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ABSTRACT

The GNSS buoy system for tsunami early warning has been devel oped.
The system was used to update the tsunami warning a the 2011
Tohoku-oki earthquake. However, the buoys were placed only less than
20km from the coast, which was not far enough for effective evacuation
of people. Thus, we are trying to improve the system for putting the
buoy much farther from the coast. The present study shows recent
results of a series of experiments to this end. Given the success of
experiments, we will try to apply the GNSS buoy for various
applications for geohazards monitoring and earth sciences. Examples
are: application of GNSS-acoustic system for continuous monitoring of
ocean bottom crustad movements, monitoring ionosphere and
atmosphere. Our current project will try to design a new challenging
regional GNSS buoy array in the western Pacific for synthetic
geohazards monitoring.

KEY WORDS. GNSS buoy; synthetic geohazards monitoring;
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tsunami warning; ocean bottom crustal movements.
INTRODUCTION

The GNSS buoy system for tsunami early warning has been developed
in Japan since around 1997. Its basic idea is smple in that a buoy
equipped with a GNSS antenna may record a tsunami before its arrival
to the coast and can be utilized for alowing coastal residents to
evacuate for saving their lives if the data is transmitted in real-time to
the land (Fig. 1). Experimentd deployments of GNSS buoys were
conducted off Ofunato, northeastern Japan, for the period 2001-2003
and off Muroto, southwestern Japan, for the period 2004-2006. The
system used so-called red -time kinematic (RTK) in baseline mode and
a land-based radio system was used for data transmission. This
experimental GNSS buoy system was able to detect bigger than a few
centimeter tsunamis nearby and distant tsunamis along the Japanese
Island coasts.

Given the success of the experiments, the system has been



implemented as the national wave monitoring system called the
Nationwide Ocean Wave information network for Ports and HArbourS
(NOWPHAS) (http://mwww.mlit.go.jp/kowan/nowphas/index_eng.html)
for monitoring offshore wave and tsunami since around 2008.
NOWPHAS was able to record the tsunami due to the 11 March 2011
Tohoku-oki earthquake (Mw9.0) at many sites along the Pacific coast,
and their records were used to update the tsunami warning after the
earthquake (e.g., Ozaki, 2011). However, the update of warning was
made only several minutes before its arrival to the nearby coast, thus, it
is questionable if the information from the buoy was used effectively to
save peoples’ life.

The lessons learned in this experience was that the buoys are placed
only less than 20km from the coast, which was not far enough for
effective evacuation of people. We are thus trying to improve the
system for putting the buoy much farther from the coast. In this article,
we introduce some new ideas and methods for putting the buoy much
farther from the coast and show some results from recent experiments.
If we succeed implementing the buoy far from the coast, such buoy
could be applied to other geophysical monitoring from upper
atmosphere to the ocean bottom. We discuss such capabilities and a
new idea of establishing a buoy array in the western Pacific.

Fig. 1: Concept of GNSS buoy for tsunami early warning.

LESSONS FROM THE 11 MARCH 2011 TOHOKU-OKI
EARTHQUAKE & TSUNAMI

GNSS buoys by NOWPHAS were established densdy along the
Sanriku coast as the coast is an area prone to frequent disastrous
tsunamis. At the time of 2011 Tohoku-oki earthquake, the GNSS buoys
along the coast detected tsunami beforeits arrival to the coast.

Japan Meteorological Agency first issued tsunami aert only four
minutes after the onset of earthquake generation a 2:46PM of the day.
The first dert of tsunami suggested 6m of tsunami in lwate Prefecture
and 3m in Miyagi Prefecture. After a while, staff of IMA was aware
that the big tsunami is detected at the GNSS buoys and the tsunami
alert was updated to more than 10meters along the coast at 3:14PM
(Ozaki, 2011). However, it seems that the update of the alert was not
effectively used for saving people’s lives along the coast and, in
consequence, nearly twenty thousand of people’s lives were lost due to
tsunami.

The lesson learned from this event is that GNSS buoy should be
placed much farther from the coast, say, more than 100km offshore for
more effective early warning. As far as we use the RTK agorithm
which has distance limit of less than 20km for positioning accuracy of
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about a few centimeters, we cannot atain this goal. Therefore, it is
required for the system of employing other new dgorithm for
overcoming this difficulty. Precise Point Positioning agorithm that
does nat require basdline mode positioning would be a solution for such
application. In addition, in case that the buoy is set much farther
offshore, land-based radio system for data transmission, which is used
in the conventional system, cannot be used any more. We may have to
employ some other technique for such long distance data transmission.
The most feasible way may be to use satellite data transmission. The
following two sections describe the new algorithm and satdllite data
transmission for a new development of the GNSS buoy system.

IMPLEMENTATION OF PPP ALGORITHM

Precise Point Positioning a gorithm has been devel oped, firgt, for static
positioning (e.g., Zumberge et a., 1997), and then developed for
kinematic application (e.g.Larson et a., 2003). One of latter
application developed by Rocken et al. (2004) is called as Precise Point
Positioning with Ambiguity Resolution (PPP-AR) and a software
developed by Rocken et a. (2004), cdled as RTNet, is used in this
study. A few centimeter’s accuracy by this PPP-AR technique can
attain afew centimeters of positioning accuracy without base station, so
that we do not have to worry about accuracy degradation due to long
basdline. However, on the other hand, centimeter accuracy by PPP
requires precise orbits and clock parameters in real-time manner for
obtaining the resultant coordinates in real-time. Therefore, data
transmission for both land to buoy and vice versa are required. The
origina GNSS dual-frequency data is obtained on board of buoy and
the data is analyzed using PPP-AR algorithm and the precise orbits and
clocks transmitted from land. The obtained coordinates are transmitted
back to land to disseminate through internet in graphical manner.

DATA TRANSMISSION USING SATELLITES

Land based radio system is quite easy to use for remote data
transmission. Yet, if the distance is far, say more than severd tens of
kilometers, such radio becomes difficult due to the sphericity of the
earth. Among other daa transmission system, satellite data
transmission would be most reliable and easy to access in recent years.
Thus, we aretrying to employ satdllite data transmission system for the
GNSS buoy system.

In our revised system, we used two Japanese satdllites;, Engineering
Test Saellite VIII (ETS-VIII), caled as Kiku-8, and the Quasi Zenith
Satellite System (QZSS) called as Michibiki.

SYSTEM DESIGN

The overal system of data flow is shown in Fig. 2. Detals are
described in the following:
1: the Japanese GNSS Eath Observation Network System
(GEONET) operated by the Geospatial Information Authority of
Japan (GSl) is used to derive the precise orbits and clock correction
parameters a the data center established by the Hitachi Zosen
Corporation (Hitz) in Tokyo.
2: Obtained saellite orbits and clocks are then forwarded to the
Japan Aerospace Exploration Agency (JAXA) Master control
center located in Tsukuba, that operate the QZSS.
3&4: The data are transmitted to the buoy through JAXA and
QZSSinaformat caled LEX (L-band experiment) signal.
5&6: GNSS data received on the buoy is andyzed to estimate
coordinates together with precise orbits and clocks, and are
transmitted from the buoy to the receiving station located in Hitz in
Osakathrough ETS-VIII satellite.
7: Received coordinates at the receiving station are sent to web



server placed at local web server placed in Kochi National College,
Kochi, by internet.

8: Sent data are visuaized in the web server and disseminated on
the web.

Process shown here is procecuted in real-time manner, so tha the
people can also observe the motion of the sea-surface at the buoy in
rea-time.
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Fig. 2: System design for the data acquisition, analysis and
dissemination using two satellites.

FIELD EXPERIMENTS

We have conducted a series of field experiments for testing the system
from16 December 2013 to 5 January 2014, and from 1 to 15 of Junein
2014. We borrowed one of fishery buoys operated by Kochi Prefecture,
Japan, used as fish beds. The buoy is located about 40km south of the
Cape Muroto, Kochi (Fig. 3 and Picture 1). GNSS antenna was set a
the top of the pillar in the center of the buoy. A simple flat
omnidirectiona plane antenna was used for satellite data transmission
considering rotation and tilting of the buoy. Other ancillary pieces of
equipment were placed on the deck of the buoy. Solar panels and
batteries were used for power supply. GNSS receiver sampled every
second and the RTNet software that uses PPP-AR algorithm was used
for real-time analysis together with precise orbits and clocks provided
through LEX signa of Michibiki satellite. Obtained coordinates of
every second was transmitted to land through the ETS-VIII satdlite.
The coordinates were further forwarded to the web server placed et the
Kochi Nationd College for dissemination.

Fig. 3: Location of the buoy and the Kochi National College, where a
data server is placed.
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Picture 1: Used buoy. GNSS antenna is set at the top of center pillar.
Other equipment and solar pand s are placed on the deck of the buoy.

Fig. 4 shows the two days of data obtained by the experiment. 1Hz
data of 33hr from 18 to 19 of June 2014 is shown. The upper inset
figure shows high-pass filtered data together with tide and the lower
inset figure shows low-pass filtered data. If a tsunami is recorded, it
will appear in the lower figure as tsunami has longer periods of several
tens of minutes to hours, whereas wind waves have shorter periods of
seconds to a few tens of seconds. Though some small spiky bumps may
be seen in the lower inset of Fig. 4., these bumps can be easily judged
as not tsunami because these bumps have much shorter duration of a
few minutes compared with tsunami. As this result clearly shows, the
GNSS buoy is capable of detecting tsunami if its vertica amplitude
exceeds afew centimeters.

Fig. 4. Obtained time series of vértical components of GNSS buoy.
Upper inset shows high frequency component with tide and the lower
inset shows low-pass filtered time series.

However, a little problem seen in the time series is that there are
occasional data gaps. It seems that data transmission is interrupted for
some reasons. One of reasons could be unstable communication link
between the buoy and the satdllite due to tilting of the buoy.
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Fig. 5: Comparison of data transmission rates and significant wave
height.

Fig. 5 shows comparison between transmission rates and significant
wave height. Upper plot is transmission rates for which scale is shown
on the left, and lower plot is significant wave height for which scaleis



shown on the right. As is clearly seen, transmission rates decrease as different result might be due to different characteristics periods of ships.
the significant wave heights increase. This seems to suggest that the As the experiment is gill premature, we may have to explore much
tilting a the time of high wave may degrade the gain of receiving further to improve the stable and secure signa transmission method
signal either at the buoy or at the satellite. between the continuously swinging buoy and the satellite.

Given that there is some data missing, we conducted ancther
experiment in December 2015. As the antenna tilt is suspected to the
cause of data failure, we employed a gimbal mechanism that stabilize
thetilting of antenna on board of buoy. A simple gimba apparatus that
carry the plane antenna is devised (Fig. 6 and Picture 2). For
comparison two antennas are put on the same vessd; one is put on the
gimbal apparatus, and the other fixed to the deck. Two vessels, Yuge-
maru, the school ship of Yuge Naional College of 240ton and
Hamakaze, another small school boat (see Picture 3 & 4), were used for
comparing the data.

plane antenna _2-oxes gimbal
N\ Picture 3: Yuge-maru

15¢2.8
135.8

106

100

weight
Fig. 6: Design of the gimbal for supporting a plane antenna. Unit:mm.
Picture 4: Hamakaze

+ - {8) Yuge-maru

B bt S e 0 LA OCY

. (b) Hamakaze

Picture 2: The antenna set on the manufactured gimbal apparatus.

Fig. 7 shows a part of results comparing the signal power received
from the satellite. Fig. 7a is for the Yuge-maru and Fig. 7b is for
Hamakaze, and red line shows the case with gimbal apparatus and blue

e e ek l L 1]

line is the case without it and the antenna was fixed to the deck of the - ' : o = o -

ship, respectively. As is shown, the case with gimba apparatus in Fig. Lol

7a, case for Yuge-maru, shows significant reduction of fluctuation due Fig. 7: Comparison of received signal power with a gimba apparatus
to usage of gimbal gpparatus. On the contrary, Fig. 7b that used (red) and without it (blue), for the case of (a) Yuge-maru and (b)
Hamakaze does not show any significant reduction of fluctuation in Hamakaze.

received signal power. Since the size of two ships are different, the
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DISCUSSION

As has been shown in the previous sections, it seems that the detection
of motion of buoy in a few centimeter’s accuracy would be feasible at
any location in the far offshore with some further improvements of data
transmisson. Given this success, we could expand the field of
application of moving platform like GNSS buoy for multiple purposes
for geohazard monitoring (Fig. 8).

GNSS{GPS+QzSS) Tor— 285
.’\:‘_xi-\ = *;__ .
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Sea bottom (CM)

Fig. 8: Multi-purpose GNSS buoy for gechazards monitoring

First, our new challenge is application to the ocean bottom crustal
movement observations. Detection of precise location of the ocean
bottom can be made using the combination of GNSS with acoustic
ranging (e.g., Spiess, 1985). This system was first conducted in the US
and later the system has been much improved in Japan (e.g., Fujita et
a., 2006). Japan Coast Guard, Tohoku University and Nagoya
University are mgor ingtitutes that have elaborated the system and a
number of experimental and operationa sites have been placed dong
the Pacific offshore of the Japanese Islands since early 21st century.
They use vessels for locating the ocean surface position and the
position of the center of the polygon made from multiple acoustic
transponder placed at the sea bottom using acoustic ranging between
the vessdl and the ocean bottom transponders. As they use vessdls for
observations, they can measure the location of the sea bottom only
several times in a year. Therefore, if the vessel is replaced with GNSS
buoy, measurements can be done more frequently. Though it depends
on the power capacity of the sea bottom transponders, the
measurements can be done even every day. Such frequent
measurements of ocean bottom positions in a few centimeter’s accuracy
enable us to examine detailed mechanism of, for example, subduction
process including plate coupling, slow dip events and earthquakes
along the plate interface.

Second, GNSS phase observations has aso been used to monitor
atmosphere and ionosphere through the estimation of tropospheric
zenith dday TZD and ionospheric total eectron content (TEC),
respectively. These parameters can also be available in red time on the
floating platform and be sent to the land base for further processing and
monitoring atmosphere and ionosphere.

Recent researches on atmospheric applications suggest that the
atmospheric water vapor derived from TZD provide very important
information on numerical weather forecast as well as atmospheric
research (e.g., Rocken et d., 2005; Fujitaet al., 2008; Shaji et a., 2016).
Yet, these researches are only experimental and by using vessels.
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Therefore, long-term fixed point observation using buoy would be an
important step for operational use of water vapor content for
atmospheric applications.

Application of TEC data obtained by dense GNSS array observations
has been extensively conducted for ionospheric research since Saito et
al. (1998) showed its capability. One of recent focuses of interest is
TEC perturbation due to large earthquakes and tsunami; Cdais and
Minster (1995) first detected TEC anomaly after the 1994 Northridge
earthquake (Mw6.7), Cdlifornia. Choosakul et d. (2009) indicated
ionospheric variations due to the 2004 great Sumatra-Andaman
earthquake, Indonesia (Mw9.3) and a number of researchers discussed
TEC variations due to the 2011 Tohoku-oki earthquake (Mw?9.0), Japan
(see specia volume of Earth Planets and Space, vol. 63, No. 7, 2011 for
references). Nationa Institute of Information and Communications
Technology is collecting global GNSS data of more than 6,000 sites,
for which data is available online, to monitor ionospheric fluctuations
(Tsugawa et d., 2012). Although TEC can be widely monitored with
the data over lands, there are still vast vacant aress of observation over
oceans. GNSS buoy array would be a key to obtain better spatial
coverage of ionospheric monitoring.

CONCLUDING REMARKS

Considering that the GNSS buoy array is imperative for monitoring
crustal activity for mitigating natural disasters, we are now trying to
conduct a developmenta project of building up and trying multiple
purpose of GNSS buoy in outer ocean and try to design a GNSS array
in the western Pacific as is shown in Fig. 9. Smilar, or denser, land-
based GNSS array, GEONET in Japan, for example, is aready
available and demonstrate its powerful capability toward disaster
monitoring tool. Therefore, if similar dense GNSS array is established
in the wide ocean, it would be needless to say that data taken from such
GNSS array provide a new and innovative data for multiple geohazards
monitoring and natural disaster mitigation.
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Fig. 9: A plan of GNSS buoy array in the western Pecific. Closed
circles are the exclusive economic zone (EEZ) of Japan. Buoy sites are
arbitrarily plotted as dots.
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In order to materialize such GNSS buoy array in a wide ocean, we
still need to overcome some important technological problems. First,
reliable and inexpensive satellite data transmission system should be
introduced. Currently inexpensive public or government-operating
telecommunication satellite is not avalable and only commercial
satellite system is available, which would be intolerantly expensive if
many buoys are deployed. In case that many buoys are deployed, vast
amount of data should be smultaneoudly transmitted in both-way
between buoy and land. Therefore, some technological development
may be necessary for such mass data communication system as well. In
addition, highly functional buoy should be developed. The buoy to be
used in outer ocean should be highly tolerant in severe weathers for a
long time, say, 10 years or longer, without maintenance at very deep
water of severa thousand meters. Various recovery mechanism from
machine failures may have to be prepared on board for autonomous
operation. These problems should be tackled to overcome in the near
future. Yet, we hope that the project is worth tackling toward a really
innovative new era for geohazards monitoring as well as earth sciences.

ACKNOWLEDGEMENTS

This work was supported by JSPS KAKENHI Grant Number
JP16H06310.

REFERENCES

Calais, E., and J. B. Minster (1995). “GPS detection of ionospheric
perturbations following the January 17, 1994, Northridge earthquake”
Geophys. Res. Lett., 22, 1045-1048.

Choosakul, N., A. Saito, T. lyemori, and M. Hashizume (2009).
“Excitation of 4-min periodic ionospheric variations following the
great Sumatra-Andaman earthquake in 2004” Geophys. Res. Lett.,
114, A10313, doi:10.1029/2008JA013915.

Fujita, M., T. Ishikawa, M. Mochizuki, M. Sato, S. Toyama, M.
Katayama, K. Kawai, Y. Matsumoto, T. Yabuki, A. Asada, and O. L.
Colombo (2006). “GPS/Acoustic seafloor geodetic observation:
method of data analysis and its application” Earth Planets Space, 58,

782
.60.

265-276.

Fujita, M., F. Kimura, K. Yoneyama, and M. Yoshizaki (2008).
“Verification of precipitable water vapor estimated from shipborne
GPS measurements” Geophys. Res. Lett., 35  L13803,
doi:10.1029/2008GL033764.

Larson, K., P. Bodin, and J. Gomberg (2003). “Using 1-Hz GPS data to
measure deformations caused by the Denali Fault earthquake”
Science, 300, doi:10.1126/ science.1084531

Ozaki, T. (2011) “Outline of the 2011 off the Pacific coast of Tohoku
Earthquake (Mw9.0) Tsunami  warningg/advisories  and
observations - Earth Planets Space, 63, 827-830.

Rocken, C., L. Mervart, Z. Lukes, J. Johnson, H. Kanzaki, M.
Kakimoto, and Y. Iotake (2004). “Testing a new network RTK
software system” Proceedings of the 17th International Technical
Meseting of the Satellite Division of the Institute of Navigation (ION
GNSS2004), USA, 2831-2839.

Rocken, C. J. Johnson, T. V. Hove, and T. Iwabuchi (2005).
“Atmospheric water vapor and geoid measurements in the open ocean
with GPS” Geophys. Res. Lett., 32, L12813,
doi:10.1029/2005GL022573.

Saito, A., S. Fukao, and S. Miyazaki (1998). “High resolution mapping
of TEC perturbations with the GSI GPS network over Japan”
Geophys. Res. Lett., 25, 3079-3082.

Shoji, Y., K. Sato, M. Yabuki, and T. Tsuda (2016). “PWV Retrieval
over the Ocean Using Shipborne GNSS Receivers with MADOCA
Real-Time Orbits” SOLA, 12, 265-271, doi:10.2151/so0la.2016-052.

Spiess, F. N. (1985). “Suboceanic geodetic measurements” |EEE
Transactions on Geoscience and Remote Sensing, GE-23, 502-510.

Tsugawa, T., Nishioka, M., Shinagawa, H., Maruyama, T., Ogawa, T.
Saito, A, Otsuka, Y. Matsumura, M. Nagatsuma, T., and Murata, K. T.
(2012). “Tsunami induced ionospheric disturbances detected by GPS-
TEC observation after the 2011 Tohoku earthquake” Abstract of the
Japan Geoscience Union Meeting 2012, HDS26-09.

Zumberge, J., M. Heflin, D. Jefferson, M. Watkins, and F. Webb
(1997). “Precise point positioning for the efficient and robust analysis
of GPS data from large networks” J. Geophys. Res., 102(B3), 5005
5017



[#83X2017-3]

Shoji et al. Earth, Planets and Space (2017) 69:153
DOI 10.1186/s40623-017-0740-1

® Earth, Planets and Space

FULL PAPER Open Access

Comparison of shipborne GNSS-derived @
precipitable water vapor with radiosonde in the
western North Pacific and in the seas adjacent
to Japan

Yoshinori Shoji' ®, Kazutoshi Sato?, Masanori Yabuki® and Toshitaka Tsuda®

Abstract

We installed two global navigation satellite system (GNSS) antennas on a research vessel, the RYOFU MARU of the
Japan Meteorological Agency, and conducted experimental observations to assess the GNSS-derived precipitable
water vapor (PWV) from October 19, 2016, to August 6, 2017. One antenna was set on the mast (MAST), while another
antenna was set on the upper deck (DECK). The GNSS analysis was conducted using the precise point positioning
procedure with a real-time GNSS orbit. A quality control (QC) procedure based on the amount of zenith tropospheric
delay (ZTD) time variation was proposed. After the QC was applied, the retrieved PWVs were compared to 77 radio-
sonde observations. The PWVs of MAST agreed with the radiosonde observations with a 1.7 mm root mean square
(RMS) difference, a — 0.7-mm bias, and 3.6% rejection rate, while that of DECK showed a 3.2, — 0.8 mm, and 15.7%.
The larger RMS and higher rejection rate of DECK imply a stronger multi-path effect on the deck. The differences in
the GNSS PWV versus radiosonde observations were compared to the atmospheric delay, the estimated altitude of
the GNSS antenna, the vessel’s moving speed, the wind speed, and the wave height. The atmospheric delay and GNSS
antenna altitude showed moderate correlation with the differences. The results suggest the kinematic PPP's potential
for practical water vapor monitoring over oceans worldwide. At the same time, from the growing negative biases with

the PWV value and with estimated antenna altitude, it could be inferred that the difficulty grows in separating the
signal delay from the vertical coordinate under high-humidity conditions.

Keywords: GNSS meteorology, Precipitable water vapor, Kinematic precise point positioning, Real-time orbits

Introduction

Nowadays, global navigation satellite systems (GNSSs),
such as the US Global Positioning System (GPS), are fun-
damental infrastructure for navigation, positioning, and
timing. These systems also serve as an accurate continu-
ous water vapor monitoring tool. In particular, multiple
studies have been conducted to assess the accuracy of
GNSS-derived vertically integrated water vapor in the
atmosphere (precipitable water vapor: PWV) and have
confirmed its practicality (e.g., Bevis et al. 1992; Shoji
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and indicate if changes were made.

et al. 2004; Benevides et al. 2015; Guerova et al. 2016).
The GNSS Earth Observation Network (GEONET) of
the Geospatial Information Authority of Japan (GSI)
covers the Japanese archipelago with more than 1300
GNSS antennas and is used as a precise crustal deforma-
tion monitoring network. Even though the primary pur-
pose of GEONET is crustal deformation monitoring, it
is a reliable source of PWV on the ground, so the Japan
Meteorological Agency (JMA) started assimilation of the
GEONET-derived PWV into their operational numeri-
cal weather prediction (NWP) system in 2009 (Ishikawa
2010).

Water vapor plays a crucial role for the development
of hazardous cumulus convection. Via the condensation
process, moisture releases latent heat which becomes an
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energy source for the rapid development of cumulus con-
vection. Because most of the atmospheric water vapor
concentrates in lower troposphere, monitoring of water
vapor in low level has received a lot of attention. For the
island country such as Japan, low-level moisture often
comes from ocean. Several studies of hazardous weather
events have revealed that low-level moisture from the
ocean plays an essential role in such weather cases (Kato
and Aranami 2005; Shoji et al. 2009).

There are several satellite-borne water vapor sensors.
Current and future meteorology-related satellite list is
maintained by the World Meteorological Organization’s
space program (WMO 2017). Satellite-based microwave
radiometers (e.g., SSM/I) and moderate-resolution imag-
ing spectroradiometer near-infrared channels observe
atmospheric water vapor distribution over the ocean.
Atmospheric infrared sounder (AIRS) possesses abil-
ity to observe vertical water vapor structure. However,
such space-borne microwave observations onboard polar
orbiters do not provide continuous information, even
though the observation density has been increasing year
by year. Moreover, microwave observations are highly
affected by the conditions of the clouds and the Earth’s
surface, and researches have been conducted to resolve
the issues (e.g., Zhou et al. 2016). Geostationary mete-
orological satellites (Meteosat, Himawari, GOES) also
equipped with water vapor channels to observe water
vapor distribution in middle and/or upper troposphere.
Currently, there is no continuous water vapor sensor
which can observe water vapor amount over the ocean.

Unlike ground-based fixed GNSS stations, ocean plat-
form (ship and buoy) GNSS measurements face difficulties
in analyzing the variable antenna position simultaneously
with the atmospheric delay. However, several studies have
been addressing this problem. Chadwell and Bock (2001)
used a buoy-based GPS receiver to estimate the PWV
compared to that obtained by nearby (within 10 km) radi-
osonde and ground fixed GPS stations and obtained root
mean square (RMS) agreements of 1.5 and 1.8 mm, respec-
tively. Rocken et al. (2005) installed two GPS antennas
near the front mast of a 138,000-ton ship and executed two
1-week observation experiments. They compared PWV
retrieved from GPS measurements and that obtained
from a radiosonde observations and from a water vapor
radiometer (WVR) measurements, and obtained good
agreements (less than 2 mm RMS to radiosonde and at
2.8 mm RMS to the WVR). Fujita et al. (2008) introduced
a choke ring-type GPS antenna on the 8678-ton research
vessel MIRAI, analyzed PWV, and compared with more
than 300 radiosonde observations in the equatorial Indian
Ocean. The RMS was 2.27 mm and the mean difference
was less than 1 mm at night. Boniface et al. (2012) com-
pared PWYV over the Mediterranean Sea determined from
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the shipborne GPS, numerical weather prediction (NWP)
model outputs, and MODIS retrieval. They found that
most of the observation period, GPS and NWP outputs
showed good agreement. They also discussed the possi-
ble cause of disagreements in two cases when large offsets
occurred and attributed to NWP’s excursions during tran-
sition between local Mediterranean weather conditions.
Currently, beside GPS, the GNSS includes several satel-
lite navigation systems (e.g., Russian GLONASS, Japanese
Quasi-Zenith Satellite System (QZSS)). Increased num-
ber of navigation satellites by utilizing multiple GNSSs
resulted in higher accuracy of ocean platform GNSS water
vapor measurements. Fujita et al. (2014) conducted PWV
retrieval experiment using a multi-GNSS receiver installed
on the 3991-ton research vessel HAKUHO MARU. Using
GPS, GLONASS, and QZSS together for their PWV analy-
sis resulted in much better agreement with radiosonde
observations Shi-Jie et al. (2016) equipped a GPS receiver
on a lightweight (300-ton) experimental ship, conducted
GPS observations in the Chinese Bohai Sea, and compared
the GPS-derived PWV and slant-path water vapor to that
derived from the Fifth-Generation NCAR/Penn State
Mesoscale Model (MM5). The RMS agreements were
1.5 mm and 3.9 mm, respectively.

The above-mentioned previous studies are post-anal-
ysis with used final precise ephemerides or rapid eph-
emerides. Recently, real-time GNSS analysis technology
has remarkably been improving. For example, on April 1,
2013, the International GNSS Service began official pro-
viding of real-time orbit and clock corrections. In Sep-
tember 2014, the Japan Aerospace Exploration Agency
(JAXA) started real-time service of providing eph-
emerides produced with a Multi-GNSS orbit and clock
estimator called MADOCA (Multi-GNSS Advanced
Demonstration tool for Orbit and Clock Analysis)
(Takasu 2013). Shoji et al. (2016) conducted four ship-
borne (three research vessels and one passenger ferry)
GNSS observations to evaluate the performance of the
real-time ephemerides over the ocean. The MADOCA
real-time ephemerides were applied to a kinematic pre-
cise point positioning (PPP) (Zumberge et al. 1997)
procedure to find that the analyzed PWYV time series
was contaminated with occasionally occurring unreal-
istic sharp variations. The characteristics of the spiky
variations (e.g., periodic occurrence with a cycle of one
sidereal day, largely varying post-fit phase residuals dis-
tribution) insisted large negative impact of the reflected
signals (the multi-path effect). In their study, a simple
quality control (QC) procedure based on the amount
of PWV time variation was introduced. As a result, the
retrieved PWVs had 3.4-5.4 mm RMS differences com-
pared to the radiosonde observations and 2.3-3.7 mm
RMS to those analyzed at nearby fixed ground GNSS
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sites. However, more than 60% of the retrieved PWV was
rejected through the QC process on the research vessels,
while 6-11% was rejected on the passenger ferry. The
results imply a larger multi-path effect on the research
vessels, where the GNSS antennas are surrounded by
machines and equipment. However, there is a possibility
that different vessel size (Passenger ferry was 16,187 ton
and 162 m length, while research vessels were 1380-1629
ton and 66—82 m length.) The passenger ferry was about
ten times heavier and size was about two times larger
than research vessels. It is said that the pitching of a ship
is smaller on the longer ship.

The purpose of this study is to prove multi-path is the
cause of frequent occurrence of outliers in the research
vessels. Also, in order to understand current performance
and applicable limitations, we need to further investi-
gate the error sources in retrieved PWYV from shipborne
GNSS observations. To examine the causes of the errors,
we set two GNSS antennas at different locations on a
research vessel, RYOFU MARU, which is one of the three
research vessels used in the experiment of Shoji et al.
(2016). One GNSS antenna was set upped near the Shoji
et al. (2016), and another antenna was installed on top
of the mast. PWVs obtained from two GNSS measure-
ments are compared with the radiosonde observations
launched from the RYOFU MARU. Then, differences
in GNSS PWV against radiosonde are compared with
the amount of PWYV, estimated GNSS antenna altitude,
the relative wind speed, the significant wave height, the
cruising speed, and the water vapor profiles. The outline
of this paper is as follows. In the next section, we outline
the observation and analysis procedures. Next, we show
the results of the comparison with the radiosonde obser-
vations. Finally, we discuss the error in the GNSS PWV
and describe the conclusions of the study.

Observation, data processing, and quality control
Observation

The vessel we used in this study is JMA’s research vessel
the RYOFU MARU, one of the vessels used in the study
of Shoji et al. (2016). Figure 1 shows the locations of the
two GNSS antennas on the vessel. A Trimble Zephyr II
antenna connected to a Trimble NetR9 receiver was
installed on the vessel radar mast (MAST), and a JAVAD
GrAnt-G3T antenna was connected to a GNSS Technolo-
gies Inc. START-GS receiver on the left side of the upper
deck (DECK). Here, “MAST” and “DECK” are abbrevia-
tions to briefly distinguish each multi-path environment
feature in this RYOFU MARU experiment. The multi-
path environment is specific to each vessel. The antenna—
receiver pair of DECK was also used for the RYOFU
MARU observations of Shoji et al. (2016); however,
the location was moved 4 m backward to increase the
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distance from the radar mast, which is regarded as one
of the major multi-path sources. Because the observation
systems of MAST and DECK are different, after the main
experimental observation period (October 19, 2016—June
19, 2017), we relocated the MAST antenna to the DECK
position and conducted additional observations from
June 19 to August 6, 2017. We call this additional obser-
vation DECKt. All receivers observed GPS, GLONASS,
and QZSS. Sampling interval and elevation cutoff angle
were set as 1 Hz and zero degrees, respectively.

The RYOFU MARU is equipped with meteorological
sensors, a radiosonde observation facility, and a micro-
wave-type wave height meter (WM-2 developed by Tsu-
rumi-Seiki Co., Ltd.). Table 1 summarizes the size and
weight of the vessel and the height of the meteorological
sensors and the GNSS antennas. WM-2 is an apparatus
with an acceleration sensor and a microwave Doppler
radar. The microwave Doppler radar measures the vessel’s
relative height against the sea surface at the bow, while
the acceleration sensor estimates the vertical motion at
the bow. The RYOFU MARU logs the 2 Hz sampled bow
height and observed wave height. The actual wave height
is calculated by subtracting the vertical displacement
at the bow from the observed bow height from the sea
surface measured by the microwave Doppler radar. The
significant wave height is calculated twice an hour using
20-min consecutive observations from 5 to 25 min and
from 35 to 55 min by averaging the wave height of the
highest third of the actual wave heights.

Data processing

As listed in Table 2, the GNSS analysis procedure for
this study follows Shoji et al. (2016) except for elevation
cutoff angle. Shoji et al. (2016) used 5° as elevation cut-
off angle. In this study, following Fujita et al. (2008) and
Boniface et al. (2012), we set 3 degree as elevation cutoff
angle. We processed the GNSS analyses for the shipborne
observations using RNX2RTKP, a command-line applica-
tion for post-GNSS processing of RTKLIB version 2.4.2
(Takasu 2013). We adopted the kinematic PPP method to
estimate the coordinates, zenith wet delays (ZWDs) and
zenith hydrostatic delay (ZHD) every second. The static
PPP method was applied for a GEONET station (3023,
Chiba Ichikawa), and 1-day averaged coordinates with
every 30-s ZWDs were analyzed. The followings are the
main analysis options which were set for both the ship-
borne and GEONET analyses:

1.
2.
3.

A three-degree cutoff elevation angle;

The global mapping function (Boehm et al. 2006);
The ZWD was regarded as a random-walk variable
with a process noise of 0.1 mm/s"/? (RTKLIB's default
value); and
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4. The ZHD was estimated using the geodetic height
above sea level as

ZHD = 0.002277 x P @)

5.2568
P =1013.25 x (1 — 2.2557 x 10—5h)

(2
where P and / are the atmospheric pressure at the GNSS
antenna and the height above sea level, respectively.
Precise orbit and clock information are required in
the PPP procedure. We tested the MADOCA real-time
product provided by JAXA. The goal for the MADOCA
real-time orbit and clock accuracy is 6 cm and 0.1 ns,
respectively, for GPS and 9 cm and 0.25 ns, respec-
tively, for GLONASS and QZSS. To enhance system
redundancy, there are two streams, MDC1 and 2, in
MADOCA. In the experiment of Shoji et al. (2016),
MDC2 showed a slightly better performance than
MDCI. In this study, we used MDC2 for the GNSS analy-
sis. JAXA also provides MADOCA final products (JXF)
(orbit; every 5 min, clock; every 30 s) via the Internet
(ftp://mgmds01.tksc.jaxa.jp/products/). We compare the
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retrieved PWVs using JXF and MDC2 at the last para-
graph of this section.

Atmospheric pressure and temperature are needed
to calculate the PWV from the zenith tropospheric
delay (ZTD) (Bevis et al. 1992). The RYOFU MARU
is equipped with surface meteorological sensors and
observes the pressure, temperature, humidity, wind
direction, and speed. We used a 1-min interval dataset
provided by the JMA.

The temperature and atmospheric pressure at the GNSS
antenna are estimated using the hydrostatic equilibrium:

g

Tharo — I' X (ZaNss — Zbaro) \ R

PGNss = Praro )
Tbaro

©)

Tharo = I" X (Zbaro — Zthermo)» (4)

where P, and Pgygg are the atmospheric pressures
observed by the barometer and the estimated value at the
GNSS antenna, respectively, Ty omo and Ty, are the tem-
peratures observed by the thermometer and the estimated
value at the barometer, respectively, Z.\ss and Z, ., are the

Fig. 1 GNSS antennas installed on the top deck (DECK) and on the mast (MAST) of the RYOFU MARU on October 19, 2017. The MAST antenna was
moved to the DECK location on June 19, 2017, and was used for additional observations as DECKt until August 6, 2017

e
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Table 1 Weights and sizes of the RYOFU MARU, the height of the meteorological sensors, and the specifications of the

GNSS observations
Vessel weight and size Gross tonnage Length Breadth
1380t 820m 13.0m
Height of the meteorological Barometer Thermometer Radiosonde base
sensors (above sea level)
2.8m 133 m 80m
GNSS Abbreviation MAST DECK DECKt
Antenna Zephyr 2 (Trimble) GrAnt-G3T (JAVAD) Zephyr 2 (Trimble)
Receiver NetR9 (Trimble) START-GS (GNSS NetR9 (Trimble)
Technologies Inc.)
Antenna height above sea level 20.7m 13.8m 13.8m

Duration

2016/10/19-2017/03/09

2017/06/19-2017/08/06

2017/04/25-2017/06/19

heights of the GNSS antenna and thermometer, respec-
tively, and g, R;,and I are the gravitational acceleration, the
specific gas constant for dry air, and the temperature laps
rate, respectively. In this study, we use I' = 0.0065 K/m.
Figure 2 compares the time series of the PWV retrieved
on the RYOFU MARU (c, d) and at a nearby GEONET sta-
tion 3023 (Chiba Ichikawa) (a, b) from December 3, 2016,
to December 5, 2016. During this period, the RYOFU

Table 2 Main specifications of the GNSS analysis

MARU was located at its homeport (Daiba, Minato Ward,
Tokyo) and the sea surface was calm (wave height was less
than 0.4 m) during the period. Figure 2a and b compares
the results from static PPP and kinematic PPP for a fixed
GNSS station. JXF is applied for Fig. 2a, while MDC2 is
applied for Fig. 2b. In Fig. 2a, even at the fixed station, we
see several millimeter PWV differences between static and
kinematic procedures. In Fig. 2b, as a result of applying

Classification Specification

Remarks

RNX2RTKP (RTKLIB ver. 2.4.2, patch 12)
Precise point positioning

Kinematic (Shipborne GNSS)

Static (GEONET station)

Software
Analysis procedure

Integer ambiguity

Ephemeris

Mapping function

Elevation cutoff angle

Antenna phase center variation

Geoid model
Tidal effect

lonosphere correction
ZHD

Time-dependent parameters

Not fixed (no PPP-AR applied)

MADOCA real-time product (MDC2)

GMF (no gradient estimation)

30

IGS08_1793.atx MAST (DECKt): “TRM55970. 00
NONE" DECK: “JAV_GRANT-G3T NONE"

EGM2008-SE (1”) (Und min1 x 1 egm2008 is
w = 82 WGS84 TideFree_SE)

Solid earth tide: IERS Conventions 2010 Ocean
Tidal Loading: Not applied

lonosphere-free linear combination
Z/HD = 0.002277 x P

P =101325 x (1 — 2.2557 x 10 —° /h)>2%68 p.
atmospheric pressure (hPa), h: geodetic height

above mean sea level
Antenna coordinate
Receiver clock

ZWD random-walk variable with process noise of

0.1 mm/s'?

https://ssl.tkscjaxa.jp/madoca/public/public_index_en.html
Boehm et al. (2006)

http://ftp.igs.org/pub/station/general/igs08.atx
http://earth-info.nga.mil/GandG/wgs84/gravitymod/

egm?2008/egm08_wgs84.html

Petit and Luzum (2010) IERS Technical Note No.36, IERS Con-
ventions (2010)

Elgered et al. (1991)

Updated every 1's
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less precise real-time ephemeris, fluctuations in PWV
time sequence with a cycle of approximately several hours
emerge and this fluctuation is more conspicuous in kine-
matic analysis with real-time ephemeris. The same charac-
teristics can be seen for RYOFU MARU antennas (Fig. 2c,
d). Several unrealistic spiky time variations are seen in
DECK results regardless of ephemerides. We can summa-
rize the results shown in Fig. 2 as follows.

1. Accuracy of ephemeris affects that of retrieved GNSS
PWYV, especially in kinematic PPP procedure.

2. In order to remove unrealistic spiky PWV time varia-
tion from meteorological use, certain quality control
procedure is indispensable.

In the next section, we describe a simple quality control
procedure in this study.
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Quality control

The panels in Fig. 3 are sky maps of the post-fit phase
residuals averaged over 16 days when the vessel was
anchored at its home port Daiba. Large values are spo-
radically distributed in the sky maps of DECK, indicat-
ing a large multi-path influence. Comparatively, the sky
map of MAST shows much smaller variations, indicating
a smaller multi-path influence.

According to a theoretical consideration of the possi-
ble PWV time variation in 1 min and the statistical result
of the GNSS PWV time variation, Shoji et al. (2016) set
a 1-mm per minute PWV variation as the threshold for
outliers. In this study, we follow Shoji et al. (2016) but
adopt the ZTD time variation for the QC procedure
because we estimated the ZTD every 1 s and the outli-
ers tended to occur suddenly. Applying the ZTD 1-s time
variation as the outlier detector, we likely found outliers
slightly faster than when using the 1-min time variation
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Fig. 2 Comparison of GNSS PWVs estimated at RYOFU MARU (¢, d) and nearby GEONET station (a, b) for the 3 days from December 3, 2016, to
December 5, 2016. The GEONET station 3023 (Chiba Ichikawa) locates approximately 12 km ENE from the RYOFU MARU. Results obtained using a
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Minato Ward, Tokyo). The gray boxes indicate the significant wave height observed by the RYOFU MARU (right axis)




Shoji et al. Earth, Planets and Space (2017) 69:153

Page 7 of 13

5

-

g - N

=G| |
=2% =30 =15 =10 =3

anchored at its home port (Daiba, Tokyo)

=]

Fig. 3 Sky plots of the time-averaged post-fit phase residual of the averaged L3 ionosphere-free linear combination, while the RYOFU MARU was
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of the PWV. According to Shoji et al. (2016), the accu-
mulated frequency of the less than 1-mm/min PWV
variation was more than 99.5%. In this study, according
to the statistical ZTD time variation frequency analysis
shown in Fig. 4, we set a 0.1-mm/s ZTD variation as the
threshold of the outliers. Figure 4 shows the frequency
and accumulated frequency of the 1-s ZTD time varia-
tion of DECK, MAST, and DECKt. Because MAST and
DECK?t use the same antenna and receiver pair, the larger
frequency of more than 0.1-mm/s ZTD time variations of
DECK and DECKt implies a larger multi-path effect on
the deck. The retrieved PWV was rejected as erroneous if
the value met one of the following conditions:

1. Any of the ZTD time variations exceeded 0.1 mm/s
within the previous hour;

The PWV value was less than or equal to 0 mm; or
The PWYV value was greater than or equal to 90 mm.

The data rejection rate (the number of rejected data
divided by the total number of pairs) gives the quality of
GNSS observations and the retrieved PWV.

Results of comparison with radiosonde observations

A radiosonde launching facility is equipped with the
RYOFU MARU and upper air observations over the
ocean are conducted. Through this study, the VAISALA
RS92-SGP radiosonde was used. The GNSS antennas
were set higher than the radiosonde base. Therefore, as
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Fig. 4 Frequency distribution of the 1 s ZTD variation obtained from
the shipborne GNSS observations. The lines indicate the frequency of
each bin divided by a 0.1-mm interval (left axis). The lines with points
indicate the accumulated frequency (right axis)

a height correction, the radiosonde observed water vapor
amount between the radiosonde launching point to the
GNSS antenna was removed from radiosonde observa-
tions. Figure 5 shows the GNSS PWYV retrieved from the
MAST observation and its difference from radiosonde
observation plotted on the two-dimensional map along
the RYOFU MARU trajectory, and Fig. 6 shows those
plotted as time series. A total of 77 radiosondes were
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launched during the campaign. The launch locations are
plotted with white circles in Fig. 5a. From Figs. 5 and 6,
we can recognize that most of the differences are within
3 mm. Neither distinct geographical feature nor seasonal
feature is recognized.

