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ShakeAlert: Using early warnings for earthquakes along the US West
Coast

*Hellweg Margaret’, Richard Allen', Jennifer Strauss'

1. Berkeley Seismological Lab

In 2016, the ShakeAlert earthquake early warning (EEW) system for the US West Coast progressed from
demonstration to production prototype operations. This progress has been funded by the US Geological
Survey and the Gordon & Betty Moore Foundation. Earthquake early warning (EEW) is the ability to detect
an earthquake quickly and provide a few seconds of warning before destructive shaking starts. Alerts from
an EEW system can improve resilience if their recipients have developed plans for responding and act on
them. During the demonstration phase, beta-test users from critical industries and institutions in US West
Coast states were recruited for the EEW system, to observe the alerts produced, think about actions their
organization could take and provide feedback for improving the system. With the advent of the prototype
production system, some users are developing and implementing actions - planned responses to an alert
that would protect lives and reduce losses. We also continue to test and develop alert delivery
mechanisms, procedures and products. Our most effective collaboration has been with the Bay Area
Rapid Transit District (BART). Since 2012 the BART system has been using EEW information to
automatically slow trains. BART receives alerts via the internet and feeds them into the train operating
system. In both the 2014 South Napa (M6) earthquake and a M5 earthquake near The Geysers, CA, the
BART operations center received EEW alerts from ShakeAlert and their automatic actions worked as
planned. Most recently, PG&E, a northern California gas and electrical power company has begun a pilot
project to explore and implement personal and automatic actions to ensure staff safety and improve
resilience. Other pilot project participants include additional mass transit organizations and utilities,
emergency management offices at various levels of government, school districts, pipeline operators, mass
media organizations such as radio and television, and medical centers.

Keywords: Earthquake Early Warning, Seismology, earthquakes and society, rapid earthquake information
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Real-Time Risk Reduction Through Early Warning, Earthquake and
Volcano Monitoring in Southern California, USA

*Egill Hauksson', Jennifer Andrews’, Rayo Bhadha', Ellen Yu', Elizabeth Cochran?, Valerie
Thomas?, Robert CIayton1, Thomas Heaton?

1. Caltech, 2. USGS

More than 20 million people live in southern California, astride the Pacific and North America plate
boundary. Caltech and USGS operate the Southern California Seismic Network (SCSN) to provide timely
disaster mitigation in the form of early warning, event notification, ShakeMap, and other data products.

The earthquake early warning (EEW) project (ShakeAlert) analyzes SCSN data to identify the P-waves of
earthquakes and issue warnings. The ShakeAlert prototype production system has been operating in a test
mode for more than a year. Two point source algorithms report rapid earthquake magnitude and location
that are received by UserDisplay and cell phone apps operated by pilot users. In the future, finite source
algorithms will be added to the system to improve performance for the largest events.

Real-time processing provides accurate magnitudes and hypocenters within two minutes. Within 5
minutes, an accurate ShakeMap of the peak amplitudes of shaking provides a geographical view of
potential damaging shaking for emergency responders. In the same time frame, a seismic moment tensor
to identify the causative fault and evaluate tsunami hazards is available. In the case of unusual activity,
seismologists provide near real-time situational awareness to warn civic authorities of increased hazards
levels. We also operate seismic swarm detectors to identify possible onset of volcanic activity, alerting
civic authorities.

The SCSN processes data real-time and routinely archives more than 15,000 earthquakes every year; in
case of a large sequence, it may archive more than 60,000 events per year. The Southern California
Earthquake Data Center (SCEDC) archives the data and facilitates the use of the SCSN data for scientific
research, earthquake engineering, and public communication. All 80TB of data produced by the SCSN are
freely distributed via the SCEDC; waveform data are made available online within minutes of the
occurrence of an earthquake. The magnitude completeness level since 1981 is M1.8, on average, within
the SCSN reporting region. The template-matching catalog that is being constructed for the SCSN will
have a completeness level of approximately M0.0, as template matching detects 20 to 30 times more
events than the regular catalog.

The performance goals of the SCSN are to deliver data for earthquake early warning (EEW) processing
within 0.5 sec as well as a continuous stream of data for archiving and future processing. The SCSN
records real-time seismic data from more than 500 stations. To capture data on scale, these stations have
24-bit digitizers with a variety of sensors, including strong motion, broadband, and short-period sensors.
By using two sensors at each station, the SCSN has the capability of recording data on scale for a
magnitude range from < MO to > M8. To ensure timely data delivery and redundancy in data
communications the SCSN uses cell modems, microwave, radio, and satellite links for data
communications. We use various tools to monitor the state of health of stations, primarily to detect data
latency, and sudden changes in data quality. To ensure data integrity the SCSN uses virtual private
networking (VPN) to secure data delivery from remote stations. For data processing we use AQMS and
earthworm software, and parametric data are stored in an Oracle database. Metadata are maintained in

©2017. Japan Geoscience Union. All Right Reserved. -SCG72-02 -



SCG72-02 JpGU-AGU Joint Meeting 2017

the Station Information System Database (SIS), which is a relational database designed to store
equipment inventory and produce metadata information in a variety of formats, including dataless SEED
and station XML metadata information.

To take advantage of publicly available cloud computing facilities, we have already migrated some of our
operations into the Amazon web services cloud (AWS). We plan to distribute products from the AWS and
maintain a long-term archive in the AWS Glacier facility. This will significantly reduce the vulnerability of
SCSN and SCEDC operations during future earthquakes in southern California.

