
This earthquake was the result 
of thrust faulting along or near 
the convergent plate boundary 

where the Pacific Plate subducts 
beneath Japan. 

This map also shows the rate 
and direction of motion of the 
Pacific Plate with respect to the 

Eurasian Plate near the Japan 
Trench. The rate of convergence 
at this plate boundary is about 

100 mm/yr (9 cm/year). 

This is a fairly high convergence 
rate and this subduction zone is 

very seismically active. 
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Historical seismicity and aftershocks

Image courtesy of Charles Ammon



Co-seismic slip

M. Simons, F. Ortega, J. Jiang, A. Sladen, and S. Minson at Caltech as part of the ARIA project. 
All orginal GEONET RINEX data provided to Caltech by the Geospatial Information Authority (GSI) of Japan.



GPS waveforms

Analysis by Dr. Yokota using the GEONET data of Geographical Survey Institute



Co-seismic slip



GPS and GM signals

The figure shows the comparison between this GPS signal - twice differentiated - and the 
accelerometric signal, in the [0.005Hz - 0.125Hz] range.



Long period GM

“Earthquake Research Institute, University of Tokyo: Dr. Furumura and Project Researcher Maeda 



Ground motion animation: time scales...

Courtesy of  Takashi Furumura



PGD



PGA
A strong ground acceleration of over 2933 
cm/s/s was observed in K-NET Tsukidate 
observation station (Miyagi pref.) near the 
hypocenter, and a strong ground acceleration 
propagated in broad area from Ibaraki to 
southern Iwate. 

The distribution of strong ground 
acceleration is extending to three areas: 
between Iwate and Miyagi prefecture, 
Fukushima pref., between Tochigi and Ibaraki 
pref. 

Therefore, it is assumed that a huge fault slip 
have occurred on the east of these areas. 

The ground acceleration is decaying 
drastically just after the border of Itoigawa-
Shizuoka Tectonic Line, and it suggests that 
the wave attenuated at around this area.



Waveforms
Maximum acceleration and maximum 
displacement of ground motion in 
Ishinomaki and Rikuzentakata where 
ground motion was strong. The 
arrival of 2 strong seismic wave 
groups is seen after about 50 
seconds. They suggest that a strong 
seismic wave was radiated from the 
2 major asperities of the Miyagi coast 
and Iwate coast.

Two long-period pulses (40-50 
second) was found in ground 
displacement and its amplitude is 
more than 50 to 100cm. The long-
period of ground motion that lasted 
for 100 and several tens of seconds, 
indicates the long time rupture 
process of the fault in this massive 
earthquake.



Rupture from ground motion

Strong motion distribution at Eastern Japan (5HzPGA)
This PGA is commonly used as an index for the alarm 

to stop the train operation.Source: Knet-NIED 



EEW - Japan

Japan’s Earthquake Early Warning System is managed by the Japan Meteorological 
Agency (JMA), and was first launched on October 1st, 2007. JMA’s EEWS is a type of 
front-detection system in which seismometers near the hypocenter, or source of the 
earthquake, send warnings to more distant urban areas.

The EEWS is split into two phases: earthquake detection and warning dissemination. 
In order to determine when and where an earthquake has occurred, ground 
movement data is collected using Japan’s dense seismic network. 

This information is then analyzed by monitoring stations to determine whether it is 
necessary to issue an earthquake warning. If a warning is justified, this earthquake 
information is broadcasted to nearby residents through various media such as 
television, radio, and cellular networks. 

Specialized alerts are also sent to business operators and facilities in order to deploy 
necessary countermeasures such as the shutdown of dangerous facilities or the 
slowing  down of commuter trains in order to mitigate any earthquake-related 
damage 
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III. The Earthquake Early Warning System during the Tohoku Earthquake 

At 14:46:23 JST on March 11th, 2011, a 9.0 magnitude earthquake with a maximum 

seismic intensity of 7 occurred on the north eastern Pacific coast of Honshu, Japan. The 

seismograph station at Ouri in Ishinomaki City was the first of over 380 seismic stations across 

Japan to record seismic movement at 14:46:40.2 JST (Risk Management Solutions Inc., 2011). 