Figure 7 shows a comparison of the results of the
GNSS PWV with the radiosonde observations. If radio-
sonde rises with a mean ascent rate of 5 m/s as Mateus
et al. (2015) notes, it takes approximately half an hour
for the radiosonde to travel up through the troposphere
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Fig. 7 Scatter diagrams of the differences in the GNSS PWV obtained from the MAST measurements versus the radiosonde observations. The red
circle plot with the gray inverted triangle is a comparison with the radiosonde launched at 2331 UTC on June 10, 2017. The cause of the large differ-
ence is discussed in “Discussion and Summary”

where most of the water vapor exists. Therefore, the
GNSS PWVs were time-averaged over 30 min begin-
ning at each radiosonde launch time. The fact that the
agreement of MAST (bias: — 0.72 mm, RMS: 1.71 mm,
rejected rate: 3.6%) is much better than that of DECK
(bias: — 0.81 mm, RMS: 3.15 mm, rejected rate: 15.7%)
implies a larger multi-path effect on the DECK observa-
tions. From now on, we focus on the results of the MAST.

Figure 8 shows the relationship between the GNSS
PWYV differences and the radiosonde observed PWV.
The GNSS PWV tends to be smaller than the radio-
sonde observations and the negative tendency increases
with the PWYV value. As previous studies have indicated
(e.g., Beutler et al. 1998; Shoji et al. 2000), the error in the
GNSS estimated vertical coordinate and the error in the
GNSS PWV have a positive correlation. Figure 9 shows
the certain relationship between the estimated vertical
coordinate of the GNSS antenna and differences in the
GNSS PWV. Of course, we don’t have any evidence of the
possibility of vertical coordinate error. There are several
mechanisms which cause sea surface height changes, e.g.,
tidal effects, atmospheric pressure, and seawater density.
The GNSS antenna altitude may reflect the actual ocean
surface height. At least, the results shown in Figs. 8 and
9 indicate the need to closely evaluate the accuracy of the
GNSS antenna altitude.

In addition to the error in estimated altitude there are
several possible causes of the GNSS PWYV error. In the
next section, we discuss several possible causes associ-
ated with the kinematic PPP analysis.

Discussion and summary

In this section, we discuss several possible sources of
errors in the shipboard GNSS positioning and tropo-
sphere estimation.

First, we discuss the largest difference case, which
recorded in the comparison between radiosonde
launched at 2331 UTC on June 10, 2017. Figure 10 shows
profiles of the refractivity and relative humidity observed
by the radiosonde. Here the refractivity is calculated
according to the following equation using the radiosonde
observed pressure, humidity and temperature:

N:/q<I;‘j’> +k2<PT“) +k3<IT)V2>, ®)

where T, P, and P, are the temperature, dry pressure,
and vapor pressure, respectively, and k;, k,, and k5 are
constants. We follow Boudouris (1963) and set k; = 77.6,
ky = 71.98, and k; = 375,400 K*/hPa.

Refractivity inversion up to approximately 400 m is
seen. There was no inversion for the dry part [the first
term on the right-hand side of Eq. (5), the blue line in
Fig. 10] of the refractivity. The inversion was caused by
water vapor. Around this time, the RYOFU MARU was
under a precipitation system. A total of 4.5 mm of pre-
cipitation was recorded in the 30 min from 2331 UTC
on June 10 to 0000 UTC on June 11. The cruising speed
was approximately 7.0 m/s, the relative wind speed was
12.6-13.2 m/s, and the significant wave height was 0.9 m.
Li et al. (2010) studied the effect of radio wave propaga-
tion under ducting environment and found great effects
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on GNSS observation, such as longer transform of micro-
wave, formation of shadow zone, and reflect signal prop-
agation loss. A vertical inversion layer caused by water
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Fig. 10 Profiles of the refractivity and relative humidity observed by

the radiosonde observation launched at 2331 UTC on June 10, 2017.

The dry refractivity represents the first term on the right-hand side of
Eq. (5)

vapor causes surface ducting and might lead to the large
negative bias in the GNSS PWV. Figure 11 represents the
frequency of the refractivity inversion layer top height
observed by the RYOFU MARU radiosonde during the
period of six years from 2012 to 2017. The inversion top
height is defined as the height at which maximum refrac-
tivity was observed from each radiosonde profile. Only
two cases observe more than a 300-m inversion height
out of 612 launches. Even though the frequency is small,
this fact suggests that we should carefully investigate the
atmospheric profile, especially the existence of an inver-
sion layer.

In kinematic PPP, the antenna moving speed, direction,
and their time variations might cause errors for both the
positioning and atmospheric parameter estimations. In
addition, dynamic pressure caused by strong wind might
cause errors in the atmospheric pressure observation
which leads to errors in ZHD estimation. Using wave
height measurements and the meteorological observa-
tion data of the RYOFU MARU, we compared the PWV
differences with the wave height, vessel speed, and wind
speed relative to the vessel. As shown in Fig. 12, the cor-
relation is not clear for vessel moving speed and relative
wind speed. There seems a certain tendency of higher
positive biases under higher significant wave height. Fig-
ure 13 shows significant wave heights along the RYOFU
MARU trajectory. The white crosses represent the loca-
tions where the MAST data are rejected using the quality
check procedure in this study. The relation between wave
height and GNSS PWYV error is not so clear, but, at least,
we can conclude that spiky outliers are not caused by
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612 RYOFU MARU radiosonde observations during the period of
2012-2017

the state of sea surface wind. Figure 14 shows the PWV
time series estimated from the GNSS measurements and
radiosonde during the highest wave period in the cam-
paign (the red rectangle area in Fig. 13). Despite the rela-
tively large waves (SWH 2-7 m), the GNSS PWV appears
to agree well with the radiosonde observations. From
Figs. 12, 13, 14, we may conclude that SWHs less than
5 m do not cause large errors in the shipborne GNSS
PWYV measurements.

The results and discussions in this study can be sum-
marized as follows.

Page 11 of 13

(a) The MADOCA real-time orbit has the potential to
serve in practical PWV analyses over the ocean in real
time (at least with a class of 1300-ton and 80-m-long
observation vessels). However, careful consideration of
the multi-path effect is essential for shipborne GNSS
observations.

Shoji et al. (2016) discussed real-time possibility of ship-
borne GNSS PWV measurement. However, the results
obtained from RYOFU MARU were highly contami-
nated by outliers and more than 60% of estimated PWV
was rejected. They supposed that multi-path affected
the RYOFU MARU GNSS observation. In this paper, by
comparing observations on DECK and on MAST on the
RYOFU MARU, their hypothesis was confirmed by much
smaller rejection rate on less multi-path affected MAST.
However, as shown in Fig. 2, GNSS PWV time series
by kinematic PPP with real-time ephemeris show fluc-
tuations of several-hour cycle with several-mm ampli-
tude. It may be partly due to analyzing x, y, and z coor-
dinates as time-dependent unknown parameters, and
partly due to less accuracy of real-time ephemeris com-
pared to final one. Increased number of high-quality
observation could bring more stable analysis results. In
this study, we used GPS, GLONASS, and QZSS. In the
future, inclusion of other GNSS, such as BeiDou and
GALILEO, should be investigated.

(b) The effects of the following conditions on the kin-
ematic GNSS measurements are minor, if any:

a relative wind speed of less than 20 m,

a cruising speed of less than 8 m/s and

a significant wave height of less than 5 m.
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Further investigation is needed about the issues, but, at
least, we have not found the evidences of effects of above
elements. The above three conditions are related to the
degree of three-dimensional antenna movement. Inves-
tigation on limitation of ocean platform GNSS measure-
ment for PWV is one of the remaining issues.
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(c) The relationship between the errors in the GNSS
PWYV and the estimated coordinates should be investi-
gated in the future.

As shown in Fig. 9, GNSS PWYV errors show a certain
relation with estimated antenna altitude. Errors in esti-
mated vertical coordinate affect GNSS PWYV estima-
tion (e.g., Beutler et al. 1998; Shoji et al. 2000). Figure 9
only shows estimated antenna altitude and does not
show vertical coordinate error. In the future, we need
to evaluate analyzed vertical coordinates by comparing
other observations, such as satellite-borne sea surface
altimeter.

(d) Radio wave ducting could cause large error.

Large under estimation of GNSS PWV compared to
a radiosonde launched at 2331UTC on June 10, 2017,
is discussed with relation to radio wave ducting. To
avoid ducting effect, higher elevation cutoff angle
might be one answer. We need to carefully investi-
gate the optimum elevation cutoff for ocean platform
GNSS observation avoiding multi-path and/or duct-
ing effect while ensuring sufficient number of obser-
vation.
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Abstract In this paper, channel modeling on satellite communications for GNSS buoy in the ocean is shown.
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The GNSS booy sysiem for early Gunami wirnings
has beem under development for abool 20 years, A
small prototype booy was fivst deployed i Sagan
Bay, Japan, in 1997, Then, after o series of experi-
ments aiming for aperational use, the system was im-
plemented as o part of national wave monitoring sys-
temm MNOMWPHAS, The NOWPHAS system had set up
mnre than 1 GNSS booys around Japan by 20070, and
it reenrded the tsunami capsad by the 11 March 24011
Telvskn-oki carthguake. The records were used (o
upedizde the tsomumi waerding al the time of the 2401
Tohoku-oki earthgueake. However, the buovs were
pliced less than 20 km from the const, as the system
msed the haseline mode RTE-GPS algorithm, which
was nol far enough for effective evacuafion of peo-
ple.  Thus, we hegan trying o improve the system
by puiting the booys much forther from the coost.
The new system employs a newly developed position-
g alporitho, Precise Polnt Positioning swith Ambige-
ity Hesolution (PPP-AR), together with satellite data
transmilssion. A serles of experiments involving the
new system successfully indicated changes in sea level
with an aceonracy of a few centimeters, Given the suc-
cess of the experiments, we are frying fo use the GNES
buoys not anly to provide early tsunami warnings bat
alsa fo monilor varions ather peahacards, For exam-
ple, we are trying (o use the GNES-Acanstic system 1o
conthranowsly mogdtor crestal movesents on the acean
Noor, to maniter the isnosphere, and ts moniter the at-
mnsphere, Ancillary sensors on the uovs will be i
lize:d for eeeanographic monitoring as well.

Beywords: GNES buoy, synthetic geohazard monboring,
Bsunmint eacly warning, ocean bottom erestal movenrenis
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Fij 1. Comespil of GNAS Vasy for supaml easdy sarming [ 1],

1. Introdaction

The GNSS buoy system for carly tsunami wamings has
besn tmder develapment in Yapan since aroand 1997, (s
basic ikdea 15 slmple; o buey equipped with a GHS5 an-
e may record a tsunami before it reaches land and can
be used o sove the lives of coastnl residents by giving
them time to avacuate if the data are transmiteed in real
time ko the muinkand (Fig, 1), Experimental deploymenis
of CINES baoys were condasted off Ofunato in northeast-
ern Japan during the pariod 20012003 and off Murows
v soithawestens Japan doring the period 20042006, The
swster used so-called real-ume kinomadc (ETK) GHNS5
i biseline anode, s o land-based radio syaiem was used
for datn runssmission, Thase c:-:p:rimmt:l.l LNES h""':r'
syslems along the coastline of Jopan were able o detec
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isunamis larger than a few conlimesrs in siae nearky a3
well a5 discand faunamis [ 1].

As the cuperiments ware successful, the sysiem was
insplenienced as the netional wewe moniloniog sysiem,
the Nationwide Oceon Wove information nelwark o
Pore and HArbours (NCWFHAE) [2] to monityr off-
shewre waves and (sunamag arpund 000, NOWPHAS was
able to record the suoami caused by e 11 Macch 2011
Tisheku-oki carbquake {&w5.00 a0 many sites along be
Facific coast, and e tecords from these were used oo up-
dae e vonam: waming after the carbgoake [3]. How-
ever, the update of the waming wus mack only soere nin-
uced bafare il stniek the ceasl oearby, 501t 15 questionable
if the infgrmkation fFam the booy was uaed cffactively 1o
eave |ives.

The beszon learmed inthis cxpericnce was that the buoys
placed less than 20 km from the coase were nad Far enoupgh
owt 523 00 enable poople to cvacuate. We ars thus irying
I improve e sysiem by pulting the Tuays mch farther
out. [n this amicle, we prescnl some new ideas end meath-
s for puinng the buoys mueh farther from the coast and
shaw some resulls From recent esperiments, 17 we Aue-
ceed n mplcaticnung dse buoys far aur 03 sea, ey could
T appliel 1o the mcmitorng of other geahazards from the
uppet amosphene o dne oocan Aoor. We add some discus-
sino ol such capebalitkes and a oew [dea foc esrablishing &
oy array io the wesiemn Peoific.

2, Lessons feoany the 11 March 2011 Tohoku-
{Hd Earthquake and Tsunaml

GMEE booys by MO'WPHAS weee et up aroswnd 2008
They were speeed particulady <lose togeber alupg de
Sagudo eanst, &5 1hal s Bn afea of Japan thes is proms
1¢ frequenl disnsirous Canamit. AL e e of e 2071
Toholw-oki canhguake, the (M35 buoys along the coust
cleteoied Lhe vunami: befoce it ceaclwed Jand.

The Japan Mewordogival Agency Aese issued a
1supamn aler oaly Fu minwies afer ibe ooset of 2arth-
quake generation at 2:46 P (J3T) on that day. The fust
alen of the wonami supoected a beight of & moin Miyags
Prefecture and 3 min lwvale Prelecwre. Adter a while, the
IMA siaff wes awans that a big lsenami had besp dececred
a e GNSS bwows, and the unami alert was up<dated
13 more than 10 min Miyagi and 6 m in Jwac alosg te
coay an 3:14 PM [1]. Howewer, tbe update of the alerl was
ol affechively used to save peoplk's hives wong the coasy,
and noarly bwency thowsand perople last their lives in (he
TSWOAME &5 & NSSipleAcE.

The lesson [=armead fram thiz evenl is thol GMSE buoys
showld be piaced much farther from the coadA. perbaps
mowe than 106 ke asffshwore fop wmoee effective carly wam-
ings. As long gs we ss the RTH algonitm, which has
clistanoe [irmat of bess ehan 30 koo have 3 posidoning ac-
curacy of sbout a faw centimeters, we will nod olnin 1his
Lposml. W pausa sherefore employ B s¥stem with 3 new al-
porithm to overcome (s difleully, The Precias Paiot Po-
sitoning slgorithm, which does ned reguime baseltiee mode
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puittoning, would be & salutien Tor such an applicavon.
[o addivion, if the buoys are 5ot moch farher offshore, the
land=bated Radia svstrn for daik CrRasmission visd in the
comeentianal sysiem canoat be vsed any mare. We may
have o employ some ciher teehnique for such long dis-
fance data eansmission, The maost [zasible way moy b
fo wse cEbellile data wwensmission. The following vwa soc-
s describe the mew algocithes and setelline daca irans-
mission for u new development of the GRNSS buoy sysiem.,

3. Reccol Developmpents of GNSS Buoys

1. Implkmentutton of PPP Algosithm

The Precise Poim Pasitioning algorithm wag fea de-
veloped for static posilioing [4] and ther developed Tar
Kinemaws dpplcations [5] O of Latkr applhications der
veloped by [&) is calicd Precise Point Paositioniog with
Ambigwity Resolunon (PPP-AR), sid soltware developed
by [6), RTMca, is used in this study. The PEP-AR tech-
Higue <an ablain a few centieneders of posdtiening accu-
racy withoul o base sktiom, 0 we o not have 10 worey
b accuracy degradation dus 1o 8 long bassline, How-
ever, o lhe ater hawl, centimeter secoracy by PFPP-AR
requiree precice arbiis and cleck paramerers in real-time
L odwain e cesoliant coordinaies in ceal-utwe, There-
fare, data ironsmission for both land to bucys and wice
warad 15 1equiced. The arsginel GMES dusl-frequensy dara
Ard obadined ogr boagd e buoys, aiud the dara 15 analyzed
using the PPP-AR algomithm topsther wilh the pracise or-
btz aad clocks ranamited faom land. The coordinates
obtained are transmited back to land 1o be disssminatesl
graplueally aver the fuernes.

32, Dalx Transmission Uslng Satlclbtes

A land-based rodio sysiem &5 mther cosy to wse for re-
e Coninals dere ransimisaion in csal mmes. Howewer,
il the distanse is lmg, more than seversl ens of kilone-
Lers, fadyo tyananission becomes dificobt duwe bo the spher-
ical nature of the Each™s sutface, Aming wher did irans-
nuiseion cycteme, catedlite data cransmicsion has become
the miud reliable and eacied I0 AcCess in recenl yodrs.
Thus, we e rying Lo smploy a satellite dala Impsmis-
sicl sysdam Ffor the GHES booy avstem.

I our revisedl system, wee it el own Fpanese gatel-
Lirea: Engincering Teat Satelite WIOT {ET 5-YTI), or Kikn-
B, end the Quasi Zenith Satelits System (QZ55), or
Michibiki. However, as ETS-Y1 terminafed ils opero-
fion in 2016 and OGZ35 ala) cecminated U3 operation of
experimental deda iransmission in 2016, we arg curcently
wsing a comumercial satellile, Thursya, for this purposs.

Recenly, JAXA devaboped a new system of esiunanng
presise OGNS orbits and clocks, called Mualti-GNES Ad-
wanced Trernnswecan toal for Qbar and Clock Anpalysis
{MADCT A [7] {also see [B]h. The producis are sent to
the grownd wsera through thi: I-band Experimenal {LEX}
channel of QZS3S, Il we use this channel, an vplink of
cooreclion clal 15 mial neguired, so the ¢osof operation of
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GMNAS boovs will be significamly reduced. Given thal the
comeciion data can bé eblained on board a GNSS buoy,
the amount of data o be tansmited s significamly e
daced. This s because the onginal phase data must be
transmitied to land in the conventlonal RTE, wherzas the
new system requires only that estimated coordinancs be
transmmithed o land, As this conditien s favorahle for cul-
ting costs further using commercial satellites, we are con-
sidering replacing the current system that uses GEONET
for precise orbits and elocks with those by MADOCA in
the future.

3.3, Duesign of a Buny

The ey, m5a Aonting bedy, moy bove (o be designed
sav that it confimees (o operate Tor @ long time, af beast
10 years The NOWPHAS nzes this specificstion in de-
signing their busys for monitonng waves and sunamis
abomyg the coast of Japan, Two major engineering prob-
lems baoys present in the open sen are secunng {hem
in water several thousand meters deep and making e
moorings darabbe, Cur recent trial experences verily thid
it b= possible for o buoy o remain beoyant against the
pravitational force of s mooring wp o8 depth of aboa
2500 merers, IF we consider deploving & buoy in the Fa-
cific, we need o desagn (he buoy so that it can be wsed
in water 000 merers deep or more. To do this, we might
have toouse an intermedinte hhioy berween the buay and is
anchor ooy the s2a botton.

In garder o investigate the sustainability of the oy and
mMOOring, we obined data when we removed, afver thies
yviears and seven months of expenment ol 1he system, the
buoy that was being wsed off Cope Muroto [9]. Fig. 2
ahows the buoy after the expenment.  Mutorally, 5 was
coversd with bamackes, but they did not cause any 1Fnu-
ble or add significant weight that might change its buny-
ancy or cagse it o i There were bamacles only down
{0 about 20-30 m below the sea surface, depending on the
depth reached by sunlighe. We also suspect that many of
the barnocles might bave begome unatiached due o shak-
ing moevements-of the buoy in harsh weather, and that the
number atached may have reaclsd elose 1o the poat of
aaburatio,

As Tar the durability of the bupy, we investigated two
possibie problems. The firs was the ablation of the iron
chain due to friction, and the second was the develogament
of the mooring chain, In owr experiments, we designed
the chain assaming ahout 10 monfyr of ablation at the bot-
fom of the buoy, However, the chain at the battem of the
oy clidd it shoovwe amy visible ablation, though the shackle
divwen below the chain coused [ A0-167 mmfyr of ahla-
fewr. Thos, there was aciually much less ablation than
we had assumed, The mast serious ahlation was obgerved
o the chain just above the sea bottom, where it stack
the sen bed every ime the buoy bobbed wp and down.
The amouni of ablatlon in this part was |95 mmfyr, md
Sy as was assumed, One small problem was found
in this part; somne stads that were setwp o goard the chain
hind dropped out, 11 seems that this part of the chain would
the most delicote part of the beoy o design.
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Fig- 2. Buoy after three vears and seven months ol opertion
alf Caps Muroge, Japan [9].

Another problem was found regarding the ving op-
eration of e mooring chan, [deally, the chain should
be much fonger than the depth of water so thar the chain
mebkes o calenary with some deeest pans Iying on the sca
botlean, However, the chain ges coiled up on the sca bos-
tem if it is luid imcormrectly, cavsing much more friction on
ihe chabn as the baoy mewes around. [n the worst cose, the
chain might begome unattached from s mooeing and be
carricd away by the cument. This actually ocearred one
timie in the epse of a MOWPHAS |'.'|I.l|:|_'|-'. Hl’.‘-ﬁ'.‘l.tlil’.‘ﬁ!_lﬂ] in-
vestigated this kind of problem bazed on experiments and
5ugg¢:xl.¢.;| counlermensures. We ane Implemening in our
project the comvlenmieasures proposed s a resull of this
aceident.

34, Svstem Design

The everall systenn of data Tow i3 shown in Fig. 3. De-
Latls pre presented below.

12 Dhatn from the Japeness GINGS Farth Obsendition Med-
wowk System (GEONET) operated by the Geospatial
Information Authoriry of Japan (GST) are used 1o de-
rive the precise orbits and clock comrection parameters
al the datn center in Hitachi Zosen Corporation (Hidz),
Takya,

2: Precise spiellite orbits and clocks obtained are then for-
wenrched fo the En:u._lnd hiige slation lecaded In te o
of Mivodogawa, Kochi Prefecture, Japan (Fig, 33,

3: The data are transmatled 1o the baoy via a commercial
communication satellite, Thiraya,

4 GNSS daia received on the buoy are analyzed o cs-
imnte coordinates topather with precize orbits and
clocks. Then, the estimated coordinales are ansmil-
ied back from the buoy o the receiving station in Niy-
odogawa via the same satellite,

Jonraal of Disasier Besearch Vol 13 Mo.3, 218
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Fig. 3, Daa flaw for scqpaiziinn, analysis, and dizsermiration, wing twas solelliles,

5: Coordinaies received at the receiving station are repre-
sented graphically in the web seever and disseminted
o the public over the Internal,

The process shown here is camried out 40 thot the public
can also obzerve the mioton of the sen surface ac the |'|Ib::|_',-
i real fme.

4, Field Experiments

In our previous system using ETS-VI (Kiko=8) and
CEERS dhhctubaki), we conducted a senes of feld exper-
iments, These were from 16 December 2005 w0 5 Jan-
wry 2314, From | Jupe 2004 w0 15 Juse 2004, and frean
18 June o 19 Jume 2014, For the experiments, we bor-
rowed fishery buoy No.18, operated by Kochi Prefec-
ture, Rapan, which is used a5 o fish bed. These buoys
shown i Fig, 4 are seq for fishing using 2 habit of migra-
ty fishes epming sround foating macerials like buoys
The baoy is located about 40 km souh of Cape Murnta,
Kochs Prefecture, These was a GNSS anténna sef up on
e vop of ihe pillar in the cemer of the buoy, A shim-
ple fut, omnidirectional plane antenna was ased Tor satel-
e data vansmisslon. Other ancillary pieces of equip-
menl wiere 'pl:n,-l,:l:.-:l on the deck of the buoy. Solar pan-
els and baiierics wore wsed as the power supply,  The
GMESS mecever bad o F-seeaind :-l;l|1|.|:l|L: rale, and BTNt
sovfiware, which uses the PPP-AR algorithem, was used o
real-time analysis, logcther with precise mibils and elocks
provibed through LEX signal of dee Michibiki satelloe.
Coondinates obtained every socond were iransmitied to
and wia the Kiku-8 ssiellite. The coordinates were fur-
ther forwarded o the web server al the Kocld National
Coldlege for dissemmation, This experiment went well,
il there were oocasional dvde gaps. We auspecied
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wehene the dstn sarver b5 Bocwied

that the dath gaps might have stemmed from the koss of
the communication link beoween the beoy and the saiel-
lite dute 10 degradation of signal gain caused by tlting of
the boow, Since some data were missing, we condwcied
another cxperiment in December 2005, implementing o
rimbal mechanism o siabilize the antenna on board the
|JI|.I:L‘_'.'. Sex [ 1 || for degails of these |.'!|!l|.'ri|:|.'||.':||l.-1. Fubirw-
Ing 1hiEge pTeIllll:rlur:,.' exrperiments, we I:|-|;||_1:n R ] = g TS
of expariments in April 2006 with the financial sapport of
the bMinistry of Education, Colmre, Sporis, Sckence, and
Technology (MEXT) as a five-year project. We again bor-
mowed fishery buoy Mo, 18 of Kochi Prefecture (Fig, 53
The bucy 13 located whout 40 km south of Cape Ashizur,
wist of Shikoke, Tapan (Fig, 4). Since the operation of
ETS-VI {Kiku-8) was s 1o be tenminated i 2006, we
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Flp. 5, Fichery iy Mo, 1%, apermed by Kochl Prefecture
e wgedd far the present stsdy. On the top of the center pillar
& the GMES antenma. Onibe deck of the booy are solar
|.'li.l'rt|5 andl Oller apparsin s,

first did o short comparmive test of daia acguisition be-
tween ETS-VII and & commercial communication sogel-
lite, Thurawa: We did teese tesis dusing 24=20 Augus)
20146, using Yupe-moru, o vessel of Yoge College's Ma-
tionzl Institutie of Technology, We stared to use the oy
for the new expermment in Movember 2006, Tn this ex-
periment, we used 3 commercial saiellite, Thunya, for
the stellite communicotion link. As is shown in Fig. 3,
precisa arbits and clocks vsed for PPP-AR analysis wene
fesr gonerated ot the Data Cenver of Hitachi Hosen Cor-
poradion using GEONET data. Then the correction data
was sent io the groumd base stalion in Miyodogowa, Koahi
Prefecture, Tapan, where a PIC server for data processing
and mrchive was set up together with the sateliite commu-
nication appariws. The ground station can be placed o
any arbitary location, as long a5 an [nternet connecrion is
aeatlable and the Thimaya satellite 15 visible. ln osdee 1o
avaid the threat of earthquake and Bunami, such & ground
basc may have to be established far from the coast and
from expecied epicentral arens of lange canhguakes. The
ipwn of Nivodogawa was selected considering o posss-
e fuure mega canhquake, known ag the MNankai Troagh
carthgquake, Fipure & shows a sample plot of an obtainesd
real-time web display of | He sea surface Aucioations for
the hour G5;30-06:30 UTC on 13 February 2007, The
upper plod shows the resulis using the Poinl precize ari-
ance Detection (PVD) metlsod [12], whicl uses signal
phase change o deest coordinsie change, whereas the
lowvier plid shiowss the sesulis csing the PPP-AR method
implemented in the prasent syslem. The former meéthod
i5 simpc and can atain about =5 cm precision in detecs-
ing vertical Buctuations, bul it cannot detineate Auciua:
tions of longer than a few mimies because the method
wzes a filtering wehnigee o remove long poriod (enm, 50
that 1 ks vsed for wave monitoring. On e odher hand,
the Intter methad can trace the wave from any perod of
Auctuations, inclsding tsunamis and other long periods
of waves [6]. Peference [13)] indicates that our peevious
pround ex pe:ril:m::lu of PPP-AR showed abour £3 em pee-
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cision, ift ambiguity is fixed. for vemical coordinate esti-
mipte. Thos, the upper and lower plots should ook simi-
Far b ehe shory peiod, TEseemis Uit this condinon s well
recopnized in the ploL

Unforunately, the sysem aopped acquiring dais soon
after 15 Februgry 2017 due ton problem in the power unit.
Whe plan o resiose the aperalion as Sonibas Wi Ci.

5. Implementation of GNSS-Acoustic System

O ol our wew challenges i developing GMHES buoys
i their application (0 ocean bolom crustal movement ob-
sarvitiong. The detection of the precise locanen of fhe
sevan loor ean be moade ugang the eombinzanion of GRSS
and pooustic mnging [14].  This sysiem was first con-
ducted in the U, later the aystem was greatly improved
in Japun [L3], The Fapan Coast Guard, Toheke Univer-
sity. ond Mepoya Universicy are major institues thot hove
elaborsed the system, and a number of experimental and
aperational sites have been set up along the Pacific coast
of Fagsan simoe early i ghe 2150 cennmy.

Accumulated position data from these ccean boliom
siles have beenowsed o delinease the detailed distribuo-
tion of crustal movements off the coast of Japan. Based
on =uch annlvses, co-seismic offsets and post-seismic des
formaticis due to earthquakes; as well as the distribu-
tion of plaie coupling, have been clarfied and have been
discussed Lo obtain pew ingights inwe the meclaism of
peclonic hmding and strin release along e subduciing
plates along the islands of Japan | 16-119].

The current GHSS5-acoustic system for measuring the
ocean bottom crustal movements uses vessels 1o locaie
the sea sorface position and the positdon of the center of
the figure moce from at least thres acoustic transponders
phaced o the sea bed using aconstc ranging berween the
vessel and the rransponders, As vessels are wsed foe ob-
servations, the bocation of the sza battom cam he measured
only a few bmes o yvear al most, Therefoee, if the ves-
sel 1 replaced with a CiMAS buoy, meraidedmedls cu e
taken more freguently. Though it depends on the elec-
Eric power capasiby ol the transponders on the oeean flancar,
the messurcmcnts can evien be taken daily. Such freguent
megsuremenis o the ocenn hed ru;sil:nns with an aceu-
racy of just a few centimeters would erdble us o exam-
ine the detailed mechaniam of subduction processes, -
clyding plate coupling, slow ship events, and earthguakes
along the plate interface. Rapid detection of snoaulous
changesof plote coupling based on continucus manitonng
of the crustal movements on the sea floor may be crucial
for the evaluation of elevaled earihguake risk Tor tie soci-
cty. A similar experiment has been-conducted by another
regeareh group [20, 21].

For this purpose, we deployed three transpomiders
aground the haoy in June 2007 by wsing the Yops-man
{Flg. T This experiment was done in the same configu-
cathon as wis the expermant in February 2017 (see also
Figs. 3 md 4}, The dlistance between Lhe transponders was
4 ko, @ the woater depth was about 800 m, We con-
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Development of GNSS Buny for a Synthets Creohaeand
Muonileaing Sysiem

FOITOAAS D5 IO MNUTC] | S g |

Fig. . Obained e series af verbal components of GHNSS buoy (0820-06:30 UTC of | 5ith Febnasary 3007, Upper el shaws
liph 'ﬁ-‘mrﬂﬂ_&- compEnent using PV method [5]. Lower maet shoos time wenies ussng PRF-AR [5)
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Fig. 7. (Lefit) Lowations of three tansponders (#11, #12, and
813y Seaes murk (A-10 che Incathans of CTI pbservions
Cenver of the circle is the locason of beoy, Flansod ship
urmcks qie shown by elrcles and dashed lse in blue. Num-
bars indicaie cross poenis, (Faghe) Ship drocks e acouslsc
ranzing, Bach dab shiwss e ranging paiml.

ducted peoustio pnging after establishing the tmspon-
ders. The lefu of Fig, T shiows the points of acoustio rang-
ing. Transducers for sendimg and receiving the acous-
tic signal were et up on the side of the Yuge-mam. In
Seplember, acousdie sangiig was conducied again, Pro-
file: observations of conductivity, tempesnture, and depih
were conducied in February and June 2017 using under-
wiy CTOUCTIN and in Seprember 2007 uwsing CTD.
CTDr ohservations were conducied, first, o determine
the precise postbions of the iransponders deployed on the
acean floor, a5 it is Important @0 determine ihe geome-
Iry of the nangle made by te theee wansponders o coi-
timonsly rack the position chopges in onder 0 estimaie
crustal mevermnents, CTH ebservations in Pebruary were
comdwcted o estimate the soumnd-speed gradient. Observa-
tions in June were conducted together with acoustic tang-
ing o determine the precise geometry of the ransponders,
W found that ignoring the sound-speed gradient with re-
bpect bo depih leads o the biases of s of centimeters in
coordinate astimales. We then estiminbed e sound-speed
pradiznt tgether with the ocean floor cosrdinales in un-
alyzing data in the June experiment. The resulis showed
that the difference in the estimsed coordinates for two
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Fig. B Flam for GNSS booy amy in the wesiern Facife.

days of observations in Septamber together with CTD ob-
servations only amoanted 1o dboul twa cantimeters, 10wl
iherefore not be pecessary o observe the soand-speed gra-
dicot weing CTIY in the Teture, althowgl oceasbomal obses-
vitlion would be beneficial in eviluating the data analyses.
The data obdained sre pow under investigation o deter-
miie the précise ransponder geoaneiey,

. Discussion

As wad shown in ihe previous sections, it seems ihat
the detection of (he movements of a buoy tothe accuracy
of u few centimederns would e feasable ar any bocation Tar
offahore. Criven this success; we could expand the field of
ppplication of moving plasforms such a5 GNSS buoys for
multiple types of geohnzard monitoring (Fig, 8)

Ground-based GNES phase observations have been
used 1o mostor the atmosphere and lonosphere through
the estimudion of iropospheric renith defay (TZD} and
ioncepheric total electron content (TEC), respectively.
These parametess can also be available jn real vme on e
floating platform and can be seni to the land base for fur-
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ther processing and monitoring (Fig. 8).

Water vapor plays o crucial rele in the development of

hazordows cumalus comvection. Through the comdense-
tican process, medsiure rebeases lalent heat, which becomes
an energy source for the rapid devebopment of comuolus
convecton. Beciuse most of aimaspheie water vapor
concentrafes in the lower troposphere, the monitoring of
lvw-lewal water vapor has received a ot of atention. For
islund eountries such as Japon, Jow-level mobshire often
comes from the ocean and plavs an essential role in haz-
ardous wenther evenls [22, 23],

Unlike fixed, ground-based GMSS sta(ions, eoean-
platform (shap and buoy § GMNES messusemicats Tace difli-
culties in analyzing the varable antenna positions simul-
fanenusly with the atmospheric delays, However, sev-
cral studies bave addressed this prohlem |24-28], He-
cent progress in GNSS technologies and an increase in the
number of GMSS satellites have enablad real-time appli-
cability in real-time water vapor sensing by nsing ocean
plagform GNSS measurements. Reference [29] mstalled
GMNSS amtenmas on o research vessel and conducted ex-
perimental ohagrvations o asseas the GNSS-denived pre-
cipitate wasler vapor (PWY The resulis showed pood
frreement (1.7 men oot mean square difference) with ra-
diosonde abservations. Mevertheless, (hese studies were
anly experimental and used vessels. Therefore, long-term
pousl ohservations using GNES booys, wogether with at-
mospheric pressare sensocs, would be an important slep
towiard the operational use of water vapor content for at-
miospheric applications.

lonosphenic application of TREC based on GNSS aray
observations hos heen exiensively condueted since [30]
showed s capahilicy.  One recent focus of interest is
TEC perwirbation due to large carthquakes; [31] ferat de-
tected TEC . anomaly after the 1994 Northridge earth-
guake (Mwt. 7} in California. Beference [32] indicated
ionpspheric variations due o the 2004 great Sumatr-
Andaman earthguake in Indongsia (Mw92) and a num-
ber of researchers discusted TEC variations due o (he
2111 Tohoku-oki carthguake (Mw9 A0 in Japan (sce spe-
cial wolume of Eonh Planets and Space, Yol 63, No.T,
201 | for refenenees),

longspherie dizturbance, caused by the activity of the
sun, affects our lives in various wiys, Bursts, Tor ex-
ample, cause the degradation of GNSS positioning itself
and famm radio e lecommurmdeantzons, These are particularly
hazardous o the secare operation of aircraft. The au-
tonomoes operation of vehiclzs, which is now developing
rapidly, will also be hampered, These inconvenient phe-
fcumiznen coald result in serious homaen diszsters. Chbser-
vations and the real-time dissemination of the TEC nap
worldwide is therefors imperative for disaster mitigation,

The Applied Electromagnetic Rescurch Fnstitute of the
Maotional Institute of Information and Commuonications
Technology is oollecting ghobal GMSS dam from maose
than 6,000 sites to manibor ionospherie fucuations [33],
and it is muking its data available online, High-resolution
TEC maps have become available for space weather and
ionoapherie research in Japan, Nonh America. and Eu-
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Fig: 9. Fuiure soape ol (GNES buny amay i the nodb-
wegiern Pacific. Small red dots represent the comenily og-
crational GRHES buoy arruy for wave monitesing by NMOW-
PHAS. Dhher Bl dots are sshitrarly plstied Tor s by pothet-
il GRES booy amuy. Chaeed Fives mark be @sent of i
J'l.pn'u'.se Exclusive Eoannmie Zone.

rope, where thene are dense GRSS receiver netwaorks
Hewewer, they insizt that there are vast areas vacant of
GMAS shes in the ocean.  This simadion showld be im-
proved by infreducing GMES oy arriys in the ocean,

Finally, ancillary sensors gitacled o the GNES buoys,
such as zensors for sea surfce lemperiune, ocesan eur-
rents, sea surface salinity, ewe., would provide invalu-
ahle data for ocean sciences, Cumently, dals i mon-
toring wide ocean aress come masdly frian spdellites ancd
ARCHY [34]. TN buewys were sel wp in many places in the
ooehn, they would provide another tvpe of data for mon-
ioring the ocean surface in real-time and continnously at
fixed pmiti:ms. BL:_:,m'ml.i:m:llr'lI:nl.l.inE 1o aslanes, data fecan
the ooean could be commercially beneficinl, enabling the
safe ond secure operanom of vessels, various types of
ocizan botbom resource excovations, et However, such
applications are beyomd the scope of thia stady and will
b 1t for other occasions,

7. Concluding Remarks

Currently, cominuous crosiel movement obdervtions
on the sea floor are conducted mostly using pressure sen-
sors, Senel angd DOMNET of the National Besearch Tnsti-
e fow Earth Science and Disnster Resilience (NI1ED) use
cabled pressure sensoes along the Japan Trench and the
Manksi Trough, These sensors are much more sensitive
tham the GNSS acousie system. Hosizontally, howeves,
the latter system has better resolution. Therefore, & com-
himatian of the twe echniques would provide us with per-
fect information of te crusal movemerts of the sea oo

Considering that the GMNSS buoy array is imperative for
monitoring crustal activity o mitgale damage from nal-
ural dizasters, we are now trying 10 conduct @ develop-
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rxoncal projecs simed at builing wp v mueliple perpose
AM33 bupy i che open ocean and wyiog to design a
GMES btuoy aray in the nothwesten Padifie, as shown
in Fig- @ Simnilar, thoogls msch denser, land-based GHSS
armays, SECMET in Japan, for ezarmple, are alrcady avail-
able and demonscratiog their powerful capebilities as huz-
ard wewantinoiring 100lx. Tlecelore, it 8 sinsilar deose GMNSS
wrry is esablished in the open ocean, daw saken from
such a GHES array will pravide new and innavolive bypes
af ieformanon fer the momterg 0 muoltiple natura] geo-
hezard: for disaacce miligadon.

Like the grgund-based (INES aoray, a ONES buoy as-
ray io the octan could mamitor plate ifotien and resul-
1ant crwaral moveswenes on the cecan Aoor on the cen-
wremal side ol wie Chishama.Japan Treach &nd Sumga-
Mankai Trough, enabling us to see il phte couphog 15
continuing of relcasing crustal steain in mors detoil. Pre-
cipitable warer vapor oould be wsed for beber nurericat
cccan wabther Tovecasts. IE, Tov cxmmple, GNEE buoys
were placed west of Kywsho or in the Japan Sea, PV
data fram the woys would e wsad for bedder moniloring
of correntsal raans, whach cause 2evere weaher dizascors
espeially in wesiemn Jupan, through nione precise -
tofing of the progress of sioom fronts. For the ionospharic
geolazard montanng, a5 was SaEd UL the revious sec-
ticn, denser distribution of a ghobal TEC map would pro-
vode sigpafleant imipraversents in the oubgamon of disas.
ters relaled o ionosphec disiukbaocss,

Ta realize swch 8 GNES buoy array in the opsn ocean,
we shill feed o avercoms some mpndtent echnologueal
prwbderms, Firsd, there should be a mliuble and inexpensive
capclling dera wransmission ayetern. Cumently, dhese i2 oo
nespensive public or government-operaed ekecominunes
cation sabellife available, only 3 commercial satelite sys-
terry, whech wolbd he averly expengive if aany buoy s wene
deplored. 1f many buoys wers deplayed, & wect amount of
dara would be sinulieneowsly wansouimed in bodh divec-
ngng berweed the bueoys and Jand. Therslone, sume weli-
nolapical developments may be neceesary for such a mass
dara conpunicetion systeen as well. IF Qe w1 operasm
of MATHMC A tronsmission foom QZSS 03 the ground be-
cormnes cfperanional, il would desctically ssdoce dee cozr of
sl ke communication inks,

In addition, io osder to deploy such highly Functional
bacys iy the opeee oeean, they gloould be dighly tlecant
of severe weathar conditions and autanomausly aperables
Tor ar leaw 1 yearg or spore withowl fuapeEpagee. Foo
wulcnomous wperalion, thers may hove 1o be vabous auio-
male recovery mechanisma on bosed for mechanicsl fail-
ures. These probkemns showld b overcomes,  Moreower,
since this projech has been successful, we have to con-
widder how Ly experale thiy kinad oF GNES hun:,.' HCTHY. Wwhich
wr what kind of orginizstion sheld maintain lhe syswem™®
Haw should we geaid or menitor vandalism andlar acei-
ddemts inwalving bucyst Thess eperational problems miny
have ta be discussed. Although these problems should be
dizcussed bl the sysiem 15 designesd, 4t tis mamen,
we humbly hope thot the pojed i deemed wodh imple-
menting 85 8 slep toward an innoyvative e era in hazard
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Developiiti of GMEE Buey Tor 3 Symchenic Gechagnrd
Mundiorimg Syztem

monitocing as well as 8 step forward for basic Earth =c3-
s,

Achnowbed praen s

The: awihears would like w 2xpaess their sincers gecbwe b Kocki
Freficiars, Jupan. fur alliwang the dwihons 10 uss 8 Aehery Buoy
Far the preseni study. The authoes are slso indishiesd 1a the Maticos]
[nditute ol Tebnolopy of tuge Colleps lo Ehuiee, g for deir
help and cappemtioa in allwiog Lhe awhors 1o use bedr wesse],
thi: “Cuge-ramy, Foc the prosenl Aoy, This work wes Supaoned by
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Two-dimensional ionosphberic tolal ebectron contenl
(TEC)] maps have heen dedved fram groond-based
Globsl Navipaion Satcllitc Syslem (GNS8S) recefrer
netwatks and & ppllad tostodies af varlous onospher b
disturbances shice the cpd-1%Wm. For the purpose
of monitaring and researching lonospheric conditons
and lomaspheric spase weather phenonsena, we have
developed TET tiaps of abens over Japan using the
dense (NS5 nelwork, GNES Earth Obzervabon NET-
wiik (GEONET), which canaists of about L3 sta-
one and is aperated by the Geospatinl Informatlon
Antbority of Japun {(GSI[). Currently, we nre provid.
ing high-resolulion, two-dimensiooal maps of whse-
Iwe TEC, detrended TEC, rate of TELC change index
(ROTT), and lags-aldnck on GPS signal aver Japan on
a real-time basis. Such hiph-resalution TEC maps us-
ing dense GNSS recebrer netwarks are ane of the mnst
effecHve ways to obscrve, on a3 scale of zeveral 104 km
o J0HMD koo, ioposphiesic varkatlons caused by weavellng
ionospheric disiurbances andfor equalorial plesma
bubblez, which ran degrade single-Trequency and dif-
ferential GNES posiandng/navigation. We hove cal
lecied all ibe aveilablke GBNSS recelver data in the
world Lo expand the TEC oheervatlon sren. Cureently,
how=ever, dense GMSS reochrer nelworks are avafablke
i anly leaked areps, sech a9 Japan, Horvth Ameries,
and Europe, To expand the two-dimensionn] TEC oh-
seTvalion with high resoloton, we hare conducted the
Derwe Regianal and Worldwlde Tnternatbonal (GMES
TEL obscrvation (DRAWING-TEC) project, which is
engaged In three aeivities: {1} stemdardiving GNSS-
TEC dala, (2] dovdoping a new high-resolution TEC
mapping 1iechnlque, and (3} sharing the standardized
TEC daia o the Infarmeation of GMES recelver net-
work, We have deveboped a new standmvdized TEC
formml, GMESTEC EXchauge (GTEX), which & In-
chuded In ihe Formalied Tabes of ITC=E SG 3 Duta-

loomal of Drisacter Research ol 13 Mo 3, 2018
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banks relaied Lo Kecommeodalion TTU-K P311. Shar
iug the GTEX TEC daia wanld he easker than shariog
Lhe GPSAGMNSS daly among thess in Uee inlermaticnal
boospheric researcher community. The DRAYWING-
TR pendect would prameote smdles of medium-scale
fonespheric varintions and their clfcct on GMES.

