, but it is difficult to detect short-term variation due to the insufficiency of observation
frequency. The terrestrial GNSS observation network has detected temporal changes in crustal
deformation fields. These precise observations provide useful information on the megathrust
seismogenic zone. To detect such phenomena on the seafloor, the temporal resolution of the GNSS-A
observation system needs to be improved. Advances in vessel equipment technology are crucial for
increasing observation frequency. In this paper, we review the historical development of the Japan
Coast Guard’s GNSS-A observation system, focusing on technological developments of on-board
equipment installed on a sea surface platform, and explain how such improvements have increased
observation frequency over time.

1 Introduction

Space geodetic techniques have been used to monitor crustal deformation. In particular, Global
Navigation Satellite System (GNSS) observation networks have been used to reveal detailed
information from terrestrial crustal deformation fields and discover various geophysical phenomena.
However, to elucidate the physical processes of huge earthquakes that occur around tectonic
subduction zones, it is important to observe crustal deformation on the seafloor just above the focal
region. The GNSS-Acoustic ranging combination technique (GNSS-A) was proposed and developed
to extend the GNSS to the seafloor (Spiess, 1985; Asada and Yabuki, 2001; Fujita et al., 2006). This
seafloor geodetic technique has been used to detect various subseafloor geophysical phenomena that
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cannot be detected using terrestrial observation and has been providing fruitful knowledge for
geophysics, especially for seismology.

The GNSS-A technique has a shortcoming in terms of temporal resolution. Although on-line
continuous observation has been achieved using the GNSS, the GNSS-A can only observe several
times a year. Increasing the observation frequency of the GNSS-A is difficult because a sea surface
platform that combines GNSS positioning and acoustic ranging is required. At present, a vessel is
used as the platform, which encompasses substantial financial and human resources costs. To
monitor various geophysical phenomena more accurately, it is essential to improve the temporal
resolution of the GNSS-A. One of the most important findings from study of the GNSS-A is the
detection of huge co-seismic seafloor displacements due to the 2011 Tohoku-Oki earthquake in Japan
(Sato et al., 2011; Kido et al., 2011). However, because that observation was conducted several
weeks after the earthquake, it is difficult to separate the co- and post-seismic effect from observed
displacements. Another important finding from a more recent study is the estimation of the coupling
condition of the plate boundary along the Nankai Trough from GNSS-A-derived inter-seismic
seafloor movement (Yokota et al., 2016). Because observation is conducted several times a year, it
takes several years to accumulate the data necessary to achieve sufficient accuracy. Therefore, the
plate coupling condition estimated from GNSS-A data is currently only a long-term average value.
Although the terrestrial GNSS network reveals temporal changes in plate coupling (Ochi, 2015), it is
difficult to detect such phenomena using the GNSS-A.

In the last two decades, various slow earthquakes that have the potential to cause huge megathrust
earthquakes have been detected around subduction zones. The relationship between slow earthquakes
and huge earthquakes is an important research topic in present seismology (e.g., Obara and Kato,
2016). The terrestrial GNSS network has detected long-term slow earthquakes lasting months or
years called slow slip events (SSEs). Recently, the GNSS-A has been used to detect SSEs in offshore
regions (Yokota and Ishikawa, 2020). However, the GNSS-A is not able to accurately determine the
duration of such events, due to the insufficiency of observation frequency.

The ideal solution to improving the temporal resolution of the GNSS-A is continuous observation
using an unmanned sea surface platform instead of a vessel. An unmanned sea surface platform has
been developed by some research groups (Takahashi et al., 2014; Kato et al., 2018), but it has not yet
been put into use for stable observation. It is therefore now important to develop a technology that
increases the frequency of vessel-based observation, which is limited by the high costs associated
with using a ship, including time.

Advancements in vessel equipment and acoustic ranging technology are indispensable to increasing
the observation frequency of the GNSS-A. Since the mid-1990s, we, the Japan Coast Guard research
group, have been developing observation technology to increase the observation frequency and
positioning accuracy. This paper briefly reviews the historical development of the Japan Coast
Guard’s observation system.

