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S U M M A R Y
We successfully apply the acoustic Laplace–Fourier waveform tomography method to delineate
P-wave velocity structures of the mega-splay fault system in the central part of the seismogenic
Nankai subduction zone offshore Japan, using densely sampled wide-angle ocean bottom
seismograph (OBS) data originally acquired in 2004. Our success is due to new and carefully
designed data preconditioning and inversion strategies to mitigate (i) the well-known non-
linearity of waveform inversion, (ii) the challenges arising from crustal-scale survey designs
(e.g. undersampling of the OBSs), and (iii) modelling errors due to the use of the acoustic
assumption.

We identify a sixfold set of key components that together lead to the success of the high-
resolution waveform tomography image: (i) Availability of low-frequency components (start-
ing at 2.25 Hz) reducing the non-linearity, and access to large offset data (up to 55 km) increas-
ing the depth of illumination and the recovery of low wavenumber components. (ii) A highly
accurate traveltime tomography result (with an rms error of approximately 60 ms) that further
mitigates the non-linearity. (iii) A hierarchical inversion approach in which phase spectra are
inverted first to reduce artefacts from the acoustic assumption, and amplitude information is
only incorporated in the final stages. (iv) A Laplace–Fourier domain approach that facilitates a
multiscale approach to mitigate non-linearity by restricting the inversion to the low frequency
components and early arrivals first, and sequentially including higher frequencies and later
arrivals. (v) A pre-conditioning strategy for eliminating undesirable high wavenumber com-
ponents from the the gradient. (vi) A strategy for source estimation that reduce the influence
of the instrumental design.

In the OBS case study used for illustration purposes, Laplace–Fourier waveform tomography
retrieves velocity anomalies as small as 700 m (horizontally) and 350 m (vertically) above the
top of the Philippine Sea Plate. The resulting velocity structures include low-velocity zones
and thrust structures which have not been previously identified clearly. The velocity models
are validated by scrutiny of synthetic and observed waveforms, by evaluating the coherency
of source estimates, and by comparison with 3-D pre-stack migrated (PreSDM) images.
Chequerboard tests and point-scatter tests demonstrate both the reliability and the limitations
of the acoustic implementation.

Key words: Inverse theory; Controlled source seismology; Seismic tomography; Wave prop-
agation; Acoustic properties; Subduction zone processes.

1 I N T RO D U C T I O N

In this paper, we develop a suite of pre-processing, data condi-
tioning, imaging conditioning and inversion strategies for acous-
tic waveform tomography of deep water, densely sampled ocean
bottom seismograph (OBS) data. These strategies are developed,
tested and applied to a data set acquired in the Nankai subduc-
tion zone (Nakanishi et al. 2008). Waveform tomography images

from these data were first published by Kamei et al. (2012); the
purpose of this paper is to describe in detail the strategies that
were required in the production of those images. Our process-
ing and inversion strategies are critical in optimizing the images,
and in mitigating several issues: (i) the well-known non-linearities
in the waveform inversion problem, (ii) the challenges arising
from the crustal-survey design, and (iii) modelling errors due to
the use of acoustic implementation. A key component of these
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strategies is that the final velocity structures are subjected to exten-
sive quality control by scrutiny of synthetic waveforms, coherency
of source estimates, and careful comparison with 3-D pre-stack
depth migrations.

From wide-angle refraction data, velocity structures have con-
ventionally been extracted through traveltime tomography (Dessa
et al. 2004; Nakanishi et al. 2002, 2008; Kodaira et al. 2004).
Unfortunately, traveltime tomography results are restricted in reso-
lution (to the size of the first Fresnel zone), since the method relies
on distinct arrival times and on asymptotic ray theory (Williamson
& Worthington 1993; Chen & Schuster 1999; Woodward et al.
2008). However, seismic waveforms are richer in velocity informa-
tion when the full waveform is considered beyond the arrival time.
Full waveform inversion methods were introduced to potentially
access the full information content of seismic records, ideally in-
cluding all P waves, S waves as well as surface waves (Lailly 1983;
Tarantola 1984). Such methods are potentially able to include all
propagating wave modes by virtue of being based on numerical
wave equation solvers; for example, the finite difference methods
(e.g. Levander 1988; Pratt 1990), the finite element methods (e.g.
Shin & Cha 2008), the spectral element methods (e.g. Tromp et al.
2005), or the discontinuous Galerkin methods (e.g. Brossier 2011).

