
Probabilistic imaging of tsunamigenic seafloor
deformation during the 2011 Tohoku-
oki Earthquake
Junle Jiang1,2 and Mark Simons1

1Seismological Laboratory, California Institute of Technology, Pasadena, California, USA, 2Now at Institute of Geophysics
and Planetary Physics, Scripps Institution of Oceanography, University of California, San Diego, La Jolla, California, USA

Abstract Diverse observations from the 2011 Mw 9.0 Tohoku-oki earthquake pointed to large coseismic
fault slip proximal to the Japan Trench. This seismic failure prompted a reevaluation of the conventional
view that the outer forearc is generally aseismic. However, the nature of near-trench fault slip during this
event remains debated, without consensus on whether slip peaked at the trench or at greater depths. Here
we develop a probabilistic approach to image the spatiotemporal evolution of coseismic seafloor
displacement from near-field tsunami observations. In a Bayesian framework, we sample ensembles of
nonlinear source models parameterized to focus on near-trench features, incorporating the uncertainty in
modeling dispersive tsunami waves in addition to nominal observational errors. Our models indicate that
seafloor in the region of the earthquake was broadly uplifted and tilted seaward approaching the deep-ocean
trench. Over length scales of ~40 km, seafloor uplift peaks at 5� 0.6m near the inner-outer forearc transition
and decreases to 2m at the trench axis over a distance of 50 km, corresponding to a seafloor tilt of
0.06� 0.02m/km. Over length scales of ~20 km, peak uplift reaches 7� 2m at the similar location, but uplift
at the trench is less constrained. Elastic modeling that reproduces the observed tilt requires a coseismic slip
deficit at the trench. Such a deficit is effectively consistent with a metastable frictional model for the
shallowest megathrust. While large shallow earthquakes in the region cannot be completely ruled out,
aseismic deformation is the most likely mode for satisfying the long-term slip budget.

1. Introduction
Displacements of the seafloor induced by shallow subduction zone earthquakes and associated landslides
have repeatedly produced destructive tsunamis. As one of the largest events in the instrumental period,
the 2011 Mw 9.0 Tohoku-oki earthquake induced a massive tsunami that devastated coastal Japan [Mori
et al., 2011] and produced a wide range of geophysical observations at unprecedented detail [e.g., Simons
et al., 2011]. Slip on the shallowest part of the subduction zone megathrust, previously hypothesized to only
deform stably [Scholz, 1998; Hashimoto et al., 2009], clearly contributed to potency of the tsunami [e.g.,
Simons et al., 2011; Koketsu et al., 2011;Maeda et al., 2011;Wei et al., 2012;Minson et al., 2014]. Coseismic fault
rupture at the trench was inferred from differential bathymetry at the trench axis [Fujiwara et al., 2011;
Kodaira et al., 2012], as well as indirectly from temperature measurements at the deep-ocean drilling site
across the plate boundary [Fulton et al., 2013]. In situ observations further suggest that the near-trench slip
occurred in a highly localized fault zone [Chester et al., 2013], leading to a near-complete stress drop
[Lin et al., 2013]. Due to its susceptibility to coseismic weakening, the presence of clay in the fault zone is
inferred to have facilitated the shallow reach of earthquake slip [Ujiie et al., 2013].

Resolving the detailed style of outer forearc deformation proximal to the Japan Trench during the Tohoku-oki
event is essential in order to judge proposed models for the shallow forearc behavior during large earth-
quakes—models that explore the role of inelastic deformation [Ma, 2012], megathrust friction [Noda and
Lapusta, 2013; Kozdon and Dunham, 2013; Cubas et al., 2015], and wedge geometry and structure [Kozdon
and Dunham, 2013; Scholz, 2014]. An improved understanding for the mechanical nature of the forearc
during this event will aid assessments of the tsunamigenic potential of other shallow subduction zones
and will also guide the explorations of postseismic processes, including stress interactions, postseismic after-
slip, and bulk relaxation [e.g., Ozawa et al., 2011; Sun et al., 2014; Perfettini and Avouac, 2014].

The occurrence of large slip at shallow depths during the Tohoku-oki event is supported by marine geodetic
measurements [Sato et al., 2011; Ito et al., 2011; Kido et al., 2011; Iinuma et al., 2012] and larger-scale tsunami-
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based fault-slip models [e.g.,Maeda et al., 2011; Saito et al., 2011; Satake et al., 2013]. However, more detailed
results from fault-slip models are fairly discrepant in the near-trench regions in ways that are crucial for phy-
sical interpretations. Most notably, the updip location of peak slip on the megathrust, whether at the surface
or at greater depths, remains irreconcilable even among studies that incorporated comprehensive data sets
combining geodetic, seismological, and tsunami observations [e.g., Koketsu et al., 2011; Romano et al., 2014;
Bletery et al., 2014; Minson et al., 2014].

The significant differences among these studies typically result from challenges in (1) parameterizing of the
source model, e.g., trench and fault geometry; (2) forward modeling of observations, e.g., the Earth’s elastic
structure; (3) methods to account for nonuniform data sensitivity; (4) assumptions about the structure of
observational and modeling errors; and (5) approaches to regularization in the ill-conditioned inverse pro-
blem. Mitigating the common sources of errors can reduce but cannot eliminate the discrepancies of optimal
solutions due to the underdetermined nature of the inverse problem. Characterizing the model uncertainty
and resolution is hence a crucial task for comparing refined features between models.

In contrast with conventional fault-slip inversion studies, a group of source studies has focused on con-
straining sea surface displacement during the earthquake from tsunami observations alone [e.g., Saito
et al., 2011; Hossen et al., 2015; Dettmer et al., 2016]. By sidestepping the fault-slip estimation problem,
such an approach avoids common sources of uncertainties from the fault geometry and the Earth’s elastic
structure and the complexity in modeling multiple data sets. Recent models of sea surface displacements
[Hossen et al., 2015; Dettmer et al., 2016] considered source kinematics and tsunami wave dispersion, and
found common features such as the extensive sea surface uplift along the trench. Dettmer et al. [2016]
estimated uncertainties of sea surface displacements based on adaptive selections of an optimal model
parameterization and empirical observational errors. These recent studies do not explicitly investigate
the detailed connection between fault slip and sea surface displacement.

In this study, we focus on the kinematic coseismic seafloor displacement process during the Tohoku-oki
earthquake, explore the uncertainty and resolution limit of the inferred source, and discuss implications
for tsunamigenesis of shallow subduction zones. We develop a probabilistic approach to directly image
the spatiotemporal evolution of coseismic seafloor displacement by inverting the prominent early arrivals
in tsunami waveforms recorded at offshore stations, thereby avoiding uncertainties that face fault-slip
problems, similar to the sea surface displacement approach. Ensembles of nonlinear source models are
sampled in a Bayesian formulation of the inverse problem. To achieve more realistic uncertainty estima-
tion, we propose new methods to incorporate the uncertainty in modeling dispersive tsunami waves, in
addition to nominal observational errors. The posterior uncertainties of these models are then analyzed at
different resolution scales through spatial smoothing of posterior solutions.

The explicit consideration of seafloor displacement field allows us to focus on displacement features near
and across the trench through parameterizing the source on an unstructured grid that honors the trench
geometry. We use the probabilistic seafloor displacement models to quantitatively constrain near-trench
seafloor tilt and to infer the near-trench fault-slip profile. Based on these features, we further interpret the
characteristic slip mode and mechanical properties of the shallow subduction zone near the
Japan Trench.

