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The 2011 Tohoku Earthquake

INTRODUCTION
The March 11, 2011, earthquake offshore from the Tohoku 
region of Japan ruptured a 300 km long by 200 km wide 
portion of the subduction zone megathrust fault at the 
boundary of the Pacifi c plate (FIG. 1). It was the fourth-
largest recorded earthquake. The seafl oor movement caused 
by the faulting generated a huge tsunami that devastated 
communities along the entire northeastern coast of Japan. 
Unprecedented video footage documented the imposing 
power of the ocean waves as they overtopped tsunami walls 
and coastal barriers, sweeping away entire towns. Flooding 
of the Fukushima Daiichi nuclear power plant led to a 
nuclear crisis that is still unfolding. The Tohoku earthquake 
and tsunami claimed some 20,000 lives. Many more lost 
their homes and livelihood, and economic losses are 
expected to reach $300 billion.

While devastating, the Tohoku earthquake resulted in soci-
etal impacts and a scientifi c response that were much 
different from those of the 2004 Sumatra-Andaman earth-
quake. The Sumatra-Andaman earthquake had a moment 
magnitude, Mw, of 9.2 and was due to the rupture of the 
subduction zone megathrust in southeastern Asia. It gener-
ated a massive tsunami that struck Sumatra, Sri Lanka, 
India, and Thailand, taking over ten times more lives than 
the Tohoku tsunami. No country around the Indian Ocean 

was prepared for such a large 
tsunami, and few warnings were 
issued, even for regions where the 
tsunami did not arrive until 
several hours after the earthquake. 
In contrast, seismological analysis 
of the 2011 Tohoku event 
commenced only seconds after the 
first ground vibrations were 
recorded at stations in Japan and 
around the world. While the 
rupture was still expanding (it 
took about 150 seconds for fault 
motions to complete), preliminary 
seismic wave analyses in an early 
warning system had established 
that a great earthquake of magni-
tude ~8 had occurred offshore 
from Honshu. Much of the well-

prepared population began to evacuate after the initial 
tsunami warnings were issued. Predictions of potential 
tsunami run-up height (the maximum onshore water 
height) along the coast ranged up to 6 m, much lower than 
the actual values of up to 40 m, but the early tsunami 
warning broadcasts likely saved many lives.

By the time the tsunami hit the shores of northern Honshu 
about 15–30 minutes after the faulting began, the earth-
quake size had been estimated at Mw = 8.8 by the National 
Oceanographic and Atmospheric Administration (NOAA) 
Pacifi c Tsunami Warning Center (PTWC) and Mw = 9.0 by 
the U.S. Geological Survey (USGS) National Earthquake 
Information Center (NEIC) from analysis of seismic record-
ings in the western Pacifi c region. The fault geometry solu-
tions clearly indicated that the Tohoku earthquake had 
occurred on the plate boundary megathrust and that a 
potentially devastating tsunami had likely formed. On the 
basis of rapid earthquake quantifi cation, the PTWC issued 
accurate warnings for Pacifi c nations to be alert for signifi -
cant tsunami waves over the next 24 hours.

The rapid earthquake analyses in Japan were enabled by 
the substantial investments in infrastructure for earth-
quake monitoring that followed the destructive 1995 Kobe 
earthquake. An extensive network of recently deployed 
geophysical instruments recorded the Tohoku earthquake 
both onshore and offshore. This network includes 1200 
continuously recording GPS sensors in Japan (Sagiya et al. 
2000; Ozawa et al. 2011), several dozen tide gauges and 
seafl oor pressure sensors around Japan (Sato et al. 2011), 
NOAA’s DART buoy network in the Pacifi c (expanded after 
the 2004 tsunami), and thousands of seismometers in 
regional and global seismic networks. Near real-time telem-
etry of the seismic and ocean-wave data was essential for 
the rapid determination of the location and magnitude of 
the Tohoku earthquake and for direct measurements of the 

Rapid seismological analyses, carried out within minutes of the March 11, 
2011, Tohoku earthquake, were crucial in providing an earthquake 
ground shaking and tsunami early warning and in hastening the evacu-

ation of the population along Japan’s northeastern coast. By 20 to 30 minutes 
after fault rupture began, these analyses had established that the event had 
a moment magnitude of Mw = 9 and involved shallow thrust faulting on the 
plate boundary megathrust. Preparation for future large earthquakes on 
megathrusts in Japan and elsewhere should include onshore and offshore 
geodetic monitoring of strain accumulation, implementation of rapid earth-
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shaking and tsunami response.
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tsunami amplitudes near Japan and across the Pacifi c. 
Indeed, the Tohoku earthquake is by far the best scientifi -
cally recorded great earthquake to date, and it will be the 
best studied. A number of expert reports and over 100 
reviewed scientifi c publications on the Tohoku earthquake 
have already appeared in major journals, including special 
issues of Earth, Planets and Space and Geophysical Research 
Letters.