Keywords: earthquake monitoring, earthquake early warning, seismicity & seismic network, data
processing, security & cloud computing, ShakeMap, Reducing risk from natural hazards
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An International Platform on Earthquake Early Warning Systems under
the aegis of UNESCO
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The Sendai Framework for Disaster Risk Reduction 2015-2030 recognizes the need to “substantially
increase the availability of, and access to, multi-hazard early warning systems and disaster risk information
and assessments to the people by 2030” as one of its global targets (target “g” ). While considerable
progress has been made in recent decades, early warning systems continue to be less developed for
geo-hazards and significant challenges remain in advancing the development of these systems for specific
hazards, particularly for sudden onset hazards such as earthquakes. An earthquake early warning system
helps in disseminating timely information about potentially catastrophic earthquake hazards to the public,
emergency managers and the private sector to provide enough time to implement automatized
emergency measures. In recent years, earthquake early warning systems have been developed
independently in few countries. Provided that, in many instances, the development of such a system still
requires further testing, increased density coverage in seismic observation stations, regional coordination,
and further scientific understanding, there is a strong need to enhance the technical and operational
capacities required for these systems and to further understand their implications for policy. In an effort to
address this gap, in December 2015, UNESCO launched the "International Platform on Earthquake Early
Warning Systems". The main objective of the Platform is to assess the current state of the art in the
development and implementation of earthquake early warning systems worldwide, and to foster dialogue
and international cooperation for capacity building around these systems. Here we will discuss the
opportunities and challenges for the establishment of earthquake early warning systems around the world,
as well as the aim, objectives and expected contributions of this newly established Platform.

Keywords: Earthquake, Early Warning, Geo-hazards
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Testing a real-time GNSS-based earthquake and tsunami early warning
system

*Christine J Ruhl, Diego Melgar1, Ronni Grapenthinz, Sebastian Riquelme3, Mario Aranha’,
Richard M Allen’

1. University of California Berkeley, 2. New Mexico Tech, 3. Centro Sismologico Nacional, Universidad de Chile

The goal of GNSS-based earthquake early warning (EEW) is to estimate magnitude, without saturation,
and fault finiteness for the largest, most damaging earthquakes. This is especially important for
tsunamigenic earthquakes, where slip on a finite fault can be used to guide local tsunami hazard warning
in real-time. Because large events (M>6.5) are infrequent, geodetic algorithms are not regularly exercised
and tested. It is therefore necessary to assess the performance of such algorithms using synthetic
earthquakes and geodetically-recorded earthquakes worldwide. We will discuss the testing and
performance of the Geodetic Alarm System (G-larmS) using both real and synthetic earthquake data.
G-larmS has been in continuous operation since 2014 using event triggers from the ShakeAlert EEW
system and real-time position time series from a triangulated network of GPS stations along the west coast
of the United States. G-larmS uses high rate (1 Hz), low latency (<™5 s), accurate positioning (cm level)
time series data from a regional GPS network and P-wave event triggers from the ShakeAlert EEW system.
It extracts static offsets from real-time GPS time series upon S-wave arrival and performs a least squares
inversion on these offsets to determine slip on a finite fault. During its 3 years of operation, G-larmS has
only been tested in real-time by the 2014 M6 Napa, California earthquake. We therefore develop a
catalog of 1300 Cascadia megathrust scenarios and 4000 individual ruptures on 25 faults in California
built from realistic 3D geometries in order to test the system. Synthetic long-period THz displacement
waveforms were obtained from a new stochastic kinematic slip distribution generation method
(Fakequakes). Waveforms are validated by direct comparison to peak P-wave displacement scaling laws,
peak ground displacement GMPEs obtained from high-rate GPS observations of large events worldwide,
and NGA-West2 spectral acceleration GMPEs at 10s period. In addition to the synthetic catalog, we also
run real-time simulations for the recent M7.6 Melinka, Chile earthquake and the 2011 M9 Tohoku-Oki
earthquake. We use the resulting finite fault sources to simulate tsunami hazards and demonstrate the
usefulness of geodetic-algorithms for tsunami early warning.

Keywords: Earthquake Early Warning, Tsunami Early Warning
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Numerical Shake Prediction for Earthquake Early Warning:
Introduction of attenuation relation consistent with empirical GMPEs
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Reducing risks from earthquakes: earthquake alert and site-effective
action in industries

*Fumiko Tajima’
1. University of California at Irvine

Expectations for earthquake early warning (EEW) are somewhat replacing that for earthquake prediction
in the past. Alerts of strong hits can be delivered from a big network system to areas that may be affected,
but only seconds before arrivals. Nonetheless, people in public may overly expect a timely accurate
warning, and criticize it when the actual ground motions turn to be different from EEW. There are many
algorithm developments that attempt to resolve issues related to accurate prediction of ground-motions
using big network operations with a station interval of "20 km in real-time. However, the spatial resolution
covered by a big network is typically on the order of “10 km while the variation of actual ground motions
can be in a much smaller scale. Our exploratory studies have shown short wavelength variation of ground
motions recorded by a dense local network ("1.5km) that also depends on the incident azimuths of
seismic waves to sites. This situation evokes concerns about EEWs provided by a big network and issues
of on-site monitoring systems. In high-tech industries buildings were generally built with a conventional
earthquake-resistant design that meets a high standard building code and are supposed to have the
strength to avoid structural collapses. In addition they are more concerned about how to protect the
contents in the company buildings, expensive equipment and machines from strong ground shaking.
Machines may be in operation with high speeds and/or high voltage current etc. that are vulnerable to
strong shaking. It may take more than seconds to fully stop the operations after the switches are turned off
with an alert. If the machines are damaged, they could leak hazardous chemicals. There are many other
issues in addition to EEW to make earthquake safety in industries. | will discuss a case study of
site-effective seismic safety configuration at a high-tech company.