Eeywardy: GMES, onosphers, wdal clectron concenr,
TEC, lass-of-luck

1. Introduction

The Eanb's atowuphere al an alutade of 60 ko ooc
ligher is parlielly ionized by solar EUTY and & part af it is
present a5 ionuesd gas (plagma), This plasma-neil ragian
in the aermesphere is catled the ionosphers. The skeciron
density in the winoglutre s gensrally highescal an aluoede
of about 300 km, The ioncsphece is well known 12 allec
trana-isnospberic tranamissione with satellites for com-
MAMICBlHanG., positoning, amd navigduon purposes. The
iomcsphere varies preatly under the influsnes of the aeliv-
ities of (he sun, the magnetosphers, and the knver almo-
cphere, and it sometmes inierfers with satellibe commu-
micanons pnd degrades peacise satellite positsoning. Tris
kncown ihes =orors in the Global Mavigmion Saiellie Sy
tem (GMES), including GPS. are caused by several fao-
tors, including ascellite clock &or, rajectary amoc, o
multi-path ¢ffecis, but the mos significant factor is the
propagation delay of GRSS sagnals i the jonosphere. Ke-
cenly, in the mullie-GNSE ara, considerable efors have
been divected loward reacerch on the ionosphercic varia-
liowi® and thesr effacs o precese GWNES poationbg 2id
mavigalson, A precide wiebsphenc woaal electron eomvent
(TRC) map or moclel is reguited to stedy ionospherié wan:
ations and o i mpeoyws the ionosphernic deley comaclion far

3F
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5 in longiude and 257 in lanfudie. will o kemponsl reri
ciimy ol X hiomrs,

GMNSE poationing

Flgure 1 is an example of the ionaspheric TEC
imaps thsl are generally w=ed, the Global fonospheric
Map (GIM) in the [ONosphere map EXchange (IONEX)
fommat, provided by the International GNSS Service
(IG5) [1]. GIM TEC das cover the ghobal jonosphers
with o spatial resolution of 5% in longitude amd 2.57
latinsde, with a temporal resolution of 2 bouss, GIM is
usefol o stedy onpspheric vanatons with 1000 km to
clobal seale (hereiraficrneferred o as “large-scale™), vari-
stions anch as diurmal variation and the equatosial foniza-
tion pnomnky, which 5 electron densily enhancemaent |o.
ciited away Trom the masnetic cqualsd.

|-:r|||:u5pl'||;:n.-: variabionis omoa seale of several 00 ko
o 1000 km (hereinafier referred ooos “medinm-scale™),
cavsed by Emvelling wsphere disurboncas (TIDs)
amlfor - equatorial plasmo bubbles (EPBs) freguently o
served at mid- and bow-latimdes, can degrode singhe-
frgqueney and differconal GNSS posinoning/navigation
The GIM does not have sufficiend spatind and temporal
resalunon o reproduce these medinm-seale Tonnspheric
variations. To clanfy generation and propagation mech
aiisnis of medivne-seale jonospherie phenomen and o
pwvestigale their eifects on GMES postioning, dense and
wide-coverage ionospheric observations and the corre-
sponding TEC mapping lechnigques are needed.

Wi have developed higheresolution, two-Eimensional
TEC observatien systems oaing a dense GMNSS reeciver
network in Japan, amd we have comducied a project 1o ex-
pand their observation area using all the available GMES
receiver networks with tee collaboration of space weatler
rescarchers in the world sinee 2001, In this paper, we
iniradace sar high-resolution jonospheric TEC observa-
tions wsing dense GMSS recemer networks, meludmg an
cutline of the project, mumed Dense Regionnl and Wrrkd-
wiile Tiemalional Metworks of GNES-TEC obacrvation
(DRAWING-TEC).
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Fig. L Distribation af GPS stations of GECRNET,

2. High-Resolution TEC Observations over
Japan

W have observed ososphenic disturbances using two-
dimersionsl maps of TEC demmved from the depsse GINSS
network, GMSS Eanh Obscrvation Netwosk System
(GEONET]), which comsists of about 1300 GPS receivers
and 15 operated By the Geospatial Information Aothor-
ity of Japan (GS1). The distribution of GNSS stations of
GEONET is shown in Fig. 2. Cummently, using only GPS
o, we routinely provide two-dimensional maps of ahao-
lie TEC aned derended TRC with &0-, _"II:I--I and 15=minuie
windows over Japen. The moaps have a spatial resolu-
o of 0015% in longitade smd OO057 i lavinuds, w4
tempornd resolution of 30 seconds: The absodute TEC
values were derived by ppplying a lechnique in which
& weighted-least-square filing s used 1o delenming un-
knoavn instrumenta] higses, assuming that the hourdy TEC
averape is unkfonn within the aréa covered by a grven GFS
receiver [2], Detrended TEC data-are derived from the
perturbation components of TEC data by subtraciing (he
meming average ol the cormesponding time window for
eiach line-of-sight (LOS)Y beiween astellite and receiver.
Such o TEC mapping s the direct measure of ionnsphesic
struciures and vseful i revenl spatial simciures and gem-
poral evolutions of medium-seale ionespheric phenom-
e such ws TIDY, as shown in Fig, 3 [3,4]. These dwa
and quick-leok maps from 1997 o the preseil are avail-
able on the NICT wehsine (hipifseg-webmicl go jpfGRS!
GEONET),

Figare 4 shows two-dimensional maps of ahsolue
TEC {left), rate of TEC change index (ROTL) (nodadle),
ined Inss-of-lock cn GPS signal { LOL) rate doring the time
period [2:20-1 300 UT (21:20=22:00 JI5T) on Feb, 12,
2000, just after the maoin phass of a0 sirong seomagnelic
stony [3], ROTI s the standard deviation of those dif-
ferential TEC Lt five adubes, ofien uied as the tadex of
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Fig- 3., High-resolstiom detrended TEC map wathi 60min
window derived using GEONET dlaia.  Typical sighitime
mediam-scale TITS ars captaned over Japan,

ionasphens imegulority on a seale of several tens of km
and constdering the velocity of a LOS lonospheric pierce
point ot an ossumed foposphenc beight of 300 km [8. 7]
The LOL rate is the occurrence maie of cyele slip in GRS
L1 or L} signals for 5 minotes and denved usiig the
lass of lock indicator in the Recsiver INdependent FX-
change formal (RINEX) data of GPS. Fresngl-scale iono-
spharic irregulariies, that 15, several 100-m seale for GRS
L1 and 1.2 signals, could caose GPS scintillation and, in
the worst case, resull in LOL on GPS signals. Alhough
the LOL could be capsed not ondy by several 100-m
scile jonospheric mregulanties but also by the multi-path
eifect or perioomance of the GPS receivenimienna sya-
tery, an inerease in LOL rate occuwrring simaltangousty
m L iaF 1] recepvers could be a Ny of the e -t scale
wndaphens iregalaniey. Small-scole structones, such ps
isnasphers regularities with spatial seale from several
tens of ki down o several meters, may be penerated by
(he noenlinesr cascading process from the medinm-scale
undfor large-scake fonospheric streciures, These amall-
seale gtruciures wre aseociated with a localized bt in-
fense onosphenc plsma-density grshient and can scin-
tiltate the GRES radio winve. The small-seale simectianes:
can be moniored by the indices of GNSS data Muetws-
tions. such as the ROTT pnd LOL rate. The dense GMSS
nefwork is helpful o monitor the location and motion of
preas of the enhanced small-scale rregulantics as well,

In Fig. 4, background sbsolule TEC values at 1220
UT (21:20 JST) are 60 TECU {1 TECU = 10'%m*) or
more in southern Japan and decrease wilh lanude. This
TEC level iy mmore than deuble the pormal kevel in this
season, The amows indbcate TEC depletion regions that
hove o zonal scale of several 100 km amd extend in the
meridional direction. These TEC depletion regions maove
castward ot ~30 mfs. Corresponding to the TEC deple-
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Tiinl Elirm Conlend Cbasrvations by Demse Risgsonal and
Worldwide Intzmatintal Mevwreks of GNES

s, ROTT enbanogments are seen in the same regiong
and move eastward al the same velocity, This indicaies
thot ionospheric nregpelanties of severul tens of kilome-
EEr 5|.'n.|t: exasl i the TEC -|l-|1|:|||.'li|:|l!| r:gicm:«. Fpir'uiln.'r ik
ROVTT enhancements, LOL rate enhancements are seen in
e same regicans and move eastwanl of the same velocity,
The LOL mte mops in Fig. 4 show that LOL occurs over
n wide arca, ndicating that many receivers: saffer LOL
for a sdgnifcant nnmber of GRS salellites simuliananusly,
Therefore, it is reasonable to consider that these LOL rate
enhancements are cansed by GPFS seintllations due 1o the
ionaspheric imegulantics,

Summanzing the jonosphernic events in Fip. 4, TEC de-
pll.-lil:lmi withi wonal wilthis of geveral 100 ken aod exten:d
i the mendional direetion are scen (o move éastward in
southern Japan. lonosphene imegulaniies of both sew-
eral s of km scale and several 100-m seale occurred in
ihese TEC depletion regions. These featwres ane consis-
icat wilh that of EPB frequently observed at Jow laeudes
after sunsct. EPBs are low density plasma “bubbles™ in
the ambaent high density onosplenc plasma,  They are
basically gaused by the nonlinewr growth of Hayleiph-
Tawlor insiabiliy, which (s enbanced after sunset due
Toczl wplifi of e bestomside jonosphere resulting from
the dyname effect by F-region neatral winds and the ef-
fect of rapid changes in E-region electre conductivity at
supset [#]. Thess bubbles intrude into the topside o
sphere, exfending over several 1000 km along the mag-
netic field line. The plasma bubbles generally drilt east-
warrd with the backeround weutral wind. Although there is
no strong relationship berween the oceurrence of EFE and
sepmagnetic sforms in the climptology of EPD [4], the
fonospheric disturbances observed in Japan and scen in
Fig. 4 ure the EPB that developed 1o high alitude/Tatituds
and renched southern Japan when the backaround jomno-
sphere wus extremely uplificd st mediom and B Tai-
tudes due to ihe intense enhoneement of an eastwand elec-
i feld durng the geomupneic Swoms.

In addition to T angd EPB, hgh-resolution TEC maps
can reveal ionospheric variations induced by lower abmeo-
spheric waves that are tiggered by intense sarthguakes,
Fig. 5 shows concentric waves detected in the detrended
TEC map with o 10-min window abogt 70 minuies af-
icr the 200 1 Tohoku earithguake [10], Thess concentrid
wigvies in the joacaphere began to appear about 7 min-
niex piter the onsel ol the earthiumske a1 ld=dm JST (840G
UT). The center of the concentrie wives 1= locabed nboug
1700 ke do the sosthensy of the epicenter [11] (indi-
cated by a star in Fig. 51 ond neor the estimated tsunami
source [1Z].  Alhough te estimated excemt of the fi-
cal region of the mainshock, o region of ot kast 450 km
newih=gouih and 200 km east-wea [ 13), makes it neces-
sary to comsider the spatial scale of the mainshock and the
tsunemi sparce o reveal their precise positional reloticm-
ship, it would be valid 1o consider the center of the iono-
spheric varintion to be located southeast of the starting
it of the rupiure and located closer o tha center of the
estimited 1sunami source area. This event belps o clar-
ily the relionship bedween the jonosphere aind the lower
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Fip. 4, Two-climencumal maps of absoduie TEC dzdty, ROTT (mdddie), snd bws-ol-leek mmie dghiy 12:20-1300 UFT 72120-22400
5T after the muin phase of & stong geomagnetic Som oo Beb 12, TH0L. Eastward moving plasma ubble structures desiznated

by arnows were capdiied in obsidme TEC maps:

arwsphene becawse of the clear cavsal connection, I ad
dition, considéring the fact thot the innnsphere started
fluciie aboar 7 punages after e easthguake and that the
center of the iwnasphere vanutions comaspomds. elosaly
i the tsunemi scarce, funher development of real-time
ionospheric observation could allow wa w0 menitor the
tsunami arrival over a wide aren.  Inoorder to clorify
the quasititative relationship betwees a tsenami and ione-
sphere vanntion, it it pecessary to research the penemtion
and |:lr|1pa£:|li|:|-r| mechanism of uIl'lrl.l:.|:l||cril: waves while
1:|.l:ing accoumnt ol the '-.]1i|I!i.1I seale ol the iz avirce,
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3. DRAWING-TEC Project

A mienbsonesd an the previoes section, high-resoslution,
Iwo=dimensional ionospheric  densily  muagping  using
dense GMNES recciver neoworks 15 a powerlul tool Tor reon-
ioreng (IR TR B = i-:nk:r;;:-l'u._‘:l":l.' virihons, sush as EFR
amd Tk, We hove collecied ol the available GNSS -
coaver data i the world o E'l.[u.l.u.u:j thenr nhserssalion ara,
Fig. 6 shows the distribotion of the GMSS sations a5 of
217, mare than BODD sation: whese dats are collecled
by MICT, These (INSS dota are provided by the Interna-
tional Geoscience Services (PGS, the University AN S-
TAR Comsortivm (LINAVTO), Seapps Orbit and Permas
nenl Armmy Center {SOPAC), and other global gnd vegionol
data cemers, mialing move than 50 daa providers inoall,

Jowmal of Dasasier Research Vol 13 N3, 2014
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Fig: 5. Concentne waves daecied by 1B deirended TEC
map with |0-mim windoa sfeer the 200 | Tahoku eanbduake.
The star indicai=s the epicenter of the earthouike
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Fig. ti. Distritastion of warlibwide GRSS stutsons {more thuan
B0 aestians os ol 007 ) sdhnee dnta aee eoainely ool lese
by MICT,

T addition o Tapan, dense regional GMSS receiver nei-
works are avadlable in Morth America and Europe, We
have also provided high-resolution TEC maps of Norh
America | 14] and Europe [E5].

Figure Tia} shows concentric wives observed in the
20-min detrended TEC map over North Amenca after the
2003 Moore EFS wrnado [ 18] They were ohserved Tor
psore tian T howrs thioaghout Nooth Amedica. A com-
parison of the TEC ohservations and infrared cloud im-
ae from the GOES sateline indicates that the concentric
wves nre caused by supercell-induced aimospheric grav-

iy waves. This observation 15 the first clear evidence of

g severe meteorobogical event causing ammosphernic waves
propagating upward i the upper stmosphere and reaching
the ionoasphere,

Flgure T shows a ypical davtime medion-scale
TID (METIDY observed dn the G0-min derended TEC
map over Burope [15], MSTID cn generally be classi-
fied into two types, nighttime and dogytime METIDE, ac-
cordinng o their appesrance time and propagation direc-

Jourpal of Thssster Research Vol 13 Mo 3, 2018
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Teastal Eleelrom Cantent Olbsorvations by Deese Regional and
Waorldwide Tnpemsational Networks of OMSS
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Fig. 7.  (a) Cescentric waves alier the 2013 hoore EFS
Tomado.over Marh Americo ond (b typical daytime MSTID
over Europe, deiecied by the ldgh-resalsion detrended TEC

e

fen. The ypical nighitime MSTID shown in Fig. 2 has o
wavelront in the ponbwest-southeast direction and prog-
pgates southwesiward in the nosthern hemisphere, On the
pther hand, the typical doytime MSTID has o wavefron
elongated almost zonally and propagares almost sputh-
witrd in the porthem hemisphere. Several chamclensiics
of these MSTIDS, auch as preferred directions and op-
Pearamoe: 1'ir||-e'.5-:, Are ol ll]li'n:ll.la[elj.' e:qﬂu.im:d |!Ij' the clax-
sical theory propesed by Hines |17]. in which MSTIDs
are an jonospheric manifesanion of simospheric graviy
wives with great ampliude neutral wind oscillation, Re-
cenl observational and pumercal simulation smudiess have
sugpested that the mighttime MSTIDY could be generged
by electrodynamical forces with coupling between iono-
apheric B and Ferepioas [18, 18], Comparing charseieris-
tics of MSTID: among different longitudes and [atifudes
ising these high-resoluion TEC maps can contribue 1o
swdies of mechankzins for generating both nighoime and
iayvtime MSTIDs,

Currenthy, however, denge GNES recsiver networks
are available only at fimited areas, such as Jnpan, Noeth

a3



Teogerea, T. e al.

America. and Evrope, as shown in Fig. 6. Maore DiNSS
reccivet dana are needed, eapecially in (he spares regioos,
nitmely. Asia, Atrica, and (he 2quatomal aad polar cgions,
Lo srody the averall spetial structuce and temporal svola-
vion af micdi woeseale ivmosgderie wauiarons such es EPB
and T1D, The difficulty in eolfernipg GHES reeeives nec-
work dara in these regiooz may be abrboted mainly to
lwik peasoms: on® 12 & Jack af mloanation shading of do-
mestic GNSS reoeiver netwocks in the internalicnal Kano-
sphere pesearcher coommoniy and de ocher iz govem-
menl endfor data provider policies Lo provide GMNSS dals
cally g domeslic wsers.  The second resson waould be
becauss CGNES receiver data inclucks phase and preudor-
ange inbeemation thas is guike woluoble both commercidly
and rilicaraly fov vacious applcations, such as prociss
positioning/nuvigation, metsgrolagicnl observation, and
ionospheric observason. In order to overcoms this diff-
cilty sand W eapand the high-rsobwion TED ohsarvanan
area, we siarted a project, the Dense Begional ond World-
wide Tnitmaognal Mevwarks of GRES TEC Chasrvatlon
JIRAWING-TECKin 2071,

The DRAWTNG-TEC projsct mainly coosists af dhree
subpropecls:

|. Standardiziog the OMSS-TEC dafa format far high-
rescdution TEC raps

£ Deweloping a wew hagh-cesoluuon TES mapping
{echnique wsing b standerdized TEC dato

3. Sharing the siandardized TEC data and the datd, or
aolewrnLarian of GMES teceiver erworks atvong the
oternational wnzsphere and OMSS cesearchier corm-
THUBLCY.

Regarding et 1, ome of De bes-koonwo sandardized
formots for GMNSS-TEC data is the [UNEX formnt L1,
Althonab the IGNEX format deta coorer the alobel iono-
sphere, they desenbe anly witical TEC map daca with
a cpatial resolabem of 3% in longitwdes and 2.57 in lati-
lwde with & 1emporal realution of T hours. Using the
IOMEX data, it is difficult o deceribe higher cesolution
TRC miaps cion eespending o the densary of PSGNSE re-
ceiver netwarks, It is thus necessary to make a Jifferent
Formnat than could be applied in arder @0 make the cesolu-
tleof TEC ahaps fleaable, We have deveboped 5 new scan-
dardized TEC formet, GNSS-TEC EXchanpe (GTEX)
The STEX dara Fformat desctilses slant TEC far sach
(3NS5 satellite and is Gled per day and per receiver, as is
RIMNEXN, the sandardized GPEAGHES lonnal The GTEX
TEL Tormat makes it pussible b derive Bigh-nesolution
TEC maps comespandiog (3 the density of GHES re-
ceives nelwerks, a2 sheawn o Flge, 1 and 6. Sharinpg
the TEC data in the GTEX [omnal wouk) be #asier than
chaving the GPSIGMEE daa among the members of ibe
inlemadiona] jonosphene mssarcher communioy because
the GTEX TRC dara exclude information on GPS'GMSS
ita, except for information cwilable a5 ionospheTic ob-
cervalians.  MICT, a5 s Japansss delepate to e Luler-
naiiohal Telecarmmunicecion Union [ITLD, first propoacd
tht GTEX aa e formal for the inlsmavional cxchange and
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sharing of GMSS-TEC data. NICT submilted 8 conibcibu-
Lion paper 1o mestings of Working Party 30 {Hnosphienc
propagation and radie ooksch, Swdy Grouwp 3 {853, ra-
tivwave mrupagation’ of TTU-R in Gengva, Switzedand in
Jun. 2013, The GTEX formed wes succecstully approved
ae abe of the standard data foomads For rans-ionospheric
duta and included in Recommendaton [TU-8 F3LI-16
Apnex L in 20015 [20]. It was we=d by the Tonospheric
Stdies Task Force of the lneroauona Civd Aviaaon Or-
Eanization (JCACH Asia-Pacific Begion as a stendard for-
mal far shucing TRE dotw, in the regien 0 chamsence
the ionosphenic behayior for azronaulicel applicatons of
GHSE [11).

Regarding item X, we hawe developed the RNXOTEX
application in Linex and Windows vorsions to conwenl
GPROMST dew oo JTRE TEC dwa Such applka-
Gons Are peceasary o incroase the numbers of GTEX-
TRC wears snd data and 10 promols inasphenc sl
ics.  RNMIGTEXK for LinewTinix consicts of a set
of programs weitst in Foonse 7T and o shell senpa.
HMX2GTEX Far Windows is an application for creating
(3TEX date fles from RIMEX data using an Explorer-
tike GIML These appluations are open o the public and
are evailebls on the DRAWING-TEC webeite: hop:if=ca-
weh.pict 2o, jpdPSMEAYING-TEC,

lem 3 would e the mesd impaniand da ecpend the TEC
obrervation &rea and w0 pecanode soicdzes of medinm -scale
tomrpsphes yaraticnes and lbeir effecd on GIGES. We have
develaped the GTEX datsbass (ver 1O, which was de-
rived from all whe available onling GNSS receiver dacs
from 268Kk do the present. This database is oveilable vie
the DEAWTNG-TEC website on a requess hagis. NICT
firs1 conducted to form the Asia-Choeania Space Weather
Allianee (AQSWA) [22] o shoare data and ather jefode-
e pelatecl 1 Space weather i the Asia and Oeeanio
r=eions, The 15t A0SWS workshop wes held in Chi-
ang bigi, Thailand in February #1121, hasied by HICT
and Chiang b Universiiy, In this worksbop, 76 space
weather reseanchers froan A0 organizawons i 10 &ouins
g% an e Asia-Oceania region discussed deta and infor
mation of TEC and GWES veceiver totwrwka. Sigee dia
first ADEWA workshop, we have gurt=d GTRX dlaia shar-
ing with some foreign institures, such as King bonpkit's
Instirute of Technolopy Ladkrabang (KMITL) in Thai-
land zed dee Universlit Kebangsaan Malaysia (UEM) i
Melaycia, ro develep dense wide-coverape TEC maps, es-
pecually of he Ata-Clesanis region

Ome supecessfol outeame of the DRAWING-TEC
projec Jis been the dewcwon of BEFPR slouclures in
twosdimenswons] TEC and ROTI maps in the Scuth-
cast Asie Tegion.  Thoss meps weres prodused using
127 GMES sratkons feom tee Walowsia Teal-Tieme Kome-
mitics CGMNSS Matwork (MyRTEKnet), the Sumatien GPS
Array (SuGhrl, and the [GE Tnlemardnal GHESS Seor
vice {1G5] nebworks, as shown in Flg. B [23]. Althourh
the cquatorial region is one of dhe egiong wWhies o i
defficull v wes denge GMNSS réveiver oelwork Jta for
ionosphec research, raference [23] utilized these dense
GMSS receiver nedwrarks in Southesst Asia to smdy the

Jowmalal Riznster Besearch Vol 12 Mo 3, 2014



two-dimensional soucure of onespheric plasma imegi-
larities and revealed latbiudinal/fsngitudinal varistions of
EPBs, including the spatial periodicity of the EPRs, which
could e assovinted with o wovelengih of the quasiperi-
odic struciures an the bottom side of the ionosphere seed-
iing the Bayleigh-Tay lox matahility,

EMTTL plays an imporiant role in collecting GHSS
daca from differen netwaorks in Thailand. Currently, there
ore 12 GMSE siations operated by Jopancse partness, in-
clading NICT, Koo University, and the Elecuonie Na-
igation Besearch Institute {ENRD) o well as Thai part-
mers including KMITL, Chulaleagkosn Univessaty, Chi-
ang Mai Unmiversty, the Depariment of Public Works and
Towen amd Coundry Planming {DPT), and Acrothng, GNSS
and GTEX data are available on the That Spece Weather
Information Center websiie: hitpedfiono-gnss kmitlac.th,
'I"-‘j' I:TIIEII!I.I}'irI.g the TEC dala in Thailand, 1the |'Il"ﬂll.il'||¢'!'|
plasms bubble cluster was detected after the reporied dis-
appearance of plasma bubbdes [24],

4. Summary and Fotore Perspectives

Several medivm=scate (100 km o KD kme scade)
tnospheric variations caused by TID and EFB can de-
grade (NES posioning/navigation. Medinm-scale con-
centie waves hive recently been detected ofter huge
carthquakes and severe meteorological events. However,
these mediumi-scale iwonosphens vamtions have nod been
sufficiently studied due 1o the lack of dense, wide-urea
onospheric observiations,  We have developed o high-
resnlution, two-dinensional TEC ohservation system as-
ing denge regional GNSS recciver networks and stuchicsl
the medivm-scale ionospheric variations, It 18 necessary
by expand the observatiom area for the soedy of the over-
nlf spatial structure and temporal evodution of ionospheric
varigtion and their effects on GMNES positioning and navi-
gation, Wi are conducting the DRAWING-TEC projest 1o
expaaned the observation orea using all the available GNSS
receiver nebworks throwgh the collaboratin of foapluere
and GMNSS rescarchers i the world,  This project con-
sisgg of (1) standardizing GNSS-TEC daia, (2} devel-
pping dense TR MAPPILE Ied1|:|i|.|ur_'5.. and (1] H"I:l:l'iﬂ!_
the standardized TEC or GNSS receiver daty throughout
the world, We have developed o new TEC data formi,
GTEX, as well as a RINEX-i0-GTEX data conversion ap-
plication, RMXIGTEX. GTEX has beon included in Rec:
onumendation ITU-E P311-16 Annex 1. GTEX wxlfor
GMNES recerver daia ~:|"|:|.|."i||g has u:lulllll;'.d T SO pe-
|:|;i1,:-'n_':.I such a8 Smheast Asin, and has revenlad oy clar
potenstics of EPH.

.";hi'l.-:u.lyh we belwve the DRAWING.-TEC project will
promnie studies of medinom-scale immasphenc variitiong
and their effect on GNSS, there are still some chalienges
tes their further proanotion. The first one is opprading the
applicotion o use mulii-GNES, In recent years, in nd-
dition o the United States' GPS. lapan's Quasi-Feniih
Satellite Bystem (E58Y, Russia's GLONASS, the Ewro-
pean Usion ‘s Gialilen, China's BeilDow, ete., have been
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produced using 27 GNSS stations,

widely used a5 global satellite navigation sysiema. By us-
ing the data of all the availahie GNAS, &l beconees pos-
sible to ohserve the wonosphere more broddly and more
densely. Cwrently, however, the RNX2GTEX applica-
ton only supports GPS dada, J0 s necessary o upgrade
it for multi-GNSS computibility. The GTEX format for
wnlli-GMES data may abso need 0 be eplimized, tough
the curvent version of GTEX format can suppor mult-
CiMSE, One of e odher challenges is the use of GMNESS
datn over the ocean, which 15 a large area devisd of high-
reaolution kopospheric observatlons. Permanently oper-
abed GMES recever networks are generally limdted 1o fand
arens with much social or crusial nclivity, Although there
are 4 few GMES buoy netwaorks, soch 2 the Nationeade
Cheean Wave information network for Ports and HArbours
(NONTPHAS) [25], to monitor aocn waves, their distn-
butiom is limvited (o marrens coastal areas (less than 20 km
from the coast), and thear recorded data are cumently lim-
el to wave anformsanon.  Reference [26] proposes the
new iden of establishing o dense buey network in the
western Peeific by implementing muli-instrament Baoys
that inclode NS5 receivers far from the coast, IF the
COMSS observation data of such a wide-coverage, dense
GMES buoy network becomes available, it will be a break-
through syalem pot anly for sunmnd momtoing bl also
Tor ioncsphens momtonng, which can contribute io the
eslimtion of isunami source areas and the forecasiing of
tsunami amivals,

CMSS positioning/mavigation has become an indis-
pensable infrastucture not only for military and nero-
nagticol applications bt afso for public usé in recend
years, 5 ear navigation systeme amd smarphones have
become popular.  [n addidon, more precise and unin-
termupted GMSS navigation is required m the Aelds of
agriculture, construction, mining, and self-driving cars,
Frequently observed medium-scale tonospheric vanations
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can degrade GNSS  posisoning/navigation and, in the
worst case, make it unusable due o loss-of-lock on GNSS
signuls, For the spfe wse of GMSS positioning/navigation
amd ihe improvement of jis precision and wvuilability, i
is necessary lo monitor the jonosphene vanations mare
precisely over o wider oren and produce more adequnte
uuﬂmeul.:ulinn informsation, The DREAWING-TEC project
can centribole o the sale and odvimced use of GMNSS in
socicty now and in the future,
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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; Tkuta 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
etal., 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
etal., 2018; Kimura et al., 2019), co-seismic displacements (Kido et al., 2006, 2011; Tadokoro et al.,
2006; Sato et al., 2011a; [inuma 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 x 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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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-

circle) and ground base

FIGURE 2 | Locations of test site, Kuroshio-Bokujyo No. 18 buoy (red solid

- = 1.8 ms, which was sufficient to ensure that the direct wave
133°E 134°E 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
station (blue solid square). Topography and

bathymetry data are provided from SRTM30_PLUS (Becker et al., 2009). base station through a commercial communications satellite

operated by Thuraya Telecommunications Company where it

Frontiers in Earth Science

| www.frontiersin.org April 2020 | Volume 8 | Article 123

3
-115-


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/earth-science#articles

Tadokoro et al.

Buoy-Mounted GNSS/Acoustic Measurement System

Tl .rl_J -

llr.‘l.l'l-lm.'lu

ADDUSTE Trandducs Pods

of the design drawing of the buoy.
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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 x 500 kHz x 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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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):

i+W,

1 2
Yi= w, ; (s1)

where ; is the energy ratio at the i-th sample, s; is the amplitude
of the acoustic wave at the j-th sample (j > 1), d (> 1) is
the time shift, and W, (>1) and Wj, (>1) are the lengths
of the following and preceding windows at the target sample,
respectively. Originally, the two windows W, and W, were
defined as having the same length. Here, the windows had a
length of 195 samples (0.390 ms), which corresponded to 5 cycles

1 i—d 5
W 2 ) 1)

j=i—d—W,
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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 atj=1, W,
was reset ati — d - 1 for the case of i — d — W}, < 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
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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 x 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
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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.

CCF Value at Peak-1

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

Peak-1 83 0 1 1 85
Judged , Peak-2 1 1044 1 3 1,049
(automatically picked)
Direct wave onset at: 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 x 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 x 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) x 74 cm (D) x 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 x 10° 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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Abstract

Using Global Navigation Satellite System—Acoustic (GNSS-A) technique, we have been developing observation
system on a moored buoy for continuous monitoring of seafloor crustal deformation. The sound speed structure
near a warm current has heterogeneity, which is the main cause of a seafloor positioning error. Assuming a sloping
structure, previous studies proposed sound speed model to reduce positioning error. We examined the validity of
the model by comparing the estimated structure with the actual structure measured at multiple points around our
observation site. The result shows that the gradient parameter estimated from GNSS-A data acquired by vessel is
appropriate. The numerical examination indicates that modeling error caused by the misinterpretation of the depth
of gradient layer occurs, and it can be suppressed by performing acoustic ranging at the point near the centroid of

units. From the calculation of estimation error of sound speed variation, the predicted acoustic ranging error
observed using the moored buoy staying near the centroid is 9.0 cm or below. Therefore, seafloor displacement
can be detected with centimeter class via moored buoy in the basin of a warm current.

Keywords: GNSS-A, Seafloor crustal deformation, Buoy, Sound speed structure, CTD, Horizontal gradient

Introduction

Spiess et al. (1998) originally presented observation
method for seafloor crustal deformation by combining
Global Navigation Satellite System (GNSS) positioning
with acoustic ranging. It is difficult to estimate the abso-
lute position on the seafloor using GNSS only because
the electromagnetic wave propagates poorly in seawater.
GNSS—Acoustic (GNSS-A) technique uses a vessel or
buoy as a relay point and estimates the relative position
on the seafloor by acoustic ranging. Although the esti-
mation accuracy for stationary displacement has been
enhanced by the previous studies (Fujita et al. 2006;
Honsho et al. 2019; Ikuta et al. 2008; Kido et al. 2008;
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Yasuda et al. 2017; Yokota et al. 2019), it is still difficult
to detect that for non-stationary displacement or separ-
ate with high-accuracy coseismic from postseismic one.
Yokota and Ishikawa (2019b) conducted an observa-
tion at frequent intervals and were successful to detect
the displacement due to the slow slip event. From the
results of this study, continuous monitoring is expected
to increase the estimation accuracy. Recently, a buoy has
been used as the continuous observation platform. Kido
et al. (2018) developed the GNSS-A observation system
on the moored buoy and had been operating it for al-
most 1 year. Kato et al. (2005) has utilized a buoy,
named GNSS buoy, to observe tsunami. GNSS buoy was
successful to detect tsunamis generated by the 2001 Peru
earthquake, the 2004 off the Kii peninsula earthquake in
Japan, and so on. Our research group then conducted
experiments farther from the coast and extended the

© The Author(s). 2020 Open Access This article is licensed under a Creative Commons Attribution 4.0 International License,
which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if

changes were made. The images or other third party material in this article are included in the article's Creative Commons
licence, unless indicated otherwise in a credit line to the material. If material is not included in the article's Creative Commons
licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.
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function of the GNSS buoy by introducing GNSS-A ob-
servation equipment. We previously reported the devel-
opment of a comprehensive observation system for
tsunami, ionospheric total electron content, precipitable
water, and seafloor crustal deformation (Kato et al.
2018).

The moored buoy we used in this research is owned
by Kochi Prefecture, Japan, which is located approxi-
mately 30 km off the coast of cape Ashizuri (Fig. 1). We
installed three acoustic units on the seafloor around the
buoy in 2017 and finished installing observation equip-
ment, such as GNSS antenna and receiver, gyro sensor
for attitude measuring, acoustic ranging equipment,
computers for data processing, and satellite communica-
tion unit for data transfer, on the deck in 2018. The
measurements of GNSS and gyro are acquired with 1 Hz
sampling. The acoustic ranging at 3 min intervals for
units one by one in sequence is continuously operated.

As shown by Yokota et al. (2019), from 2014 to 2016,
water temperature at the surface layer around this region
had gradient toward the southeast. The temperature gra-
dient was generated by warm current called Kuroshio
that flows northward in the Pacific Ocean along the
eastern coast of Japan. Yokota end Ishikawa (2019a) also
pointed out that sound speed structure has strong
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gradient when the observation point is located at the
edge of the Kuroshio. Kido (2007) presented sound
speed model considering horizontal gradient because the
heterogeneity in sound speed structure is the main cause
of positioning error for GNSS-A technique. Assuming a
sloping structure for sound speed to estimate the vari-
ation from reference sound speed profile, Yasuda et al.
(2017), Honsho et al. (2019), and Yokota et al. (2019) de-
veloped an analytical method. They eventually demon-
strated that the estimation for the time series of unit
position was improved.

In our case, we needed to use the measured in the past
for analysis because our buoy was not equipped with the
function of measuring sound speed. Therefore, the esti-
mation accuracy for sound speed variation has more dir-
ect effects on the positioning accuracy. Accordingly, this
study aimed to evaluate estimation accuracy for its tem-
poral and spatial variations. We then measured sound
speed at multiple points around seafloor units in parallel
with acoustic ranging and obtained its three-dimensional
structure. We applied the sloping structure model to
GNSS-A data acquired using vessel and obtained sea-
floor unit position and sound speed variations. Then, we
compared the estimated horizontal gradient with the
measured structure. We also calculated the anticipated
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ranging error observed using buoy to examine the cap-
ability of the buoy to detect the seafloor displacement.

First, we presented sound speed model and analytical
method considering its sloping structure. Then, we
showed the analytical results of array shape and horizon-
tal gradient of sound speed by using GNSS-A data ac-
quired using vessel. We discussed the estimated acoustic
ranging error observed using buoy. The modeling error
caused by misinterpretation of sound speed structure is
also discussed.

Observation and data

GNSS-A observation using vessel

We conducted observation using research vessel Yuge-
maru from 2017 to 2019 to determine the initial position
of seafloor units and survey the sound speed structure at
the site. Figure 2a shows the track maps for six epochs.
First, the vessel ran clockwise and counterclockwise
around the unit array on the circular route in either
case. The vessel also navigated along straight orbits pass-
ing both the vicinity of the center of the circular route

Page 3 of 14

and the point right above each seafloor unit. The acous-
tic ranging was performed at intervals of 8 s for units
one by one in sequence for about 5-6 h for each epoch.
During acoustic ranging, the onboard GNSS receiver re-
corded satellite signal and the gyrocompass measured at-
titude of the vessel. The position of onboard transducer
can be calculated from the measured attitude and the
position of GNSS antenna placed on the vessel estimated
using kinematic positioning. We also measured conduct-
ivity, temperature, and depth (CTD) of sea water in par-
allel with acoustic ranging.

Sound speed structure obtained from CTD measurements
We conducted underway CTD observations at the points
as indicated by the star symbols on the circular route in
Fig. 2a. We performed at multiple points to understand
sound speed structure at our observation site. Figure 2b
shows sound speed profiles at 1 m intervals of water
depth for each epoch, which is calculated using the
equation proposed by Del Grosso (1974). The similar
variation patterns according to the depth were measured
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Fig. 2 Outline of conducted observation using vessel for six observational epochs. a Two-dimensional ship track maps. Pink squares and star
symbols represent seafloor units and the point where observations for conductivity, temperature, and depth (CTD) were conducted. b The
variation of sound speed in ocean along to the depth. ¢ The sound speed perturbation calculated by Eq. (2)
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in 2017 and 2018, whereas the vertical gradient at the
depth 200-300 m measured in 2019 were extremely
large.

The horizontal structure of sound speed has been gen-
erally considered to be sloping in the region near the
Kuroshio basin (Kido 2007; Yasuda et al. 2017; Yokota
et al. 2019; Honsho et al. 2019). We applied this model
to detect horizontal gradient of sound speed from CTD
measurements. Then, sound speed at the point (x, y, z) is
modeled by

V(x,,2) = Vo(z) + 6Vi(z) -2+ 8V, (2) - y, (1)

where Vj(z) (m/s) is sound speed at the origin and JV,
and 0V, (m/s/m) are the constant gradients of east and
south components, respectively. Using the least squares
method, the parameters V(z), §V,(z), and dV,(z) at 1 m
intervals of the depth from multiple profiles (Fig. 2b)
can be obtained. Figure 2c shows the perturbation from
Vo(z) calculated by

AV(z,¢) = 0Vi(2) - R sing + 8V, (z) - R cos¢p, (2)

where R (m) is radius of circular route and ¢ (radian)
is the direction of gradient axis from the true north. We
considered that if the estimation errors of dV,(z) and
0V,(z) are extremely large, the horizontal structure at a
particular depth is not sloping. Then, the perturbation
was not painted at the depth where the radius of error
ellipse for AV(z, ¢) with 95% confidence probability was
higher than its estimation value.

The results in 2017 and 2019 showed that a strong
gradient mainly from southeast to south is generated at
the depth 200-400 m. Contrarily, the structures in 2018
have weak gradient or complicated gradient field. Yokota
and Ishikawa (2019a) categorized a structure in accord-
ance with the relative position between observation site
and the Kuroshio basin. The structure in shallow depth
has weak gradient in the area inside the Kuroshio. On
the edge of the Kuroshio, there is strong thick gradient
layer. The unstable disturbance is likely to be generated
because there is no strong current flow in the area out-
side the Kuroshio. According to this categorization, our
observation site was considered to be on the edge for
the epochs in 2017 and 2019 and outside the Kuroshio
for the epochs in 2018.

