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ABSTRACT: Water pressure change have been recorded during the 2011 Tohoku
earthquake (Mw9.0) by two ocean-bottom pressure gauges of the JAMSTEC cabled
observatory, and they have been interpreted by the acquired data analysis and the
dynamic tsunami computation. As a result, the water pressure data have demonstrated
that two kinds of water waves involved in the tsunami generation process; one is water
waves preceding the tsunami having relatively short period, which is dominated by the
ocean-bottom acceleration, and the other is long period wave well known as tsunami.
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INTRODUCTION

On 11 March 2011, at 05:46 UTC, i.e., 14:46 in local time (JST), a mega-thrust earthquake of the
moment magnitude Mw 9.0 occurred off Tohoku district, the north-eastern Japan, causing a
devastating tsunami that resulted in over 15,800 people’s fatalities as well as over 3,300 people’s
missing as of 20 January 2012, particularly in the Tohoku district. The earthquake is referred to as
the 2011 Tohoku earthquake hereafter for a reason of brevity. The Tohoku earthquake is a typical
shallow dipping interplate earthquake between the subducting Pacific plate and the overlaying the
North American plate, but the extent of the fault rupture area was much larger than that of our
experience in the modern Japanese history. As a result, we could not anticipate such plural segments
simultaneously fractured (e.g., Hayashi et al., 2011), causing a large mega-thrust earthquake along the
Japan Trench in the Tohoku region.

The Japan Meteorological Agency (JMA) is responsible for tsunami warning issue, and the first
tsunami warning was issued at 14:49 (Ozaki, 2011). In the mean time, the giant tsunami hit the
coastal area in the Tohoku district, therefore many tide gauge stations were saturated by recording the
highest level of 9.3 m and they were washed away at last. This is why tide gauges could not capture
the tsunami waveforms completely, however, the offshore observatories such as the ocean-bottom
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Fig. 1 Location map of the epicenter of the 2011 Tohoku earthquake, and the following aftershock
distribution for a couple of days. Rectangular lines represent the fault plane’s projection (USGS,
2011). Triangles represent the ocean-bottom pressure gauges, in which PGs and TMs are operated
by JAMSTEC and University of Tokyo, respectively.

pressure gauges, the kinematic GPS buoys, and Deep-ocean Assessment and Reporting on Tsunami
(DART) system except for their related landing facilities nearby were alive during the 2011 Tohoku
earthquake, and they could fully capture the tsunami waveforms. It should be noted that JMA had
raised, reduced or cancelled the tsunami warning grades by monitoring offshore tsunami waveforms in
addition to the coastal tide gauges’ recording (Ozaki, 2011). Thus, the offshore tsunami observatories
have contributed to the tsunami warning in such a devastating tsunami being involved.

Japan Agency for Marine-Earth Science and Technology (JAMSTEC) is one of the institutions
being operating some offshore cabled observatories in the seismogenic zone around Japan, and among
which one observatory has been deployed off Hokkaido, the northern Japan since 1999 (Hirata et al.,
2002). The JAMSTEC cabled observatory off Hokkaido consists of three ocean-bottom
seismometers (OBSs) and two ocean-bottom pressure gauges (PGs), and their dataset are sent to the
JAMSTEC in real-time (Fig. 1). Of course, the JAMSTEC cabled observatory was working well
during the 2011 Tohoku earthquake, and it obtained all of the dataset.

In the present paper, at first we report the water pressure change recorded by the JAMSTEC’s
ocean-bottom pressure gauges and their interpretations by analyzing together with the ocean-bottom
seismometers, because unrevealed features would be found in these invaluable records. We
processed the original data from the raw frequency datasets regarding temperature and pressure, which
made us possible to approach the higher frequency fluctuation than the tsunami. Finally we tried to
reproduce the series of water pressure change from the 2011 Tohoku earthquake by means of tsunami
computation taking into account the seismic fault rupture.
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Fig. 2 Equivalent water height of water pressure recorded by the ocean-bottom pressure gauges
during the 2011 Tohoku earthquake (a) after applying low-pass filtering and (b) their originals
processed from the temperature and the pressure frequencies.