As shown in table 1, the first earthquake forecast was issued to advanced users 5.4 seconds after 

the initial detection of p-waves. An earthquake warning was issued to the general public was 

issued 3.2 seconds after this forecast. A total of 15 forecasts, warnings, and updates were issued 

within the two minutes of the initial seismic detection. The first warning issued to the public was 

broadcasted to the Sendai area in central Miyagi prefecture and predicted an earthquake of 

magnitude 7.2 and seismic intensity of 5-lower (Hoshiba et al, 2011; JMA, 2011a). This warning 

arrived 15 seconds prior to the s-waves arrival in Sendai, which is located 129km west of the 

earthquake’s epicenter. Tokyo, located 373km southwest from the epicenter, received 65.1 

seconds of warning before the ground began to shake (Henn, 2011; USGS, 2011a).  

Update 
number Notes Time in JST 

(hh:mm:ss.s) 

Time since first 
P-wave 

detection (sec) 

Estimated 
magnitude 

Estimated 
maximum seismic 
intensity (shindo) 

Latitude Longitude 

- Initial Seismic Detection 
Time of p-wave 14:46:40.2 - - - - - 

1 First forecast issued to 
advanced users 14:46:45.6 5.4 4.3 1 38.2 142.7 

2  14:46:46.7 6.5 5.9 3 38.2 142.7 

3  14:46:47.7 7.5 6.8 4 38.2 142.7 

4 First warning issued to 
the general public 14:46:48.8 8.6 7.2 5-lower 38.2 142.7 

5  14:46:49.8 9.6 6.3 4 38.2 142.7 

6  14:46:50.9 10.7 6.6 4 38.2 142.7 

7  14:46:51.2 11.0 6.6 4 38.2 142.7 

8  14:46:56.1 15.9 7.2 4 38.1 142.9 

9  14:47:02.4 22.2 7.6 5-lower 38.1 142.9 

10  14:47:10.2 30.0 7.7 5-lower 38.1 142.9 

11  14:47:25.2 45.0 7.7 5-lower 38.1 142.9 

12 First warning issued for 
Tokyo area 14:47:45.3 65.1 7.9 5-upper 38.1 142.9 

13  14:48:05.2 85.0 8.0 5-upper 38.1 142.9 

14  14:48:25.2 105.0 8.1 6-lower 38.1 142.9 

15 Final warning update 14:48.37.0 116.8 8.1 6-lower 38.1 142.9 

Table 1: Real-time estimates of the epicenter location, parameters and maximum seismic intensity generated by 
EEWS (translated and adapted from JMA, 2011a). 
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Fig. 2. Region of EEW “warning” and “forecast”, and distribution of seismic intensities estimated in real time manner (Kunugi et al., 2008) at
14:46:48.8 when the “warning” was issued (left), at 14:47:04.0 when intensity 5-lower or greater first appeared (center), and at 14:47:46.0 when the
Tokyo region was first specified in the EEW “forecast” (right). Pink area indicates the region where the “warning” was issued, and the yellow areas
are those specified in the “forecast”. Wave fronts of P and S waves are shown by broken and solid circles, respectively. The seismic intensities
(colored triangles) were measured using waveforms of the K-NET, KiK-net (NIED), and JMA networks. The animation of this figure is shown in
the Meteorological Research Institute (2011). The distribution of the eventual seismic intensity, which means finally observed intensity, is shown in
Fig. 3.

Fig. 3. Seismic intensity distribution of the 2011 Mw 9.0 earthquake and
the 2003 Tokachi Oki earthquake (Mw 8.0).

In addition to the wide area of strong ground motion,
a long duration was characteristic of the event. Figure 4
shows the acceleration at stations OURI (relatively near the
epicenter, 138 km) and IYASAT(relatively far, 315 km),
along with the seismic intensity measured in real-time man-
ner using Kunugi et al.’s (2008) method. For comparison,

acceleration and intensity at KiK-net station IWTH25 are
also shown at the time of the 2008 Iwate-Miyagi Nairiku
earthquake (Mw 7.0, 3 km). At OURI, two peaks are ap-
parent in the acceleration envelope, which is probably due
to the complicated source process. The second peak was
50 s after the first peak. At IYASAT, strong ground mo-
tion was apparent from later phases, well after the direct S
phase, and it took 80 s to increase from intensity 1 (barely
felt) to 5-lower, the level at which most people were fright-
ened. The duration is very long as compared to 1 s which
was observed at IWTH25 at the Mw 7.0 event. Ground mo-
tions corresponding to intensity 4, or greater, continued for
120 to 190 s at many observation stations in the Tohoku and
Kanto districts (JMA, 2011c).

