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The 2011 Tohoku-Oki earthquake ruptured a large source region, which included areas with a range of past M
7 to M 8 earthquakes, varying stress accumulation, and different structural features. This megathrust event
was substantially larger than anticipated in this region, though there were indications that the sequences
of events in recent times were insufficient to relieve the full accumulated strain in the relatively rapid
subduction of the Pacific plate. The source process time of about 150 s included rupture of an area of very
large slip (30 to 60 m) on the shallow portion of the megathrust, updip of the hypocenter. The area of
large slip produced large amplitude low-frequency radiation, while the dominant high-frequency radiation
was generated from deeper sources down-dip of the hypocenter. Real-time information systems in Japan
were able to issue timely warnings of the strong shaking and tsunami, but the complicated pattern of rupture
growth led to an underestimate in the initial estimates of magnitude and tsunami threat. Variations in the
plate coupling and heterogeneities of physical properties in the megathrust zone characterize the different
source areas that ruptured together during the earthquake. Tomographic images of shear-wave and
bulk-sound speeds show subtle changes of physical properties that may be associated with coupling condi-
tion and present clues for understanding the rupture process of this Mw 9 earthquake, which combined
the source areas of many past earthquakes.

© 2012 Elsevier B.V. All rights reserved.
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1. Introduction

The 2011 March 11 off the Pacific coast of Tohoku Earthquake with
moment magnitude Mw 9.0 took place off the coast of northeastern
Japan at 14:46:18.1, Japan Standard Time (JST). This megathrust earth-
quake, hereafter referred to as the 2011 Tohoku-Oki earthquake, is one
of the largest seismic events recorded by modern instruments, and
is comparable to the 1960 Chile (Mw 9.5), the 1964 Alaska (Mw 9.2)
and the 2004 Sumatra–Andaman (Mw=9.0–9.3) earthquakes. The
two recent great earthquakes have been the subject of extensive dis-
cussion about their mechanisms and variable nature of earthquake
size within the same subduction zones and the relation to heteroge-
neous plate coupling. Over the last few decades, seismologists have
developed models to characterize the rupture of large shallow subduc-
tion zone earthquakes in the context of plate coupling strength (Lay and
Kanamori, 1981; Lay et al., 1982; Ruff and Kanamori, 1980, 1983). The
2011 Tohoku-Oki earthquake sequence ruptured a large portion of the
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Fig. 1. Estimated epicenters (solid black circles) of historical earthquakes with M≥7 (after U
http://www.zisin.jp/modules/pico/index.php?cat_id=100). Events with M ≥8 are indicate
magnitude estimates can vary among catalogs and study sources (e.g., the location of the 1
boundary between the Pacific and the Okhotsk plates off the coast of
the Tohoku region, Japan.

A systematic study that examined historic and recent seismicity
data presented a hypothesis on the correlation between intraplate
seismicity and large interplate earthquakes, and suggested the possibil-
ity of a large interplate event off the southern Sanriku in the near future
(Seno, 1979). However, it has not yet been clarified if this region of the
subduction zone was accumulating stress in a strongly coupled state or
slipping more aseismically in a weakly coupled state. (e.g., Kanamori,
1977; Loveless and Meade, 2010; Seno and Eguchi, 1983; Tajima and
Kanamori, 1985a, 1985b).

The Earthquake Research Committee (ERC) in Japan studied the prob-
abilities for large subduction earthquakes based on over 400 years of his-
torical records that included 24M 7 and 6M 8 class events in this region
(Figs. 1 and 2), and gave probabilistic evaluations for various M 7 to M
8 earthquakes in the region (see Headquarters for Earthquake Research
Promotion, http://www.jishin.go.jp/main/index-e.html and http://cais.
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Fig. 2. Asperity distribution (shownby dark shading) estimated from the analysis of 10 large
earthquakes which occurred in the 20th century. Stars show themain shock epicenters. The
contour lines show the moment release distribution. The rectangle indicates the rupture
region for the 2011 Tohoku-Oki earthquake, and the dotted contours the areas of dominant
high-frequency radiation down-dip and dominant low-frequency radiation up-dip, respec-
tively.
Modified after Yamanaka and Kikuchi (2004).
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gsi.go.jp/UJNR/6th/orally/O01_UJNR_Dobashi.pdf). Some other studies
suggested that only a fraction of the accumulated tectonic stress was
being relieved during the historical earthquakes, and that there was a
possibility of larger events with source areas that combine the faulting
regions of the known past earthquakes (Igarashi et al., 2003; Kanamori
et al., 2006). There are also studies of tsunami deposits associated with
the A.D. 869 Jogan and other earthquakes that indicated the occurrence
of past large tsunamis near Sendai bay and broader areas in the south
(Minoura et al., 2001; Shishikura et al., 2007, 2010).

Following the 1995 Kobe earthquake (Mw 6.8; 6437 fatalities, and
very large economic losses), Japan installedmany observation networks,
including borehole seismic arrays, dense strong-motion instrumenta-
tion, extensive GPS arrays, and real-time earthquake information sys-
tems (Okada et al., 2004). The advance in seismological studies and
preparations for earthquake hazards have been significant. The excellent
distribution of seismic stations and many earthquake sources have
enabled high resolution seismic tomographic results and detailed source
models of recent earthquakes. Nonetheless, the potential of a Mw 9
earthquake was not broadly recognized.

The main damage from the 2011 Tohoku-Oki earthquake was
caused by the very large tsunamis that inundated several hundred kilo-
meters of coastlines of northeast Honshu with heights of 10 to 30 m.
Tsunamis completely destroyed many coastal towns in Miyagi and
Iwate prefectures, and caused the much publicized failure of a nuclear
power plant in Fukushima. The Japan Meteorological Agency (JMA) is-
sued warnings for tsunamis 3 min after the origin time (Ozaki, 2011),
which should have provided sufficient time for most people to escape.
However, complications in the communication and emergency re-
sponse caused problems so that many people were killed by the huge
onrush of water. Tsunamis caused an estimated damage of over $US
300 billion and took about 19,000 lives.

The amount of shaking damage was not great, especially com-
pared to other similar size earthquakes, despite the very high levels
of ground motion from the sources fairly close to the coast (peak
accelerations of over 2 g at many sites). Just 4.4% of the reported
deaths are from building collapses and landslides. The low levels of
shaking damage can be attributed to relatively low amplitudes in
the critical frequency range of 0.5 to 1 Hz (e.g. Furumura et al.,
2011) combined with the high standards of building construction in
Japan.

The initial epicenter of the Mw 9 event was about 100 km off the
coast of Miyagi prefecture; the first P arrivals were detected about
22 s after the occurrence. The earthquake early warning (EEW) system
of JMA issued an alert for strong ground shaking due to the earthquake
8 s later (Hoshiba et al., 2011). Systems in factories were shut down
automatically, bullet trains were slowed and stopped, and warnings
were sent out on TV and cellular phones.

Two days before theMarch 11 earthquake, a Mw 7.3 event occurred
in the same subduction zone, off the coast of theMiyagi-prefecture. This
March 9 event turned out to be a foreshock to the much larger Mw 9
earthquake on March 11. The foreshock sequence was the beginning
of a process where many sections of the subduction zone along the
Japan Trench ruptured in a single sequence, which was unprecedented
in the historical record of the past 400 years. When the rupture se-
quence started, the tectonic stress levels in previously distinct source
areas may have been close to the maximum shear strength for these
zones. This condition promoted complex rupture propagation through
the broad region producing the huge Mw 9 event (e.g., Tajima and
Kennett, 2012).

Numerous papers have already been published studying the charac-
teristics of the 2011 Tohoku-Oki megathrust earthquake using the
abundant data and advanced methods of analyses. This review focuses
on several important issues froma viewpoint of earthquake hazardmit-
igation practice. We summarize the characteristics of this megathrust
event and the associated physical properties of the structure in compar-
ison with the past characterizations of seismic activities in this subduc-
tion zone, and the progress of real-time forecasting system of strong
ground shakings and tsunamis. We also address how the potential of
an impending large earthquake and associated tsunamis might be
detected.

2. Characterizations of large earthquakes prior to the 2011
Tohoku-Oki earthquake

Past seismic activity known from historical documents and instru-
mental records had led to the assumption of characteristic large
earthquakes for the region of the 2011 Mw 9 earthquake and the
surrounding region.