TSUNAMI DETECTED BY OCEAN-BOTTOM PRESSURE GAUGES

JAMSTEC’s two ocean-bottom pressure gauges are located approximately 400 km north from the
epicenter of the 2011 Tohoku earthquake (Fig. 1). The both ocean-bottom pressure gauges are
deployed at a water depth of about 2,200 meters. Because the original water pressure waveforms
during the earthquake contain the tide, the seismic wave, and the tsunami etc., either low-pass or
band-pass filtering is usually applied to the originals in order to extract the tsunami signals. Figure
2(a) shows the observed water pressure waveforms during the 2011 Tohoku earthquake after applying
the low-pass filtering of 100 s. The amplitude represents the equivalent water height of the
hydro-static pressure. Although the low-pass filtering is applied to the originals, water pressure
perturbations still left in the water pressure following the earthquake origin at 14:46. Tsunami
signals can be identified by gradual rise followed by the highest crest. The first tsunami arrivals are
at 15:02 and at 15:08 for PG1 and PG2, respectively. Small peaks are locally visible during the
gradual rise before the highest crest at the both PGs. The maximum height of tsunami signals are
about 0.7 m at 15:05 and at 15:11 for PG1 and PG2, respectively. Although the tsunami arrival times
differ, its shapes are very similar each other.

By the way, the other ocean-bottom pressure gauges, TM1 and TM2 and the kinematic GPS buoy
near the tsunami source, i.e., they are located at approximately 39 °N in latitude, recorded impulsive
tsunami waveforms with its duration of about 5 min and height of 5 meters after the initial gradual rise,
whereas the JAMSTEC’s PGs did not record such unique waveforms. Needless to say, these
waveforms have contributed to evaluate the seismic fault models based on the tsunami waveforms
(e.g., Fujii et al., 2011; Maeda et al., 2011), and the tsunami source extent by means of their travel time
(e.g., Hayashi et al. 2011). Thus, the offshore recorded tsunamis have been used not only in the
tsunami warning issue but also in the tsunami studies after the 2011 Tohoku earthquake, however, the
tsunami signals have been exclusively used in their studies.

Since the original recorded water pressure is usually contaminated by seismic waves as mentioned
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Fig. 3 Spectrograms of water pressure and the original waveforms of (a) PG1 and (b) PG2, in
which f1 indicates the characterized frequency of a fundamental resonant mode of water layer.

above, we process the whole data in the following section. The whole water pressure waveforms
should be explained in the viewpoint of technical development on real-time tsunami detection.

WATER PRESSURE CHANGE ANALYSIS

PGs measure high frequency quartz oscillations, and then they are converted to the physical value of
water pressure with compensating by thermal effect. The higher water pressure data is sampled, the
lower the resolution results in this kind of pressure gauge. As for the JAMSTEC’s PGs, 1 Hz
sampled data is usually processed, but 10 Hz sampled dataset could be reproduced in the present case
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Fig. 4 Fourier spectrum of PG1 and PG2 in which vertical dashed line denoted by f1 indicates the
characterized frequency of a fundamental acoustic resonant mode of water layer.

because S/N ratio was relatively better during the 2011 Tohoku earthquake than other usual events.
Thermal correction on physical water pressure is carried out by considering its change as time series.
After thus processing the original frequencies compensating the thermal effect, we could obtain the 10
Hz sampled water pressure waveforms during the 2011 Tohoku earthquake (Fig. 2(b)).

We have analyzed the obtained PGs dataset by depicting spectrograms. Numerical technique to
analyze 10 Hz sampled PGs dataset is as follows;

1) 1 hour data of pressure gauge including the 2011 Tohoku earthquake is collected.
current analysis, the start time is set to be 14:40:00 JST.

2) We divide the frequency from 0.003 Hz to 5 Hz into 33 sections as formed exponentially, i.e.,
linearly in logarithmic scale.

3) Band-pass filtering of each section above is applied to the entire 1 hour dataset.

4) Envelopes of the band-pass filtered waveforms for each section are aligned to get absolute
amplitude, and spectrogram of PGs data during the 2011 Tohoku earthquake can be made.

5) But amplitude normalized by the maximal value is depicted in the logarithmic scale so that the
predominant frequencies would be emphasized in the present paper.

After applying the procedure above, we could obtain the spectrograms as shown in Fig. 3, in
which f1 indicates the characterized frequency of a fundamental acoustic resonant mode of water layer
assuming the rigid ocean-bottom expressed as,

In the

f1 = c/4H (1)

where H and c are water depth and sound velocity, respectively. Lasting signals having slight lower



frequency than f1 appears for a long-time, whereas high frequency signals were decayed immediately
after the earthquake. Aftershocks which occurred several times after the main shock emphasize
higher frequency band. The tsunami signals could be recognized after 15:00 and 15:10 for PG1 and
PG2, respectively, despite the intensity is rather small.

