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Abstract

Tsunami hazard assessment for future megathrusigeakes requires that we understand the sourckamisens and
tsunami generation processes for large historicahts, such as the devastating Tohoku-oki tsundrviarch 11"
2011. Although associated with a Magnitude 9 eardkq, simulations of the tsunami based solely @nhadb-seismic
source do not reproduce the elevated runup he@® m along the coast of northern Honshu, nonhee timing
and high frequency wave periods recorded at oftsst®PS and DART buoys. Here, we show that an additio
tsunami source associated with a large submariss fadure (SMF), triggered North-East of the msdanirce after a 2
min. delay, satisfies the necessary observatiooddlso, we model the tsunami sourced from botthg@aake and
SMF. This dual source reproduces both the recomesthore runups and the wave heights and wave fnepse
recorded at offshore buoys. The significant contidn from an SMF to the Tohoku-oki tsunami has amant
implications for assessing coastal hazard fromréutnegathrust earthquake events.

Key words: Tsunami generation, coastal hazard, runup and atiord landslide tsunami.
1. Introduction

A careful modeling of the 2011 Tohoku-oki tsunangingration and coastal impact using the latest
generation dispersive/non-hydrostatic models (Kiebwl., 2013; Ma et al., 2012; Shi et al., 201&)ves
that its devastating coastal impact cannot be fekplained by a co-seismic source alone, even when
assimilating all available geodetic data onland anderwater (Grilli et al., 2012a,b). Using the tbes
available co-seismic source for the event, but authassimilating any tsunami observation as propase
some (Fuji and Satake, 2011; Romano et al., 204Radawa and Tomita, 2012), Grilli et al.’s (2012a,b
simulations fail to reproduce the elevated tsunamup heights of up to 40 m along the (Sanriku)stod
northern Honshu, and the large amplitude higheyueacy dispersive waves (of 3-4 min. period) reedrd
at offshore buoys (both GPS and DART).

To account for these discrepancies, here, emtiiy and parameterize an additional source resipt
for the generation of the observed higher-frequésagami waves and high focused runup and inundatio
in the form of a large rotational Submarine Masdura (SMF), which we source north of the main
rupture, based on travel time of the higher freqgyewaves. Using the three-dimensional (3D) (sigma-
layer) non-hydrostatic model NHWAVE (Ma et al., 2)1we simulate tsunami generation triggered by a
time and space dependent seafloor motion, dueetedmbination of: (i) a novel co-seismic sourceeblas
on a detailed 3D Finite Element Modeling (FEM) lbé theterogeneous subduction zokesterlark,2008
with geodetic data assimilation, that slightly ugedaour earlier source (Grilli et al., 2012a,b)d &ii) the
additional tsunami source from the SMF, triggeréth\a 2 min. time delay, whose kinematics is spedif
based on earlier scaling and modeling work (Gaifid Watts, 2005).

After 5 min. of simulations in NHWAVE, tsunamiaves are re-interpolated onto the nonlinear and
dispersive model FUNWAVE-TVD two-dimensional gridn Cartesian coordinates for near-field
simulations (Shi et al., 2012) and in sphericalrdomtes for far-field simulations (Kirby et al.023).
Various levels of grid nesting are used, both iarn@nd far-field, with bathymetric/topographic alaif
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commensurate accuracy.

In results, detailed below, we show that thdtirsource tsunami simulations agree well with takk
available near-field observations, both onshor@yplinundation) and offshore (GPS and DART buoy
data), as well as far-field observations (DART hs)ows far as South America. It should be stretisad
this good agreement is achieved without assimiadiny of the tsunami observations in the sourcecfwh
most of the models proposed to date have donexd{eur simulations are robust.

Hereafter, we first briefly describe our nursatimodeling methodology and then present numerical
results, with their comparison to field data whetreavailable.

