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Wedetermined the location, size,mechanism, and the frequency content of thefirst 4.0 s of the 2011 Tohoku–Oki
earthquake. Since the beginning of this earthquake is very small, we develop a comparative approach against a
near-by reference earthquake, the master event. We first determined the water depth near the master event
using the differential timing between the water phase pwP reflected from the air–water interface and the depth
phase pP reflected from thewater–crust interface. Thenwe located themaster event using thewell-knownocean
bathymetry in the area. After calibrating teleseismic arrays (Δ=30° to 90°) at short periods for timing and
amplitudewith respect to themaster event,wewere able to determine the initiationof themainevent. It began as
a small (Mw=4.9) thrust event located at 38.19°N, 142.68°E at a depthof 21 km, and, a few seconds later, evolved
into a slower extremely large slip event up-dip.
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1. Introduction

The beginning of an earthquake is characterized by the hypocentral
location, origin time, and other characteristics such as the size,
mechanism, and frequency content (i.e., spectrum). The hypocenter of
an earthquake is not only just a basic source parameter, but is also
important for slip inversion and back projection studies because it
serves as a reference point for the spatial distribution of slip and back-
projection patterns (e.g. Kiser and Ishii, 2011; Lay et al., 2010), aswill be
shown later. The size, mechanism, and spectrum of the beginning have
direct relevance to earthquake early warning (e.g. Allen and Kanamori,
2003) and the physics of earthquake nucleation (Ellsworth and Beroza,
1995).

Current finite-fault inversions and back-projection studies usually
adopt theU.S. Geological SurveyNational Earthquake Information Center
(NEIC) locations. The locations are routinely determined using P arrivals
recorded at global stations. However, an inspection of broad-band
seismograms of the 2011Mw 9.0 Tohoku–Oki earthquake (hereafter also
referred to as the mainshock) reveals that, similar to many large
subduction-zone earthquakes (e.g. Lay et al., 2005), it begins with a
“whimper” and grows rapidly into a devastating megathrust event. In
fact, the beginning of Pwave is so small atmany stations that it is hard to
pick arrival times on broadband records. Because of this, accurate
determination of the mainshock hypocenter is very difficult with
conventional location methods. For example, NEIC location errors are
often as large as 40 km for offshore earthquakes (Engdahl et al., 1998).

The Japan Meteorological Agency (JMA) also produces an
earthquake catalog for Japan area. Since JMA uses the most dense
land-based seismic network in the world, with its stations
distributed essentially north–south, their locations are believed to
be good in the NS direction provided that there is no strong velocity
variation in the north–south direction. Since the main structural
variation is due to continent–ocean transition in the east–west
direction, the velocity variation in the north–south direction is
considered small. However, they use a one-dimensional (1-D) crust-
mantle structure for locating earthquakes and the accuracy in east–
west direction is questionable, especially for offshore events,
because the structure varies significantly along the path normal to
the coast. The epicentral locations of the mainshock determined by
NEIC, JMA, and Zhao et al. (Dapeng Zhao, written communications,
2011) differ as much as 50 km (Fig. 1, Table 1). In Table 1, we
included the GCMT solution to show the mechanism. The GCMT
location is not to be compared with others because it is the centroid
location instead of the hypocentral location.

The main objective of this study is to determine the hypocenter
location, mechanism, magnitude, and spectrum of the beginning part
of the 2011 Tohoku–Oki earthquake relative to a master event which
occurred in the same area. The source characteristics of the master
event are determined from detailed analyses of teleseismic body
waves. Its epicenter is estimated from the water depth, which is
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Fig. 1.Map of the off-shore epicentral region of the great 2011 Tohoku–Oki earthquake (circles) along with the 2008master event (squares) and the 2011 outer-rise earthquake (red
star). Black and blue symbols denote locations from the NEIC and JMA catalog, respectively. The red open circle represents the epicenter of the 2011 Tohoku–Oki earthquake by Zhao
et al. (Dapeng Zhao, written communications, 2011). The red square denotes our preferred location of the master event determined by modeling teleseismic water waves. The red
filled circle is the epicenter of the beginning of the mainshock determined relative to the master event. The 0.5-km bathymetric grid of the seafloor is obtained from the Japan
Oceanographic Data Center. The red line denotes the trench (Bird, 2003). The inset displays the focal mechanisms of the mainshock (global CMT), the beginning of the mainshock
(BGN), and the master earthquake, respectively.
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determined from the differential travel times between teleseismic
depth phases reflected from the bottom of the ocean andwater phases
reflected from the surface of the ocean.