2.1. Historical large earthquakes

Systematic instrumental observations and recordings of seismic
events started around the turn of the 20th century. Investigation of seis-
mic activity prior to the instrumental era depends entirely on historical
documents and paleoseismological investigations, where available in-
formation is limited and inhomogeneous in terms of spatial and tempo-
ral coverage. The subsequent estimates of earthquake or tsunami size, as
well as the recurrence intervals of such events can be quite uncertain.
Nonetheless, the historical catalogs of large earthquakes in Japan,
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which span over 1500 years including the A.D. 648 Hakuho earthquake
(estimated as M ~8.4) along the Nankai trough, are fairly well compiled
for the purpose of identifying possible large earthquake and tsunami
risks (see the web site of the Seismological Society of Japan, SSJ:
http://www.zisin.jp/modules/pico/index.php?cat_id=100).

The historical catalog shows that there was a significant earth-
quake with an associated large tsunami that occurred along the
northeast coast of Honshu during the Jogan era (in A.D. 869), and
was estimated to be M 8.3 or larger. The tsunami deposits associated
with this earthquake were found 1 to 3 km from the coast in the
Sendai area (Minoura et al., 2001; Shishikura et al., 2007, 2010). A
simulation study of the tsunami inundation attempted to determine
the source area of this earthquake using several different types of
tsunami source models (Satake et al., 2008). Based on these studies,
the Jogan earthquake in 869 is considered to be similar to the 2011
Tohoku-Oki earthquake. During the 17th to 19th century there are
8 M ≥7 earthquakes, and 4 M ≥8 earthquakes known in this region
(Fig. 1). The Keichou Sanriku earthquake (M ~8.1) occurred in 1611
and is considered to have had a similar mechanism to that of the
1933 Showa Sanriku earthquake (M ~8.1) based on the nature of tsuna-
mi damage. Here, we note that the 1933 earthquake is a normal fault
event in the outer-rise. However, there are controversies regarding the
epicenter of the 1611 earthquake, which could be located off the coast
of Hokkaido, farther north of Sanriku-Oki. The 1896 Meiji Sanriku-Oki
earthquake (M ~8.2) is considered as a thrust event in the subduction
zone. The occurrence rate of large earthquakes (M ≥7) during this
period is less than that observed during the past century (see below),
indicating that the historical catalog is not homogeneous or the seismic
activity is not regular over a period of 400 years.
Fig. 3. Locations of the source areas of historic offshore large earthquakes along the
Tohoku coast (blue ellipsoidal shapes by Kanamori et al., 2006) on a schematic map
of inferred fault zone rupture segmentation for the 2011 Mw 9 Tohoku-Oki earth-
quake. The yellow colored region is where co-seismic short-period radiation with
relatively low seismic moment is imaged. The orange-colored region is where there
is little short-period radiation, but large slip is placed in broadband finite fault inver-
sions of seismic and geodetic data. The approximate location of the A.D. 869 Jogan
tsunami source region (Minoura et al., 2001) is found to lie within the region of
large slip. Here the 2011 main event epicenter by USGS is indicated with a red star,
and the 1-day aftershock area by red dots, including outer rise activity beyond the
region of large slip (from Koper et al., 2011a).
Reproduced/modified by permission of Earth, Planets and Space.
2.2. Large earthquakes over the last century

Over the last century there are 14M 7 earthquakes and 2M 8 earth-
quakes (the M 8.1 normal faulting event in 1933 and the Mw 8.2 1968
Tokachi-Oki subduction zone event) that took place off the coast of the
Tohoku region. Yamanaka and Kikuchi (2004) collected strong-motion
waveform data for 10 large interplate earthquakes archived by JMA
and determined the source processes of these earthquakes. These
events typically show a complex source rupture process (see also
Seno et al., 1980), but the conditions may not have been mature
enough for the rupture propagation to break through a broad region,
as was the case in the 2011 earthquake. The ruptured segments of
these past events range from 50 to 150 km. Yamanaka and Kikuchi
(2004) identified large slip areas (asperities) for the earthquakes
which occurred after 1930. They suggested that the typical size of indi-
vidual asperities, which are distributed sparsely in this region, was as-
sociated with an M 7 earthquake, and M 8 earthquakes occurred when
several asperities ruptured together (see the asperity map in Fig. 2).

The estimated rupture areas for the past large earthquakes in this
region up to 2011 show two distinct groupings. There is a group of
events near the trench axis that have been associated with major
tsunamis; these events lie to the northeast of the epicenter of the
2011 March 11 event. There is also a more southerly group at greater
depth and closer to the coastline (Koper et al., 2011a; see Fig. 3).

Using historical records for over 400 years, a wide range of proba-
bilities for large subduction earthquakes was estimated for M 7 to M
8 earthquakes in this subduction zone (ERC). However, Kanamori et
al. (2006) also recognized that only part of the accumulated strain
associated with subduction had been relieved despite the significant
earthquake activity along the east coast of Honshu. They pointed
out the potential of an event that would combine the areas and char-
acteristics of the two groups of prior events noted above. This is the
character of the 2011 Tohoku-Oki event, with large lower-frequency
radiation near the trench and higher-frequency radiation down-dip
from the epicenter (see Section 3).
2.3. Aftershock activity of past large earthquakes and repeating
small events

After the main source rupture is complete, there is an expansion of
aftershock activity reflecting stress adjustment and migration, if the
areas of large slip are surrounded by weaker zones. Tajima and
Kanamori (1985a, 1985b) characterized the plate coupling strength
(or asperity) distribution along the major subduction zones
world-wide using the spatial expansion patterns of aftershocks with
time, using the amount of seismic energy released from aftershocks
per unit area and unit time. To quantify the global results, a linear ex-
pansion ratio ηl for the characteristic size of the aftershock zone, and
an areal expansion ratio ηS, are calculated as a function of time. The
ratios are calculated from the size at a certain time after the mainshock
taft(day) divided by the 1-day aftershock area, where the 1-day after-
shock area is considered to represent the rupture area of the earth-
quake. The results indicate that typical expansion patterns of
aftershock areas can be classified into three groups: (1) very little ex-
pansion associated with a megathrust earthquake, e.g., the 1964
Alaskan earthquake (Mw 9.2); (2) little expansion along the strike
and some expansion in the dip direction, e.g., large events in the Kurile
subduction zone; and (3) large areal and linear expansions, e.g., the
1978 Miyagi-Oki (Mw 7.5) earthquake in northeast Japan and the
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1968Molucca Sea earthquake (Ms 7.6) in the southwestern Pacific sub-
duction zones.

In group 3 relatively small asperities are distributed sparsely
and the aftershock activity expands significantly into the sur-
rounding weaker zones, with aftershock areas often overlapping
with those of past adjacent events. Large events (Mw ~7 to 8) off
the coast of northeast Japan during the past century have shown
such significant expansion of aftershock activity into the surround-
ing areas over time (≥ taft(100)). This pattern is in contrast to a
subduction zone that is characterized by uniform, large asperities
Fig. 4. Repeating earthquake data compared with the slip rate distribution on the plate boun
Nishimura (2000). Solid colored circles show the locations of repeating earthquake clusters,
analysis is shown by contours with an interval of 2 cm/yr. Red shows a slip deficit (e.g., stro
convergence rate) area. Arrows indicate the amount of slip (from Igarashi et al., 2003; see
Reproduced/modified by permission of American Geophysical Union.
(group 1), which produce megathrust events, such as the 1964
Alaska earthquake (Mw 9.2) that ruptured a large portion of the
plate boundary with a characteristic source-time of τ~180 s. The
aftershock area of the 1964 Alaska earthquake did not show
much expansion over time (taft≥100 days) and the inter-plate
coupling was considered strong.

The weaker zones surrounding the asperities were also considered
likely to be broken by repeating small events (e.g., Igarashi et al.,
2003; Matsuzawa et al., 2002, 2004; Uchida et al., 2004). However,
Igarashi et al. (2003) compared repeating earthquake data with the
dary estimated from GPS data for the period from April 1996 to March 1999 analyzed by
and their colors show average slip rate. The slip rate distribution obtained from the GPS
ngly coupled) area, and blue is a slip excess (e.g., slip rate is larger than the interplate
this paper for details).
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slip rate distribution on the plate boundary estimated from GPS data
by Nishimura (2000) and discussed the slip deficiency in relation to
repeating small earthquakes (Fig. 4; see also Nishimura et al. (2000)).

3. Characteristics of the mainshock and aftershock activity

Seismic, geodetic and tsunami data for the 2011 Tohoku-Oki event
were readily available from around the world. Strong ground motion
was recorded by over 1000 near-field stations in Japan, and teleseismic
data were obtained worldwide, including data from multiple large-
aperture arrays. Within a few days, a number of preliminary source
models were presented on webpages around the world using various
sources of data. The first source models were obtained from primarily
teleseismic seismic data because of the easy availability of the data.