2. Data and Methods
2.1. Tsunami Waveform Records

We consider a range of near-field seafloor and ocean surface instruments that recorded the Tohoku-oki tsu-
nami. These stations consist of two ocean bottom pressure gauges (TM1 and TM2) [Maeda et al., 2011], two
seafloor cable pressure gauges (KPG1 and KPG2; Japan Agency for Marine-Earth Science and Technology sub-
marine cable data center, www.jamstec.go.jp/scdc/top_e.html), six GPS gauges (GB801, GB802, GB803,
GB804, GB806, and GB807 from the Nationwide Ocean Wave Information Network for Ports and Harbors)
[Kawai et al., 2013], and three open ocean DART (Deep-ocean Assessment and Reporting of Tsunamis) tsuna-
meters (D21418, D21401, and D21413) [Mungov et al., 2013] (Figure 1). Together, these data provide good
azimuthal source coverage. We exclude stations in shallower water with more complex waveforms that are
prone to nonlinear propagation effects.
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The DART stations record time-averaged measurements every minute, while other stations have higher sam-
pling rates of 5 s. We low-pass filtered the DART times series at 2min and others at 60 s, and used 30–40min
of initial waveforms in the inversion, thereby avoiding complex wave interactions with coastal reflections in
later parts of the waveforms (Figure S1).

2.2. Parameterization of Seafloor Deformation Models

We parameterize our model of the seafloor deformation field (positive values for effective uplift and negative
for effective subsidence) using spatially overlapping smooth basis functions on unstructured grids that honor
the trench geometry and allow relatively sharp features at the trench (illustrated in Figure 2). We consider an
area of the seafloor that spans from the coastline to a limited distance seaward of the trench. We then discre-
tize the area on each side of the trench as a triangulated mesh with an unstructured grid, using split nodes on
the trench where the two meshes meet. From the triangulated meshes we construct overlapping piecewise

Figure 1. Observations of the Tohoku-oki tsunami. (a) Tsunami-recording stations used in our study (orange triangles with station names). The main shock hypo-
center is indicated by the red star [Chu et al., 2011]. The red rectangle indicates the region we focus on in Figure 4. DART stations are shown in the map inset.
(b) Recorded tsunami waveforms low-pass filtered at 60 s (black). Waveforms to the left of dashed lines are used in the inversion. Records for D21401 and D21413 are
shifted earlier by 15 min for plotting purpose. The instruments include open ocean DART tsunameters (orange), seafloor cable pressure gauges (purple), GPS gauges
(red), and ocean bottom pressure gauges (blue).
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linear (tent) functions centered on each node, including full tents for the interior nodes (Si) and half tents for
boundary nodes, including those on the trench (Sj). We smooth the tent functions with a spatial filter
1/tanh(kh) (k is the wave number, and h is thewater depth) to reduce short-wavelength features that would nor-
mally be attenuated by the water layer, especially at the deep-ocean trench [Kajiura, 1963; Geist and Dmowska,
1999]. We then renormalize all the smoothed sources to unit peak uplift for use in the forward modeling.

Our approach infers the “effective” vertical seafloor displacement without explicit consideration of the under-
lying causal process. In the case where seafloor deformation results from subsurface fault slip, the effective
uplift is a sum of the direct vertical motion of the seafloor and the dot product of the horizontal motion
and bathymetric gradient. The latter component reflects the contribution from the horizontal movement
of steep bathymetric slope to the true vertical motion of seafloor [Tanioka and Satake, 1996a], amounting
to 20–40% of the total effective displacement near the trench during this event [Satake et al., 2013]. Our
approach does not distinguish these two contributions, as the effective seafloor uplift is solely responsible
for tsunami excitation, assuming that the horizontal momentum of displaced water has a negligible effect.

On the coastal boundary, GPS measurements of vertical offset [Simons et al., 2011] are interpolated and
imposed on the nodes. Offshore nodes on the boundary of the mesh are set to be zero and are thus assumed
to be beyond the region of significant seafloor deformation. We do not impose values on nodes at the trench,
in order to allow nonzero uplift at the trench. Such a parameterization has several advantages relative to a

Figure 2. Parameterization of our seafloor deformation model and forward modeling of tsunami excitation and propagation.
(a) Spatially smooth unit seafloor displacement (positive for uplift and negative for subsidence) derived from piecewise linear
tent (Si) or half-tent (Sj) functions. (b) Ocean surface is disturbed with water height ζ at time t0 as a result of seafloor defor-
mation, which is typically, but not exclusively, due to slip on the fault. The disturbed ocean water volume propagates to a
distance away from the source with frequency dispersions at time t1. The wave propagation is governed by nonlinear non-
hydrostatic water equations. (c) Tsunami waveforms at station TM1 due to the unit source, i.e., the Green’s function (GF) Gi(t).
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conventional quadrilateral based parameterization: (1) The triangulated surface honors the curved shape of
the trench line; (2) when compared to a piecewise constant parameterization, the smoothed tent function is a
physically realistic and numerically stable (in the wave propagation model) representation of the source of
tsunami excitation; and (3) the smoothed half tent function still allows relatively sharp deformation features
at the trench.

2.3. Forward Modeling of Tsunami Excitation and Propagation

For our purposes water behaves as an incompressible fluid, and thus, we assume that the excitation of the
tsunami occurs simultaneously with local seafloor deformation. The process of seafloor deformation is
assumed to be kinematic, where timing of the displacement is controlled by an effective propagation speed
vr and dependent on the source location relative to the initiation point (event epicenter) [Chu et al., 2011].
The local propagation speed vr is spatially variable, and thus, the kinematic deformation process is governed
by an Eikonal equation:

∇t0 x; yð Þj j ¼ 1=vr x; yð Þ; (1)

where t0 is the initiation time of deformation at location (x, y). We use a triangular function with a half-width
of 30 s to represent the time evolution of displacement rate at each source, with the entire event duration
divided into eight time windows of 30 s each. Such a source time function is a smoother representation of
the 30 s ramp function adopted in previous studies [Satake et al., 2013; Dettmer et al., 2016]. For a given dis-
tribution of nonuniform vr, we solve for the distribution of initiation times on the triangular mesh using the
Fast Iterative Method on Graphics Processing Units [Fu et al., 2011].

We simulate tsunami waveforms due to each unit uplift source, as recorded at a given station, using
NEOWAVE (Nonhydrostatic Evolution of Ocean WAVE) [Yamazaki et al., 2009, 2011] that is capable of repro-
ducing weakly nonlinear dispersive tsunami waves. For the simulations, we adopt the J-EGG500 (Japan
Oceanographic Data Center, JODC-Expert Grid data for Geographic 500m) bathymetry (www.jodc.go.jp/
data_set/jodc/jegg_intro.html) for near-field stations and ETOPO1 bathymetry [Amante and Eakins, 2009]
for DART and a grid spacing of 500m in both cases.

Synthetic waveforms in the kinematic problem are generated as a linear combination of these Green’s func-
tions (GFs) with a time shift. Both observed and simulated waveforms are offset to start at zero displacement
at the initiation time of the earthquake. The linearity of the tsunami waveform prediction is considered to be
valid for recordings some distance away from the coast for this event [Melgar and Bock, 2013; Satake et al.,
2013]. The kinematic forward problem is nonlinear with respect to the model θ= [m, vr] that includes spatially
variable displacement propagation velocities as additional parameters. Such a parameterization is thereby
sufficiently flexible for incorporating source kinematics potentially captured in high-resolution tsunami data
[Satake et al., 2013; Hossen et al., 2015] and allows us to explore a large set of plausible models than the case
that assumes a spatially uniform vr [e.g., Dettmer et al., 2016]. The forward models can also be reformulated as
a linear problem ofm for a given set of time shifts, which has computational advantages. Therefore, the pre-
dicted data are given by dpred =G(θ) =G’ �m, where G’ is the Green function matrix with time shifts based on
given vr.

The quasi-static assumption that the tsunami occurs instantaneously with vr =∞ is commonly adopted in
estimating static fault slip from tsunami waveforms for large megathrust earthquake [e.g., Satake and
Tanioka, 1999; Lorito et al., 2010, 2011]. This assumption is generally valid, considering that (1) propagation
of seismic waves through the overriding plate to the seafloor is negligible and (2) the earthquake rupture
speed (~2 km/s) is much faster than the propagation speed of tsunami waves (~200m/s for water of 4 km
depth). However, this assumption is challenged in the presence of high-quality near-field data for the
Tohoku-oki earthquake [Satake et al., 2013; Hossen et al., 2015]. We compare a quasi-static seafloor deforma-
tion model with our kinematic model in Appendix A–Appendix D.