The EEW system expected intensity of 4 in the Tokyo re-
gion in the twelfth to fifteenth (final) issues (Fig. 2). This
was an underestimation. Actual observations reached 5-
upper, which is greater than the criterion of the EEW “warn-
ing”. The underestimation can probably be attributed to the
large extent of the later fault rupture. For the northern part
of Ibaraki prefecture (around IYASAT), where intensity ex-
pected in the first warning (fourth “forecast”) was less than
4, the expected intensity rose to 5-lower by the fourteenth
“forecast”, but it was too late to update the “warning”, be-
cause it was issued 105 s after the trigger, which is later than
the 60 s criteria at which upgrades are stopped.

M. HOSHIBA et al., 2011.  EARTHQUAKE EARLY WARNING AND SEISMIC 
INTENSITY OF THE 2011 TOHOKU EARTHQUAKE 



EEW - Japan (Tohoku-oki March 11)

Yamasaki, 11 
 

 
 

These warnings were broadcasted to the general public using television and radio networks and 

were also sent to approximately 52 million people on their cellular devices (Allen, Yamada, 

Kanamori, & Karause, 2011). The contours in figure 3 represent the relative warning time 

between the delivery of the earthquake alert and the s-wave arrival in seconds. The shaded region 

within the 0 second contour is the blind zone in which no warning was available due to its 

proximity to the epicenter. 

 
Figure 3: A map of the northeastern coast of Japan near the Tohoku region depicting the warning time in seconds 

from when an earthquake early warning was issued and the arrival of the s-waves (adapted from JMA, 2011b). 
 

The advantages of JMA’s EEWS’s have been made clear by the numerous first person-

accounts and YouTube videos depicting the benefits of having extra preparation time before the 

ground began to shake (Kirschke, 2011; Real-time Earthquake, 2011; Tonks, 2011; Yuanzency, 

2011). University of Sendai professor Kensuke Watanabe received a warning alert on his cell 

phone prior to the earthquake. This warning gave him enough time to instruct his students to take 

cover under desks and as a result none of his students was hurt during Japan’s worst recorded 

earthquake (Birmingham, 2011). Additionally, JMA’s advanced notice forecasts were sent to 
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Figure 4: Japan Meteorological Agency’s estimated seismic intensity computed based on the last warning issued by 

the EEWS (right); the actual observed seismic intensity (left) 
 

Additionally, after the mainshock of the earthquake, the system was confounded due to power 

failures, wiring disconnections, and the numerous aftershocks. This generated several false 

positives and the system also failed to detect several significant aftershocks during the three 

hours following the earthquake’s initial rupture (Hoshiba et al., 2011; Yamada, 2011). These 

negative repercussions continued for 19 days following the main earthquake on March 11th. 

During this period, 34 out of 45 total warnings issued were false positives (JMA, 2011c). 

Although it is difficult to numerically quantify the both successes and the failures of the EEWS 

during the Tohoku Earthquake, it is important to critically analyze its performance in order to 

continue to improve upon this existing system.  

IV. An Earthquake Early Warning System for Other Countries 

With Japan at the forefront of earthquake early warning technology, it is important to 

look at it as an example model for other earthquake-prone countries. Evaluating this system in 

the context of the recent Tohoku earthquake gives scientists an opportunity to analyze the 

advantages as well as shortcomings of Japan’s EEWS. Despite the many successes of the EEWS, 

it is also critical to understand that there is no one-size-fits-all system that can be successful in all 