GEOPHYSICAL INVESTIGATIONS 
OF THE TOHOKU EARTHQUAKE
Analyses of the Tohoku earthquake had two key stages: (1) 
near real-time analysis of seismograms for fi rst-order earth-
quake parameters and (2) integrated investigations of all 
geophysical recordings of the Tohoku earthquake and 
tsunami, foreshock and aftershock sequences, and fi eld 
reconnaissance of ground shaking and tsunami impacts. 

Real-Time Analysis and Earthquake Warning
Rapid seismic analysis is primarily based on automated 
procedures that estimate the location of rupture initiation, 
the earthquake magnitude, and the faulting mechanism. 
The near real-time processing of information evolves as 
the rupture grows, and frequent revisions are made as 
recordings lengthen and new seismic data become avail-
able. Very rapid analysis of the earliest seismic arrivals is 
crucial for immediate response to strong ground shaking 
and tsunami danger.

Several agencies conduct seismological analysis to report 
earthquake epicenters, depths, and magnitudes in near 
real-time. In Japan, earthquake early warning (EEW) is one 
of the main responsibilities of the Japan Meteorological 
Agency (JMA). The aim of EEW is to rapidly locate earth-
quakes and estimate magnitudes using 1100 stations in the 
JMA seismic network and stations from the Hi-net network 
of the Japan National Research Institute for Earth Science 
and Disaster Prevention. On the basis of the analysis, the 
JMA is mandated to warn the public of the potential for 
strong ground shaking and tsunami. 

The USGS NEIC is mandated to rapidly evaluate all signifi -
cant global earthquakes (Hayes et al. 2011). The PTWC is 
responsible for issuing tsunami warnings after major earth-
quakes have occurred in the Pacifi c Ocean. Coordination 
among the JMA, PTWC, and NEIC is intended to ensure 
that consistent information is released to emergency 
responders. A timeline of the response to the Tohoku earth-
quake by these agencies is summarized in TABLE 1.

Hoshiba et al. (2011) and Ozaki (2011) describe the EEW 
sequence following the Tohoku earthquake. The EEW 
system was triggered at 14:46:40.2 Japan Standard Time 
when the primary (P) wave was recorded by the closest 
seismograph. Fifteen “forecasts” followed with updated 
information. After 5.4 seconds, the magnitude was esti-
mated to be only 4.3, which is consistent with later deter-
minations that the Tohoku earthquake began as a small, 
magnitude 4.9 earthquake (Chu et al. 2011). About 8 
seconds after the trigger, the magnitude was updated to 
7.2, and seismic intensity was predicted to be “5-lower” for 
the central Miyagi prefecture. In the fi fteenth update, 116.8 
seconds after the trigger, the EEW magnitude was estimated 
to be 8.1. This magnitude is at the upper limit of the JMA 
EEW magnitude scale because the short-period seismic 
instrumentation that the JMA relies on had gone off-scale. 
Nevertheless, within two minutes after the main trigger, 
it was clear that a major earthquake had occurred off the 
Pacifi c coast of Tohoku. Intensities of “6-upper” and 
“6-lower,” which are equivalent to ground accelerations of 

FIGURE 1 Map of the 2011 Tohoku earthquake region. The map 
shows aftershocks from the NEIC catalog, with depth 

less than 50 km, that occurred between March 11, 2011, and March 
31, 2011. The three green contours indicate the 2011 rupture zone, 
with fault slip exceeding 1 m, 10 m, and 20 m, respectively (Yue 
and Lay 2011). The yellow and red patches indicate rupture zones 
related to previous large earthquakes. There is uncertain earthquake 
potential in the region outlined by purple dots (the possible “slip 
defi cit zone”). The arrow indicates the direction of movement of 
the Pacifi c plate. Prefecture names are shown along the right side of 
the map, opposite their actual locations. M = magnitude