2.4. Bayesian Formulation of the Inverse Problem

We adopt the Bayesian formulation of the inverse problem to explore the parameter space of the model as
constrained by the data and our prior knowledge. From Bayes’ theorem [Bayes and Price, 1763]:

P θjdð Þ∝P djθð ÞP θð Þ; (2)

where the posterior probability distribution, P(θ|d), is proportional to the product of the data likelihood P(d|θ),
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a measure of how well the model θ predicts the observed data d, and the prior probability distribution P(θ)
that reflects a priori information on model parameters.

Assuming normal (Gaussian) distributions for all uncertainties in the problem, justifiable by the principle of
maximum entropy [e.g., Jaynes, 2003; Beck, 2010], the data likelihood is expressed as

P djθð Þ∝exp �1
2

G θð Þ � dð ÞTC�1χ G θð Þ � dð Þ
� �

; (3)

where the total misfit covariance matrix Cχ is the sum Cd +Cp, with Cd being the observational error due to
imprecise measurements, and Cp the model prediction error due to imperfect forward modeling [Tarantola,
2005; Minson et al., 2014; Duputel et al., 2014]. Cd is often well known, independent of the source, and
accounted for. In contrast, Cp is generally expected to approximately scale with the model and is usually
ignored or underestimated. For large-amplitude observations, the variances of Cp can overwhelm those of
Cd and may contain significant spatial and/or temporal correlations. The total error structure, which results
from the combination of Cd and Cp, is important both for retrieving source models and for a realistic charac-
terization of model parameter uncertainty and correlation.

2.5. Design of Cp for Model Prediction Uncertainties

For the Tohoku-oki earthquake, the nominal observational errors for the tsunami recordings are several cen-
timeters, whereas the model prediction errors are larger, given that the maximum waveform amplitudes
reach several meters. Thus, appropriate formulation of Cp is essential for our study. Here we consider three
approaches to designing the misfit covariance matrix for Cp: empirical, physically motivated, and hybrid

approaches, associated withCAC
p ,CRP

p , andCHB
p , respectively (Figure 3). We use the third approach for our most

preferred models.

The empirical approach assumes an autoregressive error model for tsunami waveforms, in which character-
istic correlation lengths are derived based on the autocorrelation function of misfits (Figures 3c and 3f). The

resultant CAC
p captures important temporal correlations in the waveform misfits contained in the off-diagonal

terms. The waveform misfits are calculated with a reference source model obtained iteratively. The variance

in CAC
p for each station is assigned as 15% of the maximum waveform amplitudes, so as to be comparable

to the maximum variances in CRP
p .

The more physically motivated approach considers the uncertainty in modeling tsunami propagation asso-
ciated with wave dispersion characteristics. We summarize several typical dispersion relations in the support-
ing information (SI) [Kundu et al., 2012]. For the near-field problem, short-period dispersion is most relevant
for producing waveform features not captured in numerical modeling. The long-period far-field dispersion
has been recognized to delay travel times and responsible for the initial reversed polarity in open ocean tsu-
nami waveforms observed during recent large earthquakes [Tsai et al., 2013; Watada, 2013; Watada et al.,
2014; Allgeyer and Cummins, 2014; Yue et al., 2014] but can be ignored here due to small source-to-station
distances. Here we characterize the predominant uncertainties in the tsunami propagation modeling as
deviations in the frequency dispersion relations (Figures 3a and 3b). The simulated tsunami waveforms, cal-
culated with a reference source model, are perturbed based on deviations in the dispersion relation along
raypaths between all source-station pairs (SI) [Satake, 1988; Zhao, 2005]. The random realizations of perturba-
tions from the reference dispersion relation (based on a linearized analysis for NEOWAVE) follow a log-normal
distribution for each period. We choose the log-normal standard deviation for the distribution of these dis-
persion curves to be 30% around the reference curve, in order to cover the plausible range of variability in
theoretical dispersion curves. The resultant deviations of these perturbed tsunami waveforms are used to cal-

culateCRP
p . The resultantCRP

p has larger variances around locations of larger signals and smaller variances asso-

ciated with earlier waveforms that are easy to reproduce in the model.

The hybrid approach (CHB
p ) combines the advantages of the other two approaches: intrastation correlations

from CAC
p and variances in CRP

p . The correlation lengths in CAC
p are generally larger than those in CRP

p , and less

sensitive to the details of the reference model. Meanwhile, the variances in CRP
p naturally contain the relative

weighting between data points and between different waveforms. Thus, CHB
p captures the first-order correla-

tions and physically motivated relative weighting in the error models.
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Compared with the other two formulations, the use of CHB
p reproduces better data fit while mitigating model

roughness, as demonstrated for the quasi-static posterior solutions (Appendix D and Figures D2 and S4).

Therefore, for the kinematic models, we obtain our preferred posterior models using CHB
p , which is derived

with a reference posterior mean model first from a quasi-static solution and then updated over several itera-
tions of kinematic solutions.

2.6. Sampling for the Kinematic Problem

We adopt a sampling approach to exploring the ensemble of seafloor displacement models, from which the
imaging resolution, uncertainties, and other physically important parameters are readily derived. We use
the CATMIP (Cascading Adaptive Tempered Metropolis In Parallel) algorithm [Minson et al., 2013], based on
the Transitional Markov chain Monte Carlo, which makes it possible to sample models in high-dimensional
space efficiently with reasonable computational resources. The algorithm is implemented for hybrid CPU-
GPU (Central Processing Unit-Graphics Processing Unit) platforms in the AlTar software suite. The CATMIP
algorithm and AlTar software have been successfully applied to problems of finite fault earthquake slip
[Simons et al., 2011; Minson et al., 2013, 2014; Duputel et al., 2015; Bletery et al., 2016] and interseismic creep
[Jolivet et al., 2015] and problems in oceanography [Miller et al., 2015].

In our kinematic seafloor problem, the computationally expensive parts of the forward modeling are done on
GPUs. CATMIP takes a series of tempering steps to sample intermediate probability distribution functions

Figure 3. Design of the covariance matrix Cp for the model prediction error. (a) Data (blue) and synthetic waveforms (red) predicted from a reference model (red line
in Figure 3b), and realizations of perturbed waveforms (black) based on perturbed dispersion curves in (black lines in Figure 3b) (see supporting information). (b)
Random realizations of frequency dispersion curves (normalized phase velocity as a function of period). (c) Autocorrelation functions for the data misfit shown in
Figure 3a. Three forms of Cp: (d)C

RP
p based on covariance of the residuals between the perturbed and synthetic waveforms, (e)CHB

p with empirical correlation lengths
from Figure 3f and relative variances obtained from Figure 3d, and (f) CAC

p with empirical correlation lengths and uniform variances.
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starting from the initial prior distribution toward the final posterior distribution [Minson et al., 2013]. For each
tempering step, we sample on the order of 104 independent Markov chains with lengths of approximately
103 models, thus a total of approximately 107 models with 2000 parameters each θ= [m, vr] to explore in

the parameter space per tempering steps. We keep CHB
p fixed during each transitional tempering step of

AlTar, and in later iterations we updateCHB
p to be consistent with previously obtained posterior mean solution.

For the seafloor displacementm, we choose a Gaussian prior distribution P(m) =N(0, (10 m)2I), considering an
uplift of 20m as an adequate near upper bound based on observations of marine terraces and sea surface
uplift during great megathrust earthquakes [e.g., Plafker and Rubin, 1978;Meltzner et al., 2006]. For the propa-
gation speed, vr, we adopt a uniform prior P(vr) =U(0.5 km/s, 2.5 km/s). With minimal a priori assumptions on
the spatial correlations of model parameters (e.g., smoothness), the resultant models reflect the maximum
model resolution obtainable from the available tsunami waveforms. The effectiveness of our approach is
demonstrated in two synthetic kinematic scenarios, together with comparisons between quasi-static and
kinematic problems for the seafloor displacement (Appendix C and Appendix D).

