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“seconds before a strong hit” mean?

Fumiko Tajima’ @ and Takumi Hayashida®

Abstract

An earthquake early warning (EEW) system is designed to detect an event, determine its parameters
(hypocenter, magnitude, and origin time), and issue an alert to sites/areas where necessary actions should be
taken before destructive seismic energy arrivals. At present, large-scale EEW systems are operational in several
countries around the world. The most extensive nationwide EEW system has been operating in Japan since
2007, and was able to issue alerts broadly when the moment magnitude (Mw) 9 Tohoku-Oki earthquake

hit in 2011. The casualties caused by this event were far less than those caused by other deadly earthquakes
(Mw > 6.6) in this century. Many other countries attributed the fewer death victims to the advanced
large-scale EEW system, and plan to install systems similar to Japan's model. However, the historical and
environmental background in Japan, both in terms of earthquake hazards and safety preparation, differs
considerably from other countries. In addition, EEW systems that use data from a large-scale network (i.e., “a
big-net” hereafter) still have limitations. There are thus numerous factors that other countries should consider
to benefit from installing a Japan-styled EEW. In this article, we review how research and development
associated with EEW have been carried out, and how EEW systems presently function. We then show short-
wavelength variation of ground motions within the typical station interval of a big-net using data recorded
by a dense local seismic network in Japan. However, it is not particularly meaningful to attempt detailed
modeling of varieties of ground motion within the station interval for a big-net EEW operation, because the
possible combinations of earthquake sources, paths of wave propagation, and recipient sites are infinite. We
emphasize that in all circumstances, for recipients to benefit from EEW, seismic safety preparations must be
implemented. Necessary preparations at sites do not diminish in importance after incremental improvements
in station coverage and/or algorithms in a big-net operation. Further, scientists and engineers involved in
EEW projects should strive to publically disseminate how big-net EEW systems work, and also why, to achieve
maximum benefit, these systems should always be supplemented by preparations at recipients’ sites.

Keywords: Earthquake early warning, Effective preparation for seismic safety at recipients’ sites, Short-wavelength
ground motion variation

Introduction

Earthquakes have caused the worst natural disasters re-
peatedly. In the twenty-first century alone, there were a
number of catastrophic earthquakes that destroyed hu-
man lives and environments. Table 1 shows the seven
deadliest earthquakes that occurred with casualties of
over 10,000 in the twenty-first century. The public
wishes that destructive earthquakes could be predicted
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in advance. There are many networks of seismic instru-
ments on various scales, which were installed in an at-
tempt to observe precursory phenomena of earthquakes
around the world. At present, however, it is not possible
to forecast the location, time, and size of an earthquake
before its occurrence. On the other hand, once an earth-
quake takes place, a large-scale real-time monitoring
network installed to monitor seismic activity in a broad
region can detect it, and its earthquake early warning
(EEW) system (referred to as a big-net EEW system
hereafter) can issue an alert to affected areas through
various media seconds before strong ground shaking
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Table 1 Seven deadliest earthquakes in the twenty-first century

Date Earthquake name Mw Casualties®
2001/01/26  Gujarat/India 77 13,805~20,023""
2003/12/26  Bam/Iran 66 31,824~ 43,000
2004/12/26  Indian Ocean/Indonesia ~ 9.1~9.3  230,000~280,000"®
2005/10/08  Kashmir/Pakistan 76 Up to ~ 88,0001
2008/05/12  Wenchuan/China 79 Up to ~ 88,0001
2010/01/12  Port-au-Prince/Haiti 70 100,000~316,000""
2011/03/11  Tohoku-Oki/Japan 90-9.1  ~18,500 (8379

(1) USGS (4 September 2009), PAGER-CAT Earthquake Catalog,

Version 2008_06.1

(2) Bam Earthquake, Encyclopaedia

Iranica, http://www.iranicaonline.org/articles/bam-earthquake-2003

(3) Earthquakes with 50,000 or more deaths,

USGS, http://earthquake.usgs.gov/earthquakes/world/most_destructive.php
(4) “Damage Situation and Police Countermeasures. 9 March 2018” National
Police Agency of Japan. Retrieved 19 March 2018. (from “deaths” template)
*The casualty estimates are rough figures including missing people, and may
be different depending on the document sources. The superscripts indicate
the references

bVictims due to building collapses or landslides

arrives. At present, there are big-net EEW systems
operational in several countries. The system in Japan
that the Japan Meteorological Agency (JMA) began
operating in 2007 consists of over 4000 contributing
stations, with a typical station interval of about
20 km over the country, and has the most extensive
record for EEW performance.

End-users/recipients in public may expect to receive
an alert from a big-net system before strong ground
shaking and so be able to take effective actions. Here,
they should be aware of the timeline of receiving an
alert and actual ground motion arrival at their sites,
which is illustrated relative to an earthquake occur-
rence in Fig. 1. Once an earthquake occurs in the
area covered by a dense seismograph network, the
EEW system detects P-waves from the earthquake
and determines preliminary parameters (hypocenter,
magnitude, and origin time) using data at three or
more stations. If the estimated intensity exceeds a
certain level, the system may issue an alert to affected
areas (see the explanation of the EEW system; Hos-
hiba et al. (2008) and Allen et al. (2009)). It should
be noted that the warning time, which is the interval
between alert issuance at ¢4 and actual ground mo-
tion arrival by S-waves at 5, has to be sufficient for
recipients to take effective actions.

However, an alert from a big-net EEW system
might not be delivered to areas within a certain epi-
central distance (D) before strong ground shaking ar-
rives. This is called a “gray zone” in a big-net system.
The gray zone size depends on the network station
spacing (Ax) and system processing time. Figure 1 il-
lustrates the timeline of strong motion arrival by
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Fig. 1 Big-net EEW timeline of strong shaking arrival and gray zones
for different station intervals. This example is illustrated for an event
which occurs at a depth of 10 km. The vertical axis shows the
elapsed time (s) from the earthquake origin time, and the horizontal
axis the epicentral distance (D, in km). The travel time curves for

P- and S-waves (denoted tp and ts) are drawn in blue and red as a
function of epicentral distance, assuming 5.8 km/s for P-wave speed
and 3.4 km/s for S-wave speed for the uppermost layer from the
iasp91 model (Kennett and Engdahl 1991). A gray zone is the area
where strong ground shaking arrives with S-wave at ts before an
EEW alert at ty, (e, ts < ts), and its size depends on the network
station interval (Ax) and system processing time. Here, gray zones
are shown in different shades for different station spacings, Ax =10,
20, 30, and 40 km, assuming the system processing time of 2 s after
P-wave detection at three or more stations. The maximum Ds of the
corresponding gray zones are ~11 km, ~17 km, ~23 km, and
~29 km, respectively. Outside gray zones, there is a warning
time of ts - to (>0 s). The further the site is from the epicenter,
the longer the warning time is. On the other hand, the ground
shaking is stronger and more damage may be caused in the
gray zone than outside the zone

S-wave as a function of D, and gray zones (shown in
different shades) where strong shaking arrives before
an alert, for Ax =10, 20, 30, and 40 km, respectively,
assuming an earthquake depth of 10 km and a
process time of 2 s. The larger the station spacing
(Ax) is, the larger the gray zone is because of a lon-
ger event detection time. For example, in the area
that is covered by a network of Ax=20 km, strong
ground shaking may start at a location of D <17 km
before an alert is issued from the EEW system. In the
gray zone, the ground shaking is likely to be stronger,
causing more damage than outside of it. If the alert is
not delivered before a strong hit, it is not useful at
the recipient site.


http://www.iranicaonline.org/articles/bam-earthquake-2003
http://earthquake.usgs.gov/earthquakes/world/most_destructive.php

Tajima and Hayashida Progress in Earth and Planetary Science (2018) 5:63

As is seen in Table 1, the casualties caused by earth-
quakes in this century are not proportional to magni-
tudes. The 2010 Mw7 Haiti earthquake caused the most
casualties (up to ~316,000). In comparison, the total
casualties by the 2011 Mw9 Tohoku-Oki earthquake
were about 18,500, of which victims of building col-
lapses or landslides due to strong shaking were 4.4%
of the total, most of the victims succumbing to tsu-
namis (Cabinet Office 2011). When this earthquake
occurred offshore of northeastern Japan (~100 km
from the coast), the nationwide EEW system detected
P-waves ~ 22 s after its rupture onset and issued the
initial alert to affected areas in ~8 s. Since the sys-
tem was made available to the public in 2007, this
was the first major event, about which many in public
broadly received alerts through various media seconds
before strong ground shaking.

The JMA EEW system issues an alert when it detects
an event with an estimated maximum JMA intensity
(jma) of 5- or larger (see the method for estimating
Lyva in Appendix). During the period from October
2007 to March 10, 2011, there were 17 earthquakes that
occurred in the magnitude range between 4.7 and 7.2,
for which the EEW system estimated the maximum Ijya
at 5- or larger, and issued alerts to affected areas. How-
ever, the distributions of estimated Ijyya 5- or larger as-
sociated with these events were limited only to very
local areas. Among the 17 events, there were only 10
events that recorded Ijpa 5- or larger by instruments
at a few stations (The data files were downloaded
from http://www.data.jma.go.jp/svd/eew/data/nc/rireki/
rireki.html to compare the observed intensities with
the estimated ones. This site is in Japanese only). In
the 2011 Tohoku-Oki earthquake sequence, the sys-
tem did not issue an alert for the Mw7.3 foreshock of
March 9th, because the maximum Ija estimated in
the real-time scheme was below 5-. For the main-
shock (Mw9) on March 11th, the system estimated
Ia of 5- and larger for a much broader region than
the areas estimated for the previous 17 earthquakes.