Focusing on the initial stage prior to the tsunami arrivals, Fourier spectra of PGs for the initial 10
min from the earthquake origin are made in Fig. 4. According to Fourier spectrum, the highest peaks
of the both PGs are 0.05 to 0.1 Hz, which does not correspond to the characterized frequency of a
fundamental acoustic resonant mode. Thus, an acoustic resonance was not excited at the location of
JAMSTEC’s PGs, because PGs were out of the tsunami source. The lower the frequency becomes,
the larger the amplitude responses proportionally, which is attributed to the long-period tsunami
component.

By the way, lasting signals recorded by PGs were dominated by acoustic resonances in the case of
the 2003 Tokachi-oki earthquake of Mw8.3, which took place beneath the JAMSTEC cabled
observatory (Nosov and Kolesov., 2007). Although both the 2003 Tokachi-oki earthquake and the
2011 Tohoku earthquake are tsunamigenic earthquakes, difference between two earthquakes is the
near-field and intermediate-field events from the PGs’ location. In the 2003 Tokachi-oki earthquake,
acoustic resonances associate with the crustal movement was extremely excited in the tsunami source.
In the case of 2011 Tohoku earthquake, however, such acoustic resonances were not remarkably
recorded in the JAMSTEC’s PGs data.

DISCUSSIONS
Implication of ocean-bottom seismometer

Our recent paper regarding the 2003 Tokachi-oki earthquake provides a cue to interpret the pressure
waveforms recorded by the ocean-bottom pressure gauges (Bolshakova et al., 2011). We have
introduced the characterized frequency of the fundamental acoustic resonant mode of water layer in
the previous section. An additional characterized frequency should be notified, which is related to
gravitational waves,

fg = (g/H)" )

where g is the acceleration due to the gravity. In the conditions of the planet earth, at any point of the
world ocean, the characteristic frequency fg is always smaller than that of the fundamental acoustic
resonant mode as same formula as Eqg. (1),

f1 = c/4H (3)

Frequencies fg and f1 divide into three frequency bands; “gravitational waves”, “forced oscillations”
and “hydro-acoustic waves”. Generally, bottom oscillations of any frequency give rise to forced
oscillations of water layer in the vicinity of tsunami source. Bottom oscillations of low-frequency (f
< fg), additionally to the forced oscillations, generate gravitational waves which are radiated from the
source. Bottom oscillations of high-frequency (f1 < f), additionally to the forced oscillations,
produce hydro-acoustic waves. In the case of bottom oscillations of intermediate-frequency (fg < f <
1), the forced oscillations are extremely produced, whereas gravitational wave is not remarkable as
well as acoustic resonances cannot be produced in the source.

Within the frequency band “forced oscillations”, according to the Newton's second law, the
following relation between the vertical component of bottom acceleration and variations of bottom
pressure p must be fulfilled,

= pHo (4)
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Fig. 5 Hydro-pressure responses related by the frequency vs. the water depth (reproduced from
Bolshakova et al., 2011). Vertical dashed line denoted by Dpg indicates the water depth at which
the ocean-bottom pressure gauges are deployed. Horizontal dashed lines denoted by f1 and fg
indicate the characterized frequencies dividing frequency bands depending on the water depth..

where p and o are the density of water and the bottom acceleration, respectively. Hence, within the
frequency band fg < f < f1, if the ocean-bottom pressure gauges and ocean-bottom seismometers are
located close to each other, spectra of the bottom pressure and the bottom acceleration represented in
pressure units with use of Eq. (4) are expected to coincide.

Within the frequency band “hydro-acoustic waves”, on the other hand, the bottom pressure forcing
an abrupt bottom change is linked by the vertical component of bottom velocity by means of the
Joukowsi’s formula,

p=pcu ()

where ¢ and u are the acoustic velocity in water, i.e., approximately 1,500 m/s and the bottom rapid
velocity, respectively.

In view of the theoretical bottom pressure formulas of these three frequency bands, i.e., because
pressure of “gravitational waves” is isolated from the bottom frequency, and that of “forced
oscillations” and “hydro-acoustic waves” are proportioned by “bottom acceleration” and “bottom
velocity”, respectively, we can name these three frequency bands, “hydro-static response”,
“hydro-dynamic response”, and “pressure impulse” for the frequency band of f < fg, fg < f < f1, and f1
<f, respectively (Fig. 5).