2. Teleseismic water phase

Seismologists have long been aware of water phases (pwP) which
are apparent for events beneath the ocean floor (Stewart and
Helmberger, 1981; Ward, 1979). The dominant feature of water
phases is “ringing” P waveforms at teleseismic distances (Fig. 2). This
“ringing” feature is caused by P-wave energy trapped in the water
layer because of the large velocity contrasts at the water–air interface
and the water–crust interface (Fig. 2A). As an example of water
phases, Fig. 2B shows a particularly clear observation of pwP for one of
the aftershocks of the 2011 Tohoku–Oki earthquake which occurred
on the outer-rise (03/11/2011, 22:51:19.8, Mw 5.5).

An automated Cut-and-Paste (CAP) method is used to search for
the best-fitting mechanism for the outer-rise earthquake (Chu et al.,
Table 1
Earthquakes used in this study.

Orig. time Lat
(N)

Lon
(E)

H
(km)

Mw Str/dip/rake Sourcea

38.57 142.89 16 5.3 210°/23°/94° USGS
38.54 143.12 17 5.3 204°/20°/90° JMAb

2008/12/04, 03:10:57.8 38.58 143.21 31 5.3 192°/19°/81° GCMT
38.54 142.98 21 5.3 200°/18°/90° This study
38.30 142.37 20 9.0 187°/14°/68° USGS

2011/03/11, 05:46:24.3 38.10 142.90 20 9.0 203°/10°/88° JMA
37.52 143.05 20 9.0 202°/10°/94° GCMT

Beginning event 38.19 142.68 21 4.9 191°/23°/90° This study
2011/03/11, 22:51:19.8 37.84 144.82 35 5.7 NA USGS

NA NA 19 5.5 263°/56°/−31° This study

a Earthquake information from all agencies is accessed on April 25, 2011.
b JMA's focal mechanism is from National Research Institute for Earth Science and

Disaster Prevention (NIED).
2011; Zhu and Helmberger, 1996). The near-source velocity model
used for this event is modified from the results of seismic experiment
in this area (Takahashi et al., 2004) with a uniform water depth of
5.5 km. Teleseismic waveforms from 178 stations of the global
network are modeled at a frequency range of 0.3–2.0 Hz (Fig. S1).
The mechanism is an oblique normal fault (Table 1). Note that for this
mechanism, the phase sP is nodal at the USArray which greatly
simplifies the waveforms.

In our present application, we need accurate measurements of the
differential travel times between the pwP and pP phases. To this end
we first explore the use of a dense array for identification of pwP
phases. We align 417 recordings at USArray stations (Fig. 2C) on the P
arrival and stack them using a bin size of 0.5°. We plot the observed
and synthetic record section in Fig. 2B. The water phase after the 6th
reflection (pw6P) can still be observed. To further test sensitivity, we
stacked the traces given in Fig. 2B over the ranges 75° to 85° to reduce
the array to a single trace as displayed in Fig. 2D. This trace can then be
compared with small changes in water depth. Synthetic tests suggest
that the water phase pwP is sensitive to a change of water depth of
50 m, while the 3rd reflection (pw3P) can detect a depth change of
about 30 m for a uniform water depth (Fig. 2D). This example
demonstrates that we can pick pwP phases accurately from a stacked
record section obtained from a high-density array and the water
depth can be determined with high precision as long as the bottom is
relatively flat.