The full waveform inversion approach does demand significant
computational resources, due to the costs of repeated numerical
modelling. More seriously, waveform inversions often elude the
goal of the complete exploitation of waveforms due to the strongly
non-linear nature of the problem. For controlled seismic surveys of
crustal structures, most 2-D or 3-D inversions have been conducted
with refracted P-wave components, and inversions have typically
assumed acoustic waveform propagation. Pratt et al. (1996) inverted
simple synthetic models of crustal refraction surveys using acoustic
data, and Brenders & Pratt (2007a,b) extensively tested the validity
of the acoustic assumptions, and developed strategies for handling
the associated limitations in a blind test with third-party synthetic
elastic data. Brossier et al. (2009c) similarly demonstrated that the
acoustic implementation can yield a reliable P-wave velocity model
from the synthetic elastic data set.

Field data applications for crustal investigations have demon-
strated the potential for imaging structurally complex P-wave ve-
locity structures both in marine and land experiments, including
in the Eastern Nankai subduction zone (Operto et al. 2006), the
Queen Charlotte Basin (Takam Takougang & Calvert 2011), the
Southern Apennines (Ravaut et al. 2004), the San Andreas Fault
(Bleibinhaus et al. 2007, 2009), the Polish Basin (Malinowski &
Operto 2008) and the Canadian Foothills (Brenders et al. 2010).
Additionally, P-wave attenuation structures have also been imaged
in the Queen Charlotte Basin (Takam Takougang & Calvert 2011)
and the Polish Basin (Malinowski et al. 2011). Wide-angle crustal
surveys typically deploy large explosive sources, and large source-
receiver offset to penetrate the deep crust. The availability of low-
frequency components, and the abundance of wide-angle refraction
arrivals benefit waveform inversion. However, the acquisition ge-
ometry tends to be challenging; typically the sources and/or the
receivers are sparsely located, and the inversion requires adequate
model pre-conditioning strategies (Bleibinhaus et al. 2009).

The acoustic method described above ignores many elastic ef-
fects, most notably P-SV mode conversions. These omissions
lead to incorrect modelling of reflectivity coefficients, amplitude-
versus-offset effects, and focussing/defocussing errors. As a result,
concerns remain regarding the reliability of the acoustic
implementation. In particular, Barnes et al. (2008) pointed out
the underestimation of sharp velocity contrasts when using the

acoustic assumption. Barnes et al. (2008) and Choi et al. (2008)
demonstrated through synthetic examples that the use of elastic for-
ward modelling code may improve P-wave imaging. Shipp & Singh
(2002) used the elastic wave-equation to carry out S-wave velocity
inversion of field data in the Faroe-Shetland basin; similarly Sears
et al. (2010) carried out S-wave velocity inversion for a hydrocarbon
reservoir in the North Sea.

The conventional implementation of waveform inversion is an
exploration of an elastic parameter model space to minimize spe-
cific ‘objective functions’ (Tarantola 1984; Pratt et al. 1998). Ob-
jective functions have typically been based on L2 or L1 norm of
data residuals formed from a simple subtraction of predicted data
from observed data (Tarantola 1984; Pratt et al. 1998; Brossier
et al. 2010), but Shin & Min (2006) proposed a subtraction of loga-
rithmic wavefields to stabilize the optimization process. Amplitude
information may be discarded to reduce the effects of modelling
errors and to stabilize waveform inversion (Bleibinhaus et al. 2007;
Brenders 2011).

Minimization can be approached either globally or locally from
an appropriate starting point. The application of global search tech-
niques, while desirable for such a highly non-linear problem, is
still elusive due to the expense of repeated forward modelling, al-
though some simple 1-D problems have been explored by Sen &
Stoffa (1991, 1992). In contrast, local optimization methods can
be formulated to optimally reduce the computational cost by taking
advantage of the adjoint method to compute gradients efficiently (as
originally formulated by Lailly (1983) and Tarantola (1984) for the
time domain, and by Pratt & Worthington (1990) for the frequency
domain). Local optimizations can be either varieties of the steep-
est descent method, including the conjugate gradient method (Pratt
et al. 1996; Ravaut et al. 2004; Operto et al. 2006; Bleibinhaus et al.
2007; Takam Takougang & Calvert 2011), or varieties of the New-
ton method requiring the calculation of the exact or approximate
Hessian matrix (Hicks & Pratt 2001; Brossier et al. 2009a). Pratt
et al. (1998) has provided detailed descriptions and interpretations
of these optimization methods.