3.1. Real-time information

In Japan an Earthquake Early Warning (EEW) system has been op-
erated by JMA since October, 2007. The hypocenters are determined
by a combination of several techniques (Hoshiba et al., 2008), using
approximately 1100 stations from the JMA network and the Hi-net
Fig. 5. Slip distributions determined for the 2011 Tohoku-Oki main event (with its epice
distribution, moment-rate function, and slip-rate functions at three locations (indicated with
od of Yagi and Fukahata (2011a). The maximum slip of about 50 m is determined near the t
obtained from least-squares inversion of teleseismic P-waves. The yellow dashed curve indi
the Pacific plate, holding the Japan mainland fixed (Lay et al., 2011a).
Reproduced/modified by permission of American Geophysical Union; and Earth, Planets an
network of NIED. The system locates 10–20 events per day within a
few seconds, which includes a few felt earthquakes in and around
Japan, and issues warnings when strong ground shaking is expected.
One procedure to obtain a fast location uses a technique that identifies
both stations that record P arrivals and stations where the P waves
have not yet arrived (Horiuchi et al., 2005). The system is able to locate
earthquakes within a few seconds and detect erroneous arrival-time
readings. As more information becomes available with time, locations
and magnitude are updated every second.

At 14:46:40.2 on 2011 March 11 the EEW system detected P-wave
first motion arrivals and issued an alert for strong ground shaking due
to a large earthquake estimated to be M ~7.9, and the warning was
automatically broadcast through TV, radio and cellular phone alarms.
The alert was issued to a broad region where intensity 5 or greater on
the JMA scale was estimated to occur. The warning was sent to this
region more than 15 s before the arrivals of the S-wave and the
strong ground motion (Hoshiba et al., 2011). However, in many af-
fected areas the actual intensities were substantially larger than the
estimated intensities. The underestimate of magnitude and intensity
can be attributed to the long duration and growth of the rupture pro-
cess over a very large rupture area, and limitations in the algorithm
nter denoted by a star) from teleseismic P-wave data: (a) Map view of the total slip
red, green and navy small squares) obtained using a newly developed inversion meth-

rench (see Yagi and Fukahata, 2011b for details of the method). (b) Slip model P-MOD2
cates the position of the trench deep and the white arrows the relative plate motion of

d Space.
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for determination of earthquake parameters, which assumes a point
source. The underestimated magnitude was revised to M 8.4 in
80 min, and to M 9.0 several days later.

The U.S. Geological Survey National Earthquake Information Center
(USGS NEIC) worked rapidly to determine a Mw of 8.9 within 20 min
and in a few hours had characterized the earthquake in terms of its lo-
cation, size, faulting source, shaking and slip distribution (Hayes et al.,
2011). The mainshock source had a seismic moment of 4.5×1022 Nm
(Mw9.0); the source duration (τ) of 150 s; and thrust focal mechanism
(strike=200°, dip=13°, rake=83°).

3.2. Slip distribution models

Following the earthquake, there were many websites reporting
slip distribution models, using mainly teleseismic waveforms and
regional GPS data. Data for these studies were readily available from
networks such as the Federation of Digital Seismograph Networks
(FDSN) and Global Seismographic Network (GSN) and distributed at
data centers including the Data Management Center (DMC) of Incor-
porated Research Institutions for Seismology (IRIS).

Hayes (2011) reports that fast finite-fault inversions with globally
distributed body- and surface-wave data were used to estimate the
slip distribution of the earthquake rupture. Models generated within
7 h of the earthquake origin time indicate the rupture of a fault up
to 300 km long, which was roughly centered on the earthquake hypo-
center, and involved peak slips of 20 m or more. Updates since this
preliminary solution improved the details of this inversion solution,
and thus the understanding of the rupture process.

Published models for the mainshock source can show notable differ-
ences depending on the specific sources of information employed. Com-
mon to most of the results using seismic and GPS data, is the very large
slip near the hypocenter and eastward toward the trench. Fig. 5 com-
pares the slip distributions determined by two studies using teleseismic
P-waves, (a) Yagi and Fukahata (2011a) and (b) Lay et al. (2011a). Both
of the models show a large slip area in the up-dip direction from the
Fig. 6. Direct observation of strong ground motions: (a) Distribution of peak ground accele
purple stars. (b) Record section of the vertical component ground acceleration recorded a
dashed curves (green, red, and purple) correspond to the theoretical arrival times of three s
at four stations shown with squares in (a). The spectra are compared with those obtained a
period band (1–2 s) corresponds to the most effective period for wooden-frame houses (as
Reproduced/modified by permission of Landslides.
hypocenter with maximum slip of over 40 m near the trench. Studies
of regional strong motion data on the Japanese islands (e.g., Furumura
et al., 2011; see Fig. 6) revealed a series of major subevents of different
spectral characteristics (see also Nakahara et al., 2011).

An interesting feature that is noted in many models is the dif-
ference between the area associated with large low-frequency ra-
diation located near and up-dip from the hypocenter, and the
area of dominant high-frequency radiation located down-dip of
the hypocenter (Ide et al., 2011; Kiser and Ishii, 2012; Koper et
al., 2011a, b; Wang and Mori, 2011a,b). The largest slip, and
thus the source of the low-frequency (b0.1 Hz) energy lies in the re-
gion of the hypocenter and trenchward on the shallow portion of the
fault, while the sources of the high-frequency energy (1 to 10 Hz)
were on the deeper down-dip portions of the fault (e.g. Kurahashi and
Irikura, 2011;Wang andMori, 2011a). The source regions for the inter-
mediate frequencies appear to have a more complicated spatial distri-
bution. The locations of the high-frequency sources are important for
evaluating strong-motions that cause damage to small to moderate
size structures.

Table 1 summarizes the sourcemodels in published papers as of Feb-
ruary 2012.Many studies determined the seismicmoment for the earth-
quake with most values in the range of 4.0 to 6.0×1022 Nm, which
corresponds to Mw 9.0 to 9.1. Most models show a large patch with di-
mensions of about 200 km and slip of 30 to 60 m. This large slip on the
shallow up-dip portion of the thrust fault (in deep water) is responsible
for a large part of the tsunami generation. The seismic moment for the
Tohoku earthquake is similar or slightly less than the 2004 Sumatra
earthquake, but the fault is about half the area. This implies that the av-
erage amount of slip was about twice that of Sumatra.

Source models using only tsunami data tend to give larger values
of slip for the shallow portion of the fault near the trench (Fujii et
al., 2011; Maeda et al., 2011; Saito et al., 2011). This raises the possi-
bility of a slow or late component of the slip that may not be seen in
the seismic data. Also, the distribution of very large tsunami heights
onshore of Iwate prefecture seems to indicate large sea floor
ration (PGA; cm/s/s). Three locations of large slips are indicated with green, red, and
t linearly aligned 42 stations from north to south (white triangles shown in (a)). The
ubsources in (a). (c) Velocity-response spectra of horizontal ground motions recorded
t Takatori and Fukai during the 1995 Mw 6.8 Kobe earthquake. The yellow-highlighted
sembled after Furumura et al., 2011).
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Table 1
Summary of source models for the 2011 Tohoku earthquake.

Reference Data Moment
(1022 Nm)

Mw Max. slip
(m)

Comment

Duputel et al., 2011 Tele body and surface waves 9.0 Rapid moment determination, W phase
Hara, 2011 Tele body waves Duration of high-frequency
Hayes, 2011 Tele. body and surface waves 4.9 9.1 >32 Rapid moment determination
Ide et al., 2011 Tele. body waves 30 Frequency dependence
Ishii, 2011 Tele body waves Back projection
Koper et al., 2011a Tele body waves Back projection, frequency dependence
Lay et al., 2011b Tele body waves 4.0 9.0 60 Source inversion
Meng et al., 2011 Tele body waves Back projection, frequency dependence
Nettles et al., 2011 Tele surface waves 5.3 9.1 Low-frequency moment
Polet and Thio, 2011 Tele surface waves 8.9–

9.0
Rapid moment determination

Roten et al., 2012 Tele surface waves Back projection
Shao et al., 2011 Tele body and surface waves 5.8 9.1 60 Source inversion
Tsai et al., 2011 Tele surface waves 4.2 9.0 Low-frequency moment
Wang and Mori, 2011a Tele body waves Back projection
Wang and Mori, 2011b Tele body waves Back projection, frequency dependence
Yagi and Fukahata, 2011a Tele body waves 5.7 9.1 50 Source inversion
Yao et al., 2011 Tele body waves Back projection, frequency dependence
Zhang et al., 2011 Tele body waves Back projection
Honda et al., 2011 Regional strong-motion data Back projection
Hoshiba and Iwakiri, 2011 Regional strong-motion data Early warning
Hoshiba et al., 2011 Regional strong-motion data Early warning
Kurahashi and Irikura, 2011 Regional strong-motion data Location of high-freq. sources
Nakahara et al., 2011 Regional strong-motion data Back projection
Suzuki et al., 2011 Regional strong-motion data 4.4 9.0 48 Source inversion
Yoshida et al., 2011a Regional strong motion,

