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Seafloor Observation Network for Earthquakes and Tsunamis along the Japan Trench (S-net) has 150
real-time monitoring observatories that cover the area about 1000km x 300 km from off-Hokkaido to
off-Kanto. It is expected that early tsunami and earthquake warnings and earthquake researches will be
enhanced. S-net consists of six segment networks of about 25 observatories and 800 km fiber optic cable
(1,500 km fiber optic cable for the Japan Trench outer rise segment network). Each observatory has four
sets of three-component seismometers for earthquake observation and two sets of pressure gauge for
tsunami observation. Fiber-optic cable connects to landing station, and the data is transmitted from
landing station to the data center via IP-VPN network.

S-net project has started in 2011. We have already finished deployment of all of the observatories and
fiber-optic cables in 2016. Observatories and cables are installed by cable ship which conducts laying
and installation of submarine fiber optic communication cables. We carried out installation by C/S Subaru
(9,557 ton), C/S KDDI Pacific Link (7,960 ton), and C/S SEGERO (8,323 ton). In order to avoid influence
of with fishery activity (for example, the trawling with using otter board), we buried the cables and
observatories one meter or deeper below the seabed in the sea area where water depth is shallower than
1,500 meters using the plough and/or ROV (Remotely Operated Vehicle).

We have also constructed five landing stations; Minamiboso station in Minamiboso City, Chiba Pref.,
Kashima station in Kashima City, Ibaraki Pref., Watari station in Watari Town, Miyagi Pref., Miyako station
in Miyako City, lwate Pref., and Hachinohe station in Hachinohe City, Aomori Pref.. The Watari station is
located on the third floor of reinforced concrete building, and other stations are container-type data
centers. The S-net (except outer-rise segment) started to operate in May 2016, and the pressure gauge
and accelerometer data have been transmit to Japan Metrological Agency (JMA) for monitoring purpose.
The S-net detected many earthquakes. S-net also observed tsunamis like with the earthquake of the
November 22, 2016 off Fukushuma (M7.4).
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Offshore tsunami observation array suitable for Coastal tsunami
prediction using multiple linear regression with L1 regularization
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Integrated Probabilistic Tsunami Hazard Assessment contributed from
possible tsunami sources along Nankai Trough, Sagami Trough, and
Japan Trench
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Last years, we presented regional Probabilistic Tsunami Hazard Assessments (PTHAs) for three coastal
zones along Nankai Trough, Sagami Trough, and Japan Trench (Hirata et al., 2014, 2015, AGU; Hirata et
al.,, 2016, SSJ). In three PTHAs, our procedures are follows; (i) we consider all possible earthquakes in the
future, including those that Earthquake Research Committee (ERC), the Headquarters for Earthquake
Research Promotion (HERP) of Japanese Government already assessed. (ii) We construct a set of
Characterized Earthquake Fault Models (CEFMs), for all the possible earthquakes(Toyama et al., 2014,
2015, JpGU; Kito et al., 2016, JpGU). (iii) For all the CEFMs, we compute tsunamis by solving a nonlinear
long wave equation, using FDM, including runup calculation, over a nesting grid system with a minimum
grid size of 50 meters.(Saito et al., 2014, 2015, JpGU; Takayama et al., 2017, JpGU) (iv) Finally, we gather
excess probabilities for variable tsunami heights, calculated from all the CEFMs, at every observation
point along the coastal zone to get PTHA. We incorporated aleatory uncertainties inherent in tsunami
simulation and earthquake fault slip heterogeneity in the integration process(Korenaga et al., 2014, JpGU;
Abe et al., 2014, JpGU).

In this study, we integrate three of the regional PTHAs calculated from all possible earthquakes along
Nankai Trough, Sagami Trough, and Japan Trench to get a nationwide PTHA. We will make two kind of the
probabilistic tsunami hazard maps ; one is “Present-time hazard map” under an assumption that
earthquake occurrence basically follows a renewal process based on BPT (Brownian Passage Time)
distribution. The otheris “Long-time averaged hazard map” under an assumption that earthquake
occurrence follows a stationary Poisson process. The former is based on long-term assessments for the
forthcoming large earthquakes in three subduction-zones. So it offers a probabilistic tsunami hazard map
that naturally corresponds to a set of the long-term assessments of the forthcoming earthquakes, for three
subduction-zones above, published by ERC/HERP. On the other hand, the latter is effective for us to make
social/infrastructural preparations over hundreds year long.

