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Atmospheric pressure waves from the 2011 great off-Tohoku earthquake (Mw=9.0)
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Atmospheric pressure waves were recorded within several hours after the great off-Tohoku earthquake by sensitive micrc
barographs not only at several stations on and around the Japanese Islands, but also at 9 International Monitoring System (IM
stations in the distance range between 1,000 and 6,500 km. Some of the near-field observations have been interpreted as n
dispersive boundary waves propagated along the bottom boundary of the atmosphere (Arai, et al.,2011). In addition to thes
characteristic waveforms with two strong pulses can be identified at 3 other Japanese near-field stations, which are supposed
come from two stages separated within several minutes in tectonic vertical deformation on the sea-floor. The far-field observa
tions including those at stations in Alaska, Hawaii, Palau, Australia, Far East Russia, Mongolia, Central Asia, and Greenland
indicate weak dispersive wave trains involving low frequencies between 1.5 and 3.3 mHz (or periods from 11 to 5 min ) with a
group velocity between 346 and 376 m/s and amplitudes ranging between 0.5 to 3 Pa, depending on their locations. For the:
reasons, these low-frequency waves may be interpreted as acoustic-gravity waves excited by swelling and depression of the ¢
surface due to vertical sea-floor deformation, and propagating through the lower to middle atmosphere, as in the cases of tt
1964 Alaskan and 2004 Sumatra-Andaman earthquakes. Assuming various source parameters, we calculate synthetic wavefor
for several far-field stations by incorporating a realistic, standard thermal structure in the atmosphere up to an altitude of 22(
km, and then compare them with the corresponding observations. The comparison provides estimates of possible ranges for t
effective source dimension generating these atmospheric pressure waves, average uplift and subsidence of the sea-floor and tl
time constants.

We expect that the results may become further information independent from seismic, geodetic, and tsunami observations, |
the source characteristics of this great earthquake.
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The elastic rebound process of the 2011 great Tohoku-Oki earthquake

o000 o000 Yoooo!
FUKAO, Yoshio*, Takane Hori, Shuichi Kodaira

!000000000000000000000
'IFREE/JAMSTEC

2011000 0000000000000 0000O0QOCoCoOooOOOOODODODOODODOO00O0O00O00000000
O00000000D0D0D0D0D0D0D0O000000000O0(@MO0)000000000000000000000000oOOoDO
boooooooboobobobobooooooboobobobooobooooooOoobOobOobobooboooooon
oboobooobooooboooboooboooooboooooboooooooboooobooobooooboooobooon
gooobooooobooboooooboobooooobooooboboboooooboo

obooobooboooobooboboboooobooooboboboboobobooooobobooooDoon

1/1



Japan Geoscience Union Meeting 2012 ~® ’
(May 20-25 2012 at Makuhari, Chiba, Japan) °
©2012. Japan Geoscience Union. All Rights Reserved. ]“P““

Geoscience
Union

SSS39-03 o0:0o0D00 00:50 250 09:30-09:45

20110 00 0000000000000000000000000000000
Tidal triggering of earthquakes preceding the 2011 off the Pacific coast of Tohoku earth-
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Seismic image of coseismic fault extending from the hypocenter to the trench axis by the

2011 Tohoku-oki earthquake
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The large tsunami followed the 2011 Tohoku-oki Earthquake is believed to be caused by a fault rupture extending from arounc
20 km deep at the plate boundary to a shallow part of the subduction zone at the Japan Trench, on the basis of seismic wav
tsunami and geodetic data. Those observations may indicate a need to revise a conceptual model of a subduction seismoge
zone which proposed a shallow part of subduction zone is aseismic slip zone. In order to examine a coseismic fault between tt
hypocenter and the trench axis, we processed seismic and bathymetry data acquired during a rapid response geophysical crt
soon after the earthquake, from 14th to 30th March in 2011, by using JAMSTEC R/V Kaire. From the seismic image, the plate
interface can be traced down to around 20 km deep where the fault rupture was initiated. The angle of the plate interface seen
to become low from the up-dip of the hypocenter at around 15 km deep. This variation of subduction angle is consistent with &
seismic velocity image previously obtained by wide-angle OBS data. The seismic image of the up-dip end is characterized b
a reflective zone slightly above the oceanic crust and a wedge-shaped structure which called a frontal prism. A weak reflectc
slightly above oceanic crust at the base of the frontal prism can be traced to the trench axis. In addition, comparing the seismi
image of the trench-filled sediment obtained before and after the earthquake shows a seismological evidence of a co-seismic fa
rupture extending along the plate boundary to the seafloor at the trench; i.e., the seismic image of the trench-filled sediment aft
the earthquake shows a compressional structure with several reverse faults branching from the master fault which reaches t
trench axis. This result shows that a shallow part of a plate interface can be a seismic slip zone and that slip to the trench alor
the plate boundary is a cause of a large tsunami.
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Hypocenter distribution around the 2011 Tohoku-Oki earthquake by using Ocean Botton