Tele body waves
3.4 9.0 >25 Source inversion

Yoshida et al., 2011b Regional strong-motion data 4.3 9.0 47 Source inversion
Iinuma et al., 2011 GPS 4.0 9.0 35 Source inversion
Ito et al., 2011b GPS 4.1 9.0 60 Source inversion
Miyazaki et al., 2011 GPS 35 Source inversion, foreshock and mainshock slip
Nishimura et al., 2011 GPS 8.9 41 Forward modeling
Ozawa et al., 2011 GPS 4.1 9.0 60 Source inversion
Pollitz et al., 2011 GPS 4.1 9.0 33 Source inversion
Simons et al., 2011 GPS, Tele body waves 45 to 60 Source inversion, Back projection, Frequency

dependence
Yue and Lay, 2011 High-rate GPS 4.8 9.1 60 Source inversion
Kido et al., 2011 Ocean bottom pressure 80 Forward modeling
Fujii et al., 2011 Tsunami 3.8 9.0 >40 Source inversion
Maeda et al., 2011 Tsunami 57 Forward modeling
Saito et al., 2011 Tsunami 9.0 30 Source inversion
Yamazaki et al., 2011 Tsunami, GPS 60 Source inversion
Ammon et al., 2011 Tele. body and surface waves, high-rate GPS 3.9 9.0 40 Source inversion
Koketsu et al., 2011 Tele body waves,

Regional strong motion, GPS, Tsunami
3.4 to 3.8 9.0 36 to >40 m Source inversion

Koper et al., 2011b Tele body and surface waves, high-rate GPS 42 Source inversion, back projection, frequency
dependence

Lee et al., 2011 Tele body waves, regional strong motion, GPS 3.7 9.0 >50 Source inversion
Yokota et al., 2011 Tele body waves, regional strong motion, GPS, tsunami 4.2 9.0 35 Source inversion
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deformation north of the area of large slip identified in the models
using seismic and GPS data.

Combiningmultiple types of data helps constrain the overall features
of the source models and reduces resolution problems inherent to a
particular data set. For example, onshore GPS data is less sensitive to
fault displacements far offshore, and regional seismic data is better for
constraining rupture propagation than teleseismic data. Inversion stud-
ies that used different types of data sets to obtain source slip distribution
models include, Ammon et al. (2011), Koketsu et al. (2011), Koper et al.
(2011b), Lee et al. (2011), Yokota et al. (2011) and others.

Studies of the rupture propagations using finite fault inversions
(Ide et al., 2011; Koper et al., 2011a,b; Meng et al., 2011) and
back-projection methods (Ishii, 2011; Kiser and Ishii, 2012; Koper et
al., 2011a, b; Wang and Mori, 2011a, b; Yao et al., 2011; Zhang et
al., 2011) with teleseismic data, and regional data (Furumura et al.,
2011; Kurahashi and Irikura, 2011; Nakahara et al., 2011) show com-
plex patterns for the time evolution of the earthquake, especially
during the first minute. Different studies give different results about
the direction and rupture speed for the early portion of the
earthquake and there are some indications that the rupture may
have reversed itself and re-ruptured a portion of the fault. After
about the first minute, most results show unilateral rupture propaga-
tion toward the southwest.

3.3. Crustal stress accumulation and release

Looking at the results from the many slip distribution models, an
important issue is the location on the fault and the areal extent of
the large slip. How far towards the trench did the large slip occur?
Did the slip occur mainly on the near-horizontal megathrust or on
steeply dipping faults? Most of the source models show large slip
on the shallow portion of the fault close to the trench, but seismic
and GPS models do not have good resolution for these far-offshore
regions.

The 2011 Tohoku-Oki earthquake produced the largest ground de-
formations directly measured for an earthquake, which were observed
on the ocean floor near the epicenter and trenchward toward the east,
with horizontal movements of 24 to 74 m (Ito et al., 2011a, in press;



0

50 0

West East

D
ep

th
 (

km
)

Distance from the trench axis (km)

Distance from the trench axis (km)

Distance from the trench axis (km)

V
er

tic
al

 d
is

pl
ac

em
en

t (
m

)
H

or
iz

on
ta

l d
is

pl
ac

em
en

t (
m

)
10

a

b

c

d

0

50

100

6°
3°

Free surface

−15

−10

−5

0

5

10

15
50 0

50 0

Basaltic crust

Subduction direction

Cretaceous sequence

10 km
2

4

6

8

10

12

D
ep

th
 [k

m
]

Backstop 
reverse faultBranch 

reverse fault

Bra
nch

 norm
al fa

ult

30°
60°

0°

15°
5°

TJT1

TJT2GJT3

31±1 m

74 ± 20 m

58 ± 20 m

VE x 3

5 ± 0.5 m

5 ± 2 m

80 m

TJT1 (OBP)

GJT3(GPS/A)

TJT1 (Benchmarks)

TJT2 (Benchmarks)

GJT3(GPS/A)
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Reproduced/modified by permission of American Geophysical Union.
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Kido et al., 2011; Sato et al., 2011). Fig. 7 shows the deformation near
the frontal wedge of the Tohoku-Oki earthquake measured by cabled
seafloor pressure gauges, and the modeling that indicates an uplift of
5 m with a horizontal displacement of more than 60 m (Ito et al.,
2011a, in press). The results suggest a huge coseismic slip beneath the
frontal wedge on the plate boundary, which could be as large as 80 m.
Another piece of convincing evidence is from differential bathymetry
on a profile before and after the earthquake (Fujiwara et al., 2011),
which shows there was a large and mainly horizontal displacement
out to the tip of the thrust, indicating that slip occurred mostly on
the megathrust itself, rather than splay faults. In the case of the 2004
Sumatra–Andaman earthquake the coseismic uplift was followed by
postseismic subsidence within two months after the earthquake
(Kayanne et al., 2007).

Models of the deformation in the region of the accretionary prism, at
the tip of the thrust, usually assumed that this area does not accumulate
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stress because of the weak strength of thematerials (e.g. Wang and Hu,
2006). Slip on this portion of the plate boundary megathrust is often
thought to occur aseismically, so that large displacement in this region
is not expected during great subduction zone earthquakes. The 2011
Tohoku-Oki earthquake has shown that this toe region can have a
large amount of slip during an earthquake. This raises questions about
mechanisms for earthquake reoccurrence and large slip on this shallow
portion of the fault. Was the stress at a high level, having accumulated
for over a thousand years and then released in the recent earthquake,
or was the accumulated stress at a low level and the large slip due to
overshoot or some other mechanisms that couples the shallow portion
of the fault with the deeper part of the fault? A recent study of the
shallow portion of the megathrust for the 2004 Sumatra earthquake
also suggests large displacement for this toe region (Singh et al., 2011).

The amount of accumulated stress on the megathrust before the
2011 Tohoku-Oki earthquake has been discussed from studies of
GPS observations by Nishimura et al. (2004), Suwa et al. (2006),
Hashimoto et al. (2009), and Loveless and Meade (2010). These
studies identified areas of slip-deficit rates that might be expected
to rupture in large earthquakes. For example, areas of strong coupling
may be associated with earthquakes in 1931 Sanriku-Oki (M 7.6),
1968 Tokachi-Oki, 1994 Sanriku-Haruka-Oki (Mw 7.8) for the region
north of the 2011 Tohoku-Oki earthquake (Hashimoto et al., 2009).
Hashimoto et al. (2012) inverted interseismic GPS velocity data and
the coseismic GPS displacement data to show that the 2011 main
event released tectonic stress accumulated in the Miyagi-Oki and
Fukushima-Oki interseismic slip-deficit zones extending from 36°N
to 40°N off the Pacific coast of the Tohoku district. The extraordinarily
large coseismic slip in the Miyagi-Oki slip-deficit zone, where previous
large earthquakes with about 3 m coseismic slip repeated every 40 yr
over the last two centuries, indicates that the region can have different
size asperities with varying amounts of slip for different earthquakes
(Hashimoto et al., 2012). TheseGPS studies have shown large slip deficit
off Miyagi-Oki and Fukushima-Oki prior to the 2011 main event, but
could not detect large slip deficit accumulated near the trench.
Fig. 8. Coseismic and postseismic displacement observations and estimated slip, relative to
March 2011. The arrows indicate the horizontal coseismic movements of the GPS sites. The
The solid contours show the estimated coseismic slip distribution in meters. (b) Post seismic
in meters (from Ozawa et al. (2011)).
Reproduced/modified by permission of Nature.
Ozawa et al. (2011) reported the coseismic and postseismic slip
using recent geodetic data from theGPS network (see Fig. 8), and point-
ed out that the strain accumulation rate estimated in the Tohoku-Oki
source region is much higher than the average rate of strain release
from previous interplate earthquakes. They suggest that the 2011
Tohoku-Oki earthquake released the strain accumulated for several
hundred years, which may have resolved part of the strain budget
imbalance.