Strong ground shaking was felt even in the crowded
Tokyo metropolitan area (equivalent to ;s over 5+),
which is more than 300 km away from the epicenter.
The number of casualties caused by the quake was not
great compared to other similar size earthquakes, such
as the 2004 Indian Ocean earthquake, despite the very
high levels of ground acceleration (ie., peak accelera-
tions of over 2 g at some sites; Furumura et al. (2011))
owing to high-standard building codes and advanced en-
gineering preparations (see Tajima et al. (2013) for a re-
view). Here note that, since it was enacted in 1950, the
Building Standard Law of Japan has been updated
every time after a major earthquake has occurred. Re-
garding Japan’s earthquake-resistant standard, a major
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amendment was made in 1981 (called as “New Earth-
quake Resistance Standard”) while further revisions
for wooden houses were made in 2000, based on
damage analyses of the 1995 Mw6.8 Great Hanshin
(or Kobe) earthquake.

Many other countries attributed the fewer fatalities of
the Mw9 Tohoku-Oki earthquake largely to the exten-
sive nationwide EEW system, and now plan to install
dense real-time monitoring and EEW systems of their
own. There have been a number of symposiums and
workshops on research and developments (R&D) of
EEW including an international session “Earthquake
early warning developments around the world” held at
the 2016 Japan Geoscience Union (JpGU) meeting
jointly with the American Geophysical Union (AGU)
(“the 2016 JpGU-AGU joint session on EEW” hereafter;
see  http://www.jpgu.org/meeting_e2016/session_list/de
tail/S-SS01.html) to promote communication in this en-
deavor among the countries. Most of the presentations
at the workshops/symposiums focused on improvements
of station coverage and methods of data analyses for
big-net EEW systems.

However, EEW systems are useful only if the strength
of structures and resilience of operations are secured at
individual sites against strong shaking. We call this
“site-effective preparations” for seismic safety. Figure 2
illustrates an EEW alert delivery to areas which may be
struck by strong shaking. People may be able to protect
themselves in seconds. Power may be turned off to shut
down operations. Buildings may not collapse if they were
built with a high-standard building code or retrofitted
suitably. This illustration also shows that a strong quake
may hit a high-tech facility and cause serious damage to
the machinery if there is no seismic isolation system be-
neath the building. In the case of the 2011 Tohoku-Oki
earthquake, preparations for seismic safety at individual
sites and the operation of the extensive EEW system
were most instrumental in mitigating the shaking dam-
age. As stated above, the earthquake-resistant standard
was majorly updated in 1981 and 2000. New buildings
were built with the updated building standard while old
buildings were retrofitted accordingly. Site-effective
preparation is absolutely necessary for EEW. Without
such preparations, expectations of EEW by the public
would be similar to those of earthquake predictions in
the past.

We (the authors of this paper) participated in the
beta-phase test of the EEW system in Japan before it be-
came publically operational in 2007, and in the
beta-phase test of California Integrated Seismic Network
(CISN) in the western United States since 2013 (see the
real-time networks for EEW systems in Japan and the
western United States in Fig. 3a, b). It has been more
than a decade since public operation started in Japan


http://www.data.jma.go.jp/svd/eew/data/nc/rireki/rireki.html
http://www.data.jma.go.jp/svd/eew/data/nc/rireki/rireki.html
http://www.jpgu.org/meeting_e2016/session_list/detail/S-SS01.html
http://www.jpgu.org/meeting_e2016/session_list/detail/S-SS01.html
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Responses in affected areas

» Power off

* People may be able to protect
themselves.

* Buildings will not collapse._if built/
retrofitted with a high standard
building code.

EEW Alert

Machinery could be
damaged severely

without seismic isolation ...

Fig. 2 Schematic illustration of responses to an EEW alert including a hypothetical high-tech facility. Upon receipt of an alert, the power may be
shut down. People may be able to protect themselves and buildings may not collapse if they were built or retrofitted with a high-standard
building code. However, at a high-tech facility, without a seismic isolation system beneath it, a strong shaking could directly hit vulnerable
machinery and cause serious damage to it. For example, machinery in operation under high-voltage and high currents may not stop operating
instantaneously after the power is turned off

\

while it is still in a test phase and not available to the
public in the western United States. In this review, we
briefly summarize how EEW systems have been devel-
oped, focusing on the developments of observation net-
works in Japan and the advanced abilities and limitations
of EEW technologies at present. We then summarize

issues pointed out during the system beta-phase testing
and workshops/symposiums to address “What can we
do in seconds to respond to an EEW alarm before strong
shaking?” We address the knowledge gap between the
advanced EEW technology and its application to im-
prove seismic safety preparation at the sites of alert
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Fig. 3 Station distribution for EEW operation: a the Japanese network stations by JMA, NIED (Hi-net and part of KiK-net), and JAMSTEC (DONET)
(>4000). Here, 30 KiK-net borehole station data around the Kanto region are included (Iwakiri et al. 2012); b the network stations by CISN, PNSN,
and others that contribute to ShakeAlert in the West Coast region/USA (in beta-test phase with ~ 830 stations, as of July 2017)

recipients, i.e., site-effective preparation. The scope of this
paper is not to summarize the detailed system develop-
ments and testing, which were reviewed by other re-
searchers (e.g., Strauss and Allen 2016; Cochran et al. 2017).

Review

The desire for earthquake hazard mitigation stimu-
lated earthquake prediction research in the past and
the development of earthquake monitoring networks
attempting to detect precursory phenomena. We con-
sider it as leading to the recent development of
real-time EEW systems, especially after the 1995 Kobe
earthquake disaster in Japan. Now, real-time seismol-
ogy and applications of EEW technology have shown
remarkable advances in hazard mitigation efforts (see
Kanamori et al. 1997; Kanamori 2008).

From earthquake prediction to real-time monitoring
We used to think that if an earthquake were predicted,
earthquake hazards could be mitigated. Then, we asked

ourselves: “How shall we respond to an earthquake pre-
diction if it is announced minutes, hours or days in ad-
vance?” At present, it is not possible to predict an
earthquake with accurate parameters (location, occur-
rence time, and size) before it occurs. But we have
achieved the stage where we can receive an alert from
an EEW system seconds before a strong quake hits a
site, and explore how to mitigate earthquake damage
using the information. We explore: what can we do ef-
fectively in seconds before strong ground shaking? The
concept of EEW is prevalent in public now. But the pub-
lic is not necessarily aware of the reality of the informa-
tion service that a big-net EEW offers, and simply
transferring their past expectations from earthquake pre-
diction to big-net EEWs.

Expectations toward earthquake prediction and
seismograph network installations

The history of attempting to predict earthquakes is
long. In modern times, the Japanese government has
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started a major national project to promote earth-
quake prediction research, the Earthquake Prediction
Plan (EPP) in 1965. EPP aimed to detect foreshocks,
precursory deformation, or any phenomena associated
with an impending earthquake, and installed many
seismic instruments over the country. During the EPP
period, there was no data recorded for precursors to
lead to an earthquake prediction. But EPP continued
up to its seventh term ending in 1998.

During the Japanese EPP period, there was a
successful evacuation prior to a large earthquake in
Haicheng, China in 1975. This Mw7.3 earthquake was
preceded by precursors, ie., many small earthquakes, a
change in groundwater levels, abnormal animal behav-
iors, etc. (e.g., Adams 1976). The regional government
determined that a large earthquake was about to occur
and, the morning of February 4th, mandated the resi-
dents to evacuate to safe places. Later in the evening,
the earthquake destroyed the populated city of one mil-
lion residents. Most of the buildings had been built with-
out the strength to withstand the earthquake. But the
evacuated people were saved. The evacuation resulted in
mitigating the loss of human lives (casualties of ~2000).
At the time, this episode was considered a successful
prediction, inspired optimism for earthquake prediction,
and stimulated the start of large earthquake prediction
research projects around the world. Many new networks
of seismic instruments were installed to acquire
high-quality data.

In the following year, 1976, an Mw7.6 earthquake
struck the city of Tangshan, which had one million in-
habitants, and is about 500 km southwest of Haicheng.
There were some abnormal phenomena observed prior
to the earthquake. But the authorities did not have a
consensus for the impending large earthquake as no
foreshocks preceded it, and did not issue an evacuation
order for most of the areas. This earthquake caused over
250,000 fatalities and many injured victims, leaving the
optimisms for prediction somewhat short-lived. None-
theless, governmental funding for long-term large pro-
jects for prediction research continued in Japan, the
USA, China, and other countries hoping to observe pre-
cursory seismic events or any phenomena associated
with an impending earthquake. Scientists have tried to
characterize earthquakes using abundant data accumu-
lated by newly installed seismic network stations. How-
ever, there is no reliable track record of detecting
precursors or associated deformation that can be used to
identify an impending large earthquake such as the Mw9
Tohoku-Oki in 2011. The hypothesis in prediction re-
search, that precursors should be detected before an
earthquake, has not been verified even using a dense
seismograph network. Now we know what earthquake
phenomena are, and it is not easy to detect precursors
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for an impending destructive event from geophysical ob-
servations or characterize the entire process of future
earthquake ruptures.

