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Effects of rupture process in the source inversion of 2011 off the Pacific coast of Tohoku

Earthquake Tsunami
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The 2011 off the Pacific coast of Tohoku Earthquake (Mw 9.0) and Tsunamis attacked and severely damaged the east coc
of Japan. Inverse analysis on the tsunami source was conducted on the basis of sea-level observation of GPS buoys and wze
pressure gauges located near the source area. Observed data are inverted to determine the initial sea-surface height distribu
and its time development that are generated by the rupture motion of inter-plate faults and the related sea-floor deformations. W
use an inversion method of synthesizing tsunami Green’s functions. To compute the Green’s functions, tsunami wave propagatic
was calculated on the basis of the finite-difference approximation of linear long-wave equations in a spherical coordinate systen
Such inversions are usually ill-posed problem mainly because of limited observation. To avoid the ill-posedness, smoothing ani
rupture constrains are imposed. The rupture constraint is based on a priori information about the tsunami source region. TF
region at a given time is estimated by the distance from epicenter and a rupture velocity. According to the seismic wave analysi
by Japan Meteorology Agency, epicenter is located at’38, E14251.6’, 24 km deep and the rupture velocity and the rupture
duration is assumed as 2.0 km/sec and 3 minutes respectively. The inversion result shows that the peak of surface elevation mov
eastward from epicenter for first 1 minute to reach close to the Japan Trench and moved northward along the trench axis for ne
two minutes. The maximum elevation of tsunami source is +6.9 m in total and is located at northeast of epicenter in the west sid
of the trench axis. The crest of initial wave form is distributed in the west side of the trench. To investigate the effect of rupture
process, we perform another inversion with the assumption of rupture velocity as infinity. A major difference between the two
inversions is the location of the wave form crest. In the infinite rupture velocity case, the crest penetrates into east side of th
trench. The tsunami source model of finite rupture velocity show a better accuracy for the prediction of waveforms which were
temporally and/or spatially different from waveforms used in the source inversion. Therefore, it is concluded that the effect of
rupture time lag is not negligible in the 2011 off the Pacific coast of Tohoku Tsunami case and the effect should be included in
the validation of inundation or damage on the coastal area and the assessment for future risk.
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The March 11 Tohoku earthquake (M9.0) destroyed vast costal zone of the northern Japan together with many coastal tid
gauges. It also did offshore tsunami observation stations off Tohoku. A part of them, like GPS tsunami buoys, was already recov
ered but the others are not. In 2011, JMA and MEXT started their plans to construct new offshore tsunami observation network
off Tohoku. When these networks will be built up once, it is possible that the offshore data, which will be transmitted to the land
on real-time base, may improve the reliability of the regional forecast for near-field tsunamis. However, there seem be issues t
be overcome for achieving precise near-field tsunami forecast. We would like to discuss two of them below.

First issue is pressure resolution in ocean-bottom pressure gauge (OBPG). When a large earthquake occurs, offshore oce
bottom pressure gauges (OBPG) usually record tsunami and preceding pressure fluctuations with frequencies much shorter th
the period of the tsunami. The pressure fluctuations are primarily attributed to seismic Rayleigh waves traveling through oceani
lithosphere from a distant earthquake (Fillioux, 1982). In some cases, such pressure fluctuation masks tsunami signals for near
earthquakes (Okada, 1995; Tsushima et al.,2009). In the 2003 Tokachi-oki earthquake (Mw8.0), however, a pressure signal wi
an amplitude of a few hundreds of kPa (equivalent to several tens of meters H20) was observed with the near-field OBPGs
while tsunami amplitude was estimated only an order of a few kPa (equivalent to only a few tens of centimeters H20). The
period of the main energy of the observed pressure signals was several seconds that are much shorter than tsunami period
addition, the tsunami and pressure signals were completely overlapped. The large pressure signals observed is considered mo:
low-frequency hydroacoustic waves reverberating between the sea surface and ocean bottom through water layer, which w
theoretically predicted by Kajiura (1970), and these are closely related to ocean-bottom vertical motion due to an earthquak
(Matsumoto and Mikada, 2005; Nosov et al., 2007) and remain mostly in the source region (Nosov, 2000). The near-field experi
ence in 2003 suggests that to extract tsunami information precisely from OBPG records for coastal tsunami forecast, we will hav
to observe ocean-bottom pressure in much wider range of amplitude from an order of millimeters H2O to an order of, at least
several tens of meters H20 and in much broader frequency range from an order of 0.1 seconds to an hour. Pressure resoluti
of OBPGs attached on the existing Japanese cabled observatories is not so fine to satisfy the above conditions. In near-futul
near-field OBPG measurement will require finer pressure resolution than the present.

Second issue is sudden temperature change on deep ocean floor. In the 2003 Tokachi-oki earthquake, we found that the te
perature within OBPGs in the source region suddenly decreased by an order of 0.1 degree C per ten minutes, which was mu
rapid change in the deep ocean floor environment off Tokachi (Hirata et al., 2003). Such sudden change in temperature caus
artificial pressure signal that distort tsunami waveforms owing to a transient thermal response of OBPGs (Takahasi, 1983; Hirat
and Baba, 2006). The mechanism of such sudden temperature change remains unresolved so that we cannot decide whet
this is local phenomena or not. Any near-field tsunami forecast based on records monitored with OBPGs, experienced a sudd
temperature change, may include not small prediction error unless the transient thermal effect of OBPGs is properly corrected.

