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Tsunami Waveform Data

30"

To obtained the tsunami waveforms, the tides and high frequency waves are removed from the
records.

The TM1 and TM2 sampling rate is 10 Hz

The GPS buoys (802, 803, and 804) sampling rate is 1 Hz

Tsunami Waveform Inversion Result:;
Slip Distribution

Major slip region X with slip amounts ranged from

A 0.6to1.5m

USGS.CMT Solution * The major slip region is located on the down-dip side of the
Strike/dip/rake hypocenter.

The major slip region is centered at a depth of

Shp[mi 15
located near the centroid (USGS)

* The seismic moment calculated from

18 the slip distribution is

14 which 1S equivalent to

Subfault size:
15 km x15 km 02
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Tsunami Waveform Comparisons
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f Stress increased by
~3.5 bars at the

hypocenter of the

mainshock

_,change from the
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_.might have brought

_sthe mainshock closer
to failure.
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Propagation of Slow Slip
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Foreshocks occurred near and
migrating toward the mainshock.

This foreshock migration
interpreted as a propagation of
slow-slip [Kato et al., 2012]

The slow-slip also increased the
static stress on the plate interface
1n addition to that by the largest
foreshock.

These static stress increases
might have finally brought the
2011 Tohoku earthquake to
failure.

The 2011 Tohoku
Great Earthquake
Sequence

2) Joint Inversion using

tsunami waveforms and crustal
deformation for The mainshock
of the 2011 Tohoku earthquake
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Sea Level Observation
Stations

i > e To estimate slip distribution of the 2011
D21413 A 4 Tohoku earthquake we used tsunami
Pacific & waveforms at 17 stations.

5 NOAA’ s DART buoys (DART21401,
DART21413, DART21418, DART21419 and
DART52402)

4 tide gauges in Hokkaido, Chiba, and
Shizuoka Prefectures.

T RS 4 bottom-pressure gauges (KPG1, KPG2,
S Reatisanantntiis Il T)\[1 and TM?2)

i7" 2011 abis stuely)

! Epicenters
e 1896 (Tanicka and Satake, 1996]

FEC- I [l / GPS buoys (GPSB802, GPSBS03,
301 GPSB804 and GPSB806).
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Ocean bottom pressure gauges off Kushiro (JAMSTEC)
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GPS Tsunami meter (Port and Airport Research Institute)

DART Mooring Sysiem

A

Optional Sensors

- Wind

- Barometric Pressure|

- Seasurface Temp &
Conductivity

- Alr Temperature/

Relative Humidity
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5 offshore stations are located
very close from the tsunami
source area.

Observed tsunami waveforms

Large and impulsive tsunami
'ved at stations near the
source

Crustal Deformation Data

Vertical coseismic displacement

Horizontal coseismic displacement

Dense GPS stations on lan

Obs =

5 meter

Coseismic displacements are the difference between positions at between 5:40 and 5:55 UTC (earthquake
occurred at 5:46 UTC) (ARIA team JPL-Caltech)

140°E 142°E 144°E

11/29/2013



GPS Antenna
)

Survey Motion |/ .
Vessel 5«\; / Dcean Bottom Crustal Deformation
i NoLH Dbservation

Acoustic
Transducer

Sato et al. (Science 2011)

(A)Horizontal displacements (B)Vertical displacements
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Sediment Uplift Near Trench

Previous studies indicated that large slip beneath a sedimentary wedge near the
trench caused large horizontal movement of backstop and then generated large
additional uplift of the sediment (Seno, 2000; Tanioka and Seno, 2001; Seno and
Hirata, 2007).

2) Additional uplift
1) Model A Model A

ug additonal uplift ocean a%

Ug= u,tané
uy,: horizontal deformation
due to faulting ocean bottom

g backstop >
Tanioka and Seno, 2001 P
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Rotational slumping induced by co-seismic
displacement of the sedimentary block above the horst
structure over the graben

-

~Upto 50 m upiift v
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Subfault size
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[J40km
Upper depth: 1.0 km
Strike: 202°

Ocean surface

Ocean bottom

- ==
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Conceptual sketch of slumping near the
trench from seismic interpretation, new
bathymetric and core data.
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Strasser et al., Geology (2013)

2) Additional uplift

ug= u,tand
uy,;: horizontal deformation

due to faulting ocean bottom

=

Synthetic tsunami waveforms and coseismic

displacements at the stations are computed from

each subfault and sediment uplift.