TABLE 1 THE FIRST HOUR

Time after 
detection Source Magnitude Remarks

5.4 sec JMA/EEW 4.3 The fi rst estimate

8.6 sec JMA/EEW 7.2

116.8 sec JMA/EEW 8.1 Final update and tsunami 
bulletin

2½ min JMA (Mj) 7.9 The rapid JMA magnitude

9 min PTWC 8.1 First tsunami bulletin

19 min NEIC 7.9 Coordinated with JMA 
and PTWC

20 min NEIC W-phase 9.0 Internal release only, 
limited data

22 min PTWC W-phase 8.8 First internal release; 
assumed event depth of 
84 km

33 min rCMT (Polet and 
Thio 2011)

9.0 Internal release only

38 min NEIC/PTWC 8.8 Coordinated update, 
public release

62 min NEIC W-phase 8.9 Final automatic solution

JMA = Japan Meteorological Agency, EEW = earthquake early warning, PTWC = 
Pacifi c Tsunami Warning Centre, NEIC = National Earthquake Information Center, 
rCMT = rapid centroid-moment tensor
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0.25–0.40 g, were observed over a 400 × 100 km2 area in 
the Tohoku and Kanto districts. The JMA warned of possible 
tsunami with run-up heights of 6 m in Miyagi and 3 m in 
Fukushima and Iwate prefectures. Due to the high back-
ground noise from scattered waves and numerous after-
shocks, the EEW system did not perform well for the next 
several hours.

Accurate estimates of long-period seismic magnitude and 
characterization of overall earthquake faulting require 
analysis of on-scale ground-motion recordings with rela-
tively low-frequency content. Several agencies and universi-
ties routinely analyze the magnitude and faulting 
mechanisms of global earthquakes using seismograms from 
the Federation of Digital Seismic Networks, which includes 
the NSF/USGS Global Seismic Network real-time data 
openly available online from the Incorporated Research 
Institutions for Seismology data center. A variety of wave-
form analyses are routinely conducted for all earthquakes 
larger than Mw 5.0. Many of these analyses involve varia-
tions of the centroid-moment tensor (CMT) method devel-
oped in the early 1980s (Dziewonski et al. 1981) and differ 
primarily in the types of waveform data that are analyzed.

The CMT method relies on an initial estimate of the 
earthquake origin time, location, and depth obtained 
from, for example, the NEIC, PTWC, or JMA. The CMT 
analysis yields a point-source moment tensor. Moment 
tensor solutions for most earthquakes (including the 
solution for the Tohoku earthquake) are consistent with 
“double-couple faulting” in which the earthquake repre-
sents shear sliding along a planar fault. The moment tensor 
indicates the orientation of the fault and the strength and 
direction of shearing motion on the fault. The Tohoku 
moment tensor solution (FIG. 2) is consistent with slip on 
the interface between the subducting Pacifi c plate and the 
Okhotsk plate. The size of the earthquake is quantifi ed 
by the seismic moment, M0, and the moment magnitude, 
Mw [Mw = 2/3 (log10 M0 – 9.1)]. The seismic moment, M0, of 
the Tohoku earthquake is estimated to be 4.3 × 1022 N·m 
(newton meter), which gives Mw = 9.0. The seismic moment 
is indicative of the spatial extent and the amount of slip on 
the fault plane (and hence the deformation of the seafl oor).

The most rapidly produced long-period solution for the 
2011 Japan event was based on analysis of the W phase 
(FIG. 3), the earliest very long-period signal in a seismogram 
(Kanamori 1993). Typically, the W phase has lower ampli-
tude than the later surface-wave signals, but it is well 
recorded for moderate and large (Mw > 6.5) earthquakes. 
W phase analysis is particularly suited for rapid determina-
tion of the earthquake moment tensor because only a few 
minutes of recording are needed. Moreover, the analysis 
can be conducted automatically because the propagation 
of the W phase is accurately modeled using standard 
seismic models (Kanamori and Rivera 2008). 

Automated W phase analysis was running at three institu-
tions: (1) the USGS NEIC, (2) the NOAA PTWC, and (3) 
the Institut de Physique du Globe de Strasbourg. A robust 
W phase moment tensor for the Tohoku earthquake was 
computed 22 minutes after the earthquake origin time 
using the initial PTWC earthquake depth estimate and 
waveform data for 29 channels (Duputel et al. 2011) 
(TABLE 1). This solution provided an estimate of the moment 
magnitude, Mw = 8.8. This was upgraded to Mw = 9.0 after 
the source depth estimate was revised from 84 km to 24 km 
and additional waveform channels became available. 