Keywords: Earthquake Alert, Site Effective Action
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A Rapid Earthquake Detection Algorithm for Earthquake Early
Warning: A Bayesian Approach using Single Station Waveforms and
Seismicity Forecast

*Lucy Yin', Jennifer Andrews', Thomas Heaton'
1. California Institute of Technology

The utility of Earthquake Early Warning (EEW) relies on the robust and rapid classification of near-site
earthquake source signals from noise and teleseismic arrivals. We propose a new method to achieve this,
which uses the three-component acceleration and velocity waveform data and Epidemic-Type Aftershock
Sequence (ETAS) seismicity forecast information in parallel, producing the posterior prediction by
combining the predictions from the heterogeneous sources using a Bayesian probabilistic approach. We
collected 2,446 three-component strong-motion records for training and testing. The rapid prediction is
available as quickly as 0.5 s after the trigger at a single station, achieving a precision of 98% at the first
prediction with the classification accuracy increasing with time. The leave-one-out validation method also
demonstrates confidence of robust performance for future earthquake signal detections. Our new strategy
has shown promising results and the implementation of this methodology could provide significantly
faster and more reliable EEW warnings to regions near the earthquake’ s epicenter where the strongest
shaking is observed.
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Identification of nonlinear response and estimation of S-wave
amplifications at ocean bottom seismograph sites in Sagami Bay area,
Japan

*Yadab Prasad Dhakal’, Shin Aoi’, Takashi Kunugi1, Wataru Suzuki', Takeshi Kimura'

1. National Research Institute for Earth Science and Disaster Resilience

Deployments of large scale ocean bottom networks that comprise seismometers and pressure gauges
(e.g., DONET in the Nankai Trough area, S-net in the Japan Trench area) are expected to contribute to
earthquake and tsunami early warnings by prompt detection of earthquakes at subduction zones. The
amplification effects of soft sediments at the ocean bottom seismograph (OBS) sites on the overestimation
of the displacement-amplitude-based magnitudes have already been discussed (Hayashimoto and
Hoshiba 2013; Nakamura et al. 2015). On the other hand, Hayashimoto et al. (2014) analyzed nonlinear
site effects at three Off-Kushiro OBS sites which showed that recordings having PGA 100 cm/s? or greater
display the nonlinear site response. Because the OBS sites are located on soft sediments, the sites may
undergo large deformations during major earthquakes causing unpredictable site response. In this paper,
we investigated nonlinear site effects and site amplifications at six K-NET OBS sites namely KNG201,
KNG202, KNG203, KNG204, KNG205, and KNG206 located in Sagami Bay area of Japan. We employed
the method of Wen et al. (2006) to identify the nonlinearity and the equation proposed by Noguchi and
Sasatani (2011) to quantify the degree of nonlinearity. The methodologies use horizontal-to-vertical
spectral ratios of S-wave recordings to identify and estimate the degree of nonlinearity (DNL). Our results
showed that strong-motion recordings having horizontal vector PGA greater than 50 to 150 cm/s?,
depending on site, display clear signatures of nonlinear site response. For PGAs > 100 cm/s/s, peak
frequencies of strong-motions are found to be shifted between about 20 % and 55% of the peak
frequencies of weak-motions in the analyzed data ranges (PGA ~ 450 cm/s/s). Similarly, the reduction of
spectral ratios occurs by about 5 % to 70 % of the weak-motion peak spectral ratios. After identifying the
thresholds for nonlinear response, we used the S-wave part of horizontal components having PGAs
smaller than the thresholds to estimate amplifications at 0.2 Hz to 20 Hz by spectral inversion method.
Our results showed amplification factors of about 10 to 50 at frequencies between 0.2 Hz and 10 Hz. In
the case of strong shakings, the amplification factors may be substantially modified by nonlinear response
and this effect should be investigated for real time application of the recorded motions. We describe in
detail the data, methodology, and results of our study for identification of nonlinear site response at the
OBS sites in (Dhakal et al., 2017).
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Automatic Shutdown System in Gas Regulators for Real-Time Seismic
Risk Reduction of a Populated City: Bursa, TurkeyAutomatic Shutdown
System in Gas Regulators for Real-Time Seismic Risk Reduction of a
Populated City: Bursa, Turkey
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Bursa is a city located within a region of first grade earthquake risk, and it has occasionally suffered
devastating and massive earthquakes for more than 2000 years. After a large disastrous earthquake in
Izmit in 1999, many earth scientists are expecting the next large earthquake on the western extension of
the Izmit earthquake rupture zone. Bursa is located south of the western end of the 1999 earthquake
rupture and there are many active faults in and around Bursa. Bursa has now almost three million
inhabitants, many heavy/industrial factories and historical monuments. Most of the people are using
natural gas for heating, cooking and production in their buildings. Bursagaz is an inner-city gas
distribution company and they are aware of the high seismic risk in Bursa city, so, they want to reduce
causalities, fires and explosions in their natural gas district regulators and main pipelines. For these
reasons, we have started to install accelerometers inside some of the main gas regulators and set up an
algorithm for initiating an automatic gas shutdown system into their network for reducing the seismic risk
in the city. We plan to install seismic instrumentation within a four-year-project and each year the seismic
network will be growing by installing new accelerometers. We are also testing different algorithms to
reduce false alarms aiming at a more secure and robust shutdown system. There are five different active
fault lines in and around Bursa city having potential for creating M6.5 or larger earthquakes. Our first aim
is to install accelerometers inside the inner city regulators located on and next to the main fault crossing
highly populated regions of Bursa city center as a priority. By installing accelerometers very close to the
active fault, we can detect PGAs more quickly and effectively. In the first phase of the project, we installed
15 accelerometers in the field and provided data collection and processing algorithm software in
Bursagaz central building. All digital data are transferred by using GSM lines to this data center. In the
second phase of the project, we installed another 10 accelerometers along the second active fault
located in the Bursa city center. The project has not completed yet. During third and fourth project
phases, the total number of accelerometers will be reach up to 50 within 2 years. At present, Bursagaz has
163 district regulators working in the city and all these regulators are connected to the company center
with online SCADA communication system. Our main idea is to install one accelerometer at the central
regulator and controlling at several district regulators in the surrounding to this instrument. Whenever the
processing algorithm detects a certain level of acceleration due to a moderate or large earthquake, it will
firstly observe PGA values for each single instrument and then calculate PGA values by using attenuation
relationships for all regulators to finally compare these values with predefined threshold values. In case of
exceedance of a threshold level, a shut-off signal will be send to those district regulators having higher
PGA values than their threshold values. The installed algorithm will also calculate and estimate damage
information in gas distribution infrastructure and create damage distribution maps very quickly and
correctly. This information will be send to Bursagaz Technical and Emergency Response Teams that they
could take all necessary actions to mitigate the disaster quickly and effectively. Our second aim is to use
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Bursagaz seismic network as a core unit of Bursa City Earthquake Early Warning and Rapid Response
System. The project team is going to cooperate with local authorities to integrate their system with the
national network and increase the number of accelerometers for having a better station coverage for
implementing an early warning and rapid response system for Bursa. To this aim, ArNET seismic network is
integrated with Bursagaz network. Thus ArNET data of fifteen online seismic stations will be combined
with Bursagaz data in the Bursagaz operation center. The SEISAN and SeisComp data acquisition and
automatic location software are already installed and at present local earthquakes are monitored and
located automatically. We are still working on the improvement of the system to reduce false alarms and
time delays of information about location and magnitudes of earthquakes. Installation procedure of
Bursagaz Real-Time Seismic Risk Reduction System, algorithms of automatic shutdown system, integration
of seismic monitoring network, recorded events, system response, combination and integration with
earthquake early warning and rapid response system will be discussed.