2.7. Posterior Uncertainty and Resolution Analysis

We explore robust features of the posterior solutions at spatial scales of our interest by applying spatial aver-
aging to the original posterior solutions. Uncertainties of model parameters are reduced as we increase the
effective spatial sizes of model parameters, as is the trade-off between nearby parameters. For the kinematic
problem, we have a posterior ensemble of models to which we can directly apply spatial averaging:

m1R ¼ S1Rm; (4)

C1R
m ¼ cov m1R;m1R

� �
; (5)

where S1R is a spatial averaging operator that averages each node value with all its nearest “one-ring” (1R)
neighboring nodes (defined as nodes connected through only one edge line). m is a random model from
the posterior solutions with its spatially averaged counterpart m1R. C1R

m is the covariance matrix for one-ring
spatially averaged posterior solutions. Since nodes in the mesh have different effective tent areas (about one
third of the total area the tent covers), we choose to weight node values by their effective areas during the
spatial averaging, which is incorporated into S1R once the parameterization is known.

The uncertainty σ of the solutions is the standard deviation of the posterior model ensemble:

σ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E m� E mð Þð Þ2
h ir

: (6)

The spatial averaging operator S1R imposes a minimum length scaleDs
i for parametermi, which we choose as

an effective circular diameter for the area of spatial averaging:

Ds
i ¼ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX
j

Aj þ Ai

 !
=π

vuut ; (7)

where the summation is over all the neighboring nodes of parametermi (based on a certain spatial averaging
criteria) and Aj is the effective tent area for node j.

Through spatial averaging, uncertainties of model parameters are reduced while the resolution decreases, as
we demonstrate with the kinematic solutions (Figures 4–6), as well as the quasi-static solutions for a synthetic
scenario (Appendix C). In principle, we can apply spatial averaging over two-ring (2R) neighboring nodes
(defined as nodes connected through two edge lines), or even arbitrary neighboring nodes, to better con-
strain model parameters at the expense of spatial resolution. We find that 1R spatial averaging is sufficient
in our problems.

3. Results and Discussion
3.1. Seafloor Displacement Models

With sufficient data for this large event, we find that tsunami observations alone can resolve prominent fea-
tures of seafloor displacement at spatial resolutions more refined than previously assumed. We focus initially
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on two representative models of seafloor displacements. The first is the mean model of the full posterior
ensembles associated with the original parameterization (our finest-scale model, M1; Figures 4a and 5),
and the second is themeanmodel derived from spatial-averaging of eachmember of the posterior ensemble
(a smoother model, M2; Figures 4b and 6). Such mean models represent the most plausible solutions but do
not completely describe the posterior ensemble, e.g., correlations and uncertainties.

The two models are characterized by similar locations of major uplift and subsidence, implying largely coher-
ent source patterns over the two resolution scales (Figures 4a and 4b). The maximum seafloor uplift is
resolved to be 7� 2m over a length scale of ~20 km, or at lower resolution, 5� 0.6m over a length scale
of ~40 km, both in proximity to the trench. Coseismic subsidence reaches ~2m close to the coast. The transi-
tion from seafloor uplift to subsidence, also known as the hinge line, suggests that the downdip limit of sub-
surface fault slip occurs offshore, in a good agreement with recent fault-slip models [e.g., Romano et al., 2014;
Bletery et al., 2014; Minson et al., 2014]. According to the (1σ) absolute uncertainty, both models are less con-
strained to the south of the epicenter given only one nearby station (GB806) (Figures 5a and 6a). The relative
uncertainty, defined as the ratio between the absolute uncertainty and the amplitude of meanmodel, further
suggests that the best-resolved part of the model is situated in regions of prominent displacements
(Figures 5b and 6b).

However, the kinematic source parameter, propagation speed, vr, is generally not well resolved at both reso-
lution scales, with the posterior estimate (1.5� 0.5 km/s for M2) very similar to the prior range. The lack of
constraint on vr suggests that the tsunami waveforms for this event are insensitive to the assumed variations
of vr. This insensitivity may simply be a reflection of the relatively compact nature of this earthquake, espe-
cially in comparison to other similarly sized events such as 2004 Mw 9.3 Sumatra [Ammon et al., 2005] and
2010 Mw 8.8 Maule (Chile) [Vigny et al., 2011]. Thus, we focus here on the spatial distribution of cumulative
seafloor displacement, which is better constrained by the tsunami data.

By construction, model M1 is spatially rougher than model M2, albeit with much larger uncertainties
(Figures 4a and 4b). This difference reflects the expected tradeoff between model uncertainty and resolution
length scale. Consequently, only limited near-source regions can be resolved confidently over scales of 10–
30 km in M1, whereas a larger part of the model can be well constrained over scales of 20–60 km in M2

Figure 4. Time-dependent seafloor displacement models. (a) M1 from the full posterior and (b) M2 from spatially averaged posterior solutions. The posterior mean
models are in color, with values and uncertainties of representative model parameters denoted by vertical arrows with 2 standard deviation (2σ) error ellipses
(95%). Contours mark deformation fronts at 30 s intervals. The pink ellipse marks the possible feature for a proposed submarine landslide. (c) The observed data are
shown in black. Predictions from mean solutions of models M1 and M2 in Figure 4c are indicated by thick red and blue lines. For each waveform, the regions
between thin red lines and in blue color indicate the prediction uncertainty ranges (95%) of M1 and M2, respectively.
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(Figures 5b, 5c, 6b, and 6c). Focusing on the near-trench region, the extent of uplift or subsidence can be
assessed at these two resolution scales (Figure 7). Landward of the trench, large uplift (> 3m) over extensive
areas is a robust feature at both scales. In model M2, smaller uplift occurs along the trench axis, while larger
and more compact uplift is located further landward. The elongated near-trench uplift is consistent with fea-
tures in tsunami-based models for fault slip [Satake et al., 2013] and sea surface displacement [Hossen et al.,
2015; Dettmer et al., 2016]. The northernmost part of the near-trench seafloor uplift overlaps with the rup-
tured area of the 1896 Mw~8.5 Sanriku tsunami earthquake [Tanioka and Satake, 1996b]. Seaward of the
trench, minor subsidence eastward from the peak seafloor uplift region is probably a small-scale feature,
whereas more uplift appears further to the south and to the north. We also note some subsidence in the
southernmost part of the solution. These features may be associated with submarine slumps, or may be arti-
facts attributable to poor data resolution and inadequately characterized error models.

Figure 5. Analyses of uncertainty and resolution for the finest-scale model M1. (a) Absolute (1σ) uncertainty, (b) relative
uncertainty, (c) averaging scale, and (d) posterior mean models are shown, respectively. Solutions are derived with CHB

p .
Thick and thin red contour lines in Figure 5b indicate relative uncertainties of 0.5 and 1.0. Contours in Figures 5d represent
kinematic deformation fronts at intervals of 30 s.
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Model M1 reproduces the observed tsunami waveforms well, with a wide range of waveforms that are pre-
dicted from the entire model ensemble (Figure 4c). The large prediction uncertainty suggests the inherent dif-
ficulty in precisely simulating the tsunami waveforms even in the near field due to uncertainties in the forward
modeling. Model M2 predicts the longer-period components of the observed waveforms well but, unsurpris-
ingly, is less successful at explaining the shorter-period components. Later waveforms recorded at most sta-
tions are excluded from the inversion due to stronger nonlinear effects and coastal reflections. Qualitatively
speaking, the consistent trends in the predicted and observed later waveforms provide a posteriori validation
of the model. The ensembles of M1 and M2 predict the open ocean DART records with nearly identical wave-
forms, implying that the far-field tsunami data are insensitive to smaller-length-scale differences in the source.