A Present-time hazard map, showing the probability that the tsunami height will exceed 3 meters at
coastal points in next 30 years (starting at 1st January, 2016), suggests high possibility over 60% in
several coastal zones along the southern coasts of Shikoku to Tokai region, perhaps due to contribution
from the next Nankai earthquake. Since the occurrence probability for the next 30 years, starting from
2013/01/01, is assessed 60% to 70% by ERC, this high possibility of 60% means that almost all the
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tsunami heights in the several coastal zones will tend to be greater than 3 meters. However, a long-time
averaged hazard map, showing the probability that the tsunami height will exceed 3 meters at coastal
points in next 30 years, suggests a not-so high possibility less than 20-30% for coastal zones along the
Pacific coast. This is because long-time averaged hazard maps do not present an impending danger but
do give a long-term perspective over hundreds to thousands years.

F—7— R EERPGERANY — NFE, R BR. BmEBENST. BRNS T, BRBE
Keywords: probabilistic tsunami hazard assessment, probability, tsunami, Nankai Trough, Sagami Trough,
Japan Trench
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Examination of tsunami fault model for the 17th century great
earthquake in eastern part of Hokkaido.
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Developmental status of real-time tsunami inundation forecast system
using S-net
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fif- 4/ R=2 3 VREDSIP (BN / RXR—2a3VAETO0TL) TLYYITY MBS - RKHEEEDR
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Nonlinear parametric model based on power law for tsunami height
prediction
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Dense Ocean-floor Network system for Earthquakes and Tsunamis (DONET) was constructed in offshore
Wakayama prefecture to cope with the damage of the Nankai Trough earthquakes accompanied by a
large-scale disaster. In DONETT1, ocean-bottom pressure gauges are installed at 20 points, and it is
possible to detect the pressure change caused by tsunami immediately. Moreover, by using a super
computer it has become possible to simulate tsunami in various scenarios precisely and get the
observation value of ocean-bottom pressure gauges in DONET1 and the tsunami height along the coast
(Baba et al. 2014).

Methods of predicting tsunami have been proposed in previous studies. These methods predict the
tsunami height by learning the relation between the ocean-bottom pressure and the tsunami height. A
method using linear regression (Baba et al. 2014) and a method using Gaussian process (lgarashi et al.
2016) were proposed. However, the former method is impossible to learn the nonlinear relationship and
to predict with high accuracy. On the other hand, the latter method is based on nonparametric model
which is difficult to correspond to the physical model.

In this study, we propose a nonlinear parametric model based on the assumption that there is a nonlinear
relation based on power law between the ocean-bottom pressure and the tsunami height. In this model,
the relationship is expressed by the formula d = alx1~b1 + a2x2~b2 + ... + a20x20~b20 + c, where d is
the tsunami height, xi is the observation value of ocean-bottom pressure gauge, and ai, bi, and c are
parameters.

An experiment to compare the accuracy of tsunami height predicting methods was carried out. As a result,
we observe that the prediction error of the proposed method is 0.81m, where that of the linear regression
is 1.28m. It decreased by 37%. Moreover, the prediction error of the proposed method is as low as that of
the Gaussian process, 0.77m. According to the proposed method, it is possible to create an interpretable
and highly accurate model that predict the tsunami height by learning the relation between the
observation value of ocean-bottom pressure gauge and the maximum value of the tsunami height.