3.4. Similarity to tsunami earthquakes

‘Tsunami earthquakes’ are a special class of shallow subduction-
zone events that have relatively low levels of energy in the frequency
range that is easily perceptible to people (1 to 10 Hz), but large
(shallow) fault displacement, thus producing large tsunamis,
(Fukao, 1979; Kanamori, 1972). Although the 2011 Tohoku-Oki
earthquake is not considered to be a tsunami earthquake by most
seismologists, the event does have some of features associated with
tsunami earthquakes, such as a low rupture velocity for a portion of
the source process (e.g., Meng et al., 2011; Yagi and Fukahata, 2011a).
Also, the radiation efficiency (ratio of radiated energy to radiated plus
fracture energy) is rather low, especially for the region of large slip, sim-
ilar to tsunami earthquakes. This indicates that the amount of energy in
the seismic waves for the 2011 Tohoku-Oki event is rather small when
compared to other great earthquakes (Lay and Kanamori, 2011). The
earthquake has characteristics of a ‘tsunami’ earthquake for the large
slip on the shallow portion of the fault, and resembles a typical plate
boundary subduction-zone earthquake for the deeper portions of the
rupture area. Lay and Kanamori (2011) point out that the shear sliding
on the fault shifted the coast of Japan up to 5 m eastward, and lifted the
sea floor by asmuch as 5 m over 15,000 km2; displacements as large as
30 to 60 m – the largest ever measured for an earthquake – occurred
near the subduction trench.

Recently there has been much focus in Japan on the possibility of
future M 9 earthquakes, especially related to the possibility for future
the Fukue site (off the west coast of Kyushu): (a) Coseismic displacements for 10–11
color shading indicates vertical displacement, and the star the main event epicenter.
displacements for 2011 March 12–25. The red contours show the afterslip distribution



Fig. 9. Aftershock activity of the 2011 Tohoku-Oki earthquake and illustration of typical aftershock area expansion patterns associated with the asperity distribution: (a) The immediate
aftershocks of theMw7.3 event onMarch 9 are locatedmainly to the east of the epicenter (light blue star). Large earthquakes (M≥7) in the past half century are also shown (open circles
in light violet). The ruptured area of theMarch 11 event is outlined by a gray rectangle. The red open stars indicate the epicenters of theMw9 event and two large aftershocks (M>7) on
March 11 (A1 and A2 in d.). (b) The Mw 9 earthquake and its aftershocks: for 1-day (solid black circles) and for the period up to taft=100 days (gray shaded circles). Both ηl(100) and
ηs(100) are less than 1.5 that are similar to those of amegathrust event in Alaska. (Aftershock area expansion pattern observed for the 2011 Tohoku-Oki.) (c) Illustration of plate coupling
for NE Japan that is characterized by sparsely distributed small asperities, and considered weak. The aftershock area at a small taft (~1 day) is identified as an asperity. Aftershock areas
expand into the surrounding areas significantly at a large taft (≥100 days), often overlapping that of an adjacent major event. A typical large source rupture has a characteristic time τ
of 10 to 15 s. (d) A fault zone is characterized with a uniform, large asperity and the interplate coupling is considered strong such as in the Alaskan subduction zone. The
source-process time τ of the 1964 Alaska earthquake (Mw 9.2) was ~180 s, and the aftershock area does not expand much at a large taft.
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large tsunamis. However, for evaluating tsunami hazards, the important
issue is not the overall size (moment) of the earthquake, but the possi-
bility that large slip can occur on the shallow region near the trench.
Past M 8 class earthquakes in 1896 and 1933 in the Tohoku-Oki region
also produced tsunamis of 20 to 30 m (Kanamori, 1971; Tanioka and
Satake, 1996) nearly as high as the 2011 event.

3.5. Foreshock and aftershock patterns and triggered events

The rupture pattern of the 2011 Tohoku-Oki earthquake sequence
that started with a Mw 7.3 foreshock which is similar in size to previ-
ous events in this region (Fig. 9; Tajima and Kennett, 2012). The
expansion of the 2-day aftershock area of the March 9 foreshock
stopped at the impending March 11 mainshock epicenter that took
place at the western edge of the zone (Fig. 9a). This expansion pattern
which could have triggered the mainshock can be interpreted in
several ways, such as diffusional propagation of the after-slip of the
foreshock (Ando and Imanishi, 2011), propagation of slow slip prior
to the March 9 event (Kato et al., 2012) or episodic transient slow
slip events over a longer period (Ito et al., in press). The March 11
main event ruptured a broad region in τ~150 s and was followed
within a few hours by two large thrust aftershocks (Mw 7.9, Mw
7.1) and an outer-rise normal-faulting event (Mw 7.7) near the
southern end of the 1933 rupture zone (Lay et al., 2011b). However,
it is notable that the aftershock area did not show much expansion
over time as compared with the 1-day area despite the numerous
aftershocks. Instead areas of relatively low slip during themain rupture
are progressively filled in by the aftershocks, particularly bigger after-
shocks fit in the larger ‘holes’ in the main rupture slip distribution
(Fig. 9b). (Here we consider the aftershock area to be closely associated
with the main rupture zone, while the large events (M>6) in Niigata
and Shizuoka, which occurred at distances of several hundred kilome-
ters, and were apparently induced after March 11, are considered to
be a separate type of triggering as discussed below). Unlike the previous
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large earthquakes in this subduction zone, this expansion pattern is
similar to that of asperity group 1 (see Section 2.3).

After the Mw 9 earthquake, numerous intraplate earthquake oc-
curred beneath the outer slope of the Japan Trench including the large
normal faulting aftershock (Mw 7.7) on March 11. Using data from
ocean bottom seismic instruments, Obana et al. (2012) determined
the locations and focal mechanisms of these events, and suggested
that the stress regime at around 40 km depth in the Pacific plate was
changed from compressional to tensional by the 2011 earthquake.
They further suggest that the tensional stresses (which now extend to
depths of about 40 km) may play an important role not only in the
occurrence of large normal-faulting earthquakes, but also in hydration
of the uppermost mantle of the incoming Pacific plate prior to the
subduction.

Earthquakes that occur relatively far from the mainshock fault
rupture can be explained as being induced by static and/or dynamic
stress changes due to the mainshock. There were 6 M >5.0 earth-
quakes that occurred at distances of a few hundred kilometers during
the 5 days following the mainshock. Also, 13 volcanoes in central and
southwest Japan showed increased seismic activity. Miyazawa (2011)
shows that early post-seismic events triggered by the 2011 Mw 9.0
Tohoku-Oki earthquake systematically propagated across southwest-
ern Japan, associated with the strong seismic waves from the source.
The propagation front traveled at 3.1 to 3.3 km/s and extended to a
distance of 1350 km (Fig. 10), suggesting dynamic triggering. There
Fig. 10. Spatio-temporal distribution of events (M ≥2) shallower than 100 km over Jap
Tohoku-Oki earthquake (2011 February 1–April 30): (a) The epicenter distribution on a m
yellow. (b) The temporal variation of seismicity projected with the vertical axis as a f
post-seismicity events (shown with red) compared with some vertical component broadba
were much fewer observations of triggered earthquakes in the north-
ern direction, where dynamic stresses were smaller and did not
exceed an apparent threshold of about 500 kPa in stress or 10−6 in
strain.

Static stress changes closer to the source also contributed to trig-
gered earthquakes (Hiratsuka and Sato, 2011; Sato et al., 2011; Toda
et al., 2011a,b). Toda et al. (2011b) analyzed the post-seismic stress
transfer from the mainshock to investigate a broad increase in seis-
micity rate for M≥2 earthquakes for distances up to 425 km from
the location of large coseismic slip (≥15 m) on onshore Japan, parts
of the Japan Sea and the Izu islands. They explored the possibility
that the rate changes are the product of static Coulomb stress transfer
to small faults, and suggested that seismicity can increase in the
nominal stress shadow of a mainshock if small geometrically diverse
active faults exist. Also, Yoshida et al. (2012) investigated the static
stress fields for onshore areas of eastern Japan before and after the
Tohoku-Oki by inverting focal mechanism data. They pointed out
the high induced seismicity in Kanto–Chubu region can be due to
stress changes from the 2011 mainshock, which are in the same di-
rection as the background stresses.

