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of DART data: only the near-field data,
i.e., recorded tsunami waveforms within
10 h after the earthquake as used in Fujii
and Satake [2013], and only the far-field
data, i.e., all other DART records. The
former was to examine the possibility
for real-time forecast of far-field tsunami
waveforms, and the latter was to exam-
ine whether the source characteristics
can be retrieved only from far-field data
if no near-field data are available. For
comparison, we also made a joint inver-
sion of tsunami and geodetic data.

3. Data
3.1. Tide Gauge and Ocean Bottom
Pressure Gauge Data

We used the tsunami waveform records
at 26 DART and 5 cabled ocean bottom
pressure (OBP) gauge, and 6 tide gauge
stations (Figures 1a and 1b). The cabled
OBP data near Japan are not used for
inversions but used for the comparison
of simulated and observed waveforms.
We removed tidal components from the
observed records using polynomial func-
tion approximations. In order to reduce
the high-frequency noise, we also applied
a moving average of three sampling
points to the tsunami records. Because
the tsunami waveform amplitudes at
coastal tide gauges are about an order
of magnitude larger than those at deep-
ocean DART stations, we weight the
DART data by 10 times in the inversions.

3.2. GPS and Coastal Geodetic Data

To verify our slip distribution model
inverted from DART data, we made a
joint inversion of not only tsunami data
(DART and tide gauge) but also GPS
and coastal geodetic data. For the GPS
data, we used three component coseis-
mic displacements at 78 regional stations
published by Vigny et al. [2011] and
Moreno et al. [2012]. For the coastal geo-
detic data, we used coseismic land-level
changes along the coast at 36 locations
published by Farías et al. [2010]. Figure S1
in the supporting information shows the
locations of GPS stations and coastal
leveling points. The geodetic and tide

Figure 2. Slip distributions determined from (a) all 26 DART stations with
phase-corrected tsunami Green’s functions. The blue star is the epicenter
of the 2010 Maule earthquake, (b) near-field 4 DART stations (32412, 32411,
51406, and 43412) with the phase-corrected tsunami Green’s functions,
(c) far-field 22 DART stations with the phase-corrected tsunami Green’s
functions, (d) all 26 DART stations with linear shallow water tsunami Green’s
functions. (e) Comparison between the observed and simulated cabled OBP
gaugewaveforms near the coast of Japan calculated from the slip distribution
(Figure 2b) determined from only near-field four DART data. Note that these
cabled OBP data are not used for the inversions. The black, red, and blue
lines indicate observedwaveforms, simulated ones with the phase correction,
and simulated ones without the phase correction, respectively.
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2. Methodology
2.1. Fault Parameterization

To constrain the source area, tsunami
travel times were back propagated from
the tide gauge locations using Geoware
Tsunami Travel Time program (Figure 1c).
The back propagation of tsunami initial
phase arrival times delineates that
tsunami source area spans from 34°S
to 38°S. To cover the source area, we
assumed 11× 4 subfaults along strike
and dip direction, respectively. Each
subfault has a size of 50 km long along
strike and 50 km wide along dip, but
the shallowest subfaults have a halved
25 km width, which are similar to
other tsunami waveform inversions for
great/giant earthquakes [e.g., Fujii and
Satake, 2013; Satake et al., 2013].
Following our previous teleseismic
body waves inversion [Yoshimoto and
Yamanaka, 2013], the strike and rake
angles of each subfault are set to be
16° and 105°, respectively. Depth-
dependent dip angles of 10°, 10°, 18°,
and 24° are set to the subfaults from
the trench toward downdip based on
Slab 1.0 [Hayes et al., 2012].

2.2. Tsunami Green’s Functions

We calculated the initial sea surface
deformation as a composite of coseis-
mic seafloor deformation caused by
the rectangular subfault model [Okada,
1985] including the effect of coseismic
horizontal displacement of steep bathy-
metric slope [Tanioka and Satake, 1996].
For calculation of the linear shallow
water tsunami Green’s functions, we

adopted the same method described by Fujii and Satake [2013]. The bathymetry grid intervals are 30 arc
sec for tide gauges and 2 arc min for DART stations; both grids were prepared from GEBCO_08 data
(http://www.gebco.net/data_and_products/gridded_bathymetry_data/). The computational time steps are
2 s and 6 s for tide gauges and DART computations, respectively. Following Watada et al. [2014] we applied a
frequency-dependent phase correction to the linear shallow water tsunami Green’s functions to correct the dis-
persion effects at high frequency due to deviation from long wave, and at low frequency due to the elasticity of
the sea bottom, compression and dilatation of seawater, and gravitational potential change associated with the
mass motion of the Earth including seawater during tsunami propagation.