2 GNSS-A observation System

2.1 Basic Concept

Fig. 1a shows a schematic of the GNSS-A observation system. It consists of a sea surface unit and a
seafloor unit. The on-board equipment consists of a GNSS positioning system, an acoustic
transducer, and a dynamic motion sensor set on a surface vehicle. At each site that is surveyed, the
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seafloor unit usually consists of four acoustic mirror transponders that are arranged in a rough circle
with its radius equal to the depth of the transponders’ placement.

The observation system measures the global position of the seafloor transponders according to the
International Terrestrial Reference Frame (ITRF). The position of the GNSS antenna is determined
by baseline kinematic GNSS analysis. In addition to the GNSS positioning, the dynamic motion
sensor records the vessel’s attitude. By combining the information on the position of the GNSS
antenna and the vessel’s attitude, we can determine the global position of the on-board acoustic
transducer according to the ITRF. The distance between the on-board transducer and the seafloor
transponders is measured by acoustic ranging. The transponders receive then returns acoustic signals
from the on-board transducer. The positions of the seafloor transponders are determined by
combining the information on the position of the on-board transducer and the acoustic signal travel
time. In this process, each travel time is converted to a distance using an underwater sound speed
profile that is acquired every few hours using temperature and salinity profilers.

2.2 Acoustic ranging

Acoustic ranging is performed to precisely determine the relative position between the on-board
transducer and the seafloor acoustic mirror transponders. As mentioned above, the transponders act
as signal re-transmitters that receive then return acoustic signals from the on-board transducer. In
positioning analysis, correcting underwater sound speed is key to achieving centimeter accuracy
(Fujita et al. 2006; Yokota et al. 2018). Thus, the installation of multiple transponders is necessary to
accurately estimate perturbations of underwater sound speed (Kido, 2007).

The on-board transducer transmits two bi-phase modulation acoustic signals at a carrier frequency of
10 kHz. The first signal is used to identify each transponder and the second is used for ranging. The
sequence code of the signal used in the system is a maximum length sequence (M-sequence) code.
The 8th and 9th order M-sequence codes are used for the identification and ranging signals,
respectively. One bit of the code consists of four cycles of the carrier wave. Four phases are repeated
255 times for the identification signal and 511 times for the ranging signal, with each signal lasting
102.2 ms and 204.4 ms, respectively. The total time for one signal including an interval is about 400
ms.

As explained above, the seafloor transponder receives the acoustic signals. If the identification signal
code matches that of a transponder’s, the transponder records the succeeding ranging signal. After a
constant interval time, the transponder returns the recoded ranging signal together with a new
identification signal to the sea surface.

When the sea surface transducer receives the reply signal, it digitally records both the signals that
were transmitted and received at a sampling frequency of 200 kHz. The precise round-trip travel time
is calculated by cross-correlation between the transmitted (synthetic) signal and the received ranging
signal (Asada and Yabuki, 2001). The onset of the received signal can be identified as the maximum
peak in a correlogram, taking advantage of the characteristics of the M-sequence code. The flow of
the acoustic ranging process is shown in Fig. 2b.

3 History of changes to the sea surface unit

3.1 Pole system
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A schematic of the GNSS-A pole system is shown in Fig. 1a. This early system was used from 2000
(the first year of our observations) to 2008. The on-board equipment was mounted on a rigid 8-m-
long pole attached to the stern of the vessel. A GNSS antenna and a motion sensor was attached to
the top of the pole, and an acoustic transducer was attached to the bottom of the pole. The pole was
not a permanent fixture and therefore had to be installed for each observation campaign. During
acoustic measurement, it was necessary to have the bottom of the pole to which the transducer was
attached extend into the sea. To avoid noise caused by propellers and deformation of the pole due to
excessive load in the water, acoustic measurement was only possible when the vessel was drifting.
We initially used an aluminum alloy pole, but in July 2002 we changed to a stiffer stainless steel pole
to decrease the effects of pole deformation.