Keywords: seismic risk, early warning and rapid response, shutdown system
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A new methodology for Earthquake Early Warning (EEW) by a
high-dense seismic network

*Kenji Kanjo1
1. Takamisawa cybernetics Co. Ltd

Many of current EEW systems issue estimated intensity distribution maps according to empirical
attenuation relationships which require information of source parameters and focal distance. These
information are determined based on point source model which is not applicable for finite source model
of large earthquakes. EEW is essential for the source area of inland earthquakes where heavy damages are
expected. In most cases, EEW is issued lately in the source area which described as a "blind zone".
Seismic networks, in case of Japan, are deployed for the determination of hypocenter at about 20-30 km
interstation distance. That span delays the detection of P-wave arrivals by about 3-4 s. It should be
suitable for the real time monitoring of seismic phenomenon that transfer on about 2.7 km/sec of the
rupture, 3.5 km/sec of S waves and 6.0k m/sec of P-waves velocities. In this study, we present a new
methodology for EEW which uses peak ground acceleration (PGA) estimated from P wave portion, taking
advantage of the differential velocity (i,e., “1.73) and the amplitude ratio (i,e., “1/5) of P and S-waves. The
efficiency of this method suggests the distribution of a high-dense seismic network of 5 km interstation
distance, considering a span distance less than that of velocity of P-wave (i,e., 6 km/s). The slowness
analysis of P waves tells information of the rupture starting point and its depth. Firstly, peak ground
acceleration (PGA) on free surface is estimated from the maximum P-wave amplitude in one-second time
step until the arrival of S-wave at the first detected station, and then adjusted to that on the engineering
base (PGA,) by eliminating the site effect. The S wave detection is performed by the amplitude
comparison method of the synthesized amplitude of the two horizontal components and the vertical
component. Secondly, we estimate PGA_ on far site from a relevant attenuation relationship and adjusted
to PGA considering site amplification. Finally, we issue real-time intensity map in every second time step
till the declining of PGA. The described method is useful to improve EEW system and also to perform
disaster estimation immediately after the occurrence of large event, in order to avoid data extrapolation
and the time consuming waveform inversion analysis.

Keywords: EEW, PGA, PGAE, P estimation, blind zone, real time intensity
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DOD7F—4%%%Fo>O0—RL, P, SHOSKINEE., SHASERLE. SHERK. FX—% (a) KT,
ERENRIA—9EFEVaErEHE L, TOBRERET 2,

3. H®R

KD a U, RFEILEME(3.7£1.8), TRERME(3.5£1.8)T. T 74V ME (3.4)I23E8<. 1)l
ETHETII6.0x1.7TT 7 4L MEL W K&, BHMETIEIE1+11EREDH, FEBETHETIF2.2
158NV ERER ST,

EZRAMOER. ChETHEHBRA TERSNTEARAVRPEE I 709 —TH2 &1
Mofe, EHIC, EROBERRE L TEARA FHMAREBERZHEIAM) ORALINEBINTEL
M WARAORRMREZERB LT NIE, BRAREREZRATEAWI EAHBALL, ZOBAADHRHRE
QZESKDQUEQsDT/nERE L, QpICBL TR, MESNTWVWHRERICHEDIESDENHDH I &H
5. QsDT/m& L. n, mzEAlE FRIDEEMBNE LD E WD FETKRDL, TORER., HB/ISA—%
I, Qso=93, Qpo/Qso=2/3, S,PIRDAEMEKHRDEHn=n =0.69, Qt=Qs/5. EWIEREL o7,
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4. K

FRALICTHAZEBE GHIEEDOHESD 112E) TCaG¥A TR TEZ2EHATRAERNTE, FEDF
MRTOafElE. BRASA—F9, REEE. EREOENMEDA > LEREMRARAZ[EL., 1 RELE
a DB EFY, SHICHKBEHICHTZ2MER Y, WEHETMRTRESIMERE e 2EET DI LT, TN
Zh, B2EMEa, a XA 5ND, TNICEY, PROBEIALEEHDESZLVSWVEETHETED
ZENDh o7,

F—U— K hERMER BEZBTR. PSHEDOPGALL. BEEEERIN. BMAFE 2RTHR

Keywords: Earthquake early Warning, strong motion forecast, Ratio of S- PGA to P-PGA, Attenuation
Relation, Radiation Relation, 2D dissipation
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Realtime estimation of eruption size using high-frequency seismic
waves: empirical relations to predict eruption height from the seismic
source amplitude of eruption tremor