Seismographic data
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Finite element analysis for modeling the crustal d n caused by the 2011 Tohoku

Oki earthquake
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We performed a finite element analysis for constructing a two-dimensional model of the deformation due to the 2011 Tohoku-
Oki earthquake, taking into account the realistic subsurface structure and topography. We used a finite element code develop
using GeoFEM. The two-dimensional cross section considered in the finite element analysis was perpendicular to the Jape
Trench. This profile also transects an area of huge coseismic slip with the slip magnitude exceeding 60 m. Two-dimensiong
model of the crust, mantle wedge structures, and subducting slab geometry were developed on the basis of a offshore seisn
reflection survey (Ito et al., 2005) and high-precision seismic tomography profile of the crust, mantle wedge structures, anc
subducting slab in this region (Nakajima et al., 2009). Rock density in each mesh is calculated from the P-wave velocity using
the laboratory measurements of P-wave velocity and density reported by Ludwing et al. (1970). Assuming Vp/Vs ratios of 2.20,
1.90, 1.73, and 1.76 in the frontal prism, oceanic crust, continental crust, and mantle, respectively, we calculated their Poissc
ratio and Young’s modulus. First, we calculate the crustal deformation assuming an uniform slip model, following Ito et al.
(2011). In this model, the updip of the fault reached the trench and the downdip was 80 km away from the trench; the slip
magnitude was 80 m uniformly. The numerical results show an uplift of 8 m and a displacement of 75 m at a point 20 km away
from the trench; however, the observed values of the uplift and displacement at this point were 5 m and 60 m, respectively. One c
reasons of this discrepancy was the difference between fault geometries; Ito et al. (2011) considered simple fault geometry with
constant slope angle of 3while our model adopts realistic curved fault geometry, taking into consideration the upper surface of
the subducting plate. The other reason is the difference between the elasticity values of the frontal wedge and subducting plat
the vertical displacement increases by 10 percents near the trench if we assume homogeneous elasticity within the whole regic
In future, we will develop a suitable model that can simulate crustal deformation consistent with the displacement as obtained b
ocean-bottom as well as on-shore observations.
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Tsunami source model of the largest foreshock on March 9th of the 2011 Tohoku-Oki

earthquake

00000 ™ oooothoooobhoooohoooo?oooothoooot
KUBOTA, Tatsuya*, INAZU, Daisuké, ITO, Yoshihird', SUZUKI, Syuicht, SAITO, Tatsuhikd, SUZUKI, Kensukeé, HINO,
Ryota

l000000000000,?2000000000
LGraduate School of Science, Tohoku Universityational Research Institute for Earth Science and Disaster Prevention