ooooo:00,00,00,0000
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Traveling ionospheric disturbances generated by an epicentral ground/sea surface motion, ionospheric disturbances assc
ated with Rayleigh-waves as well as post-seismic 4-minute monoperiodic atmospheric resonances and other-period atmosphe
oscillations have been observed in large earthquakes. In addition, a giant tsunami after the subduction earthquake produces
ionospheric hole which is widely a sudden depletion of ionospheric total electron content (TEC) in the hundred kilometer scale
and lasts for a few tens of minutes. The tsunamigenic ionospheric hole detected by the TEC measurement with Global Pos
tion System (GPS) was found only in huge subduction earthquakes. This occurs because plasma is descending at the low
thermosphere where the recombination of ions and electrons is high through the meter-scale downwelling of sea surface at tt
tsunami source area, and is highly depleted due to the chemical processes. The results imply that magnitude of the tsunamigel
ionospheric hole is related to that of the tsunami. It means that we can directly observe the tsunami several minutes after tr
subduction earthquake occurs.

ooooDo:0pooo,0o0p000ooo, GPS
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Quantitative Analysis of Magnetic Signals induced by the 2011 Tohoku Tsunami Flow
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Tsunami source estimation of the 2011 Tohoku-oki earthquake (M9.0) and its foreshocl

(M7.3) using ocean bottom magnetic
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The electromagnetic induction theory predicts that motion of conductive seawater in the geomagnetic field induces variation o
electromagnetic fields as known as dynamo effect. Thus electromagnetic observation is expected to be a novel tsunami meter tt
can detect propagated direction of tsunamis in addition to the sea level change (e.g. Toh et al., 2011). When the 2011 Tohoku-o
earthquake (M9.0, March 11) occurred, an ocean bottom electromagnetometer (here after OBEM) settled near the Japan Tren
(39.0N latitude, 144.8E longitude, 5830m deep) clearly recorded tsunami induced magnetic signals.

The variations in the magnetic field after the main shock show a unipolar impulsive wave for a short duration (about 4 min)
in all three components. The vertical magnetic field indicates the tsunami travel time to the OBEM station (4 minutes from the
initial rupture). Amplitude of the vertical impulse (15 nT) corresponds to 2.3 m of sea level change. In addition, the horizontal
magnetic field components indicate propagated direction of tsunami to the OBEM station (WNW). Based on this information,
the tsunami source of the main shock was determined along the Japan Trench but at about 100 km north from main rupture zor
of the main shock (around 39.0-39.5N latitude, 144.8E longitude). Joint analysis of OBEM data and offshore sea-level gage dat
(GPS gages and deep pressure gages) supports this location and constrained the tsunami source to a narrow east3@est area |
km in width). On the other hand, the tsunami induced vertical magnetic signal associated with the foreshock was detected after 1
minutes from the rupture initiation. Based on the back propagation curves of the arrival time of tsunami to the OBEM station and
the offshore sea-level stations, the tsunami source of the fore shock was determined around 38.4N latitude and about 80km we
from the Japan trench, almost same location of the epicenter. Thus the estimated tsunami sources of the fore and main shocks
quite different although the epicenters of main and fore shocks are determined in the almost same location. In addition, elasti
fault models are hard to explain observed tsunami waveforms by the main shock including OBEM data although it can explair
observed tsunami waveforms by the fore shock. They imply different source mechanism of these tsunamis and thus detailed stut
of the tsunami source model is required especially for the main shock.

Keywords: tsunami electromagnetism, OBEM, 2011 Tohoku-oki earthquake
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Atmospheric boundary waves excited by the tsunami generation - the great Sumatre

Andaman Islands Earthquake in 2004 -
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The sudden and strong vertical displacements of ocean surface are known to be the source of the long-period acoustic-gravi
waves including the boundary waves in the atmosphere. Arai et al. (2011) observed atmospheric pressure changes caused
the tsunami generation of the 2011 Off the Pacific Coast of Tohoku earthquake, and identified them as "atmospheric boundar
waves” on the basis of the waveform characteristics. The sudden and strong vertical displacements of ocean surface caused
the Sumatra-Andaman earthquake in 2004 also had produced long-period acoustic-gravity waves (Mikumo et al. 2008).

We re-explore barograph data observed around the source region of the Sumatra earthquake in 2004. Atmospheric presst
changes caused by the ocean uplift and subsidence were detected at 4 IMS (International Monitoring System for CTBT verifi
cation regime) stations. IMS stations provide two kinds of data, one is the band pass filtered (0.02-4Hz) output and the other i
the absolute pressure output. Band pass filtered data are archived and used for CTBT’s monitoring purpose. Absolute presst
data are not archived at all IMS stations. If the absolute data is not available, the band pass filtered data have been corrected
deconvolving the filter response and original records have been restored.

Long-period atmospheric pressure disturbance signals which were excited by uplift and subsidence related to the tsunami ge
eration were observed at IS52 (Diego Garcia), IS33 (Madagascar), 1S32 (Kenya) and 1S35 (Namibia). The pressure signals we
identified as atmospheric boundary waves based on their characteristics.

Earth orbiter "Jason-1" measures ocean surface topography. When the tsunami caused by the earthquake had been propaga
through the Indian Ocean, Jason-1 flew over the propagating area. Jason-1 detected the two propagating tsunami wave frol
as the elevated ocean surface topography which indicates two isolated peaks. Detected atmospheric boundary waves also h
the same characteristics. Atmospheric boundary waves retain the initial shape of the tsunami, because they are little dispersi\
Observed signals suggest the Sumatra-Andaman earthquake had two isolated tsunami source regions.
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