& M. RS L

*Azusa Mori’', Hiroyuki Kumagai1

1. EEERZAZRREFMARBKRERFZER

1. Nagoya University Environmental Studies

EAEICEMREARRICIBEL, mFET52 & KUEATOERCEBENETRTHE & 57-HICE
ETHD, BAREBERIEHECEESEICEDOWTHEINS D, BAPICINS ZHFMNICHEST 22 &
LW, —H, BERICHES> TRET IHMEIPIERMEIXEFEANTEZZN, BARKREDOBRICOVWTIEE
EMNREBEIMEATHAEN, ZITHRAIEINETIC, BIRFNLEBIREOHERAEITI2 I 2BHNEL
T. BARBREDEHDOALAEXRIC, BAHME - ERBECEESEOBRESAKMERICERB L THART
T, TOWHR, RAEESED,. BAHETIE, BETORKIREBEOKREZ S ICHYET 2ETHSERIREA
YDELFT1/ATICHHIL, FLEZOBEBEHIEED LEFBRICEOW-EBESEETINEEULTWS I %
BMMILT. INODRBERIF. ADEILEESELZHETEZ2AREEZRRLTWS, TITHERRTIE,
A%%mt@ﬁmaﬁﬁﬁﬁwﬁin“ﬁtouT@ﬁLt@f FORRICDWVWTHRET %,

BEMABESEFAZE X 1568, SRR ORRIORENSAZHEL. RAEESE LADNEE
@%%%vru@ﬁg%mmtﬁwgﬂﬁéobﬂb RREESE AR FHRIIERIREBICH L TD
HBIATEEDTHY., EOBEBLDIRBICT L THEBICZDOREFEBH/RHIRILT ZNERTEIEN/BREER
%, I T, BESELAZRKRITHRLLBAEOERMELZANL, HEBICIEX, 2011F1H26~270ICF%E
EFMECRELAEY T Y Z—ABAXOBESET -9 2AWV:, CThFSKRL—4YICEV100BERETHE
SNEEDT, BAEEDNPI~PID3DD7 o4 XM TW, —FA, BERIRIBICOWTEHERKICIDD
T4 XD, 5-10HZD T RO—TRFICH L TIOW B TELIRBE KRS, ERIEEH S EHWER=OM
REMEL, BFRINLLAERIRIEA 2HE L, TLTUEESET —4 LRHERREZEHOE 2HIC. Al
DWTI00BDREAIRIEEZ KD, 100BRBOERIIFT—4 & Lk,

LtROF—IELBRLER EESEH) 6 EDBEICIE, BESE LASOBRIGAEESE & A,
DN EFFRICHBHE > TWe, —AHDPCMUTDIHBE T, A EHDRERIIRNEREFRTIEIRES, 5D
RABESE EASOREREARDOEESNZMEL Y EHDENNS KRB DTN o7, THICADDH D
ExTEDE, HEOERBED B TRENFET DI NP 27, FLIDEREZ, by FS7XUTD
BABEESELADOBEREAHOETEELLE IS, ALBESEOBRREN. ADEICIEL TOANTRIE
HREVYEENEASLZRVWEES, OFRGBETEETCLAYT 254, QRRBLEBIET 2I58D3DICELT
e N 0T, TLTINSDHEADEBRERVWTHE LABESE ., REOBESEOAEES T
BlLiEZh HBHERKHEBEN IEEEBRTE L,

EED EFBRICEDICE, ThOHDEESEEADBEREICDOVWTUTOL S ICRIRTE 2, BEEAO
TEZONEFNEEFNERFHELTLERTZD,. CNSORBAESEE ESICHEELTWVWL, 20K
HEENISICER LT ROICIE. BLRICE > TABOAIEZRYAHEIRL., FHEEBT I &
FEERZ, COEERESOMYAAREEIL, BEOLLEFEEICHHTZ, FEEEIZBHERICE>TREDZD
T, BHEAKZWFEEICIE, SAONEEHEOHENRELTH., BEFIARICL >THIRZHEES
L. RBELBEAZIIREBEE TLERETRIENTEEEEZIOND, ZDLIITFHDOHITIKE L THEED
ERI2cE FYV—REXTIE, BESEIEEED/ARICLHATZEVD ZEHEBERIICMSNTL

S
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%, THICIEHENA LEHBERICHDEEAD L, BESENADT/AFICHHIT 5 ERERD KLY
%, —A. BHENMNSVISEICIIEZIHENICABNMECE S, +9R0FNEEBTHIENTER

W o TEEREFHEOHAZRBNELTLERTZD, BESELA OBRINZEHHRTRET, 5
ICEEEFFNARETEBTELZ>TLES EEZAONS, ZOEIBWRBELEE TETEESE & A DR
DELDEVIERBERIE. LRICTLIEBAINOBONIHEADEREEENTH S, Lo>T. ADIEIC
IBLT3DDEESELADRZFEVS IThIE, SRIRMERDOENT SN AEESEDHENTETH
2EEZIBND,
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AEIBEREZER L TBNOBIETHR] : 201 6FEREARME 2 fI1C
Numerical Shake Prediction incorporating heterogeneous structure: a
case for the 2016 Kumamoto Earthquake

UNARE S FIB R BE ST AR’
*Masashi Ogiso1, Mitsuyuki Hoshiba', Azusa Shito? Satoshi Matsumoto?®

1. IRTIRAERM. 2. AMKRFEHEXLRARTEY 5 —
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WEBFRICHEEE5ZA2 77749 EICER - GERE - SRSEEOBREE(Y 1 MEE)., D32
ICKBTBIENTES, INHDFER. BRERICESBVWHEHERFRIFETHS ENOBIETF
1 (Hoshiba and Aoki, 2015) TIZZNZFHRD LS ICBY AhS5hTW3,

- MEMEIE, BERYT 1LY (B A 1£0giso et al.,, 2016)IC & > THIE
- BRI EERBICHR T ZMEFOAAMELRSHIL. BAMEFHET —YRILTENICRIET S 2 & IC
&Ko T, MHMEICERYIAD S