regions of the world. Although Japan’s current system serves as a model for earthquake warning 
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Fig. 1. Sequence of determinations of epicenter and magnitude in JMA
EEW. Upper right panel: epicenters determined by the EEW system are
shown as a white star for the first to seventh “forecast” (5.4–11.0 s after
the first trigger) and another for the next eight (15.9–116.8 s). Focal
depth was estimated to be 10 km for all 15 announcements. Red star in-
dicates the epicenter location from the unified JMA catalog (focal depth
is 24 km). The resolution of the JMA EEW system is 0.1 degree for lati-
tude and longitude, and 10 km for focal depth for hypocenter determina-
tion. Lower panel: magnitudes estimated from maximum displacement
amplitude at four stations. Color lines represent the different stations;
the black line is the median value, which is used for JMA EEW. Bottom
axis shows the elapsed time from the first trigger, and offset axis at top
shows time elapsed from the EEW “warning” (the fourth “forecast”).
The solid line indicates the magnitude of the P wave, broken line is that
of S wave, and dotted line shows the period during which the magnitude
is kept unchanged around the S wave arrival.

the regions are particularly specified where seismic inten-
sity 4 or greater is expected. When intensity is expected to
be 5-lower or greater at any observation station of the seis-
mic intensity networks, “warning” is issued to the general
public in regions where intensity 4 or greater is expected.
The “warning” is broadcast in various ways, such as by TV,
radio and cellular phone mails. JMA EEWs are updated
as available data increases with elapsed time. Accordingly
EEWs are issued repeatedly with improving accuracy. The
“warning” is updated when the seismic intensity is expected
to be 5-lower or greater in regions where the intensity was
estimated to be less than 4 in the first “warning”: that is,
where new regions are subject to shaking above the thresh-
old. Even when the update causes the expected intensity
to fall below 5-lower at any stations, the “warning” is not
canceled so as to avoid confusion if the expected intensity
rises again. In the updated “warning”, the newly added re-
gions are described. At present operation, an update of the
“warning” is given only when the elapsed time is less than
60 s from the first trigger, to avoid too late a warning due
to the fluctuation of gradually increasing amplitude of later
phases (e.g., M 5.8 events of May 8, 2008; JMA, 2008).

3. EEW during the Mw 9.0 Earthquake
The JMA EEW system was triggered for the Mw 9.0

earthquake when station OURI detected the initial P wave
at 14:46:40.2, Japan Standard Time, March 11 (JMA,
2011a, b). The first EEW “forecast”, the first of 15 an-
nouncements, was issued 5.4 s later. The magnitude at the
time was estimated to be 4.3, because the waveform started
with small amplitude, which was comparable to noise level
for displacement (Hoshiba and Iwakiri, 2011). The small
amplitude does not indicate that the initial rupture of the
Mw 9.0 event is large, and does not suggest a large mag-
nitude event. Figure 1 shows the sequence of hypocen-
ter and magnitude updates for the earthquake. For the
Mw 9.0, hypocenter of Horiuchi et al. (2005)’s technique
was adopted using data from Hi-net, and the magnitude
was estimated from the four stations shown in Fig. 1. By
the fourth “forecast”, 8.6 s after the first trigger, the magni-
tude was estimated to be 7.2 and seismic intensity was ex-
pected to be 5-lower for central Miyagi prefecture (around
Sendai city) and the fourth “forecast” was a “warning” to
the general public in the Tohoku district. Then it was auto-
matically broadcast through TV, radios and cellular phone
mails. NHK, a non-profit broadcasting company, broadcast
it nationwide, and other TV companies did so locally. The
“warning” was earlier than the S wave arrival (observed in-
tensity was at most 2) and also 15 s earlier than the time
that strong ground motion (intensity 5-lower) hit the closest
station to the epicenter (Fig. 2). The animation of the per-
formance is shown in the Meteorological Research Institute
(2011). The reason the magnitude decreased during the fifth
through seventh “forecast” (9.6–15.9 s after the first trig-
ger) was small magnitude estimated at the second station,
ICHINM, due to the small amplitude of the initial part of
the event. By the issue of fifteenth “forecast”, 116.8 s after
the first trigger, the magnitude was estimated to be 8.1. This
estimated magnitude is almost the upper limit of JMA dis-
placement magnitude because of amplitude-magnitude sat-
uration for events of Mw > 8. Note that the displacement
magnitude is estimated from maximum displacement am-
plitude which corresponds to the outputs of seismometers
having eigenperiod of 6 s, and the mainshock displacement
magnitude is 8.4 in the unified hypocenter catalog of JMA
(Hirose et al., 2011).