One of the major outcomes from the EPP research
was the mapping of areas with high seismic risks
based on past earthquakes. But it is a fact that most
of the recent major earthquakes occurred in areas
where high seismic potentials had not been assigned
on the basis of probability theory, e.g., the Kobe
earthquake in 1995, the Tohoku-Oki earthquake in
2011, and the Kumamoto earthquake (Mw?7) in 2016
(see “Recent destructive earthquakes vs. seismic haz-
ard risk maps” section). The first major study to pre-
dict probabilities of strong ground motion based on
historical earthquakes was published by Kawasumi
(1951). The probabilistic hazard map was used as a
basis of the Building Standard Law in Japan. Figure 4
shows one example of seismic risk estimates in com-
parison with the actually measured seismic intensities:
(a) comparison of predicted peak ground accelerations
(PGAs) (gal) for the entire country for the coming
100 years published in late 1980s (Architectural Insti-
tute of Japan 1987) and observed PGAs (numbers in
red) within 10 years of the publication; and (b) mea-
sured Ijpas for the 1995 Kobe earthquake. The PGA
predicted for the area including Kobe was between
200 and 300 gal. The Mw6.8 Kobe earthquake struck
a broad region in southwestern Japan, and measured
PGAs of over 800 gal in and around the heavily dam-
aged zones of Kobe City. This earthquake caused the
worst catastrophe (6434 fatalities, and very large eco-
nomic losses) in Japan since the 1923 Great Kanto
earthquake (~Mws8). High seismic potential had not
been assigned for the area in EPP, either.

Following the Kobe earthquake, Japan has devel-
oped the world’s most extensive real-time earthquake
monitoring network, installing many observation ar-
rays of borehole seismic stations and dense
strong-motion instruments (Okada et al. 2004) as
well as extensive GPS arrays (e.g., Sagiya 2004). The
dense real-time seismic network enabled the country
to start the nationwide EEW system that has been
operational in public under JMA since 2007 (Hos-
hiba et al. 2008). Independent of the nationwide
EEW system, on-site real-time monitoring systems
have been developed individually and dedicated for
specific facilities in railway operations (e.g., Japan
Railways) and industries in private sectors (semicon-
ductor factories, chemical plants, etc.).

On-site real-time monitoring for front alarming
There have been ideas to forecast strong ground
shaking at a site from an earthquake that occurs at a
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Fig. 4 Comparison of predicted seismic risk and measured
intensities: a map of peak ground acceleration (PGA) distribution
(shown with contours of gal) estimated for 100 years over the
country published by Architectural Institute of Japan (1987). The
original map was derived based on the historical seismic activity
by Kawasumi (1951), and was reflected in the modified Building
Standard Law in 1981. Actually measured PGAs (in red) that
exceeded 600 gal at JMA and NIED strong motion stations in
the 1990s including the 1995 Kobe earthquake are indicated; b
measured intensities for the 1995 Kobe earthquake. PGAs of over
800 gal were recorded by two instruments in Kobe and assigned
intensities (/;ua) were 6, whereas the predicted PGA for this area
was 200-300 gal as is shown in (a). Note that at the time, the
Ima scale was described with seven levels from 0 to 6, and was
modified to 10 levels (0, 1, 2, 3, 4, 5—, 5+, 6—, 6+, 7) based on

the instrumental data in 1996 (see Midorikawa et al. 1999)

distance. The system would rely on signals from an
earthquake detected at a nearby site, and transmit an
alarm to affected areas at a further distance before
strong ground shaking arrives. This kind of idea for
front alarming already existed in the nineteenth
century, and was presented by J. D. Cooper in San
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Francisco in 1868. However, the idea could not be
implemented due to technical limitations at that time
(Nakamura and Tucker 1988). Late in the twentieth
century, dedicated on-site real-time monitoring sys-
tems were developed for specific facilities to detect an
event and take necessary actions before strong shak-
ing arrives. Research and development into how to
forecast strong ground shaking at a given site has
been carried out, independent of the big network in-
stallation and prediction research in Japan.

The most notable front alarm system was devel-
oped systematically by the Japanese National Rail-
ways (JNR 1949-1987, now Japan Railways Group)
to secure safe railway operation, i.e.,, protect from
earthquakes trains running at high speeds. Nakamura
(1996) reviewed the R&D history of the real-time
earthquake monitoring and front alarm system that
led to the creation of the Urgent Earthquake Detec-
tion and Alarm System (UrEDAS). This system be-
came fully operational in the 1980s, and was put to
practical use for Shinkansen (bullet train) operation
after an experimental period. Nakamura (1996) ex-
amined the railway damage on a magnitude (M) vs.
epicentral distance (A) diagram (see Fig. 5; after
Nakamura (1996)) that shows railway damage may
occur for earthquakes with M >5.5, in the areas of
epicentral distance up to ~5 km for M~ 5.5, and
over 100 km for M >7.5. Some follow-up surveys of
railway damages using more recent earthquakes also

LEGEND

O No damage
@A Damage (~1992)
* Damage (1993~19795>)m?

Epicentral Distance in km 4

Magnitude M

Fig. 5 Railway damage evaluated on a magnitude (M)-epicentral
distance (A km) diagram. This is a copy of Fig. 2 in Nakamura (1996)
with slight modification (courtesy by Y. Nakamura). The dashed
horizontal line indicates the epicentral distance of 30 km. For M >
6.5, damage occurred at sites of A > 30 km. For ~55<M < 65,

there was damage at some sites with A < 30 km
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indicate a similar trend, a certain correlation be-
tween M and A (e.g., Ashiya et al. 2007). If the
on-site monitoring system estimates the magnitude
and epicentral location rapidly using the beginning
part of seismic signals, it can issue an alarm to
trains running in the affected areas to slow down
and stop. The basic idea of this alarm system is to
exploit the difference of P- and S-waves’ propagation
speeds, i.e., ~6 to 7 km/s for P-wave and less than
4 km/s for S-wave near the ground surface. S-waves
convey three to ten times stronger motions than
P-waves, but propagate more slowly than P-waves.

UrEDAS calculates continuously at the instrument site
parameters from real-time waveform data, such as back
azimuths, the ratios of vertical to horizontal amplitudes to
discriminate between P- and S-waves, and predominant
frequency to estimate an earthquake’s magnitude. Once it
detects an earthquake, preliminary earthquake parameters
(i.e., magnitude, epicentral and hypocentral distance, etc.)
are estimated quickly at the site. Then, it evaluates the pa-
rameters on the M — A diagram (similar to that in Fig. 5)
and may issue an alarm if necessary. The process time was
~ 3 s in 1995. They continued improving the speed of ac-
curate parameter determination and developed a new gen-
eration of UrEDAS, called compact UrEDAS, that could
issue an alarm in 1 s (e.g., Nakamura 2004).

When the 2004 Niigata Chuetsu earthquake (Mwé6.6,
depth ~ 13 km) occurred, there were four trains running
above the epicentral area. Four compact UrEDAS stations
in the area detected the earthquake signals and issued an
alarm in 1 s. Trains Toki 325 and Toki 332 received the
alert 3.6 s after the earthquake origin time (t,), Toki 406
in 4.5 s, and Toki 361 in 11.2 s after £,. Immediately after
they received the alert, these trains were slowed down
automatically to stop. One of the trains (Toki 325), which
slowed down but did not stopped completely, was derailed
but without causing any injuries. This was the first occa-
sion anywhere in the world that a dedicated real-time
monitoring system prevented an earthquake disaster for
running trains (Nakamura 2008).

Japanese industries in general reinforced factories and in-
stalled on-site real-time earthquake monitoring systems, es-
pecially after the 1995 Kobe earthquake. Takamatsu (2016)
reported how semiconductor industries improved safety
preparations against earthquakes. His company developed a
combined use of alerts from the big-net EEW by JMA with
their own on-site monitoring system; these supplement the
deficiencies of each other to function effectively.

Big-net EEW systems
EEW system in Japan
After the 1995 Kobe earthquake, the National Research
Institute for Earth Science and Disaster Resilience
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(NIED) led the installation of dense real-time seismo-
graph networks in Japan. K-NET (Kyoshin network) is a
network of strong-motion seismographs installed at
more than 1000 observation stations on the ground sur-
face that are distributed every 20 km uniformly over the
country. It has been operated by NIED since June
1996. KiK-net (Kiban Kyoshin network) is a network
of strong-motion seismographs deployed at approxi-
mately 700 stations nationwide, each of which con-
sists of 2 sets of seismographs, 1 set installed in a
borehole co-located with a set of Hi-net (high sensi-
tivity seismograph network) instruments, and the
other set on the ground surface. The strong-motion
data recorded by K-NET and KiK-net are immediately
transmitted to the data management center of NIED
in Tsukuba and are made available to the public via a
web site (Okada et al. 2004).

