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Decadal progress and results of the GNSS-A seafloor geodetic observation from 2011 to 2020°

Shun-ichi WATANABE*

Abstract
The Japan Coast Guard has been developing and operating seafloor geodetic observation with the GNSS-
Acoustic ranging combined technique (GNSS-A) for more than 20 years. Important scientific results were
provided by the GNSS-A observation. In this decade, GNSS-A observation has detected seafloor
movements due to the co- and post-seismic crustal deformation of the 2011 off the Pacific coast of Tohoku
Earthquake, and the interseismic seafloor velocity along the Japan Trench, the Sagami Trough, and the
Nankai Trough, including their temporal variations. These results provided essential information on
interplate earthquakes. Decadal improvements of the GNSS-A technique and efficiency have enhanced the
observation frequency. Observation accuracy was also improved by introducing a new analysis method
where the spatial gradient components of the sound speed structure are estimated and corrected.
Recently, we embarked on an effort to develop an “open” GNSS-A for the further development of GNSS-A

community.
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Fig. 1. (a) Schematic diagram of Japan Coast Guard’'s GNSS-A seafloor geodetic observation (after Watanabe et al.,
2020a). (b) Locations of our GNSS-A observation sites as of Sep. 2020.
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Fig. 2. Coseismic seafloor displacements associated with the 2011 off the Pacific coast of Tohoku Earthquake for

horizontal (left panel) and vertical (right panel) components, respectively (after Sato et al., 2011). Red

squares and yellow star indicate the locations of our GNSS-A sites and the epicenter, respectively.
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Fig. 3. Interseismic average velocity relative to the
North American plate of the NUVEL-1A model
(DeMets et al., 1994) detected at the seafloor
GNSS-A sites (red and blue arrows represent
velocities of different observation periods), the
terrestrial GNSS sites (black arrows for
GEONET sites provided by Nakagawa et al.,
2009) and the Pacific plate in the NUVEL-1A
model (white arrow) obtained before the 2011
off the Pacific coast of Tohoku Earthquake
(after Sato et al., 2013a).
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Fig. 4. Horizontal (left panel) and vertical (right panel) components of the cumulative displacements obtained after

the 2011 off the Pacific coast of Tohoku Earthquake at the seafloor sites for the period from April 2011 to
January 2014 (to September 2013 for CHOS) relative to the North American plate of NUVEL-1A (after
Watanabe et al., 2014). Red and black arrows indicate the displacements at the seafloor GNSS-A sites and the

GEONET sites (Nakagawa et al., 2009), respectively.
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Fig.5. (a) Interseismic average velocity along the Nankai Trough relative to the Amur plate of the MORVEL model
(DeMets et al., 2010) detected at the seafloor GNSS-A sites (red arrows), the terrestrial GNSS sites (gray
arrows for GEONET sites provided by Nakagawa et al., 2009) and the Philippine Sea plate in the MORVEL
model (yellow arrow). (b) Interplate slip deficit rate distribution estimated from the terrestrial and seafloor

geodetic data. Figures were adopted from Yokota et al. (2016).
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Fig. 6. (a) Spatial relationship between seafloor GNSS-A sites that detected SSE signals (red squares) and some
phenomena along the Nankai Trough (see legends in the panel). Red rectangle and vector are the 2017 —
2018 Kii Channel shallow SSE model and slip angle, respectively, estimated by grid search when it was
assumed to be due to a single SSE. (b) Shallow VLF time series compared with shallow and deep SSE timings
(see legends in the panel). Red lines indicate the SSE timings detected at seafloor sites. Each yellow line

| [2011 emicesemonEe

B TELL

indicates the longitude of the site. Figures were modified from Yokota and Ishikawa (2020).
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Fig. 7. Horizontal velocities relative to the Eurasian
plate of the NUVEL-1A model obatained in the
Kanto region before the 2011 off the Pacific
coast of Tohoku Earthquake; red, brown, and
blue arrows indicate the seafloor velocities
estimated by Watanabe et al. (2015), by Yokota
et al. (2015) and the terrestrial velocities at the
GEONET sites (Nakagawa et al., 2009),
respectively. Black dotted lines indicate the
boundaries of the tectonic blocks. Figure was
modified from Watanabe et al. (2015).
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3. X1 Watanabe et al. (2015) % —#B151E L
72L5DTH 5.
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Fig. 8. History of the Japan Coast Guard's GNSS-A observation system. (a) Schematic of the GNSS-A pole system.
(b) Schematic of the GNSS-A hull-mounted system. (c) Schematic of the GNSS-A hull-mounted system with a
new transducer for multiple acoustic ranging. (d) Changes in observation frequency between 2000 and 2018

with changes to the observation system. Figures were adopted from Ishikawa et al. (2020).
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Fig. 9. Distributions of differences between the GNSS-A seafloor positions determined by using baseline solution and

PPP solution for northward-eastward (top-left), northward-upward (top-right), and upward-eastward (bottom-

left) components. Histograms of eastward (blue), northward (orange), and upward differences (green) are
shown in the bottom-right panel (after Watanabe et al., 2020d)..
9. FLHANT & PPP I X % A4S IR %2 v CTi% 5 7z GNSSA A RS RO R0 54 (PR - 4, 2020d
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Fig. 10. (a) A schematic image of extracting gradient parameters of the sound speed structure. Gradient parameters
V, (black arrows) and V, (red arrows) extracted from GNSS-A, and 100 m-depth temperature fields of the
JCOPE2M reanalysis (Miyazawa et al., 2017, 2019) on observation dates, (b) June 3, 2013, (c) April 30,
2018, (d) July 6, 2018 and (e) November 23, 2018 for MRTI and MRT2 sites (after Yokota et al., 2020).
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23 Ho MRTI1 KO8 MRT2 Bl s lc B k5. XIiZ Yokota et al. (2020) 12X 5.
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Travel time Reference sound GNSS antenna Attitude of ATD offset
for the ith shot speed profile position surface platform
v XJ
Onboard transducer’s position Transponders’
positions
P(t) = Q(t) + R(B(D))M |
! I'(a)
Reference travel time Correction coefficient Sound speed
for the ith shot (Sound speed variation) perturbation model
1
7 = 1 (P(e,) P(6). %, Vo) =0, T PE.X)
) 4 v !

log(T?/T*) = log(7;(X;, M|Q,8,V,)/T*) — vi(a|X], M°,Q,0) + ¢

Observation equation

Fig. 11. Flow chart to construct the observation equation for the newly developed analysis method implemented in

GARPOS (after Watanabe et al., 2020a).
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