Since our approach does not explicitly involve fault slip, the impacts of other processes, e.g., submarine land-
slides [Kawamura et al., 2012; Tappin et al., 2014], are in principle accounted for. The dipole-like near-trench
feature (1� 0.5m over a distance of ~40 km) around 39.2–39.8°N is close to the location of a proposed sub-
marine landslide (� ∼ 100m uplift dipole over 20 km), suggested to have contributed to the tsunami in the

Figure 6. Analyses of uncertainty and resolution for the spatially averaged smoother model M2. Plotting conventions
follow Figure 5.
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Tohoku region [Tappin et al., 2014]. It is plausible that a short-wavelength highly dispersive source associated
with a submarine landslide may manifest itself as spatially filtered displacement features in our seafloor mod-
els. All displacements to the north—where the model is relatively well constrained—have amplitudes less
than 3m. The low amplitudes are unlikely to be controlled by our prior that favors uplift below 20m (a
95% chance) but rather reflect the low data resolution for such local processes. At a minimum, we conclude
that such secondary sources are potentially resolved in the model and yet do not contribute significantly to
the waveforms we considered.

The ability to characterize uncertainties of the model and data prediction at multiple resolution scales is a
unique advantage of our probabilistic approach. The ensemble of original overparameterized models captures
the wide range of plausible solutions that is fully compatible with observations, our prior knowledge, and error
models. The subsequent spatial smoothing, facilitated by the adopted piecewise linearmodel parameterization,
effectively allows us to focus onmodel features for certain length scales. Such amethod can be particularly use-
ful in assessing source properties acrossmultiple resolution scales, avoiding the need to choose betweenmodel
complexity and data fit in approaches that seek to obtain an optimal model parameterization [e.g., Dettmer
et al., 2016]. Ideally, all plausible model parameterizations at various scales would be sampled together for
objective selection of model classes; however, this approach is numerically daunting for our problem. For the
purpose of physical interpretations, we rely on the more robust larger-scale features inferred from model M2.

3.2. Near-Trench Seafloor Uplift and Tilting

The inferred seafloor displacements reflect the large-scale seafloor uplift near the trench, complementing the
sparse marine geodetic observations [Ito et al., 2011; Kido et al., 2011; Sato et al., 2011]. We compare our mod-
els with available geodetic measurements both in the map view and in a cross-sectional profile normal to the
trench axis (Figure 8). We construct the profiles of effective seafloor uplift using trench-parallel averages of

Figure 7. Probability distribution functions (PDF) for representative model parameters in the posterior solutions. (Left) Model M2 with locations of source nodes
(circles) and propagation fronts at intervals of 30 s. Representative node points P1, P2, and P3 are colored in orange. (Right) Normalized PDF from models M1
(without spatial averaging, No SA) and M2 (with one-ring spatial averaging, 1R-SA) are shown in blue and red, respectively, at four locations near the peak uplift and
the trench. The prior PDF is colored in gray. The dashed lines mark zero displacement. The large uplift over extensive areas landward of the trench areis well resolved
in both models; minor subsidence seaward of the trench is probably a smaller-scale feature. Normalized PDF from models M1 (without spatial averaging, No SA)
andM2 (with one-ring spatial averaging, 1R-SA) are shown in blue and red, respectively, at four locations near the peak uplift and the trench. The prior PDF is colored
in gray. The dashed lines mark zero displacement. The large uplift over extensive areas landward of the trench are well resolved in both models; minor subsidence
seaward of the trench is probably a smaller-scale feature.
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Figure 8. Seafloor uplift near the Japan Trench. (a) Seafloor displacement model (M2) and available seafloor geodetic
measurements (colored symbols). The vertical and horizontal components are represented by blue and black arrows,
respectively, and their 1σ uncertainties (68%) by circles. The center line of the trench-normal swath is marked in red. (b) The
trench-normal profile of the inferred effective seafloor displacements. Seafloor geodetic measurements are shown as
symbols, with their associated 1σ uncertainties represented by vertical error bars. The effective displacement comprises
both vertical and horizontal displacements (black-outlined symbols) or only the horizontal displacement (gray-outlined
symbols). The blue and red lines represent the trench-normal profiles of seafloor displacements, averaged along the strike
over a width of 40 km, in models M1 and M2, and blue and red regions indicate the 2σ (95%) uncertainty range. The figure
inset shows comparisons between the inverted and observed effective uplift at coinciding locations with 1σ error bars.
The dashed line corresponds to an exact match between data andmodel. The variability of bathymetry (gray) is shown for a
20-km-wide trench-normal swath. (c) Larger-scale (~40 km) uplift profiles (black) from 200 random realizations of model
M2. The figure inset shows the histogram for the seafloor tilt (mean value by a blue dashed line). Vertical black dashed lines
indicate the location of the trench.
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displacements in each model of the ensembles M1 and M2, respectively. The profile from M1 shows larger
variations, albeit with larger uncertainties over all the near-source regions. In contrast, the profile of seafloor
uplift sampled from M2 indicates that ~2m of uplift is required at the trench, while the maximum uplift of
~5m occurs ~50 km landward from the trench, which is located near the boundary between the inner and
outer forearc [Tsuji et al., 2011] (Figure 8b). We calculate the inferred seafloor tilt from model M2, i.e., the spa-
tial gradient of seafloor uplift, to be 0.06� 0.02m/km, which approximately corresponds to a 3m increase in
uplift over a distance of 50 km (Figure 8c). Seaward of the trench, our models resolve some potential minor
subsidence, a feature expected for the elastic response of the subducting plate (Figure 8b). The robustness of
the resolved features, including the location of peak uplift and the tapered profile of near-trench uplift, are
supported by the similarities between the two kinematic models, as well as the quasi-static solutions derived
from a semianalytical approach (Appendix A).

To compare the seafloor geodetic measurements [Ito et al., 2011; Kido et al., 2011; Sato et al., 2011] with our
models, we take into account the effect of horizontal motion of the steep bathymetric slope [Tanioka and
Satake, 1996a] (Figure 8b). Closer to the trench, only horizontal seafloor displacements aremeasured [Ito et al.,
2011], and the effective uplift may be underestimated if some direct uplift is missed. Nonetheless, the excel-
lent match between the inferred seafloor uplift and geodetic measurements well within their uncertainties
support the consistency between our models and local point observations. In addition, it is possible that
the seafloor measurements reflect smaller-scale processes unresolvable by tsunami waveforms, e.g., due to
these features being attenuated through the water layer [Kajiura, 1963], thus making their comparisons with
the models less informative. At the least, the models presented here resolve the seafloor displacements that
are most relevant for the generation of tsunamis.

The predicted patterns of seafloor displacements agree qualitatively with those derived from fault-slip inver-
sions [e.g., Romano et al., 2014; Minson et al., 2014] and sea surface displacements inverted from the tsunami
[e.g., Hossen et al., 2015; Dettmer et al., 2016]. All these models support that the peak value of seafloor uplift,
fault slip, or sea surface displacement occurs some distance landward from the trench axis. Our source para-
meterization and incorporation of uncertainties in tsunami modeling—unexplored in previous studies—
allow for robust and quantitative characterization of seafloor displacement profiles and further reveal the
coinciding location of the peak uplift and the edge of the outer forearc, indicating a potential link between
the slip behavior and mechanical properties of the outer forearc.

Figure 9. Two-dimensional models of subduction zone forearc with different elastic structure and bathymetry. (a)
Homogeneous model E1 with a flat surface and curved fault geometry. (b) Homogeneous model E2 with realistic bathy-
metry and curved fault geometry. (c) Model E3 with 2-D elastic properties, realistic bathymetry, and curved fault geometry.
Red and Blue lines indicate sections for which profiles of fault slip and seafloor uplift are shown in Figure 10.
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3.3. Elastic Modeling of Seafloor Uplift Due To Megathrust Fault Slip

Near-trench seafloor uplift predominantly results from large coseismic slip on the shallow portion of the sub-
duction zone megathrust. We demonstrate heuristically the relation between subsurface fault slip and the
effective seafloor uplift in an elastic model with fault geometry, bathymetry, and elastic structure represen-
tative of the forearc region near the Japan Trench. Note that we are only focusing on physical processes over
length scales of ~40 km, which is relevant to model M2. We develop three two-dimensional (2-D) models: (1)
model E1 with a homogeneous elastic structure and a flat bathymetry, (2) model E2 with a homogeneous
structure and a realistic bathymetry, and (3) model E3 with a heterogeneous structure and a realistic bathy-
metry (Figure 9). All three models include a curved megathrust [Minson et al., 2014]. We consider three pro-
files, in which fault slip reaches 40m at about 50 km away from the trench and increases, remains constant, or
decreases as one approaches the trench (Figure 10a). Using a finite element approach (PyLith [Aagaard et al.,
2013]), we then model the surface displacement of the hanging wall in the subduction zone model in
response to the fault-slip distribution.