4. Structural influences

The analyses as summarized above characterize the source of the
2011 Tohoku-Oki earthquake with a long-duration source process
an before (shown with gray circles) and after (shown with black circles) the 2011
ap view with early post-events detected in red and triggered non-volcanic tremor in
unction of distance from the Tohoku-Oki earthquake epicenter. (c) The early stage
nd seismograms (filtered at 0.01 to 1 Hz) at pertinent stations (Miyazawa, 2011).
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(τ~150 s) and a large rupture area of about 200 km×500 km, which
is distinctly separated into zones of high-frequency radiation
down-dip and low-frequency radiation up-dip. What then produces
the separation of rupture character within a single great earthquake?
Significant clues are provided by the results of seismic tomography
including those which were carried out before the event occurred,
that point to substantial heterogeneity in the subducting slab and
its environs. This heterogeneity appears to have contributed to the
nature of the sub-events and their patterns of energy release during
the recent great earthquake which had been ruptured in distinctive
large earthquakes of M 7 to lower M 8 over the past few centuries.
4.1. Presence of heterogeneity in the subducting plate

There are a number of seismic tomography or 3D seismicwavespeed
models for Japan. Matsubara and Obara (2011) produced a detailed
P-wave tomography model for the region including the megathrust
source area using arrival time and hypocentral data recorded by the
NIED Hi-net and F-net. This model achieved a spatial resolution of
20 km horizontally and 10 km vertically near the Japan Trench, and
reveals elevated P wavespeeds inside the subducting slab in the neigh-
borhood of the epicentral area and two low-Vp zones within the
subducting oceanic crust. The landward low-Vp zonewith a large anom-
aly is consistent with the western edge of the coseismic slip zone of the
2011 Tohoku-Oki Earthquake. The asperities of the previously known
Off-Miyagi and Off-Fukushima earthquakes with magnitudes around
Fig. 11. P-wave tomographic image for the Tohoku-Oki region: (a) directly above the upper b
alies, respectively. The velocity perturbation scale (in %) is shown at the bottom. Three low-v
circles denote the large earthquakes (MJMA ≥6.0) from 1900 to 2008, most of which were in
through the epicenters of the 2011 Tohoku-Oki (d) mainshock, (c) foreshock, and (b, e) two
the large aftershocks are plotted with red stars along with the epicenters listed in the JMA u
quakes are shown in each of the cross sections. The two dashed lines in each cross section re
Cross symbols denote the relocated earthquakes during 2011 March 9–27 within a 10-km
Reproduced/modified by permission of American Geophysical Union.
7.0 are also located at the boundary of the landward low-V zone and
the central high-V zone.

Zhao et al. (2011) relocated the 2011 mainshock and its foreshocks
and aftershocks during the period of 2011 March 9–27 using a 3D
regional model of P- and S-wavespeeds (Huang et al., 2011) and local
P and S wave arrival times. The distribution of relocated hypocenters
was then compared with a tomographic image in the region, which in-
dicates that the rupture nucleations of the largest events (i.e., theMarch
9 foreshock of M 7.3, and three aftershocks with M >7.0 on March 11),
including the mainshock, were controlled by structural heterogeneities
in themegathrust zone. Most of the large earthquakes are located in the
high-velocity (high-V) patches or at the boundary between the low-V
and high-V zones, with only a few situated in the low-V patches
(Fig. 11; from Zhao et al., 2011). They pointed out very large variations
in P wavespeed just above the upper surface of the subducting plate,
and suggest that these wavespeed anomalies are related to frictional
variations at the subduction interface.

Subducting seamounts are thought to increase the normal stress
between subducting and overriding plates resulting in strong plate
coupling. However, a recent seismic survey off the Ibaraki prefecture
in the Japan Trench shows that a large seamount is being subducted
near a region of repeating earthquakes of magnitude M ~7. Both ob-
served seismicity and the pattern of rupture propagation during the
1982 M 7.0 event imply that interplate coupling is weak over the
seamount (Mochizuki et al., 2008). A large rupture area with a small
slip occurred in front of the seamount. Its northern bound could be
determined by a trace of multiple subducted seamounts. Whereas a
oundary of the subducting Pacific slab. Red and blue show low and high velocity anom-
elocity anomalies exist: (A) off Sanriku, (B) off Fukushima, and (C) off Ibaraki. The open
terplate earthquakes. East–west vertical cross sections of P-wave tomography passing
aftershocks (MJMA >7.0). The relocated epicenters of the mainshock, the foreshock and
nified catalog (open yellow stars). The magnitude and origin time of these large earth-
present the Moho discontinuity and the upper boundary of the subducting Pacific plate.
width to each profile (see Zhao et al., 2011).
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subducted seamount itself may not define the rupture area, the rup-
ture width may be influenced by that of the seamount.

4.2. Influence of heterogeneity on partitioning of rupture style

An alternative representation of the structural variations within the
subducting slab is providedbyKennett et al. (2011),who consider the rel-
ative variations of shear-wave speed (β) and bulk-sound speed (ϕ, the
wavespeed derived from bulk modulus alone) derived from the joint to-
mographic inversion of P and S wave arrivals (Gorbatov and Kennett,
2003). In the old subducting Pacific plate in the Japan area, shear
wavespeed variations (δβ/β) dominate variations in bulk-sound speed
(δϕ/ϕ) (the wavespeed associated with bulk-modulus alone). The
Fig. 12. Multiple images of the rupture area of the 2011 Tohoku-Oki event: (a) The loca
low-frequency energy radiations (buff) with the inferred rupture areas of past large earthq
(see the text) on an inclined plane with the depths indicated by dashed lines at 0, 25, and
25 km depth, plane with dip azimuth 195°, dip angle 10°. The source area for the March 1
1981, 2011 March 9) are indicated together with the hypocenter of the March 11 event (re
plane. (d) Shear wave speed tomographic image taken along the same inclined plane. Ea
plane from the 3-D models, so there can be slight differences from direct construction of t
joint tomography inversion model in Kennett et al., 2011; Gorbatov and Kennett, 2003).
variations in the wavespeed structure can be enhanced by examining a
measure (R) (Kennett et al., 2011) of the relative variations in δϕ/ϕ and
δβ/βwith respect to the ak135 reference model (Kennett et al., 1995).

R ¼ 1þ δβ=β
1þ δϕ=ϕ

−1; ð1Þ

where the seismic wavespeeds are given by β2=G /ρ, ϕ2=KS /ρ, in
terms of the shear modulus G, bulk-modulus KS, and density ρ. To
first order, the measure R is simply the difference (δβ/β−δϕ/ϕ) and
so enhances the subtle differences in the behavior of the shear and
bulk moduli, since the density ρ is common to both wavespeeds.
tions of the zones of dominant high-frequency radiation (light blue) and dominant
uakes (green ellipses) superimposed. (b) The joint tomographic image for the ratio R
50 km through the upper part of the subduction zone; reference point: 142°E, 38°N,

1 mainshock is outlined by a gray rectangle. The locations of the recent events (1978,
d pentagon). (c) Bulk-sound speed tomographic image taken along the same inclined
ch of the tomographic quantities has been separately interpolated on to the inclined
he fields on the plane (presented in Tajima and Kennett, 2012; reorganized from the

image of Fig.�12
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Tomographic images are taken on a plane approximately coinci-
dent with the fault surface. R shows a distinct reduction to zero and
slightly negative values (light orange) just up-dip of the mainshock
hypocenter (Fig. 12b). The down-dip edge of this zone corresponds
to the separation between the regions of dominant high-frequency
radiation and dominant low-frequency radiation of the March 11
main rupture, and also the twomajor clusters of historical earthquake
ruptures (Fig. 12a). In the lower two panels the images for δϕ/ϕ and
δβ/β are shown separately (Fig. 12c, d). There is a significant gradient
in δϕ/ϕ, a slight negative anomaly near the trench, which then grades
to stronger positive anomalies at depth. In contrast δβ/β is generally
strongly positive with just a slight reduction at depths near 25 km,
the hypocentral depth of the 2011 Tohoku-Oki earthquake (Fig. 12d).
The zone of reduced R is largely associated with this reduction in δβ/β
with the effects enhanced by the increase in δϕ/ϕ, and appears to
have a strong influence on plate coupling over the whole of the rupture
area. The edges of the anomalous region we have delineated act as the
initiation points for rupture process of the mainshock sequence as
well as for 1978 (Mw 7.5) and 1981 (Mw 7.0) events, and these loca-
tions will be where the strongest contrasts exist in physical properties.
The regional P wave tomography (Zhao et al., 2011) as described above
indicates additional significant wavespeed variations above the slab
interface that could affect the frictional properties at the plate boundary.
Only a single event (M ~7.5) in 1915 appears to bridge between these
two groupings (Kennett et al., 2011; Tajima and Kennett, 2012).