2. Methodology

3.1 Tsunami wave modeling

In tsunami propagation and runup simulations, we B&NWAVE-TVD, which is the most recent
implementation of our Boussinesq model (BM), int€sian (Shi et al. 2012) or spherical coordinatits w
Coriolis effects (Kirby et al., 2013). The code s1iseTVD (Total Variation Diminishing) shock-captugi
algorithm that more accurately simulates wave brepknd inundation by turning off dispersive terms
once wave breaking is detected (hence solving Neafli Shallow Water (NSW) equations during
breaking). Earlier work has shown that the numéddfusion resulting from the TVD scheme yields an
accurate representation of wave height decay isthiezone (Shi et al., 2012). FUNWAVE-TVD has been
validated for tsunami propagation and coastal impsgainst a large set of analytical, laboratongd &eld
benchmarks, as part of the development of tsunaxard maps for the US East Coast (Tehranirad ,et al.
2011). Because of their more complex equations, BMstypically more computationally demanding than
NSW models. For this reason, an optimized MPI pelraimplementation of FUNWAVE-TVD was
developed, which has highly scalable algorithmdwsittypical acceleration of computations of mornth
90% the number of cores in a typical medium sizeymater cluster. This makes it possible running the
model over large ocean basin-scale grids with ficgerfitly fine resolution.

Another important aspect of tsunami generatesulting from large mega-thrust earthquakes, ssch
the 2004 Indian Ocean (Grilli et al., 2007) and T@hoku event, is that the co-seismic source i$liig
variable in space and time. For Tohoku, this cdwddseen for instance in results of seismic inversio
models (Yue and Lay, 2011), where the main rupiasted for 4-5 min., gradually displacing variowstp
of the seafloor in the 200 by 500 km source arég. (Fa). Hence, in tsunami simulations of the Tahok
event, in contrast to the standard approach ofifsjoag co-seismic tsunami sources as an instaniaseo
initial free surface elevation (without velocityye specify the co-seismic source as a time sequidsate
mimics seismic inversion results; furthermore, ayvto the large variability in space and depth-ranfje
the seafloor deformation, instead of specifying seafloor deformation on the free surface of the BM
model (as is customary), we trigger the co-seistsighami source as a time-dependent seafloor
displacement/boundary condition (Grilli et al., 20). As this was not a standard feature of FUNWAVE-
TVD at the time (although now it is), we used then+hydrostatic three-dimensional (3D) model
NHWAVE (Ma et al., 2012) to compute the initial seismic tsunami generation (here upt to 300 s).
This model solves 3D Navier-Stokes equations faoimpressible fluids in a~coordinate framework
(typically with 3 levels), with the simplifying asmption of a single-valued free surface displacegmen
NHWAVE was validated for highly dispersive and s@mt landslide tsunami generation, by comparing
numerical results to the laboratory data of Eneat @milli (Enet and Grilli, 2007) as well as for dhe
standard tsunami benchmarks (Tehranirad et al.,1)20Here, NHWAVE will also be used to
simultaneously simulate tsunami generation for gheposed additional SMF source, which it has been
shown to be perfectly suitable to do.

Numerical modeling of tsunami generation, pggiegn, and surface elevation/runup/inundatiorhisst
carried out in a number of stages. First, the rikasly tsunami sources are determined, and for kahee
propose here a mixed co-seismic and SMF sourcéi¢asssed in the introduction and detailed below).
Second, the time-dependent seafloor motion reguftom these sources is specified as a bottom-terynd
condition in NHWAVE, using the best available battetric and topographic grid, and tsunami generation
and propagation simulations are carried out. Tlaftgr an initial propagation in NHWAVE, resulteae-
interpolated into FUNWAVE-TVD grid to further simate tsunami propagation and coastal impact. The
accurate modeling of runup and inundation requinesr scale, nested model grids, because nearshore
waves are very sensitive to changes in local bagtisyrand onshore topography (particularly along the
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complex Sanriku coastline); this is done in FUNWAVYED, using a one-way coupling approach. More
details of bathymetric data used and tsunami mfsddlures can be found in Grilli et al. (2012a,.ote,
since SMF tsunamis are typically made of shorteoremdispersive waves, their accurate simulation
requires using a propagation model that includesjuency dispersion such as here NHWAVE and
FUNWAVE-TVD.]

