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Seafloor geodetic methods, including techniques such as GNSS-Acoustic surveys (and other forms of
acoustic ranging), and monitoring of changes in seafloor pressure, and downhole pressure allow for
measuring crustal deformation over Earth’s vast areas that are covered by water and therefore
inaccessible to traditional geodetic techniques developed for onshore use. Since the 1980s when the concept
of seafloor displacement monitoring with precise acoustic ranging was proposed, significant efforts have
been made to implement and improve seafloor geodetic measurements to reveal the motion and
deformation of oceanic tectonic plates, earthquake processes at subduction zones and other plate
boundaries, and the deformation of submarine volcanoes and spreading centers (Bürgmann and
Chadwell, 2014). Although remarkable technological progress has been made to increase the precision
and scales of observations with improving the reliability and cost-effectiveness of the instrumentation, there
still remain a number of difficulties to overcome in seafloor geodetic observations. This Research Topic
gathers field experiments and/or new techniques and perspectives obtained through a range of data
acquisition efforts in order to leverage them to advance in seafloor geodetic research.

The GNSS-Acoustic technique obtains a precise location of seafloor transponder arrays (often
deployed on benchmarks) by combining locations of an observation platform on the sea surface
determined by GNSS observations and acoustic ranging between the transponders and the platform.
Repeatedmeasurements of the benchmark positions over years allow centimeter-level resolution of horizontal
tectonic motions of the seafloor. Measurements of coseismic and postseismic deformation near the
hypocenters of offshore earthquakes (e.g., Tadokoro et al., 2006), including those of the 2011 Tohoku
Earthquake (Kido et al., 2011; Sato et al., 2011; Tomita et al., 2017), and ∼cm/yr resolution of interseismic
deformation field at the Peru-Chile Trench (Gagnon et al., 2005) and the offshore Nankai Trough (Yokota
et al., 2016) are pronounced achievements of the seafloor observations of this kind. Chen et al. (this issue)
reported crustal deformation related to rifting at the Okinawa trough, which is in the early stage of backarc
opening. They utilize GNSS-A measurements acquired over 10 years, to reveal rifting rates at ∼43mm/yr.

In the development of the GNSS-Acoustic technique, much effort has been made to increase the
accuracies of underwater acoustic ranging. Watanabe et al. (this issue) describe a technique of jointly
estimating benchmark locations and sound speed structure in the ocean. This technique is routinely
used by the Japan Coast Guard in their GNSS-A surveys. In a similar vein, Honsho et al. (this issue)
applied a novel cross correlation method to acoustic ranging to reduce uncertainties in two-way
travel time measurements.

As measurement uncertainties decrease, displacement time series of GNSS-Acoustic surveys are
expected to provide not only a long-term average rate of deformation, but also to reveal temporal
fluctuations in deformation rate associated with episodic tectonic motions (Yokota and Ishikawa, 2020),
such as Slow Slip Events (SSEs). However, reliability of transient deformation event detections is
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not solely dependent on the measurement accuracies, but also
relies in an increased temporal frequency of repeated
measurements, demanding technological developments to
increase the efficiency of field measurements. Ishikawa et al.
(this issue) review how onboard instrumentation and survey
strategies have been improved by the Japanese Coast Guard and
Nakamura et al. (this issue) evaluate optimum survey
geometries, to improve of observational efficiencies. Utilizing
unmanned craft equipped with navigation and acoustic ranging
systems of equivalent quality to those on research ships, as
reported by Sakic et al., Iinuma et al. and Tadokoro et al. (this
issue) helps to decrease costs of each survey and thus increase
the number of GNSS-Acoustic surveys that can be undertaken,
potentially even moving towards continuous, real-time
measurements (Tadokoro et al., this issue).

Recent success in monitoring spatio-temporal variation of
interplate slip rates along subduction zones is a societally
important motivation for geoscientists to build offshore
geodetic monitoring networks at largely un-instrumented
offshore subduction zones. Murakami et al. (this issue)
demonstrate the need for GNSS-Acoustic observations to
evaluate interplate coupling strength off the Hokkaido, Japan,
where an interplate earthquakes with destructive tsunami is
considered to be impending based on the paleotsunami
geological research (Ioki and Tanioka, 2016).