4. Observed Seismic Intensity of the Mw 9.0
Figure 3 shows the distribution of the observed seis-

mic intensities of the March 11 mainshock, and the 2003
Tokachi Oki earthquake (Mw 8.0). The intensity contours
are based on the observed intensities from the dense seismic
intensity networks after taking into account the site ampli-
fication factors, which is similar to the idea of ShakeMap
(Wald et al., 2006). The area of strong ground motion (6-
upper and 6-lower) extends from the Tohoku to the Kanto
district, over an area of approximately 400 km × 100 km,
which is much larger than the corresponding area of the
2003 Tokachi Oki earthquake. K-NET station MYG004 in
Kurihara city, at which intensity 7 was recorded, is 175 km
from the epicenter, and some stations at which 6-lower in-
tensity were observed in the Kanto district are more than
350 km from the epicenter.

size is not predictable. “Warning time” (Twarn) here is defined as the
time difference between when the user receives an alert [the “alert time”
(Talert)] for a given threshold of groundmotion andwhen that threshold
of ground motion arrives at that user’s location (Fig. 2, inset). We as-
sume that the early warning system can instantaneously and perfectly
estimate the location and current moment release of the rupture. The
time to issue an alert is controlled by the user’s groundmotion threshold
for taking action and the minimum magnitude needed to achieve that
threshold at various distances froma (possibly still evolving) earthquake
source. To estimate alert times, we use fundamental seismological rela-
tionships and observations. First, we use a GMPE that specifies peak
ground acceleration (PGA) [or peak ground velocity (PGV); see the
SupplementaryMaterials] as a function ofmagnitude anddistance from
the rupture to calculate theminimummagnitude that will yield at least a
certain threshold level of shaking at any distance (Fig. 3, A and B). Sec-
ond, we use the fastest physically plausible source time functions to
estimate the earliest time that our system could estimate that the rupture
will exceed that minimum magnitude (Fig. 3C). Last, we use an exten-
sive collection of observed threshold arrival times to determine when in
the waveform the ground motion thresholds will be exceeded. Because
an alert can be issued as soon as the early warning system estimates that
the rupture will exceed that minimummagnitude, the time required to
issue an alert is independent of the final magnitude or final PGA and is
simply dependent on the user distance and groundmotion threshold of
interest. We first consider a point source rupture and then repeat our
theoretical analysis for a finite source whose rupture propagates uni-
laterally at constant velocity.

RESULTS
How long does it take to issue a ground motion alert?
The amount of warning time provided by an EEW system is the
difference between when an alert is issued for a given ground motion
threshold and when that threshold of motion is exceeded at the user’s
location (Fig. 2). The alert time, in turn, is the elapsed time between
when an earthquake begins and when the alert is issued. Here, we use
the ground acceleration threshold values of 2, 5, 10, and 20%g, which
correspond roughly to Modified Mercalli Intensity IV (light shaking)
through VII (very strong shaking).

Specifying a GMPE establishes the magnitude required at any dis-
tance to produce each of the four threshold ground motion values (Fig.
3A); we use the GMPE of Chiou and Youngs (22) because of its fairly
smooth dependence onmagnitude. For simplicity, we consider only the
case of crustal vertical strike-slip earthquakes with a maximummagni-
tude of 8 (the largest observed for strike-slip events in continental crust)
and observers located at rock sites. (In a later example, we consider a
finite rupture in the San Francisco Bay Area that includes variable site
conditions.) The distance R is measured perpendicular to the rupture,
consistent with the definition of rupture distance (Rrup) that is used by
Chiou and Youngs (22). For each of the four ground acceleration
thresholds, we determine the minimum earthquake magnitude that
gives rise to the threshold ground motion for a given distance (Fig.
3B). Thus, given some threshold acceleration at a site R km away re-
quires the (growing) earthquake to reach the calculatedminimummag-
nitude for an alert to be issued. (Note that these groundmotions are the
median expected ground motion for any magnitude and distance and
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Fig. 1. Earthquake magnitude and alert evolution. Evolution of EEW magnitude estimates for the (A) 2011 M9.0 Tohoku, (B) 2016 M7.0 Kumamoto, and (C) 2008
M6.9 Iwate-Miyagi Nairiku, Japan earthquakes. We compare the time evolution of magnitude estimates from the JMA EEW system (blue) to the inferred actual mag-
nitude evolution based on kinematic rupture modeling (black) (35–37). The JMA estimates have the same shape as the actual source time function (STF) but are time-
shifted. This indicates that the EEW magnitude estimates are following the moment release of the earthquake as it evolves with time (with some delay due to system
latency) rather than predicting the final magnitude. Note that the JMA EEW magnitude estimate for the Tohoku earthquake saturates near M8 because of limitations in
the frequency band used (38).
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epicentre peak at around 6 m, !100 s after the onset, with
sites further south along the trench reaching their maxima up
to 60 s later (Figure 2).