Methods/experimental

Model definition for travel time of acoustic signal

Travel time between onboard transducer x= (x, ys, zs)
and seafloor unit x,= (xy, yu 2zy) is defined as the integra-
tion of slowness S, which is an inverse of sound speed,
along the propagation path:
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L
T = / S(x,7,2, 0)dl, 3)
0

where L = |x5 - x| is path length (m). To express the
equation of travel time simply, we used S instead of
sound speed. As shown in Eq. (1), several previous works
considered that horizontal sound speed structure is slop-
ing. We also assumed that horizontal structure consists
of N layers, the thickness of each layer is H (m), and the
gradient is uniform within each layer. Then, the slow-
ness at the depth in nth layer at the time ¢ is modeled by

S(xv)’,l, t) = ﬂ(t)SO(z) + 5an X+ 5Sy,n Y (4)

where Sy(z) is slowness (s/m) at the origin andVS,, = (
0Sxm 0S,, ) are the east and north components of hori-
zontal gradient (s/m/m) in nth layer, respectively. Ac-
cording to Ikuta et al. (2008), the temporal variation of
slowness a(t) is represented by a cubic B-spline curve:

a(t) = Z a;Bial(t), (5)

where «; is control points and B;4(¢) is basis function.
We set 3 h for the knot interval in this study to detect
long-term variation caused by the ocean tide. Assuming
that acoustic signal propagates linearly as described in
Fig. 3a, we obtained dl=L/D dz (D =z - z,). By substi-
tuting Eq. (4) into (3), the theoretical travel time can be
written as

— L
Tea =L-a(t)So(zs,za) + l_)AT grad, (6)

where the average sound speed at the origin is
expressed as

So(zs,20) = % / " So(2)dz, 7)

Zu

and the contribution of horizontal gradient to travel
time is

N
A Tgrad = Z
n=1

By substituting the coordinate of the point on the path

X =Xy + Z_‘; (xs—xy,) into Eq. (8), the east component of

ATyqq is given by

zy+nH
[0Sy %+ 88y, - 9] dz. (8)

zy+(n-1)H
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Fig. 3 Schematic diagram drawing a propagation path and b horizontal slowness model having constant gradient from seafloor to sea surface. It
is assumed that acoustic signal transmitted from vessel or buoy x, (green circle) propagates linearly to seafloor unit x, (pink square)
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The contributions of gradient to travel time are deter-
mined by its strength and thickness and depth of gradi-
ent layer. As suggested in Eq. (9), the parameters of
strength 4S,,, and thickness H are inseparable. There-
fore, the previous works generally set H to 500-1000 m
(Yasuda et al. (2017), Honsho et al. (2019)). Since the
depth of our observation site is below 800 m (Fig. 1), this
study assumed that strength and direction of gradient
are constant from sea bottom to sea surface (Fig. 3b).
Then, we obtained

ATgut = 5 DI3S:(xs + ) + 85,00 +3,), (10)

by substituting N=1, H=D, and VS, = VS = (6S,, 65,)
into Egs. (8) and (9). ATg,q indicates a sum of product
of gradient value and horizontal distance from the origin
to the middle of path. Accordingly, theoretical travel
time model applied in this study is

(11)

obtained from Egs. (6) and (10).

Analytical process for detecting seafloor displacement

We need to determine the shape of seafloor unit array in
advance for detecting precisely seafloor displacement ob-
served using buoy. Then, first, we determine the array

shape using data acquired using vessel, and second, we
estimate the displacement of array from the initial pos-
ition with assumptions that every single unit moves in
the same direction and also at the same speed due to the
crustal deformation.

The theoretical travel time from the transducer of the
vessel to the unit i for kth shot at time # is given by
Tea®u; + 0%, X 1o So,m @ VS, 1) for mth epoch. The
position of unit i for mth epoch is expressed as x,; +
dx,,, where x,; is its initial position and dx,, is the vec-
tor of array displacement. To determine the array shape,
the parameters to be estimated are «x,; 0x,, and tem-
poral variation a(f) and horizontal gradient VS,, from
the slowness profile Sy,,. The average of their profiles
was applied for Sy,,, since this analysis is performed
without the information of horizontal sound speed
structure obtained from multiple profiles (Fig. 2c).

As shown in Fig. 2c, the horizontal structure changes
day by day. Although the time variation of VS should be
considered, we treat VS as constant value during a cer-
tain time in accordance with Honsho et al. (2019). We
assumed that VS is constant during observation for sin-
gle epoch since the observation using vessel takes ap-
proximately 6 h for this site. For the observation using
buoy, we were planning to divide observation period by
a prescribed time interval and to consider VS constant
within interval.

The theoretical travel time from the buoy is also given
by Tea(®u:+ 0%y, X1 Sor @, VS, tr). 0x, and VS, are
those of the pth and gth divisions when observation
period is divided by a prescribed time interval for each.
For the determination of array displacement, the un-
known parameters are 8x,, a(ty), and VS, We need to
use the profile measured by vessel in the past because
our observation system on the buoy has no function for
CTD measuring. Both analyses use the least squares
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method and determine the unknown parameters that
minimize the sum of residuals between observed and
theoretical travel time.

Results

Array shape of seafloor units

First, we examined the effect of considering horizontal
gradient of sound speed for array shape determination.
For this purpose, we compared array shape determined
using sound speed model considering and ignoring gra-
dient. Here, the model considering gradient (Eq. (4)) is
called constant gradient model, and model ignoring gra-
dient is called stratification model. By conducting ana-
lysis for each single epoch, a set of six shapes was

obtained. Figure 4 compares the obtained array shapes
for each sound speed model. The centroid position of
each shape is arranged to the origin. For both horizontal
and vertical shapes, the dispersion was suppressed by
considering gradient. Table 1 also compares averaged
distance between units with the standard deviation. The
maximum dispersion of horizontal one between unit 1
and unit 3 was decreased from approximately 10 to 7
cm by considering gradient. The dispersions of vertical
one were also decreased.

We also showed the positional shift of unit array be-
tween two models for each epoch in Fig. 5. Violet and
blue vectors in Fig. 5a denote the estimated horizontal
gradient and the centroid shift, respectively. Two arrows

Table 1 Averaged distances between seafloor units determined by using different sound speed models

Horizontal sound speed model:

Stratification model Constant gradient model
Mean (m) STD (cm) Mean (m) STD (cm)
Horizontal distance Unit 1, 2 1424.583 94 1424.565 36
Unit 2, 3 1374.945 10.1 1374.973 45
Unit 3,1 1403.078 104 1403.153 6.9
Vertical distance Unit 1, 2 7.735 78 7.798 55
Unit 1,3 5.807 122 5935 72

Note: STD standard deviation
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point in almost the same direction. Since violet arrow
points in the direction of increasing sound speed, the es-
timated unit position is shifted toward faster sound
speed by ignoring gradient. Moreover, the shift amount
seems to be proportional to the quantity of gradient par-
ameter. Vertical array shift in Fig. 5b suggests that the

depth of unit is estimated shallower than the true pos-
ition for the unit where the sound speed is faster.
Second, we conducted analysis to determine common
array shape for six epochs by using constant gradient
model. Table 2 displays the determined position of sea-
floor units expressed as the east—north—up coordinates
centering the centroid of the array (latitude 32.48662
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Table 2 Position of seafloor units estimated by using multiple
campaign data

ENU PosITION (M) o (cwm)

East NORTH up HORIZONTAL VERTICAL
UNIT 1 — 810.24 —148.10 - 072 14 15
UNIT 2 29357 75242 7.23 14 1.5
UNIT 3 516.66 — 604.32 - 6.50 14 1.5

Norte. ENU east-north-up, o the major axial radius of error ellipse with 95%
confidence probability

north, longitude 133.20850 east, and at ellipsoidal height
- 756.15 m). From the calculated major axial radius of
error ellipse with 95% confidence probability, the unit
position was determined with 1.5 cm accuracy.

Horizontal sound speed structure

We also obtained horizontal gradient from the ana-
lysis to determine common array shape in the above
section. The estimation results are summarized in the
left column in Table 3. The magnitude of horizontal

gradient AV (m/s/km) was converted from VS by AV

~ |VS|/S; x 10®. The estimated direction of gradient
axis ¢ is also displayed. The estimated ¢s of epochs
(1) and (2) in 2017 are southeast, which corresponds
with the measured structure (Fig. 2c). The estimated
AV value of epoch (3) is about half those of epoch
(1). The effect of gradient on the observed travel time
was canceled because the measured structure of
epoch (3) is complicated. The estimated AV is smal-
lest for epoch (4) because the structure has weak gra-
dient. Although the structure of epoch (6) has large
gradient at the depth 200-300 m, AV is smaller than
those of epochs (1) and (2). It suggests that the effect
of gradient is suppressed because the thickness of
gradient layer is thin.

Table 3 Horizontal gradient of sound speed estimated from
different profiles

Reference sound speed profile observed on:

Each epoch 6 June 2017 5 June 2019

Epoch AV ¢ RMS AV ¢ RMS AV ¢ RMS
(1) 027 121 004 - - - 027 125 009
@ 021 136 005 018 133 006 020 129 007
3 014 200 006 016 197 006 023 195 0.1
(4) 011 184 005 011 18 005 014 180 009
(5) 018 174 006 018 171 008 018 175 006
©6) 016 164 005 014 156 010 - - -

Note. AV magnitude of horizontal gradient (m/s/km), ¢ azimuth angle
(degrees) RMS rms error of residual between observed and calculated travel
time (ms)
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Estimation error of sound speed variations

A comparison with actual structure demonstrated in the pre-
vious section that horizontal gradient estimated from GNSS-
A data with sound speed profile obtained in parallel with
acoustic ranging was appropriate. Although our buoy has no
function for measuring sound speed, the profile measured in
the past needs to be used. Accordingly, we examined the ef-
fect of substituting the profile obtained on other days on the
estimation of sound speed variations. We applied the profiles
measured on 6 June 2017, and 5 June 2019, to the calculation
for other epochs and obtained temporal variation and hori-
zontal gradient from those reference profiles.

Table 3 compares the horizontal gradient estimated
using different profiles. The root-mean-square (rms) er-
rors of residual between observed and calculated travel
time are also shown. The rms error was 0.04—0.06 ms in
the case of using profile obtained in each epoch. We
then considered estimation using other profile to be vali-
dated when the rms error is less than 0.06 ms. Based on
this index, the profile of epoch (1) should be selected for
epochs (2)—(4) and that of epoch (6) should be selected
for epoch (5). As shown in Fig. 2b, observed variation
patterns along the depth for two epochs in 2019 were
quite different from others. Thus, applying the profile
markedly different from the actual pattern has adverse
effect on the estimation. Even if the suitable one was se-
lected as the reference, the estimation errors for AV and
¢ are maximum of 0.03 m/s/km and 3°, respectively.

Figure 6 also compares the estimated temporal vari-
ation of averaged sound speed (1/a(t)S,). As mentioned
above, the profile of epoch (6) should not be selected as
the reference for epoch (1)-(4). However, regardless of
the used profile, the temporal variation patterns were
successfully identified. The offset in the figures repre-
sents the average of the residual of estimation values be-
tween used profiles. The results of all epochs indicate
that using suitable profile can suppress the offset and
the maximum value is 0.11 m/s.

Discussion

Separability between array displacement and sound
speed gradient

Honsho et al. (2019) discussed the requirements to detect
array displacement separately from horizontal gradient. In
two-dimensional example, they theoretically demonstrated
that the measurements obtained from the point survey at the
center of an equilateral triangle array have little information
to separate them. The buoy we applied is in a similar situ-
ation as shown in Fig. 7 showing its movement for a month
observed through GNSS. The position of buoy had been
stable within a square of approximately 400 m x 400 m.
Therefore, we also considered the separability with three-
dimensional example for observation using buoy.
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According to Eq. (11), the observed travel time for unit
i for kth shot is given by

- 1
Ti,k = Li,k{SO + E [6Sx(xu,i +ox+ xs,k)

+ 88y (i + 0y + 5501} (12)
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tnitz
500}
E
E i .-
h =
= »
Lkl
500+
| [ ]
Lindt 1
9 L i - i - |
oo 500 [ 500 000
Easi {m)
Fig. 7 Location of seafloor units and buoy observed in March 2019

where L;; =[x, — (®,; + 0x)|. The quantity of travel
time changes caused by the array displacement dx
becomes

i e S
STUP = (Lix=Lix)So = L—O [6%(%n i~ s k)
ik
+ 6y(yu,i_ys,k)]7 (13)
where L;yk = |#sx—%y:|. The temporal variation of Sy is
ignored here for brevity. The contribution of horizontal
gradient to travel time is

rad 1.
6ng,k ~ §Li,k[55x(xu,i +%5k) + 68y (s

) (14)

The position of onboard transducer «x;, is fixed at the
origin if the buoy stops at the centroid of unit array. As-
suming that the array shape is equilateral triangle and all
units are at the same depth, the path length L and the
incident angle of acoustic signal 8 are independent of
unit and shot (Fig. 8c). Then, the quantities of travel
time changes in Egs. (13) and (14) are rewritten as

STHP ~ 5y|8xsinfcos(y-y,), (15)

and
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where the directions of array displacement and slow-
ness gradient are y and ¢s and x,; is expressed by azi-
muth y; (Figs. 8a, b, d). From these equations, the
separation of two quantities is theoretically impossible
when the buoy stops at the centroid.

Our buoy stays stable but actually moves 50-100 m a
day. To show the separability in the actual condition, we
performed the numerical calculation assuming that the
buoy moves around the centroid. Synthetic travel time for
1 year was generated from Eq. (12) by setting array dis-
placement (éx, §y) = (-44.2, 35.7) mm/year and horizontal
gradient (|VS| = 0.2 ns/m/m, ¢s =y =309°). We examined
the effect of the movement range of x; by giving the ran-
dom value within squares of 10 m x 10 m and 50 m x 50
m according to the uniform distribution. Figure 9 com-
pares the results of dx and VS estimated once a week and
every 12 h, respectively. A comparison between two
ranges of movement shows that the estimation accuracy
becomes higher with wider movement range. Therefore,
the actual condition for our buoy meets the requirement
for determining array displacement correctly.

Acoustic ranging error caused by estimation error of
sound speed

We examined the effect of substituting profile obtained on
other days for the estimation of sound speed variation

(Table 3 and Fig. 6). To examine the capability of buoy to
detect seafloor displacement, we discussed the estimated
acoustic ranging error for observation using buoy in this
section. From the positional relationship between buoy
and seafloor units (Fig. 7), the average of observed travel
time can be calculated and summarized in Table 4.

First, we consider ranging error due to the misinter-
pretation of sound speed average. As indicated in Fig. 6,
the estimation error of averaged sound speed ¢y was
maximum of 0.11 m/s. Since the maximum of T, is
0.82 s for unit 3 (Table 4), the maximum ranging error
given by ey Tops is 9.0 cm. As indicated in Table 3, esti-
mation error of horizontal gradient €4, was less than
0.03 m/s/km. €y caused by €4y is also given by ey =
Xgrad€avs Where X4 is horizontal distance from the ori-
gin to the middle of path along the gradient axis. Since
the maximum of xg,4 is approximately 521 m for unit 1
(Table 4), the ranging error due to the estimation error
of horizontal gradient becomes 1.0 cm as a maximum.

We demonstrated that acoustic ranging from buoy
without CTD measuring parallelly will probably be per-
formed with under 10 cm accuracy. Consequently, pro-
posed analytical method can achieve seafloor positioning
with accuracy of several centimeters class, which is suffi-
cient for detecting seafloor displacement.

Validity of proposed sound speed model
The quantities of contribution of horizontal gradient to
travel time is determined by its strength, thickness, and
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depth of gradient layer, as well as signal route passing
through the layer, as indicated in Eq. (8). Particularly,
the depth of layer determines the ratio of the contribu-
tions between x, and «xy into the change of travel time.
Assuming that sound speed structure has constant gra-
dient from seafloor to sea surface, the ratio is fixed to 1:
1, as shown by the coefficients of x, and «, in Eq. (10).
However, the actual structures are not so simple (Fig.
2¢). Then, modeling error can occur, which can cause
seafloor positioning error.

In this section, we demonstrated the contribution of
horizontal gradient to observed travel time by numerical
calculation and verify the validity of the assumption for
sound speed model. We examined five types of structure
shown in the left column in Fig. 10. The contribution of
gradient ATy,q was calculated for each structure by
using Eq. (8) assuming that acoustic ranging is per-
formed from the point in the displayed area. The distri-
bution of ATg,q for each unit is described by the color
scale.

Type A is the structure having constant gradient from
sea surface to seafloor, which is the same as the intro-
duced model in this study. The distribution of ATgg
suggests that if the gradient is ignored, the estimated

position for every single unit can be shifted into the dir-
ection of gradient axis. Additionally, the unit where
sound speed is faster can be estimated to be shallower.
This result completely corresponds to that in Fig. 5.

The structure of type B has gradient layer in the mid-
dle depth and the thickness of layer is set to 100 m. The
distribution of ATg,q is nearly the same as type A. Ac-
cordingly, even if the thickness of actual gradient layer is
thinner than the assumed, the effect of gradient can be
removed when the middle depth of actual layer corre-
sponds to that of the assumed.

Type C has gradient layer in the depth of 200-300 m.
In this case, the signal propagates through the layer near
from the ranging position &;. Then, the contribution ra-
tio of x, becomes small. Contrarily, if the structure has
gradient layer near the seafloor, ATy.4 is almost inde-
pendent of x,.

Type D simply reproduces the measured structure of
epoch (3), which consists of two layers. The distribution
of ATg.q shows that major effect of gradient is cancelled
because the direction of gradient axis is opposite. For this
reason, the estimation value of AV was small (Table 3).
Lastly, type E reproducing the structure of epoch (6) also
consists of two layers, and the gradient of upper layer is
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Table 4 Observed travel time from buoy to each unit and
horizontal distance

Tobs (5) Xgrad (M)
Unit 1 067 520.619
Unit 2 0.82 346.831
Unit 3 0.82 342.849

much stronger. The effect of strong layer is dominant, and
the distribution of AT,q is similar to that of type C be-
cause the depth of layer is shallower than middle.

The numerical calculation suggests that modeling error
occurs if the true depth of gradient layer is shallower or
deeper than that of the assumed, such as types C and E. It
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makes the error increase at the point far from the origin. If
the buoy stays stable near the array centroid, the modeling
error hardly occurs because the contribution of x; can be
ignored. In this case, the estimated value as the gradient
parameter includes the information of depth and thickness
of layer. Therefore, the assumption for sound speed struc-
ture in this study is basically appropriate for observation
near the array centroid. If the buoy stays stable at the point
far from the centroid, the modeling error could be proven
fatal. Yokota and Ishikawa (2019a) proposed estimating the
contributions of x, and % to ATg,q separately. This
method can reduce the modeling error irrespective of the
ranging position. If we intended to introduce their idea for
a point survey, we would be faced with another problem:
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Fig. 10 Numerical calculation for the contribution of horizontal gradient of sound speed for five types of structure to observed travel time, which
is denoted by AT.q in Eq. (10). The magnitude AV and azimuth ¢, of sound speed gradient were given by the displayed value. The color scale
in three right figures shows the distributions of ATg,q calculated for each unit by setting ranging position (x;, ys) within a range of — 1000 to

-136-



Kinugasa et al. Progress in Earth and Planetary Science (2020) 7:21

insufficient number of observation data because we have
only three units. Accordingly, the depth of gradient layer is
required to be determined by using the Monte Carlo
method or some other calculation techniques in the case of
point survey far from the array centroid.

Conclusions

We have been developing GNSS-A observation system
on the moored buoy to monitor seafloor crustal deform-
ation continuously. The sound speed structure in the
near a warm current has heterogeneity that is main
cause of seafloor positioning error. Some previous works
proposed sound speed model assuming a sloping struc-
ture. We applied this model to our analysis using data
acquired through vessel and obtained horizontal gradient
of sound speed with seafloor unit position. To validate
the estimated gradient, we measured sound speed at
multiple points around the unit array and obtained the
three-dimensional structure. A comparison with mea-
sured structure showed that the estimated gradient was
appropriate.

Since the buoy we applied in this research is not
equipped with the function of measuring sound speed,
we needed to use the profile measured in the past. Then,
we also compared the estimation result for sound speed
variations using profile observed on other days. The
maximum estimation error for averaged sound speed
and magnitude of horizontal gradient were 0.11 m/s and
0.03 m/s/km, respectively. Therefore, the estimated ran-
ging error for observation using buoy will be less than
9.0 cm. This suggests that the presented analytical
method can detect seafloor displacement within a re-
quired accuracy.

We indicated that it is difficult to separate array dis-
placement from horizontal gradient of sound speed
when the buoy completely stops at the unit array cen-
troid. We also suggested that the misinterpretation of
the gradient layer depth causes modeling error, and it
possibly affects array displacement determination when
the moored buoy stays stable at the point far from the
array centroid.
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Non-Orthogonal Multiple Access (NOMA)
in [oT Non-Terrestrial Network
for GNSS Buoy Array in the Ocean
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Enabl: mkizawa i melga.jp

Yukiliro Terada
Mauemal Iesimge of Technolozy, kochi College
Monabe-xso 200=1, Mangoku, Kochi, JAPAN

[, IHTRODUCTION

Deplovment of global mvigadion satellile system (GMN55)
hmr::,' e L VR L T L i in a wide peean is expecied as o
pawerful teal for moitoring Isumami amd occan bofloan crustal
deformation in the region (1] 0T non-lermestrial neiwork
(™ | 2] a8 crucial 1o pealize the system sinee the buays ae
depoyed I the ooean. 1o the GNSS Bioy amay, althoagh data
sire sent from each buey (s ansall, it requines fo aceammodale
more than 10 booys while the szielliie lmé in avaikable. En
ihis cuse, prani-free sccess, which brings: advantages ol low
lmercy and smadl signoling owerhead, & expected, Ino thes
work, the use of wplink based on pea-oribogenal mulbple
nccess (UTL-MOMA) [3] s evalumied as grant-free access in the
GMES buoy array. We propase a method of generating & low-
density shganmire for MOMA from buoy's location (ladnsde
angl Bemgitaded for reduction of the signaling oveebead,

[ FoT MTH uEie MOMA rop GNSS nuay array

A Sysrewm meaedef

Figure | shows o systemn mindel, As shown, DL-MNOMA
uskng il inferbeave pattem w5, 05 ooodecad, GNSS buoys e
deplovesd in the ocean with a dstanes of moee than 10 ki
In this papsr, we treal only UL, in which each [iMsy buny
peniks menswrad datn m S-hand with satedlite-orbil of LI0-&00,
Mssuming tha Frame synchmnization is established @smong the
baoys: and the satellite, und the n th baoy i4 awure with it
location by lonpitdedy ., and latitude ly , As the TIL-NORMA,
o method is propossd to determning ifs inlerleave pattesn 7,
foo it signals :{ﬁ? andl cyelic shift &, for efercnce slgmal
o by wsing (1) p-fey, ). In o this method, reference paints
represented by (), fa] ore pre-determined & ench buoy seleces
unigue m., and Ay in the heam spot. The simplest woy e
o sef the disgoncs of the reference points a5 less thon the
half of the distance batween GNSS baoys, Ay shoam in the
frame Fommat. each buoy sands xﬁ. with repetstzon of P s

Shimkchi Yumamots
Wireless Nerwark Research Center, NICT
Mubkwildlmachi 4341, Kopamei, Tokya. IapaR
Emuil: shinyumamasotsEnice.ga, jp

Teruyuki Kato
Taislo Universicy
Mighi-sugansn 3201, Toshina-ku, Tokya, IAPARN

Fg. | System mded of HL-NOMA w 6T VTN foe dhe GNES buay amay

fallowed by x**. Received sigrnl ot the ssiellite is given by
pR e o ) b xBTS where N s the number of the
buoys in the beam sped, and b, denoses & chaneel coefficiens
bebtween the n th by el dhe sadsilile. Al Ih: PeceEver, s,
7 o0 estimates on the channe] coefficionts b, are derived by
5 by eadeulating the channel impulss responses, Then, ) i
proccsscd im lerntve woy beowesn mualtiuser desecoos (MLUTY
and clinnel decoder (DEC) in lop-likelibood mtio. Finally,
anformaieon atn seal Troem s N Disoys are recovesncd,

B Chawnel charrerenzanion

Since CiM55 buoys anc deployed In the soeai, Nuciaalion o
Els asbanom gakn due o elling of e beoy casasel by wases 18
oceurred, In ander wr chamcteriee the Nucuaion, measuremend
cumpaign hus been conducted by using ETS WIIL(5-hued ) and
a ship, in Scto Inland Sea, F.I1i.rnr:, Japan in M1, Measwramend
sefup as shown i Fig. 2 10 wavelonms received al the
patsh &ntemna and anteina’s angles (molks, paichd, and yawid)

-153-



A

E] ""'__._l. I,
dad g o
[ |m_"|=-i¢-| ] i

g % miepmureswar wauhs (e and o denved propganen mndel Crighi)

are recordes] by a gignal analyeer (Keysighl lechisologies
MERIA) =nd a tilt meter {Microstimin A0M-OXA-455K 1),
mespeciively. Symchronization on the measuroment of thiz 149
wavelorms and angles are estoblished by GNSS 1PPS. Fig. 3
slows measursd result and comparizon on BS5 batesen the
maesgsuned resulls and reslization by s modsl, which &5 given
by P+ Gl d, o] whene P g is sefercnee received pooer
arud (o, 840 stards for astenna galn Wowards the satellica,
The difference belween the measured resulis and the model
fpss is given by begenormal disicibetien. with & of 046 dB.

O Evalisarion

A link tadget based on sty cass % in [5] is shown in Table
1. tn which diameter of e beam is 50 ki, The model derived
from owr messarement campaies 18 meleded. Here, wansmin
perwer error al The ooy given by aidfonm diswibaion +3 dB
is taken anio scccun, inowhich the rmsmin power 8 decided
by BSS of the heacon fram the satellite. Specilications of e
UL-MOM A is summarized in Table L B0 reference poinis ene
pre-desermined with disnce of 5 kmoin the beam spat, The &
i given by mmultiples of 3, which s equivalent 10 §.33 ps. Amd,
thee et of w14 wenesated By aniform randam patierns. ln MUD,
chip-by-chip deection [#)] is ncrediscad. and the sumber of
erations between MUD and BEC k= 32, Simulation resalis
e shown in Fig. 4. As antenna’s angles (¢, 8,40, measured
angles ai a beey deployed in ocean ans wsed. As shown, frams
ermor mie (FER) of < 1073 i sehioved with repetitions P of &
nnel 5 for W of 12 ond 14, respectively, Tn these conditons, ihe
ratin of successfully decoded all the & buays Py, of 2 WA
are achievel Thus, the number of required sipds is snceesshally
veduced po less dlsan 203 by isrodacing the TL-MOMA,

TANLE |
Lap K Ui and UL B S-nadin nasis ax JOFEP TR 21 E)

argnicnss Wahis
‘Transmil poser is ﬁ .40 dETn [mwan’

& T,1 dfiie

fendwlih AR

— —— T

Aimcep benoi Sl Tafion [ [ R
Pobnzatina Inss S0l
— KEadnwing enmpamer T dA {Inp-rormal. w =00 di
Rierape CMHE L T

TARLE 0
BURc s ATIONS D0 TP OHA Il RIULETTONS.

"iramaers | Wl
Tiata sipasl (03 single-caricr LEaR (wilh L F af A-Ekis]
He fimemce: wgrml THE} i 4 -:‘-H.EFE"'I i 1ii N 5n||=rﬁq-3|—_
Errur camecilon oeding Tarte: code ({13, 150, cnding rac = 1/3)
% and TS wymbal raie = di0 Kz, 290 spmbals (1500 gab
A of rel, points W (detans briween (he 167, puins | ¢ a)

I Coscisiass

VL-MOMA applicable info BT-NTM for the GMN5S buoy
amay in the ocean has been smbuaced by simnlsteons, in
which the fAucmation of B85 due o the waves ts modeled
by muznsmrement resuls. For redecing sisnaling overhead, a
methad for assipning & lw-density signatre in UL-INOMA
is praposed by logation of (e buoy. The resules ghow that the
ratio of saccessfully decoded af = S94% has been achisved.
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GNSS H¥GETDBHFEIZ B9 % B 2= A JEBHIZ D U
TS 5. 2011 AL PRI B 5 %R %
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TR DI DBHSEETT - 7.

1. L

HIEMINL > X T 2 GNSS (Global Navigation Sat-
ellite System : 24%/Ji& GPS[Global Positioning System]
EWHENTZH, BB DOHRBIN. S 2T ADVES L
7272 %72 GNSS W H EEEHSAHWS N D X
DN 5 72) DIEEHUHIFNNIZT AT
FUSHEE D PR IC BT HENCRAIC X, I KE
DRI DT H S D E D5 Z1d 1990 4L
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Cover lllustration: GNSS (GPS) buoy can be used for early tsunami detection and other scientific studies

A global navigation satellite system (GNSS), which was known as the Global Positioning System (GPS), is a technology
for estimating the position of a receiver placed on the earth’s surface using satellites. The precise application of the technique
can provide a few centimeters accuracy for the positioning; therefore, it has been widely used in crustal deformation research
over the globe since the late 1980s. Dr. Teruyuki Kato and colleagues first applied the technique to detect tsunami by putting
the GNSS receiver on an ocean buoy and continued the developments for more than 20 years (see the review article in this
issue pp. 49-71). The top-left figure of the front page shows the first concept of the GNSS (GPS) buoy, for which the position
of the buoy was estimated relative to that of the base station placed on the land. This early GNSS buoy system was established
near Ofunato City, Northeast Japan, and could detect tsunamis that had amplitudes of several centimeters of height for the
2001 Peru earthquake (Mw8.4) and the 2003 Tokachi-oki earthquake (Mw7.9). The second buoy established off Cape Muroto,
Shikoku, southwest Japan, (top right) detected a tsunami for the 2004 Kii-Hanto Oki earthquake (Mw7.3). The plot shown
below the figure is the obtained record of the tsunami and the simulated theoretical record has been added, which shows a
clear consistency between them. Then, the system was implemented in the nationwide ocean wave monitoring system (called
NOWPHAS in Japan) in 2008 and fifteen GNSS buoys had been established around the Japanese coasts until 2011. The
records of NOWPHAS buoys were used to update tsunami aerts by the Japan Meteorological Agency, owing to the tsunami
caused by the 2011 Tohoku-oki earthquake (Mw9.0). However, the system used a relative positioning and had a distance limit
between the land base and buoy as less than 20 km. A new system was designed by introducing a new positioning algorithm
that enables point positioning using a single receiver and satellite data transmission to place the buoy much farther from the
coast. It may be placed at any place in the ocean. A new technique for continuous monitoring of ocean bottom crustal
movements was also implemented in the new system. The new buoy system can be used for other fields in earth sciences,
such as weather forecasting and ionospheric monitoring, using the byproducts of the GNSS positioning analyses.

Yoshio Fukao
Member of the Japan Academy
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nr.jpl-

. JOUTHL P Y
S The Auskor(a), Mubisbed imdee the 12rma af Lhe C BY-
MC licmse Mipecraptivecnmmesne argflkerrash a4 OV

plade ancdl cthe overiding coatimesdal place, Thees
are less fraguent bue significant taunamigenic earth-
guikes: abng the Japan Sop eoacts as well. Tle 1582
Mitwnkai-Chaba enrihguake (ddw?. 7} el the 1945
Hekkaide Mansei-oki cantbauake [Mw?.7) are rocont
cxnmyile,

Though there are few cmBes where woleanse
eruplions 4r Jarge landsicde in Lhe cossn canse
tsanamis, mastk tsunsmiz Bre gencrated by crustsl
meveioeats canam] Ly Lwme carthguabkeg ah ocosy
fleoms. Aw waber 3s incompoesiihle, bhe ama water
ahove the orean-bettoam crootal deformatiom o
vertienlbr displaced aocordiog to the crietad matinn
gt e oceem Bowr, generstiop & tswoeri. EE the
magnibwde of the carthquoks cxceeds 3, Lhe genembad
waye has wecters in hoight amplibude amd toss o
hundreds of kilconslers it wawelsgth. boveower, L
teunnmi heights are amplified s they move coward
the shelkower coastal srea, canslng coagalfies and
destroying propectics. Mitigating much disusiers is o
crwelsl and socially important clemant. in Japen and
other theentenod aconn worldwide.

Ta redure disesters dug to CEUMEMESE, various
samokenneaseres gabne lapbemis shoold e devel-
oped. For cxumpls, o teonami abenl i el s
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guickly Bs pocsible after che aocumenss of s large
eurthqnake wb che woenn e, 1o Japean, the Japan
Metcordlegical Agency {JMA) & responmible e
lasiuingg @ru by Ssaulmn marmbEs For such Jarge carth-
aquakes, and the JM A issued the ficst tsonani alerl
in 1941.Y Cuprently, they attetnpt o izsue such alerts
within a fesr minutes afer the onset of an earth-
cjuabe. Tlee deckcion bo weswe alertz & mede based
en the enrlhqualee siaede parheneterd, Sech &g its
locatisal and weguitnde. The AR A utilizes o drtabase
el posaible lswoeims doe to vanows earchguahs
machanisme for the quick issaance of trmao aleres
The JWA later reviess Lthe Eauance preceas bessd on
the obserred taunami &b the coast and che offaboce
wonllunby apparatog,®

Thuy, Lechiniques fir ceaitonog [unamis ave
vayy iaportant, Installacion of corstel tide gauges
aL porty is &t abblencle way of monitoring tsunamis.
Howewer, Lede FALELS ranoat ke weeed Lo tooollup
tauerunks Tofare their areival an the cosst, OBshoce
cmnmi menitoring is necemary to facililabe the
evacuation of people near the cosat.,

Most offsbore spstems coalinue bo use pretsnre
sensars, The Pacific Macdne Environmental Ludee
calwory ol ibe Malionel Queanic wel Atmospheric
Arministratinn (NOAA] Jo che UGS A acdablisbed
and has boen opereting a global distribution of the
Direpo.ocman Aussesment and Hepoctiog of Taweenks
syEtem that wees gocan-bedbom pressure sensars and
bungs 1o el dludn Lhroogh sataliiled (for detsela, soe
httpa:ncer.pmel-aoengeeT il .Y The shadions wre
inaealled Ln the Pacifle, Atlantie, and Indian Oreesos.
[n Japan, lwo presmare secswrn meee Destaled
offshorn of the Pacific coast. of the Jokkuida (191
24N keo froan 1be coeslt and Toheku (45 75 ko feom
the ooast) rogions usdog  accon-botiom  cables;
recabids md lorge as 1o ot aaoallor weee peed for
the nveatigation of tsunamis epwssd by nenrhy
errthgoahes, M A lmpge tuoami of spprodmately
S5m height wo detscted b tle ocman-Todtean caliles
placed in the Tobohu cegiom due ta the 2011
Tabuku-uhi arrehguaks " After che 2011 Tobaku-
aki calthgiake, 8 larpe nationgl cocsn-tadbom amay
of selapnogracnd and pressure senama were estab-
lished along the Pacific coast of the Japuncse Islancs
and wed marmsl S-nel [Sealloor Obssewaton Mot-
work foe Facthgukes mod Tiunamis wloog che
Japan Trench], The notwork uses ocnmn-bokipm
cildes of 5500 kn and cooeists of 153 sites of
seismometers A poessuce sensacs gthe nedwork
way iolepraled Lo e oativowide Selarale aray
called Monitodiog of Waves on Lood ond SwBies

M¥ol. o4,

[MOWLAE[; For dretnils, sec hbtps:Swww. hosaigo.
Ipved].

Acddivioewally, wlemsouic senwws bave beeo uzed
to dotact sea wave heights for che Wationwide Ocoen
Wirwe habowbmalbeon bielwork e Perls aoul EAebowch
{MOWFPIIAS) oporated by the Port snd Alfrport
Reapgreh Tohllule of Lhe Mational leakitole of
Woritimes, Poat pnd Avvmtion Teebnobsgy of Japan.
The system moditers the wind wave height and can
b= waml 1o wmanitar opamin HOWEFHAS sonsams
reauite that the distones from the corst be: |less than
Lkt in sliadlony avesg wiely depdbs of lesa L alog,
consideing mainlenence {for doteils. eee htops:
warw ol e gpdbowab oo phiastiodes e bl ool ).

In comtrast to these pressure sEOELTE, B Elobal
bavigation satellive aystom {SNE5] buoy would be
nee of soch affahioes s2nsors for debecting aunenis
before ite prival Lo the cnnak. The develospmont of che
GNSES buoy bagen in 1006 7 [1 eontyast to pressure
smears thas messure ses Jeve] chaoge indicoetly and
requlre & eopverslan coefficlent, GMNSS  mmssure=s
chaopes in sea  levet boight  dicectly, which i=
necborlous relaclve to presure sengor as b doss
rmat sequire & calibeation pooces. Prewore samnes
typically have & small bat zsignificent drift, which
dioes bob afoeed natewt deplacouwsenls such s salh-
quudes o bynnonis, bl long-tom drift may cause
[edze recomoeion of seafleor vertacel dlaplacedt.
Mocewwes. fur the delection of teunomiz, GMNSS beoys
Ccumy juarinlly detect sea sudsce changes F By Bre
placed wilbin a unani svums ergino, while presiore
£e01500E fANNat dotoect changres in 6ea surfacs bright 65
the wrater cwemn lelght alove Elesse sepsces placed
at blem sen Balton dom mst diange ity Iength becass
the water is ncompregaible. Heavewer, a presaure
sensor hns nomach higher senaitiviey ot the milli-
raeter-leve] oeale B defecting B climge in lemight
compared stk n GRS5S, which is less semaitive and
hirs & scale of & few concimicters or warss far debesting
& oeloenges | BeapTk, Thede Lwo types ol sedsirs baws
comphementary choructoristios fur deteoting changes
im erarEnCiace haighd.

This article hricfly reviews the history of the
development of the GMES buoy system and Lk pee
in delroling {sunammis. TGP bucrs have been osed in
differcnt applicacions A GPS booy was once weed to
callbrabe e TOPoptagdyy EX perinesnt [ TOPEX)f
Poridun satel lite madar alimeter ¥ The GBS baoy
spstem for manitering tsunamis wes also introdueed
in Tnebonesi. " Hymever, thess booys wern kst afier
a few weors hocause of gowe unkudwin rmaatas. o
the bl nf oue knowledge, the development of &
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GNES buoy For tsnnoed monitorisg introduced i
this arthels is & unimae progect

Fially, wo will disswss how GNSE date obinined
fronn the |u'|n3 can be ntilizesl for other r|.]1|'||irr|.|.'inr.|ﬂ
such as atmcapherhe and lonospherke regearch. Land-
besod GNES ohservations hewe alresdy boom applicd
Les theas types of studiea. For exarmple. the Japisess
GNES mationwide contimios ohservation networls,
Alsa calledl the GNSS Earth Observation Network
System  [GEONET), which s opecated by the
Ceospatind Information Authority of Fapan (G50,
coasast of gpproxtmately L300 e that have been
II:{I:I:‘IIH\"IIL‘.' el for atmcsplaeric s innespaleric
resenrcly, However, H the present. GNSS buay propec
poes forward, the GMNESS dika ahitnined froan Bhe gy
e lan e nilllzed for aticsplerie: gad ionosplerie
reseatch slong with the dota eollented oo lamal, Az
the QNS5 continaons sbeerention netwock over the
glube hins been mostly Boated o lond thos b (he
estahlishient of p GNGS buoy arpay in the open
opoean will G the wide gap of continuous GNES
networke over the Earth's surface. This will he
chiscissad in Sectbon 1L In adbdithon, & new atbompt
i |-||'|[|l_'." n Ll A 'h11n:'.' for the cmsta] deformating
cecnrring al tle oosan floor hes beon dene inoew
recenil eeperbment, pid B owlll be discusasd g
Sectlons ¥ oamd 0,

2, Barly developmonts of the GNES
bhuoy sy=tom

A GNES buoy was called] o G125 by i ils marly
atage of development, Figure § shows the svstem: the
GIPS sgnnl ersneitted froon the GPS satellioe =
received ot the GPS veceiver placed on the board of
the baoy. The dowl sgnids (L1 and LE phiases) of
GPS are then transmitted to the land base, Another
CPS recciver ploced ab the bned bnee station recelves
Elie siame GPE slgnals sinoltanenusly, and the signals
oan el are compaered with theae smat fromm the bnoy,
As bhe phese diferencess betwesn the twn signals ad
ihe land bose and tho buoy am s fanetion of the
relptive prsition bebween P twn, the position of e
brioy enn be catinsatcad ralative to the position of the
lamnd baase stution, Thi techaigoe 3 call=k the reals
e kivegnatic (KTH] algorithm, which can momitor
Liee position of thea baoy melative to the position of the
ground hase station in real B,

{ipe lmitation of this tochnique ® thar the
R mLm digtanee Lhiebween the IJI:ID‘_'.' el the base
station abong the ceast for sssuring s fow pentimetors
of weeuracy would be less tlaan 2k Although the
poige eontaminntion along the gpnel path om the

[ieyelnjumrnta nf GRES haoy for neyubhetic probazan] monikarng avsinm al

e 0 . GPS Tsunami
Stationg "'a.,“m
el =t -
k35
wed

fCnke qmline] Prindple of GRYE niog e messurng
1|

Faz. 1.

faiimarmi

Fini. ‘1.

SCake amling | (&) Locatlon of CGNES sy regerimens off
Clfmete City, Morthessl Jagam The map with Ergessential
reglos of large mntlopakes - {shown o hlue] B tden from
The Hakdouerior of f-_'nr|||.r|'\.|:|'iﬂ Teranareh Promation ), ™
(b Picture of the GRSS booy of Ufunmio City, Morthenst
Jupan. @

smtellite o the J:I;r|||.||||:l staticwn e e eneelbod |l_1'
canldering the signal differences, tle noise caniot bo
eameeded] as the distanes betwesn the two antennas
lncronsies, Conseguently, the ctimation erfor of the
rlative pasition batween the buoy il Qe el basa
Increnses as the distanee of the booy ia farther from
the base stabion.