Other rapidly available long-period solutions include the 
rCMT solution (Polet and Thio 2011), which was deter-
mined 33 minutes after the Tohoku earthquake and was 

based on the analysis of slightly longer segments of long-
period seismograms. The Global CMT (gCMT) solution 
(www.globalcmt.org) was published after analysis of 
9-hour-long recordings of multiple-orbit surface waves.

The long-period seismic wave solutions indicated that the 
Tohoku earthquake was a thrust earthquake at shallow 
depth, with Mw = 8.8 to 9.1. Differences in estimated 
moment magnitude are due to differences in the types of 
seismic signals analyzed, the assumed earthquake depth, 
and estimates of the fault dip angle (Kanamori and Given 
1981). Nevertheless, all solutions are consistent with the 
very fi rst W phase solution, which had clearly established 
the potential for a large tsunami.

Spatial Extent and Complexity 
of the Tohoku Earthquake Rupture
In the days and weeks following the earthquake, geophysi-
cists further used a variety of available data to develop 
models of space–time slip on the fault plane that could be 
compared to previous large earthquakes in the region. This 
type of detailed earthquake rupture analysis advances our 
understanding of earthquake processes and the infl uence 
of prior ruptures. This contributes to the long-term assess-
ment of the earthquake hazard in northeastern Japan and 
to preparations for future large events.

Finite-fault analysis resolves the spatial extent of the earth-
quake rupture and the variable slip distribution on the 
fault plane. Rapid analysis of fi nite faulting using seismic 
and geodetic data is now common and was applied by 
several groups to the Tohoku event (e.g. Hayes 2011; Lay 
et al. 2011; Shao et al. 2011; Simons et al. 2011). Quickly 
determined solutions are usually rather variable from 

FIGURE 2 (A) Sketch of the Japan–Pacifi c subduction zone and 
the relative up-dip motion of the Okhotsk plate (in 

which Japan is located) over the Pacifi c plate along a plate-
boundary fault plane (the megathrust) dipping ~12° to the WNW. 
Note that the sketch is not to scale. Maximum slip near the Japan 
trench was about 40–60 m, and the rupture extended down-dip 
about 200 km. Towards the west, the dip angle of the subducting 
Pacifi c plate increases; the fault is about 50 km deep beneath the 
coast of Japan. The dotted line indicates the pre-earthquake, fl exed 
position of the upper plate, which abruptly shifted eastward and 
upward during the earthquake to its fi nal position. The displace-
ment of ocean water generated the tsunami that spread away from 
the region of ocean uplift. (B) Source mechanism from the W phase 
analysis. The “beachball” graph on the left is a lower-hemisphere 
projection of the compressional (yellow) and tensional (white) 
quadrants of the focal sphere. The blue line corresponds to the 
megathrust fault plane, which strikes at 196° and dips to the WNW 
at an angle of 12°.

A

B
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model to model, as they depend on data coverage and 
modeling assumptions, and it often takes some time for a 
consensus to develop on the best representation of the 
rupture process of a great earthquake. 

The main characteristics of the Tohoku rupture are now 
similar in most published fi nite-source models (FIG. 4). The 
rupture duration was about 150 s, which is relatively short 
for an Mw 9 earthquake. The earthquake nucleated offshore 
from the Miyagi-oki area and involved large slip in the 
up-dip region near the trench and smaller slip in the 
regions offshore from Fukushima, Ibaraki, and Sanriku. 
Slip exceeded 1 m over a 300 × 200 km2 region of the fault 
plane, with average values of 15–20 m. The largest slip is 
estimated to be 40–60 m, by far the largest earthquake slip 
ever reported. 

The slip on the fault plane was variable and accompanied 
by differences in seismic radiation. Koper et al. (2011) 
showed that high-frequency seismic waves were generated 
in a region down-dip from the epicenter. Little-coherent, 
short-period radiation came from the regions of largest slip 
near the trench. The slip-distribution maps in FIGURE 4 
provide a good match to the seismic, geodetic, and tsunami 
data. In particular, large, shallow slip near the trench is 
required by the arrival time and narrow pulse of the 
tsunami at nearby deep-ocean pressure sensors (Fujii et al. 
2011; Yamazaki et al. 2011) and by the timing of the onset 

of ground deformation in Japan as recorded by high-reso-
lution GPS recordings (Yue and Lay 2011). The models also 
can account for large seafl oor offsets measured by several 
independent procedures. Koketsu et al. (2011) demonstrate 
how many seismic and geodetic data can now be reconciled 
with similar models. 