Comparisons of the resultant surface uplift due to assigned fault slip demonstrate the importance of bathyme-
try and subsurface structure (Figure 10). First, incorporating realistic bathymetry affects the long-wavelength
surface deformation, as well as the location of peak deformation (Figure 10b). Second, a heterogeneous elastic
structure mostly influences near-trench deformation, including the maximum uplift (Figure 10c). Third, hori-
zontal displacement coupled with a steep bathymetry contributes to a significant fraction of the total effective
uplift, a process that is irrelevant to model E1 (Figure 10d). All these findings underscore the need of more rea-
listic 3-D models to study the detailed relation between surface displacement and subsurface fault slip.

Despite the challenges in quantitative modeling, the near-trench profiles of fault slip and seafloor uplift in
these models are qualitatively similar (Figures 10a and 10d). When fault slip increases or tapers down
approaching the trench axis, the associated seafloor uplift also increases or tapers down toward the trench.
Intuitively, this finding suggests that the peak surface uplift occurs at the approximately same location as

Figure 10. Seafloor uplift and subsurface fault slip in 2-D elastic models. (a) Three trench normal profiles of fault slip denoted by S1, S2, and S3. (b) Comparisons of
seafloor uplift profiles between models E1 and E2 for different fault-slip profiles. (c) Comparisons of seafloor uplift between E2 and E3 for different fault-slip profiles.
(d) The profiles of effective seafloor uplift after accounting for the bathymetry effect in Figure 10c.
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peak fault slip for the shallow dipping fault. Hence, a tapered seafloor-uplift profile, as inferred in model M2,
likely results from a tapered fault-slip profile in the case of purely elastic deformation. From our modeling, we
infer that the fault slip at the trench axis reaches 20–30m, consistent with some tsunami-constrained fault-
slip studies [Romano et al., 2014; Minson et al., 2014] and differential bathymetry measurements within their
respective uncertainties [Fujiwara et al., 2011; Kodaira et al., 2012]. This estimate is smaller than 50–80m slip
at the trench as inferred in some models [e.g., Lay et al., 2011; Kido et al., 2011; Bletery et al., 2014]. The discre-
pancy may be due to over smoothing of solutions and/or incomplete error models in previous studies.
Alternatively, the larger slip at the trench in somemodels that include seismic datamay be partially attributed
to seismic moment that is released from inelastic wedge deformation without producing significant uplift
[e.g., Ma, 2012; Ma and Hirakawa, 2013].

3.4. Inferring Mechanical Properties of Shallow Subduction Zones

Focusing on regions with the largest seafloor uplift, we summarize main displacement features of the near-
trench seafloor and properties of the shallow subduction zone that are relevant to understanding shallow slip
and the associated tsunamigenesis during the Tohoku-oki event (Figure 11). Our models suggest that the
well-resolved features over larger scales (~40 km)—a large uplift of ~2m increasing to the peak uplift of
~5m over a distance of 50 km landward from the trench—contribute to most of the displaced water volume
and are thus critical to tsunamigenesis. Variations in seafloor uplift over scales of ~20 km are plausible, as seen
in model M1, but are less confidently constrained. At even smaller length scales (<10 km), seafloor deforma-
tion is relatively inefficient at exciting a tsunami in the deep water near the trench axis [Kajiura, 1963; Geist
and Dmowska, 1999] and thus nearly unresolvable by tsunami observations. Such features are therefore
not a focus of the present analysis.

The occurrence of slip in the near-trench region, commonly considered to be stable in terms of fault-slip beha-
vior, has evoked explanations through a variety ofmechanisms: a highly localized fault zone [Chester et al., 2013]

Figure 11. Deformation and tsunamigenesis of the shallow subduction zone due to slip on the megathrust. (a) Relation between megathrust fault slip (blue) and
effective seafloor uplift (red) in a 2-D elastic model (E3 from Figure 9c), illustrated by solid, dashed, and dotted lines. (b) Deformation style and mechanical proper-
ties of the outer forearc potentially relevant to tsunamigenesis. The cross section is motivated by Tsuji et al. [2013]. The red linemarks the trench normal profile used in
Figure 8. The larger-scale (~40 km) pattern of coseismic seafloor uplift is characterized by peak uplift at the edge of the outer forearc, large uplift reaching the trench
axis, and potential minor subsidence seaward of the trench. Additional uplift over smaller scales (<10 km) is possible but inefficient at exciting tsunamis. Peak fault slip
is inferred to occur approximately below the area of peak seafloor displacement. A coseismic deficit in fault slip is thus required at the trench and is most likely
accommodated by aseismic deformation, suggesting that the shallowest megathrust can be stable under quasi-static slip, while being unstable during earthquakes.
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with low shear stress levels [Lin et al., 2013; Cubas et al., 2013] and materials susceptible to coseismic weak-
ening [Ujiie et al., 2013], a narrow and compliant wedge prone to dynamic failure [Kozdon and Dunham, 2013]
due to the cross-fault material contrast [Scholz, 2014] and surface-reflected waves, shear-heating-induced
dynamic weakening on the megathrust [e.g., Noda and Lapusta, 2013; Cubas et al., 2015], poroplastic yielding
in the wedge [Ma, 2012], and seaward extension of continental crust aided by landward normal faulting [Tsuji
et al., 2011, 2013]. Most of these studies focused on the unusual feature of large shallow slip, without explicit
concern for the style of fault slip toward the trench.

The detailed deformation of forearc is investigated in several numerical studies. Kozdon and Dunham [2013]
simulated the elastic response of shallow subduction zone during dynamic earthquake ruptures and found
that seafloor uplift can either increase or tapered toward the trench, depending on fault frictional properties.
In their preferred models, the tapering of fault-slip profile is associated with a velocity-strengthening shallow
portion of the fault. Assuming the shallow subduction zone as a near-critical Coulomb wedge,Ma [2012] sug-
gested that the dynamic pore pressure change and poroplastic yielding during the earthquake rupture may
lead to peak uplift landward of the trench, in agreement with our findings. Such a similar feature between this
result and our models may suggest that the occurrence of inelastic deformation is plausible in the shallow
wedge. However, themodels withwidespreadwedge yielding inMa [2012] fail to produce large seafloor uplift
at the trench axis, which is well resolved in our models and supported by multiple studies. The discrepancy
indicates that such inelastic yielding cannot be pervasive in proximity to the trench axis. It is difficult to further
assess how spatially variable inelastic wedge deformation may reconcile such a discrepancy, especially when
realistic bathymetry is ignored in Ma [2012]. Future modeling studies are required to shed light on this issue.

Since peak slip occurred landward of the trench, a coseismic slip deficit is inferred at the shallowest
depths, in a similar manner to the continental strike-slip faults [Simons et al., 2002; Fialko et al., 2005].
As outlined for the continental examples [Simons et al., 2002], such a deficit can be accommodated by
a combination of aseismic fault slip [Ozawa et al., 2011], earthquake slip in the past or future, or distrib-
uted inelastic deformation during [Ma, 2012] or following [Sun et al., 2014] the earthquake. The 869
Sanriku (Jogan) earthquake is considered as the predecessor of the Tohoku-oki event [Minoura et al.,
2001], with a smaller or similar size as constrained by tsunami deposits [Namegaya and Satake, 2014].
In the ~1000 year recurrence interval between the two major events, the 1896 Sanriku tsunami earth-
quake ruptured near the trench to the north, but no earthquakes were documented to have dominantly
ruptured the shallowest megathrust in this region. Presumably, the long-term slip budget for this period
should be satisfied. If coseismic inelastic deformation is limited at the trench axis, as we suggested earlier,
then it is more likely that aseismic motion in the interseismic period, either localized on the fault or dis-
tributed in the wedge, makes up for the long-term slip budget at the shallow depths.