On the other hand, JMA and the Railway Technical
Research Institute developed a system called Nowcast
Earthquake Information System (Hoshiba et al. 2008)
while NIED developed a real-time earthquake informa-
tion system (REIS) (Horiuchi et al. 2005; Nakamura et
al. 2009). Following these system and algorithm develop-
ments for real-time data analyses in October 2007, JMA
started nationwide public operation of an EEW system
by combining the products from REIS and Nowcast
(Nakamura et al. 2009).

The Japanese EEW system that consists of over
4000 real-time monitoring stations (Fig. 3a) can issue
an alert to affected areas seconds before a strong hit
if the areas are outside of the gray zone. The hypo-
centers and magnitudes are determined by a combin-
ation of several techniques using data from the JMA
network, NIED’s Hi-net, and 30 KiK-net borehole
stations in the Kanto region (Iwakiri et al. 2012).
The system has been locating 10 to 20 events per
day including a few felt earthquakes in and around
Japan, and issues alerts when strong ground shaking
(I;ma 25-) is expected. The system updates the
earthquake parameters with more accurate informa-
tion every second. This is a new application of
real-time seismology for earthquake hazard mitiga-
tion. Since October 2013, NIED has been providing
a real-time view of ground motions (PGA or PGV)
recorded at K-NET and KiK-net stations over the
country that are updated every second, overlaying
the EEW monitoring screen (Kyoshin Monitor:
http://realtime-earthquake-monitor.bosai.go.jp/).

In 2011, the extensive real-time monitoring and EEW
system was operating across the country (e.g., Hoshiba
and Iwakiri 2011; Hoshiba et al. 2011). The operations
of the system along with individual on-site monitoring
systems and engineering preparations have been tested
effectively for advantages and shortcomings during the
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Mw9 earthquake. This earthquake on March 11th was
preceded by an Mw?7.3 foreshock on March 9th, and
then ruptured the source areas of several previous large
earthquakes (M >7) in one sequence (Tajima and
Kennett 2012; see the review by Tajima et al. 2013). The
March 9th foreshock (Mw?7.3) was first considered as “a
typical large earthquake in the area” and a spokesman
from JMA urged the general public to take precautions
against its large aftershocks. It turned out that the
March 9th event was a mere foreshock of the Mw9 main
event that was the 4th largest event recorded instrumen-
tally since 1900, and one of the seven deadliest events
with more than 10,000 casualties in the twenty-first
century.

It was a rare experiment of the nationwide EEW sys-
tem to detect and estimate the magnitude of a large
earthquake that has evolved to a great Mw9 while also
issuing alerts with updated information, so the public
can take response actions in a very limited time frame.
The EEW system detected the event 22 s after the ori-
gin time and issued an estimated JMA magnitude (M;j)
as 7.2 in 8.6 s after the event detection and continued
updating the magnitude estimate up to Mj8.1 in 105 s.
M;j8.1 was the final magnitude determined by the
real-time system. Numerous research papers have been
published, which study the Mw9 source characteristics
that ruptured several previous source areas of an
M?7-class earthquake in one sequence of ~150 s
duration taking a complex rupture process. The short-
comings of the EEW system identified in the parameter
determination of the long-lasting complex source rup-
ture process have been improved with inclusion of
long-wavelength data (e.g., crustal deformation by GPS)
to rapidly estimate the final size of a large earthquake
in the real-time scheme (e.g., Ozaki 2011; Ohta et al.
2012; see reviews by Tajima et al. 2013). Lay (2017)
provided a thorough review of published papers to date
that detailed the complex source characteristics, revis-
ing the magnitude to Mw9.1. But only the gross picture
of the rupture characteristics obtained from preliminary
studies reviewed by Tajima et al. (2013) is necessary to
review EEW application and practice.

As discussed in Fig. 1, the warning time is critical.
Figure 6 illustrates the warning times (shown on con-
centric circles from the epicenter) and the distribu-
tion of measured intensities for the Tohoku-Oki
earthquake. At location Al, Ij\a6— shaking arrived in
6 s after the initial earthquake alert. Likewise, strong
shaking of ;A7 arrived at A2 and [jpa6+ at A3 in
19 s, a6+ at A4 in 35 s, and [ja6+ at A5 in 49 s,
respectively. Location A6 is in Chiyoda-Ku/Tokyo
where shaking of Ijy1a5+ arrived in 67 s after the first
alert issuance (see http://www.data.jma.go.jp/svd/eew/
data/nc/rireki/201103.pdf#page=4).
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Many on-site dedicated systems operated at individual
facilities also detected the event and alarmed the facilities
to take necessary actions including stopping trains, etc.
JMA issued warnings for large tsunamis 3 min after the
earthquake origin time (Ozaki 2011), which should have
provided sufficient time for most people to escape. How-
ever, complications in the information transfer, and emer-
gency response, partly due to the underestimated tsunami
heights in the beginning, caused problems of miscommu-
nication so that many people were killed by the huge on-
rush of water. Tsunamis completely destroyed many
coastal cities and towns along the Pacific coast of
northeast Japan, causing a large number of casualties
and the much-publicized failure of a nuclear power
plant in Fukushima. The estimated damage was over
US$300 billion. Nonetheless, without the big-net
EEW and on-site monitoring systems and intensive
engineering preparations, the loss of lives and dam-
age of facilities could have been far worse (see
Tajima et al. 2013). The casualties of this earthquake
(Mw9) were less than those caused by other smaller
but destructive earthquakes in the Mw range of 6.6
to 7.9 (see Table 1). The relatively few casualties
from the Mw9 earthquake are a testament to Japan’s
emergency systems that include not only the big-net
and on-site EEW systems but also the rigorous
building codes and advanced engineering technolo-
gies for quake resistance (National Institute for Land
and Infrastructure Management, and Building Re-
search Institute 2012).

EEW system developments in other countries

Other countries including Mexico, the USA, Turkey,
Taiwan, Korea, China, and countries in Europe have
been also installing real-time network stations and
developing EEW systems, for which there is an excellent
review of progresses focusing on big-net EEWs around
the world (Allen et al. 2009). Among the networks, the
EEW system developed in Mexico by the Mexican
Seismic Alert System (Spanish: Sistema de Alerta
Sismica Mexicano or SASMEX) is the first public EEW
system in the world. This system was installed after the
catastrophic 1985 earthquake (Mw8) and has been oper-
ational since 1993 (Espinosa-Aranda et al. 1995). At
present, the network has about 100 seismic sensors with
28 more stations in development.

During the preparation of this article, there were
two large earthquakes in Mexico, one (Mw8.2) oc-
curred in the Gulf of Tehuantepec off the coast near
Chiapas on September 7 and the other one with
Mw?7.1 in central Mexico on September 19 in 2017.
The September 19 earthquake struck the greater
Mexico City area. More than 200 buildings collapsed,
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(See figure on previous page.)

Fig. 6 Warning time and intensity distribution for the 2011 Tohoku-Oki earthquake. Here, the warning time is the time interval between the alert
issuance and ground shaking arrivals estimated on concentric circles. This figure was copied from “Report of earthquake early warning alerts” (in
Japanese) at: http://www.datajma.gojp/svd/eew/data/nc/rireki/201103.pdf#tpage=4, and slightly modified with location labels of A1 to A6, and
other labels into English. The scale of /jya 4 to 7 is color coded below the map. At location A1 /)a6—, shaking arrived 6 s after the initial alert
was issued. Likewise, strong shaking of /jyua7 at A2 and lyab+ at A3 in 195, [iyab+ at A4 in 35's, and /uab+ at A5 in 49 s, respectively. Location
A6 is in Chiyoda-Ku/Tokyo where shaking of /ya5+ arrived in 67 s after the initial alert

370 were killed, and ~ 6000 people injured. This
earthquake coincided with the 32nd anniversary of
the 1985 Mexico City earthquake (Mw8) that killed
many thousands of people (in the range from ~ 5000
to 40,000), injured ~ 30,000 people, and destroyed
many buildings including 412 that collapsed. When
the September 19, 2017 earthquake occurred on
land, ~ 120 km from Mexico City, people in the city
felt ground shaking from P-waves a few seconds be-
fore they heard the alarm siren. Many people began
evacuating buildings before the alarm sounded, ac-
cording to surveillance camera records. The S-wave
arrived in many locations in Mexico City about 6 s
after the beginning of alarm siren and the shaking
increased in amplitudes reaching a maximum after
17 s. Some buildings in the city collapsed completely
within seconds of the beginning of the alarm siren
(Nakamura 2017).

This event provided important reminders about EEW
systems. EEW cannot prevent buildings from collapsing;
but damage can be reduced or avoided if better building
choices are made. If the seismic monitoring network
coverage in the epicentral area were denser and the data
processing were faster, there could have been a longer
warning time in Mexico City (i.e., more than 20 s), in-
stead of 6 s. If the buildings that collapsed had been re-
inforced to be earthquake resistant, they might have
performed better during the September 19, 2017 quake.
A high-standard building code and reinforcement for
earthquake resilience must accompany an EEW system
environment, as is widely adopted in Japan. No modern
multi-story buildings have collapsed immediately during
the shaking of any of the recent strong earthquakes in
Japan.