F—T— RN EESFA. FEFFHAZX MY v 2ETIV. DONET
Keywords: Tsunami height prediction, Nonlinear parametric model, DONET
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Extraction of tsunami response functions at small islands by averaging
four tsunami spectra
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Fault model of the 1611 Keicho Tsunami earthquake (Mw9.0)
estimated from historical documents using tsunami inundation
simulation
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HERELZ, B EAEREEIE3OMEFREREERA W, ERREHOAISHMBOMBEERIEHET 5725
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R A REEREICI Y IR & ERD, XEETL— DO Z OB TOINFEE & 1 ERBICH
ICMTHBIEHEEZDETA2FRZICOOMBEIRZEAMENRET B LIFAETHY ., 16TTEER=
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Keywords: 1611 Keicho Tsunami Earthquake, Tsunami inundation simulation, 2011 Tohoku-oki
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Tsunami and landslide model due to the 1741 Oshima-Oshima
eruption in Hokkaido, Japan
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RHBYMONMEHE2ETHEA 28EE TEEL .

F—TU— K ERE HIRY, dLiEE
Keywords: tsunami, landslide, Hokkaido

©2017. Japan Geoscience Union. All Right Reserved. -HDS16-11 -



HDS16-12 JpGU-AGU Joint Meeting 2017

DRt ZER LRGN & A HIBEEEDHE : 20155 X I X7
VT S HEADEHA

Ray tracing for dispersive tsunamis and estimation of initial sea-surface
displacement: Application to the 2015 Smith Caldera earthquake
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HajimeShiobara1

1. RERKREMEMRAM. 2. BF¥MRAREE,. 3. MR AFEREREFMER
1. Earthquake Research Institute, the University of Tokyo, 2. Japan Agency for Marine-Earth Science & Technology, 3.
Department of Planetology, Kobe University

Ray tracing method based on the optics theory has been applied to tsunamis in order to calculate travel
times and refractions due to bathymetry variations. Previous methods are applicable to linear long-waves
[e.g. Satake, 1988, PAGEOPH; Woods and Okal, 1987, GRL]. However, real tsunamis are dispersive, that is,
have frequency-dependent propagation speeds so that the method needs to be extended to dispersive
tsunamis.

The method is also used for estimation of the initial sea-surface displacement in combination of Green's
law, that is based on the conservation law of the potential energy of linear long-waves [e.g. Abe, 1973,
PEPI; Satake, 1988, PAGEOPH)]. By using the law, previous studies estimated the height of the initial
sea-surface displacement assuming that the peak amplitudes of the initial displacement and outgoing
waves from a source region are the same. However, this assumption might lead to an underestimation of
the initial wave height, because tsunami waves behave differently inside the source region.

In this study, we first propose a new ray-tracing method extended to dispersive tsunamis. We create
frequency-dependent velocity maps from 2-D bathymetry data by solving iteratively the formula of
dispersion relation of the linear gravity wave by a recursive algorithm. Then ray paths at different fixed
frequencies are traced on the frequency-dependent velocity fields by integrating ray equations for seismic
surface waves [e.g. Yomogida and Aki, 1985, JGR].

For more precise modeling of the initial sea-surface displacement, we investigate tsunami behaviors near
the source region by waveform simulations to confirm that outgoing waves from the source region have a
wave height less than a half of the height for various initial sea-surface displacement models. We propose
an alternative way to estimate the initial sea-surface displacement. First, the source region is estimated by
means of the back-projection using arrival times of tsunami signals at stations. Secondly, the wave height
of outgoing waves from the source region is derived from an observed height by using Green's law. Finally,
we obtain the height of the initial sea-surface displacement by using the ratio of the peak amplitudes of
the initial static displacement models and simulated outgoing waves from the source region.

These two methods are applied to a real tsunami event that was caused by an abnormal volcanic
earthquake near Smith Caldera with a diameter of about 7 km on the Izu-Bonin arc. The earthquake had a
CLVD-type focal mechanism and generated larger tsunami waves compared to its magnitude (M5.7), and
therefore the earthquake may be regarded as a "volcanic tsunami earthquake." Dispersive tsunamis were
recorded by a dense array of ocean bottom pressure (OBP) gauges, 100 km to the NNE from the epicenter

©2017. Japan Geoscience Union. All Right Reserved. -HDS16-12 -



HDS16-12 JpGU-AGU Joint Meeting 2017

[Fukao et al., 2016, JpGU]. It is notable that the measured slowness direction of wavefront deviates from
the great circle path and varies as a function of frequency.