Aftar & fow prefiminary short-porisl  expor
peenks P the fest lonpderns cxperiment was con-
ducted off CHhannto '[":il'.];. a|.|:n|3 the Sanribu Coast,
nottheastorn Japan (Fig, 2], Tl oy was placed
gppeosimtely 2.3 lermy Froem the L Liose stathon,
tlee experiment was candwetad frong Janwary HEIL 1o
Jinnry 2000
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I'IiFl 1 {Colur |||||ipr||- |:|.|:| Dots oltainmd ci June 25, ML thor
mehude bl emsed T othe South Pern earthqoake (b
Fillnired] GANES mocand fidm Fia & (above) asd e tide gage
reurpel b O unmo | Lo} 10

Figno 3 prescite the GOrst tswsomi data Gb-
cmaned aboring  the expeeriment, The data  were
collectod approximately 1 day after ihe H south
errn Fertn earthguake (wd 4. Figure 3a shows o
pod. of ihe verlical position of i GNBS recedver
prputipped o the booy, The figure shows 150 of data
with e samplng interval, The arlginn] record
inelnekes high-fremunhey vertieal mniion of the booy
due o the wingd waves, which often have an
mnplitude larger than that of the teunwmi. Howoever,
as Lhe wsimaim] las o longer perbed of lenger tha
Imin or even longer thon 1h, the effects of hizgh-
Frespuemey windd waves ean be easily Bitered out by
applying o high-rut Blier, W ised a mwoving average
nsothod with 608 of dace lengmh on the original recornd
ial positon, Figure 3b dbows Lhal the kigh-freguensy
com ponaits were filterod ont, The Agure also inclucdes
Lhe pecrd of a peachy thie ginge at Ofaonto, bocated
r|.|'||'||n}:i.r.|m1.-r|:3,' 2k from the Ty, aned ahows thai
the record cleaely shows thd offem of the tsunami
il and efler apgproimately 0000 JST. Althoogh the

|Vl 0%

%
mi:;---...:

-III HE BE N IIIH i = m rI. ix [ i =

"rm O i M I
Fig. 4
s regiom of the MEW KN Hmtoeokl eorthgrake (B pocioes
af the oy, and (6] knepuseElerod rrooed of the GINES By
un Seplesbeay 6, J04 (blua), end the sevaleead soourd {ped] L

£r) Lawation o Ui edporiaanl off Capsd Rliigara aiml e

heigihi of the tsonami wes only 10cm above the
rguiar srm-pLrinee ||.-e1ig|.'||:r the t=msmi waviefnrm
comitdil b L—s;gilll,' rn::c_|-|'.|,11i-:-m|']. Thia HUgPests that the
preciion of the vertlea] oovdlmates of the buoy s
estimibed to b smverdl eoptimeters. The Ofinnio
Bwtsy weis alao able o detect & tsunaml wich an
amplitnde of spprogimotely 10em cansed by Ul
200 Takaeld Gkl sarthguako (Mw? ),

After this speoesslul experiment, another hooy
was placed ofshore Cape Moo, poutlwesgern
Jupuar, for thee perlod of 20043006, Tn this cxperk-
ment, the buoy was seb approgimately 13 o south
af the thy of the pealnsals [Flg, 4a). and o)y
esunmmi causcd by the 2004 Ki-Hanio Ok eartle
guiake (Mw7.3) was obesrvel " Tl experitent
mimeed o disseoinabe obsereed datn to the public
tlrough the Interpet. The obtained date  wars
suparaied iote bwo beemes: long- and short-wavelengils
tliatn that |||i|:|;|:|. include tsunamiz sl wisd wioves,
vespeciively, The luiter ks lmportant aoet by fsanunia
bait tather for |:Ll|5||3,' rrr.-1|il:rn'i||E of alshote swwave
hedghite. This E especlally vseful for dally i
wekivilins, gach em those of :Iinsh-l'r_l.' pq:-c:l]ﬂr.. Eay muanttor
wive beights offshors, Az tsunsimis sre Lighly rare,
wave monitoring tools nre aspecilly weleomed by
ronstal resideni= and fishermen,

Another examinabicn was conducted o deder-
nring how tho obdained record meatches the simoinged
vecobd, Flgues 4¢ shows that both  records  wiw
cansistonl, suml.m‘.i:u.;q_ that the ohsoreel t2unami
record ean be used o cstimats the eharactorstics
of the taapan soaree. Cogversaly if was foand that
the tsonami generatod by chie 2010 Chile sarthgunke
(Mwks| oecurred 2min wfter thoe stmolated tea-
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i B The diferences 0 the ardival thoe for  the
distant  tsunami  was  investigated, and if was
suggesied  thod  cthe effects of compresion  and
dilatation of seawnter, clastic tsmi Joadings on
the zolld Earth, and the peopotential sarintbons
msmaciinted with the mokion of mass r]urinp; tsianaiT
propagation were responsible for the travel time
d1:|:|_',.':s."'|

Altar these pucossslul experioesity, the GNSS
Tpwy was aelopen] a8 part of the NOWPHAS, The
NOAWPHAS & oaimed at monitoring ofishore wind
winves for flsherles and ofher soascal Indaseries, and
the tuoy is calied G P wave mater”, though it is aks
usnd for moditoring tsumnnk, Tha fret opeeational
buays in NOWPHAS were  instolbad offslaos 0o
sotthern Iwvate: Prefectues and cemtend Kliyagh Peo-
frcture, 17 These regions nre along the Sanriku Const
of Japan, whese the tsunami risk s high,

Hescnases of Lhe technical Tkmicntbons of Use RTE
mieblw]  elnseribedd |I|]'u.'|'|.'r=.I this GINES Em.u:w,'o! [err
NOWPHAS have been deployed within 20 km from
el cvsmst. Tlis distzner from the const medntains &
bend tinee of approcdimataly 10mnin for tsamani arrival
ot the nenrest copst. Foom che disaster mitigation
perspective, datermining bow guickly the alert can ba
mamed altor the doleciion of tsunami arcivil af bl
bmoy b= iopoitt.

The data of MNOWPHAS are disseminatod
tlauugh webpages bnoreal tme. In 308, the JAlA
decided g0 mopitor the NOWPHAS booy «dafn and
sinee Lhen hove sed Gl dabn b pt'qwiﬂu- |:||.'u[.|l-e:
with tsunnmi Infermntion in their tsunonmi alert,

3. The 2011 Toloko-oki cnrthaguake

Tha Port and Airport Roesearch lnstitote de-
plowrel 15 GXNSS buoys wmoumned the Japasese Tslonds
for NOWYIPHAS lefore the 31 Toboku-oki carih-
aquake (Fig. 51, Seven abtes tvene locate] offshose of
the Sanviln const, comsidering that the avon has
hcorscally been o rsky area for tsupiimd disasters.

A few minutez. after the mainsheck of the
Tohoku-okl earthguako occurped s 1440 J5T of
Marel 11, !'I'I]EI the JMA anee] the et taumnams
alert using thair peedetormined procedure ! How-
BT, Lher o]l mlerl inchicated Lliat the L&sanamnd
beights would be Gm along the Mivepi Profoeturs
omisl ard Am oalong Feale Podeciure. These were
ggnificantly smnlier than the resobiant tsennmd,
which was higher than 10m, akawg these ocossts
The edtbmatlon was small becabise of the wnilee-
estimated mognitude of the earthgoeke, This o
ecurred  bemmise many  selssnoprams (or carthgoahe

Davrlnguients ufl GRSS ooy for o gntheide gecdsazani monitoring system 21

iy man i e s
B o | | il b AR

O = 0 i mem 5 o s 2

Fig. 5. [Cole online} (ENS5. booy estabilishel before the 5001
Tobwis-ol carthgpabe by NOWPHAS. Modified frem Termls
e ul (T

eairly wnting aleris were elipped instrumentally. s
the groad shaking intensity wis moch lager thaa
the instrumental Fimit

A JIMA  staff who  was  montlosing  the
NOWFHAS moords recognined- that o GNSS looy
aliowed an peute dme-loal rise of more than o fow
miegers aned judged that the fsonsmi would be soach
luger than tho belght of e fisl Eaname aleit,
knoowving that Lhe tsanami at o far sk inagoifies
toward the shallewer pare of the coast and thus
woild bet several thines farger Lthan that an Ul far
offshape, The IMA revised the height in the tsumami
plert along the Sanelky eoast from Dm o more
than 10m in Mivagi ot 1504 JSTY Jusi afier its
revisiog, tho first teanami arrived at the Badrik
roesit. However, the alers was received ton bnte, and
the tsunami clained more than 18,00 lives,

Figure & shows the recopds of taunnmis taken at
threr KOWPHAS sites along the Sanrikn cinnge 140 18]
The sites pear the epicentral ares stopped sending
the dotn to the server fmmedistely after the
maxlmnm height of the tsunami was recorded at
the buoy. This cocurred becanse of malfunction of
the date enmunication link or because of cithor
the unavalinbility of the Interpet ar the loes of power
sfter the earthgoake. However, the meondling was
cuntbised at the aite with the wse of a backup
battery, and the obtained coordinntes were sorel in
ihie starnge ab the sites even after the failume, =6 chal
the record doitld be reeovered wlieswardd, ad sl
i Fig, 6.

4. Licssons from the Tohoko-oki carthoguake
Thin lead time af approximntely 10 min from the
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Fig. 6 Peovernl ool of tsanenl s foeig che 2000
Tothakri-nki manibouake. Fi) s gl time of Ui ssilligiiake, The
il arvimw podghdy ahies ke Simdeg of Ele Bsnnami arrieal.™"

detection of the sanami ac the bogy 1 the acrival of
Ll tyunnemi o the eost was doteghorel o falitole
cvacuation. Extending the lead time requires Tasoy
degsdoyrments much frther from che coast, Althaugh
theere = wo linear relasionship between the distance ta
tlet esast wid the kead timoe, Brtlier degdoymoits of
Doy g, foop emaapde, 5O oo o tnore Chan 100 km, will
substantially improve the lead Eime

The wmplitnele of the sunml deckeasing with
the waier depth s a disudvantage of placing o buoy
fnr (o the eoast. Contrarily, the heiight of the
tzomami fnr offshore would b pmplfied o few tiees
ag 1 appreaches the soeat, Alehoagh this may nat be
Proshlesene consldering thal o lesardvis tSmmi
may ko tons of centimeters in height cven st o deep
decin, Akl accuracy of few contlmeders wonld seiil be
ong of the reguiraments for mensuring seeeleved
cluiiges acewrabely.

G, Mew developmenis of the GNSS ooy
after the Toholkw-oki canthounlke

I'_.'rlr.lui.:l‘.e:ling the lessame fronn the BT 'Tolioks-
okl eartlsguake and tsupwmni, we dedigned a pew
GINSS by bo overcome the problems that the old
gvalan alwowed during the Tohoku-okl carthguako.
The regudred specification of the buoy = fo deplay
it farther offshore froen the coast, Because the new
divelopmiends have already been domonented by our
PrevEes Mw_.w' W 'Iui-:,:ﬁ_',.' review the new gyaiern
and pregent our vocent results from this now gvstem.

5.1 Introduction of the PPP-ATR algorithm.
Considering that o distasee lmitation of loss than
ANikm s regaived when the BTR algodthin s our
okl system is ussd, we hod to imtrodoce & betger
algorithm foe posfliomlng tle buoy fae aflshoee, Foe

[Vl N8,

thiz purposs, we aopleyed a new alguciihm called
previse point psiticning with smbignity remlution
(PPP-AR) or PPP-RTEK ™" A PPP-AR wes a
single point positioning algarithm, it does not maquire
tlie b statlon oo land o make a lsssseline. The
precise point positionng (PFPP) approsch has been
wihdaly msed For erustal deformation pesearch sinos
wrewined FIHL S Alihesugh it i o convendent pasition-
ing metlsd, it & necessiary o use precise orhits and
satellite elock llormation, estbnatad from integeatod
omlysis o globnl datw, which con be aveilehle
vialy i few weekds after e observathon, Thersfore,
PP was limoded b0 offline. analysis during, its carly
stages ol develogaocad,  Howover, recenl  develop-
ments o rapdd dois anolvsis and eomsndeation
tochnologics have allowed us o obdain procise orbits
] deeka b veal e, This allpwed ws to lreodues
the PPP algorithm for buoy pesitioning. There are
Lwo ways Lo ose PPP. with or withoot hxdng
ambagnity, imlerent in osing the phass of the GNSS
sigmal for positioning anelysiz We wsed PPP-AR o=
it provides ws with better resolution and weenracy !
Wi nsed smppsercinl software callod RT-Net, which
was develpped based on the PPP-AR algoriciun.

Az PPP-AR remqrires preciss achits and elocles in
real thme on the buoy for poal-time monitoring, the
information should be sent to the ooy in real time,
For thiz purpoes, we first obtained the pecessary
imfurmativn thrangh the Hite Dala Center oprisied
Iy thn Hitnehi fasen [hrrmmr.i:ul, where GEOMNET
it are med to obstaln precise oehits angd elocks in
regl Lime.

Hitachi Zosen Co, exsmined the gechracy of
PPP-AR wsing GEONET dotw, The comdinntes of
ihe Shimoliaws GEONET site wiére esilnated using
ihe frta Lwe ] arhits axl clocks El:m{:r.p.l.nfl h],' thures:
rogional networlss of GEONET for distasees of 150,
L0 mpd 1500Rm. Figure T ahows the results, The
three eooiclinate composents (M-8, E-W, and up)
wore estimntod durbng 0 davs of daga aeguisitien, ad
ghori-term variabdlity wos abtnined for ench congpos
nant, Alikough Be vertical compoaent, which s
rnpaattigl for tsanimnd detectlan, 18 s precise L
the horizontal eomponenss, the siandard deviation
1810 for 1500 ko b seill bess chios o Therefore,
PPP-AR may have o bigh enough precision boodetect
significant taunamiz grooter than s few cantimeters ab
bocatbang fir from thie anm.l.l::i[-. I=linle,

6.2 Introduction of satellita colometry.  Woe
emiplayed o satellite dila Cransmnisson system for
dati telemebry. Unkil the Toboku-oli varthguake in
i1, a GNEE buoy eysteam sueh as NOWPHAS, used
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f miarine cadio system e the distanee botwoom land
andl the baoy was less than 3o As the distance
excrents W km, land-bBased radio systens get less
eelinblz to use hecause the baoy cannot be seen from
I pwing to the Earth's sphericiby. Therefore, m=ing
satellico tolenetry i= mandatory if the GNES oy s
pliaced fucther thanw 20 km.

I wa apply the PPP-AR algorithm, the distance
fromn Laned ta the baoy can be 1,000 ko or moes froom
the Japanese copats i Uhe precise orbdls and elocky
are obtained from the GEONET regional array.
Thuis, IF precse arldis and elacks can be abitmined
through tlie satallite system, the position of che ooy
cian ke amywhare i the soann,

As a prolimingry experiment for satellite tobo-
toelry syatoas, we fiist used the Japaocese Engineer-
ing Test Batellite VIIT (ETSVIIL] and the Quagi-
Zenith Babellite Systemn [QFS85, also koown as
Miclibiled), & Japanese GXNSS satellite. The buoy
used i our experiment was operated off from
Murobn. The system iz shown in Figo 8. First, the
precize orbits amd clock parameters weee genceated
by thie Hite Diata Center utibizing real-time obitainesd
GEONET 1Hz datie Thrse orbils anc clocks wers
transmitted through the Michibiki sstollite to the
baoy. The GNSS phase dota obinined on the bawrd
of the buey were analyecd using tolemetered procise
orbita e elocls The resultont pesition of the Doy
was then sent back to the land hase using ETS-Y111,
wnd bthe daka were visnalized on the web and
dlisseminnted o users.
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i, Fileld teat experiments for the new system
{201 8-20146)

To tcat the new PPP-AR algorchm  ased
sntedlike I.I-J-EIrer_l.' i 1 CHTEE, We canducterd]
siried of Gedd cxperinoents from December 16, 2003,
ter January 5, 2004, and from Jane |, 2084, (0 Jusns
21, 214, We borrowed ong of the fishery buovs
opecated by Jochi Prafecturs, Japan. Kochl Pre-
fecture operales aommmbher of Galwery bacos, incloding,
Huoreshio Bokujyo (Kuecshio Ranch, or Euroboku
forr 4.'||¢'|-'rr.:|1 iffshore wof Hochi Prdecture, a8 some
apecies of mdgentory fieh tend to eome around
Moating malerils snch as booys, which help sl
e o cleh these fishes ensily, We borrowed the
Husoboka Mo 06 Doy, The buoy i3 located
appioximately 33km aouth. of Cape Maroto, Kochi
(Figs. Ba and 9h). The GNSS antenna was set at the
top of the pillar ot the conter of Pe baoy, & simple
fint omnidirectional plane antenon was wsed  for
satellite dote lransanbsion, oosddering e oy
rotation and tilt. Other ancillary pisces of squipment
were placed oo tlee losoy deck. Solar paneds and
hatteries were used ag the power supplies, The GRSS
receiver was sumpled eyery second, The precise
orhits aned clocks nocessary for deta anndysis on dhe
oy were peovided throngh the LEX signal of the
Michibiki satellite. The coondinutes abtained every
second worn fransmitted to land through the ETS-
VI satellita, Tha coordimates ween forwaeded to
Lhe wal gerver pluesd st Kochd Mational Collage Gar
dissemination,

Figine Se shows the 2 days af datn oblabsed
from the experiment, Thacn of 117 for 335 from June
L&, 2004, bo Jiwae 10, 304, aze shown, Figuce Se [Log)
phiows high-poss-Attemed  data together with fidal
component data, and Fig e (bottom) shows low-
pads fAllered] dacn 15 o toenomi bs veeorded, B will
appoar in Fig. Se (bottotn], 1€ shoold be neted that
orcasiomal data gaps ake fndnoe probleans b che tme
suries, whers data transmission & interrupted. The
unstable communbention link befwesn tha by wned
the satellite due to the tiltig of the busy conld he
i pobentizl peasen. Figure 10 shows a comparison
between the trpsmizion nites and the significant
wive hieight, The upper plob shows the transoission
pivbes for which the seabe i3 showns on tle =, moed the
[ower plob is the significant wave beight for which the
sele & shown on the Hght. The tmnamisgion rates
decrease a8 the significant wave heights increase
This auggsses that the Gl of the oy due o high
winves reclises the gain o the satellite direction of te
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Fe 9, {Coler anllne) {a] Losateoz ol the hooy and Kok

Mutionad Calleme, whene w dita seooer e plaosd, (1) Ranotobo
B, 1A Dy el firr il XL, anil (] & pa of the
ubtatisd date 5

wisteenn for gakellite commmuient bon mounled oo Lhe
Laiieny, #V

Considering thiat some dila were Oidssing, we
ponducted enatlier experiment on Decomber 510,
WG, As the nnlennn (1 s saspectid b b the earse

ul elatn fallure, we empboved a global pedunismn
that ssahilizes the tilting of the antenna on the board
ol bhe by, A =sicople gimbal apparaios carrying the
plane anteone was devised (Fig, 110, Two antennns
were ploced on the same vessa] for comparison ope
was |J|J|:|.-rl an Lhe _nghaJ agpparatus, ariel the oliwer
wens fixed to the deck, Two vesels, Yoge-mam, the
selisod ship ef Yuge College ol 240 s, and
Hamnknze, snother small school boat {zee Fig 13},
wern ke Lo conpars e dat
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Figure 13 shows o part of the pequlta comparing
the signal power remsived from the sntellite 20
Figure 1% is for the Yugemaru;, snd Fig 13h =
[ Husmhnse, the ped lhse shows the mee with G
F'rnl:m.l ATPRTREEE, the blue line shows the cass
without I8, amid the antennh was fized t0 the dock
of the ship. The cuss wdlth the ghnbol wpparatig in
Flg. 13a. the casa for Yugemar, shows & sinifieant
naduction in Ansuation swing to the usage of the
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& ikl epparates |;||1|: annl el B I:ll-llll'l. B Ll v ol
la} Yogeemirn aoed (] Hamakmee*"

gimbal apparntus. Hiowever, Fig. 138, whichi o
Hamakare, does oot sleew any sipnificant reduetion in
thie flwetaentlon of the recelyved signel poaes. Becanss
thie sizes of the two ships were dilferent, the differend
resnlts il be due to tle Jifferont charneteristics
af +he slaip swiy period,

In the ocenn, tiltng escillation of the buoy of
the s sufuee changes the antenna guin, Therefione,
knowledge of the radio propagation charactoristics
due o the
cobiimnniention [ink @ very iaportant for the futos
development of the systean. Heaee, doveloplng
raclio  propagution meedel for spoal trensmission
betwoon the sen swface and che saceliite hssed on
il data obdnined from tlee ocean = necesacy, We
cohdusted ancther experiment on Auge 26240
WA, i1 Hinchi-Nada of clie Seto Ioland Sea. Soucl-
west Japan, I Ehe cxperimend, Yuge-marn was syl
as- the flosting body in the ocean, wd two plon
antemnms, ane (boeed o the ship aed the abher ploced
on the rimbel, were nsecl wgring topcther with @
glenbal. A e metsr and GNSS were alas osed to
e Ll oeeillation and ship position. The resolts
e the obitnaneed dits ALl that the -l"l‘lﬂr'lpl'l" i

tiletng  oscillatbon For the salelllos
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the strength of the sknal can be expressed ns the
sunmmation aof the detenministic and stochastie paris,
for which the fonmer pant 35 due e the change in
molenrn gain owing to Ll Lill:lu,p_i of the anteana
and the Intter part can be ghown g s logaonmnl
disiribation ¥ These results will be congidored to
design nonew buoy system In the Tt

7. A vow challenge for the noean Hoor crostal
dielormation moessurenpent

Monitaring of ocenn fleor crstel deformation
bized an thie combined nse of aconstic maging s
GNSS positloning has boopn g yecomt challonge in
IR hqunh' olsorvation. s wbea weas sl ;nL]llEﬂmJ
by a US. researcher in 1085, bat Inter the
technnlogy  was  dewelopel  mslaly By Jspanese
researehers ™ The technique, called the GNSS-
Aeonstle (o simply GNSS-A) system, for opean Roor
pesitioming i=such thst the seoustic ranging from the
irnnseliieer, attached to cln weasel, to the arean Hoor
tranaponders 35 msed for estiimating the pogbifon of the
controid of the gesmetey of the wrry of transponcers
anid Elae position of the vessed is estinmted by GNES
(Fig. 14). The position of the controid of the armay
gromselry al the ocean Bosr can be estimnted with an
accuracy of & fow ceptimeters. Repeatod mensoee-
wmenita of the peosibion of the cotiteadod of the geomatry
cnn provide informmtbon s P erusial movenent of
ihe acean floor,

This meihod las led wooa weow aderstanding of
emstal movements ol the oeean Do, for conmgle, Ui
motions of plates or blocks ™% plate convergence
anil interplnte soupling. " poessiamic digplase-
ments, "0 and post-setsmbe deformations " % Tis
mprecedemte] magnificent resull was shown during

il

Fig- 14 (ks B Lyl ail tlee LIS Arinslle syt

[Vel 88,

the 2011 Tohoekoki enrthouake, ™ in that displace
msents larpor than 30m were obearved at the ocean
fluor near the epicenter, and the resulis were waed for
precise estimsation of carthguake slip distribution.™'
T, the GMNES- Aeoustie techinigue oy besome ane
of the most important toods for monitoring ocean Aoor
dizplacoments and even for providing onprocedented
inprtant Informatbon oo anderstandbng We coupling
machanism of subducting cesanic plates against the
eyerriding plate wad e mechonisms of inierplate
aarthiquakes that accur along their bondaries,

Oipe problesmn with the eorrent GNS5-Arcoustic
svstom & that the system uses o vessel for GNSS
positiolng. a0 that e asicenomts A gl
conbinuous but sre fn Hmiled nambers anmeally.
Tha JTapaw Coast Guard lamgely oversees ohecrvation,
using a survey vessel for GNSS-Acoustic observation.
This method limits the observation freqoency o
severnl Limes anoually al s oside. Allbough Gl
frequemey s ennngh to dolinests steady plate mation,
it omny ool be enough for finding lmporiant shkort-
tierin events sith as shor sl svents for o feor wesky
or shorter, In order o establish frequent ohsorve-
tlons, one passthility woold be toowe aor GNSS booy
mstencd of a vessel for the GNES-Acoustic system,

In wddition Lo g PPP-ATE and satellite data
trnnsEmission for the GNSS booy in onr naw espert-
meat, we incorpornted the challenge of obacrving e
oeennsbthtom crstul moyvement o our mesk [ e
megid on the GNES buoy, A similar buoy svstem for
GMNES-A was developed by another researels group,
who used s Ioosely mopred  buoy ™90 Other
reaogteliars have evnluated the use of the Wave
Glider (Liguid Robotics, Inc., Sunnyvale, CA 24080,
.54 o8 o noved platform for GNSS and acowstic
msesomen s, 7R

Althoagh the principle is similar, contimaons
e presrernea 18 nabngg o basoy lestead of & vedsal requive
soqne teckmienl developments. Firsd, the signals sent
] pesslved Wt the transpander sl tached 1o the buoy
should be picked automatically and precisely, Soone-
Gmmes, thie received Sgaal s contaminated by varous
mairs, especially Dy the reflects] woves frome the
by itself and for the sea surface. We developed an
algurithos fo select the correcl arrival tme of the
dircet signal, Vest oxperiments of the algorithm,
condiceled in Lhe buoy experimeis in June and
Seplember 2007, showed thai the automatic algoe-
rithin judged with S0.5% aoeceas for the corvoct
stgnal and rejected S45% oo for the incorreck
signal, considering tha visunl decision i troe™
Secoand, o estimate the travel tese of the asousdic
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signal between the tronsponder and the trensduccr
precasaly. the desdvlbution of acomlee velocily wlong
cthe travel poth shoold be preciscly known. Althoagh
a pirple model based am the vectsesl prafile aof
cnndyckpnity pand tempropfure eoold be used, it wons
asserted that the inteodoction of che hormizontel
pradient  etlimative of 1l acoustic velocity s
bevssseTyY b improve the poesipion of poaition
eslimation of the ocean Aoer®) As i i dificull in
ke condoctivity, termperaiare, snd depin (DT
oleervatinm by each aocusile veaging, ay can ke
performed for & wessel observation, we decided o
eatlmate the horzontel gradient copsther wick the
prilion of the tawdpoocler arcay. The lewisoalal
Eradisnt &= inbrodaced a8 an unknown parameter
beuese 1ee hoarmontal grwlicnt aocl U pedilion «af
the array &re in & tradeoff relasiooebip,. The
extimation «f thew= prranetsrn simullineoosly =
quires that the buay widely movwe sround the array
arps, Howdime, &9 we casnit coolod the patatiob of
the homy, it in sometimes oifcwle o peecisely
etimate the horizontal gradient, which reults in &
Inrgr poeiticn aoroc of the way.

We then degided to make the proceaa alightly
diffirent. First, ¢ precesly esticted ihe arcny
comdiguration By uging & veseel. Then, asmoning that
the ronfauration does wet change Bor tine $o tune,
the Testinn of thr gr=an Arer ix extimated |:|_'|.' the
summatesn of the prededermioed array posilien and
the time—varialsle displacemenl of the archy.

Ty precisaly estimate the armay confipucation,
we wsnd max wegneelic n] OTD ghearystinns belwesn
June H1T aned June RS osing 3 vessel. From thes:
vkt wanlong, we stbnated the arvay pogislans by Ltbe
lenst squore method 53 that che cood-memn-squnre
{AMS) betwoon the observed travol times snd
theorelival Lrnse] Gimed beceunst wolmimbno 5 The
refulis ghomed that the DS of eatimetiop the
lowizeadal grasliemt of tbe soumd apoesd wga 0.04—
0. among the six observations [Tables 1 and 2],
vugeesdicy thal Lhe acmy poaliboo B eslaoated wiib
an accumacy of appescimntely 5 om.

Fually, baced on these remilts. =g daorided to
wie g goicd searcl inelbod booeatemnate tee chanes in
the pogition of che array from the brewvel cime
gbsporakion.

8. The new CHNES buoy system axperiment
{2010-2021)

Figuwee 10 choma the syptem desion for the new
experiment  thal started in Muvember SME. As
noigher the BTS-VIIN nor Michibiki was wwailable

Dvrdoperenita of GRSS bwoy lor o olhethe peoliszard mensedug weacem b

Table 1 Ealimnln powidon nl i coopn boktnm amy
Fllipmyiiml hma
Laririss Laogitude 'mtdﬁ gkt
L)
Unic | 324852831 31°F 133 14987 HARE -T36.014
Ural 3 32 403005HES"N LI 21LHTII'E —TdH Bl
Ueul A AZARIITARGIN  LAAZIATMTMTE -T2 T

Takl 2 Ealimsted remlia of the horizontal pradieoc of scand
afnd

Dare Ooov-mm-dd]) G (m/akm] & )°) TS {ms]
ML IL2T 1ZL 10
0L T -HM 0.21 114 o5
LKL 1.14 ol o
SOLEHHHH 1111 I 05
L HIHME .18 [ FL | ule i
AILE-1-05 1% I a5

for the &dperiment, we employed & commercially
nwvailabdie sharellete called Thwrays for deta brams-
miggion batwoen Wbe buoy and the groond base. e
bacuwsd ibe Kurabukuy Moo 18 booy fem Bochl
Freleetiee. This ke is bycnted poproximatedy 52 km
zouth of che Cepe Ashizuri [Fig. 16].

We u=t the groawsud buee stotion st Mipodogaws-
<bo in Kochi Prefecturs, nnd & sacver to operats the
gydbeon whad Reb b Lhla lese (Flg. 316). The puocice
orbits and elocks for *FP-AH were generated at the
Hit: Dede Conber and sopb b the Niyodopawa basae,
and the drte wrere tranemitted Boem khe haes ba the
taoy cheawgh the Thuraya satellite,

The GHNES darn ohlageed on e bowreel a1l Ll
buoy wers analyzed wwing PPP-AR. We pleo used the
polnt preces varlanes detection [PYWD] positlaping
elperithm.® This method wses the rectived cartior
phage cignal of M55 and atienats the elange
&ntenne position weing the phese change. Ay it docs
ol eatliate the abaolute conedibates of the antenna
praition bot anly eslimates be “chaoge” of posilion
accagicnally, we de pot Toqwire fodng  integer
astibugobty of the Uneed-alte lswmth between the
zarellits and che anteone; the results are robosthy
obtained a4 bng as Lhe salellale aipoal 9 locked.
However, onlike PIPPAR, PVYD requirss Inwenot
Mierlug of che dete, which vaduwees the eensitivity to
A long wavelengeh. Ceateguently, PYD s offectively
wged for momitoting wind wraves but not long traves
auch wy unwom, PVD s elfechivedy wsed e wobllor
dnily ecmunic conditiony bwr Gaheri=s aod atber cooun
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i Precise atouslic ranging system

Fig, 1% System design for the rocont orperimont frum 505G o 2149

155 134°F 1a'E

Flg. 88, [Cubor anling) {a)] Locabions of [foisum] ibe Youy deesld
Rir e oxperimemd anad (1op) the gronmd base dlatics e
Niypulngane-chn  Hatlgnmrey  dore wee dakes  from
SETH M s s W} Bisry Mo, LH of the Kunsbio Hukajia
Kumlasni "

aepivitis, Considering ihat we obrain twe knds of

sen snrbce changes wsing two alpgorithims, PEP-AR
for Jong wavalengihs and PYD for shorl wieeelengths,
Ll cblabned prestse position of the buoy b8 sent bask
Lo the base through the same satelliie

Tlae sastean was first established In November
2018, and the experiment contimeed uniil February
2521, Figure 17 ghows the semple datn of the
catimated  vertical  displocementa  of * the  buaow,
Figure 17 {Lop) showes L lee [llud. lr_l." the PVD sietlod,
andd Flg. 17 {bottom) shows the plot by the PPP-AR
msetle=l. For PRPPEAR, the daily and sobecaily tidal
o ponts wers sepnoved, The PPP-AR and PV
reeords  appear the sames when U Gmem 3@
pEchinded. Chly when 8 t=mnnd s eeming cnn 199 P-

Fig. 17. {Cokor amlinef Semple deta of {lop) PAVI) and (bottom)
TIP-AR™

AR drsw the cuwrve das to che teunamd. Thoeso pesylts
are expectxd o be obtalned from our  previons
eEpeThnemts,

W copoctedd thar the systesn wonkl be eontia-
votisly used I every part worked well. However,
owing to varloge problems, contimioss observations
wern siEpendo] pumerows does ducing e expesi-
mank, It is oecasionally difficult to resolve the eantral
et ol such suspensboo; disrpiion of power supply
v the by, rulfnmetion of the 120 on the i:nuv_l,'. mriil
suspesion of the setellice communieation link are
ill possibibe causea, For example, we designmd o powar
system congisiing of solar panels nnd battecies, s
tlnt =aifficient power 18 generbed aven if several days
of Inss of sunshine oceor, Howewver, it seems that the
generated power wias insulliclest, and as o result, the
systerm stoped, rqn:i:ﬂ].' during tle wimter season
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when  sunshine decrepsed, Power peneration  was
stk HESHLIEITLE thit the solar prane] was laori-
zontal, Howeoer, titting of the booy may love
decronsrsl tho pl'ﬁril'nr],' ol power gemeration. It wss
pugmested thot the contor pillar at tle bueoy oy
crombe i shades on the panol  and  redoes the
produstion of electricity. ™ To owereome this prolb-
lean, we added solar panels o 2H00E-XKE20, The
breakdown of machipes is wwsther major sonree of
clatn loss, In barsi covironieemts b the onter e,
some delicate electric parts are always threatened
with failure. Additiooally, the loss of commmunication
fimks was i prablemm. 1 wes difficult g rI.'Lri'f'_|,' whether
the losa of data oceurred froam the failure of the
cuptiniica o Huk oe malfunetion of woy pard of
thie b, Wie had tn eleck e dnts asd Bapdvenre
cautiotaly for this purgess and had to ask supporting
compaies bo check and adjust the parwmeters of Ehe
systent, whieh was cimbersome and UHine-cornsuming,
Freguent  mndntenance trips e thus megaived o
erisure the entive systein on the ooy works well,
Howeyer, the strong current of the Boroshio and
strongg wind= doe tn l:}'[l'llnm'm. nrel low pressnres oftan
preaventad ws from reaching the buaoy, These ape o
of the problems to be salved in future dereplopments
af the Sualamt.

Figure 18 shows tha secorded period of the
renfts for PV aod che dally Oxed vates for PPP-
AR on the booy (Fiz. 1Ba), and both records am
stored at the Mipodogawa base (Fig, 18h} Although
ihe experiment abarled By November 2006, 1 stopgesd
for -a shaet Eimo pariod-and was uoebio to resume
rapiadly. The systern wis resdarted in Fobronry 3008
nfter it was redesigned. Fimure 18 shoms the records
gince then. As can be seen in the Ggure, Uhere are
prrindu iny which bhath the |Il||'I-:I|' and the hices L
reearila, bait theve are aldo perbods b wlileli ecords
sither from the buoy or from the base, or bath, wee
missing. In the caze of & power failure can the hooy,
non ol the datn can be stoced ou the booy or at the
bose. On the bucy, FVD hes recorded dota over
langer perinds of time a5 8 wses ngimple elgoritlm
that 1mes moomived  plase dath, wheoreas PPP-AR
recpires preciss orhiba and clocks sspurately sent from
the antellite. Theredora, once the satellite enmmueni-
catlon link from the land to the buoy lias beon
migpendod, PPIAAR casinod b performed on the
by, Even i the data are stored on the buoy, the
dntn ecamnot be sent to the land i the saiellite
communication 1ink = lost, as there I8 no time of
failure &b e base station server, There were soe
gimes where the datn were stoeed on the server nb

Deeplnjumwnils ol DRSS by for o syntietic geobazard monitoring system il
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[ Color onling} Pedods of obtafed recoed of 4] o el
fadit ol PEP-AF il FWD patied an ke Baay aml [h) bath
recindls ikt are soared &t che Niyodogasn bose

Moyosbingawa base, alilough the dass on the by
werr misgdng, prohibly because the huoy dota were
bt froan & bocally recopded logeer. Further exami-
nation of these perinds of missing data s warmantaed
i minre stadies.

i, Results of contheons observatlon of ocean
floor erustal movements

Figmere 19 ghows the datn obirined ||1|ri|||_|; the
pertoed Troem August 18, 203}, 1o Janoary 15, HIE21,
The top three plots (Lnity 1-8) shoe the obaeewed
traved times from the transducer st the baoy to the
Lhiree dep-boliom transponders eatlmated wdbng L
algnritlim developed by the present projees, ™!

The middle three plots represent P pasitions
of the transducer ab the bunsy, The positions of the
transducer until November 250 2020, were oblained
by olllose mpalpsiz wing the PPP algorithim with
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Fyr 10, G S5-Mocuetic ols=rvacion dats Gem Aupuet |8, 2a0
to Jurgary 15, 2021 {wp] Trasa Umes Eeloeen busy end
cransponders | Lnika 1-3], (middle) Tran=pondar paailim sl Lhv
bayry [Wexcth, Fal and 1] s [lotuss] dibceles ond cllcleg
nngles of abe dransducer [Headiog Boll med Fitch), Pooitve of
thn {rantdeorr is mesesge] [onn o s rgagiil of the Lradenkdce
wrray gouiueiry, Fogivoo wwe obselned by FTF beiore Move mber
25, Hral, aaxl PFF-4 K wflar Moo lee 35, 20TH1.

Precise orlbits and clacks called a= MADOCA [Multi-
OGS Adwaicsd Demnonstroticn tool foc Oebl and
Clock Analyzieh, which was developed by the Japun
Aernspner Exploention Agracy [TAXA] The poser
tims sfter Movamber 16, 2120, wern ehtainad asiog
PPP-AR analyvaed abn b booy and seok by che
Tral-time satellitr transminsinn. T pasition of che
teansducer wes shown by placing the odgin of the
concelinnies st Lhe ceneer uf the winog e coade by che
three sransponders at the sccan Hoar,

The Tuatkime three plots are dhe headiag, roll, end
picch of the burr measured by 6 g3To inaknllsd on the
Tamey, Bazieloby, thac ebe divoccion of the transdueer
artached te the bwoy is tho direstinn of the bow.

The heuglit of the SMNES antenna and bl Lilking
[pileh mocl redl) Lotenalleestly  abowed & Llerge
stuplitude duting che and of Augast to early Cctnher
213100 This i due b the pazaage of Typdenine aeat the
buay. Because the typhaon passed around Qctober
113, #10, che FHES observation sloppesd becawss of
the GNSE ontenne beeoking. Uhis sy restored e
Owetobar 28, 2020,

Figwee 20 sliows the pesults, Tha top two plots
of the figure are the averaped contrel positiong of Huee
prean-hotboen Lrawspoacder array, The bedbom thoes
plota are che cstimetnd sound spoed stractor

|l B3
j] e R
j': Iyfimats ] Hg_,l :

I
WW

F ol

Far. M. (Celor onbne) ftupl Cenlrobd of the ocesn bectom
tranapender srray (Morth and Esed] and [bdow) 1k enadyzel
esudis of che sound apesd sbrsccwec | ¥ A%, wd -#:I.H':

v-fMu""w

‘wjﬁ hﬂw‘fﬁ#

Il.l.'h IH L LT oA o

ia the syerppe aound apesd, and AV and 2 are the
hormenlal gradients. The peallios of e cenler of
the array was cetimated wsing deta pollected over
28 dayn. The poaltheas [ Fig, 19 are phlbed io the
cencer of the ZE-dey time wiodow, The aversged data
provide & enuch sioocdber change i e poailion of
the cransponder ooy, However, 6 can be rendily
gean chat there iz an acute jump in pedition avaund
Dhocernbier 14, 2080, which & doe 10 & change i bl
pPasitexning .p]gu:lrithm feam PP ot PPPoAR oo
Mevevabey 2. Make thet the change i alpoveicbis
acourred i order 40 chovae the best motbod of the
Line of positiombg. The posllle arers wacromwad ly
the gricl =seaoeh aee sheswn by wectiond bacs enldled bhe
RS, Figurc 21 gbows che borizooesd plois af the
=hisgabsd ceabroid positiots of the wewy. The RBS
rrrar af the extimated sentraid position of the arrey
wis 30cm. This sugpests ibat the posibion of tlhe
ocean Aoor based onoour developod system can be
eatimiated witl an accuwracy of a few cenbioebers.
This may be the first mnstem 0o recopd & continuaous
change v the poeition of the acean Hoor with such
uﬂpmﬁ&iunieﬂ acculracy.