The anomalous structure has clearly been brought into the faulting
region at the subduction interface with the subducting Pacific Plate,
and may be associated with the Kashima facture zone (Nakanishi et
al., 1992), which enters the Japan Trench just south of the rupture
area of the 2011 event. Features with a similar orientation can be
discerned on the incoming Pacific Plate. As the plate bends near the
trench on entry to the subduction environment, there is ample opportu-
nity forfluid ingress. Variations in structure in the plate are likely to lead
to differences in the fluid regime once this portion of the platemoves to
some depth and fluid begins to be expelled. The presence of fluid has a
strong effect on shear wavespeed, and the structural anomalies in
Fig. 13. (a) Seismicity from the NEIC catalog around Japan from 1973 to 2011 prior to the 201
the color scale, and symbol size increases with seismic magnitude. The magenta rectangular
the smaller region shown in (b). (b) Map showing the location of the SLSR, and schematic ru
blue thin dotted ellipses and the 1896 tsunami earthquake source area with a gray thick ellip
30, 40, and 50 m for the 2011 Tohoku-Oki rupture model of Yue and Lay (2011) are shown
dicates the approximate location of the 896 Jogan tsunami source region (Minoura et al., 2
Reproduced/modified by permission of American Geophysical Union.
Fig. 12 may well represent the influence of fluids. Down-dip in a drier
environment, slip can be sharp, but the presence of fluid will tend to
lubricate motion and decrease inter-plate friction at shallower depths.
The joint seismic tomography image (Gorbatov and Kennett, 2003),
created prior to 2003, indicates significant clues to the impending
March 2011 rupture process.

4.3. Stress transfer in heterogeneous structure

Ye et al. (2012) investigated the accumulated stress stage and trans-
fer in a region of themegathrust fault, which is located near thenorthern
termination of the Tohoku-Oki main rupture. This area was designated
as the Sanriku-Oki low-seismicity region (SLSR), relative to adjacent re-
gions, since it has relatively low levels ofmoderate-size (Mj≥5.0) earth-
quakes (see Fig. 13). The existence of such an SLSR was also pointed out
by Kawakatsu and Seno (1983). The study by Ye et al. (2012) indicates
that the southern portion of the SLSR appears to have had modest
coseismic slip (b5 m) during the 2011 event and the postseismic con-
vergence along the megathrust peaked in the SLSR with heightened
aftershock activity including aMw ~7.4 aftershock near its northeastern
edge. The cause of the distinct nature of the frictional state on the SLSR
relative to other parts of the megathrust is unclear. There is evidence
for volumetric velocity heterogeneity in the vicinity of the 2011
Tohoku-Oki large slip zone, where relatively high Vp is observed (Zhao
et al., 2011) and in the transition from large up-dip slip to lower
down-dip slip (Kennett et al., 2011), where low shear velocity and low
bulk sound velocity are observed. The latter study, along with that by
Zhao et al. (2009), finds low velocities near the megathrust in the
upper portion of the SLSR as well, with an increase in the ratio down-
dip below the coastline. The presence of fluids could reduce the shear
velocity and possibly the frictional strength in the aseismic region of
the SLSR, but specific causes of the frictional behavior are not known.

The limited and localized occurrence of thrusting aftershocks sug-
gests that most of the postseismic deformation in the SLSR is taking
place aseismically. The average stress perturbation produced by the
mainshock is evaluated using Coulomb3 software for the southwestward
1 March 11 Tohoku-Oki earthquake with mb ≥5.5. Hypocentral depths are indicated by
indicates the region Sanriku low-seismicity region (SLSR). The black rectangle indicates
pture zones of historic large earthquakes along the northeast Honshu coast (ERC) with
se (Tanioka and Satake, 1996) up-dip of the SLSR, respectively. Slip contours of 1, 10, 20,
along with a red star for the USGS/NEIC epicentral location. The dark dotted ellipse in-
001). The dashed curve indicates the position of the trench (after Ye et al., 2012).

image of Fig.�13


Fig. 14.Maps of Coulomb stress change predicted for the coseismic slip model from Yue and Lay (2011). (a) The Coulomb stress change averaged over the depth range 5–20 km for
normal-faulting geometry given by the westward dipping plane of a Mw 6.1 aftershock located in the SLSR (2011 March 11, 20:11 UTC; strike=140°, dip=41°, rake=−76°; NIED
CMT solution). (b) The Coulomb stress change over the depth range 39–41 km for a shallow-dipping thrust-faulting geometry given by a Mw 6.2 aftershock (March 25, 11:36:28.2
UTC; strike=185°; dip=26°; slip=74°; NIED CMT solution), which is the largest aftershock modeled in Section 3.1 (from Ye et al., JGR 2012).
Reproduced/modified by permission of American Geophysical Union.
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dipping fault plane of a normal faulting geometry (5–20 km) given by a
Mw 6.1 aftershock in the SLSR, and for a shallow-dipping thrust-faulting
geometry of aMw6.2 aftershock located south of the SLSR. Results of Cou-
lomb stress change for the coseismic slip model from Yue and Lay (2011)
are shown in Fig. 14. However, Coulomb stress calculations general-
ly provide only first-order guidance with respect to changes in the
SLSR stress environment, as the ambient stresses are not known
(Ye et al., 2012).
5. Discussion and conclusions

Since the last major seismic disaster caused by the 1995 Kobe
earthquake (Mw 6.8), Japan has installed many advanced observation
networks and a real-time Earthquake Early Warning system (EEW).
These installations, in particular the real-time EEW system, aim to
mitigate earthquake hazards by giving people and automated facili-
ties time to take appropriate safety measures prior to the arrival of
strong ground shaking and tsunamis. In this review we discussed on
how rapidly the initiation of the megathrust earthquake was recog-
nized using the real-time monitoring system and also summarized
what limited the hazard reduction capability of the country with
advanced infrastructure, i.e., the nature of the long-lasting complex
source rupture process that broke through the broad region of hetero-
geneous plate coupling.

The real-time EEW systemwas able to quickly detect the onset of the
large seismic rupture from the first arriving seismic signals, but failed to
accurately estimate the total moment and large slip at shallower depths
near the trench. The size of the earthquakewas underestimated because
of small amplitude in the initial phase and the long-duration of the
entire rupture.Warnings of strong shakingwere not provided to cellular
telephones in the broader zone of areas affected by strong ground shak-
ing in the Kanto region due to the underestimated moment, although
information was sent out on televisions across the entire country. The
large slip that occurred near the trench at about 50 s after the rupture
initiation caused the tsunami catastrophe.

When the Mw 7.3 event occurred in the same subduction zone, off
the coast of the Miyagi-prefecture on March 9, a spokesman in a TV
news programwarned that the aftershock activity could lastwith events
ofM>6 for aweek or so. This forecastwas based on the assumption that
the aftershock activity should decrease with time as represented by the
modified Omori's law (Utsu, 1961). This formula does not account for
the spatial extent of the affected area. The March 9 event turned to be
a mere foreshock to the Mw 9 March 11 earthquake that released
about 180 times as much energy as a Mw 7.5 event, and produced
several dozens of aftershocks of M >6.

Many specialists in Earth sciences and administrators in the
government stated that a megathrust earthquake of this size had not
been anticipated for this region, even though there were studies that
had raised concerns about the significant deficit of tectonic stress release
by previous large earthquakes.With the current level of preparedness for
earthquake and tsunami hazards in Japan, the devastating tsunami catas-
trophe would not have been so serious had the rupture been limited to
the size of a ‘typical large earthquake of M ~7.5’, since most barriers
and gates designed to block tsunamis were 10 to 15 m high.

Numerous papers characterizing the Tohoku-Oki earthquake have
demonstrated the significant advance in seismology and geophysical
observations. These studies provide clues for improving the EEW sys-
tem and the infrastructure for seismic and tsunami hazard reduction.
The real-time system can be modified for progressive estimation of a
rupture that evolves over a relatively long time into a very large event.
Also, event discrimination needs to be improved for times of many
aftershocks or swarm activity. During the Tohoku-Oki sequence, the
system did not always work properly for aftershocks because arrival
times from multiple events were not correctly associated.