Vertical displacement on the seafloor can be detected as a
change in water pressure. As precise, low-power, and robust
pressure sensors are now widely available, small Ocean Bottom
Pressure Recorders (OBPRs) have been developed which can free-
fall from a ship (to settle on the seafloor) and recovered with
acoustic release systems, following the designs of Ocean Bottom
Seismographs (OBSs). Seafloor deformation associated with
various tectonic phonemena have been recorded by 1–2 years
deployment of OBPRs, such as the pre- co- and post-seismic
deformations associated with the 2011 Tohoku Earthquake (e.g.,
Iinuma et al., 2012; Iinuma et al., 2016), Slow Slip Events (SSEs)
on the subduction interfaces (Wallace et al., 2016; Sato et al.,
2017), as well as inflation and deflation associated with submarine
volcanic eruptions (e.g., Chadwick et al., 2012). Because pressure
sensors also detect sea level changes due to tsunami, real-time
seafloor pressure monitoring by submarine cabled systems has
now been realized in several subduction zones to improve
reliability of early tsunami warning immediately after large
earthquakes (e.g., Aoi et al., 2020). The pressure records
obtained by such seafloor networks are also expected to shed
light on vertical tectonic motions on these offshore plate
boundaries.

There are two major challenges for seafloor pressure
measurements to enhance their ability to detect centimeter-
level tectonic motions: removal of long-term instrumental drift
intrinsic to pressure sensors, and shorter-term pressure
fluctuation caused by oceanographical phenomena. Drift rate
of the pressure sensors commonly used for seafloor geodetic
applications is order of 1/104 per year of the pressure sensor full
range (e.g., Polster et al., 2009), which is equivalent to several cm
to tens of cm per year for pressure sensors intended for thousands
of meters water depth. The drift rate is much larger than expected

rates of vertical motions associated with secular tectonic motions,
which are mm to cm/yr. Recent careful laboratory experiments
clarify that the drift characteristics is complex, and the rate is
dependent on the time history of applied pressure, making it
difficult to estimate the drift rate through laboratory tests prior to
deployment (Kajikawa and Kobata, 2019). Matsumoto and Araki
(this issue) compare drift rates of pressure sensors deployed along
the DONET cabled network at the offshore Nankai Trough, with
those obtained by pressurization of the same sensors in the
laboratory prior to the deployment, to exemplify the difficulty
of this approach and to emphasize importance of in-situ sensor
calibration. Wilcock et al. (this issue) show the viability of a new
method of in situ calibration (the “A-0-A” method) during a
30 months deployment of this system on theMARS cable beneath
Monterey Bay. Their results demonstrate the accuracy of seafloor
pressure records corrected by the method is better than 1/105 per
year, providing a promising approach to measure secular vertical
deformation at plate boundaries with OBPRs.

Short-term oceanographical fluctuations present another
major challenge for resolving tectonic deformation with
OBPRs. Removal of common mode fluctuations in ocean
bottom pressure records from nearby stations (e.g., Ito et al.,
2013; Hino et al., 2014) is a common way to address this issue,
assuming that the oceanographical pressure variations have
spatial similarities over a broader scale than tectonic
deformation events. Another approach is to calculate the
pressure variations based on ocean circulation models (e.g.,
Inazu et al., 2012). Dobashi and Inazu (this issue) assess the
performance of different global ocean models to predict seafloor
pressure at several subduction zones. Their work also
demonstrates the importance of incorporating atmospheric
pressure changes into the ocean models—they obtain a better
agreement between the seafloor pressure data and model
predictions. It is clear from this and other studies that
integration of physical oceanography is key to improving use
of seafloor pressure measurements to reveal tectonic deformation.

This research topic includes three papers providing
interpretations of seafloor geodetic records in terms of
physical oceanographic processes. Nagao et al. (this issue)
discuss how meandering of Kuroshio current influences
seafloor pressure recorded along the Nankai Trough based on
DONET observations. Hasegawa et al. (this issue) analyzed
seafloor pressure and sea surface records using a high-
resolution ocean assimilation model and discuss how sea water
density anomalies may have significant effects on the seafloor
pressure variability. Using the same ocean assimilation model,
Yokota et al. (this issue) interpret underwater sound speed
structure, estimated during GNSS-A data analyses, and
conclude that the sound structure represents local scale
heterogeneity which cannot be reproduced by the ocean model.