20110 30 90 000ODO0OD0OO0OO0O0O0O0 MmMmaz.30 00 0000000000000 0O0O0OODODOOOO0OO 800
oboobo0oooooobooobooooooooooobooboboboobooooooobOobobobooobooooon
OO0 15emOO00000D00 10cmOOO0O00DOOOODOOOOOO

o0oo0o0os380bl11o0o0oo000oooooo0ooooooo0ooooooooooooobooo0oooooobooOoooon
uobobOoobooooboooboooboooobooobooooooboo0oobooooboooobooOooboobo0ooDoog
goooooooboboooooooobooboooooooboboboobooooooobOobobboobooooDbOoD
0000000000000 000000000000O000000 (Shaoetal.,, 2011, GROOOOOOOOO 30kmd
oo s50kmOCO0OO000000000O0ODODOOOOCOCOOOO0OO0O00O0O0O0OOOOOODODOODODOOOOOOOOOO
000000000 MO 83x 10NmOIO000DD0D0000000O0OO Mw7.200000

boobooooboboboooooobooboboboooooooboboboooboooobobOoboobooooo
ooo

oo00o00:00,201100000000000,0000000,00000,00
Keywords: Tsunami, The 2011 off the Pacific coast of Tohoku earthquake, Fault model, Ocean bottom pressurre gauges, Tt
largest foreshock

1/1



Japan Geoscience Union Meeting 2012 2 ) ;
(May 20-25 2012 at Makuhari, Chiba, Japan) °
©2012. Japan Geoscience Union. All Rights Reserved. ]“ gon

Geoscience
Union

SSS39-08 O0:0000o O00:50 250 13:45-14:00

JO000ooooodoooo 201100000000 000o0oon _
Tomography of the Northeast Japan arc and mechanism of the 2011 Tohoku-oki eartr

guake sequence
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We have investigated the detailed 3-D seismic structure of the crust and upper mantle under the NE Japan arc and its in
plications for the mechanism of the 2011 Tohoku-oki earthquake (Mw 9.0) sequence. Significant structural heterogeneities ar
revealed in the interplate megathrust zone under the NE Japan forearc. Three low-velocity (low-V) anomalies exist off Sanriku
off Fukushima and off Ibaraki. There is a correlation between the velocity variation and the distribution of large thrust-type
earthquakes (M ? 6.0) that occurred from 1900 to 2011, including the major foreshock, mainshock and aftershocks of the 201
Tohoku-oki earthquake. The low-V patches in the megathrust zone may contain subducted sediments and fluids associated wi
slab dehydration, thus the subducting Pacific plate and the overriding continental plate may become weakly coupled or eve
decoupled in the low-V areas. In contrast, the high-velocity (high-V) patches in the megathrust zone may result from subducte
oceanic ridges, seamounts and other topographic highs on the Pacific seafloor that become asperities where the subducting Pac
plate and the overriding continental plate are strongly coupled. Thus tectonic stress tends to accumulate in these high-V areas
a relatively long time during subduction, leading to the nucleation of large and great earthquakes in those areas. The off-Miyag
high-V zone, where the Tohoku-oki mainshock and its largest foreshock occurred, corresponds to the area with large coseism
slip (> 25 m) during the Tohoku-oki mainshock. This indicates that the off-Miyagi high-V zone is a large asperity (or a cluster
of asperities) in the megathrust zone that ruptured during the Tohoku-oki mainshock.

High-resolution tomographic images of the crust and upper mantle in and around the area of the 2011 Iwaki earthquake (N
7.0) and the Fukushima nuclear power plant are determined by inverting a large number of high-quality arrival times with both
the finite-frequency and ray tomography methods. The Iwaki earthquake and its aftershocks mainly occurred in a boundary zon
with strong variations in seismic velocity and Poissanratio. Prominent low-velocity and high Poissos ratio anomalies are
revealed under the Ilwaki source area and the Futaba fault zone, which may reflect fluids released from the dehydration of th
subducting Pacific slab under NE Japan. The 2011 Tohoku-oki earthquake (Mw 9.0) caused static stress transfer in the ove
riding Okhotsk plate, resulting in the seismicity in the Iwaki source area that significantly increased immediately following the
Tohoku-oki mainshock. This result suggests that the Iwaki earthquake was triggered by the ascending fluids from the Pacific sla
dehydration and the stress variation induced by the Tohoku-oki mainshock. The similar structures under the Iwaki source are
and the Futaba fault zone that is close to the Fukushima nuclear power plant suggest that the security of the nuclear power pla
site should be strengthened to withstand potential large earthquakes in the future.