Unfortunately, due to the uniform water depth in the epicentral
area of the outer-rise earthquake, we cannot locate this earthquake
accurately from the water depth. However, since the result for the
outer-rise earthquake is encouraging, we look for another event to be
used as a master event.

3. The 2008 master event

Since we want to determine the hypocenter of the 2011 Tohoku–
Oki earthquake with respect to a master event, an accurate
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Fig. 2. Teleseismic water phases. (A) A sketch of the ray paths of teleseismic water phases. (B) Record section of the outer-rise earthquake recorded by USArray stations, 417
seismograms are stacked using a bin size of 0.5°. The depth phase pP and water phases are labeled on top with black and blue arrows, respectively. Synthetic seismograms (red) are
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earthquake (white triangles). Black triangles recorded the 2008master event shown in Fig. 3. (D) Sensitivity test of water phases on water depth of 5.43 km, 5.50 km, and 5.53 km. In
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waveforms. Water phases to the 3rd reverberations are enlarged on the right. It is clear that the water depth is about 5.50 km.
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hypocentral location of the master event is critical. As shown in
Fig. 3A, the ocean bathymetry in the mainshock area varies rapidly in
the EW direction and is relatively flat in the NS direction. On the other
hand, the epicenters of the JMA catalog are believed to be located
better in NS direction because of their wide station distribution in the
NS direction. Thus, we can combine these two features to locate the
master earthquake. Here, we fix the latitude of the epicenter at the
JMA location, and determine only the longitude using water phases.

After having examined earthquakes with magnitude 5.0≤Mw≤5.5
between 2008 and 2011 which are close to the 2011 Tohoku–Oki
earthquake, we chose an earthquake (12/04/2008, Fig. 1 and Table 1) as
our master event. The hypocentral parameters and the mechanism
parameters of themaster event taken from theNEIC catalog are listed in
Table 1. This Mw 5.3 earthquake has a relatively simple source time
function and good long-period waveforms at teleseismic distances,
which are suitable for path calibration.

We determined the mechanism and depth of the master event by
inversion of teleseismic waves from over 200 stations. Four examples
are displayed in Fig. 3B. We cross-correlated waveforms of the
observed and synthetic long-period P waves (0.02–0.1 Hz) and
obtained a best-fit mechanism of (strike/dip/rake)=(200°/18°/90°)
and a depth of 21 km (Fig. S2A–S2B). We then computed synthetic
short-period (0.8–2.0 Hz) P waves for the master event using the
hypocenter and mechanism determined above and cross-correlated
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them with the observed. The cross-correlation coefficient is higher
than 0.8 at about 75% of the stations (Fig. S2C), but the correlation is
poor at the other 25% of the stations which is typical for comparisons
of short-period data (Chu et al., 2011). The poor correlation is mainly
due to high-amplitude background noise and site complexity. Time
delays or shifts are noted to obtain a simple set of path-dependent
travel-time corrections for the 1-D model. Also, the amplitudes are
adjusted with Amplitude Amplification Factors (AAFs) to correct for
path-dependent attenuation and site response relative to the 1-D
model (Fig. S3), see Tan and Helmberger (2007) for details.
Similar to the outer-rise earthquake, we analyzed thewater phases
at USArray for the master event. Since the earthquake is small and P
waves are close to nodal at USArray, we filtered the waveforms at a
frequency band of 0.8–2.0 Hz. Fig. 3C shows the result. The result is
less clear than that for the outer-rise event because of a weaker pP and
stronger sP and of a somewhat more complex ocean bathymetry.
Nevertheless, as shown in Fig. 3C, we can accurately determine the
differential times between the depth phase pP and the water phase
pwP. We can estimate the water depth at the reflection point to be
1.9 km from which we can determine using Fig. 3A an epicenter of
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38.54°N and 142.98°E. Short-period seismic arrays at other azimuths
support this location as shown in Fig. S4.