The possibility of aseismic motion at the trench axis is effectively consistent with ametastable frictional model
for the shallowest megathrust. Fault areas at the trench can be stable under quasi-static slip during interseis-
mic periods, so as to deform aseismically, and can also become unstable during large earthquakes, e.g., due to
velocity-neutral or weakly velocity-strengthening rate-and-state frictional properties [Kozdon and Dunham,
2013] and/or enhanced dynamic weakening [Noda and Lapusta, 2013; Cubas et al., 2015]. The along-dip
variation in fault properties thus enables more complex interactions between the outer and inner wedges
than envisioned in conventional models of shallow subduction zones [Scholz, 1998; Wang and Hu, 2006]
and allows to produce earthquakes with large and yet tempered slip next to the trench, compared to the
downdip seismogenic zone. Due to the metastable nature of friction, the seismic and tsunamigenic potential
of shallow subduction zone may depend on the dynamic rupture process of large earthquakes.

4. Conclusions

Unprecedented near-field tsunami observations enable us to explore the tsunamigenic process during the
2011 Tohoku-oki earthquake. We use a probabilistic imaging approach to reveal well-resolved features of
the coseismic seafloor displacement that produced near-field tsunami observations. The exploration of
source processes is achieved through sampling an ensemble of nonlinear models of seafloor displacement
with spatially variable propagation speeds. The adopted source parameterization facilitates the estimates
of model uncertainties at different resolution scales through spatial smoothing and allows us to focus on dis-
placement features near and across the trench. We also incorporate the uncertainty in modeling dispersive
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tsunami waves to retrieve more realistic uncertainty estimates of source properties. The multi-resolution-
scale posterior analysis in our probabilistic approach is applicable to other types of source studies such as
estimating slip distribution on the fault.

Our probabilistic seafloor displacement models suggest that the entire outer forearc is responsible for produ-
cing the devastating tsunami, with partial contributions from areas closest to the trench. The uplift and sea-
ward tilting of the near-trench seafloor suggest that fault-slip profile tapers down toward the trench axis.
Such a tapered profile indicates a deficit in coseismic slip next to the trench axis. To satisfy long-term slip bud-
get during the recent recurrence interval of great earthquakes, the shallowest subduction zone near the
Japan Trench not only is capable of hosting large seismic slip but also likely accommodates aseismic motion
betweenmajor earthquakes. The characteristic features of the seafloor displacement field during the Tohoku-

Figure C1. The effect of source kinematics, error structure, and inaccuracy in GF on the inversion of a synthetic scenario with maximum uplift away from the trench.
The synthetic data are produced from (a) a kinematic scenario with dispersive GFs. (b–i) Eight inversions are conducted for quasi-static and kinematic problems with
the combinations of Cd or Cp and dispersive (DSP) or nondispersive (NDSP) GFs. The mean values and 2σ uncertainties of inferred seafloor displacement for several
representative parameters are plotted as vertical arrows and circles, respectively. The contours represent inferred kinematic deformation fronts at 30 s intervals.
Orange and yellow labels mark the input model and the model derived with our preferred approach.
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oki event may provide empirical lessons and physical insights on assessing the tsunamigenic potential of
other shallow subduction zones around the globe during trench-breaking megaquakes.

Appendix A: Semianalytical Approach for the Quasi-Static Problem
For the quasi-static problem, seafloor deformation and tsunami excitation are assumed to occur instanta-
neously over the entire source region, with no time delay between sources. The quasi-static problem with
Ti=0 is linear with respect to the model parameter vector θ (θ=m).

For the seafloor deformation problem, uplift (positive) and subsidence (negative) are both possible and
equally plausible. Therefore, it is reasonable to assume a normal prior:

P mð Þ∝exp �1
2

m�m0ð ÞTC�1m m�m0ð Þ
� �

; (A1)

wherem0 is a prior meanmodel, chosen as 0, suggesting a preference toward no deformation in the absence

Figure C2. The effect of source kinematics, error structure, and inaccuracy in GF on the inversion of a synthetic scenario with maximum uplift at the trench. Plotting
conventions follow Figure C1.

Journal of Geophysical Research: Solid Earth 10.1002/2016JB013760

JIANG AND SIMONS TOHOKU-OKI SEAFLOOR DEFORMATION 9068



of data, and Cm is the prior model covariance matrix and could be a diagonal matrix with uniform variance if
we assume constant and uncorrelated uncertainty between all model parameters. Increasing the variance in
Cm results in a less informative prior.

Combining equations (2) and (3) with (A1), the posterior distribution is given as

P mjdð Þ∝exp �1
2
G mð Þ � dð ÞTC�1

χ G mð Þ � dð Þ � 1
2
m�m0ð ÞTC�1

m m�m0ð Þ
� �

∝exp �1
2
m� emð ÞTeC�1

m m� emð Þ
� �

;

(A2)

where em is the posterior mean model, equivalent to the maximum a posteriori model in this case, and eCm is
the posterior model covariance matrix, expressed as [Tarantola, 2005, chap. 3]:

em ¼ GTC�1χ Gþ C�1m
� ��1

GTC�1χ dþ C�1m m0

� �
(A3)

eCm ¼ GTC�1χ Gþ C�1m
� ��1

: (A4)

Compared with the traditional optimization approach, the expression for the Bayesian posterior meanmodel,
i.e., equation (A3), is equivalent to the maximum likelihood estimate in the (weighted) damped least squares
problem, with a regularization term that reduces the model size [Aster et al., 2013, chap. 4]. In the least
squares case, the conventional optimization approach is a special case of the Bayesian approach.

Appendix B: Posterior Analysis for the Quasi-Static Problem
While the kinematic problem requires a hugemodel ensemble to represent the posterior solutions, the quasi-
static problem has closed-form expressions for the posterior mean model em and the posterior model covar-

iance matrixeCm. Therefore, the posterior solutions with spatial averaging can also be derived semianalytically:

em1R ¼ S1R em; (B1)eC1R
m ¼ S1ReCm S1R

� �T
; (B2)

where em1R andeC1R
m are the corresponding posterior mean and covariance matrix in solutionsmwith 1R spatial

averaging. Since the posterior is Gaussian in this case, the uncertainty Ei of model parameter mi can be
derived from the posterior covariance matrix:

Ei ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffieCm

� �
i; i

r
; (B3)

Other concepts and expressions, such as the spatial averaging operator S1R and the spatial smoothing scales,
are similar between the quasi-static and kinematic problems.

Figure C3. The effect of spatial averaging of posterior solutions on model uncertainties. Posterior mean models are shown with (a) no spatial averaging and (b) one-
ring, 1R, and (c) two-ring, 2R, spatial averaging for a synthetic example. The mean values and 2σ uncertainties of uplift are plotted as vertical arrows and circles,
respectively, for several near-source nodes. The red star indicates the initiation point of the scenario.
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Appendix C: Synthetic Scenarios
We use synthetic scenarios to assess how well our approaches, quasi-static or kinematic, can resolve source
features from tsunami observations. A popular choice in synthetic source inversion is the checker board test,
as an evaluation of the resolution limit of the problem. However, Lévěque et al. [1993] demonstrated that
checker board tests do not provide a reliable estimate of resolution, because in some cases, it is possible
for small-scale features to be well resolved whereas large-scale features may not be when the latter solution
is in the null space. Therefore, we use some plausible scenarios in these synthetic tests and aim to obtain a
qualitative assessment of the data resolution and an intuitive understanding of how different assumptions
of source kinematics and error models may influence the results.