There were substantial problems with the pole system. The first problem was the difficulty of moving
the vessel along an ideally balanced line. The GNSS-A positioning technique is an underwater
analogue of GNSS positioning, and the vessel plays the role of the satellite in the GNSS. As with the
dilution of precision (DOP) of the GNSS positioning due to bad satellite geometry, the vessel’s track
line has a large effect on the accuracy of seafloor positioning. An example survey line is shown in
Fig. la. If the entire region above the transponders can be covered in a well-balanced manner, then
accuracy is maintained, but the data density varies by location because the vessel’s position during
surveying is unstable.

Another problem was that observation was inefficient. The time required to transfer the vessel
between track lines was almost equal to that required for the acoustic measurements (Fig. 1a). In
addition, human operations on the deck were necessary to move the acoustic transducer up and down
for vessel transfers. To ensure that deck operations were carried out safely, measurements taken
during the night were restricted and even during the day, measurements were often cancelled because
of bad weather. Thus, observation took up a lot of ship time in addition to the time required to
conduct acoustic measurements.

Errors in the GNSS-A are mainly caused by variation in the atmosphere/ionosphere along the path of
the GNSS radio wave and by underwater temperature/salinity along the path of the acoustic wave. To
decrease random noise errors, several hundreds of acoustic travel time data for each transponder are
required. As such, the number of acoustic signals that the four transponders were to receive using the
pole system was empirically set at around 5,000. To obtain a sufficient amount of data, 2-4 days was
spent at one site. Because a single observation took several days, weather pose problems. Therefore,
it was not always possible to obtain a sufficient amount of data.

3.2 Hull-mounted system

From 2009, the on-board equipment was permanently mounted on the vessel. In this hull-mounted
system, the acoustic transducer is attached to the hull and the GNSS antenna is attached to the top of
the main mast (Fig. 1b). When the vessel is dry-docked, the relative position between the GNSS
antenna and the transducer is determined by total stations and GNSS survey. The attitude of the
vessel is measured by a dynamic motion sensor and used to determine the coordinates of the
transducer relative to those of the GNSS antenna.

Measurements are conducted while the vessel moves along an ideal well-balanced track line. In
addition, measurement is possible during both day and night because human operations on the deck
are no longer necessary and there are less interruptions to measurements due to vessel transfer
between track lines compared with the pole system. Thus, measurement accuracy is improved over
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that of the pole system (Sato et al. 2013a) and the observation time is decreased from 2-4 days to 16-
24 hours.

The required number of acoustic signals was set to about 5,000, as was empirically determined in the
pole system era. However, the hull-mounted system requires less signals because of its superior
accuracy. In 2016, we investigated data collected using the hull-mounted system and concluded that
about 3,500 acoustic signals are enough to take measurements. Thus, the observation time is
decreased to about three quarters that of the pole system era.

3.3 Hull-mounted system with multiple acoustic ranging

As mentioned above, the on-board transducer transmits two acoustic signals: an identification signal
and a ranging signal. Acoustic ranging is conducted by sequentially transmitting the two signals to
four seafloor transponders, with the identification signal changed to match that of each transponder
with each successive attempt (i.e., each cycle). Fig. 2c shows one cycle of acoustic ranging for four
transponders. The signal transmission interval, which depends on the depth of the transponders, is
10-16 s. Therefore, it takes 40-60 s to complete one cycle measurement for the transponder array.

To increase the observation frequency, it is necessary to decrease the observation time. Thus, a new
transducer called multiple acoustic ranging has been developed that enables multiple transmissions
and receptions in one sequence (Yokota and Okumura, 2015; Yokota et al., 2017). This new
transducer transmits acoustic signals successively without waiting to receive each reply signal from
the seafloor transponders but instead receives all the reply signals at one time (Fig. 2d). In the
conventional system, the ranging signals are all coded using the same M-sequence code. In the new
multiple acoustic ranging system, the ranging signal is coded using different M-sequence codes for
each transponder to avoid crosstalk between receiving signals. Because the ranging signals that are
received have different codes, overlapping signals can be separated by cross-correlation processing.