These results indicate that the rupture nucleations of the large events in the 2011 Tohoku-oki earthquake sequence, includir
the mainshock and major foreshocks and aftershocks, were controlled by the structural heterogeneities in the interplate megat
rust zone and the over-riding continental plate.
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Constraints on early stage rupture process of the 2011 Tohoku-oki earthquake from 1 H
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From the comparison of observed 1 Hz GPS data with simple forward computation that evaluates near and intermediate fiel
terms, we put constraints on the early stage rupture process of the 2011 Tohoku-oki earthquake. Mainly based on the tim
difference in the onset of large eastward displacements at stations along the northern coast of the source region, we estimat
that the first significant moment release started around 35 km west of the hypocenter determined by JMA. The moment releas
continues about from 20 s to 35 s after the initiation of the earthquake. Significant moment release around the hypocenter ar
in the near-trench region starts from 25 s and 35 s at earliest, respectively. Clear opposite motion that follows large eastwar
displacement observed at many stations is due to the intermediate S-wave term.
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Source model of the 2011 great Tohoku earthquake estimated from tsunami waveform

and crustal deformation data _ _
Source model of the 2011 great Tohoku earthquake estimated from tsunami waveform

and crustal deformation data
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Research Institute, Japan Meteorological Agency
Hnstitute of Seismology and Volcanology, Hokkaido Universifgarthquake Research Institute, University of TokdMeteorological
Research Institute, Japan Meteorological Agency

The slip distribution of the 11 March 2011 Tohoku earthquake is inferred from tsunami waveforms, GPS data, and seaflool
crustal deformation data. The major slip region extends all the way to the trench, and the large slip area extends 250 km long ar
160 km wide. The largest slip of 44 m is located up-dip of the hypocenter. The large slip amount, about 41 m, ruptured the plate
interface near the trench. The seismic moment calculated from the estimated slip distribution is 5.5 x 10722 N m (Mw 9.1). The
large tsunami due to the 2011 Tohoku earthquake is generated from those large slip areas near the trench. The additional up
at the sedimentary wedge as suggested for the 1896 Sanriku earthquake may have occurred during the 2011 Tohoku earthque
too.

0O 00O O 0O : tsunami waveforms, GPS data, seafloor crustal deformation data, the 2011 Tohoku earthquake
Keywords: tsunami waveforms, GPS data, seafloor crustal deformation data, the 2011 Tohoku earthquake
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Rupture process analysis of the 2011 Tohoku-Oki earthquake using 2.5D finite-difference

Green’s functions
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OKAMOTO, Tard™*, TAKENAKA, Hiroshi2, HARA, Tatsuhikd

l0o0O0o00o,20000,%00000
ITokyo Institute of TechnologyKyushu University?Building Research Institute

The March 11, 2011 Tohoku-Oki earthquake (GCMT Mw9.1) generated strong shaking reaching the maximum intensity
(seven) on the JMA's scale and caused devastating tsunamis with run-up heights exceeding 30 m. Such ultra-large-sized ear
guake of magnitude 9 was not expected to occur along the plate interface off the northeastern Japan. Thus it is very importau
to infer the rupture process of this event for understanding the geophysical condition of the generation of magnitude-9-clas
earthquake and the mechanism of the excitation of the large tsunamis.

We present the rupture process analysis of the 2011 Tohoku-Oki earthquake by using a non-linear teleseismic body wavefor
inversion method [1]. We incorporate the effect of the near-source laterally heterogeneous structure (including the ocean laye
and sediments) on the waveforms by using a 2.5-dimensional finite difference method [2]. This is because the structural effec
can leads to improper solutions if the effect is not considered (e.g., a flat layered structure is used) in generating the syntheti
waveforms [1]. We use thirty one P-waveforms (vertical component of displacement) within the epicentral distance range from 3C
degree to 90 degree. We remove the instrumental response from the raw-data and apply a bandpass-filter with corner frequenc
of 0.2 Hz and 0.004 Hz (5 s to 250 s). The final sampling rate is 2 s.