—7. Hoshiba and Aoki (2015)Tl&., #IHENSRKDEHEE FRT 2EIC. —HAERE - REBEL
AWTW3, FRAIZTOIERBICEWTE, FHELQRE - REEEZIY AhnE, hEEFOFAREDORA L
PRAEFNS, KARTIE., ENOBEFHR] AF—LICEWVWT, KREZFHTIERBICTEERBEEZRY
ADBEDICHERL. 2016 FEAMEAZWNRICHEBSRFFAS I 2L —2avaTV0, FHYEEEEZIRY
ANDZ EDMRERET L 7=

Hoshiba and Aoki (2015) Tld. KNG EIFEGEZEERICE DV T2RTEE THESINTWS, T I T
EREENTA—YITIEREMERE - HELRE - REBED3IDTHD, AFRTIE. IFEMERREHIELBZIE
Multiple Time Lapse Window;x (MLTWA, Hoshiba, 1993)% M T, Carcole and Sato (2010)ICEDWTHE
E L7, BONREBEIF. FRICHAINEA OFE KL ERNRERD CIEMERRPEELRZEAE L & L D 5
Bhof, Floo MLTWARZIT > ZBOBARTEDRNMNIEEEZRIFET 2 LICLk > T BENAZRTEE
PWEHELT,

BONLEERVBEEEZAVT, 201 6FEBAME DR KME(Mj7.3) Dt EE BN TR >
Tal—vavETok, WEREAZFBLABAICHER, FHERRSE - BEBEEZEERE TSI EICELDT
EETFADORKRZEDRMSHN10ME FRDIZE THISUEERE SN, £/, 20WEFADHZEICIIHNEDOE
BWITOMEFADOHZELYEL R o7z, INLDFERIZ. HEIOBEFRI AF—LICBEVWT, LYHF
BEORWFAZITED & LEBRICIEAHEBENEERKRIZRLT I ENREBINS,

FHERIEFFEERVHELBEEBEOHEFEICITELBRBRORMAH ZH, REETI =0 R EEEMT
LNTERSINTELEMLTWAILE > THE S NATHERE X, EBEIRFRICE > THEERLERIFR
Y S5,

A

ARRICHY . BFKBHAK-NET/KiK-net/Hi-net, RUREBKRE, NINKZE, [IRFTOMEERAR Y b
D= TCHRASNZEEEFERLE L, £, AMREBRERZHEARAABMNA IOV S LOEZR
IFE L7,

F—O— N HEHAETA. THEBS. 2016FRAME

Keywords: Real time ground motion prediction, Heterogeneous attenuation structure, The 2016
Kumamoto Earthquake
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BENZFRIFERICED S RRMERRODLDDY) 7IL Y A4 LPHEFERILIE
Real-time P-phase discriminator for earthquake early warning based
on wavefield-estimation methods

NE HE
*Yuki Kodera'
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M8AA 2 & IBREAMEREFORSMERROFAREZALIEZ-DIC, BhOBETFR
(Hoshiba and Aoki, 2015)%PLUM%E (/NF - fis, 2014) W7, EREEANS TISKENEL OIKENISE
BEFITIFENRERERINTWVS, LHALADYS, INSORENGFRIFEIE, SHICK2EEENICFE-T
FRALTWBZONFERTHY, ZORICELNZ PHOBHREZFATETVLWAL, ®-T, PHOEREZ B
FANSGERTENE, LY FAOREEESOOSND EEHFIND. AEXRTIE, VHERWE I B4
PHEMHZZZEAL, ARHISIFEPLUMEE ZHAEGHEIBEDEREICDOWVWTERY 3.

1. PHOBRIAEICDOWT

WEROBEEH 7 = —XRHMICEET B ETHEDZ < X, polarityz5EH L TWS (HlZIXRoss and
Ben-Zion, 2014) . KFFETIE, YT YA LEDOERENTZA V/H (IEED L TEN & KEEEKD
tb) 1 ICEBL, PHOMEZEAS. MEORERRICEST V/H] 2&GEHICETE LK, [V/Hz
1.0] ZiE/Lz& =i TPREZERAILTWS] CHET . JOBEMAPHEKRESEZ, ORILHhA KIEFE it
B, QEAHEMG.5 QREAXRMEM7INEFANEAL, BUMETMLEZ. O~@DWVWTFhIZEWTH,
HERDOPHEIGBARICR A 2 Z &0 o7, 7z, OTIEHIERASEFEDSMGA (Asano and lwata, 2012)
ICHESPHEEZWVWS DD DEAIRTRETEL (Ma) . @TIE, KRPBTRELALMTIEREDFRMEICLS
PHLHERETE/ (Mb) . —AT, ERSKERIC TV/H21.0] 2@ IRARIEFELEZY, DICEITZE
BRI EDSMGADPHEABERICRIM TE AN -2 R Y, WEORMAHZZEEZTRITHRREVCONRESL
nr-.

2. PLUMEADERICDWT

5D TV/H] ICK 2PHE®EER%Z, PLUMEDOFRIGTEICHAAD Z L 2EZX 5. PETSOFAEE
&, SHIDDEHHEELY H1.0RENI VW EHHREINTWS (Yamamoto et al., 2008) . ZDME%
HEICTDE, PLUMBEDFRGEIROLSICEBIETES : (1) (BAMRICHIFZSHEOFAE) £
3, [V/Hz21.0] THHEARISHLT, BRY 7ILIA LEEIC T+1.0] 2#MZA 5. (2) (PLUMZED®
BETE) T0%, FANKRSOFERIOMUROERRA) 7ILS 1A LAEEEED, TORKELXTFAEST
3. ZOPHEFEALEZPLUMERZ, OFRILARIEF htE, QRAHMEMG.5, QREAMEMT7.3DEH~
WAL, BREI1TBORRIMAIVIISEETSE, OTRESH, QB8LUQTIH 1 HOARENRAD S
ZED Dot Fz, RIRHWAEBEDFAREIL, O~QunIhdRERaZlbidanrorz. Jhidk, il
TIWIALEBEEELEIFLAEZEICLP2BRAMDBHEXZTNIZEBEETRVWIEERLTWS.