3. Inversion Methodology

[10] Although solving for the slip on a fault with pre-
defined geometry is a linear inversion, determining its
geometry is non-linear. We restrict range of possible fault
geometries by forcing it to occur on a pre-defined Japan
trench, following the simple geometry used in the USGS
finite fault seismic inversion [Hayes, 2011]. We use a sub-
duction interface that is a plane dipping at 15 degrees,
striking at 195 and intersecting the USGS earthquake
hypocentre (lat/lon/depth). Although the earthquake only
ruptured 300 km of the subduction interface, we extend it for
400 km on either side of the hypocentre.
[11] For simplicity, we treat the displacements recorded at

each epoch as if they were the final, static displacement
field, and model the earthquake as a series of eight rectan-
gular dislocations, each 100 km long, embedded in an elastic
half space [Okada, 1985]. We solve for the slip on each
dislocation, the down-dip extent of faulting, and a single
fault rake by minimising the square misfit between the pre-
dicted displacements and those observed at ten different
selections of ten coastal stations spaced by !100 km. We
note that we are not attempting to determine the most
accurate slip model for the earthquake, but are more inter-
ested in the stability of the inversion when relatively few
data are available.
[12] For Japan, where there are no islands near the trench,

land-based geodetic observations have very little sensitivity
to slip in the shallowest (and most distal) part of the

subduction interface [Loveless and Meade, 2011]. We
therefore fix the up-dip limit of faulting to 10 km below the
surface. Inversions without this, or similar, constraint col-
lapse to very narrow line sources with very high slip, but
have near-identical Mw to sources with more normal aspect
ratios.
[13] This simple non-linear inversion is solved using a

hybrid downhill simplex, Monte-Carlo inversion scheme
[Clarke et al., 1997; Wright et al., 1999] and takes less than
1 second to run on a standard desktop computer.
[14] Because of the relatively high noise levels in the real-

time GPS precise point positions in comparison to post-
processed static offsets, we do not attempt to solve for an
earthquake magnitude until at least one site has moved by
more than 8 cm. This value was found by trial and error to be
sufficient to avoid false alarms, but restricts the utility of
GPS early warning for earthquakes on the subduction
interface to those larger than Mw ! 7, if used independently
of seismology.

4. Results

[15] We are first able to detect the Tohoku-Oki earthquake
with GPS 35–45 seconds after its onset (Figure 3a). Our
GPS magnitude estimate quickly rises from Mw 7.5 at
40 seconds to Mw 8 at 60 seconds, before reaching its
maximum value (Mw 8.8) at 90–100 seconds.
[16] By comparison, the first early warning from seismic

data (Mw 7.1) was issued at 28 s, rising to Mw 7.7 at
60 seconds, and saturating at Mw 8.1 at !120 seconds
(Figure 3a). Subsequently, the Japanese Meteorological
Agency increased their estimate to Mw 8.4 after !75 min-
utes and to Mw 8.8 after nearly three hours. The initial
USGS earthquake notification service alert (issued about
30 minutes after the earthquake) had Mw 7.9.
[17] For this earthquake, it appears that the maximum