In principle, posustico messurements can Be
callecied end analyzed io & short duration {1.e., less
thnn 1 dnyl. Howrevrr, in the present rxporimenit, tha
copditions in which eesustle eensuvensents were
obroined were oot ideal; 1) the sile i= in &an ares
whore the Buorcehio Cwerend L ostroog s the
beoumarial chamge n the spalind graclienl of the qpeed
of sound wes large, and ) es the wetor depth wes
shallow {approxiotately 300m], the teowporal change
in the spred of sonnd degeadss the acqumacy of
estimyeting the posicion of tbe array. Therelove, we
sed n ||:||.1f|;v|,:r rAatnaes mnaiuinﬂu{ E-k!da._','s L Qv e
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ol i highly vadohle swind speed grudient and &5
tempaoral change to-sippeess the temporal vactatiog
of the estimnted sealoor position. When the leaghl
of datd was shorter, the variation in the stimated
po::.-:il'.iru:l WL '|r|,rm:|r; for ox n.1r.|p]|:. iF the datn Inr:||.5r.||.
was 14 days, then tho 8T of the estimated eonstroid
position of the array was larger than 1 com, 11w 1se
Llse recently proposesd methad for the esdimation ol
soand speed stracture,™ 4 botter estimation wsing a
sleorter datn lengtl could be attnined | swhich is belig
utiempted o farthaer stadies,

10, Discussion

In our swies of GNES busy oxperiments for
taamarnl wonktaring, we showed that i 45 waetl
pursuing their developmnent for Inr offshore opera-
Uots, Floweyer. some aperatioanal probleos renala Lo
b gulved,

Firat, lmiovs may bave to bee opeorated antome-
measly, Although maintenanee of the ooy s grmeial
for tha long-temn operation of Eio systam, it 5 eostly
et workers aometimes fnd B diffoult to rench and
wark on the buoy wheon the sea is rough, Tharefore,
snn devloes an board buoys, such aa POg, aatelllis
communication svsbomes, and power systems, shonld
b makntabned without manning. Thiad or  Lriple
settings of divices or illernntive woys of operation
i ease of Endlure of one syston waald be a-salution,
Soch autonomous syabenss should be developed for
aciual aperation of thie GNSS buaoy sysiem

Second, the meckianical ftrecggth amd stability of
the buny hody should be madnbained e o long thne
[, 10 yeprs or moee . This problam was discesied
bpseel oo the S-years and T-mosths  expesimend
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Deyvlopmenla of GRSE Jaioy for w synehntie goodazan] mimiboringg spatom (]

between ML and 2006 fo Cape Muarots desciled
in Section 6 for exwmypde, Bamseles abbsched o the
body el tle buoy wees examined Lo find ool iF they
catae e changes i bsoyancy oe wlt. It was
concluded, howewver, that there were na effecks on
Phe buovancy of tilt af the booy after the opes-
tion. ' Additionally, in the ahove experimeni, an
exuminstion was condueled to fnd oar of ablation of
i Bron chadn, which was used e mooriog of Che
boay ta the ancher at the coean foor, wonld lead 1o
hirenkage out of fletion caused by contincis swings
of the chain beeause of the sen waves. However, the
experiment showed that cautlous desdgn of the chain
woatld provesit the cham from beeaking even i ihe
ciparatlom will be Bor 10 yeney or Teyoand, Lasthy, oo
experiment wns peeformed bo findd oat 1 sl wind
anet water yenuld enuge onrlicr breaknge of metnlfis
materiil, but such problems moy have G b golved
wsing oeenb cvil engineering technologies, Consicer
ing these problems, U was concluded that & ks
posaible to design o ooy sustainsble over the loag
term even ot the deep outer ecoan at w depeh of
thonaamila of mieters,

Sewme enre may have to e tnkoen Tor less of the
by by, for example, evosh witl a wessel or vandil-
g If the baoy deifis awny froem U origionl
pasition, tracking the position of tho buoy #s it
carries the G55 8 pamsdble-and ean send nessages of
iLe coorilinanes,

A sffiebent amd sbalsle pwer supply 15 a peolilem
for tlwe relinble long-term speagion of the stem,
Wa designed che power systom cantionsly so that the
gysteen wonld work without sunshine Toe several days.
Howover, the system sopped scon after our first
deplovment in November 2006 Az discussed in
Boction B, it owes suspectod that the shadow of el
center pillar on the By, which |5 nsed for setting
nnteopnas of GNES and satellite communication,
wanilel peclues the efficieney of clockrieity prodoetion
of solnr panele™ Tilting of the buoy dus to waves
might alzo redues the officiency of power penorogion
Carefol design of the eleebrie power supply wich
sufficient illowance i indispensable for long-term
proseer sapply oa the Loy,

Anather imporiant factor for the relinble opes-
ation of GMNSS buoys is the satellive communication
link. In car previous experiments usbng Japaness
Engineering Test Satallibes (ETS-VIT}, no serions
peelilang woro encomnberel, It the peeord Sndicarcd
i correlation ol [ruoerale srear, whiich mesns data
s and wove beight, This suzgested that changes
i the slevptbon sngls botweon the apnteons sod e
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sntellite might affect the rollability of the data = - Im_m
commleatlon Hok, Capsfil examination of the oy 1
s of Imilwre ol Che commuomication Hak 18 meeced, " | :;:: ;
w Lherg are feaay causes for fading owing fo tho E o Pemplaaiitl F
psoving plillform of thesatellive antenna, as described i - ¥
in Section 6% : !
When LM55 was develaped for pasitioning in g -
that 18705, the requibred acoirsey was atl thy sl of = 5 ﬂ:::' 1 =
meters by uging the code of the G55 signal. Az a B tauitig 4 4
reanll. ol teclodcsl J!L"l.'lﬂLn]n.ul_"ltLﬂ Biler, msing cla ® m oM omomoMEm o mE S W mRM
PR rmem APLE, P ] EMSTIA s LT

NSE signal phase allowed positioning accurecy to
L o fow n=|.|1.|.11:||ﬂ.|:1:5, il 1.hE:||' cafi fuow b ienilable
in real Hene, Considering Chess new developosnts of
CINSS technology together with satallite emmmuoni-
cutbeom tichnodegy, wiewodd be able to deplay M55
biwniye i fisey aeos of che-ocemn, Considoering that te
peran hins been comsbdered 1 mn aren whese dakn arse
ditficult to he recopded, cnr GNES buay conld seeee
a w osapnifiennl diange fo folfling e pags do dits
clistribistinn over the Earth's sicfaes .ﬁllhtlngh OLir
primary aim was to gpply the tachnigqoe for ewrdy
trwad detestion, the mecat developanent of our
exparimines wcldod tho GNSS by fechnigue e
ubserving ooean floor crudbal moveients. Tn addition
i these applicabions, buoys placed oo U oosan
can Do used for moee applicatioes, For example, the
GNSS datn ean esthnte precipliable waber vapar
(MY and tobn] elestrom copgene [TEC) o the
abitinapbers and [ancaphers, fepectively, whicls gre
bl imporian geaphysical puraciebers. '™

Tl PWY in the veeanic ares 2 erucial for
numericnl weather foressting theough o foar-dimeme-
pintsl datn assimilation approach, Most of tho dace
for the dmualation lave been takon on land. Consid-
nfing_ L|'||||.l T"'I}'H- 1;|f ll.:r F.arl.h's H:l:rfu.-.'.ve-. 15 - convered ]r_l,"
Elur oeein, i s very impartsne toinelude sbmospherin
paraanebers o the oomen area for dita nsshoilatian
eownrd  bBetter weather forecnses. In Japan, PAWY
desives] fromn GEONET of the 4351 las alveady bees
asod in pomerical weathior stmulations. Inolusion of
dita frim the sarpounding coeanle region oy
faprove the woather prediction by the sicoulaison,
GMNES PWY ean be used with suffeicnt acenmmey by
[.ﬂnr.ir:“ (AMNSS on l.hl:':lhip. GNSS |J|.|.u:r coaiald PriEREss
s merits comparad with o ship as e buoy
provides a fel-paint eontinemis data, relative to a
moving irragularly ohserved shipborne datu., -7

GNSS data recorded at & previous GNSS buay
station froon Cape Muroto, sontlosest Japan, wers
gl o show the tropospherio menith delay; ehis
was used o derive PWY, which can be nsed in
ntmeepheric studics,™ Shoji ef ol (2018, unpib-

Flg. 2 (Color anline} Precigdiabie wols vapor (PWY] el
maied ol the byoy comparerd wrih (o] I oldective puakves
|:"||.|'L TTTETTES l.|.i.l||1.'-ll.|ll.l-.|I Lai: Bewdnld |I]I.IJ|!||.'hH! aful L] Ailyenrial
Mecrowave Scenning Radiometer 2 (AMSIRIY on buard the
Globial Chuaege CHsorvation Misbes kit Watsr (COOMAYTY
[Shajioef al, 2008, unpobbatiod dota|

Uahed data] exsmined low boaoy-deelved PWY &=
catipitible witl olheewise obtninesd PWY, aabsg the
datn obtaimed between June 4 and - September 15,
2018, b the present expaciment. Fimire 22 shows the
cmpirsan bisfween Che Booy POWY and () OMAS
opetational  chijective wonlvees (mesiscals analyals
(WA} and local analysish and (b) Advanced Micne
wavey Boapning Radiometer 2 {AMER2) on board che
Glolal  Change  CHservatbon Mislon 1=t Water
(GOOM-WT ) sntellite dacn. These comparisons, in
terms of their 508 dbowsdd that the differenoes
bietween the buoy PWY and MA, LA, and GOOM-
W were 206, 3.0, and 200 oo, respectively, The
differences  betwoen  the dilferant methods wae
approximately bmen, sgeesting that tha inclssion
of GINGS Doy data for data sssimilotbon fn wenther
forerisding cotld jmprove carly warning systems of
heavy rrin sueh ms limme omin bands oed the
preliction of 1yphoan gschs:

The applicatian of CGINES ooy datn ean also
ot taite to lopesplere research, For exonple, the
Mational Institote of Informaticar and Communices-
thoms= Technobogy of Japan (NICT'} is conduecting che
Derse Hegional and Warldwido lnfernationl MNet-
works of GNSS-TEC sbservniion {DRAWING-TEC)
'|:-1‘l:lj&|‘:l'. La rlu"."-l.'|u|.| Iligh-nmlhl..iun b:mmpl:lu:i.-l: TED
abservations by rolleeting TEC date from dense
GINSS array date.™ They showed thae such dense
GRSS weray cdado make it possible for onespheric
researchers o study  medinmeseale {100=1,000 ken)
wapcaprherte distiarbnmees sucli ns traveling ionosplser-
ic distmrhbances and equatorinl plasma bubbies thae
are frequently observed in the mid- and low-latitude
wipesphene. horooves,  high-resolution TEC maps
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Fig. 33  Comparison of TEC vardation, (n) Uped st of
GECMET {1048, 1024, 0055 and GNES lassye (bainy ], estinaroad
TES variad ot for ) PRENG axad PANL &t TC1217 of June
2, A8, axd o) PRMNOS aod PIRNED it UTCL2-17 of Jeme 10,
BER.: Cascd Jor () cadin weather and (o} hassh woatles
[Taopmwi of af.; A8 unpublishod datab.

onnl reven] onoaperic varatiang dse o l;l.r_g,e varth-
quakes such as the 2011 Tohoks-oki et hgunhe. ™
ﬂ;:l:n'l.'r_'[a:]}f. t.11;-|1 i-;lnl;ruplu:'ri.l:_: dlﬂuﬂ:mn.‘l:u slwywn
alwwe may decrease posithon i navigation neoarney
anid bence lead to problems o land and ale braflie.
Thus, monitoring these jonosplarie  disturbanees,
known pa a space westher phenomienon, 15 ecocial
for the integrity of GNGS syslem  operation,
GEONET i used to monitor jonspheric coniditions
11 .Il;lplﬂ] r|'||.'ri:|.'|g {de |J|:|uru.1.|.-;m af Hpace wealler
forpcasting seeviees. Howrver, the dense (GNSE
e bworks '.nrl:Hwil:Le:: whizh wre used o the
DRAWING-TEC projoct, sre restricted &0 Josd,
andd neore NS5 stathons are useded in sparse areas,
espocially in the ooeanie region.™ Our efforts o
desvelop GHNES buoys would help ionaspheric research
and space westher monitonng, Taesawn of ol (201H,
urpublisieed data] used a part of the dato obibained in
OUT 'I_'nmv -|";l,'|'h,":|'i.Tl'|i.':Tl.|: MR o desive |ul|.uB].'||:|H'|.-::
TEC walues and ghowed that the ionospheric TEC
vm'ia.lll:um lJ?l'w. alrpost Lhe Baine HOCULACY Bl that
ochtainod by nearby GEONET sites (Fig. 233

In studies on GNES-TEC, both absolute and
raletive TEC values nre uged. The absolute TEC for
the mtegraced clectron density along the entire line
of |bs [LOS) bebwesn the pecelver anad satellite was
obtained using both the carvier phass and the GNES
e with corrections of sstellite and receiver biasee,
The sevurpey of the sbsolute TIC was sxpicted ol
several TECU (1 TECU w ~54 ns = 162 am), "0
The rdative TEC B the perturbation component of
ahaotute TEC by detrending it with w I-h running
averagn for cuch LOS. The securacy of the mlative

Drrvrlnpnimiia nlEs Iniwy S w ey nklintie |°l_|'r.|l|'|.|.|.5:ﬁ.llj mil g syElem [}

GN55{GPS+0Z55)
s

Liea bottom (ChA] I

Fig. 2. {Cnbor aniline] Multipnrpsess GRSS bony far symibatic
guvdtaceasd muniburing, From resgibei Lo sooin [igar.™

TEC ranped fom (W1 to (02 TECU, which
corresponcs fo 1% of the wovelength of GPS
glgmale L1 (0,10m} and L2 (024m)355 Honee,
ralative TEC & widsly usel for monbloglag lono-
spheric disturbanes. Monitoring iomospheric distur
haners for societnl lmpact requices an sccuracy of
ipproximately 01 TECU (Teauguwn, 2021, persomal
capymunleation), As plewn in Fig, 23, the TECO
nerturhation of the hooy datn clearty aatisfes this
roguirement,

Sumeming g Ui possilde applications of the
GHES buoy, & sople buoy heas o lorge potentiol for
nbserving wids areas, covering from the peean floor fo
tlie innosphere, Geohamuds relnted to spreoe weather,
atmospherio wonther, sea surface waves, and crustnl
minvaments al Cle oeesn oor con wdso be maniloesd
|_|_F|_1'|g i ning].rl LSS huwery, "Thss, such o :_',rurJlu:Lll'
proheeard monbiaring systean using & GNSS buoy
can be used ks a monitoring tool (Fig. 28), ind
deplovments of the arvay of GNES booyz to a wide
wreii i the northwestern Pacifie aren coild serve as
an important natlonal nfrastroctuns for geohszard
monitoring systems nod s o sysbom of 4 new
observation network for earth scionces (Fig, 25).1%
Thi hyptheticen] oeiwork js colled a2 QOCEAN
GEONET, se compared with the GEONET, which
has hevs widely vaed on land and les beon operated
by the GEL of Japan

I7 the constriction of a GNES buoy srray in the
cicoarn in nedopted ad o a palboral prajest, many baoys
ghould e placed nroond  the Japanese const,
shown n Fig 2. The system  may require o
cledicatex] satellite thal may laye e be operated by
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Fig. 23 [Calor noline] Fubure scope of GNAS huow array in Lk
wordbmuorn Pacific, Somll el dole wce 1% curmencly opera-
bioral SX58 trucy arrey [or mave monibpng by FKOYWTFHAS.
Hluw ilo wee arbilraely plolied dor & bypeotkesticnl S35 buoy
wreny. Selid linee vlenles thin Japuomow Eavluoive Eiofcees
'i:i'll.l.l"'_'.l

the govecnereot, in wlich we iolght haws Lo devebop a
newr mathad for more effective satellite tranpsmisdon
Lechinology. Recenl lechoolopieal develaphiend wsing
thr Intrmoet wf Things {I0T'] Mon-Temresirial Nee-
wink would be spplicable for cossnic GHES buny
arrays 2

Finally, we alsa discussed ihe cosl of Tniliding
and mminbaioiog e enthee syatem of the ocsan areey
The largest cost was atbribate] b Lhe coosbrnclion uf
the buoyps, Cowsdructing B by eystcm will requice
sevecal milliom 195, dolls, althaugh ebe jiciee wowld
e Jess if che number of orders ore iorrewsed, foc
exarnple beere e B0 bwoys, az shomnn in Fig, 15
The cost of the sotedlite somnuedslon ok 13 also
a mujor cuopuoent of the el cast. IF B comenecsial
sotellite wich 1 kbps is wsed, it mmy be peesible 1
seod by coordivabes every second togcther with
OMNES-A detn P overy Poenin, including ocler
ancillary deta such 85 tempeeobure and gyro dula.
This joay ool woes tlean U558 100,000 per year for
B by, [4:.'||,:|5|.|I_'|-'I the .,IHFH.I'I-I‘."H'! Butreriem2it alyowld
degien & dedicated satellite system for sending and
cenoiwing ddntr lebween 1he Err.lun.-:l T estd the
busvs, In gur expariment. we used & hidicectional
Aatpn comowmnmicaticae lusk. Howewer, the cost of
seiollit: commuonieatipn rroald be moch redweed il

rhrul. 34.

the posswoning sswellite can ssmd ita precize orbit
il elock, A ehe Tapanede GZS5 apslein |4 oow b
operational mode ta send MADOOCA, Tecelving and
wriog MADODCA from 258 oo 2 buoy would
simnificantly reduce the cost of daks commundcation
link. Qqe=rution of el groand station requices n high-
prrifacmance compuire and A lnrge nmount of storage
with B buckwp spsteny for susteinable operetion.
Therefore, glven 1han 50 luoys will be conatrueled Doe
DCEAN GEONET, constroction of the total sysiem
woull aipenob approximrbely o & (2w hwedred
million V7.&. dollars for the buoys and sn sdditional
TLEE A mllbon peer yenc G dbe cale coadamunaciluen
Jinks  Ingludinge othey Anrillnry deaders mod mein-
tenance fees, the total cost for 10 years of wparacion ia
apraxiioilely sevecal budesd enillion T8, dollars

11. Concludiog remarks

Althowgh CUBAN GEONET is sill in the carly
atagea of dawelopuomut, we bope it Wil wateialize Oy
the future. Although the construction of o buoy ervey
im the ocean tequires hundieds of millioms of 1 5.
dallars, we would lke to enspbasize that ic oo
pricdde a wide wnristy nf snrth scientists with
unprecedented data of the jomephers, atowaphera,
sep-surineg changes inclyding tmunpmis, and oozpn.
Hoot cvogtal deforinetions. Therefora, & SHEE buoy
stem will offer & highly codeeffective appaoacl
comparesd with ather aingle purposs-oriented projeces
e obtmb bew lnnavatlve date glebally, thus boglo-
ming w Oew scieobifinc inngvalion in the Gelds of sobid
carth, cocan, stmosphonic, 8 wooapberic &oicnes,
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The First Pacific Regional Workshop on Multi-Hazard Risk Assessment and
Early Warning Systems by Using Space and GIS Applications
Nadi, Fiji, 13 — 15 September 2016

Tentative Programme

DAY 1 - Tuesday, 13 September 2016

08:30 - 09:00

Registration

09:00 - 10:00

SESSION 1: Opening Session (Facilitator: Mr. Tae Hyung Kim, Economic Affairs
Officer, ESCAP)

= Welcome address by H.E. Inia Seruiratu (Mr.), Minister for Agriculture, Rural and
Maritime Development and National Disaster Management

= Opening speech by H.E. Takuji Hanatani (Mr.), Japanese Ambassador to Fiji

= Opening speech by Dr. Andi Eka Sakya (Mr.), Head, Indonesian Agency for
Meteorology, Climatology and Geophysics, Indonesia

= Opening speech by Mr. losefa Maiava, Head, ESCAP Pacific Office

10:00 - 10:20

Group Photo / BREAK

10:20 - 12:30

SESSION 2: Gap and Needs Analysis on Multi-Hazard Early Warning Systems
by Using Applications of Space Technology and GIS in the Pacific (Facilitator: Mr.
Malakai Finau, Permanent Secretary, Ministry of Lands and Mineral Resources, Fiji)

= Key objectives, activities, and outcomes of the project on “Strengthening Multi-
Hazard Risk Assessment and Early Warning Systems with Applications of Space and
Geographic Information Systems”, by Mr. Tae Hyung Kim, Economic Affairs Officer,
ESCAP.

= Remote sensing and GIS for multi-hazard risk assessments in the coastal zone:
recent applications and challenges in the Pacific, by Mr. Jens Kruger, Manager,
Ocean and Coastal Geoscience, SPC.

= Remote sensing data and application for Pacific island countries, by Dr. Wolf
Forstreuter (Mr.), GIS & RS Team Leader, SPC.

= Status, progress and challenges in the application of space technology and GIS for
disaster risk reduction in the Pacific, by Mr. Sunny Kamuta Seuseu, Climate
Prediction Services Coordinator, SPREP.

= Findings and suggestions on multi-hazard risk and early warning systems in the
Pacific, by Dr. Mr. Andi Eka Sakya (Mr.), Head, BMKG.

* Findings and suggestions on geo-portal and geo-database for disaster risk reduction
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and Sustainable Development Goals in the Pacific, by Dr. Ramesh De Silva (Mr.),
Systems Administrator, Geoinformatics Center, School of Engineering and
Technology, AIT.

= Space Technology and Geospatial Information Systems for Sustainable
Development Goals, by Dr. Teruyuki Kato (Mr.), Earthquake Research Institute,
University of Tokyo.

12:30 - 14:00

LUNCH

14:00 - 15:30

SESSION 3: Pacific Initiatives for Multi-Hazard Early Warning Systems

(Facilitator: Dr. Lal Samarakoon (Mr.), Director, Geoinformatics Center, School of

Engineering and Technology, AIT)

= GIS and Digital Earth Technologies for Disaster Management - from case studies in
Sentinel Asia and others, by Prof. Hiromichi Fukui (Mr.), Chubu University.

= Disaster early warning services in the Republic of Korea, by Dr. Hae Kyong Kang
(Ms.), Associate Research Fellow, Open GIS Research Program Manager, Geospatial
Information Research Division, KRIHS.

= Japan’s experiences, by Dr. Masanobu Tsuji (Mr.), Director, JAXA Bangkok Office,
JAXA.

= Drone-based disaster waste management, by Mr. Hyung Taeck Yoo, Researcher,
Department of Civil and Environmental Engineering, Seoul National University.

15:30 - 15:45

BREAK

15:45 - 17:00

SESSION 4: Pacific Country Presentations on Multi-hazard Warning System,
and Geospatial Information System (Facilitator: SPC)

= Cook Island: Urban Planner, Infrastructure Cook Islands, by Mr. Timoti Tangiruaine,
Urban Planner, Infrastructure Cook Islands.

= Fiji: (Pending receipt of presentation title and name of presenter.)

= Kiribati: (Pending receipt of presentation title and name of presenter.)

= Micronesia: Kosrae Disaster Risk Management and Early Warning Processes, by Mr.
Nema Maragfoou William, State Disaster Coordination Officer.

= Papua New Guinea: (Pending receipt of presentation title and name of presenter.)

= Samoa: Status of Disaster Risk Management in Samoa, by Mr. Mafutaga Leiofi,
Principal Environmental Engineering Officer, Ministry of Natural Resources and
Environment.

= Solomon Islands: (Pending receipt of presentation title and name of presenter.)

DAY 2 - Wednesday, 14 September 2016

Policy-maker Group Technical officer Group
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09:00 - 10:00 SESSION 4: Pacific Country Presentations on Multi-hazard Warning
System, Geo-portal and Geo-database (Facilitator: SPREP)

= Tonga: Early Warning System in Tonga, by Mr. Paula Finau, Communication
Officer, National Emergency Management Office.

= Vanuatu: Vanuatu Multi-Hazard Risk Assessment and Early Warning System, by
Mr. Davidson Gibson, Director, Vanuatu Meteorology and Geo-Hazards

Department, and Mr. Peter Korisa Kamil, Operation Manager, National Disaster
Management Office.

10:00 - 12:30 SESSION 5: Disaster and SESSION 5: Technical Training 1,
Geospatial Information Systems for | PY Dr- Ramesh De Silva (Mr), AIT

SDGs (Sub-group discussions) - = Theory of space technology for

(Facilitators: ESCAP and AIT) disaster risk reduction.

= How space technology and GIS = Use of geospatial data and
can contribute to Pacific disaster management.
management and SDGs? =  Geo-portal and geo-database.

=  Two sub-group discussions
consisting of Pacific country
representatives and experts from
SPREP, SPC, AIT, and BMKG,
Japan and the Republic of Korea.

12:30 - 14:00 LUNCH
14:00 - 17:00 | SESSION 5: Continues SESSION 5: Technical Training 2,
by BMKG

= Presentations by chairpersons of the
two sub-groups. = Theory on multi-hazard risk.
assessment and early warning system.
= Applications of early warning system
for multi-hazard risk management.

DAY 3 - Thursday, 15 September 2016

09:00 - 11:40 | SESSION 8: Future Plan for Pacific Actions on Space Technology towards
Disaster Risk Reduction (DRR) and Sustainable Development Goals (SDGs)

= Brief presentation on space technology for DRR and SDGs, by Mr. Tae Hyung
Kim, ESCAP.

= Brief presentation on space technology for DRR and SDGs, by AIT.

= Brief presentation on space technology for DRR and SDGs, by Mr. Makelesi
Gonelevu, SPREP.

» Brief presentation on SDGs mapping proposal from digital earth
perspective, by Prof. Hiromichi Fukui (Mr.), Chubu University, on:
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- How to develop mid-term action plans of Pacific countries for
strengthening space technology applications for DRR and SDGs in the
Pacific?

- Key stakeholders’ meeting in early 2017 to develop the Pacific voice on
DRR and SDGs at the big events:

- Ministerial Conference on DRR in India, November 2016
with Space Leaders Forum (side event);
- Ministerial Conference on Space in China, mid 2018;
- Other SDG-related UNGGIM / international / regional meetings.

11:40 - 12:00 | SESSION 9: Closing Session

= Closing remarks by ESCAP and Fiji.

List of Acronym:

AIT: Asian Institute of Technology

BMKG: Indonesian Agency for Meteorology, Climatology and Geophysics
ESCAP: United Nations Economic and Social Commission for Asia and the Pacific
JAXA: Japan Aerospace Exploration Agency

KRIHS: Korea Research Institute for Human Settlements

SPC: Geoscience Division, Pacific Community

SPREP: Secretariat of the Pacific Regional Environment Programme

GIS: Geospatial Information Systems
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GNSS Buoy Array in the Ocean for a Synthetic Geohazards
Monitoring System

*Teruyuki Kato1, Yukihiro Terada®, Keiichi Tadokoro®, Akira Futamura®, Morio Toyoshimas,
Shin-ichi Yamamoto®, Mamoru Ishii’, Takuya Tsugawa®, Michi Nishioka®, Kenichi
Takizawa®, Yoshinori Shoji°, Tadahiro Iwasaki’, Naoyuki Koshikawa’

1. ERI, Univ. Tokyo, 2. Nat. Inst. Tech., Kochi Col., 3. Nagoya Univ., 4. Nat. Inst. Tech., Yuge
Col., 5. NICT, 6. MRI,JMA, 7.JAXA

The GNSS buoy system for tsunami early warning has been developed in Japan and has
been implemented as the national wave monitoring system since around 2008. Its record
was used to update the tsunami warning at the 11 March 2011 Tohoku-oki earthquake and
tsunami, Japan. Yet, the buoys are placed only less than 20km from the coast and are not
far enough for effective evacuation of people. We are thus trying to improve the system for
putting the buoys much farther from the coast. For this purpose, we employ a new PPP-AR
analysis algorithm, instead of conventional RTK-GPS, for positioning. In addition, we use a
two-way satellite data transmission in contrast with current surface radio system. We have
conducted a series of experiments using this new system in 2013 and 2014, using a buoy
used for a fish bed located about 40km south of Cape Muroto, Shikoku, southwest Japan.
GEONET data were used to obtain precise orbits and clocks of satellites. Then, the
information was transferred to the GNSS buoy using a satellite communication system of
the Japanese positioning satellite called Michibiki. The received information on the buoy
were used for real-time PPP-AR analysis for every second. The obtained buoy position was
then transmitted back to the ground base through a geostationary satellite called ETS-VIII.
The received data was then disseminated to public through the internet. The success of
these experiments indicate that the GNSS buoy can be placed at nearly anywhere in the
ocean. Given this success, we made up a new research plan in which we test a
commercially available satellite communication system and try to develop a new GPS-
acoustic system for monitoring ocean bottom crustal movements nearly continuously.
Moreover, we seek for further application of GNSS data for ionospheric and atmospheric
researches. Deployment of such GNSS buoy system as an array in a wide ocean will be a
powerful tool for monitoring geohazards in the region as well as for other basic research
on earth sciences. The new project started in June 2016 and we are now designing a
regional GNSS buoy array in the western Pacific. The first newly designed GNSS system is
established at another buoy for fish bed, located about 40km south of Cape Ashizuri,
southwest Japan. The system is now under testing. We are planning to implement a GNSS-
acoustic system for monitoring crustal movements of the sea floor in early 2017 fiscal year
at the same buoy.

Keywords: GNSS buoy, geohazard monitoring, tsunami, ocean bottom crustal movement,
GNSS meteorology, ionosphere
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GNSS Buoy Array in the Ocean for a Synthetic Geohazards Monitoring
System

* Prof. Teruyuki Kato D , Prof. Yukihiro Terada 2) , Prof. Keiichi Tadokoro 3) , Prof. Akira Futamura 4) , Dr.
Morio Toyoshima ®  Mr. Shin-ichi Yamamoto ® , Dr. Mamoru Ishii ® , Dr. Takuya Tsugawa %  Dr. Michi
Nishioka ® , Dr. Kenichi Takizawa 7, Dr. Yoshinori Shoji ®  Dr. Tadahiro Iwasaki ¥, Dr. Naoyuki
Koshikawa ¥

Earthquake Research Institute, the University of Tokyo, Tokyo, Japan U National Institute of Technology,
Kochi College, Kochi, Japan 2 | Graduate School of Environmental Studies, Nagoya University, Nagoya,
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Tokyo, Japan ®  Resilient ICT Research Center, National Institute of Information and Communications
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The GNSS buoy system for tsunami early warning has been developed and is now operational as a national
wave monitoring system since 2008 in Japan. It was used to update the tsunami warning at the 2011
Tohoku-oki tsunami, Japan. Yet, the buoys are placed less than 20km from the coast and are not far enough
for effective evacuation. We are thus trying to improve the system for putting the buoys much farther from
the coast. For this purpose, we employ a new PPP-AR analysis algorithm, instead of conventional RTK-GPS,
for positioning. In addition, a two-way satellite data transmission in contrast with current surface radio
system is introduced. We have conducted a series of experiments using the upgraded system in 2013 and
2014, using a buoy located about 40km south of Cape Muroto, southwest Japan. GEONET data were used
to obtain precise orbits and clocks of satellites, and the information was sent to the buoy using a satellite.
The information was used for real-time PPP-AR analysis for every second. The estimated buoy position was
then sent back to the ground base through another satellite. The received data was disseminated to public
through internet. These experiments indicate that the GNSS buoy can be placed at nearly anywhere in the
ocean. Given this success, we made up a new research plan in which we test a commercially available
satellite communication system and try to develop a new GNSS-acoustic system for continuous monitoring
of ocean bottom crustal movements. Moreover, we are trying further applications of GNSS data for
ionospheric and atmospheric researches. A new project started in June 2016 which tries to establish a
GNSS buoy array in the western Pacific, which will be a powerful tool for monitoring geohazards in the
region. The newly designed GNSS system is deployed at another buoy located about 40km south of Cape
Ashizuri, southwest Japan. The system is now under testing. We are adding a GNSS-acoustic system in
2017 to the same buoy.
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Development of a new ocean GNSS buoy array for a synthetic disaster mitigation
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Present status and future scope of the GNSS buoy array project for
synthetic disaster mitigation
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Development of acoustic signal processing unit for continuous
observation of ocean bottom crustal deformation using marine GNSS
buoy
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The next challenge of the measurement system of the seafloor crustal deformation through the GNSS/acoustic
method is the continuous measurement of seafloor crustal deformation using this method. Then we started to
develop a measurement system on a buoymoored 32 km off Cape Ashizuri, Japan, named as Kuroshio-Bokujyo
buoy No. 18, operated by Kochi prefecture.An acoustic transducer was fixed at about 3 m under the sea surface
with a pole mounted on the buoy.Three ocean bottom acoustic transponders had been installed around the
moored point of the buoy. The acoustic signals are sequentially transmitted to these three transponders every
three minutes. The recorded data on the buoy are transmitted to a ground base station through a commercial
communication satellite operated by Thuraya Telecommunications Company.

We performed a test for the continuous acoustic ranging between the buoy and the ocean bottom transponders
from March 28 to 31 and June 2 to July 12, 2018. We succeded to perform the acoustic ranging throughout the
above periods. The acoustic signals were transmitted 20643 times in total, and the buoy-mounted acoustic
ranging unit received 16406 signals from the ocean bottom transponders. However, the acoustic data sent to the
ground base station was only 17 % because of unexpected trouble of the communication port of the satellite
modem.

The arrival time of the acoustic signal is usually recognized by the cross-correlation computation with the
transmitted waveform. When the acoustic signal is contaminated by high amplitude reflected waves from the
sea-surface and/or the buoy’s body, the cross-correlation coefficient attains maximum at the timing of the
reflected wave arrival; then we set an antireflection cover to the transducer. Nevertheless, subsequent waves
with the maximum cross-correlation coefficient are found after about 0.3 ms from the direct wave. These
subsequent waves are arisen from the reflection at the antireflection cover. We coded a program for detecting
the arrival time of direct acoustic wave automatically on the basis of thresholds of cross-correlation coefficient
and energy ratio (the ratio of the squared amplitudes preceding and following a test point). The program
successfully picked the correct direct wave onset for 99 % of the recorded waveforms.
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Observation for ocean bottom crustal deformation by global navigation satellite system (GNSS)/acoustic method
is monitoring long-term movements of transponders fixed on seafloor, which can be estimated from the travel
time of acoustic signal between onboard transducer and transponder. Observation method using vessel and its
analysis method have been established. However, it is incapable of monitoring the temporal variation of fixing
strength of plate boundary because observation can be performed only several times a year.

We aim to realize continuous observation by using marine buoy, which helps to clarify the mechanisms of slow
slip events in more detailed. The Grant-in-Aid for Scientific Research (S) project "A challenge to develop GNSS
buoy system for high-functional tsunami monitoring and continuous observation of ocean-bottom crustal
movements" which has been started from 2016 utilizes the mooring buoy off the coast of Ashizuri, Japan.
Observation data are transferred from buoy to ground station using mobile satellite service. In comparison with
observation using vessel, it has difficulties in analysis caused by: low frequency of acoustic ranging; lower GNSS
positioning precision; and use of old sound speed profile. Our purpose of this work is to develop analysis
method which reduces their influences to the estimation of crustal movements and achieves precision
equivalent to that of observation using vessel.

Our strategies to estimate ocean bottom crustal deformation precisely includes following steps: 1) estimating
shape of array of transponders using data observed by vessel; and 2) estimating displacement vector using data
observed by buoy assuming that the array moves while keeping its shape determined in step 1. In both steps, we
propose estimating both temporal variation and horizontal gradient of sound speed in ocean for highly precise
estimation.

We used data obtained by six times observations during the period from 2017 to estimate array shape. The
estimated standard errors of coordinates of transponders were about 1 cm. We discovered that it is essential to
have correct array shape and position of buoy for highly precise estimation of displacement. We just started
observing by buoy since June in 2018 and then will evaluate our proposed analysis method by using long-term
accumulated data.
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Maritime Water Vapor Estimation using Ocean Platform GNSS Measurement
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Japan is an island country located in the easternmost of East Asia and influenced by the East
Asian monsoon. Moist air inflow coming from ocean often causes heavy rainfall (Kato 2006,
Tsuguchi and Kato 2014). In early July 2018, extreme rainfall events occurred in western
Japan to the Tokai region. During the event (28 June — 8 July), more than 1,000 mm
precipitation was recorded in several regions with at the maximum of 1,852.5 mm. A press
release of Japan Meteorological Agency (JMA) (JMA, 2018) attributes the event to
concentration of two massively moist air streams over western Japan and persistent upward
flow. With the increase of extreme precipitation events, water vapor monitoring over the
ocean is one of the important issues in Japan. Shoji et al. 2009 showed improvement of a heavy
rainfall prediction by assimilating precipitable water vapor (PWV) estimated at Global
Positioning System (GPS) observation network in East Asia as well as Japan’s nationwide
dense GPS network. The result insists the importance of water vapor monitoring in upstream.
Unlike ground-based fixed GNSS stations, ocean-platform (ship and buoy) GNSS
measurements face difficulties in analyzing the variable antenna position simultaneously with
the atmospheric delay. However, recent advancement of kinematic precise point positioning
technology is beginning to overcome these difficulties. Shoji et al (2017) installed two GNSS
antennas on a research vessel, the RYOFU MARU of the Japan Meteorological Agency (JMA),
and conducted experimental observations to assess the GNSS derived precipitable water
vapor (PWV) from October 19, 2016, to August 6, 2017. The GNSS derived PWV's showed good
agreement with the radiosonde observations on the vessel (1.7 nm root mean square difference, —0.7
mm bias, and 3.6% rejection rate).

Kato et al. (2018) introduced a GNSS buoy system for a synthetic geohazard monitoring.
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The buoy is located about 40 km south of Cape Ashizuri, west of Shikoku, Japan. We
succeeded continuous PWV retrieval from June to September 2018. Retrieved PWVs vividly
captured water vapor variations associated with north-south shifting of the “BAIU” seasonal
rain front and passages of heavy rainfalls and typhoons. The GNSS buoy PWVs also suggest
that, compared to over land, uncertainty of water vapor field in JMA’s objective analysis is
larger over the ocean.

Taking these results, in the year of 2018, we started a new research project to monitor
PWYV over the ocean west of Kyushu, Japan, getting supports from eight vessels (six regular

line cargo vessels, one fisheries research vessel, and one JMA’s research vessel).
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Water vapor plays a crucial role for the development of hazardous cumulus convection.
Via the condensation process, moisture releases latent heat which becomes an energy
source for the rapid development of cumulus convection. Because most of atmospheric
water vapor concentrates in lower troposphere, monitoring of water vapor in low-level has
received a lot of attention. For the island country like Japan, low-level moisture often
come from ocean. Several studies of hazardous weather events have revealed that low-level
moisture from the ocean plays an essential role in such weather cases (Kato and Aranami
2005, Shoji et al. 2009). However, currently, there is no continuous water vapor sensor which
can observe water vapor amount over the ocean.

Unlike ground-based fixed GNSS stations, ocean-platform (ship and buoy) GNSS
measurements face difficulties in analyzing the variable antenna position simultaneously
with the atmospheric delay. However, recent advancement of kinematic precise point
positioning technology is beginning to overcome these difficulties. Shoji et al (2017)
installed two GNSS antennas on a research vessel, the RYOFU MARU of the Japan
Meteorological Agency (JMA), and conducted experimental observations to assess the
GNSS derived precipitable water vapor (PWV) from October 19, 2016, to August 6, 2017.
The GNSS derived PWVs showed good agreement with the radiosonde observations on the
vessel (1.7 mm root mean square difference, —0.7 mm bias, and 3.6% rejection rate).

Kato et al. (2018) introduced a GNSS buoy system for a synthetic geohazard monitoring.
The buoy is located about 40 km south of Cape Ashizuri, west of Shikoku, Japan. We
succeeded continuous PWYV retrieval from June to September 2018. Retrieved PWVs
vividly captured water vapor variations associated with north-south shifting of the “BAIU”
seasonal rain front and passages of heavy rainfalls and typhoons. The GNSS buoy
PWVs also suggest that,
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compared to over land, uncertainty of water vapor field in JMA’s objective analysis is larger
over the ocean.

Taking these results, in the year of 2018, we started a new research project to monitor PWV
over the ocean west of Kyushu, Japan, getting supports from eight vessels (six regular line

cargo vessels, one fisheries research vessel, and one JMA'’s research vessel).
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Analysis for GN55/acoustic ocean bottorn crustz| deformation
considering the heterogeneity of sound speed structure in ocean
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Hot Sprinps Fesearch [nstitute of Kanagewa Prafeciural Gavernmant

GMES (global naviganch satellte systerm] SRR L S EERDITRMAT ., LH2 77 HBRICHE
HehrAER TOERESEHAITUEL MAroRBonaAEREOREMEHFLIEBEYI. 15
RGOS ESENEL TE SO, BRI IENCORSEERT L fof Y s8R0 LT
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Study of Water Vapor Maonitaring in the Open Ocean using Kinematic
Precise Point Positioning
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“Yoshiner Shaji', Teruyuki Kato®, Yukihiro Terada®, Toshitaka Tsuda®, Masenori Yabuki*
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1. The Eecand Lakboratery of Mataorddogical Satelliva and Observation System Rasearch Dapartment, Meteorolagical
Racparch Instliube, 2, Hol Springs Racearch Instlbute! Kanagows Prefecturs] Gowvernament, 3. Matinal Instlole of
Technabory, Kochl College, 4, Resesrch Insthwwe for Sustainable Humenssphere/Kyoto Waversiny

lapan Is an archipelagn Ioceted eagternmost of East Az and nfluenced by the East Asian reonsoon,
which is characterlzad by meist air inflow comlng from the coean thet often causes heawy rainfall {Kato
2006, Tsuputl and Kata 2074, Kate 2318), From June 22 to fuly 8, 2018, exctrema rainfall fraquentad
western Japad 10 rhe Tokai reglon, whesein maeg than 1 000 mm, at the rmarimum of 1,552.5 mm,
precipitation was recarded in several regions (Tsuguti et af, 2018, A prass relaase of lapan
Meateorslogical Aganey (AL OMA, 2018] sfthbuted the evart to the sancenrallon of fwo mastavaly
maist air straams owar western lapan and persistant upward flows. With the frequancy of extreme
preciprtation events, water vapor mehilaring over the ocean becomes ahe af the impoetant issues in
Japan. Shaji et al. 2009 axhibited the improvernent of a haavy rainfall pradiction mathod by assimilating
precipitablie water vapar (P estimated vla the Glebal Positioning Svslam (GRS abBsaration natwerk in
Eact Asip, as well as lapan” s natiomwide dense GPS netwos. The result insisted the importence of water
¥2por manltoring wpslream,

Unllke pround-basad fixed GMNSS stations, acean-platform (ship and buay) GNSS megsuremants face
difficultiez in analyzing the variable entenna pozitipn simultan eausly with the amwsphetic dalay.
However, racent advancement of kinematic pracice point positioning technology is beginning to
overcome these dIfculies. Sholat al (2077) Installed o GMNES antennas on & résearch vasse| the
AMOFL MARL of the Japan Meteorological Agency (IMAL end coanductad experimentel obserwedons bo
a53e55 the GNSS derived precipitable warer vapgr [PWYW] from October 19, 2016, to August &, 2001 7. The
GM55 derved PWYs showed good agreement with the radicsonde observations on the vessal [1.7 mm
roct mean squate differance, —0.7 mm blas, and 3.8% rejectlan rate),

Kale al al, (2078) introduced 3 GHES buoy systemn for a synthetic peohazard monitoring. The buayis
Iocated about 44 km sauth of Cape Ashlzor, west of Shlkako, lapan. e specteded Somtin uous Pane
retrigval fram Juns bo Septamber Z00 B, Retrievad PWYE vividly captured water vapor variations associated
with north-south shifting of the  "BAILIT seasonal rain front and pesseges of beavy rainfalls and ophoons.
The GHM35 buoy PWYVs also suppest that, campared ta over land, uncertainty of water vepor fisld in JMA' s
abjectlve analyzhs |2 larger avar the ocean (Shaji =t al, 201 9,

Int the yaar of 218, we started & new resedrch projast o manltor PWY cver the soean west of Kyushu,
Japan, gething supports from 2ight vessels (sic regular line cargo vessels, one fisheries resaarch vessel, and
ona JMA' £ rasearch vassel), The purpose of this study is to assess the Impact of waker vapor manitoring
in upwerd of wesr lapen on heawy rainfall predictian. Pralirminary PAY anabeses show a2bouk 2 eaen b weleh
abraut -1 mm bias against IMA" 5 operational mgional objective analysis,
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Continuous acoustic ranging from a GNSS buoy for the new method of
seafloor crustal deformation measurements
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Our research group has been testing a measurement system for the continuous seafloor crustal
deformation at a moored buoysite operated by Kochi prefecture, located 32 km off Cape Ashizuri,
Japan.An acoustic transducer was fixed at about 1.7 m beneath the sea surface with a pole mounted on
the buoy body.Three ocean bottom acoustic transponders had been installed around the moored point of
the buoy. The acoustic signals are sequentially transmitted to these three transponders every three
minutes. The recorded data on the buoy are planned to transmitted to a ground base station through a
commercial communication satellite operated by Thuraya Telecommunications Company.

We performed a test for the continuous acoustic ranging between the buoy and the ocean bottom
transponders from March 28 to 31 and from June 2 to July 12 (1st period), and from November 16to
December 17 (2nd period) in 2018. The acoustic ranging was continuously possible throughout the
above periods when power was supplied whereas it was unexpectedly terminated because of power
failure during the winter season. The acoustic signals were transmitted 27,856 times in total, and the
buoy-mounted acoustic ranging unit received 23,342 signals from the ocean bottom transponders.
However, the acoustic data sent to the ground base station was only 12 % because of some trouble of the
satellite communication modem.

The reflected signals from the buoy body and/or the seafloor sometimes contaminated the received
acoustic signals; also multiple reflections inside of an anti-reflection cover attached to the buoy-mounted
transducer, whose purpose is to cut off the reflection from the sea surface, were remarkable during the
1st period. The multiple reflections caused the misidentification of the direct wave from the sea-bottom
units. We, therefore, removed the anti-reflection cover during the 2nd period, which remarkably reduced
the confused reflections.

We coded a program for detecting the arrival time of direct acoustic wave automatically on the basis of
thresholds of cross-correlation coefficient and energy ratio (the ratio of the squared amplitudes preceding
and following a test point) to reduce the capacity of data transferred via satellite communication using the
acoustic waveform recorded during the 1st period. The program successfully picked the correct direct
wave onset for more than 99 % of the waveforms recorded during the 2nd period.

©2019. Japan Geoscience Union. All Right Reserved. - MTT46-P0O1 -
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Innovative 4D imaging of subduction-zones through real-time
observatories, ultra-deep drilling and high-pressure experiments
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F—7— R : Seafloor cable network. Ultra-deep drilling. High pressure experiments. GNSS
buoy. Subduction zone. Mantle rheology
Keywords: Seafloor cable network, Ultra-deep drilling, High pressure experiments, GNSS buoy,
Subduction zone, Mantle rheology
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" Recent Developments of GNSS Buoy
for a Synthetic Disaster Mitigation System in the ocean "
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teru@onken.odawara.kanagawa.jp

**National Institute of Technology, Kochi College, Japan

***Graduate School of Environmental Science, Nagoya University, Japan
****National Institute of Technology, Yuge College, Japan

Abstract:

This presentation introduces the recent development and discusses future scope and
problems to be solved for a GNSS buoy system as a synthetic disaster mitigation system
in the ocean. The buoy was developed originally aiming at the tsunami early warning
apparatus. The system was abl e to detect the high tsunami of the 2011 Tohoku-oki tsunami
before its arrival to the coast and was used for updating the tsunami aert. Yet, because
the system used RTK baseline measurements, distances of buoys from the base station
are limited only less than twenty kilometers. Consequently, the lead time of tsunami alert
to thetsunami arrival was only afew minutes and consequently lots of people'sliveswere
lost.

This motivated us to upgrade the system, introducing a precise point positioning system
so that we do not require any onshore base station and the buoy can be put much farther
away from the coast. We also introduced a satellite communication for data acquisition.
Currently, we are conducting the experiments borrowing a fishery buoy of Kochi
Prefecture off the Cape Ashizuri, southwest Japan. Given that the system is evaluated as
feasible, the area of application fields will get much wider.

One of the most challenging application isto use the buoy for the GNSS-Acoustic system
for continuous ocean bottom crustal movement measurements. Continuous measurements
of ocean bottom crustal movements observations might discover new phenomenasuch as
slow dlip events nearby oceanic subduction zones. Buoys can be used for other
applications such as atmospheric and ionospheric researches including their applications
to the geohazards monitoring. Moreover, ancillary sensors on, above and bel ow the buoys
can be used for ocean researches. If such buoys are established many placesin the ocean,
say, northwestern Pacific, such system will be a powerful infrastructure for synthetic
geohazards monitoring.