Ohta et al. (2012) address the importance of real-time crustal
deformationmonitoring for rapid estimates of earthquake size (seismic
moment or Mw). They developed an algorithm to identify permanent

image of Fig.�14
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displacements using real-time kinematic GPS (RTK-GPS) data. The meth-
od was tested using data from the 2011 Tohoku-Oki and was able to ob-
tain a Mw 8.7 fault model, which is close to the actual Mw 9.0, within
5 min from the origin time. Once the fault mechanism has been estimat-
ed, tsunami waveforms can be synthesized quickly using pre-computed
tsunami Green's functions. The calculated waveforms are in good agree-
ment with the actual tsunami observations both in arrival time and
wave height, which suggests that the RTK-GPS data can provide reliable
estimate of the total moment and rapid tsunami forecasting to supple-
ment the existing tsunami forecasting systems based on seismic
observation.

Amplification effects of tsunamis were pointed out using satellite
observations of sea level (Song et al., 2012). Model simulations, based
on the GPS-derived earthquake source and constrained by measure-
ments of seafloor motions near the hypocenter, confirm that the ampli-
tudes are amplified by topographic refraction effects when tsunamis
travel along ocean ridges and seamount chains. They point out that
the effects of merging of multipathing tsunamis should be emphasized
in mapping tsunami hazards and assessing risk levels at key coastal
facilities.

There are many interpretations, models and arguments for the
large scale rupture across the heterogeneous plate coupling. Kato and
Yoshida (2011) conducted numerical modeling, in which a rate- and
state-dependent frictional law was assumed along the interface of the
subducting Pacific plate beneath northeastern Japan, to understand the
mechanism of the Tohoku-Oki earthquake. They suggest that a strong
asperity at shallow depths controls the occurrence cycle of great earth-
quakes. Further, Yoshida and Kato (2011) discussed effects of the pore
pressure distribution along the same plate interface, and estimated
nearly hydrostatic pore pressure (Pw) on the shallower part of the inter-
face, and nearly lithostatic pressure on the deeper part of the interface.
The effects of pore fluid pressure on the occurrence of interplate
earthquakes have been addressed by many studies (see the summa-
ry by Seno, 2005, 2009). The analysis of the pore fluid pressure ratio
λ (= Pw /σn; where σn is the normal stress) for major megathrust
zones shows that this ratio for the region off the coast of Miyagi pre-
fecture indicates potential for an M 9 class earthquake (Seno, per-
sonal communication).

High pore pressure within a fault zone is considered to be a possible
cause for weakening plate boundaries (e.g., Rice, 1992). Based on the
force balance in the forearc wedge, Seno (2009) estimated the pore
fluid pressure ratio in the thrust zone off Miyagi as high as 0.960, which
produces the average shear stress of 20 MPa. Hasegawa et al. (2011)
and Yagi and Fukahata (2011a) argue that the Tohoku-Oki event
completely released this amount of shear stress.

The occurrence of large interplate earthquakes may not be period-
ic if frictional stress is controlled by non-linear dynamic weakening of
the fault. Along the Pacific coast of Hokkaido (northern most island of
Japan), the recurrence intervals recorded in the tsunami deposits show
considerable variation (100–800 years) (Nanayama et al., 2003; Sawai
et al., 2009). Recently Seno (2012) disputed the characteristic recur-
rence interval of 100–150 years for great interplate earthquakes along
the Nankai trough as the variation of recurrence interval has been in
the range between 90 and 264 years (Ando, 1975).

There are also attempts to find clues that lead to such a gigantic
rupture by looking at trends in various types of data. Heuret et al.
(2012) compared relationships between upper plate strain, trench
sediment thickness and maximal earthquake magnitude statistically
and found that the combination of large trench fill (≥1 km) and neu-
tral strain in the upper plate strain explains the spatial patterns of
giant earthquake occurrence to a statistically significant degree. The
combination of these two factors is more correlated with giant earth-
quake occurrence than either factor alone. Less frequent giant earth-
quakes of lower magnitude are also possible at subduction zones
with thinner trench fill and compressive upper plate strain. Exten-
sional upper plate strain and trench fill b0.5 km appear to be
unfavorable conditions, as giant earthquakes have not been observed
in these geodynamical environments during the last 111 years.

An anomalous zone (Rb0) identified in a joint tomography model
(Gorbatov and Kennett, 2003; Kennett et al., 2011) is coincident with
the mainshock initiation and the low-frequency energy radiation
up-dip as well as the edges of the distinct rupture zones of the
1978, 1981, and 2011 March 9 earthquakes (see Fig. 12). The edges
of these earthquake rupture zones are expected to have localized
stress concentrations that were relieved during the aftershock area
expansions. Expansions of the aftershock areas have occurred where
the stress concentrations migrate beyond the rupture zones of the
past large earthquakes, whereas the narrow area of the March 11
mainshock initiation remained intact until the tectonic stress level
reached the maximum coupling strength, which is higher than in
the surrounding areas. A conceptual model of progressive tectonic
stress level can be drawn in relation to the heterogeneous plate cou-
pling strength that accounts for the past individual seismic rupture
zones (Tajima and Kennett, 2012). Whether the anomalies are due
to the inherent physical properties or posterior features is still a sub-
ject to be investigated. Nonetheless the distribution of the heteroge-
neous shear strengths represents the effective plate coupling for
interlocking the distinct source areas of prior earthquakes, and may
be further investigated in relation to the pore fluid pressure ratio as
described above.

The current practice of aftershock forecasts is based on the as-
sumption that the aftershock activity decreases with time. The statis-
tical features of aftershocks are described by a number of empirical
laws concerning decreasing rates with time, such as the modified
Omori's law (Utsu, 1961):

n tð Þ ¼ K
cþ tð Þp ð2Þ

where n(t) is the rate of earthquake occurrence as a function of t after the
main shock, K is the amplitude, and c is a constant. The index p typically
falls in the range from 0.7 to 1.5. In this formula the aftershock activity
(or frequency of occurrence) decreases by roughly the reciprocal of time
when p is 1. The statistical features of foreshocks can also be de-
scribed using a combination of the modified Omori's law and the
Gutenberg–Richter relation (Jones, 1985). Seismicity rates in California
and Japan show that there is a similar probability of about 5 to 10%
that an earthquake will be followed within a few days by a larger earth-
quake in the immediate area (Jones, 1985; Smyth et al., 2011). Thus, the
occurrence of the 2011 mainshock after the activity on March 9 is not
unexpected. However, the designation of an earthquake as foreshock,
mainshock, or aftershock is possible only after the sequence, primarily
due to the uncertainty of the extent of the rupture propagation. This is
a difficult part in earthquake prediction practice.

Recently Tiampo and Shcherbakov (2012) reviewed techniques
which have been developed for seismicity-based earthquake forecast-
ing. Comparison of the methods suggests that while smoothed seismic-
ity models provide improved forecast capability over longer time
periods, higher probability gain over shorter time periods is achieved
with methods that integrate statistical techniques with knowledge of
the physical process. In general, while both classes of seismicity-based
forecasts are limited by the relatively short time period available for
the instrumental catalog, significant advances have been made in our
understanding of both the limitations and potential of seismicity-
based earthquake forecasting. This recent progress serves to illuminate
both the critical nature of the different temporal scales intrinsic to the
earthquake process, and the importance of high quality seismic data
for the accurate quantification of time-dependent earthquake hazard.
The question “The Gutenberg–Richter or characteristic earthquake
distribution, which is it?” (Wesnousky, 1994) has received the response
“the statistical analysis supporting the characteristic model can be
shown to be significantly deficient” and noted that accumulating
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evidence calls into question thewhole basis of the characteristic hypoth-
esis, at least in the form it has been formulated and practiced (Kagan,
1996).

In summary the recent megathrust earthquake changed our un-
derstanding of seismic rupture, and stress propagation and migration
at the plate boundary in the Tohoku region. What we had assumed for
the impending scenario of seismic activity from the historical events
of the past few centuries was a major underestimate of the maximum
size event for this subduction zone. The 2011 Tohoku-Oki earthquake is
a megathrust event which combined source areas that had remained
distinct over the past few centuries. We reiterate that once an earth-
quake rupture initiates, it is currently difficult to determine how far it
will propagate, and thus to what size it will grow. In a given subduction
zone we have to be able to deal with events of large (and small) rup-
tures and subsequent tsunamis, which threaten human society. This
review is intended to share information about the source rupture
characteristics, plate boundary coupling strength and structures, as
well as surface observations of deformations associated with the 2011
megathrust event. We also address issues that could contribute to haz-
ardmitigation practices and forecasts of hypothetical futuremegathrust
earthquakes in other subduction zones, such as those along the Nankai
trough in Japan and Cascadia in North America.
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