GPS Mw is reached before the earthquake has finished
propagating - an initial dynamic overshoot of displacements
at sites closest to the epicentre appears to balance slip yet to
have occurred on fault patches at larger distances and later
times (Figure 2). The ongoing movements due to the con-
tinued passage of seismic waves is a second order effect
when estimating Mw. Dynamic displacements do not affect
the moment estimate, presumably because the signals are
different at each station. They are likely to have a bigger
effect for smaller earthquakes, but we believe that in general
the effect will be second order.
[18] We note that our GPS magnitude estimate of Mw 8.8

still underestimates the final seismic moment Mw 9.0. We
believe the discrepancy is primarily due to our simplified
geometry and the insensitivity to shallow slip near the
trench. We tested whether the results of the inversion were
sensitive to size of the fault patch used. For this earthquake
and station spacing, near-identical moments were found with
50 km and 200 km patches, although there was significantly
more noise for 50 km patches with 100 km station spacing,
particularly in the first 50 s.
[19] We also explored how many stations were needed to

make a reliable forecast. To do this, we divided the GPS data
set into 100 km bins along strike and varied the number of
stations used in each bin. For each of these station densities,
we picked 50 random sets of stations and examined the
range of magnitudes found. We found that the magnitude

Figure 3. (a) Estimated moment magnitude as a function of
time after earthquake onset. The red line shows the opera-
tional seismic early warnings issued, with updates at each
square. The black lines are the moment magnitude from 10
inversions that each use 10 different GPS stations, spaced
by !100 km along strike. Seismic Moment, M0, is equal to
mA!s, where m is the shear modulus (3.2" 1010 Pa used here),
A is the fault plane area and !s is the mean slip on the fault.
Moment magnitude, Mw ¼ 2

3 log10 M0 $ 6:0. (b) Estimated
magnitude at t = 100 s as a function of station density
(sites/100 km). For each density, we ran 50 inversions with
randomly chosen sites at the given station spacing. Bars
show the range of Mw found.
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Fig. 4. Acceleration waveform and seismic intensity estimated in real-time manner at OURI and IYASAT. P and S wave arrival times are shown by
dotted lines. The arrow labeled “Trigger” indicates 14:46:40.2, when station OURI triggered the EEW procedure. For comparison, acceleration and
intensity at IWTH25 (KiK-net) are also shown at the time of the 2008 Iwate Miyagi Nairiku earthquake (June 14, 2008, focal depth is 8 km, Mw 7.0).

5. Summary and Remarks
The 2011 Tohoku Earthquake (Mw 9.0) generated

widespread strong ground motion, and seismic intensities
of 6-lower and 6-upper were recorded in the Tohoku and
Kanto districts over an area of approximately 400 km ×
100 km. The durations of strong ground motion were very
long.

The JMA EEW system issued one “warning” to the gen-
eral public in the Tohoku district before the start of strong
ground motion. It was earlier than the S wave arrival and
15 s earlier than strong ground motion (intensity 5-lower or
greater) at the closest station to the epicenter.

After the mainshock, the EEW system did not work well
for several hours because of high background noise from
the coda waves of the mainshock and active aftershocks,
and because of power failure and wiring disconnections.
For several days, when earthquakes sometimes occurred
simultaneously over the wide source region, the system
became confused, and did not always determine the location
and magnitude correctly. In 19 days from the mainshock to
March 29, 2011, JMA appropriately issued EEW “warning”
for 15 of the 22 events for which seismic intensity 5-lower
or greater was actually observed. On the other hand, during
the same time, 45 EEW “warnings” were issued, but actual
observed intensities did not exceed 2 at any observation
stations in 11 of the 45 events (JMA, 2011d).
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Tsukidate 

The JMA seismic intensity was estimated to be 7, the highest 
intensity of the JMA scale.  

Investigators studied the damage in Kurihara City to 
correlate the observed ground motion intensity and the 

damage in the area. 

http://www.eqclearinghouse.org/2011-03-11-sendai/2011/04/04/tohoku-chapter-aij-reconnaissance-report-kurihara-city/
 

Fig. 1: Route Map 

 

4. Observed Damage 

 

4.1 Disaster Relief Headquarter, and Kurihara City Municipal Office Building 

The data on the damage on cultural heritage buildings in Kurihara City were obtained from the emergency 

control officer of the Disaster Relief Headquarter of Kurihara City. The officer explained the distribution of 

the damage in the city.  As of March 25, 5 houses were completely lost, 15 houses were half lost and 132 

houses were partially damaged; the damage was relatively light for an area which JMA seismic intensity 

was estimated to be 7 (K-NET strong motion measurement at Tsukidate recorded 2,700 Gal in the 

north-south, 1,268 Gal in the east-west, and 1,880 Gal in the up-down directions). Small damage may be 

attributed to the fact that the ground motion was dominated by short period components less than 0.3 sec.  