Keywords (3-5 words):
GNSS buoy, tsunami early warning, synthetic disaster mitigation
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Abstract

We sterbed using the mocred bucy off the oes of Ashiour, Iepen o chsere seafloor cnustel deformabion contiuoudsly by GRES-scousts
tectinique. The positon of enaporders set on e s=ofipor can be s=birmated by the scoustic mmging messurererk=

The rmam factor of posibonmg ermr = empors snd =pekisd varistion of =pund speed in ccesn, Temposl varishon = caosed by e o with
a oyoe of 11-14 hoors snd by Bhe inechsl greaby wegs woth g cpcle of severs! 10 rorutes) The spatw! venabon ceussd by the bempemture,
presrore mod sl hes age =fect o ke postionng in the sres near the Bursshio curent becsuse the empemiure gradent is
ganaratad. Than, weinkroduced the sound spesd shucture model consmering HE terpoal and spabial waraton ofa tha 2nalss

Propased anaivtical rathod featly cetermines the rlstie position of tanspoaders udng messurenents of vesssl and sacordly ectimates
tha desplacarmerit of transponders from imtisl positian by usiog dats observed by buoy vath ascurpbon that oy single ransponcer moss
i Hhe same wechor dus o the cnustal deftemnation

Wa 2pplied this methed to deta obearvad by buy for teo weaks m Mgl 2019 and discovarad that the postoning aoouacy has Dasn
grasthy anproved. Thia disparsion iy the astmetad posrbion was wWithin 2 o, whila £ was 30.0n in the caza of uamg soimd spaed Trodel Pot
consckening its honzontal gradient. Thus, the prooosed mathed is efficiart in ramorving this effect of hataraganaty of sound spead in tha
analy=s ueing short term oSeervation data. We will evaluzbe £ affar e coumuizting kong-term obserabon data.
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Development of analytical method for detecting seafloor crustal
deformation from GMN5S-A data acquired by moorad buoy

A B st Fm &
“Matsuki Kinugasa', Keiichi Tadokora', Teruyuki Kato®, Yukihiro Terads®

1. anEAF HRAKILHREELF—, 2 BRIIREANBPREN I ADIAESRMAPE
1. Earthquak# and Wedoarna Research Center, Graduate School of Erviranmental Stedies, Magoya Universiny, 2. Hae

Springs Resgarch Insditute of Kanagawa Prefectural Government, 3. Mational Insticaie of Technodogy, Kachi College

We have been developing obsarvation systam on mogred buoy off thae coast of Ashizuni for momitoring
seaflocr crustal defarmation by plobal navigation satellde system-acoustic [GM55-A] technigue. The
purpose of this work is Lo develop analytical meathaod for detecting sesfAoor displacement fram the GN55-A
data acquirad by moored buoy,

hain cause of an emar for seafloar positioning is the misinberpretation of sound speed vanation. Sound
speed structurs im the near from the Kurashla current has heterogengity bacayse the temparature
gradignt is generated by 8 warm current, Jome previgus works propesed sound speed madel essuming e
claping strueture. We also applied this madel ta analysis wsing data for bawo waeks in April 2073 acquirad
by buoy and obtained position ofthe seaflear units. The disperslon In the estimated positlon was wiibin 2
crr, while it was within 20 cm in the case of ignorning horizontal gradiant of sound speed,

The buoy we use for Lhis research barely moves around, but stavs near frorm the cantraid of units.
Generally, it is difficult to estimate seafloor displacemant separataly fram horizontal gradiant dues to the
insufficiendy af informallon far sound spesd structure, The theaoretical travel fimeandlcates that the
displacerment can e detected if the direction of displacement is differant from azimuth of harizontal
gradient We alsa abtained the same result by performing simulation rsing syntheus data. However, the
mlsintempratatian af digplacem eal paossibly arcurs caused by the pocsitioning error of onboard acoustic
transducer and the modeling error for sound spead strusture, Then, voe will summarlze pracical [sswes for
analysis psing lomger teem phservation daka soquirad by buosy.

F=7=—Fk :GNE5-A, FRAL. BEHETH KEQE 7o
Faywords: GRES5-A, sound speed stracture, seafloar orustal deformation, harizontal gradiant, buay
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Buoy-mounted system for continuous and real-time seafloor crustal
deformation measurements

*HFF =" K& KA. Mgk B2’ FE EE, R R

*Keiichi Tadokoro', Natsuki Kinugasa', Teruyuki Kato?, Yukihiro Terada®, Kenjiro Matsuhiro*
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1. Research Center for Seismology, Volcanology and Earthquake and Volcano Research Center, Nagoya University, 2.
Hot Springs Research Institute of Kanagawa Prefectural Government, 3. National Institute of Technology, Kochi
College, 4. Technical Center, Nagoya University

Our research group has been testing a measurement system for the continuous seafloor crustal
deformation at a moored buoy site operated by Kochi prefecture from March 2018. We performed
continuous acoustic ranging tests 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 tests
revealed that the developed system can continuously transmit the acoustic ranging signals and send the
acquired data to the on-land station via the satellite link, if sufficient electrical power is supplied. The
system on the buoy was able to acquire high-quality acoustic waveforms with extremely high maximum
cross-correlation coefficients. We coded a program for detecting the arrival time of direct acoustic wave
automatically on the basis of thresholds of cross-correlation coefficient and energy ratio to reduce the
capacity of data transferred via satellite communication. More than 99 % of the direct acoustic wave
onsets at the buoy were correctly distinguished using our program code even if those waveforms had
been corrupted with reflected waves. The above experimental studies show that our software system is
capable of continuous real-time measurement of seafloor crustal deformation. However, the acoustic
ranging controller and the satellite communication modem frequently experienced power failures during
the test phase, and we re-designed the power supply part. We found that some of the solar panels were
under the shadow of the mast, constructed on the center of the buoy, due to the stable yaw angle of the
buoy. The original system was equipped with five 135-Watt solar panels connected in a series and 24 V
valve-regulated stationary lead-acid batteries with a capacity of 300 Ah (10-hour rate). In the newly
designed system is equipped with additional three (eight in total) solar panels which are separated to two
parallel circuits. The power storage is also reinforced with additional two batteries. The re-installation of
the new system was started in December 2019; the establishment is planned to be finished by the end of
March, 2020. We report the present status of the continuous measurement using the newly designed
system.

©2020. Japan Geoscience Union. All Right Reserved. -SCG66-P16 -
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049 RET A1k GNSS-A BEMBERHRADI-O DRITFEOHE
Study on analytical method for GNSS-A seafloor crustal deformation observation
using moored buoy

HRATSEA L, HPTA—, gz 2, <7 H 13
1 A dRRFHEEK I 2 —; 20 F ) 1 RIR SR HUEFFERT, 30 i 3 ) 55 B 1 22 A%
Natsuki Kinugasal, Keiichi Tadokoro!, Teruyuki Kato?, Yukihiro Terada®
1: Earthquake and Vol cano Research Center, Nagoya University;
2: Hot Springs Research Institute of Kanagawa Prefecture
3: National Institute of Technology, Kochi College
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GNSS-A (Global Navigation Satellite System-Acoustic) /73T X 2 KR BB & 1%, b
RTA B INSEE Y 7V AT 2 — P EEKICHKE S NEEKRMZ %S 2 52E
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A challenge to develop GNSS5 buoy system for high-functional tsunami
monitoring and continuous observation of ocean-bottom crustal
movements —a review and future problems -

‘s B2, W ENS, BR 4. —H 2

“Teruyukl Kare', Yuklhire Terada®, Kaiich] Tadokore®, Akira Futamura®
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Graduate Schodl of Environmantal Studies, Magoya Univarsity, 4. Manonel imsticuta of Tachnology, Yupa Collepe
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A challenge to develop GNSS buoy system for high-functional tsunami
monitoring and continuous obsarvation of ocean-bottom crustal
moavements —a review and future problems -

“Teruyuki Kata', Yukihiro Tarada® Keiichi Tedokorg®, Akira Futamure®

1. Instaute of Reglanal Dewslapment, Tacho Lniversity, 3 Matigagl Institute of Tachnalogy, Kochi Collega, 2.
Graduare Schood of Envicanmental Swdles, Magovs Undversity, 4. Matianal Institute of Technology, Yuge Collape

We have developed a now GNSE Buoy svstem for tsunami early derecrion snd continugus mombann g of
geed bagttarm grpgtal mavermeaents, The presentation rewews this five-year project conducted by a 45P5
Kakenhi grant. Basad on 1he lessons leammt from the case of the 20711 Tah oku-0kl tsunami, we decided to
pul the buoy mush farthar fram the coasi For this purpose, we employved bwa new technologies. Firsk, we
intraduced Precise Paint Positioning with Ambizuity Resolution (PPP-AR) algonithm far the estimalion of
the buoy coordinates without using baseling mode analysis. Secaond, we used a satalllte Jdata transmlssion
far sending preclse arbirs and clocks for PPP-AR analysis on the bucy and alzo sending back the obtained
pracise position of tha buoy to land, wgether with ather anclilary data taken oo the buey. Wa usad the
commergially available Thuraya satellite for data transmission. ir order to gstimate the position of the
transponder array at the sea bottom, we used the GNSE-acowstic systerm and developed 3 new algorthm
far the symul faneoys eslimation of the canrdinetes of the transponder array at the ses battam and the
vedocity skructura of the sea waber. We barrowed a buoy that |s used for fishery by Kochi Prefecture. The
buoy is placed about 40km sauth of Cape Ashizusi, Japan. The axperimant continued for more than four
years and ablaired significant results for tha futura applications, PPP-AR enabled the positioning of the
bucy with a Faw carbrmetars’  acouracy o5 far as the sipnal is fored . Together with Point Yariance
Qetenctlon (YD analysis far a shoner period of wind wawes, vwe wera able to monitor long and shork
perods of weves separately in real time mode, The precipita ble water vapas (P and Lolal gleciron
content (TEC] dawa gbtained from GNS% data wera avaluated for their aceuracy if they can be used for
their own rezearch feld. TEC data showed that they wars accurats anough for monitoiing isnasphesls
isturbarees, P daks seemz aleo valuable far monitoring weter vapor variadons over the ooean and
they could be used in the abjective anaksis for weather pradiction, Maregwsr, &n expenment was
conducted to get the data for improving the satellite daka transmission rabe due te tilting of bucy. Based
an the data, a new glgarithm using |oT was prapased for improving the efficiency of data transmission
fram many buove to the dedicated satallite for 3 buay array. On ghe other band, a number of prablems
ageurred durlng the experiment; for example, fraquent power failures occurred mainly due to power
shorteges due ta insufficiant solar panels ar unknawn reasons, though some of cham wera suspicicus of
problkems in satedlibe rangmission system. For the GNSS-acoustic system, separation of parametars
batween array coardinabes and ecoustic valociby structures wearsg found diflcult unless buoy swingas widaly
enouph around tha transporder arfay ares. Eaminations and gvercorning of these problems will meka it
posslbibe for & long-term GHNSS buoy operation at far offshore and it will bring s a new pewarful toal nat
only for disaster mitegation but also for applications in the verious fields of earth science.

Keyvwards: GMSS buoy, dsaster mAlgatlon, Bsunami, ocean bottarm crustal movements
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1. =
REL, ERAEMEHERITIEEGNSST (AL EREAND S AL & B E 3R
TEEGEANOHKE IOEBAR (ARRKSE MERZ) ICTBVWTRETHI EHRT 1A
BAREE I OREICEDLIRIFATHS. FEDERICISIZELTEREL. FHROREMRFICAHATS
BREE1TS,
HE.BAZEELZFABITERHBISE 185 T I~NDEHERIREL., GPSIZLSEFEA.
BEICKHMBESH AT ERMICITIEEBMELTLS,

2. ®it1EH
TERHKIZG18EDHRIAFHICEDE, EEBHIZL-THRET
DEFEBIZOVLWTEREETS,

AERRICEENELH TR

1) RBIR
2) RBE
3) REARDEREM

==l
1,174.8kg HKBEAZEEFIVRfFEENDEES
CBbES

Ty Eom(BKEASE15m)tE  XKEREEDRDIF0ET S,
4. HRETFER
BAREDREICLIEEEMEELIBENDEILEEREL., RETETEZ 1T o1z, 2(2RLI=#E

HEISOWT, BEDRERIEHERDFRELEBRRELUTISRY,

1) RER

it EE I

HENR EEnEn | BEnER | T ° ®E
XELHEORE 1309kN 1322kN 3474kN
[FLIRITEAEDEE 74.0N/mm? 74.7N/mm? 150N/mm?
SHETEDOEE 90.3N/mm? 91.2N/mm? 263N/mm?
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it EE -
BE AR EEREN ZERER e )
REtnh | ReE| HRENH | ReE
ZRBIREGETVI—19)0 1309kN| 3.23 1322kN| 3.20
LEFI—> 1309kN| 3.05 1322kN| 3.02
F—JII 1290kN| 3.42 1303kN| 3.38
TEptdeRF > (L EB) 1187kN| 3.04 1200kN| 3.01 3.0LLE
TEMETRF - (R ER) 1162kN| 3.24 1176kN| 3.21
TEMERF -2 (&) 1032kN| 3.50 1046kN| 3.45
TE—f%EH 1013kN| 3.12 1027kN| 3.08
7oh— 593kN| 1.218 596kN| 1.210 128 E
3) FHROREMHE
it EE _
B A X —_— AR
H R EEmEn|EsmEg| R
=A51A DK
e 0.431 0.404 oLl L
(R ) m m A
=A51HA N
L 2.42 2. >
A H—TE " 58m 0Lk
=ANERH 41.0deg 43.0deg 50.0deg

UEDBREHEREY. EBICEVWTHREZHLZLTEY. BAKEDRERVFRRENM.
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(7) ®RBER

|
DEGESS |
/fﬁ?ﬁﬁ

REFREZ KRS T = 13220 kN

ZRBERER-EFEMK: 186 mm

RBIEME : SM490 ™

[,
i
BEER
(4 Fr)
2)EVEYDER
@ xXE
|
[
i
i
[
!
I !
|
[
i o
i S
i
!
|
Ll _____v
[ i
i 150
r1-r2
P.= K, -t CEFRTEE (+-11]
r1—r2

= 3474 kN > P= 1322 kN OK
r/r= 113  =1.02

Ky = 26 N/mm?’ EFAT EHRE(SM490)
HEANILVYDHBRMERBD2MELT S (x-12],
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@ IFLiRIT
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245
T = _—
2:b'-t
= 747 N/mm? < T = 150 N/mm? (SM490-t>40)
@ h&ES !
|
Om
JLNRFR: a=—
0o
b= 193 193
vP= 1322.0 kN
P
o= ax —
2:b-t
= 91.2 N/mm? < o= 263 N/mm? (SM490-t>40)
) BEHOERE

THAYAX 12 mm — BPDEE a.,= 85 mm

BRI AE T =P/ (n*a,"L) = 13220 x 10°./(4- 85 ~-500)
= 779 N/mm? < ‘Ta= 120 N/mm?

SCTOon:AERT CRERERTED . L:500mm CA R &)
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Tv : BREBRsHH(=511AH)

L : RBRLG~BFEREOREBRER
S : ELHBBITOKEER

W . RBROBMRSIL:YDKTIES
Fa @ BFARKRKICERTIEME

Fo @ FARKRKIZERT2EKRERESD
Fow : BARKRKICERTIES

f . RBROBMRILEVICERTSEKTRES

EREEMEALESEDRBRICHLT hTFHI)—HEEZERT 5. WHATFH—T, FRERIC
BIKTEENIMERT 518 HELEMTRIIDILIFITELR, Lo T RIERTERNTHT
TU—EEERITHIDET D,
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(M FREBERDEK
BREBROBHEERORSUHEGRAS v IIILBZEAERSIFIUTOEEYET B,
UGEAARKR]~ L1818 (25m) ~ 47 —T )L (710m) ~ T {15 (540m)~ (7> H—)

NEREZRE2R:L

L= 25 + 710  +( 25 + 80 + 25 + 410 )= 1275 m
2)BRBREEET
& g %E =T B
HEIE| BRBETUI-FI-V | JIS 7739VanyNBETUN-FI-VE3FE EUE O 81mm
=7 | ETER KBETEI-7L 2B O Tmm X 13K (=7 L& 92mm)
JIS 779VanNyNBET U h—F1—-VE3FE
THRIE| EKRBETUI-FI—V HRER  FEUE P 81mm/111Tmm/81mm
— A% ER  FEUME ¢ 7T0mm
N HRBREBE=
& FEUE SHE=S KhE=S
(mm) (kN/m) (kN/m)
EEF—> ¢ 81 1.504 1.307
=TI ® Tmm x 73K 0.300 0.230
TR Fs— (EEB) ¢ 81 1.504 1.307
TEERFT— (BER) d111 2.824 2.454
TE R TFT— (T ER) ¢ 81 1.504 1.307
THIFI—> —EY ®70 1.123 0.976

X1, REDEFZ(XJIS F 3303 p. 7D 1mB-YDEBEEEERIZ, Vv IILEOBYFITIZES
ZEEEZELTRO-LDTHS,

2. ERKY.FHETEEL-ZRERES= (R H)(X1012.2kN = 103.3ton, HEEHEHIZKDHE
£(X102.4ton T, FREIF1%KRHTH D,
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FHRAKICRME., BKREEA. RANMEAL. AKICREBERICLBKAEEANMERTILD

ELTREEITI. TDOBOEMKIT. 0404 m THIERET .
1) BT EF,
BHRERENZ(TLRME Fa,

Fa; = (0/2g)"V?-A-Cy= 91 kN

p: BKEE (= 123 N/md)
BHMEE (= 98 m/sd)

V: B & (= 610 m/s)
A: ZREREE 8 x 0404 = 32 &K
Co MNfr# (= 12 ) [ERAEED P83 F&2-6-2]

YAMZITHERE Fa,

Fa,= (0/2g)-V*-A-C,= 173 kN
BHOZEEES IV NERE
ZEEEAM) |[MARKC| A-Cy Fa,
(a)¥E 5 0.47 1.8 0.85 2.0
(bERYIHL-4-L7) 1.32 1.8 2.38 5.5
()R Ak 3.50 1.2 419 9.8
=1 Hi 7.42 17.3
M ABRBITEARZEQD P83 F2-6-2&YRE
RREDEE
Fao = Fay + Fa, = 264 kN
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2) KR E HF,
BAKRE V, =v+y, = 380 m/s

v IR (= 206 m/s)

vy MOERE (=003 X Ugy= 174 m/s)

ZEERA EhkR#C,

e 2T mEiE TWARE S
i R A(m?) Cq
TARAX|80 x( 3.1 -0404 )- 08 x1.45 +0.07 x10.03 21.1 1.0
XX ( 02674 +007 x 2 ) x(20 -0175 )x 4 3.0 1.0
B8 — 0.175 x 4.70 0.8 2.0
& &t 24.9
X BEEMESEEE
FIRICERT5BKREE D
Fo=(r/2g)-V X (A-Cy)=  191.3 kN
vy BKOBMAEBEEE = 101 kN/md)
g: EBAMZRE (= 98 m/s?)
3)iEAF,
Fu=(7/2g)u,’- % (A-C,)= 3195 kN
u,  RARRICEBKBFDKERE (= tH, /T= 491 m/s)

Ho :mXKiEE = 25 m)

T: REAH (= 16.0 )

4)SEAKIKIAERT B N DS F

F=Fa+Fo+Fy= 537.1 kN
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5)RBRDEfM RS AYICERT HBKFRRE NS,
f.= (r/2g)"V,"*A+Cy

Co: MARB (= 10 ) GEAEEQ P363.25)

Vz . BEEMNOESZIZE T HFRDTHE (=v-(1-(z-h))/700) (m/s)
z: BEAEMDES

A REBEROBMARSH-YOZEERR

BRBERSHITERT SBKIEENIL. BHIERTICTRDS,

(B)REBERDIEN

1) BEBTHERRIFR A (EHTHER]

CFANLEERETOREBERER L= 1275 m
SRR EERECORBRAER S= 935 m
-REBRREGHBICREITLIREREAN T,= 1014 kN
AN ——T )L LIRICHRE T HRERERD T,= 996 kN
- TR F T — (L8B) LiRICREIT HHRBEREN Ts= 892 kN
- TEMEETFI— (b)) LIRICRET HIRERERD T,= 868 kN
- TEM#ESEF— (FER) LiRICRET HHRBERERND Ts= 738 kN
-TFTEHFI—r —BELiRICHKETIHRBRRD Te= 719 kN
-RBRERAEBIZEVWTREBRICHKAE T LHKTERD Ty= 596 kN
JAIERTHREEDSIEFAAN Ty= 861 kN
-RBRICERT HEKRRED Fk= 59 kN

2)REEAN

REFH=FKEEH-FABE-T,= 1450 - 384 - 861 = 205 kN
3) Ezfk

8L M = REFEN . (RAMTE < BKOBLMAKIFEEES) = 0404 m (RELEEEFLLY)

FAMBTE = 80 2x jw/4= 503 m?
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(4) REBRDRERE

NFEREBTORERLE

FRERDBERSFICAVWSERRXIEAIL, (3) DFFMBET TROH-EIZ. FADEHG

FOEBNNEMATBEES B, BB AL, FHN
LI-5EDEEAIZELNEALET,

0.8

2 48R [ —
FE(C

Glx-10)JDMMEETLTEH

AT = 08 x 384 (FFABE) = 308 kN
=AIRSN Toat = T1 + AT = 1322 kN
Toaoe = T2+ AT = 1303 kN
Tooz = T3+ AT = 1200 kN
Toaxa = Ta  + AT = 1176 kN
Tos = 15+ AT = 1046 kN
Toas = 16+ AT = 1027 kN
MUZE | xK5RAD | BEEEEE e A
RER
(mm) (kN) (kN)
FREBEGT -V IlE Y 97 1322 4227 320 > 30
(R BEGET -V IR T 1 97 1322 4050 306 > 30
IVNYYY (EER) ¢ 102 1322 4051 306 > 30
AN ¢ 102 1322 6465 489 > 30
IVNYYY (FER) ¢ 102 1322 4115 311 > 30
E8F—y | TUh—Ye IR Ty 97 1322 4066 308 > 30
—ARERIVNYY (L&) ¢ 81 1322 3986 302 > 30
—hR ¢ 81 1322 4246 321 > 30
—ARERIVNYVY (FER) ¢ 81 1322 4347 329 > 30
JAx—4—TIL @ Tmm x 73K 1303 4410 338 > 3.0
B FI— (R1A1) 87 1303 4958 380 > 30
EHiaF—y (L E) ¢ 81 1200 3610 301 > 30
B F—y (P ER) O 111 1176 3769 321 > 30
B F—y (TE) ¢ 81 1046 3610 345 > 30
BFr—y —HRE 70 1027 3165 308 > 30
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2)TUoh—DRE

Toh—tH 17 ton FUITH—RT o H—
TUoh—EE 167 kN (K H) 145 kN (7K H7)
Toh—REAN 596 kN
BEER =L + 1 .~ 8|— 1 . 80
TUh— BRI E 0.0 kN -1.8 kN 1.8 kN
Toh—RfE 596.3 kN 594.5 kN 598.2 kN
7o h—iBEE A {REK 5.0
Toh—DEEEA 724 kN
REE(>12) 1.21 | 1.22 | 1.21

XIBEENFRBUT. BB AT LEREHEE () BABERR) (+-131&YUK=50E9 %,

) BR/BFREZDFUVED RUBMREDEH

Fr— X BELELER-BRELITEFELIBARICELIEREL., T OMEEEEF M MAKE
ELTEHEL . MREZEHTE S B,

Jﬁﬁiﬁuﬁ, F&Sﬁ; 10&3& —

MUE | 2& | BEE | FUE
D(mm) | d(mm) | F(mm) | D'(mm) | T(kN)
RBIRIERTVI-VevIIE Y 97 203.7 100 75.4 4227
RBRIERT V-V IR T4 97 158 80 73.6 4050
IVNYUH (EER) 102 178 119 73.6 4051
AN 102 114.8 14 95.2 6465
IV (FER) 102 122 51 74.3 4115
LEBFI-Y TUh=9%9 K T4 97 136 51 73.8 4066
—REERIVN YUY (EER) | 81 97.2 17 73.0 3986
— & A 81 81 10 75.5 4246
—REERIVN YUY (FER) | 81 97.2 10 76.5 4347
BRESFI—2 (RIA)) 87 97.9 10 82.2 4958
T &R T~ (L ER) 81 81 20 69.2 3610
ERfE T~ (P ER) 111 111 58 70.8 3769
TER#HsRTFI—Y (T ER) 81 81 20 69.2 3610
TEFI-Y —HREY 70 70 10 64.5 3165
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(B)Y =TIy DiEERET

=D IBOEGIL. VIS EIUFI—Z2NLTITIBDEL,. T—TIILERIE DR ES
EI5HDELTHEETT S, (xKEI5EH; 1303 kN)

VryMEVED)DMEBESLVEEIL. ERERAE [ HlfE#HH3.2.2. 3.2.3[*-14, 15][ZHELY
TROEBYET D,
4y BB
Eomat) | M
™ = S45CN
Y| BlER-EME| 0. 210 ERI3.22
i 7 ealm | c. 120 BER3.2.2
rét SEE T, 310 EoR 322
1| e HAl | o 150 ERI323
Elo| # iF 0 o 290 BERI3.23
x £ O s 155 BERI323

AR R OE R - BRI, thDARM SEMMNEN—RARE. BT ARM EEMLTL
BEA DT TERET %o

—HE 015 mm/fF .- ERAEED1660DKI-2-8ESE(0.15mm/ ELHE

BRI (B EE VTN, /JﬁﬁnB®77//35J:U\+JI~):‘J’7JI~77//‘E.‘I3)
: 15 mm/%E --- BEHEEEOPSITIEFI— DEEEE (X 1mm/ET
HBEM, VIO EL(S45C) ELER | Fr—2 DH#
#1(SBC690) DAMEN =D . BEEZEN LY. EFEE
DENE (1.51F) ZERELT=

(@) 7= IV yhRIR

(BAHL:mm)
{3 FRAT 1044 iE &
Y B OE Do, 370 367
Z Wt = Do, 315 312
k B < to 80 77
7 7B = Fe 185 183.5
7 Rh 915
5 | evnez [ 93 — e
=i rhy 106.5 PEALER
B & Dp 180 163.5
E Rp 90
v oz o, 88.5 — %S
rpy 75 PEALED
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o (v}

(L)Y Tr—T NIy D ERET

D EVIEEDSIEREHE 0

- ll.:l -

EVAZBHENEOINRERE. BAETRER o =4 EEET S,
FRAREALI0FERICERANTRITHERALBEDELEEVRDEREETRISTRY

(& #1) 0,= 4Pmax.{(Do;—2Rh) X to x 2}
= 1743 N/mm? < 210 N/mm? —
[10£%#%]) o, = 4Pmax./{(Do,-2rh,) X to’ X 2}

Q@ EVHEEDSIRIENE 0,

(& #1) 0,= Pmax/{(Fe-Rh) X to x 2}

871

[10£#]) 0, = Pmax./{(Fe'-rhy) Xto' X 2}
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< 210 N/mm?

< 210 N/mm? —

N/mm2 < 210 N/mm2 —

—

OK

OK



() Ev DR ERE

DEVOXERAE 0, e
T

(&5 #]) 03= Pmax”(2Rp Xto X 2)

R

::03*3*.

BEEK
T LRI

™

= 43 N/mm® <155 N/mm® — OK \ PR

2 Comy R B
p v (ozg) /|
(105F1&] 04 = Pmax(2rp, X to' X 2) 10 || et |2 || 15

Q@ ECOHITIEHE o,

(& #1] o, Mp/Z = {PmaxX(Doz—to)/4}/(7r'Rp3/4)o_

[
S

76574481 572555

[105#%] 0,/ = Mp/Z = {PmaxX(Do,~to). 4L [ 1 rp,’/ 4]
= 76574481 331340
= 2311 N/mm® < 290 N/mm? — OK
®@EVOEAMIGHE T,
(& #1] 7=  Pmax/(Rp’x 1t X2)
= 256 N/mm? < 150 N/mm? —  OK
[10F#%] T/= Pmax/(rp,° X T X2)
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5. FHOREMRE

(1) ZFRDZF N EFMK (BEK)

1. 2% 1450kN
M 4EER 1167kN =40 *x 7 x 23 x1.03x9.8
FA &7 277kN = 7x 1 /3x( 40 2+ 40 x 2550 + 2550 2)x1.03*9.8
REBIBER 1kN = 015 x 0.66 x 0.88 x 1x1.03x98
B IN—RT— 5kN = 0.1337 2x 71 x 20 x 4x1.03x98
B8 — 1kN = 1.051 /785 x1.03x9.8

2) o (RBHRAGL) 210m = (1450 - 384 )/( 40 %x )/ 1.03/98

(&FH-8F)/(TA &% 71)/1.03/9.8]

3) B 149m = (1450 -( 384 + 3102 ))/(40 %x )/ 1.03/98

(BRBRHY; F8KEF) (2 FH-(BEHREBR) /(T £Ex71)/1.03/98

KBREECDFI—VBELIVT—TILEEEZER
BEFCOFI—VELUVT—TJILEE

& KehEE £ E=(kN)
(kN/m) (m) AR &Y
L ERFI-—Y 1.307 25 32.7 0.7
4Y=r-7 ) 0.230 710 163.4 —
T 4R FI— (EER) 1.307 25 32.7 —
TER4sRTFI— (B ER) 2.454 32.89 80.7 —
a it 309.4 0.7
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) FHDREMN
1) IR ENL

BAEED (P85 FE11#73.3.2) [CHVDAZEE—ES(GM)MNETHEEEHERT S,

IFIRIREE GMA R E /NSRBI EE

B2 7K 2.70m

27K E DM E — RE— AR (D) 201m

HEKk=E 1245 kN

BEKBEE (V) 123m3

ELEE(KG) 0.70m

FIDEE(KB) 1.45m

GM = I/V-BG = I/V-(KG-KB)
= 200 , 123 — ( 070 — 145 )
= 238 > 0m

| A9ty —fE (M)

- & -—

GM

éi?fu@% (B)

i
I
| = ~ -

PY-Ln T

o T VIE (KD

KB

KG

KM

—4

)BT EM

TWAEED(P685 F11#w3.3.2) [CHWEMEREEICOLWTHREETS,
Mg A6

\\”
L
_
N
/

BRE- AN
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ERE—AE

FRFRE RS ERE—A

FRERANZTHREME 9.1 3.40 30.8
YA ZITEEARE 17.3 7.02 1215
K EBKRRICKDRAE S 510.8 1.85 943.9
Bt 537.1 2.04 1096.2
BRE—AVRL/N— 1(O)= 0.88m (BRE—AV/HEKE)
BIRE—AURLIN—

deg R(6 )(m) *

0 0.00

5 0.32 20

10 0.59

15 0.81 * ERE-AVIL/A-R()

20 0.99 y 4;//

25 115 % 15 é.

30 1.29 h P ——

35 1.42 LT - Frv:1(8)

40 1.53

45 1.63

50 1.71

55 1.77

60 1.82 60

mAIERNF

R(O) BRE—AUEL/N—(m) (BRE—AVNHKE)
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BT E MR E (T BAREED (P85 F11#83.3.2) IZHELY, FRITKYITHS,
['Roo =m#(A+B) > 11 166 = 11xEHE®B+C)

EXDOEDEEDN—HTE0 1 (BRERA)IE. 61= 430 deg THD,
THR&KY, 430° ERLTHLEE. #HIBFHEITKELEL,

R e SrAURAIR
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B EOR EzX5 b0 L4 5.
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P (EREOGE) 2RO TR E, GPS WL TH LT A O EEE) I Z o J8 i Bk
PMEBET L L& -T, AH 6 LT ORIRBRKEZ N ELSELHENRERS
nTng.

2. BIEBITFIR

BRI 2 L—va g, B—EH - B AN 240 LTADL,
TA OEEB ORI T HIEEERD L. AL LTI, BRAEOARLE L, AL
Ui, WIRIRANEBRE LRV, R EEE) 0O IS B E A 0 B 7R A IR B BR CTIEYR SR B 41T,
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DTMBEELIVHRERDHET

B 18 5 DORIK,

FREROFETEZ TRBLOK 21277,

iRy I 2l —2a VOANSIEICHWS

NG DT EOFRY

=1 FAR#ET *2 REBRET
EHisE BEH185
TAE(m) 8.00 FEUE(mm) K£E(m)
FRES(M) 3.10 LERSE 81 25
B27K(m) 1.61 F—IL 92 710
i (m) 1.49 TER4#sREE 81 25
FEES(m) 0.80 TE R & 111 80
[EARZ(m) 5.10 TEtE®RE/T 81 25
TE—AREH 70 410
< 3100 2% L ¢ 8000 =_I}490
"8057 _L610
|| o510 ] ]
]

TER4msass - (o 81mmx25m) /\Z

\ L &84 (¢ 81mmx25m)

=77 (¢ 92mmx710m)

TER#H R EE - (¢ 111mmx80m)

TER#H58EE-T (¢ 81mmx25m)

5 VIt-2TUh-

/
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/ﬁﬁﬁ (7KI7E 795[[]
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vaEERT S EANICE, RARTES TR EME, 7 BEBEMIZ OV TR
AESEEZHIT D,

3+ A %, 0)+ B, X, (1) Ny X (0] %, )+ C, X, ()] = F ¢)

1
j=1

(i:1,2,---,6)

(v
[

Xi: 7 A DAL

Mij: 74 OEESL L ITEBEHEE—X 2 F
Aij: fHIE&ES L IIIEEE—A b
Bij : E R IHELR

Njj - h PR =R 2

Cij : FHITE IR )

Fi(t) : 4800 gl 7y, /&)
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3. BEMTER

BH18 Zo ETREREUSEZFE I L., ZORREZX 5 KOE 3ITRT. MO
HERL, 7 A O LT ROIGSEMZ AFRIRE TR L b O, Bix, FAHzrRd.

-5

2185
(7K = 795m)

Jo—
.
L

<EBEEREHH:3.7#>

TR E TR A e
=

g0 1 2 3 4 5 6 7 8 9 1011 1213 14 15
T [sec.]

=

K5 EH 18 5D LTERERBICE

K3 LTERBAKBCEDOHIET—4%

REEAT L+ TiE REEAT £ TE
[sec.] [m/m] [sec.] [m/m]
2.0 0.04 5.0 0.96
2.5 0.18 5.9 0.96
3.0 0.62 6.0 0.97
3.1 0.73 7.0 0.97
3.2 0.83 8.0 0.98
3.3 0.91 9.0 0.99
3.4 0.97 10.0 0.99
3.5 1.00 12.0 0.99
3.6 1.02 15.0 0.99
3.7 1.02 20.0 0.99
3.8 1.02 25.0 0.99
3.9 1.01
40 1.01
41 1.00
4.2 0.99
4.3 0.99
44 0.98
4.5 0.98
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1. [FLHIC

201 14E11 ATV T, i T K T R FE I | 2 3R i S 7 BRI e T B o
1851 (LAF, BI85 1X, 20164 L0 [HEP B O mPERE L & VI e 28 Bhas e LR~ Dk
B OFBIFIETIEH SN TS, SFEEIC, AEICET 28I EOBMAEmIND T
ETHDHD, BRISEDERKDOEHEENER LD,

COFEDARRTIE, TS TDRKRORZENE & )RR ([CBT 2R
REeBET 5,

728, BINE DB EIX202142H RICHMETETH D, TD7=, ARMREHimHES
9. 254F (943 7 H)ICCHEMT 5, #iFE% (9. 254E~104F) IR 1T IR D22 « e MLk E
BINETE R L 7D,

H8 ek © 20114E11H25H
BINEEERE © 20214 2H25H (FPiE)
I © 9432 H (9. 254F)

2. ®i§hiEE

B E OB RO R RO R HFRICEENE U A&, UFo@mh Th b,
1) FREER

2) REEHR
3) THIEDLEM:
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3. HAZERET
Table-LIZEIRIEEE OPRAALE & EEE /R~T, RPOEEIL, FR EmoOFLEF A E Lz s
EOLDOTHD, BHEEBEOBMC LY, EREIZHRND532kgE ML TWD Z ENSND,

Table-1 #HITEE OPRFIHE & HE

No 4% i3 S it 1%
X Y Z (kg)

1 KB SR 1276 2331 1021 39 | 2 A T

2 K212 2331 -1276 1021 39 | ke AT

3| KB sxn3 -1276 -2331 1021 39 | 2kcs 47

4 NG5 et V2 -2331 1276 1021 39 | ke A7

5 | KB sxns -1276 2331 1021 39 | 2kcs 47

6 K316 2331 1276 1021 39 | 28z A 7 GEIN)
7 KIS SR T 1276 -2331 1021 39 | 28 x A 7 GEIm
8 K118 -2321 -1276 1021 39 | 28z A 7 GBI
9 R AR 1 -2020 1374 346 200 | BE%

10 | HEAMIGHFE2 -1340 2054 346 200 | BEzR

11| HExbgss + S EMIGAH 2063 907 415 467 | BN

12| T s S 2064 -1040 346 111 | BERR

13 | GPSHBLHIZL B 1041 -2063 346 108 B

14 | GPST 5 F 0 0 6744 14 | BERR

15 | MEBERT 77477 T - - - 0 | fitE

16 | EEEH YT T T 250 0 6759 3| BERR

17 | BRI EHGPSsZ (E 4% 3148 897 1021 2 fild

18 NS AT a—H -2957 -2957 203 214 | PR

19 | SHRLANT > 7 F 249 -581 1335 8 | BERX+EM

20 | EARHERE - BERRF 0 0 500 68 | BERX-+HE/N

Al 1707
(0] 1175 kg
¥ EREIZOWT AR gy 532 kg

LY: A PLERAEETS
7 7 % Eom (MUK 2> B FI1. bm) Hi s,
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4 BEER

2 TR AT B MFTE BT L, BUIEEE OBINET# BT 5% EHEBE O ik 2 Table—2~

Table—41Z7~7,

1) PREFER

Table—2 fREFERICRHo D B

HEAT XT 5 AL TFAE
T E B AT TEE BN
XEIS T EE D R 1322 kN 1327 kN 3474 kN
X Uk R o IR 74.7 N/mm? 75.0 N/mm’ 150 N/mm”
S JTEE IR D B AT 91.2 N/mm? 91.6 N/mm? 263 N/mm?
2) AR
Table-3 FREIFRITLR 2 HRA
PR k5 A RE TFAHE
S RIEN) 1] g K (L 42R)
At e | BEtA | BAeXR
R BRERET v h— v v 7L | 1322 kN 3.198 1327 kN 3. 185
T e — 1322 kN 3.016 1327 kN 3. 004
r—T7 1303 kN 3. 383 1308 kN 3. 372
‘ (E#D) 1200 kN 3.008 1205 kN 3.077 3.0 ULk
;iﬁ%ﬁiﬁ (FRR) 1176 kN | 3.205 | 1181 kN 3.517
(F#ED) 1046 kN 3. 452 1051 kN 3. 528
T — B8 1027 kN 3. 082 1032 kN 3. 107
T — 596 kN 1.210 598 kN 1.207 | 1.2 YL E
SCHEERE S OF = — B LTI . 254512 TRist
3) IR EM
Table—4 KD ZEMIZSR D BA
iz aE-d A RE TR
LB AT L R [E
= -
KB A T RERZ A .
(%jﬁ{&%ﬁ#) 0.404 m 0.394 m 0 L/LJ:
B RBHA JTIRE .
(%ﬁ?ﬂi%ﬁ#) 2 380 m 2 340 m 0 lf/LJ:
B KAERMA 43.0 deg. 44,2 deg 50.0 deg

5. BbYIZ (BEFHR)

VI EOBEHER LY . BIHEEE 0BRSS W TRHEADZ a2 - ZEMEICHBEIZ RN L2

e S =,

AftEH
(1)
(2)
(3)

At A (B E B IR
A EHR R R EIB )
AR RHRE CRER ER)

X REHEH XA EET O A
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(7)ZRBIR

|
PEGET
DR
REFRZAERAD T = 13269 kN
FZEEER-EFEMK: 186 mm
RBBEME : SM490 ™
v
BEER
(4 FT)
2)EVEYDERE
@ XE
|
i
|
[
i
i
U I [
|
[
S A
[ o
i S
|
i
i
_______________________________ I 2
I 1
i 150
ri°ry
P.= K, -t EFARE (x-11)

r=r
= 3474 kN > P= 1327 kN OK

I’1/|’2: 1.13 ;102

Ky = 26 N/mm? EFRMEEFRE(SM490)
KNIV DHBRRERBD2EET D [(x-12],
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@ IELikIT

/Féﬁ-ﬁéﬁﬁ
M 86
245
59
'E' =
2-b'-t
= 75.0 N/mm? < T .= 150 N/mm? (SM490-t>40)
® BhkF |
|
Um
JOhERE: a=— =4
Og (x-12]
b= 193 —| 193
YP= 13269 kN
P
o= axX
2-b-t
= 91.6 N/mm? < = 263 N/mm?2 (SM490-t>40)

3)BEMDRE

FTHRAYAX 12 mm = HHNDEE a,= 85 mm
R AE © =P/ (n*a,"L) = 13269 x 10°/(4- 85 =-500)
= 782 N/mm?> < Ta= 120 N/mm?

SCTon:AERT CREEERTED . L:500mm CRHERK)
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4. REBRDKE

FHRERKICEAFE., BKREEA. BRANMEAL. AFKICHRBERICLBKEENANMERTHLOD
ELT ERNNEREHT S

Tv T

KR F

(KET00mE CEILHE) B m 2 Th

f

vv@@i

/00m
-

BEE ISEEN
RBHRILNAE=0

h o KE

T : REREND

Ty : BREBRLEWRIIERATEKER

Tv  RE®R3EHEH(=E125)

L : RBRLG~BFERHFAORERER
S : RLEHTDKER

W o RBROBHRILIYDKTES
Fa @ BARKRKICERTIARE

Fo : BARRKIERTLEKTRRE S
Fw : BHRKXKIERTDED

fi © BRBROBMRIALYICHERTLIBKRETLS

EREENMEALEEADORBRICHLT. ATFHI—HEZERT 5. WHTRH—T, FBXRIC
BIKTEENMWMERT 518, EHLEMTREITDILEITERN, Lo T HIERTEZRVNTHT
TU—EEERTILDET D,
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(M RBRDOEK

FRBROBAEERORSBEHRAD v IIILEZEAERSIEUTOEEYET D,

UGREARIKR]~ E{AI$H (25m) ~4—T JL (710m) ~ T {EIEH (540m)~ (7> Hh—]

NFREBERER:L

L= 25 + 710 +( 25 + 80 + 25 + 410 )= 1275 m
2)BRBERREHE T
% W g & =T L
LEISE| BERAETUI-FI—Y | JIS 779V yMRETUN-F1-VE3TE HUE ¢ 81mm
=7 | ESTER HwEETERI-7L FHR O Tmm x 713K (=7 L 1ZE 92mm)
JIS 779vanyNAET U h—F1-VE 3R
THRIE| ERBEETUI-Fi—V HIRER  FEUME @ 81mm/111mm/81mm
— A% ER  FEUME ¢ 7T0mm
NZRBERBE=
P FEOE SHE=S KphES
(mm) (kN/m) (kN/m)
EEHF—> ¢ 81 1.504 1.307
=TI ® Tmm x 713K 0.300 0.230
TEp#ERF—r (EER) ¢ 81 1.504 1.307
TERfERFT— (B ER) p111 2.824 2.454
TE R Fz— (TER) ¢ 81 1.504 1.307
TRIFz—> —HBE ®70 1.123 0.976

X1, RPEDEE(FJIS F 3303 p. 7D ImB-YDBEEEERIZ, Vv IILEOBYFITIZES
HEEFEZEELTROE=EDTHS,

X2, ERKY.