Measurements of pressure change in the formation beneath
the seafloor via subseafloor observatories is promising approach
to detect transient crustal deformation with a higher signal-to-
noise ratio than other seafloor geodetic methods, including
smaller-scale, possibly more frequent, tectonic events than
those that can be detected by observations on the seafloor.
This technique relies on formation pressure changes as a
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proxy for volumetric strain and have provided valuable data set
regarding slow slip event (SSE) activity (e.g., Davis et al., 2015;
Araki et al., 2017) at offshore subduction zones. Ariyoshi et al.
(this issue) report an episodic changes in pore pressure observed
at a borehole observatory connected to DONET, as a result of
migrating SSEs occurring on the offshore Nankai Trough.

Tilt measurements have a long history as a tool for continuous
monitoring of crustal deformation. Owing to the high sensitivity
of tiltmeters in the frequency band specific to SSEs, a number of
important characteristics of SSEs have been clarified by the tilt
observation network covering onshore of SW Japan (e.g., Hirose
et al., 2010). To fully realize offshore tilt measurements, extensive
efforts have been made. Shiobara et al. (this issue) report the
present status of development of a new ocean-bottom tiltmeter,
using mass-position of a three-component broadband
seismometer with observed data obtained by field trials.

Repeated multibeam bathymetric surveys can provide spatial
variations in seafloor deformation over broad area, in contrast to
other geodetic measurements that detect a motion at an observing
point. Although large uncertainties in measured displacement
place limits on the applications of this method, the results of
differentiating bathymetric maps before and after the 2011
Tohoku Earthquake constrained the coseismic slip distribution
near the Japan Trench owing to the extremely large displacement
(tens of meters) by the earthquake (Fujiwara et al., 2011).
Fujiwara (this issue) overviews the factors influencing
uncertainties of shipboard bathymetry measurements, and
suggest ways to enhance resolution as much as possible, and
to assess the data quality.

Seafloor geodetic measurements aim to measure crustal
deformation in response to tectonic processes, but long-term
monitoring of other geophysical parameters is needed to
understand the physical processes behind the observed
crustal deformation. For example, several studies have shown
that fluid migration and hydrological changes within the solid
Earth may play significant roles in fault slip processes
(Bhattacharya and Viesca, 2019; Warren-Smith et al., 2019).
Electromagnetic field measurements are sensitive to the
distribution of fluids, and long term-monitoring of this will
help to constrain models for the role of fluid migration in the
occurrence of tectonic deformation processes. Kasaya et al. (this
issue) present a system to measure changes in resistivity and
self-potential at the seafloor, applied in this case to a
hydrothermal system.

Seafloor geodetic techniques are also being developed for
shallow water environments. De Martino et al. (this issue)
report on horizontal and vertical crustal deformation
associated with volcanic activity at Campi Flegrei Caldera,
Italy. They successfully detected deformation using 4 years of
GNSS measurements on buoys attached to the seafloor in a
shallow (<100 m) water environment. The team also employs
a range of other measurements at each buoy (seafloor pressure,
ocean bottom seismology) to enhance monitoring ability of this
dangerous volcanic system.

Seafloor geodesy is a rapidly emerging field, and is continually
revealing new insights into a range of offshore tectonic processes
in plate boundary zones. As presented in this research topic,
major efforts to improve observational technologies are underway
to enhance our detection ability of subsea tectonic motions. In
addition to hardware development, it is equally important to
distinguish between tectonic seafloor motions and physical
oceanographical and/or meteorological variations in seafloor
geodetic observations. Acquisition of additional seafloor
geodetic and oceanographic observations are necessary to
improve our ability to detect offshore tectonic deformation,
and collaborations between physical oceanographers and solid
Earth scientists will lead to breakthroughs in developing novel
methods enhance signal-to-noise ratios of the offshore geodetic
observations. We expect that such efforts will also benefit ocean
environmental monitoring.
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