In the western United States, the background seis-
micity is moderate. But the region does have high
hazard, with destructive earthquakes (Mw >~ 6.7)
likely along active faults. The 1989 Loma Prieta
(Mw6.9) and the 1994 Northridge (Mw6.7) caused
serious damage in urban areas in northern and south-
ern California, respectively. The Loma Prieta event
ruptured a small portion of the zone along the south-
ern section of the fault previously ruptured by the
1906 San Francisco earthquake (Mw?7.9, with the esti-
mated maximum Modified Mercalli Intensity (MMI)

of IX (Extreme) in San Francisco and several other
cities, casualties of ~ 3000, over 80% of the City of
San Francisco was destroyed). Thus, a large event
(Mw > 6.7) is still likely to occur in the region. The
Northridge earthquake occurred on a blind thrust
fault near the epicenter of the 1971 San Fernando
earthquake (Mw6.6, maximum MMI of IX) and dir-
ectly hit Los Angeles, a populated US city, for the
first time since the 1933 Long Beach earthquake
(Mw6.4).

At the urging of scientific groups and organizations,
the Federal and state governments funded the instal-
lation of an improved real-time monitoring network
and the development of an EEW system, ShakeAlert.
It now covers a broad range along the West Coast of
the United States (Given et al. 2014; Strauss and
Allen 2016; Cochran et al. 2017), but the station dis-
tribution is not homogeneous as shown in Fig. 3b. In
the populated areas with high seismic risk, i.e., the
greater Los Angeles, San Francisco Bay, and Seattle
areas, the station spacing is about 10 km. The instal-
lation goal for other areas with low population but
high hazard risk is 20 km between stations. Regions
where there is no known seismic hazard and low
population, the station spacing goal is 40 km (Peggy
Hellweg, personal communication).

An EEW system in a big-net environment promises
results similar to those in Japan, western United
States, and other regions/countries, i.e., alerts will be
delivered seconds before strong shaking starts. To
achieve the goal, they target achieving similar station
coverage to Japan’s modern system of networks, as
well as data analysis speed and accuracy. It is im-
portant that recipients/end-users of EEW alerts in
other countries realize that seismic safety prepara-
tions at individual (recipients) sites are very
advanced in Japan, likely more advanced than in
many other countries. This is in addition to its
earthquake-resistant building code. In Japan, private
sector industries build resilient structures that damp
or are isolated from strong ground shaking, in
addition to using on-site seismic monitoring and
calibration using data from background seismic ac-
tivity. Excessive emphasis on station coverage density
and rapid real-time data analysis may distract from
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the key issues of seismic safety preparations which
must be the foundation on which EEW relies.

The review by Allen et al. (2009) lists concerns
about algorithms for detecting seismic signals,
uncertainties in the conventional ground motion pre-
diction equations (GMPE), speed of analysis and ac-
curacy in location, and magnitude determinations. In
fact, estimates of ground motion intensities by a
big-net EEW system as a function of distance using
GMPE are not always in agreement with observed
intensities. Actual intensity distributions in felt
earthquakes show short-wavelength variation. The
frequency band in which seismic intensities are de-
termined is from ~ 0.5 to 10 Hz, and thus there are
significant effects from the response of local subsur-
face structure. Here, note that the incident azimuth
of the incoming wave (propagation direction) and a
site amplification factor also affect the ground
motion on the surface at a site, resulting in its devi-
ation from estimates based on a conventional GMPE
(Hayashida and Tajima 2007). The variability can be
substantial depending on earthquake locations
(hypocenters). Because of the spatial resolution asso-
ciated with station spacing (~20 km) and the re-
quired speed for alarming, it may not be practical or
meaningful for big-net EEWs to model all possible
variability.

Figure 2 illustrates an example of hypothetical scenarios
during an earthquake at a high-tech facility. The facility
contains expensive machinery that runs under high voltage
and high currents to produce a strong magnetic field, and
is vulnerable to strong shaking when it is in operation. In
the event of a strong quake, the facility may receive an
EEW alert. Automatically, the power will be shut down.
The building will not collapse assuming it was built with a
high-standard building code. But the expensive machinery
may not stop operating instantaneously. If the machine in
operation is hit by a strong quake directly, it will be dam-
aged severely. It must be protected with a system to isolate
or damp strong ground shaking beneath the building. In
any case, an isolation (or damping) system should work ef-
fectively, regardless of an earthquake location since the
warning time may be very short before shaking from a
strong quake begins. Without such a system, the economic
loss in terms of expensive machinery will be large. In real-
ity, it is not a common practice to install (include) a damp-
ing or isolation system beneath the facility in southern
California, where background seismicity is moderate.
It is considered to be expensive. This situation evokes
concerns not only about EEW alerts provided by a
big network and on-site monitoring systems but also
collaborations with seismic engineers during the con-
struction phase. An incremental improvement in the
speed of determining accurate earthquake parameters
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will not make a difference in the actions needed to
effectively mitigate the hazard at the site.

Recent destructive earthquakes vs. seismic hazard risk
maps

As stated in subsection “From Earthquake prediction to
real-time monitoring,” one of the major outcomes from
the EPP research in Japan was to map the areas with high
seismic risks based on the past large earthquakes.
But it is a fact that most of the recent destructive
earthquakes occurred in the areas where the
assigned seismic potential was not particularly high
relative to other areas, since the history of instru-
mental seismic observation was not long (~ 100 years
at the time), and the information from ancient docu-
ments which described earthquake damage was
found mostly in populated cities, and not homoge-
neous. Besides, the published hazard risk maps were
prepared for experts using probabilistic methods for
risk estimates and are not easy to understand what
these values mean. Figure 7 is an example of prob-
abilistic seismic hazard map for ground motion for
the entire country that shows the probabilities pre-
dicted for ground motion of Ija 26— and Ijpa 2 6+
for the next 30 years (published in 2010). The prob-
abilities for Ijya>6- assigned for the regions of
strong ground shaking by the 2011 Tohoku-Oki and
2016 Kumamoto earthquakes were low, mostly under
6%, although it is not clear what the difference be-
tween the probability values actually means from a
practical viewpoint.

Figure 8 shows the measured Ijas for the Mw9
Tohoku-Oki earthquake in 2011. The Tohoku region and
part of the Kanto along the Pacific coast broadly suffered
strong ground shaking of Ijyi4 = 6— during the Mw?9 earth-
quake. Figure 9 shows the Ij\4 distribution measured for
the April 16, 2016 Kumamoto earthquake (Mw?7.0). The
instrument stations that measured intensities 6— and lar-
ger surround the epicenter (denoted with +) (top). The
area of strong shaking around the epicenter is enlarged
(lower left), and the estimated intensity distribution is
shown by contours (lower right). The recorded Ijyas for
the 2011 Tohoku-Oki and 2016 Kumamoto earthquakes
far exceeded the predicted Ijp4's in 2010.

Feedback from big-net beta-phase tests

We participated in the beta-phase test of the nationwide
EEW system in Hiroshima, western Japan from 2003 to
2007. During the period, we experienced a few felt earth-
quakes, but not any destructive events in the area. The
events were located more than 100 km away since the
local seismic activity in that region is not so high as in
other parts of Japan. We received an alert more than 20 s
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(Lja = 6-)

Probabilistic seismic hazard map for 30 years (2010)

(Ijma 2 6+)
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Fig. 7 Probabilistic hazard map of ground motion for 30 years published in 2010. The original figures were downloaded from the website of the
Headquarters for Earthquake Research Promotion: (https.//wwwijishin.gojp/evaluation/seismic_hazard_map/shm_report/shm_report_2010/. https//

www jishin.go.jp/main/chousa/10_yosokuchizu/ka_bunpu.pdf). This site is in Japanese only; a corresponding site in English is https//wwwijishin.go,jp/main/
index-ehtml that shows only the 2007 version and is not updated. There are areas along the Pacific coasts from Kanto to Shikoku and northeastern
Hokkaido where ground shaking of /jua6— or greater was predicted to occur in the coming 30 years with a probability of more than 6% (left). Probabilities
of 6% or higher for ground shaking of /;ua6+ or greater were predicted only for narrow zones along the Itoigawa-Shizuoka Tectonic Line and the coast in
Tonankai region, and for other small areas (right). Note that these hazard maps show low probabilities of less than 6% to most of the regions which
were struck by strong ground shaking of /yya6— and greater during the 2011 Tohoku-Oki and the 2016 Kumamoto earthquakes
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before we felt ground shaking, i.e., the warning time (the
time interval between an alert and ground shaking arrival)
was more than 20 s. We watched the expanding concen-
tric circles for P- and S-wave propagation fronts from the
epicenter on the monitor screen and confirmed that the
system forecast the arrival time of S-waves well coinciding
with weak felt motion. On the other hand, we learned
that the actual ground motion intensities deviated
from the intensities estimated using GMPEs on the
smooth concentric circles. The complex subsurface
structure should affect the ground motions on the
surface, which are characterized by short-wavelength
variation. The observed intensity variability depends
on the incident azimuths and amplification factors
from the borehole to the surface, and can be substan-
tial (Hayashida and Tajima 2007).