Two synthetic source models are considered, both of which are kinematic. The two scenarios differ in the
proximity of peak uplift to the trench (Figures C1a and C2a). In both scenarios, we generate synthetic data

using dispersive tsunami GFs with noises generated from N(0,Cχ), where Cχ includes CHB
p associated with

Figure D1. Analysis of posterior uncertainty and resolution for the quasi-static problem. The spatially variable uncertainty,
averaging scale, and the mean model are shown in the columns. Posterior solutions with (a) no spatial averaging, (b) 1R
averaging, and (c) 2R averaging are shown in the rows.
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the known input model (maximum uncertainty equal to 20% of maximum data amplitudes). We then con-
sider alternatively quasi-static and kinematic inversions using different combinations of Cd and Cp, dispersive
(NEOWAVE [Yamazaki et al., 2009, 2011]) and nondispersive (COMCOT, Cornell Multi-grid Coupled Tsunami
Model [Liu et al., 1995]) tsunami GFs, i.e., a total of eight synthetics. Using nondispersive GF for a dispersive
propagation scenario is motivated by the reality that we anticipate inaccuracy and limitations of our GF,
which necessitates the use of Cχ rather than Cd in large problems. We choose Cd to represent uncorrelated
Gaussian observational errors of 5 cm and Cχ in consistency with the generation of synthetic data. We use
the entire mesh for the quasi-static problem, while adopting a near-source subset of the seafloor mesh for
the kinematic problem, to reduce the number of free parameters and computational demand. We consider
a Gaussian prior on the uplift P(m) =N(0, (10 m)2I), since the large-scale seafloor uplift is unlikely to exceed
20m based on typical observations from marine terrace and sea surface uplift during large earthquakes [e.g.,
Plafker and Rubin, 1978; Meltzner et al., 2006]. We also consider a uniform prior P(vr) =U(0.5 km/s, 2.5 km/s)
for the additional parameter, displacement propagation velocity vr, in the kinematic problem. Although
previous studies [e.g., Satake et al., 2013] suggest that tsunami data are not sensitive to different vr in this
range, we allow vr to vary so that we can explore a wider range of models. All kinematic inversions are done
with a fixed initiation point, which we assume to be the hypocenter location of the Tohoku-oki
earthquake [Chu et al., 2011].

Figure D2. Posterior mean models for the quasi-static problem with different Cp. (a) Cp
AC, (b) Cp

HB, and (c) Cp
RP are used to derive solutions without spatial aver-

aging (top row) and with 1R spatial averaging (bottom row). Mean values and 2σ uncertainties (95%) of representative model parameters near the source are shown
as vertical arrows and circles, respectively. Note that in this case the posterior mean model without averaging is equivalent to the maximum a posteriori (MAP) and
maximum-likelihood estimate (MLE) models.
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We first demonstrate the effect of spatial averaging on the posterior solutions, including the mean value and
uncertainty, using the posterior of a synthetic scenario in which a compact source of uplift occurs near the
trench (Figure C3). The posterior mean model becomes smoother with the increase in the range of spatial
averaging, accompanied by the reduction of error ellipses associated with the parameters highlighted. In
most of our models, we find that 1R spatial averaging is sufficient to reduce uncertainty to acceptable levels
and produce appropriate resolution for the source region of our interest, so we adopt the uniform 1R spatial
averaging in this study. In Figures S8 and S9, all posterior solutions are shown after 1R averaging.

From the results of synthetic tests, we find that inversions of quasi-static models generally produce biases in
solutions (Figures C1b, C1c, C1e, C1f, C2b, C2c, C2e, and C2f), in the form of stronger spurious features when
only Cd is assumed for the error structure of the problem (b, e), or offset of peak slip toward the trench when
nondispersive GFs are assumed in the inversion (e, f). Because source kinematics and the dispersive nature of
tsunami both introduce complexities in the waveform, the quasi-static assumption would force additional
features into the model in order to fit the waveform. These biases appear amplified in the second case
(Figure C2), due to more dispersive tsunami wave excited at the deep trench. With the use of Cχ (Figures
C1c, C1f, C2c and C2f), these biases are reduced, and the model uncertainties are more reasonably estimated.

Inversions of kinematic models generally recover the synthetic scenarios well (Figures C1d, C1g–C1i, C2d, and
C2g–C2i), due to the spatially nonuniform vr that brings extra degrees of freedom to fit the waveforms, even
when nondispersive GFs are used (Figures C1h and C1i). Uncertainty of model parameters in the kinematic
models is smaller than that in quasi-static counterparts, partly because the causality constraint imposed by
the deformation front requires that distant regions do not experience deformation and thus reduces the plau-
sible parameter space for the problem. In most cases, the use of Cd alone (Figures C1d, C1h, C2d and C2h)
leads to stronger artifacts and underestimated uncertainties of model parameters, compared to cases that
adopt Cχ (Figures C1g, C1i, C2g and C2i). In all, these results demonstrate that, with our approach, the tsunami
data can be used to resolve features of offshore seafloor deformation over length scales of tens of kilometers.

Figure D3. Posterior data fit and prediction of later waveforms for the quasi-static solutions. Posterior solutions that
include Cp

HB (a) without spatial averaging and (b) with 1R spatial averaging are used for the data fit and prediction. The
data are represented by thick black curves, and the waveforms predicted by random models from the posterior solutions
are represented by thin gray curves, with their mean values in red. Only waveforms to the left of the blue vertical bars are
used in the inversion, whereas those to the right are only used for a posteriori validation.
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Appendix D: Quasi-Static Seafloor Deformation Models
We apply the semianalytical approach to derive quasi-static models, together with model uncertainties

(equation (B2)) and averaging scales (equation (7)), from real tsunami waveforms using CHB
p as an example

(Figure D1). In the case without spatial averaging (Figure D1a), the posterior mean model has heterogeneous
uplift and large uncertainties of over 4m at resolution length scales less than 20 km. With 1R posterior aver-
aging (Figure D1b), the model is resolved with smaller uncertainty (1–3m) at larger resolution scales (30–
60 km). Further averaging over 2R nodes (Figure D1c) leads to smaller uncertainty at the expense of increased
scale for data resolution.

Figure D4. Seafloor deformation near the trench in the quasi-static model and comparisons with seafloor geodetic obser-
vations. Plotting conventions follow Figure 8. Note that the location of peak uplift (~50 km from the trench axis) and mean
value of near-trench seafloor tilt (~0.08m/km) are close to the values in the kinematic case, although the estimated tilt has
larger uncertainties (�0.07 m/km).
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We compare the impact of adopting the three different forms of Cp on the inversions of the real observations
(Figure D2). Posterior mean models without spatial averaging for all three Cp are highly heterogeneous with
large uncertainties. After 1R averaging, posterior meanmodels appear smoother, and the difference between

CAC
p andCHB

p is reduced, whileCRP
p produces larger peak uplift in the mean model. These models are still similar

to each other within uncertainties, and they all resolve similar features—the length scale of the uplift and the
location of its peak value.

As a posteriori validation of our models, we evaluate the posterior data fit as well as prediction to the later

part of the tsunami waveforms which are not included in the inversion. We show results derived with CHB
p in

Figure D3 andmore comprehensive comparisons in Figure S4. For models without spatial averaging, fit to the
data is excellent, and predictions of later waveforms are consistent with the data within the large uncertainty,
because far-field regions are unconstrained by the earlier waveforms and therefore have large variability in
predicting later signals. Note that there may be additional complexity in the later waveforms due to stronger
nonlinear effects and coastal reflections unaccounted for in our forward modeling and error models. For
models with spatial averaging, the discrepancy between observations and mean of the data fit is increased,
but it is still within the uncertainty.

The trench-normal profile of the quasi-staticmodel shows similar locations ofmaximum seafloor uplift (~50 km
landward from the trench axis) and mean values of near-trench seafloor tilt (0.08� 0.07m/km), compared to
the kinematic models (Figure 9), but the overall uncertainty of the estimated tilt is larger (Figure D4).
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