4. Location of the 2011 Tohoku–Oki earthquake

Having established the location and the mechanism of the master
event, we now attempt to locate the beginning of the mainshock
relative to the master event. Because the mechanism of the
mainshock determined by the global CMT inversion is similar to
that of the master event (Fig. 1), we expect that the waveforms of
short-period P waves of the mainshock and the master event to be
similar except for small time shifts due to their different locations.
Since the beginning of the mainshock is very small on broad-band or
long-period records, we compare the short-period (0.8–2.0 Hz) P
waves from the master event and the mainshock for the purpose of
relocation. As shown in Fig. 4A and B, we see very similar waveforms
between the master event and the first 4.0 s of the mainshock. From
this comparison, we can refine its mechanism and locate the
beginning of the mainshock.

In order to obtain the mechanism of the beginning of the
mainshock, we first hand-pick the arrivals of interest by examining
the record sections using the NEIC location. Fig. 4A displays a few
examples. In the first 4.0 s of the waveforms, the depth phases are not
present. Although we invert the mechanism at relatively high
frequency (0.8–2.0 Hz), the teleseismic path effects can be considered
A B
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Fig. 4. Focal mechanism and location of the beginning of themain rupture. (A) Comparison of
a sample of 5 teleseismic stations. All seismograms are aligned with IASPEI91 predictions u
Since the beginning of the mainshock has a magnitude 0.4 smaller than the master event, all
the arrival time of the mainshock and master event, respectively. (B) Comparison of data
seismograms are normalized to the maximum amplitudes. The epicenter of the mainshock
match very well, which confirms the accuracy of the refined location. (C) The first 4.0 s of
examples displayed. Each seismogram has been corrected by the AAFs from the master
191°/23°/90° is obtained, see Fig. 3 for more details. (D) Relative travel-time residuals of the
residuals corrected with respect to the new location given as the red star in Fig. 1.
reliable as demonstrated in Chu et al. (2011). Thus the amplitude
corrections from the master event (AAFs) are applied to each station
before the inversion. We then use the CAP method to determine the
focal mechanism using a timewindow of 4.0 s and amaximum shift of
1.0 s to obtain the best fit. A few examples are displayed in Fig. 4C. The
best-fit mechanism (strike/dip/rake=191°/23°/90°, Fig. S5) is similar
to that given by NEIC (Fig. 1). In order to test the uncertainty of our
focal mechanism, we randomly pick 50 stations and invert the focal
mechanism of the beginning event. We repeat the procedure 200
times and obtain a stable solution (Fig. S6). P arrival times at each
station can be accurately determined by cross-correlating the
observed data with synthetics. Its travel-time residuals are shown in
Fig. S7. We then use the time differences of the P waves between the
mainshock and the master event as a function of azimuth to locate the
beginning of the mainshock relative to the master event (Fig. 4D). The
method is similar to the double-difference relocation algorithm
(Waldhauser and Ellsworth, 2000) except that we correct for
mechanism. We locate the beginning of the mainshock at a latitude
of 38.19°N, and a longitude of 142.68°E. With this location we can
match the onset of the mainshock and the master event very well, as
shown in Fig. 4B. The root-mean-square (RMS) of the time differences
is reduced from 3.5 s to 0.4 s (Fig. 4D).

For the determination of the depth, we assume that the mainshock
nucleated on the plate boundary, and use the plate boundary interface
geometry. The eastern Honshu area has been extensively studied by
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various investigators (e.g. Miura et al., 2005; Takahashi et al., 2004),
and the subduction slab geometry is better known than in any other
area in the world. Using the result of most recent compilation (Simons
et al., 2011), we estimate that the 2011 earthquake nucleated at a
depth of 21 km.
5. Frequency content