In western United States, the beta-phase test of
ShakeAlert started in 2013 (Given et al. 2014). Dur-
ing the period (as of September 2017), two moderate
earthquakes (Mw 5.1 and 6) occurred in the network
coverage. The Mwb5.1 La Habra earthquake on
March 28, 2014 caused moderate property damage
around the epicentral area locally but no injuries.
Recipients at a site of ~32 km from the epicenter
received an EEW alert, and then in a couple of sec-
onds felt weak motion. The warning time was a
couple of seconds. The other earthquake of Mw6 oc-
curred in South Napa near the San Francisco Bay
area on August 24, 2014. The ShakeAlert team has
been collaborating with the Bay Area Rapid Transit
(BART), a local railway network, to help develop a
system for safe train operation in the occurrence of
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Fig. 8 Observed intensity distribution for the 2011 Tohoku-Oki (Mw9). Intensities from 3 to 7 (/a) measured by instruments are shown at seismic
stations (left) and the estimated distribution of intensities by contours (right) (the figures were downloaded from: http://www.datajma.gojp/svd/
eqev/data/2011_03_11_tohoku/index.html). The intensity scale is color coded from 1 (white) to 7 (pink), and the red star shows the epicenter.
The region with /;ys6— and greater has a stretch of over a few hundred kilometers along the Pacific coast
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earthquakes (Strauss and Allen 2016; Hellweg et al.
2016). They report that when the South Napa earth-
quake occurred, the earthquake alert was delivered
successfully to the central system of BART operation
5 s after the earthquake origin time and 8 s before
S-wave arrival to the center.

Here note that at the earthquake origin time
(3:20 am), no trains were in operation, and the report of
the EEW test with BART response is somewhat mislead-
ing for general public in terms of effective alert delivery.
If trains were in operation near the epicenter, the time
frame of 5 s for issuing an alert may not be sulfficient for
the centralized system to take action for train safety. In
5 s after the earthquake occurrence, the P-wave front
propagates about 30 km and S-wave about 18 km from
the epicenter. The big-net EEW system may not issue an
alert before strong shaking to affected areas in the gray
zone for this earthquake while an Mw6-class earthquake

can cause railway damage in areas up to ~ 30 km from
the epicenter (refer to Fig. 5). The BART central system
is located ~45 km away from the epicenter since the
S-wave arrival was 13 s after the origin time, and thus
received the alert 8 s before S-wave arrival (see the time-
line in Fig. 1).

In the past half-century, three Mw6-class earthquakes
caused serious damage in urban areas in California in-
cluding casualties. The 1971 San Fernando (Mw6.6) re-
corded a maximum MMI of IX (violent) and caused
casualties of 65, ~2000 injured, and over $500 million
economy losses. The 1989 Loma Prieta (Mw6.9) also re-
corded a maximum MMI of IX, and caused 63 fatalities,
~ 4000 injured, and ~ $6 billion losses. The 1994 North-
ridge earthquake (Mw6.7) occurred at a hidden fault in
close proximity to the 1971 San Fernando earthquake
along the southern edge of the western Transverse
Range in southern California. The San Fernando
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aftershocks form a plane extending from a depth of
15 km to the surface, dipping toward the northeast at
about 40°. The Northridge aftershocks delineate a fault
extending from a depth of 18 km to about 5 km, dipping

toward the southwest at about 40°. The fault planes of
the two comparable earthquakes dip in opposite direc-
tions and represent conjugate faulting in a compressive
stress regime (Hauksson et al. 1995; Mori et al. 1995).
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The Northridge earthquake measured the peak acceler-
ation of 1.8 g (16.7 m/s®) at a strong-motion station
about 7 km south of the epicenter. It was the highest
ground motion ever recorded instrumentally in an urban
area in North America, causing damage in the local area
around Los Angeles (with the death toll of 57, more than
8700 injured, and the estimated property damage of
~$30 billion or more). The damage caused by these
earthquakes concentrated in the areas around the epi-
centers (within the gray zone, e.g, with an epicentral
distance of less than 30 km).

In the beta-phase tests of big-net EEW systems,
both in Japan and the western United States, we have
not experienced any destructive earthquakes. But we
learned important lessons regarding the limited time
frame of alert delivery from a big-net EEW system
and necessities for site-effective safety preparations. In
the 2016 JpGU-AGU joint session on EEW, there
were reports of big-net teams, i.e., from JMA in
Japan, CISN in USA, Central Weather Bureau of Taiwan
(CWBT), and Centro de Instrumentacién y Registro Sis-
mico A.C. (CIRES) in Mexico (see http://www2.jpgu.org/
meeting/2016/PDF2016/S-SS01_all_e.pdf). They focused
on the improvements of computation algorithms for
speeding-up accurate parameter determinations in
real-time, or planning to increase the density of network
station coverage. Big-net teams also suggest that
end-users (recipients) develop systems to make use of
EEW alerts, which are to be delivered from a big-net
system.

Here, we would like to reiterate that end-users can
receive an alert from a big-net EEW system before a
strong hit if their locations are outside the gray zone.
If they are closer to the epicenter, they may not re-
ceive an alert before strong shaking while stronger
ground shaking may hit the sites causing more ser-
ious damage (Fig. 1). Remember the successful use of
UrEDAS system in the 2004 Niigata Chuetsu earth-
quake described in subsection “On-site real-time
monitoring for front alarming,” i.e., the on-site system
detected an earthquake (Mw6.6, depth ~ 13 km), is-
sued an alert within a few seconds from the earth-
quake origin time to nearby trains which were
running at high speeds, and slowed and stopped the
trains. The system successfully prevented a disaster
for the trains (Nakamura 2008).

The feedback from the beta-phase tests highlights key
issues to be addressed for earthquake safety preparations
using alerts from big-net EEW systems.

Variation of ground motions and site-specific factors
A big-net EEW system estimates seismic intensities
in the affected areas using a conventional GMPE,

Page 16 of 25

once the earthquake parameters (hypocenter and
magnitude) are determined. Here, a GMPE relies on
probabilistic distributions of observed ground motion pa-
rameters (i.e., peak ground acceleration, peak ground vel-
ocity, seismic intensity) for a given earthquake magnitude,
source-to-site distance, etc. The station spacing is roughly
the measure of optimum resolution and calculation speed
of a big-net system, and may be larger than 20 km if
the network is during a development stage. Nonethe-
less, the ground motion variation in a critical fre-
quency band of ~0.5 to 2 Hz is in a much smaller
scale than a typical big-net station interval, ie., ~10
to 20 km. In fact, observed intensities of ground mo-
tions are not necessarily in agreement with the esti-
mates by a big-net EEW. Recently, researchers
proposed a new method of “PLUM” (Propagation of
Local Undamped Motion) for the JMA EEW system
to better predict seismic intensities directly from the
observed real-time intensities near target sites (Kodera
et al. 2018).

We did some exploratory studies to visualize the
variability of ground motions using data from a dense
local strong motion network in Yokohama City
(Yokohama City strong motion network, YCSMN).
We also have some results from KiK-net data analyses
to illustrate the local subsurface effects among the
stations, and event location dependency for ground
motion variability.

Short-wavelength variation of ground motions
There is a dense network of strong-motion instru-
ments that has been operating within a small area (~
20 x 30 km?) in Yokohama City since 1999. The total
number of stations was 150 at the peak with its aver-
age station interval of ~1.5 km or less, whereas it is
reduced to 42 now. The data from this network show
substantial variation of ground motions. Figure 10
compares the estimated JMA seismic intensities based
on the JMA EEW scheme (left) with calculated ones
using data from YCSMN (right) for two earthquakes.
Note that the JMA EEW system computes [jya using
the GMPE with closest distances from the estimated
earthquake fault but does not include information re-
garding site-specific conditions (see the method for
estimating Ijya in the JMA EEW system in Appen-
dix). The estimated intensities in the figure are the
results of ex-post evaluations. The site amplification
coefficients were obtained from averaged values of
S-wave velocity in the upper 30 m (AVS30) at each
grid point (at 250 m interval) in and around Yoko-
hama City, provided by the Japan Seismic Hazard In-
formation Station (J-SHIS, by NIED).

Figure 10a shows the estimated and observed seismic
intensities for a local earthquake (Mwb5.9, Mj6, depth
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(See figure on previous page.)