Specifically, in the present Tohoku simulaipNHWAVE is used to simulate wave generation up to
= 300 s (in a 1000 m resolution Cartesian grid @tkertical o-levels; Fig. 1b) from a new mixed co-
seismic and SMF source, specified as time-depenblettbm motions. Then, results for both surface
elevation and horizontal velocity (at the require8% of the local depth for FUNWAVE) are re-
interpolated onto FUNWAVE-TVD’s nearshore Cartesgnd, to further simulate tsunami propagation
and coastal impact (runup/inundation) onshore, ai as offshore propagation. The latter is further
calculated over the Pacific Ocean, by re-interpagpgEUNWAVE-TVD's regional grid results into a lag
2 arc-min. resolution ocean scale grid (Fig. 1hp.atcurately compute coastal runup and inundatiprip
three levels of FUNWAVE nested grids are used (Widl00, 250, and 50 m resolution; Fig. 1b). [Earth’s
sphericity is corrected in the Cartesian coordimptds with a transverse secant Mercator projectith
its origin located at (39N, 143 E).] In all simulations (FUNWAVE or NHWAVE), freslip (wall)
boundary conditions are applied on solid lateralfut@aries. To prevent non-physical reflection frdvase
boundaries, sponge layers are specified over a eupflgrid cells to absorb outgoing waves (insifléhe
outer domain boundary marked in Fig. 1b), for whiemping terms are activated in the model equations
For the Pacific grid, sponge layers are 100 knmkthiong all lateral boundaries and, in the 100Ggianal
grid, they are 50 km thick in the north and souttsof the domain, and 200 km thick in the eastalfy,
in the 250 m coastal grid, sponge layers are 5@hikck along the north, east and south boundaries.

Simulation results are validated by comparisatn field data; for Tohoku these are time seriés o
surface elevation at nearshore GPS and deep wadtTDbuoys and flow depth/runup/inundation
measured along the coast (Yamazaki et al., 20113.i$ detailed in the following.
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Figure 1. (a) Tohoku 2011 M9.1 earthquake seisnmtécs (rupture is red polygon) and FEM domain (tkeb
domain”); large symbol is the epicenter; yellowsishow M > 4 aftershocks (11 March — 06 May 201tg;Pacific-
Okhotsk plate convergence is about 8 cm/yr. (b) Gdatpnal domains for FUNWAVE simulations: (i) nefaid
(regional 1000 m resolution, 800 by 1200 km, analstal 250 m, large/small red boxes; the 50 m difidfadhe
Sanriku coast is not shown) Cartesian grid (the 1@fid is also used for NHWAVE); and (ii) far-fie(Pacific basin
scale) 2’ spherical grid from 13E to 68 W and 60 S to 60 N), with marked location of 18 DART buoys
(yellow/red dots) and nearshore GPS buoys (white dear Japan’s east coast; see Fig. 2b).

3.1 Tsunami co-seismic source modeling
A number of fault-slip models of the Tohoku earthk@ have been published (Grilli et al., 2012b). Sého

based on inversion of seismic and geodetic datderalip to deformation by assuming a superposiion
planar dislocations (i.e., finite faults) embedde@ither a homogeneous or layered elastic donmaiving
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a stress-free surface. Grilli et al. (2012a,b) edsed the complex geometry, material propertied, an
structure of the Japan convergent margin by dewgdop novel co-seismic source (termed UA) that is
representative of its actual geometry, the 3D inbgemeous structure of the stiff, subducting Paétfate
and the relatively weak, overlying accretionary ptew, forearc, and volcanic arc of the overriding
Okhotsk plate (Fig. 1a). From new inverse methodsed on Green’s function obtained from FEMs
(Masterlark, 2003), and using both on- and offstgwedetic data, they simulated fault-slip-driveastk-
dislocation-deformation at the toe of the accretigrcomplex. [An implementation of this approach do
mega-thrust earthquake was successfully validated erified for the 2004 M9.1 Indian Ocean
earthquake; Masterlark and Hughes, 2008.] Thetrasag a more realistic co-seismic slip distributerd
seafloor deformation, yielding more accurate tsungemeration as compared to other proposed sources
(Fig. 2). As indicated above, in NHWAVE, seafloootion was represented by time-dependent functions
for each slip patch in the source area, estimated ¥ue and Lay’'s (2011) seismic inversion model.
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Figure 2. (a) Tohoku 2011 UA co-seismic source lamrizontal deformation (Grilli et al., 2012b). Therizontal
extent of the map delimits the model domain offE#. (b) Vertical co-seismic deformation. The olvser vertical
displacements (colored circles) are well predittgdhe calibrated FEM source. Note the substanfilift near the