PERSPECTIVES
Although Japan has a long and well-documented history 
of large earthquakes and tsunamis, the 2011 Tohoku earth-
quake was much larger than any known earthquake during 
the past 1100 years. Given the lack of historical earthquakes 
of this size, the Mw 9 Tohoku earthquake caught most seis-
mologists by surprise.

Earthquakes offshore from Honshu during the past century 
had estimated seismic magnitudes lower than 8.5 (FIG. 1). 
Among the largest earthquakes in the northern part of 
Japan are the 1968 Tokachi-oki (off the Tokachi coast) and 
1994 Sanriku-Haruka-oki earthquakes. Off the Sanriku 
coast, the largest earthquakes occurred in 1896 and 1933 
(FIG. 1). The 1896 Meiji-Sanriku earthquake (magnitude 
8.2–8.5) was a thrust-faulting event at the northern end 
of the Tohoku earthquake zone that ruptured the shallow 
portion of the plate interface (Tanioka and Satake 1996). 
This was a “tsunami” earthquake according to the defi ni-
tion of Kanamori (1972), with strong tsunami generation 
as compared with the surface-wave seismic magnitude. The 
1933 earthquake (magnitude ~8.3) involved extensional 
faulting in the bending oceanic lithosphere (Kanamori 
1971). An earlier, large, tsunami-generating event, the 1611 
Keicho earthquake, has poorly constrained magnitude and 
location, but appears to have been near the 1933 event.

Before the Tohoku earthquake, the seismic risk in Japan 
had been perceived as highest in the off-coast region of 
Miyagi, south of Sanriku. Here, a number of earthquakes 
with a magnitude of 7 or greater occurred in 1933, 1936, 
1978, and 2005. The March 9, 2011, foreshock of the 
Tohoku earthquake occurred seaward of this zone. The 
roughly 30–40-year intervals separating these earthquakes 
formed the basis for the proposed relatively high seismic 
risk in the region, although it is not clear that these earth-
quakes are repeating events (Kanamori et al. 2006). The 
869 Jogan earthquake is the oldest and largest earthquake 
in the region. It left a record of tsunami deposits on the 
Sendai Plain (Abe et al. 1990; Minoura et al. 2001; Sawai 
et al. 2008). Numerical simulations of tsunami run-up and 
inundation suggest that the 869 event had a magnitude of 
~8.5 and that it was located up-dip from the Miyagi-oki 
events, but possibly not extending all the way to the trench 
(Satake et al. 2008). Known earthquakes with magnitudes 
between 7.1 and 7.8 that occurred in 1938 offshore from 
Fukushima and Ibaraki prefectures were studied by Abe 
(1977). There is no tsunami or seismic record of earth-
quakes in the region prior to the 1938 sequence.

The Tohoku earthquake ruptured across almost the entire 
width of the plate boundary megathrust, and the rupture 
extended from north of the Miyagi-oki ruptures to south 
of the Fukushima-oki region that ruptured in 1938 (FIG. 1). 
The rupture encompassed the likely area of the 869 event, 
but extended to the trench with large slip, similar to the 
1896 rupture to the north. Thus it appears that the 2011 
Tohoku event broke several adjacent portions of the mega-
thrust that had previously failed in more localized ruptures 
(Lay and Kanamori 2011).

The study of older earthquakes off Honshu is primarily 
based on analyses of tsunami records and deposits. Such 
analyses are uncertain and have tended to play a secondary 

FIGURE 3 Examples of well-matching recorded (black) and 
predicted (red) W phase signals for the optimal source 