Fig. 10 Comparison between JMA seismic intensities estimated in the real-time EEW scheme of JMA (left) and calculated intensities using data
from YCSMN stations (right). The procedure of intensity estimation is explained in Appendix. Here, we used the site amplification map of the
Japan Seismic Hazard Information Station (J-SHIS by NIED) to obtain site amplification coefficient at each grid (250 m interval) for the JMA
estimates. The JMA intensity scale () is shown at nine levels from 1 (white) to 7 (purple): a EQ1: July 23, 2005 NW Chiba Pref. (Mw5.9, depth
73 km; see Table 3 in Appendix). The /juas estimated in the EEW scheme are 4 (green) in the whole area, regardless of different site conditions.
The actual /jyas calculated with data from the YCSMN (142 stations) vary from 5— (yellow) on the northeast side to 3 (light blue) on the
southwest and northwest sides. b EQ2: March 11, 2011 off the Pacific Coast of Tohoku (Tohoku-Oki; Mw?9, depth 24 km). The /jyas estimated for
Mj8.1 using the real-time EEW algorithm in 105 s after P-wave detection were 4 (green) in the basin and 3 (light blue) on the hillside. The actual
Iiwas calculated at the YCSN stations (118 stations) range from 4 (green) to 5+ (orange)

73 km) in NW Chiba Prefecture on July 23, 2005 (see the
event parameters in Table 3 in Appendix). The intensities
estimated by the JMA processing are 4 in the entire area,
regardless of different site conditions. The actual inten-
sities calculated using data from the YCSMN stations are
from 3 on the southwest and northwest sides, to 5- on
the northeast side showing short-wavelength variation, as
short as the station interval of ~ 1.5 km or less. Figure 10b
compares the estimated and measured intensities for the
2011 Tohoku-Oki earthquake (Mw?9, depth 24 km). In the
beginning, i.e., in 8.6 s after the P-wave detection prelim-
inarily determined Mj was 7.2, and the estimated inten-
sities were 3 on the hillside and 4 in the deep sedimentary
basin. Mj was updated repeatedly up to 8.1 (final value in
EEW) in 105 s after the P-wave detection. Even for M;j8.1,
the estimated intensities were roughly 4 all over the city.
However, the actual intensities calculated using data at
YCSMN stations range from 4 on the hillside to 5+ at
some stations in the basin area. Here, note that the JMA
EEW system computed seismic intensities using the
GMPE of Si and Midorikawa (1999) with “the simplified
closest distances” from the estimated earthquake fault,
which is assumed a circular fault (see “Estimation of seis-
mic intensity in the JMA EEW system” in Appendix). In
the case of a large earthquake, the source duration be-
comes long and the rupture process becomes complex,
making it difficult to estimate the final magnitude and
fault size in a real-time processing. For the 2011
Tohoku-Oki earthquake, more than four source areas on
the fault contributed to strong-motion generation (e.g.,
Kurahashi and Irikura 2011; Asano and Iwata 2012). The
JMA system repeatedly updated source information (hy-
pocenter and depth), and we used the final estimation of
hypocenter location (15.9 s after the detection) and mag-
nitude (116.8 s after the detection), to derive the distance.
The intensity estimation based only on the GMPE is not
necessarily adequate for such a complex long-lasting rup-
ture characteristic.

Using other local event data, we tested the effects of in-
cident azimuths and angles of incoming waves on the
ground motion variation that also depend on the propaga-
tion distance. Figure 11 shows an example. We used three

shallow earthquakes of a similar magnitude (Mw ~ 4.8 to
5.2), which are located at distances of 60~70 km from the
network (see the event parameters in Table 3 in Appen-
dix). The map shows the event locations relative to
YCSMN. The incident azimuths of seismic waves are
roughly from (a) south; (b) east; (c) west. For these events,
there is no noticeable difference among the intensities es-
timated with the JMA algorithm since the magnitudes and
epicentral distances are similar to each other. However,
the observed ground motions at YCSMN stations show
short-wavelength variation in the intensity range from 2 to
4 and different patterns among the events, reflecting 3D
structural effects along the propagation paths. Our exam-
ination of YCSMN data suggests the scale of ground mo-
tion variation and the limitation of spatial resolution
provided by a big network.

KiK-net data analysis
More than a decade ago, we investigated the subsurface
amplification using data recorded in the borehole and on
the ground surface at KiK-net stations in Hiroshima Pre-
fecture (Hayashida and Tajima 2007). Here, we selected
Hiroshima Prefecture as the study area since the depth to
the bedrock (where V5> 2500 m/s) is shallow (less than
several hundred meters) and the KiK-net borehole sensors
are located on hard rocks. Thus, it is suitable to test the
local amplification of seismic waves from the bedrock to
ground surface using data recorded at relatively stable sta-
tions in Hiroshima. In this section, we follow up the study
by Hayashida and Tajima (2007) using some recent data.
Figure 12 shows examples of integrated accelerograms
(ie., velocity waveforms) recorded at three KiK-net sta-
tions for an earthquake of November 21, 2011 (Mw5.2,
depth 12 km; Eq. 6 in Table 3 in Appendix) in Hiroshima
Prefecture. The borehole sensors of these stations are lo-
cated at ~ 200 m depths and S-wave velocities around the
sensors are greater than 2500 m/s (see Table 2). The epi-
central distances range from 45 to 69 km. There is no
large difference among the peak ground velocities (PGVs)
recorded at the borehole stations, but the PGVs on the
surface are substantially different from each other.
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Especially, at station HRSHO3, the ratio of the PGV on the
ground surface to that in the borehole is greater than 14,
while the ratios are less than 2 at station HRSHO4. A large
amplification at HRSHO3 was observed also for other
events (e.g., the 2001 Mw6.8 Geiyo earthquake; see Haya-
shida and Tajima 2007).

Figure 13 compares the observed and estimated PGVs
at the three stations for earthquakes that occurred from
August 1998 to August 2017 (3.4 < Mj < 7.1; at epicentral
distances between 24 and 200 km). The diagonal lines
show one-to-one correspondence of the estimated and
observed amplitudes. Here, the PGVs are estimated
following the procedure in the JMA EEW scheme (see
Appendix). The site amplification factors were adopted
for AVS30 values from PS logging data (red square) and
AVS30 map of J-SHIS (blue square) at each site (see

Appendix for “AVS30”). The AVS30 values obtained
from PS logging are smaller than those by J-SHIS, but
the differences are not large at stations HRSHO1 and
HRSHO3 (Table 2). At station HRSHO4, there is a dis-
crepancy in AVS30 values between PS logging and
J-SHIS: the PS logging AVS30 is larger and the J-SHIS
AVS30 substantially smaller than those at the other
two stations. At HRSHO4, the estimated PGVs derived
with J-SHIS AVS30 data are larger than the observed
amplitudes, and those derived with PS logging data
show better fit to observed amplitudes. In general,
the diagrams show that the PGVs are underestimated
at station HRSHO3 for most of the cases while the es-
timated values tend to be larger than the observations
at HRSHO4, especially when the site amplification co-
efficient is adopted from the J-SHIS map. The results
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Fig. 12 Three-component velocity seismograms recorded at three KiK-net stations (shown with solid triangles with HRSHO1, HRSHO3, HRSHO4)
in the borehole (upper three traces) and on the ground surface (lower three traces) in Hiroshima Prefecture for an event of November 21, 2011
(Mw5.2) (EQ6 in Table 3 in Appendix). Here, the waveform amplitudes are normalized by the maximum amplitude at each station, and the

number above each trace is the PGV (cm/s)

Table 2 List of the KiK-net stations used in this study

Station ID Borehole depth (m) Borehole Vs (m/s) AVS30% (m/s) AVS30° (m/s)
HRSHO1 205 2523 613 776
HRSHO3 200 2600 687 776
HRSHO04 200 2500 812 208

?Derived from PS logging

PDerived from site amplification map (Japan Seismic Hazard Information Station (J-SHIS): NIED), which is used in the current real-time processing for EEW
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Fig. 13 Comparisons between observed (vertical axes) and estimated (horizontal axes) peak ground velocities (PGVs) at three KiK-net stations
(HRSHO1, HRSHO3, HRSHO4) in Hiroshima Prefecture for earthquakes in the magnitude range from 3.4 to 7.1, from 1998 to 2017. The estimated
PGVs are derived using the GMPE by Si and Midorikawa (1999) that is used in the EEW scheme of JMA. Here, the site amplification coefficients
are derived using AVS30 values based on PS logging at each Kik-net station (red squares) and nationwide site amplification map, J-SHIS (blue

squares), respectively (see the AVS30 values in Table 2). The diagonal indicates a one-to-one proportional line

from this study indicate the difficulty of accurate
ground-motion estimation even at a site where the
soil information is well investigated.

In general, ground motion at a certain site fluctu-
ates from the estimated value based on a GMPE due
to specific effects between a source and the site that
depend on rupture property on the fault, three-di-
mensional heterogeneity in the propagation path,
and soil structure beneath the site. The diagrams in
Fig. 13 do not distinguish effects among propagation
distances, incident azimuths of incoming waves, and
magnitudes. Possible combinations of an incident
azimuth and an incident angle are almost infinite so
that it is not practical to derive a formula that ac-
counts for all these effects at each station in a
big-net EEW system. There are some attempts to
correct site amplification factors in real-time shake
mapping (Hoshiba 2013; Hoshiba and Aoki 2015) or
to derive a new GMPE to apply up to M9 mega-
earthquakes (Morikawa and Fujiwara 2013). In spite
of some incremental improvements in shaking esti-
mates on the surface, we should accept the fact that
the actual intensity of ground motion at a site may
differ from the intensity estimated by a big-net EEW
system due to the restriction of spatial resolution
and rapid processing demand. After all, what end
users/recipients of EEW alerts can do or should do
for earthquake hazard mitigation may not change
even after an incremental improvement of station
coverage and the speed of accurate parameter deter-
mination in a big-net system. They should arrange
their environment (residence, work place, etc.) for
earthquake safety and resilience in advance.

Conclusions

Earthquake prediction has long been explored in the effort
to mitigate the hazards from earthquakes. The drive to ob-
serve precursory events or deformation associated with
impending large earthquakes contributed to the improve-
ment of seismic instrumentation and the installation of
many seismic networks around the world. On the other
hand, ideas for a front alarming system existed already in
the nineteenth century, but could not be implemented
due to technical limitations. These limitations led to de-
velopment of dedicated on-site real-time monitoring sys-
tems that could be installed in specific facilities late in the
twentieth century. The on-site systems detect an earth-
quake and automatically initiated necessary actions before
strong shaking arrives. Public real-time monitoring net-
works have evolved into EEW systems based on a concept
similar to a front alarming system. Now big-net EEW sys-
tems are operational in several countries around the
world.