 

The 2008 Iwate-Miyagi Inland Earthquake caused damage in the western part of the city including 

Ichihazama District and also in the south east part of the city such as Wakayanagi District.  

 

In the Kurihara City Municipal Office Building (4-story reinforced concrete building), the ceiling of City 

Municipal Assembly Hall fell in the fourth floor and finishing tiles on a reinforced concrete column fell; no 

structural damage was observed (Photo 1). 

 

(a) Overall view of the Kurihara City Municipal 
Office Building 

(b) Fall of ceiling of Municipal Assembly Hall (1) 

  
(c) Fall of finishing tiles on a column (d) Fall of ceiling of Municipal Assembly Hall (2) 

Photo 1: Kurihara City Municipal Office Building and non-structural damage 

 

 

4.2 Kurihara City Municipal Tsukidate Junior High School and Tsukidate Gymnasium Center 

Two buildings near the K-NET Tsukidate station were selected for the damage investigation; Kurihara City 

Municipal Tsukidate Junior High School (new construction, Photo 2) and  Kurihara City Municipal 

Tsukidate Gymnasium Center Building (Photo 3), the latter suffered non-structural damage during the 

2008 Iwate-Miyagi Inland Earthquake. No damage was observed in both buildings.  

 

 

Photo 4: Lifting of a man hole due to soil 

liquefaction near Shiwahime 

Photo 5: Fall of masonry walls 

Photo 6: Undamaged concrete block walls and damaged masonry walls 

 

 

4.4 Urban area of Wakayanagi-machi  

Along the Hazama River in Wakayanagi-machi, the damage of old timber houses was observed (Photo 7) 

Mud exterior finishing fell from old traditional ware houses (Photo 8) 

 

Photo 7: Damage of houses in urban area of Wakayanagi-machi 
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structural damage was observed (Photo 1). 

 

Photo 8: Fall of exterior mud finishing of traditional ware house walls 

 

 

4.5 Kurihara City Municipal Wakayanagi Elementary School and neighborhood 

No damage was observed in the two story reinforced concrete Kurihara City Municipal Wakayanagi 

Elementary School Building, supported by pile foundation. Due to the soil settlement, 20 cm deep 

opening was observed (Photos 9 and 10). A statute fell down (Photo 11). The school master said “the 

large motion was felt in the east-west direction. The length of piles was told to be 30 m.” The gateposts of 

the Kanro-ji temple fell to the west near the school (Photo 12), and a large masonry lantern fell in a similar 

manner. The dominant frequency of the (H/V) ratio of horizontal to vertical spectra of micro tremor 

measurements at the Wakayanagi Elementary School  after the 2008 Iwate-Miyagi Inland Earthquake 

was observed to be 0.8 Hz. In the neighborhood of the school, utility poles were tilted (Photo 13), cracking 

on the road, severe tilting of a timber house (Photo 14) in the second story were observed,  

 

 

Photo 9: Overall view of Kurihara City Municipal 

Wakayanagi Elementary School 

 

 

 

Photo 4: Lifting of a man hole due to soil 

liquefaction near Shiwahime 

Photo 5: Fall of masonry walls 

Photo 6: Undamaged concrete block walls and damaged masonry walls 

 

 

4.4 Urban area of Wakayanagi-machi  

Along the Hazama River in Wakayanagi-machi, the damage of old timber houses was observed (Photo 7) 

Mud exterior finishing fell from old traditional ware houses (Photo 8) 

 

Photo 7: Damage of houses in urban area of Wakayanagi-machi 

Photo 10: Ground settlement at the elementary 

school 

Photo 11: Fall of a statute 

Photo 12: Fall down of two gateposts of the Kanro-ji temple to west 



Ground motion - Worldwide



USGS - Finite fault model
Cross-section of slip distribution. The strike direction of the fault plane is indicated by the 
black arrow and the hypocenter location is denoted by the red star. The slip amplitude 
are showed in color and motion direction of the hanging wall relative to the footwall is 
indicated by black arrows. Contours show the rupture initiation time in seconds.
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