Now we examine the frequency content of the P wave of the
master event and the beginning of the mainshock. Since we cannot
isolate the beginning part of the mainshock, we cannot determine the
spectrum. Thus, we just measure the amplitude at two frequency
bands. Let Ahi and Alo be the amplitudes at high and low frequency
bands, respectively. We choose the lower frequency band from 0.8 to
2.0 Hz with central frequency (flo) of 1.4 Hz and the higher frequency
band from 2.0 to 4.0 Hz with central frequency (fhi) of 3.0 Hz. We
measure Ahi and Alo for the master event and the beginning of the
mainshock from the records of 8 stations which have good signals at
both frequency bands. Fig. 5A shows the ratios Ahi/Alo for these
8 stations. The average ratios are 0.26 for the beginning of the
mainshock and 0.09 for the master event. Since the magnitudes of
both the beginning of the mainshock and the master event are about
Mw=5.0, the corner frequency is about 0.7 Hz so that the frequencies
we are using here are above the corner frequency. For an omega
square model, the amplitude ratio is given approximately by
(flo/fhi)2=0.22, which is approximately the same as that for the
beginning of the main shock. Thus, this suggests that the spectrum
of the beginning of the mainshock is similar to what is expected of
the ordinary omega square model. The master event is deficient in
high frequency by a factor of 3. For further comparison, Fig. 5B
shows the ratios computed for the 25 Mw≤5.3 aftershocks of the
3/9/2011 foreshock using the records at station TKM2. The ratios
vary between the values for the master event and the beginning of
the mainshock.
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6. Discussion and conclusion

An accurate location of the hypocenter is important for slip
inversion and back projection studies. In these studies the rupture
patterns are determined with relative to the rupture nucleation
point, i.e. hypocenter. For example, Fig. 6 compares the slip pattern
of the 2011 Tohoku–Oki earthquake determined from teleseismic
body waves and GPS, using the NEIC hypocenter and that
determined in this study. Since the epicenter is used as the initiation
point of rupture, the entire pattern is displaced as much as 20 km to
the east as our epicenter moves east from the NEIC epicenter. Also,
because of the changes in the depth, some details of the slip
distribution and the moment-rate function change. The exact
location of the slip is important because it controls the tsunami
excitation. A similar effect can be seen for the back-projection
images presented in Simons et al. (2011); the entire pattern is
shifted to the east by 20 km from the location given in Meng et al.
(2011).

The physical characteristics of the beginning of the rupture also
have important implications for how the 2011 Tohoku–Oki earth-
quake nucleated. Comparison of the high-frequency (0.8–4.0 Hz)
energy radiated from the 2010 Maule earthquake and the 2011
Tohoku–Oki earthquake suggests that the 2011 Tohoku–Oki earth-
quake as a whole is deficient in high-frequency energy, after the
magnitude difference is corrected for (Simons et al., 2011). Simons et
al. (2011) also found that the largest slip which occurred along the
trench is relatively slow similar to tsunami earthquakes (Polet and
Kanamori, 2000). However, our result shows that the very beginning
is not particularly slow suggesting that the 2011 Tohoku–Oki
earthquake started as a regular small earthquake but triggered large
amounts of slow slip in the up-dip portion of the plate boundary
(Simons et al., 2011). Since our analysis is only for the 2011 Tohoku
earthquake, we cannot make a general conclusion on the nucleation
process of very large earthquakes. However, our observation suggests
that the beginning of the Tohoku–Oki earthquake is just a small
(Mw=4.9) earthquake rather than some special nucleation process
with a characteristic length and timescale that controls the final size of
an earthquake, as suggested by several investigators (e.g., Ellsworth
and Beroza, 1995; Iio, 1992, 1995).

In summary, we used teleseismically observed ocean reverbera-
tions to estimate the water depth from which we located the 2008
master earthquake in the off-shore direction. Global teleseismic path
effects of travel time and amplitude are calibrated using the well-
resolved source solutions of the master event. After applying the
calibrations to the first 4.0 s of the 2011 Tohoku–Oki earthquake, we
are able to determine the initial location and mechanism of the
beginning of the event, which is an Mw=4.9 thrust event at 38.19°N,
142.68°E at a depth of 21 km.

Supplementarymaterials related to this article can be found online
at doi:10.1016/j.epsl.2011.06.031.
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