The signal transmission length for one transponder is about 0.4 s and transmission intervals are set to
1 s to protect the internal electric circuit. The length of the transmission sequence takes roughly the
number of transponders multiplied by 1 s. Because the first returned signal arrives before the
transmission of the last signal in the case of shallow transponder depth, the possible number of
transmitted signals depends on the transponder depth. Because the receiving sequence requires a time
length that is enough to receive signals from the farthest transponder, it is set to about 10-16 s
depending on the transponder depth. The entire process takes 15-20 s, which is much shorter than
that of the conventional system, which takes 40-60 s. By measuring the signals from the four
transponders simultaneously in one sequence, the observation is completed in about 3-4 hours, which
is a quarter that of the conventional system.

4 Summary of observation frequency improvement

Fig. 1d shows the time series of average annual observation frequency for each observation system
per site. Although there is variability due to the effects of weather and equipment failure, the graph
roughly shows the evolution of system ability to increase observation frequency.

In 2008 and earlier, the pole system era, the observation frequency was about 1 time annually per
site. This is insufficient to measure crustal deformations at the centimeter level. In this era, we
increased the observation frequency for seismologically important sites, but decreased the
observation frequency for other sites. In this manner, we succeeded in obtaining the first seafloor
geodetic results at a site off Miyagi where an M7-class earthquake has repeatedly occurred. Fujita et
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al. (2006) revealed a high degree of interplate locking offshore Miyagi from the data of 7 GNSS-A
measurements taken during a 3-year period (2002-2005). Matsumoto et al. (2008) suggests low
interplate locking offshore Fukushima.

From 2009, the hull-mounted system era, the annual observation frequency was increased to 2-3
times. By optimizing the number of acoustic signals in 2016, the observation frequency exceeded 3
times that of the pole system annually per site. Because this frequency is sufficient to measure long-
term (4-5 years) movement rate (i.e., mean velocity) at the centimeter level, it is possible to make
observations at the same frequency for almost all sites. Thus, the heterogeneity of seafloor crustal
deformation has been revealed from wide-area measurement data along the Japan Trench (Sato et al.
2013b) and along the Nankai Trough (Yokota et al. 2015 and 2016).

After the installation of the new hull-mounted multi-acoustic ranging system in 2016, the observation
frequency is now over 5 times annually per site. In 2017, the frequency decreased due to transducer
failure. In the present day, considering the importance of disaster prevention in the Nankai Trough,
we have set the observation frequency for each site along the Japan Trench and the Nankai Trough to
3 times per year and 4-8 times per year, respectively. High-frequency observation along the Nankai
Trough might disclose temporal changes of inter-seismic coupling on a yearly basis.

In response to seismology demand, short-term geodetic phenomena such as SSEs need to be detected
with certainty and stability. Therefore, increasing the observation frequency of affected sites is
essential, and the development of a new sea surface platform rather than a vessel is required. There
are already studies on a GNSS buoy and an automated vehicle (Takahashi et al., 2014; Kato et al.,
2018), but the feasibility of such a system needs to be examined, considering both operation safety
and costs. Also, examination of various possibilities in sea surface platform engineering will continue
to be essential.
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Figure 1. History of the Japan Coast Guard’s Global Navigation Satellite System-Acoustic ranging
combination technique (GNSS-A observation system. (a) Schematic of the GNSS-A pole
system. (b) Schematic of the GNSS-A hull-mounted system. (¢) Schematic of the GNSS-A hull-
mounted system with a new transducer for multiple acoustic ranging. (d) Changes in observation
frequency between 2000 and 2018 with changes to the observation system.
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