The preliminary analysis by using the finite-difference Green’s functions results in a heterogeneous rupture process with larg
slips off Miyagi prefecture, near and around the JMA epicenter. The maximum slip is about 45 m, and the moment magnitude is
about 4.1e22 Nm (Mw 9.0). The results (large slips near the epicenter) is similar to that obtained by a joint inversion [3]. We will
further discuss the differences in the solutions for different Green’s functions: we will compare the results obtained by using the
finite-difference Green'’s functions and those by using Green'’s functions computed for flat-layered near source structure model.

[1] Okamoto and Takenaka, Earth Planets Space, 61, e17-e20, 2009.

[2] Takenaka and Okamoto, in Seismic Waves, Research and Analysis, ed. Kanao Masaki, 305-326, Intech, 2012. (http://www
intechopen.com/books/show/title/seismic-waves-research-and-analysis)

[3] Koketsu et al., Earth Planet. Sci. Lett., 310, 480-487, 2011.

Keywords: 2011 Tohoku-oki earthquake, rupture process, waveform inversion, teleseismic wave, 2.5D finite-difference
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Kumagai, H., et al. (2010), Broadband seismic monitoring of active volcanoes using deterministic and stochastic approache:
J. Geophys. Res., 115, B08303, doi:10.1029/2009JB006889.

Kumagai, H., N. Pulido, E. Fukuyama, and S. Aoi, Strong localized asperity of the 2011 Tohoku-Oki earthquake, Japan, Eartt
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Wendt, J., D. D. Ogleshby, and E. Geist (2009), Tsunamis and splay fault dynamics, Geophys. Res. Lett., 36, L15303, doi
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Dynamic overshoot near the trench caused by a large asperity breaking at depth
Dynamic overshoot near the trench caused by a large asperity breaking at depth

00 OO0 ', Hok Sebastieh
FUKUYAMA, Eiichi!*, HOK, Sebastieh

1'0000, 2Ecole Normale Superieure de Paris
I'Nat'l Res. Inst. Earth Sci. Disas. Pre¥Ecole Normale Superieure de Paris

We investigated an earthquake generation model caused by subduction of a plate having a bumpy shaped interface geome
by a realistic numerical modeling of earthquake dynamic rupture. Bumpy shaped plate interfaces might be formed by subductio
of old submarine volcanoes or seamounts. We assumed that during the inter-seismic period, slip only occurs outside the bun
area and the stress is further accumulated inside the bump. Since we assumed a constant rate subduction as a long-term aver
we could estimate roughly the amount of slip outside the bump during the inter-seismic period and then we could estimate
the accumulated stress inside the bump. We constructed the initial stress distribution based on the stress change caused by
slip deficit distribution. We then constructed constitutive relations based on slip-weakening friction law. From the result of the
computations, we found that large slip can occur between the free surface and the bump where very low stress is accumulat:
before the rupture. This is caused by the interaction between the free surface and the fault slip. At deeper side of the asperit
since the fault is sustained by the un-slipped zone, such slip overshoot never occurs. But at shallower side, when the ruptu
approaches the free surface, the fault becomes the un-sustained situation between the free surface and bump. In this region, s
a large slip can occur without releasing large amount of stress. This idea could be applied for the interpretation of the 201
Tohoku-Oki earthquake where large amount of slip were observed at shallow depth near the trench.

0O 0O 00 0O : Dynamic rupture, Slip overshoot, Bumpy fault
Keywords: Dynamic rupture, Slip overshoot, Bumpy fault
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echanical scenario for the occurrence of the Tohoku earthquake: stress concentratic

and thermal fluid pressurization
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As a preliminary result, Mitsui and lio (2011, EPS) proposed a scenario of the generation mechanism of the 2011 Tohoku
earthquake on March 11, referring to geophysical observation data; the M7-class earthquake, which had occurred on March
after the active period of M7-class earthquakes and afterslip, might trigger the M9 Tohoku Earthquake through its afterslip. Sim-
ilar scenarios had been also presented by several researches. Mitsui and lio also implied that some mechanisms, such as ther
pressurization of pore fluid (TP) on the fault plane, caused extremely large slip in the northern part of the M9 fault to propagate
the seismic rupture over the whole fault. On the basis of this way of thinking, Mitsui et al. (accepted, EPSL) modeled an M9
earthquake cycle, including M7-class earthquakes, with the TP mechanism near the trench. Although several different models fc
the generation process of the Tohoku earthquake had been proposed, our concept provides a good explanation for the occurre
of the Tohoku earthquake.