Ocean-bottom seismometers measure three components’ accelerations, whose orientations depend
on the cable laying condition, therefore we correct them to the Gaussian coordinate, i.e., NS, EW, and
UD components. We use converted water pressure by means of Eq. (4) of UD component of OBS1
and OBS3 which are located a few kilometers away from PG1 and PG2, respectively. The Fourier
spectra compare each other in Fig. 6. A couple of vertical dashed lines stand for the appropriate
positions of characterized frequencies of fg and f1. The Fourier spectra of the bottom pressure
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Fig. 6 Comparison of the Fourier spectra between the ocean-bottom pressure gauges and the
ocean-bottom seismometer, i.e., acceleration nearby converted to water pressure during the 2011
Tohoku earthquake for (a) PG1 and (b) PG2. Vertical dashed lines denoted by fg and f1 indicate the
characterized frequencies dividing hydro-dynamic and static pressure responses and the pressure
impulse respectively.

roughly exhibit broadband peak between the frequencies of fg and f1. Similarly the Fourier spectra
of UD acceleration depicted in Fig.6, and the peaks coincide to the frequency band between the
characterized frequencies of fg and fl. Because the minimal frequency of the ocean-bottom
seismometers’ measurement is 0.05 Hz, the amplitude drops in the low-frequency. The most striking
fact here consist in nearly ideal coincidence of the spectra of the bottom pressure and the bottom
acceleration represented in pressure units with use of Eq. (4) within the frequency band
“hydro-dynamic response” between the characterized frequencies of fg and f1. The bottom pressures
seemingly follow the bottom accelerations in this frequency band. Note that outside of the higher
frequency band, i.e., “pressure impulse”, the spectra turn out to be essentially different. This means
that the most part of the observed water pressure by PGs are predominated by not the acoustic waves
but the bottom acceleration. The moderate-to-long peak frequency implies that the Rayleigh wave
may contribute to induce the bottom pressure change. Filloux (1982) reported that the bottom
pressure change is attributed to the accelerations in the far-field based on his field observations. Thus,
this is not a new empirical result, but this is the first comparison between the ocean-bottom pressure
and the ocean-bottom acceleration during such a large tsunamigenic earthquake in the
intermediate-field.

Implementation of tsunami computation

We reproduce the water pressure from the 2011 Tohoku earthquake to verify our data processing of the
ocean-bottom pressure gauges, and how the tsunami radiates from the tsunami source along the
Japan-Kuril Trench system by means of tsunami computation.

A seismic faulting causing water mass movement is assumed from the seismic fault model by
USGS (2011), that is based on the teleseismic broadband P-waves, the broadband SH-waves, and long
period surface waves. The fault geometry is as follows. The size of the fault plane is 625 km along
the strike and 260 km along the dip, in which 325 sub-faults are consisted. The depths of sub-faults
vary from 7.5 km to 50.1 km, and the strike and dip angles are uniformly 194.4 ° and 10.2 °,
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Fig. 7 Comparison of the computed water pressure change (red line) from the 2011 Tohoku
earthquake in terms of the seismic fault model by USGS (2011) with the observed one (black line)
for (@) PG1 and (b) PG2.
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Fig. 8 Snapshots of (a) the tsunami generation, and followed by (b) the propagation. Time inset
the figure represents the elapsed time from the earthquake origin. Scale bar stands for water
level in meters.

respectively for the entire sub-faults. Slip, rake, and rupture start time are given to each sub-fault,
and the total duration time of the fault rupture results in about 230 s. Details of the present tsunami
computation technique are described in Ohmachi et al. (2001). We first calculate seismic waves with
its frequency band up to 0.125 Hz, and then it is used as boundary conditions for tsunami generation.
Thus, both the dynamic motion of the ocean-bottom and the rupture effect of seismic faulting are taken
into account in a weak-coupled 3D fluid system, in the present tsunami computation. The
computational domain extends from 30.00 °N to 50.00 °N in latitude and from 135.00 °E to 155.00 °E
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in longitude. Uniform 2 min in arc gridded bathymetric dataset made from GEBCO (British
Oceanographic Data Centre, 1997) and 1,000 m grid in depth direction, and time step of 0.5 s are used
in our tsunami computation. This means the total number of grid point result in more than 3.2
millions. Since the present tsunami computation is set to be very large, shallow water area is
modeled too rough to reproduce the tsunami heights.