Our new ray tracing for dispersive tsunamis shows that ray paths are significantly dependent on its
frequency, particularly at deep oceans. Simulated slowness direction and arrival time at the array change
as a function of frequency, which is consistent with the observations by Fukao et al. [2016, JpGU]. By
minimizing the misfit between observation and ray tracing, the peak point of the tsunami source can be
constrained within Smith Caldera. In addition, we model the initial sea-surface displacement using our
new method with the tsunami data at the OBP array. The boundary of the source region is located close to
the inner-wall of Smith Caldera. By assuming a column-shaped displacement with the size of Smith
Caldera, we obtain the initial wave height of at least 30 cm. Although some uncertainties remain, these
results imply that these methods are very powerful to preliminarily estimate the initial sea-surface
displacement.

F—0—F ORERERR. ORISR, SRR, KLME, FRE

Keywords: ray tracing, dispersive tsunamis, tsunami analysis, volcanic earthquake, tsunami earthquake
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Oceanfloor network system and real-time tsunami prediction system
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Height Distribution of the tsunami of the Keicho Earthquake of

February 3, 1605 on the coast of the Boso Peninsula
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Maximum initial tsunami height estimation 10 min after large
earthquake using initial total electron content pulse observation
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Inversion of the perturbation GPS-TEC data induced by tsunamis in
order to estimate the sea level anomaly.
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Large underwater earthquakes (Mw > 7) can transmit part of their energy to the surrounding ocean
through large sea-floor motions, generating tsunamis that propagate over long distances. The forcing
effect of tsunami waves on the atmosphere generate internal gravity waves which produce detectable
ionospheric perturbations when they reach the upper atmosphere. Theses perturbations are frequently
observed in the total electron content (TEC) measured by the multi-frequency Global navigation Satellite
systems (GNSS) data (e.g., GPS,GLONASS). In this paper, we performed for the first time an inversion of
the sea level anomaly using the GPS TEC data using a least square inversion (LSQ) through a normal
modes summation modeling technique. Using the tsunami of the 2012 Haida Gwaii in far field as a test
case, we showed that the amplitude peak to peak of the sea level anomaly inverted using this method is
below 10 % error. Nevertheless, we cannot invert the second wave arriving 20 minutes later. This second
wave is generaly explain by the coastal reflection which the normal modeling does not take into account.
Our technique is then applied to two other tsunamis : the 2006 Kuril Islands tsunami in far field, and the
2011 Tohoku tsunami in closer field. This demonstrates that the inversion using a normal mode approach
is able to estimate fairly well the amplitude of the first arrivals of the tsunami.
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The effectiveness of Green's Function based Time Reverse Imaging
method for tsunami source estimate
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We developed a Green's Function based Time Reverse Imaging (GFTRI) method in order to recover the
initial sea surface displacement associated with tsunami generated by undersea earthquake, submarine
landslide etc. This method has the same source representation as the least square (LSQ) source inversion
method. In GFTRI method, the source region is divided into a number of source patches and Green’ s
functions (GF) are computed using a unit point source located over each source patch. Instead of using
LSQ method, this method uses time reverse imaging method to estimate tsunami source by convolving
GFs with time-reversed observed waveforms. This method was implemented in the 2011 Tohoku-Oki
earthquake tsunami. In this work, we implemented the method to the 2009 Samoa tsunami whose source
mechanism is believed to be complex. For this event, only few observations are available and many of
them are located quite far way from the source and contain reflected, refracted, or even scattered waves.
So, it is an ideal event to examine whether the method is capable of reconstructing a source model
associated with earthquake source having double-couple feature using only the first wave (FW) or the first
wave with later arrivals (FL). We carried out several experiments with synthetic waveforms and results
indicate that the method is able to extract complex features of the earthquake. We, then, applied this
method with actual tsunami waveforms of the Samoa 2009 tsunami (both FW and FL) and our results
suggest that this tsunami occurs due to both normal and thrust faulting. Our finding is very consistent with
previous studies of seismic waveforms for this earthquake that have suggested the event is a doublet,
consisting of both an outer rise normal fault and megathrust rupture.
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