trench (up to 11.4 m). The white star marks thétjposof the modeled SMF source (Fig. 3), and nurabdélack dots
indicate locations of GPS buoys (time series at3NB.are plotted in Fig. 5).
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Figure 3. Maximum envelope of free surface elevatiomputed for the UA co-seismic tsunami sourcette
Tohoku 2011 event, using NHWAVE for the initialiat in a 1000 m resolution grid (up to 5 min. ofpagation)
and then FUNWAVE-TVD for the propagation in ther2 enin. basin-scale grid (Fig. 1b).
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Figure 4. Surface elevation as a function of timBART buoys marked in Fig. 1b, with numbers aratién model
arrival time: (a) 21418, 0 min (Japan) ; (b) 5146Bmin (Hawaii) ; (c) 46404, + 6 min (Oregon), @B411, +10 min
(Chili). Observations (black; (0) are 1 min spadetided data and line is a spline fit to these, @mputations for
the UA source alone (red), the latter plus the undeer SMF (green), and the UCSB source alone (biivie)del
results are offset by the indicated shift to faaik waveform comparisons.]

In the following, we present and compare rssof model simulation triggered by: (i) the UA co-
seismic source alone; (ii) one of the publishedemic sources that gave the best results, rdféoras
UCSB (Shao et al., 2011; developed using tele-sei$rody and surface seismic waves); and the UA
source plus an additional secondary source repiageour proposed SMF source. All results are
compared to time series of measured elevation$& &d DART buoys, and to measured runup.

3. Results

3.1 Basin scale/transoceanic propagation far-field modeling

Simulations using either the co-seismic UA or th€SB source were run for 24 hours of tsunami
propagation, in the 2 arc min. resolution basidescamid (Fig. 1b), in order for waves to reach thest
distant DART buoys and the South American coastlifigure 3 shows the maximum computed surface
elevation using the UA source. We see that tsunang@rgy propagates across the ocean in some
preferential directions associated with both therse characteristics and the ocean bathymetry,hictw

753



Coastal Dynamics 2013

ridges may cause wave-guiding effects. This isipddrly clear for the eastward propagation towards
Northern California, around 4M; large wave oscillations (nearly 4 m trough test) and damage were
indeed observed at this latitude in Crescent C#y,

For the far-field propagation, Kirby et alO@) further reported that Coriolis effects accoonly for
up to +5%, while dispersive effects for up to 6086, maximum surface elevations; hence, constructive
and destructive wave interferences resulting freequdency dispersions are significant, even in deser,
in the far-field, which justifies using a BM in timeodeling.

(3)

L1

TR T T T N WO T N T Y

(m)

@

T T 1T

O\

t (min.)

30

40

50

60 70 80 90 100

(3)

ol

~

60

(6)

T T T T TT T T [T T 1T

t (min.)

L1y

(7

TT T T

%6344 (min.)

—_
<

)
<l

N
30

40

50

60 70 80 90 100

Figure 5. Surface elevations as a function of ®#n€&PS buoys marked in Fig. 2b: (3) Matsu Ogaw@aNorth
lwate; (5) Central lwate; (6) South Iwate; (7) NoMiyagi. Observations (black), and computationstfer UA source
alone (red), the latter plus the underwater SMEdg}), and the UCSB source alone (blue).
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Figure 4 shows time series of surface elevatimmmputed at a few DART buoys, for both co-seismic
sources, as compared to measurements, close to, Jap#awaii, off of Oregon and Chili. Overall, tdts
of the UA source capture well the observed longev@e., low frequency) features of the tsunamihie
far-field.