The computed water pressure changes are compared to the observed water pressure change of PGs
in Fig. 7. Note that the observed water pressure is what after low-pass filtering as same as shown in
Fig. 2(a), because the present computation on the seismic wave is carried out up to 0.125 Hz.
Immediately after the earthquake, water pressure fluctuations are reproduced by seismic waves.
Their amplitude and the duration time, and decay of the seismic effect coincide with each other
qualitatively. The arrivals of the first tsunami of our computation are somewhat earlier than that of
the observations. And the first arrival tsunamis exhibit very long period single waves in the
observation, but two small peaks on the first tsunami are computed at both PGs. Nevertheless, the
amplitudes of the first tsunami are fit to the observations. We use the slip distribution based on the
seismic waves in the present tsunami computation. This is why relatively high-frequency phases
might tend to be reproduced in our tsunami computation. The importance is that two kinds of water
pressure change are reproduced from the seismic faulting.

Snapshots of the sea surface response at 3 min, and 20 min are displayed in Fig. 8. Seismic
waves are radiated from the each sub-fault at 3 min, when the fault rupture is still going on. At that
time, the tsunami caused by the static deformation is produced off Tohoku region along the Japan
Trench. At 20 min, the tsunami is radiated to PGs. In general, tsunami energy is relatively large
toward the normal of the fault strike direction. In the case of the 2011 Tohoku earthquake, the
tsunami energy spreads toward the Tohoku region, since the fault strike is parallel to the Japan Trench.
Our tsunami computation qualitatively demonstrates this phenomenon. According to the tsunami
propagation (Fig. 8(b)), the first tsunami has two peaks before its arrival at PGs. Discrepancy of the
first tsunami shape between the computations and the observations are attributed to the seismic models,
e.g., asperity’s distribution.

CONCLUSIONS

Water pressure change have been recorded during the 2011 Tohoku earthquake (Mw9.0) by two
ocean-bottom pressure gauges of the JAMSTEC cabled observatory off Hokkaido, and they have been
interpreted in terms of the data processing. The acquired data have demonstrated that two kinds of
water waves involved in the tsunami generation process from the 2011 Tohoku earthquake; that is, one
is water waves preceding the tsunami having relatively short period to the tsunami and the other is
long period wave well known as tsunami. Their features are summarized as,

1. As for the tsunami, it was detected 16 min and 22 min after the main shock by two
ocean-bottom pressure gauges located approximately 400 km north from the earthquake epicenter.
The first tsunami had a maximum height of 0.7 m and its period of about 40 min. There is no
significant difference except for the arrival time among two ocean-bottom pressure gauges. The
tsunami had a gentle rise followed by a solitary wave with a height of about 3 m and duration of about
5min in the other similar ocean-bottom pressure gauges deployed near the tsunami source (e.g., Maeda
et al., 2011), whereas such a solitary wave was not recorded by the JAMSTEC’s ocean-bottom
pressure gauges. This unique feature might be attributed to the tectonic mechanism. Difference of
the tsunami features between two observatories are attributed not only to the source distance but also
the directivity of the tsunami energy, because the JAMSTEC cabled observatory was located parallel
to the seismic fault strike direction.

2. The water waves preceding the tsunami were detected in an early stage of the water pressure
change. Comparing water pressure together with the data of the ocean-bottom seismometers nearby;,
it has been revealed that this is associated with the forced oscillation response of water layer by the
bottom acceleration, i.e., hydro-dynamic response. This kind of waves was seemingly attributed to a
moderate-to-large ocean-bottom displacement associated with the Rayleigh waves, because some
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features similar to the seismic ocean-bottom displacement induced by the Rayleigh waves such as the
directivity, an elliptical particle orbit, and a rather long predominant period. In addition, the
preceding waves were also observed at several DART stations deployed in the Pacific Ocean (e.g.,
Hayashi et al., 2011). The pressure perturbations lasted much longer and had amplitude more than
ten times larger than that associated with the tsunami, i.e., hydro-static response.

Although some unsolved problems, e.g., on the discrepancies of the tsunami arrival time or the
first tsunami shape still remain, these two kinds of water waves could be reproduced by our dynamic
3D tsunami computation based on the seismic faulting process. Thus, the above-mentioned two
kinds of water waves must be generated in the 2011 Tohoku earthquake.
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