F—T— N RRHEERR. PHEFER. PLUME, BhoOBETFR. SMGA, FRIME

Keywords: earthquake early warning, P-phase discrimination, PLUM method, numerical shake prediction,
SMGA, induced earthquake
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(a) Tohoku-oki earthquake (Mw 9.0)
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initial rupture point (JMA hypocenter)

: theoretical S wave

: station where V/H = 1.0
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(b)
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Kumamoto earthquake (Mj 7.3)

129°E  130°E  131°E  132°E  133°E

Y : JMA hypocenter

— : theoretical P wave

— : theoretical S wave

V : station where V/H > 1.0
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Accuracy of real-time GPS/Acoustic measurement using a slackly
moored buoy

SEEF . AR Tt AR #E. BB KE. EHER, 8E B, A /&L B =K5°
*Misae Imano’, Motoyuki Kido??, Yusaku Ohta®, Narumi Takahashi*®, Tatsuya Fukuda®, Hiroshi
Ochi®, Chie Honsho?, Ryota Hino®

1. R REREREZAER. 2. RILAZXERNZERMFAM. 3. RILREXRZREZHERIBEHE - MUFRERF
MEyy—. 4. BEREMEA. 5. BEHRARERE

1. Graduate School of Science, Tohoku University, 2. IRIDeS, Tohoku University, 3. RCPEV, Tohoku University, 4.
NIED, 5. JAMSTEC

Coseismic geodetic data near the source region of an offshore large earthquake is crucial for the real-time
estimation of its magnitude and source mechanism. GNSS network enables us to obtain onshore geodetic
data in real-time. In offshore area, seafloor pressure gauge network (e.g. DONET) provides offshore
geodetic data in vertical component. However, offshore geodetic data in horizontal component cannot be
obtained in real-time because a seafloor positioning by means of GPS/Acoustic (GPS/A) method is carried
out only by a campaign style using a research vessel. For the real-time detection of seafloor crustal
movement associated with a large earthquake in subduction zone, we have developed a real-time GPS/A
seafloor positioning system using a moored buoy. The buoy is moored by a slack cable which is 1.5 times
longer than the water depth against strong current. The seafloor positioning is performed at unpredictable
position due to drifting of the buoy, which is generally apart from the array center. This is a unique
drawback of buoy observation compared to ship observation because this results in significant systematic
positioning error. Therefore, we assess the accuracy of the GPS/A positioning for this ill-conditioned
survey.

We have tested the system over a year in Kumano-nada, Nankai Trough and obtained the data for seafloor
positioning in real-time as follows. A single acoustic ranging, which consists of continuous 11 pings with
65 sec interval, was carried out once a week and optionally on-demand. This sequence totally amounts to
102 times of ranging during the trial. The buoy position during acoustic ranging was estimated using
kinematic PPP technique. The data for seafloor positioning were transmitted to the land station via iridium
Short Burst Data service. Due to the low bite rate of the satellite communication, the data were
automatically pre-processed and compressed within the buoy. It takes about ten minutes to transmit the
compressed data for seafloor positioning after acoustic ranging, while GPS raw data and acoustic
waveform data were stored in the buoy logger for technical purpose.

Using the data transmitted in real-time, we can estimate the seafloor array position for each ping. We
regard the two standard deviations of the estimated array positons as the accuracy of the GPS/A
positioning, because actual movement during the trial is negligible compared to the error. The final
accuracy is 0.9/0.7 m in EW/NS component, which is significantly larger than that using a vessel (0.1 m).
During the trial, the buoy is randomly located within a "4 km radius around the array while a vessel can
stay on the above the array center. Apart from the array center, the error propagation of the observation
data (e.g. the buoy position, travel time) arises due to uncertainty of the array geometry. Then, we
classified the accuracy into two types; the buoy is within or out of the array. The former is 0.3/0.3 m while
the one of the latter is 1.0/0.8 m. The seafloor crustal deformation associated with offshore large
earthquakes ("M8) on the above of source area is considered to amount to a few meters. For the
detection of it, we should improve the accuracy when the buoy is out of the array. There is room for the
improvement also by re-determining the array geometry more precisely.
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BEFHERY TILY A LEFTSY AT L (REGARD) 1K BMEETJVE]
BFE AR

GEONET real-time analysis system for rapid finite fault modeling

BILETE. NI B S ESR EEEX. B E%. MR KE #E AN st
*Yohei Hiyama1, Satoshi Kawamoto', Naofumi Takamatsu', Yudai Sato', Tomoaki Furuya1,
Satoshi Abe', Yusaku Ohta®, Takuya NISHIMURA?

1. BXRBEE LR, 2. RICAFARFREFHAR, 3. RE R KR
1. Geospatial Information Authority of Japan, 2. Graduate School of Science, Tohoku University, 3. Disaster Prevention

Research Institute, Kyoto University

E T hIBfRIE 2EN1,300 5 ATICREBE S N-BEFEERD SHEEH S N 5 CNSSEFGERIHE (GEONET) %:E
FALTW3. GEONETTI, ELXithiBlE CRKED IEH) OV I —ICEWTEFRERTHAI WL
1YY T TDCNSSEBAIT—49 %Y 7ILY 1 LATIEL (—E%2kR<) , BFE2TV, TOBERE2EA
F—HEEEHIC—RICIRELTWS. £, YTILIALT—4IE, 2y NT—YRTKO=HDHERBRDE
B, VT7ILY A LBARMOMREFDLZHICHAINTWS.