By contrast, the UCSB source overpredicts #aglihg wave crest height at most locations andt mos
notably, overpredicts the amplitude of the leadirye troughs. At distant DART buoys, both the UAlan
UCSB sources predict that waves arrive slightly esothan seen in observations, but this is more
pronounced for the UCSB source, as well as the atismwith observations. [Hence, to allow for anieas
comparison, slight time shifts have been addedntalations in the figure, in order to synchronibe first
elevation wave with that observed. These reprdssatthan 1% of the tsunami propagation time amd ca
be explained in part by a combination of grid aathlpmetric resolution effects, as well as slighmbes in
the source location and triggering. Additional sysatic errors on propagation times could resutisifthe
fact that the Earth is not perfectly spherical. Bwse simulations, we assumed an earth radius3a@fL6
km.]

3.2 Near-field modeling

In the near-field, by contrast, Figure 5 shows thatUA source accurately matches the long-waveifes

of the tsunami elevation measured at GPS buoysneéitiher the UA, the UCSB, or other co-seismic
sources can simulate the large higher frequencyn8r4 period waves observed at the three buoyefoff
the lwate prefecture (and the Sanriku coast). @ityil at the nearest DART buoy #21418 (Fig. 4a, WA
source reproduces well the first wave crest, cpording to the arrival of the leading co-seismimemi
wave, but fails to simulate the next (6) oscillaidn the higher frequency tsunami tail. Regardinghore
tsunami impact, we see in Figure 6 that simulatiosiag the UA source alone significantly underpecedi
the maximum runup measured along the Sanriku d@®sP-40.4 N), even considering the 50 m, finer
resolution grid and bathymetry/topography usedetheshile runup is reasonably well predicted elseehe
(considering the coarser 250 m grid used there).

These results indicate that there should haes lanother source of tsunami generation in thefredd,
besides the co-seismic source. Moreover, bothitftefrequency waves observed at the Iwate GPS huoys
the large focused runup along 80 km of the Sarcikast, and the near absence of these waves imrthe f
field, are typical signatures of tsunamis generaétedubmarine mass failures (Grilli and Watts, 2(®aet
and Grilli, 2007; Tappin et al., 2008). Hence, MFSis proposed here as a second potential source of
tsunami generation. The location for this SMF isrsed by performing a backward travel time analysis
(ray tracing; not detailed here) for the dispersirsres measured at the three lwate GPS and aPi¥ &
DART buoy; this leads to an area almost due ea#iteofirea of maximum runup, with elliptical footyri
of about 40 by 20 km (Fig. 7a). To match the alrivme of waves at various buoys, this analyss® al
leads to a triggering delay for the SMF of 135 sotéchnical slope stability analyses (not detdlleck)
were performed to identify parts of the seaflocattare most unstable (smaller factor of safety)eund
seismic loading, which confirmed that this areghefseafloor is the most likely to have failed.

(m)
40
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20
10
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N Lat.

et 1 e e I —_ = =
36 37 38 39 40 41
Figure 6: Comparison of simulated runup with measwents (black dots), for: UA co-seismic source alfred), and
combined UA co-seismic plus SMF source (green).
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Figure 7. (a) Coastal topography and ocean bathymetry (from GEBCO) in the Japan Trench off the East Coast of
Tohoku (Fig. 1). The earthquake epicenter is marked by a star and the location of the modeled SMF is encircled in red
(centered at 39.37°N, 144.00°E). The area of largest observed runup/inundation (around 39.5° N) along the Sanriku
coast is also marked. (b) Detail of SMF source location (from Fig. 7a), showing surface difference values between
post-March 11, 2011 multibeam bathymetric swaths (YOKOSUKA, 2011) (shown by white dotted lines) and pre-
March 11 bathymetry draped on the latter. Note, SMF headscarp, downdrop at rear of SMF, and uplift at SMF toe.
Water depths from pre-earthquake bathymetry shown bottom right.
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Figure 8. NHWAVE-FUNWAVE simulations using the coiméd UA co-seismic/SMF source, showing instantaseou
surface elevations at (a) 5; (b) 15; (¢) 30 min., in 1 km FUNWAVE griffig. 1b). Labeled black dots mark
locations of GPS buoys and of DART buoy #21418.eNbe highly dispersive nature of waves generayeitid SMF
source triggered to the north (135 s after theaismsic source), as compared to the longer non-diseco- seismic
tsunami waves generated to the south.
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Based on the observed wavelength and heiglieohigher-frequency waves at the GPS buoys and
earlier scaling work (Grilli and Watts, 2005), tf&MF geometry and kinematics were iteratively
parameterized, as a rotational failure (slump)hafrsrunout (about 300 m over 1 min. displacemant
large vertical displacement (about 90 m maximung).dd so, simulations were run for several mixed UA
co-seismic plus SMF sources, using NHWAVE and FUNYEATVD, as described before, and results
compared to observations at GPS and DART buoys, tancheasured runups; SMF kinematics was
adjusted until a good match was observed betweenlaiions and observations.