The system of SASMEX in Mexico is the first public
EEW system in the world and has been operational since
1993. Recently, deficiencies of the system itself and the
lack of “site-effective preparations” were exposed in the
September 19, 2017 Central Mexico earthquake
(Mw7.1). The world’s most extensive nationwide EEW
system has been operating in Japan since 2007, with a
real-time monitoring network of over 4000 seismic sta-
tions. The advantages and shortcomings of the system,
in conjunction with individual on-site monitoring
systems and engineering preparations, were tested ef-
fectively during the rare Mw9 Tohoku-Oki earth-
quake in 2011. Many other countries attributed the
lower number of fatalities from the Tohoku-Oki
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earthquake largely to the nationwide extensive EEW
system, and now are in the process of installing or
planning big-net real-time monitoring and EEW sys-
tems similar to that of Japan.

We participated in the big-net EEW beta-phase
tests in Japan and the western United States. Our ex-
perience led us to have concerns about the general
public’s expectations of EEW, mainly as they are not
informed of what may be the limitations of the sys-
tem under a certain conditions. They assume that
they will receive an EEW alert before strong shaking
arrives, regardless of their location relative to the epi-
center, and that they will be able to take necessary
actions to protect themselves such as “drop, cover,
and hold on” or protect their facility.

Here, a big-net EEW system issues an alert for strong
ground shaking before its arrival to areas, which are out-
side of the gray zone specific for the system (e.g., typic-
ally within distances of ~20 to 30 km from the
epicenter). The system is useful for a large earthquake
because strong shaking propagates through a broad re-
gion. With timely and accurate warnings before strong
shaking, EEW systems can contribute to saving the lives
of many people and mitigate economy losses. But if re-
cipients were within the gray zone, they would not re-
ceive an alert before strong shaking. Ground shaking is
likely to be stronger within than outside the gray zone.
A moderate earthquake of Mw6-class can also cause ser-
ious damage in the gray zone. Even if they are outside of
the gray zone, the warning time may be very short, with
only seconds before the strong shaking starts. If a build-
ing structure does not have the strength to resist damage
from strong shaking, it may collapse, killing or injuring
the people inside. At a high-tech facility, even though a
building is unlikely to collapse, equipment that is vulner-
able to strong shaking may be severely damaged if it does
not include a seismic isolation system. An isolation (or
damping) system is expected to be effective, regardless of
an earthquake’s location as it responds to shaking, inde-
pendent of whether an alert is timely or not. Without such
systems, industries are likely to experience large economic
losses due to damage to expensive machinery.

In regions where seismic risk is high, but on-going
seismic activity is moderate, site-effective preparation
for industrial facilities and machinery vulnerable to
ground shaking is not a common practice. It is con-
sidered to be expensive. This situation suggests not
only about EEWs provided by a big network and
on-site monitoring systems but also collaborations
with seismic engineers during the construction phase.
An incremental improvement in the speed of accurate
parameters determinations will not make a difference
in the site-effective preparation for the mitigation of
seismic hazards.
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It has been more than a decade since the public oper-
ation started in Japan, while in western United States, it is
still undergoing testing and is not yet available to the pub-
lic. At the present stage, it should be a goal of the scien-
tists and engineers involved in EEW projects to inform
the public about how big-net EEW systems work and to
recommend that it be supplemented with site-effective
preparations to maximize its benefits. These are critical is-
sues to be addressed along with improvements in EEW
networks and continuing developments of algorithms.

There is substantial variation of ground motions within
typical station spacing of a large-scale monitoring, ~ 20 km.
Simply increasing the density of station coverage in the
real-time EEW system does not ensure seismic safety. The
preparations necessary to improve seismic safety at specific
sites will not change even if there are incremental improve-
ments to the EEW system in big-net operations through
station coverage and the algorithms. At an industrial site,
combining alerts from a big-net EEW system and an
on-site monitoring system may provide the most optimal
ability to rapidly implement the automated responses that
will most effectively reduce costly damage from earth-
quakes. Our conclusions are summarized as below:

(1) The general public should be aware of the likely
timeliness of EEW alert delivery in relationship to
strong shaking. An alert is meaningful only if it is
delivered sufficiently early to be able to take
necessary actions before strong shaking. A big-net
EEW system may provide a timely alert for a large
quake (M > ~ 7) if the recipient’s site is located
outside of a gray zone (e.g., ~ 20 to 30 km away
from the epicenter). For example, ShakeAlert will
provide timely alerts to end-users in western
USA at a long-distance in the event of a great
earthquake, like the 1700 Cascadia earthquake (M
~9). For sites located within a gray zone, end-users
may not receive an alert before experiencing strong
shaking. Smaller earthquakes (of a Mw6-class) can
still cause serious damage in the epicentral area,
which may be entirely within the gray zone, as was
experienced in the recent earthquakes in California.

(2) Site-effective preparations for seismic safety are
important to maximize the benefits from a big-net
EEW. The preparation needed is independent of
incremental improvements of big-net station
coverage and algorithms. EEWs are useful only if
the strength and resilience of structures and
operations are ensured before an earthquake
happens. EEW is not a panacea—without
preparations well in advance of an earthquake,
the public expectation of safety through EEW will
not be met and is similar to that to earthquake
prediction in the past.
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(3) Ground motions from earthquake waves vary over
distances much shorter than the typical big-net
station spacing of ~ 20 km over a broad region.
Variation of ground shaking should be evaluated
for a shorter wavelength than a big-net station
interval using a local-scale monitoring.

(4) Assessment of the benefits and costs of advanced
preparation for earthquakes can be critical in areas
such as California/USA that have high risk of
destructive earthquakes but only moderate seismic
activity at present.

Appendix
Estimation of seismic intensity in the JMA EEW system
Here, the procedure of estimating the JMA intensity (scale
0,1,2,3,4,5-, 5+, 6, 6+7) in the EEW system is briefly
explained. When seismic P-waves from an earthquake are
detected using real-time waveform data, the hypocentral
location (latitude, longitude, and depth) and JMA magni-
tude (M) are determined. Then, the JMA EEW system es-
timates seismic intensities at any arbitrary site as follows:
At first, the estimated M value is converted to My
using a simple empirical relationship (Utsu 1982)

My = M;-0.171 (1)

This value of My is used to estimate the earthquake
fault length L (km: Utsu 1977)

log L =0.5M —1.85 (2)

Here, note that there was no clear definition for mag-
nitude M in Eq. 2, and the system assumes that it is
equivalent to an Mw.

Then, the minimum distance x (km) between the fault
and the site is estimated as

x=R-L/2 (3)

where R is the hypocentral distance between the hypo-
center and the site. When the derived x is smaller than
3 km, the value is fixed to 3 km. The peak ground vel-
ocity on the reference bedrock (PGVgyy: cm/s) at the site
is estimated as a function of the hypocentral depth D
(km) and x using the GMPE of Si and Midorikawa
(1999),

log(PGVe00) = 0.58 My, — 0.0038D — 1.29

— log(x + 0.0028 x 10%°™)
—0.002x (4)

Here, the “reference bedrock” is defined as a site
where the S-wave velocity is 600 m/s.

Page 23 of 25

The EEW system does not estimate seismic intensities
for an estimated hypocentral depth of deeper than
150 km since Eq. 4 was designed to explain the attenu-
ation characteristics of ground motions for shallow (<
50 km) earthquakes. The estimated PGV, is converted
to the peak velocity on the engineering bedrock
(PGV>5gp: cm/s) as follows:

PGV700 =0.9 x PGV600 (5)

Finally, the peak ground velocity (PGVs: cm/s) on the
ground surface and the JMA seismic intensity (/jya) are
estimated as follows:

PGVS = ARV X PGV7()0 (6)

where ARV is the amplitude ratio of PGVjy relative to
PGV, (amplification coefficient) and the value is deter-
mined using the average shear wave velocity in the
upper 30 m (AVS30; Matsuoka and Midorikawa 1994).

log(ARV) = 1.83-0.66 log(AVS30) + 0.16 (8)

In Japan, the nationwide maps of AVS30 and ARV
are published by several national institutions (e.g.,
NIED, Geospatial Information Authority of Japan
(GSI)). If an estimated intensity is equal to or
greater than 5- somewhere in Japan, the EEW sys-
tem issues a warning to affected areas and performs
consecutive operation as long as the source informa-
tion is updated.

Table 3 List of events used in this study

Event  Origin time  Latitude  Longitude Depth M Mw

ID gsm ©) ) (km)

EQ1 2005/07/ 35.582 140.138 73.1 6.0 59
23 16:34:56

EQ2 2011/03/ 38.103 142.861 237 814  90-9.1
11 144618

EQ3 2006/05/ 34917 139.331 15.0 5.1 48
02 18:24:31

EQ4 2011/12/ 35352 140322 220 52 5.1
03 05:55:29

EQ5 2012/01/ 35489 138977 18.2 54 52
28 07:43:14

EQ6 2011/11/ 34.872 132.894 1.7 54 52
2119:16:29

°Final value estimated in the JMA EEW system
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