Moreover, here, we perform dynamic rupture simulations for better understanding the generation process of the 2011 Tohok
earthquake. We construct a fault model to assimilate the moment release in the seismic slip inversions. It also reflects the es
mation of shear stress changes before the Tohoku earthquake, due to the four M7-class earthquakes during 2003-2011 (lio a
Matsuzawa, submitted). We assume a dynamic weakening mechanism of TP to represent nonlinear weakening friction. The sim
lation result implies the following things about the 2011 Tohoku earthquake. (1) The rupture around the hypocenter was enhance
by the stress accumulation due to the preceding M7-class earthquakes. (2) The enhanced rupture triggered the TP mechani
in the near-trench area to cause nearly total stress release, which promoted the rupture throughout a wide region including tl
source areas of the M7-class earthquakes and a surrounding conditionally stable area. (3) Without sufficient stress accumulatic
the moment release of the Tohoku earthquake ended as an M8-class earthquake. (4) TP in the near-trench area should be effec
but moderate (depending on the size of the TP area).

00o00d0:201100000000000,0000000,0000,000000000000
Keywords: The 2011 Tohoku earthquake, thermal fluid pressurization, stress concentration, dynamic rupture simulation
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3D modeling of the cycle of a Tohoku-oki earthquake considering high-velocity friction:
preceding and postseismic slips
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The preceding, coseismic, and postseismic slips of the 2011 Tohoku-oki earthquake were investigated in detail by sever:
authors. Suito et al. (2011) reported that preceding aseismic slips began occurring in the off Miyagi to off Ibaraki region in 2004,
along with M7-class earthquakes. After the 2011 Tohoku-oki earthquake, postseismic slips occurred in an area where coseism
slips were not significant (Ozawa et al., 2012). The occurrences of preceding, coseismic and postseismic slips are controlled &
friction properties. The present study investigates preceding and postseismic slips, by using the model developed by Shibazaki
al. (2011). They performed 3D quasi-dynamic modeling of the cycle of a megathrust earthquake in the offshore Tohoku region
Japan, using a rate- and state-dependent friction law with two state variables that exhibits strong velocity weakening at higl
slip velocities. They set several asperities where velocity weakening occurred at low to intermediate slip velocities. Outside the
asperities, velocity strengthening occurred at low to intermediate slip velocities. At high slip velocities, strong velocity weakening
with large displacements occurred both within and outside the asperities.

The results of numerical simulations showed that, before the occurrence of M9 class events, M7.5 class earthquakes occurred
the off Miyagi, Fukushima, and Ibaraki regions. Slip velocities increased significantly in the region surrounding strong asperities.
M9 class earthquakes initiated around the strong asperities. Following the main event, postseismic slips occurred at the deer
part of the seismogenic zone. In the region that is located below the northern shallow rupture area of the simulated Tohoku
oki earthquake, large postseismic slips occurred. In the off Miyagi region, postseismic slips occurred in the deep area wher
coseismic slip was small. On the other hand, in the off Fukushima and off Ibaraki regions, small postseismic slips occurred ir
the region between asperities. The distribution of postseismic slips obtained by our simulation is roughly consistent with the
observed actual distribution (Ozawa et al., 2012). In the present model, we set the velocity-strengthening region in the off Ibarak
region close to the Japan Trench. Therefore, significant postseismic slips occurred in the off Ibaraki region close to the trench. |
the frictional property in this region is stable, large postseismic slips will be detected by the observation of ocean bottom crusta
deformation.

0o000d0:201100000000000,30000000000000,0000,0000000,0000¢0
Keywords: the 2011 Tohoku-oki earthquake, 3D earthquake cycle model, high-velocity friction, preceding slip, postseismic slip
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Identification and simulation of seismic supercycles along the Japan Trench including the

2011 Tohoku earthquake
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