mechanism at stations JOHN (Johnston Island, USA), CAN 
(Canberra, Australia), GSC (Goldstone, USA), and KIEV (Kiev, 
Ukraine) The signals are fi ltered between 1 and 5 mHz. The analysis 
is applied to the W phase, which is the waveform segment between 
the vertical bars. Subsequent arrivals (surface waves) are also 
matched well. Station locations (triangles) are indicated on the 
globes, shown on the right, with the star indicating the Tohoku 
epicenter.
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role in assessing the seismic risk in the region. Nevertheless, 
tsunami heights related to previous large earthquakes 
provided valuable guidance on the potential inundation 
and tsunami height of the Tohoku earthquake (Mori et al. 
2011; EERI 2011), although the high run-up of the Tohoku 
tsunami had a much wider spread (FIG. 5). The maximum 
run-up height of the Tohoku tsunami was 39.7 m at Miyako. 
The historical records of maximum run-up height are 38.2 
m for the 1896 Meiji Sanriku tsunami and 28.7 m for the 
1933 Showa Sanriku tsunami. Deposits of the Keicho 
tsunami of 1611 have mostly been erased by human 
activity, but Hatori (1975) suggested that 6 to 8 m high 
tsunamis devastated the Sendai Plain and northern 
Fukushima areas. Tsunami deposits in the Sendai Plain 
associated with the 869 Jogan earthquake extend 1–3 km 
inland (1 km from the present coast) (Abe et al. 1990; 
Minoura et al. 2001).

There is no evidence that large earthquakes had occurred 
prior to 1938 along the Japan Trench east of Fukushima 
and Ibaraki prefectures. This region slipped in 2011, but 
probably less than 10 m or so. Allowing for 8 cm/year of 
convergence, there could be a signifi cant “slip defi cit” in 
this region if no other earthquakes occurred in the past 
1000 years (FIG. 1). There is thus some concern for another 
large event in the future. The potential for this depends 
on the nature of strain accumulation in the region. While 
Japan has an extensive network of GPS ground-motion 
instruments, and these revealed that strain was accumu-
lating in the mainland in Fukushima, but less so near Boso 
to the south (e.g. Suwa et al. 2006; Hashimoto et al. 2009), 
it is unclear whether there is still earthquake potential in 
this region. Japan has led the world in developing tech-
nology to monitor offshore deformation, and this will be 
particularly valuable for assessing the nature of strain accu-
mulation along the megathrust south of the region of large 
slip in 2011. This is a costly and technically challenging 
endeavor. However, the important observations of seafl oor 
deformation after the Tohoku earthquake in the Miyagi 
region (Sato et al. 2011) motivate long-term data acquisi-
tion, as these would have helped to recognize the potential 
for an earthquake as large as the Tohoku event. 

Earthquake risk assessment is notoriously complicated 
because only a very short earthquake record is available. 
The Tohoku earthquake experience shows how diffi cult it 
is to anticipate infrequent, catastrophic events based on a 
short recorded history. However, the event also 

FIGURE 5 Tsunami run-up heights for the 2011 Tohoku (grey); 
1960 Chile (green); and 1933 (yellow), 1896 (red), 

and 1611(blue) Sanriku earthquakes as a function of latitude along 
Japan’s northeastern coast. Run-up measurements for the Tohoku 
tsunami were not available in the 30 km long restricted area around 
the Daiichi nuclear power plant, but direct observations indicate a 
15 m run-up at the site. The names of prefectures are shown on 
the right. 

FIGURE 4 Maps of the total amount of slip on the fault plane 
(projected vertically on the surface) derived from the 

analysis of (A) teleseismic broadband P waves (Lay et al. 2011), 
(B) high-rate GPS waveforms in Japan (Yue and Lay 2011), and 

(C) regional tsunami height observations (Fujii et al. 2011). The 
dotted line is the Japan trench. The numbered contours indicate 
the amount of slip in meters. The arrows indicate the direction of 
movement of the subducting Pacifi c plate.

A B C
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 demonstrated the value of efforts to mitigate the effects of 
earthquake shaking and tsunami; the high construction 
standards in Japan appear to have limited loss from 
shaking, and while the tsunami overtopped many tsunami 
walls, rapid warning and public preparation for response 
reduced the loss of lives, as compared with the 2004 
Sumatra earthquake. The most promising technological 
approach is to extend rapid warning and faulting-quanti-
fi cation procedures, exploiting both onshore and, ideally, 
offshore measurements of ground motion to develop more 
precise early estimates of faulting displacements and 
tsunami heights. Duputel et al. (2011) have demonstrated 

that a stable magnitude and fault-plane solution can be 
determined by W phase inversion within 7 minutes after 
the earthquake origin time using regional broadband 
seismic and geodetic signals. Widespread use of the most 
advanced capabilities to monitor the plate interface, with 
real-time analysis of the data, can certainly speed up robust 
tsunami warnings. To save lives, this technological capa-
bility needs to be coupled to emergency-response  procedures 
and to societal awareness and preparation. Japan has 
learned this lesson; the rest of the world should do so 
as well. 
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