GEONETY 7L 4 4 LBRITOEEMIFERK23E (20114F) FHiLAAEEHHE (Mw 9.0) OFEEICLY
RKELEE -, HERELS/MEERBZ DL OBREAMEICSVWTEARMES T — 9 oHESI N ER
BIZRENT 22 & MBI NTLWS (Ozaki, 2011) . —AT, HWEREIIHBREHEICESVWTHETZZ
EHTE, ERETHERBOMBEEN %85I EHATRERGNSSERAT—9 DY) 7ILY A LE@EFT AR WHE
HEONIFHERMICOWT, BEXRZLABEFIFELOILTVLS.

E T HhIEfETIERILKREE OHERFZER T, GNSSERIT—9 DY) 7IL 9 1 LEFTEM, MRS
7, BEMBETILRUIRYDHEETIHERMELEAELE L MMERENEHEY X T L
(REGARD) %BEFL7-.

REGARDDIEF % fth L CLARE, EM28%F (2016%F) 4B ICEEARMENRE L. 4B14H2182649IC
M6.5ME, 15H08F034 ICM6.4DME, 168 18259 ICM7.3DME L EE D E A BFREIMISEEE L T
FE LA, REGARDDIREM DY 7ILY A LETICE VREIREIALELLI NS, TNEThOME
DB EH A STV ENPELNER S, £, 4B16BDM7.3DMETIE, REGARDICE > TEFE
#5 TREB] TREAABAICHKIM, T8EAX] THRIRICHSOcmDBEIAL L, FEBICKERIBREHIER S
h, ZhiL GEONETOEEMBFTDOFER LB L T, KERD T Lt5cmiZEDEHT—HL TV
7-. REGARDDENFFHEEMERTIE, HMEREDL SE58WRICIFKTCMTHROMwW E BRESET Z2Mwe.8510%F 5
N, 69%ICIZHHE)IKBSEICE > -EEICEUMBETILARE > -,

7o, 2016F10R21HICIXREVEFETME.6DME, 11H22BICIKESRFPTM7.3DMENFEEL
fz. TRHDOMBICEVWTHMBESNRRASN, MBEETLMEESNTWS. LHL, HESNAWETE
TIVEENBEFREFDHZEEPPRATHY, BEEHIOHBERIRELMETH 7. WINOMETEHHBE
BENNSCEYBRMBETVIEETE AN > DERBbN 3.

F—7—RK :GEONET, V7ILZA LFRIT14YIGPS, VT7ILYA L
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Near-field tsunami forecasting from offshore pressure data in
association with the earthquake early warning
Near-field tsunami forecasting from offshore pressure data in
association with the earthquake early warning
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Effective mitigation of tsunami disasters requires tsunami forecasts that are made in real time and the
provision of timely evacuation warnings to affected communities. Tsushima et al. (2014) developed
tFISH/RAPID, which is the initial sea surface height distribution estimated from rapidly acquired GNSS
data provides robust finite source size information that is incorporated into an offshore tsunami data
inversion for reliable tsunami predictions along the near-field coast. In contrast, it is slightly difficult to
obtain the reliable initial sea surface height distribution for M7 class earthquakes in the offshore region by
RAPID because of the difficulty of the accurate estimation of small coseismic displacement field compared
with more large events.

Based on these backgrounds, we have developed an alternative algorithm that improves near-filed
tsunami forecasting based on offshore tsunami data after an earthquake by incorporating earthquake
early warning (EEW) data. Basic scheme is the same with the tFISH/RAPID, we estimate the initial sea
surface height distribution using the EEW data. We assumed that the single rectangular fault deduced
from the scaling law between the earthquake magnitude and the fault dimension.

We retrospectively applied tFISH/EEW to the 2011 Sanriku-Oki earthquake (March 9, 2011, Mw 7.2)
based on the actual ocean bottom pressure (OBP) record and EEW information. The predicted results
immediately after the earthquake ("2 to 3 min) the arrival times and wave heights of the first tsunami wave
along the near-field coast could be predicted more accurately than the estimation based only on offshore
tsunami data. After more time, the estimated initial sea surface distribution by the tFISH/EEW had
continuously changed, and it was similar to that based on offshore tsunami data alone.

We will discuss more detail characteristic and its ability of the tFISH/EEW algorithm based on the
various case studies.

#*—7— K : Earthquake Early Warning, Ocean bottom Pressure. Tsunami early warning
Keywords: Earthquake Early Warning, Ocean bottom Pressure, Tsunami early warning
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HEIKEEEKDIREEMNTIC & 512 BRIRBIBFHEE F R DR
Rapid estimation of tsunami source information based on forward
analysis of real-time data from dense offshore observation network

LA E'
*Naotaka YAMAMOTO'

1. B SR E M iT Je i

1. National Research Institute for Earth Science and Disaster Resilience

ERRROBRIE. AT —9%14vN"\—=Yay (HEf) 52 ETROBZFEN—MWICALSHTL
%, BEOEFRFRICEVWTEH, HERS LITEREROA VNR=—U a3 VICLUKRDEERS L IETRRE
BRICEODWT T4 7= RFHEET oY T—IR—D OB R T YA ERBALY T ET, RFEOER
EPEEREAEFALTWS, BROBMICEVWTIE, EEEEDIEHR%E KD 2D ICEBIEHIRA AW
O, PIZIEO—HI I ZLICE> TOVRWAEFORREFETHIEERBEMI TITO & HAHES, —
BT, BRFFRAICEWVWTIE, AFRISERD’RET I ETCOERB CTERTZTONELHY., BRoMEXKD
TLESTREMEIEL RS, ZITHEAERVWTIC, 1B - BREGAERS X574 (DONET) LHAEEE
BEMEEREAE (S-net) FOKRRELBHEHNBETEONDHMEDKERZEIBRTT 22 & TERER
EFEIRSICHET B 2 5H A, OEDICIK. BHINZERDESOHDEDME (Tsunami Centroid
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