£(3102.4tonT, BREIF1WRBTH D,

-288-

HETHEEL-ZBEREE (KP)IEX1012.2kN = 103.3ton, EFHEIZLPE



(2) RS A

FHRERKICEAFE., BKREEA. BRANMEAL. AFKICHRBERICLBKEENANMERTHLOD
ELTRFZETI. EDREDEMKIE, 0394 m THEHERET D,

1) BT EF,
BRRENZTLAFE Fa,
Fa, = (0/2g)-V**A-C,= 88 kN

p: BEFE (= 123 N/md)

g: ENMEE = 98 m/s?

V: B E (= 610 m/s)

A ZREEE 8 x 0394 = 32 m?: KK
Co NfrE (= 12 ) GEREED P83 &2-6-2)

YA ZITHRAFIE Fa,
Fa,= (0/2g)-V?-A-C,= 173 kN

EMDZEERS LT AFRYK

ZEEREAM) |MAREBC,| A-C, Fa,

()23 0.47 1.8 0.85 2.0
(b)EYIZH(L—4-17) 1.32 1.8 2.38 55
()RR 3.50 1.2 419 9.8
= H 7.42 17.3

X ARHBITEAREQD P83 R2-6-2KVIRTE
RAEENDEEt

Fa = Fa, + Fa, = 261 kN
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2)BKRREHNF,
BAKRE V, =v+y, = 380 m/s

v:ElE (= 206 m/s)

Vp: uk%;ﬁig(: 003 X U60 = 174 m/S)

ZEEEA M AFREC,

P ZEmE EIWARE Y
i st A(m?) Cq
TAREX|80 x( 31 -0394 )- 08 x145 +0.07 x10.05 21.2 1.0
THEX ( 02674 +007 x 2 ) x(20 -0.175 )x 4 3.0 1.0
B r8— 0.175 x 4.70 0.8 2.0
& &t 25.0
KT BEEYESEEE
FRIZERTSBKRETEN
Fo=(7r/28)VS L (A-Cy=  191.9 kN
vy BKDBELMFBES (= 101 kN/md)
g: EAMEREE (= 98 m/s)
3)iEAF,
Fw=(7/2g) u,?- % (A-C,)= 3205 kN
Uy RANRICKDKBFODKERZE (= tH, /T= 491 m/s)

Hn (&KES = 25 m)

T: FKEHE (= 16.0 s)

4) BUAKIERT BN NOBF F

F=Fy+Fo+Fy= 5385 kN
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5)ZBROBEMREIU-YICHERT HBKIREE N
fi= (r/2g)"V/A-Cy

Co iNRHGE 10 ) [ERE%XQP36325)

Vz : BEEMNOESZIZE T HFRDTZE (=v-(1-(z-h))/700) (m/s)
z: BEEAMDES

A RBROBARSHEYDREEE

RERSEBICERT SBKAEENIL. BIERFTICTRDD,

() RBRDEN

1) EEBTDRKIKR A (EHHER]

CERNLEEREFTOREBER L= 1275 m
CERNLEEREFTOREBRAKER S= 936 m
GEBIREGEHICRETHREEERD T,= 1015 kN
AN —lr—T L LIRICRE T HRERERD T,= 997 kN
- TEMERF = — (L&) EiRICRETHRBEREN T;= 893 kN

ERtER T T — (FhE) EIRICRETHIREREN T,= 869 kN
- TEHEEFI— (TE) LiRICRETSHRBRED Ts= 739 kN
TEFI—Y —BELEIRICERETIRERERD T¢= 720 kN
-REBEREEDICEVTRBRICKLETHKTERA Tu= 598 kN
JAIZERT ARBEDSIETAHN Ty= 861 kN
BRBRICERTHEKRREAN Fg= 59 kN

2)REIFEAN
REFEH-=-FhEFEH-ZFKBEE-T,= 1450 - 390 - 861 = 200

3)ELiK
82 M= REFNGEAEE < BKOBEAMAEES) = 0394 m (RELEEEFLL)

FAME= 80 2x jyw/4= 503 m?
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@A) ZRBEROBERST

1) R REE COFTEL 2R
R R DOFEERFHI WD B RIEX, FFAOMRNT TR O TAEICRIR OB 7252 B X DA H)
SN EIMZTE L T3, B8, R0, 8G[*-10] DMIEEE © E FE) L7354 OEM: I
LW E BT,

AT = 0.8 X 390 (#AHHE) = 312 kN

SN YA
Tt =T1 + AT = 1327 kN
Toaxz = T2 + AT = 1308 kN
Toaxs = Ts + AT = 1205 kN
Tpaxt = Te + AT = 1181 kN
Toaxs = Ts + AT = 1051 kN
Toaxe = Te + AT = 1032 kN
FEOVRE  BeKIRT) | BT s LR
(mm) (kN) (kN)
TR BREERE TV =Yy ey ¢ 97 1327 42217 3.185 > 3.0
TR BRIV =y IR 7 4 $ 97 1327 4050 3.052 > 3.0
/8N ) (EER) ¢ 102 1327 4051 3.063 > 3.0
VYN ¢ 102 1327 6465 4.872 > 3.0
/8N ) (CRER) ¢ 102 1327 4115 3.101 > 3.0
LERF-y | ThYy IR T ¢ 97 1327 4066 3.064 > 3.0
—REERY M) (R ¢ 81 1327 3986 3.004 > 3.0
— ¢ 81 1327 4291 3.234 > 3.0
—WERT b )y CRED) ¢ 81 1327 4347 3.276 > 3.0
IA X —rr—7 N & TXT3A 1308 4410 3.372 > 3.0
Pt T = — 2 (AT W) ¢ 87 1308 4958 3.791 > 3.0
(E35R) ¢ 81 1205 3708 3.077 > 3.0
Wﬂ*ﬁ?ﬁ (FRER) ¢ 111 1181 4154 3.517 > 3.0
Fr— R
(FHB) ¢ 81 1051 3708 3.528 > 3.0
TERTF =— % ¢ 70 1032 3206 3.107 > 3.0
2) T — DR
T T — AR 1Tton & v 7 4 — AT > J—
T —EE 167 kN (& H) 145kN (K H1)
7 — RS 598 kN
T AR | +1,/80 —1,/80
T v J— R e 0.0 kN | -1.8 kN | 1.8 kN
T — R 597.7 kN | 595.9 kN | 599.5 kN
7 v —HEEE ) £R %L K 5.0
7 v — ) 724 kN
frae ot (> 1.2 1.21 1.21 1.21

KTV — BRI, PRE VAT ARGHEEH () R ABEFEHR) (131 KL VK=5.0&F 5,
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F == FE L& - BRSO BRE LIRS 2 5 SRUE L, £ oWk g & Ffi7e M

3) JE L/ VERERR DIFOMED’ Mo OV T o8 B2 B HY

Wrimi & U CRbli L. ARWrRE 2 HEE T 5,

i I Al J& & L0 | o s
REUMEE FR PEFE & MEOMER
D d F3% D’ % T
(mm) (mm) (mm) (mm) (kN)

FRBEBRBEGET VY49 I 97 203.7 100. 00 75. 4 4227
TR BREEGETV =Yy JVE 7 4 97 158.0 80. 00 73.6 4050
v h ) (ER) 102 178.0 119. 00 73.6 4051

AN W 102 114. 8 14. 00 95. 2 6465

/N ) (CFHER) 102 122.0 51.00 74.3 4115

B F- TV IR T 97 136.0 51.00 73.8 4066
— R Y ) () 81 97.2 17.00 73.0 3986

— 81 81.0 9.25 76.0 4291

— BTy b ) (T ES) 81 97.2 10. 00 76.5 4347
B F = — o (A7) 87 97.9 10. 00 82.2 4958
T o] sme| ne| e
For— & . . . 4154
) 81 81.0 18. 50 70. 2 3708
TEF = —2 —%Es 70 70.0 9.25 64.9 3206

KTF = — B LTI & - BRER ISR 2B E0RHEN RS TS o, ElE

B LTz, 9. 26 OMEZFHT 5, € OMITRTHICI0FER OB &I 5,
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(8) 75— Iy DR E G

=D ILEIDESIL. V5B EUVFI—UFNLTITSEDEL. ¥ —TILERZEDRESE
BIH5EDELTHETT S, (xKEI5EH: 1308 kN)

VryMEVED) DMESIVREL., BRERAE I #MiEH3.2.2, 3.2.30-14, 15][ZfEL>
TROEBYET B,
ViVl
Eomar) | ® 7
® =1 S45CN
Y| BlER-IEHE | O, 210 BRI322
E ’f AR T, 120 E/RI3.2.2
ﬁ M| X E T, 310 ERI3.22
g [ _Eak | o, 150 ERI323
Bl # o 290 ERI323
X E O ps 155 ERI3.23

i AR R DS & - BEFEAR I th D ERAT SR —ARER &, BT D ARAF LML TULY
BEAZD T THREY %o

— A &R : 015 mm/&E --- FHREEDP1660)F3-2-855E(20.15mm/ELH

EAE(EEEVINE /Jﬁﬁnlld)75>/$ac):07'/|~é:‘/’7JF77//:.I3)
: 15 mm/fE - BREEDPSITIEFI—r DEFEERE (X 1Imm/ET
HEH. VYD EL(S45C) ELER | FT—2 D#
#1(SBC690) DAMFELN = HEEN LY. BEEE
DENE (1518 ZETELT =

(@) 7—T Iy RAR

(B :mm)
{% F AT 1051 B =
P L Do, 370 367
Z ] Do, 315 312
~ B < to 80 77
7 &R E Fe 185 1835
2 Rh 915
S | evneg [ m 93 —fRE
&R rhy 106.5 FERALER
B # Dp 180 163.5
= Rp 90
~ I rp; 88.5 — R
rp 75 PEALER
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to

Do2

il

L

to

(b) r—7J LIy D& ERES
DEVHEEDSIERIGHE o

EVAZBIEMEOISARER. BAKTHERE o =4 EEET S,
FERARENLI0FERICERANTLRITHALEZBEDEL LEVARDEREAETRISTY

[ #1) 0,= 4Pmax. {(Do,—2Rh) X to X 2}
= 1749 N/mm2 < 210 N/mm? —
[10F1#) o,/ = 4Pmax. {(Do,-2rh,) X to’ X 2}

= 1878 N/mm? < 210 N/mm? —

Q@ EVHEEDSIERIGHE o0,

(& %] o, Pmax.”{(Fe—Rh) X to X 2}

875 N/mm2 < 210 N/mm2 — OK

[10&F#]) 0, = Pmax./{(Fe'-rh,) X to’ X 2}

1103 N/mm? < 210 N/mm? — OK
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()EvDiaERE
DEVOXREHAE 0
(& %0] 03= Pmax/(2RpXtoX2)
= 454 N/mm?> < 155
[105#) 0, = Pmax/(2rp,Xto’ X 2)
= 56.6 N/mm’ < 155

QEVOHEIFIEAE 04

(& #1] 0,= Mp Z = {Pmaxx(Do,~to).” 4L/ (1 -Rp3/4)Cl

= 76866349 572555

= 1343 N/mm? < 290

[10F%#&] 0,/= Mp/ Z = {PmaxXx(Do,-to). 4/ (1 -rp23/4]

76866349 331340
= 232 N/mm? < 290
@EVOEAMIEHAE T,
(& %#0] 4=  Pmax/(Rp*x 1T x2)
= 257 N/mm? < 150
[105#%) T/= Pmax/(rp, 2% 7T X2)

= 37 N/mm2 < 150

rhi rh2
10 Rh Rh 15

// //
/44
I’

N/mm? — OK T,
.. ("zut AN

-, (10z) /]
10 rpl | rp2 15
Rp Rp

N/mm? — OK

oD
|
[
|
S

N/mm? — OK

R

N/mm? — OK

N/mm? — OK

N/mm? — OK
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5. FADOREMRE

(1) ZFRDFE N EFMK (BRK)

1, 2%hN 1450kN
A 4EER 1167kN =40 2x 1 x 2.3 x1.03x98
F & &R 277kN = 7x 1 /3x( 40 2+ 40 x 2550 + 2550 2)x1.03%9.8
1REBIBER kN = 015 x 0.66 x 088 x 1x1.03x98
B IN—RT— 5kN = 0.1337 2x 71 x 20 x 4x103x09.8
Hr8— kN = 1.051 /785 x1.03x9.8
2) Eifik (RBERAL) 209m = ( 1450 - 390 )/( 40 %x 7x)/1.03/98
(2FH-BE)/ (TAE£E%x1)/1.03/9.8)
3) Bri 148m = ( 1450 -( 390 + 310.1 )/(40 24 7)/1.03/98

(FREBERDHY ; §HKEF)

(2 ZH-(BEHRER))/ (TAE£Ex1)/1.03/9.8

KBEEFTDFI—VHIVT—TJILEEFERE
BEFTOFI—VELIVy—TJILES

&% KhE=S & BEE(kN)
(kN/m) (m) AKX TEY
LEBF—Y 1.307 25 32.7 0.7
MX—=hr=7'Ib 0.230 710 163.4 —
TEfERFI— (EER) 1.307 25 32.7 —
T ERtdsRFI— (FhER) 2.454 32.88 80.7 —
=) it 309.4 0.7
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(2)FHRDREM

1) R ENE

BERAEED (P68 F11#73.3.2) [CHLAFEUEA—EFS(GM)NETHIEETHERT S,

FIRIKRE GMMOERE /NS B IKEE
B2 7k 2.71m
B2 KE DB E = RE—A D 201m
k= 1250 kN
BEKERRE (V) 124m3
BEDLEE(KG) 0.73m
FIhES(KB) 1.45m
GM = 1/V-BG = I/V-(KG-KB)
= 200 ~ 124 — ( 073 — 145 )
= 234 > O0m
|
&
e ‘
= ‘mun%(B) -
‘ e
\ ,A ~ m
6 82 <
(@)
T¢ WATE (K) —
2) MR ENHE
R EED (P685 FH11#R3.3.2) (CHWEMEREEIC OVLWTRITEITI,
B3 A0
Vo
\ { EEE-ADN
|
L 5
/\T\\
1 \
/
\\
\
\
BEE-AVN
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ERE—AUF

FRGREEND| EME—A

FARKALZITERAME 8.8 3.40 30.1
YA ZITDRAME 17.3 7.02 1215
- EKRRICEDRAE A 512.4 1.85 949.5
A&t 538.5 2.04 1101.0
ERE—ARL/A— 1(6)= 0.88m HERE— A M/HEKE)
WEE— Ak Lo i—

deg R 8 Xm) "

1] 0.0

5 0.32 ”

10 0.53

15 0.80 | s B ALt B8

20 0.93 <

25 1.13 {.:

30 1.27 T

15 1.40 L3

40 1.51

45 1.60

50 1.68

55 1.74

60 1.7

R(O) 1EERE—AUM/N—(m) (ERE—AV/HEIKE)
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BIRIREMRED HE (S BERAELED (P685 511#83.3.2) IZHELY, FRIZKYITAS,
["Ro)e =@HMA+B) > 11 1(0)do = 11xEHEEB+C)

EXOBDEEDA—HITHO01(EKEMA) L, 61= 442 deg TH%.
TR&Y. 442° ERMLTHLEE. HBREEIKELELY,

SRk 13 ACR L Tz W
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HEF3 — 4 SHILEER

B iR (FE B L)
B (&R) 40.00 m

B (R 35.00 m

g () 8.00 m

wx () 3.30 m

maz Ak () 2.80 m

T NV 240t

FHER 1,300 psx750 rpmx1 =
B R K ) 13.75 / v k

fiee A %7 2,300 v 1 /L

B FAHLE 94, BE 34, FHA 444, FH 564
T 1994 43 H 30 H

(S HIpE RS Web £ D)
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10 A HAEK) 20 km DR A,
W 18 57 A §%
&R A (1,
32° 2917 N,
133° 12.17 E), /X
7K 800m,
201746 H 5 H~ | [A L, T B Ml 22 Bh 81 1 JEE Jm) T 22 e 5%
9H [ER2ESY I
. %\LE’?EIJ”*”“ iz
D EBERA,
7k(ml\ HE IR FE D
AT,
2018 4= 5 A 30 H | [Al L, T JE 1 753 2 4 ;%\L}%’?EIJ*”” iz
”\'Gﬂ 3 B iﬁ&nﬁﬁ
7k{5'1\ W IRED
GLES
201946 A 3 H~ | [A L, Vi JE M7 25 B 8L ﬁniﬁ%@' TE 2
6 H D EETRA,
7k(m1\ m]?/)%g@
A,

E3.5N

30N,
P

1340FE

32 5°N % -
3 -
Ny
32 k i el | o ] | L i | " "'?
AW FE  1325°E 1900 1335
(EVE%R © 1200m E T200m[H )
1 = UR g TR O BIF 22
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FE3 MENSOKIE, HAoTHE
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B 3-5 AT 4T ~0WHE CFi - Fill4, BREEAR, 21 b)

AT AT 4 A £ A KV
1 H AR5 97 1 2016 -8 H 22 A W B I BE A
2 NHK /& Zin—hh=a—2 2016 48 H 24 H TR D M 28 B IR G R~
3 gtveent| 2016 4= 8 A 25 H G P S Tl A
4 5] BB 2016 4= 8 A 26 H Hi ALk
5 R TEFT 2 WebNews 2016 4£ 8 A 26 H WRHEN O O 7 v —7 gD
GEONET | % b & WFJEBH 38 2 BH i
6 L T R 2016 4F 11 H 22 H M3 )1 BT | R A T L A
7 i BT 2016 4= 11 A 30 A HFE O 1Effe 7 Fnask &
8 EEN TS 2016 4= 12 H 25 H TR
9 NHK = = — % 201748 A 19 H (EFZOHBDIZDFTEE 2 L)
10 | &R 2017 412 H 16 A BEMFSEE D3 AR 2
11 | BARRF R 2018 453 H 5 A HIE W OB X CfiE
12 | BT T3ER 2021 23 H 9 H FREIR O R HFE T

-307-




1. HARGEHRE 20164E8H22H

PR EWIEEE R | SR TE

A=z E =] mﬂﬁkﬁ y ) .cmﬁru, STEROATL FRL | EDEETRG
i by ¢* . l:hi.wﬂm i Ry g vt ) e cdm g s e
T HOE R AT R ] 2 S EL
WA AV U QNN HIIR  [PEOSPLS BE) WRSSREr
! o RE - S AT Yo LB 3
R LD SR BYOERS R0 BEEE ORI B U0 SRR SE S
WD T ram b B S DTN A ) DT RSB RN | KV ST _x,ﬁ_.ﬁmu.‘.f_@r”_fm_ﬂﬁﬂ
O BHSNCHERD B BHOIMLIN D RS BER | Ge LR B WL B
e i ER TR | FMER IS Oy
B N Y
B RECRY IR ES
QU1 KA
TRk S
Dyt i DT R
ACEERRE WL 5
I DB R
e TR
2k, S — LI
Sl NS -G
LI
S S
GERNE={ Faliill o N
C FHHECITRREED
P S —f gl I
TS = o —
CREINCAD YO
o RN A R Y
ENSEGLooIiEa
SRS IO TR
Y3 M TR
EONEEIGUETRD
Higs FEEEU AR
TSI

-308-




2. NHKEHIO—)b=—a2—X 201654-8H24H

LT NEWSwes

NEWS WEB TOP ~&E%

| MENU M
| EHD=21— R j
<R ILIBGE
—a—REEHM

BEOMREE BEERA~

08 H24H 1924 %

8004999841_20160824192906.mp4

RRAFERARFLGETEIHARIIL—T (. BMEAT, ChETITOI TGN TZEED
MR EBOIKREERERTIMRLBDHILILY, BEEOERMENRET EAN=XLD
REBRIZDLEADIENEFENET,

ChiF 248 REXFHEARMCPRIER LETICHLBSHIBMSFEMFRGE . 6 DDHE
THEIARTIN—THELERTRERRLTHERLEL.

METE. SHEDOERBIBAELZI5F0IIHHT /I, BFRTEBECIYM (- H3R 0
BREERHEEZRELT. BEDQHBREDDRAEER. BAIL. Gonl-T2ZREBETE
BREREITIENITETY,

BEOHMBEHORAT. ChETIHBLREZFTEENAMTEIZHKE., TIDICRONTNT, i
HRIXITHONTELT . SEIOERVSEDTNIE, RFOBRBT —2EEITHONSILITLHY ., B
BUOERMENELET DANXLOBHICOLEADIENPAFEINDENITETT,

=, TAI2IF. GPSRETERDEARRLGEZHR AT IEELRESNFTH. ChETRICES
TIADENDETHELDREN—FKMIZERTIN, T—AARITEIENHOI-D%. Fi-LEE
T HAETHEZERISLICLTVEY,

MEL. FHI2EEEFTHOSERMTITON., Fonf-T 2L FR. /02— FVFTRFTHE
[CLTWET,

MEITIL—TD)—5—T, RRAZHERARFAOMBER BRI, [COLILGEELZBRIED
FBIZREATENSHEDRIRARAONADEREMRIC OGN DLRE MEMGHRIZRIDERS]
LRELTLELL,

-309-


http://www3.nhk.or.jp/matsuyama-news/index.html
http://www.nhk.or.jp/matsuyama/index.html
http://www3.nhk.or.jp/news/

i 20164:8H25H

S

LN

R

201 6F w8250 AHe

(8

e

G P S TiBEi:

5 Hil A

BELL [

SR HHEEESE
FRECEERUEE R
BCRREENmE L
Lalastal e i
IR (L)
SAUHECBEEED S
0" ERRRE R
R AT o)
AR O LG
ittt ST RN R

RIEERRED By
RECHEIEN Ny
HEIEmrAloa. il
AL PR UL

HoELOT L SRR

B SR T P |

TR DR & AT S ET,
=24 B4, E BT Faad

T R PR (D INAR PR = s

7 RroREREEEE
DEEAER" BRI
SISO B
=L BRSO
R IR BIUNES
R i
ERRERT Pk
Aeh iR U0
HEEHEECH MRS
it T o N e
Eﬂlﬁ.}lq_.___m.m_ﬁm__ﬂ_ﬁ.ﬂ
ANNEE DLW SRS B
R i) L T g 3 =
BRHERILS O 4
ATEIRERERE fI0
VHERNIE T R

RS R R
BRI it Lty

BBl el
i

| Th—a 1" TR
8 RS R Y
=
Elbai it S STE
I EFharn” RRE
[V e i
| S IR R
| FRBEEE AR

=BG RS
i AR Ny
RS REE I WP
e e

e S T, )
HEEHER RS Sl
TR [ERREShE
BuiE i o AT
SERRETER NG Al
Mo { I

B T I — O |

BHERNE #hio|

CIERI SR ON. |

-310-



ELE

201 6% Fiae 8A268

iy i AT

4. FEHE 201648 H26H

HHPEHESER (Hiffl) ORKINERE RO (EFERE) 113

SBFEVN2-NR” EHERHANhS (CA0) REWES VB HACTVRE D
MEEPRANIh-ISEIERMN " FERGOCEE" EREEOKHHIEAEN
TUEERETVREE)” SRS BLRELOERERY SoRMbE” i
BLONEMSVSIKRES % R KSBR SR RS OILIAISN’

B DB A

=

<0
E
{57
T
1k

FHER-BRIDE =

OLOVELLIRGE | <HEEEEDAIIE0 | HUBEOMI0 EVE
ROSREBCHEREN 1UCHEVED 4ON
:xm'x«ausx&e;mgmupw»«ogwn
FENIROREREE '

ROEFROMERT BHY |

Ny EEEEvE
DE-KER LT 5
HEEVRoORIEVE
B FsbnERipay
BL” SRS N2
DR SN

BEQANIRLEQ
SHRUMCHT MY
7 BIREQ BEPEWY

-311-

Py SESEREQR
ESER% REES
PHREEOT Y UEP
R H1 RETYRES
BT { CHERE
BRIOURRS” ¥5E

SVIh—RRREOERERY

SROFY
BHORREET" B

LRGN G

Hir” BACERWRNGR

A METRA D0

LBETOEEN

”

AT MR L

OFRARNERET DS

Wz

ORERGE TR T ST (SR, ==

SHNY BUEECRE
DEEIIN TN T
YEENE O VBERG
UAI” BEOVSBESR
B0 FEEER
R BRISRHE O
BP0 AL N0
-;m'l !
e ekeliva i
Am—*?*P«E@W&i
3" O BEFETSE |
SEIREVEOS LI
FEERT [FaN-ROE |
BE-H OGN B |
KR # RO RT |

| ERANIRSRRIED

:
1

15| AR

? W!E$i&ﬁﬂ&ﬁ&1

ASNHR3oERYE
B BrEQEGEELN
SREIh—SEES R
BNS - MERNT P I
POKINE | R (DD
HEVEN” BEREIR
RESERSEOWHA
D BRLONEMIR
BRVUEEONCS | AY
44° (8%




5. UERTHMEE WebNews 20164E8 H26 H

EREWS SRR T T TR T ERE TR | Za= . |20t

CFFMEEzAzA e - e e

LT D
EPIRn__
RELL S LELER)

o e s Y ik

sk il ]

(LSl ]

lmerw ) e

.

TR A SR | |

FEESRS il —T. [ROGEDNET ] 2 TRl R
]

P PE———

LEAl s Loeiae —Pal LEDSEY S b Sl SRR L TS LR LR e Sl L L S5 TR il
o L L £2 R TR M L
e R TR | OB = . A D R (T
SUSEHFRTEAL EEFEL o]

b e p A e g - beay | ADAE bl AT

EASERSOWE T b—T [ RO T AN ST RS | Za— LS

ANEAL A ST - e T LR P R S TTac kS § R D S A ST
R TR B L O

S ko s el D (SR o e A g
e R e IR
=" LR L VEE.

e, il (s gyt oL BTl R e o oFEREd e
Tt walier o, S Cagliaiien o o w T pacHEekR e S D S e

il

- T ALY, 7T S R ARG T
O] TR, T LT L | AT N | ST RS,

B g g e e by 1R b 0] R

MERERGCARY L7, LR [ S TR ERR | Z2— . 310 =G

CERETT P T D R e AR TR, R el SR
o Ticieer B el e s laRR BTl tiionr Lo BB | R i
Al R LT

AR T EEENE TR e ALN=TESTVES SEe YR T RRTREE
A N SN R, I EREE | ey T TS AR o T
Lot Ll

I g g s BT el TR




;=

201 6 F ez || A28 (s

6. =R 2016%FE11H22H

[£=] EEEE N eIh- (O] Sl P LR EEL O W e Zh
B S R - GRS  EEE e E iE e LR
PCIb R S et R D E 2 50 PSR
— o SRR S ORI ST SR SRR =t e T

SR B OER R TIETRET (D S | ANEIR-QR ST

.

TN Y

K=

Wy

N,

AR

(A=)

.

%

Rt
G S G e 11
RS
et s e E
SRR CHEE
B s
T DR

SESHOMHSL
frdt” CncnfiREnE
b EEEE N et g
Rz ey i R
25 RS
w01 [T
Alet@” HEENER
HEME RSN
REREE (hax
<) A -EETARE
oo’ MEEE
SRR CEEDE
bR g i ]
oo

|45 ERmEm
N I
LU o TR
T -SRI
Rt DR RO

Iz

s —

HEERAEHEM

=l

{5

w

EHEMGP ST —%

T~ RlE EEES RN
B0t D REED T [
e BHROHGSS RS IAGDT
FELEREE £ EREIoERIER
HHE.‘ZH&"EWZ%H% L RS

£l

O ifn=hE
B B R
E - e,
NEMHEST HE
IR AR
M S Tk s R
1T ] 8 T e
o

- THEEE
R O IR
10 | RS
o R e B )

| TR O
T L R o
QAT
< SHEEAEo DD
WS DO O ||
= AJEOM ST

Wi R RS

eSS
a0 -2
- R R

| oy ErE

B EES |
S SN s
ol (ommm o, |
== OO0 ¢°

I'EE%PUHH’:%H{ .

L oA NEEY

EHIJL_:-J i
dikEeg (L H=E
i:*x aif

-E%-R ﬁﬁ@%%

-313-



2016411 H30H

e KT

7.

2016 FEzes 1 A30E kma)

LU L TR R T TT LT SR LT TR L TN T ]

FERCHESRER
U=l BRERY OIS

| EE] EBUY B e
| SEENDSHMENE | 57 IKEMEHE
| B[S | R KIRE60° MR
® ERERENN RS
Ing (Caw) MEID R RS URS
HEREREN IVHA [

_Trﬂrﬁ_%ﬁt._ﬁ mﬂmmn_m i :
EXEQIEE ROy i S

E.ﬁ@ﬂmﬁﬁ_l-irl! i —

GFS&EEEMJRMEEEH } mnf =

TR R T T LT LT LR LT TR L TR T R LT T

it TR RN e | mﬂvmh.ﬂm.tm
ERERIEARR O i O SR
EEn |EmidEm inECES T S
e RN FRME RO T
CEREE NG | S T E e
NS SR N R

SEIELA A el i ARES 4"
EHPREE D b~ LB N E
LElagirg RS [SW=ES
iy EHBERE-EX

Bl oo e
| 50 B
23 NSRS If
W B TR AR
‘i i FEHEE R LR
M= CREECHREE
L%rﬁﬁfﬂﬂ&ﬂﬂﬂ
poal -Eigie g

_”EHﬂE_

-314-



I ARRFEEE 20164121251

8.

2016 (er8E) 1282581 R B)

B A HEE PR XF B3

EXIERTVDIESTELNND RECHCTHNEZIHOUINSRREARY
R SNGOMERPIENEMHERES" SHORE

D10° XOREEBEZRED

TN

RIVEZMOEHKCLORURY P RECSNREIVARIEHOLIC 2y [
EZ] (OREMEH M XOBRSHELERUKEVLNAUZIOSHHT N

[RECIRRWSEERC
FERFERNC) © HiEe3
RECSREACEOSTR
GBI )AIFFTRIY
VRN MKSESTRTIN
SREQLE” FHIRY
ALV RMREROREK
RFEA IR

NLSEBRENI—L
(%) RECENI-—LQK

il o5

o

GPSEHRTIERIC

LSO R N EHN
FERONNUS 2EQNY
SUNERA LR

eREPNESNI-LQ
LRRIRVINN RS
HESNI—LEHRVON
ZMINRERN° 1D
H[EH] PR &
SNA—R2RENA—L 1)
PHPOHS” SOSR0
AHOLRROMS RS

I

Bl D T

MW RER B RIO’
HOH KSR -Kaie
2R n° SEENSY
SHELHOL b2

BHHeT’ 2
NS RN

NA—

CERXENRE VR
RIS [Hvhe—| UR
RO M
. NOOL~RHHQE

.

DR st T A < WK

R g

FHOSWRE I FEK
LRRECE" =RV
HVEROMIOEEHRR O
¥ —osofIBKNER
SHCRFHIMOLEST
SRNROPINE

~ PREPIIRNSE

FHPBHSHEEANR
4 (Cam) BN —mc
oREQRREVHRZLS
SRERVOROLI0° WE

L DuATREE

VRS 7 IS Bt

Th— QIO DNEFEXR
H0DT FEREHONRR
EHREZAUSIL
REIBEI00EER
ERIBINR vamEa
RWRPONERNRECE

RE (SRR KOy
WHVOEZER0 ZERE
CHEZEENZITR W
SRR AINVEE
CEMREEMQ°
Z2LNNIRHTON
VERNIONSRRHII=
Bk Sl Ve Jobdi il Nt
SXSBEES [EERES
R QUEEPEEGN | VK
e° 2O —L8--51R

Y37¢27% Nl &

IRRER/RIRIRV IR
BYVEEQRVIINBER
QUZI0° NI-LEBFR
80 voRrSIXD—3H]
RPIDLHZ°
X O—SERE NS
< SECHECR
RUKEmE® 1S
OO PLNEE
Q| R B
DPIWER AR X
TELERCE PN &
S0 WBEDING®
PECTFNZRICH” X
QXS N IRRHL
RAFRWOLRIJD @R
FRARVIRRICIGER-LN
NSRRI ™— \ &N
Z2I0REEUXEN°
MR FUBIRTI—E
0% —XIRRE MR’
h—2RHOBZ° EOWHR
< QEZIH=AMER
KRN0 FRR2LNNE
NUEENLIVCRERE
BRREVUIHC® SH4
BCEIFELS” =R
SHNTQEREWSAN®
SVOREZERIVH0S
DUNRECLZADLINYR
HORORYY HELNCE

ETNFROB=GRL07

e

&
E=h
]

&o [t -

Jiid Lzt
TR > T hBAGHOS L—

L
)

(M)

WIAA TV B, o

(A3
S RELOVETIVEN - IE)), hBATTL |

it
1%

T MERORE |

.

>
2

IZFoNTHROTL — MHEFL, M

!
¥

;
2207 L= (i) oBRAUFER
TED LI F—%]:

-

> TR 22\

ke

EREYESSON O
VBTN Ny R0
AR OVERREC TN
0° BB LMY
DI S ONAZNHE
DMVBERR® LHELNS
SRR | SRR [EpiEE
1510) AJiEh°
UDOCHHREERR
00 BRI SEFHRKHO
KSIELTQ XO—3l
AMKIHORHINZ 4D
DRMVIRRINN® FKOE
BERL [KBEO=ER
ERHYOZRAAUBON O
LRQTRELN0JUDIC°
BER—NUELONE
ERNET RSO 0PE
1° BRERERETHRE
AR ECEN
REINRBIHQ0ZE |
WX 2EACKE K
IRELENGQGEN" SR,
| PAR—IS [NV
HAERHCEMIERQ
HINLEMEIVEIMIOR
B2 | VERQ°
ER2LNNCIRL ZRE
BRISENDOPRISR
010° FHQFEITH X
QFICHHGBRIC
(H=B0F=3)

;
i
i
H
i
|
7
#
£

531160

7

Ut L. B0 VNHT

1R7L— bR REEMI TI NS [Ro

M2 LD T L— b OBIER

AKE . BV DRSO P T IE
LRI, DY | & &0275 B WfErE AU

MDVT AL 5 —H T, JHlov$H
mahtT\ 3,

—JUEE] HUREE LT, R o— R E DL

— ~DMIELE &
¥AoN B,




201 7 FEmas 12A16E ma

1 0. &HEE 20174E12H16H

PN FM% A EE
DEJIIBT O e

{-

BIERREAUB IR

[#=] F=RLE SHEFESNR
= et LR <00 ke 0 R
FHERRCTEHE EEELEL O
M-S =IEE= | o i

RS [FE | BT iRt A

SRR [T | Nh-aE S0 b
WOl M U URERECh
HEHMSHEOR | R M I
EEAE R DRI S°
LOSHEE DY Ui BEats DEE
ERSEH R ] | B S E-DE
+ EEMEPYSS SRR 0ED" oan
BRI UEASL” Hipne
HOSHREUF o DRV RE
B Ky
BT HNS2N—aK
VT SAGLHERHD
S AR
[ENL EELE e
OS5 B o
e S IR B

M| AR
=gl ge
B0t (Ee L
MNEES ARy
RO OTRR
RO SO

Sl ANRIH S

(HE=N)

-316-




HAKRERHTN 201843 H5H

=

183.5

BS

201 8&F (EmMF) S/SB(H®B8)

AR (ND—+) QF MM

HEVOORER BRSO R IKS
ERLEDNM SHOSWNEERRE
IS CERRE° SHHERER
FEBEUST TS BHOEMW
B O QEREKEN IV h—nCHR
REURRIS EkKh-HIHK
VDR SHHE SHELHE W
PR BRERULRYORR
NDPEE M BHCRBIEER
KK

d

EEEMY ST 1 EEDS (K

SRR | 3 (R SR XA B S
S D NITAS 2R 40

DR

Eéﬁh7k—h®ﬁ%%

3
=
=
. |
=
=

0 o O HEHE HE S

PHERCIEBEN | BigETICHKP
B RPN | Y ZEARVE~HE
(Oe.0) PEEVEN | SREHEN-ELS
MANGR UGS | TR— X OBIREBNER
OQ° SR | D42° R ERN’
BEENRRIERE O’ NNy CERRMABHKS
ARV M | { QRIRISANEH RIS

EED BEHCRSIME Q@ DKL N ¢
B D2 o S50 IR
| @R

HWEC h—ati<H
EHRNG VBN’

GPSHE
AGPSTTA1

%}

PR\
DUR%

S

o

BRBNTS
ALGE
e

Xx.
(=]

,*\
L/P,m

BAR Kb 2 S 08K
N WEBHBEERT
RSP ECHHISH
RERENVIESEERES

P2 P880° Ny |
HHAQUD L IRER |

RN TR
280 VOmRIERR
R REDIRWCHD
SHELCHE LOIR
éﬁ
BERKILUBOE
BN IRUEE DN
ERAONA—L QB
WEE IV ool

H0° B RERR | Q04 EQR—2W
0REL” WERNA— | D0 BIONA—LR

L QBN AT
n°

BEEFVER NEER

G 3 Sl SEET S o)

=R INRER | 51 EREOB0Y

VEREN I

SANI—LRBIV

187 RONN—LRBQ | H 02246 4O

NA—LQ-REORD
REVED 1he° BnIoE
BOPNPERENA—

| LR LUZoRI ()

HOhA—LC- L3P

| RPN

BELENA—LEH

L 2Y OOV ERE )L

ROV VEVE
BRI EEAD
RELVSNR” BES

| FER 2 B bR

0% DCRERGENRG

Y uaeeRe

HRRBORLURR

IO —L QMRS

U T R T T T L T e O Rt PR LT P T (TR T

BLOVIAS WEEY
AL QL1
NLREVRKRE
Vet

A S AVREV =
SRR ONR WO
BRI RR O VS0
BRUNNN L QR
RSVVER B0
HEERERAZI0°
SR RSEIRES
EERRERERE0
g S
INNELE SRR
CENRY RA—+Q
ERCENORIEWEE

D32° B IS0
AL BRI RPOEE
HERRMeLH0043 0
A HEORELSVE |
BN E~co |
CEQDERVING
(EERE QUTEBINMHIHES
BRETS [ L0014,
BEQNm A N—\m N\ |
1 BRI 0% |
10 AEE “
FEQIRMERT # |
DKM K 21 |
tbs A RmKEERE |
BNLBEEREN DY
SIREPRROVZ |
Q° MR Ny RLQD |
LUERBEMPIERIV |
MHEEPOMNSS K|
L RWBBLRD B
—aEDRIEDBSIE
BEMGTh—HZH0L
VO’ BRI
RIS

P ORMT MR
EHBVOTWHE-
2 ERNEVECER
BQBUE TSI T
HEBS U0 Nyt
~RIE- S~ BT RE
10R” h—aietz<h
ST e

-317-



12. HRIIZEHE 202143H9H

A H f1

3!5]‘_-_113*:,‘:!&'5 ZLIT1E (SMIF)

L L L L e L T R e T R T e T D T I e I I DS e M M M M e Y
;;.._me:f WS BT g AR L, B ..,,1f.£m£%c (O C—ns; W ISR
£ R SR IR SERWOT NG Bl EC R Ak < CRIEHE H 20 S
E_,.mx;,im}, REDAD T 8 T VUL SR TR |PESEENE EHENISEHED SERAEI -G
T RRSE-OS et SISl Ao Edu BREFSTLAE SSFHEFEIN B s O
i ¥ ﬁ e OERRE 1S T O5 CEEREER S B T o m aTTT| mrHERsakE—s
= UMD, LS nE ARE LER GG BERMESCEE- R . S B S b DE AR
i m Bl DGO EES OGS wm%.,_.ﬁhﬁnwm LI 4 T | EER 2
_.m SEp e BEELE TRMTSNET  FIuakidhrAr BusmoL IR | 8 |2 B aea B e
T m HOoER b=l AL R cpam@ Fog A ﬁ!ﬁmﬂn = P T B e
B HRRELLIAE Y BT S el BT ASRROST R nm., ” Lo F B |k FIS s
£ N*W AL | DA ST e RN e ._:_nmnmfﬁﬂ 1% b 25 | 2w spoEy
VAEETEREADS - GELVEE a0 EHHEE AR | 3 e d D R | A AEC RS
4 I ol R TE v 2
1 g ¥ R mm o
oE—— ™I ﬁﬁ @ Enlﬂﬁmm EFJ*QJ ﬁw. W S I
2B H LTI R i | P Sl | SEmeEim—-FRi
AR e R T ——— = & __ m _W.ﬁ SRS h—
ORGP ERI P LD DEIER AR Sy = x| b g W | e o
M S-iiRgn | EPEEER R RE =T T Jiw EN | emo Sepnon
c Eﬁﬂ%]ﬂumm — gl R MEER (TR T 5 Speoter 2 WA | KERWGESHE
Hp DI EEEERE SRR R R T L Ln m TR | EE
DT LR Sl S SRS T — G SR i ¥ e = Rt 1%
HorGh-41 ¥ _

_ i
o

PaE | S

K It

(PO RE)

-318-



GRS —6 BHE

20164F8 H23-24H iR 815 FEBR

-319-






20176 H5H

-321-



2019410 H4 H  MADOCASZAE R

-322-



-323-



-324-



	第３部_資料（扉）_45-46
	第３部_資料3-1_原著論文（最終版）_47-196
	31_論文リスト20220226_47-48
	2017-1_49_寺田＆加藤_2016_非破壊検査
	空白ページ

	2017-2_55_Katoetal_ProcISOPE2017
	2017-3_61_Shojietal_EPS
	Comparison of shipborne GNSS-derived precipitable water vapor with radiosonde in the western North Pacific and in the seas adjacent to Japan
	Abstract 
	Introduction
	Observation, data processing, and quality control
	Observation
	Data processing
	Quality control
	Results of comparison with radiosonde observations

	Discussion and summary
	Authors’ contributions
	References

	空白ページ

	2017-4_75_滝沢他_2017_信学技報
	2018-1_79_Katoetal_2018_JDR_scan
	2018-1_Katoetal_2018_JDR_表紙

	2018-2_91_Tsugawaetal_2018_JDR_scan
	空白ページ

	2018-3_103_加藤＆寺田_2018_地質工学
	2019-1_109_加藤_2019_測位航法学会NL
	空白ページ

	2020-1_113_Tadokoroetal_2020_FrontEarthSci
	A Marine-Buoy-Mounted System for Continuous and Real-Time Measurment of Seafloor Crustal Deformation
	Introduction
	Buoy-Mounted Acoustic Ranging System
	Continuous Acoustic Ranging Tests
	Reduction of Acoustic Ranging Data Size
	Discussion
	Conclusion
	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	References


	2020-2_125_Kinugasaetal_2020_PEPS
	Abstract
	Introduction
	Observation and data
	GNSS-A observation using vessel
	Sound speed structure obtained from CTD measurements

	Methods/experimental
	Model definition for travel time of acoustic signal
	Analytical process for detecting seafloor displacement

	Results
	Array shape of seafloor units
	Horizontal sound speed structure
	Estimation error of sound speed variations

	Discussion
	Separability between array displacement and sound speed gradient
	Acoustic ranging error caused by estimation error of sound speed
	Validity of proposed sound speed model

	Conclusions
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Competing interests
	Author details
	References
	Publisher’s Note

	2020-3_139_田所_2020_地震学会モノグラフ
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