Fig. 8 shows simulations of near-field surfatevations up to= 30 min., for the mixed UA co-seismic
plus the parameterized SMF source. We see theyhitisphersive and more narrowly focused nature ef th
SMF tsunami generated to the north of the are@obyrast with the co-seismic tsunami to the soMtbre
specifically, results in Fig. 8a show, at titne 5 min., the generation of both two long and nepdrallel
leading co-seismic tsunami elevation waves to théhsand a series of shorter (and hence dispersive)
crescent shape SMF tsunami waves to the north.=At5 min., Fig. 8b shows that while the co-seismic
waves have not yet developed a dispersive tail St& waves have developed into a train of conaentri
shorter waves, whose maximum elevations (both nd-cdfshore) are narrowly focused. Fig. 8c shows at
= 30 min., that the leading offshore co-seismiciésni wave reaches the nearest DART buoy #21418, and
is closely followed by at least 6 of the shorteciltestory waves generated by the SMF. Nearshoreseee
that after 30 min. of tsunami propagation in FUNWRAYVD, waves are impacting most of the northern
Honshu coastline, with the SMF waves mostly affegtihe lwate buoys numbered 4-6. Time series of
surface elevation in Fig. 4a and 5 show that sitraria for the mixed source are in good agreemettt wi
observations at all GPS buoys nearshore and ate¢asest DART buoy. Importantly, the extreme runup
observed in Sanriku is now accurately predicted.(B); clearly, in our simulations, the latter iginly
caused by the SMF generated waves.

Finally, to confirm the location of the SMFtiesated from wave generation, seafloor data obthine
from post-earthquake bathymetric surveys in thea aféOKOSUKA, 2011)was compared to pre-
earthquake bathymetry (Fig. 7b). The differencaviben these two data sources, although noisy a¢qlac
shows large seafloor vertical displacements (upx96 m) in the area of the simulated SMF, over a
footprint area of about 20 by 40 km, at a 4500 mptll@ear the Japan trench axis, which closely nastch
our parameterized SMF.

4. Conclusions

Our numerical simulations indicate that higher-freqcy tsunami waves, consistent with tsunami
generation by a SMF located off northern Honshipesmposed on longer waves generated by the
associated earthquake sgfismic source (estimated by a FEM with geodetic data assimilation; Grilli et al.,
2012a,b), explain the wave elevations recordedhénriear-field at GPS buoys and one deep water DART
buoy, offshore of northern Honshu, as well as tled@ m tsunami coastal flow depths and runup
elevations measured along the Sanriku coast bet@@&nand 40.2N. Neither of these measurements can
be explained solely by a co-seismic source. Byreshtin the far-field, simulations using the cissgc
source alone explain well measurements of surfes@tion made at distant DART buoys.

Although there are not yet any direct geologmaservations of the proposed SMF, its locatiod an
kinematics were identified and validated by trawele analysis of higher-frequency waves recorded at
GPS and DART buoys, and many direct SMF tsunamilsitions. Additionally the proposed SMF source
is justified from both the known geology of the daprrench, slope stability analyses, and tsunamips
and inundation limits recorded during post-tsunéigid surveys (Fujiwara et al., 2011; Kawamura let a
2012). Finally, a difference bathymetry map betwpest- and pre-earthquake data shows large vertical
seafloor deformations at the right location, caesiswith our proposed SMF mechanism and kinematics

The finding that a large SMF may have causedléingest impact onshore during the 2011 Tohoku
tsunami is important in guiding future efforts atrdcasting and mitigating tsunami hazard from large
megathrust events in this area of Japan and globall
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