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1 Introduction

A careful modeling of the 2011 Tohoku-oki tsunami generation and coastal impact [2,3], using
the latest generation dispersive/non-hydrostatic models [6,7,10] shows that its devastating coastal
impact cannot be fully explained by a co-seismic source alone, even when assimilating all available
geodetic data [3,8,9]. Indeed, such tsunami simulations fail to reproduce the elevated tsunami
runup heights of up to 40 m along the (Sanriku) coast of northern Honshu, and the large amplitude
higher frequency dispersive waves (of 3-4 min. period) recorded at offshore buoys (both GPS and
DART).

Here, we identify and parameterize an additional source of generation of the higher-frequency
tsunami waves, in the form of a large rotational Submarine Mass Failure (SMF), which we source
north of the main rupture, based on travel time of the higher frequency waves. Using the three-
dimensional (3D) (sigma-layer) non-hydrostatic model NHWAVE [7], we simulate tsunami genera-
tion triggered by a time and space dependent seafloor motion, due to the combination of: (i) a new
co-seismic source based on a detailed 3D Finite Element Modeling (FEM) of the heterogeneous
subduction zone, with geodetic data assimilation, that updates our earlier source [2,3]; and (ii)
the additional tsunami source from the SMF, triggered with a 2 time delay, whose kinematics is
specified based on earlier scaling and modeling work [4].

After 5 min. of simulations, tsunami waves are reinterpolated onto the nonlinear and disper-
sive model FUNWAVE two-dimensional grid, in Cartesian coordinates for near-field simulations
[10] and in spherical coordinates for far-field simulations [5]. Various levels of grid nesting are
used, both in near- and far-field, with bathymetric/topographic data of commensurate accuracy.
In results, briefly summarized below, we show that the multi-source tsunami simulation results
agree well with all the available near-field observations, both onshore (runup/inundation) and off-
shore (GPS and DART buoy data), as well as far-field observations (DART buoys), as far as South
America. It should be stressed that this good agreement is achieved without assimilating any of
the tsunami observations in the source (which most of the models proposed to date have done).
Hence, our simulations are robust.
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Figure 1: (a) Tohoku 2011 M9.1 earthquake seismotectonics (rupture is red polygon) and FEM
domain (“model domain”); large symbol is the epicenter; yellow dots show M > 4 aftershocks (11
March – 06 May 2011); the Pacific-Okhotsk plate convergence is about 8 cm/yr. (b) Computational
domains for FUNWAVE simulations: (i) near-field (regional 1000 m resolution, 800 by 1200 km,
and coastal 250 m, large/small red boxes) Cartesian grid (large one also for NHWAVE); and (ii)
far-field (Pacific basin scale) 2’ spherical grid from 132◦ E to 68◦ W and 60◦ S to 60◦ N), with
marked location of 18 DART buoys (yellow/red dots) and nearshore GPS buoys (white dots).

2 Methodology and results

Fig. 1 shows the seismotectonic context near and around the Japan trench relevant to the Tohoku-
Oki tsunami as well as computational grids used in NHWAVE and FUNWAVE simulations. The
co-seismic and SMF sources are first modeled for 300 s (5 min.) in a 1 km mesh regional grid, using
NHWAVE, as a time- and space- varying bottom boundary condition (Fig. 1). Results are then
re-interpolated into the fully nonlinear and dispersive Boussinesq model FUNWAVE for further
modeling. Bathymetry/topography data bases are used, from ETOPO1 in deep water to 50 m
accurate data (and model grids) nearshore and onshore. Simulations are compared to GPS and
DART buoy time series (Fig. 3) and maximum runup (Fig. 4) and flow depth/inundation.

Although there are not yet any direct geological observations of the proposed SMF, its location
and kinematics were identified and validated by travel-time analysis of higher-frequency waves
recorded at GPS and DART buoys, and many direct SMF tsunami simulations. Additionally the
proposed SMF source is justified from both the known geology of the Japan Trench, slope stability
analyses, and tsunami runups and inundation limits recorded during post-tsunami field surveys
[1,5]. Finally, a difference bathymetry map between post- and pre-earthquake data (not shown
here for lack of space) shows large vertical seafloor deformations at the right location, consistent
with our proposed SMF mechanism and kinematics.

Results in Fig. 2a show, at time t = 5min., the generation of both two long and nearly
parallel leading co-seismic tsunami elevation waves to the south and a series of shorter (and hence
dispersive) crescent shape SMF tsunami waves to the north. At t = 15 min., Fig. 2b shows that
while the co-seismic waves do not develop a dispersive tail, the SMF waves develop into a train of



Figure 2: NHWAVE-FUNWAVE simulations using the combined co-seismic/SMF source, showing
instantaneous surface elevations at t = (a) 5; (b) 15; (c) 30 min., in 1 km FUNWAVE grid (Fig.
1b). Labeled black dots mark locations of GPS buoys and of DART buoy #21418 (Fig. 3). Note
the highly dispersive nature of waves generated by the SMF source triggered to the north (135 s
after the co-seismic source), as compared to the longer non-dispersive co-seismic tsunami waves
generated to the south.

concentric shorter waves, whose maximum elevations (both on- and offshore) are narrowly focused.
Fig. 2c shows at t = 30 min., that the leading offshore co-seismic tsunami wave reaches the nearest
DART buoy #21418, and is closely followed by at least 6 of the shorter oscillatory waves generated
by the SMF. Fig. 3d shows the time series of both the simulated and observed waves at this DART
buoy; their agreement is very good. Onshore, Fig. 2c shows that the same waves impact the 3
GPS buoys (Nb. 4,5,6) off of the Sanriku coast where maximum runup was measured at or slightly
before the same time. Figs. 3a-c show the time series of both the simulated and observed waves
at these GPS buoys; their agreement is also very good. Fig. 3 also shows that simulations of the
co-seismic tsunami without the SMF waves do not reproduce the observed shorter/dispersive waves
at the GPS and DART buoys.

Having been able to accurately match observations at the various buoys, with results of the
simulations for the combined co-seismic/SMF tsunami source, we now compare in Fig. 4 simulated
runups and inundations along the coast of northern Honshu. We see that simulations with the
combined co-seismic/SMF tsunami source accurately simulate observed runups and inundations,
including the 40+ m values along the Sanriku coast. By contrast, simulations with only the co-
seimsic source underpredict the latter by a factor of 3. Additional results showing a comparison
of far-field simulations with observations at DART buoys as well as a discussion of dispersive and
Coriolis effects in the far-field tsunami will be presented during the workshop.
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Figure 3: Surface elevations at buoys near Japan as a function of time, for 4th-6th GPS stations
(marked in Figs. 1,2): (a) North Iwate; (b) Central Iwate; (c) South Iwate; and (d) DART buoy
#21418. Field measurements (black), and computations for the co-seismic source alone (red), and
for the latter plus the SMF source (blue). The abscissa is time t in minutes from the start of the
earthquake rupture.

Figure 4: Comparison of simulated runup (a) and inundation (b) with measurements (black dots),
for: co-seismic source alone (red), and combined co-seimsic/SMF source (blue).
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