2.3. Inversion of Tsunami and Geodetic Data

For inversion of the tsunami waveforms and geodetic data, we also adopted the same method, i.e., nonne-
gative least squares method without dumping, as described by Fujii and Satake [2013]. The inversion time
window is determined in such a way that the first wave cycle of the tsunami Green’s function from all
subfaults are included in time window for each station. First, we used all the available DART data, with the
tsunami Green’s functions with and without phase corrections to examine the effects. We then used subsets

Figure 1. (a) Map of DART stations used in the study. The green and red
triangles indicate the near- and far-field DART data, respectively. The
cabled ocean bottom pressure gauges near Japan (yellow triangles) are also
shown, which are not used for inversions but used for the comparison of
waveforms in Figure 2e. The yellow star indicates the epicenter of the 2010
Maule earthquake. The black rectangle area is magnified in Figure 1b. (b) Map
of tide gauge stations (red triangles). The gray grid indicates the subfault
locations used in the study. (c) Tsunami back propagations from tide gauge
stations (black contour). (Figure 1c, left) Back propagations of the initial phase
arrival time. The pink ellipse indicates the source area. (Figure 1c, right) Back
propagations of the first peak arrival time and pink ellipses correspond to two
areas of elevated initial sea surface.
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 Systematic tsunami traveltime delays of up to 15 min relative to the numerically simulated long 
waves from the 2010 Chilean and 2011 Tohoku-Oki earthquakes were widely observed at deep 
ocean tsunamimeters. Enigmatic small negative phases appearing before the main peak were 
commonly found only at the trans-oceanic locations. The frequency dependence of the measured 
tsunami phase velocities shows reverse dispersions at long periods, i.e., the tsunami speed becomes 
slower at periods beyond 1000 s. This is consistent with the phase velocities of a tsunami mode 
coupled with a self-gravitating elastic Earth, suggesting that the effects of compression and 
dilatation of seawater, elastic tsunami loadings on a solid Earth, and the geopotential variations 
associated with the motion of mass during tsunami propagation are responsible for the traveltime 
delays and the initial negative phases. Simple 1-D tsunami propagation tests confirm that the 
reverse dispersion creates a small negative phase that precedes the main peak at large distances. A 
new method to simulate tsunami waveforms on real ocean bathymetry that takes into account 
seawater compressibility, the elasticity of the Earth, and geopotential perturbations has been 
developed by applying a phase correction to the simulated long waves. The simulated waveforms, 
in which phase corrections are applied for the dispersion effects, accurately reproduce the observed 
waveforms, including a small initial negative phase that appears at distant locations. The traveltime 
difference between the observed and simulated waveforms has been decreased to less than 5 min 
and the waveform difference between them remarkably diminishes. 

Abstract 

2010 Chile	

2011 Tohoku-Oki	

-1.2%	Δc(tsunami)
c(tsunami)

≈

Traveltime delay Initial phase reversal 

Tsunami phase velocity measurements Theoretical tsunami phase velocities 

Improved Tsunami prediction and source models 
•  Tsunami waveform inversion based on the new tsunami propagation theory produce slip 

distribution similar to seismic/geodetic inversions. 
•  Tsunami source can be accurately estimated from far-field tsunami waveform data only. 
•  Inversion of near-field tsunami data can be used for real-time tsunami forecast at far field. 
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former was to examine the possibility
for real-time forecast of far-field tsunami
waveforms, and the latter was to exam-
ine whether the source characteristics
can be retrieved only from far-field data
if no near-field data are available. For
comparison, we also made a joint inver-
sion of tsunami and geodetic data.

3. Data
3.1. Tide Gauge and Ocean Bottom
Pressure Gauge Data

We used the tsunami waveform records
at 26 DART and 5 cabled ocean bottom
pressure (OBP) gauge, and 6 tide gauge
stations (Figures 1a and 1b). The cabled
OBP data near Japan are not used for
inversions but used for the comparison
of simulated and observed waveforms.
We removed tidal components from the
observed records using polynomial func-
tion approximations. In order to reduce
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points to the tsunami records. Because
the tsunami waveform amplitudes at
coastal tide gauges are about an order
of magnitude larger than those at deep-
ocean DART stations, we weight the
DART data by 10 times in the inversions.

3.2. GPS and Coastal Geodetic Data

To verify our slip distribution model
inverted from DART data, we made a
joint inversion of not only tsunami data
(DART and tide gauge) but also GPS
and coastal geodetic data. For the GPS
data, we used three component coseis-
mic displacements at 78 regional stations
published by Vigny et al. [2011] and
Moreno et al. [2012]. For the coastal geo-
detic data, we used coseismic land-level
changes along the coast at 36 locations
published by Farías et al. [2010]. Figure S1
in the supporting information shows the
locations of GPS stations and coastal
leveling points. The geodetic and tide

Figure 2. Slip distributions determined from (a) all 26 DART stations with
phase-corrected tsunami Green’s functions. The blue star is the epicenter
of the 2010 Maule earthquake, (b) near-field 4 DART stations (32412, 32411,
51406, and 43412) with the phase-corrected tsunami Green’s functions,
(c) far-field 22 DART stations with the phase-corrected tsunami Green’s
functions, (d) all 26 DART stations with linear shallow water tsunami Green’s
functions. (e) Comparison between the observed and simulated cabled OBP
gaugewaveforms near the coast of Japan calculated from the slip distribution
(Figure 2b) determined from only near-field four DART data. Note that these
cabled OBP data are not used for the inversions. The black, red, and blue
lines indicate observedwaveforms, simulated ones with the phase correction,
and simulated ones without the phase correction, respectively.
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