Ocean bottom deformation is calculated by Okada

(1985) equations

Ocean surface deformation is calculated by
Kajiura (1963) equations from ocean bottom
deformation

1) Model A Model A
u.[ ‘ u, additonal uplift coeEn ,%
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Joint Inversion Result

(With Sediment Uplift)

Slip distribution and ocean surface deformation

Slip [m] [m]
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15 36°N of um

4 5 3a°N
Seismic moment:
5.1 x 1022 N m (Mw 9.1) 0

Assumed rigidity: 4 x 10*° N/m?
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1 D sur.face From both faulting and
o (e O sediment uplift
2 From
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g uplift

i
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' ' 0,
50 100 150 200 250 300 40°N
Dislance, km

Simulated tsunami waveform . i
e Ve (L
GPSB802 From both faulting and
sediment uplift
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= 4
5 waveforms
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Joint Inversion Result:
Slip and rake angle distribution

a With Additional Uplift

Average rake Slip distribution along strike Slip [m]

1 0
angle is 87

[

Rake angle at the Centroid is . . . .
88° (GCMT) 300
Standard error

Maximum

erroris + 6 m ' ; 200 300
Distance, km

Comparison of Horizontal and Vertical Coseismic
Displacements

Calc —=

Obs —=
o . 5 meter o
34°N A 34 °N
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Comparisons of
Tsunami
Waveforms
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Strong motion waveforms

GPS data and seafloor deformaion data Yoshida etal. (20m)

Ito et al. (2011)

Joint Inversion Result
(With Sediment Uplift)

Slip distribution and ocean surface deformation

Slip [m]
45 42°N

40

35 40°N

38°N

High peak
15 36°N of um

5 34°N

) Seismic moment:
5.1 x 102 N m (Mw 9.1) 0 -4
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Rotational slumping induced by co-seismic
displacement of the sedimentary block above the horst
structure over the graben

Conceptual sketch of slumping near the
trench from seismic interpretation, new
bathymetric and core data.
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Strasser et al., Geology (2013)
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Tsunami Inundation: Minamisanriku

I 1

Simulated tsunami run-up is
similar to the observation
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Rikuzentakada

Tsunami Inundation: Sendai Plain
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Tsunami Inundation: Taro

8

W phase final solution
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Past Tsunami in Taro, Miyako city
1896 Meiji tsunami: 1867 deaths (out of 2248 residents, or 83%)
1933 Showa tsunami: 972 deaths (out of 4945, or 20%)

2011 Tohoku-oki tsunami: 230 casualties (out of 4000, or 6%)

1om high 2.5 km long breakwater around Town
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Tsunamai simulation at Fukushima
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Nuclear Regulation Authority

was established after the 201 Tohoku-oki earthquake

A new regulation agency totally independent from the
other governmental agencies

@ The special team for the earthquake and tsunami
regulation has been established in the Authority

The regulation for earthquake and tsunami was
made In July 2013

Examples of the tsunami sources needed to
be tested

Mw 9.6
Chishima
Japan
trench EQ

Ogasawara
trench EQ
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Important constructions . ) )
[ Tsunami inundation Multiple Protections from large tsunamis

| Tsunami inundation

Very High
No tsunami

‘Well constructed
against tsunami

PowerPlant -
p Protection from

Turbine

7 7

.

Multiple protections for the
most important constructions

Structures Structures Structures strong eoungh
in high enough place protected from tsunami to stand agenst tsunami
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Important constructions . ) )
[ Tsunami inundation Multiple Protections from large tsunamis

| Tsunami inundation

Very High
No tsunami

‘Well constructed
against tsunami

owerPlant -
p Protection from

Turbine

7 7

.

Multiple protections for the
most important constructions

Conclusions
The Largest Foreshock (Mw 7.3) of the 201 Tohoku Earthquake

We estimated the slip distribution of the largest foreshock of the 2011 Tohoku
earthquake by using tsunami waveforms at near-field stations.

The slip amounts on the major slip region ( ) range

By assuming the rigidity of 4 x 10! N m%, the seismic moment calculated from the
slip distribution 18 which 1s equivalent to

The inferred slip distribution shows that the largest foreshock did not rupture the plate
interface where the dynamic rupture of the mainshock was initiated.

The largest foreshock increased the Coulomb stress by on the plate interface at
the hypocenter of the mainshock.

The static stress changes from the largest foreshock might have

23



11/29/2013

Conclusions
The Mainshock of the 2011 Tohoku earthquake

Slip distribution of the great 2011 Tohoku earthquake is estimated from

and by a joint inversion.
The maximum slip amount is estimated to be 44 m and the major slip region 1s
located up-dip of the hypocenter with dimensions of roughly

Calculated seismic moment from the slip distributions are 5.1 and 5.5 x 1 Z\|
m (Mw 9.1), which are consistent to that estimated by GCMT (
).
) . have significant effect on
tsunami generation of the 2011 Earthquake.
. - offshore se: are to
accurately estimate the slip distribution near the trench of interplate
earthquakes in the subduction zone.
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Inversion Method

The following objective function is minimized in the inversion
[Gusman et al., JGR, 2010]

s(m) =A*(d - Gm)"E"'(d — Gm) + o’m”Hm

A spatial smoothness constraint on the slip distribution 1s included
nto the 1nversion procedure.

To determine the optimal value of smoothing factor we used ABIC
[Akaike, 1980]

ABIC(a®) = (N + P — M)log s(m)
— Ploga? +1log ||GTE'G + o’H|| + C

Joint Inversion Result
Slip distribution and ocean surface deformation

Slip [m] [m]
42°N

40°N

38°N

Maximum ocean
surface deformation:
9m

34°N

138 °E 140 °E 142 °E 144 °E 146 °E
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Slip distributions of the largest aftershock and
mainshock of the 2011 Tohoku sequence
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