The strong non-linearity of the full waveform inversion problem
(even when only P-wave velocity imaging is the goal) requires that
considerable attention be paid to the starting model, and to appro-
priate inversion strategies (Mora 1989; Bunks et al. 1995; Pratt et al.
1998; Sirgue 2003). Critically, when observed data and predicted
data in the starting model are out of phase by more than a half cycle,
local waveform inversions will likely fail because of the existence of
local minima in the objective function. This ‘cycle-skipping prob-
lem’ therefore demands that the starting model be highly accurate,
and thus a first arrival tomography method such as those of Zelt
& Smith (1992) and Zhang & Toksoz (1998), or a reflection to-
mography approach such as that summarized in Woodward et al.
(2008) have typically been employed to generate starting models for
waveform inversion (Brenders & Pratt 2007a; Brenders et al. 2010;
Operto et al. 2006; Ravaut et al. 2004). Brenders & Pratt (2007a)
and Pratt (2008) have referred to this hierarchical sequence of trav-
eltime tomography followed by waveform inversion as ‘Waveform
Tomography’, since the whole inversion process aims to extend the
use of first arrival tomography to obtain high resolution subsurface
models that fit the refracted (i.e. transmitted) parts of the seismic
records.

A multiscale approach (Bunks et al. 1995) is often applied to
further mitigate the non-linearity; initially inverting large-scale fea-
tures, and sequentially refining the spatial scale. As the resolu-
tion power of waveform inversion is roughly proportional to the
highest temporal frequency of the data (Wu & Toksoz 1987), the
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multiscale method can be applied by starting inversions at low tem-
poral frequencies and sequentially fitting higher frequency compo-
nents. The approach has the highly desirable effect of reducing the
cycle-skipping between observed and predicted data, which is less
severe at lower temporal frequencies (Sirgue 2003).

In addition to using the frequency selection strategies of the
previous paragraph, the multiscale approach can also be imple-
mented using time selection strategies by first restricting waveform
inversion to early arrivals, and sequentially incorporating later ar-
rivals: The early part of refracted seismic waveforms are primarily
sensitive to large-scale velocity structures, and are relatively lin-
ear in comparison with later arrivals (i.e. scattered or diffracted
waves which are more sensitive to small-scale features and to
the deeper parts of the model) (Sirgue & Pratt 2004; Brenders &
Pratt 2007a).

It is advantageous to implement both frequency and time selec-
tion strategies when considering multiscale inversions. In the time
domain, these may be implemented by the combination of convolu-
tional bandpass filters and time-windowing functions (Sears et al.
2010). In the frequency domain, while the hierarchal usage of fre-
quency windows is trivial, simple time windowing approaches will
require a convolutional operator over frequencies. However, an ex-
ponential time-damping function may be introduced to rigorously
extract early arrivals without a convolutional operator (Sirgue &
Pratt 2004; Brenders & Pratt 2007a). This approach was formalized
by Shin & Cha (2009) as ‘Laplace-Fourier domain’ waveform inver-
sion in which the Laplace constant is the inverse of the characteristic
time of the exponential time-damping function. The initial employ-
ment of lower frequencies and larger Laplace constants (smaller
time-damping constants) minimizes non-linearities. A hierarchical
approach in which these initial parameter choices are followed by
higher frequencies and smaller Laplace constants (larger damp-
ing constants) then maximizes the model illumination in terms of
wavenumber spectrum and depth coverage (Sirgue & Pratt 2004;
Brenders & Pratt 2007c; Shin & Cha 2009; Brenders 2011).

Further enforcement of the multiscale approach involves initially
restricting the roughness and the depth recovery of the models.
Model space gradients of the objective function are typically pre-
conditioned by using smoothing operators to suppress undesirable
oscillations in the image (Sirgue 2003; Ravaut et al. 2004; Brenders
& Pratt 2007b), and offset weighting of data can further constrain
the depth recovery of waveform inversion (Brenders & Pratt 2007a;
Sears et al. 2010)

1.1 Outline of the paper

In Section 2 of this paper, we review the geological background
of the survey area, and give a description of the survey data used
in the paper. We also review the previous traveltime tomography
work of Nakanishi et al. (2008) conducted for the data. We then
briefly summarize the theory underlying Laplace–Fourier wave-
form inversion in Section 3. Following this, we describe the OBS
data used in the study, and further present a detailed descrip-
tion of our pre-processing workflow in Section 4. The inversion
strategy is extensively reviewed in Section 5 of the paper, fol-
lowed by a full description and interpretation of inversion results
in Section 6. The paper concludes with a discussion of inversion
strategies, illustrating critical components which contributed the
successful waveform inversion for the wide-angle OBS data. A
list of mathematical symbols used in this paper is provided in
Table 1.

2 G E O L O G I C A L B A C KG RO U N D,
S U RV E Y D E S C R I P T I O N, A N D
T R AV E LT I M E T O M O G R A P H Y R E S U LT

2.1 Geological background

The seismogenic Nankai subduction zone is located southwest of
Japan, where the Philippine Sea Plate is subducting beneath the
Eurasia Plate. The area has been the subject of a number of seis-
mic experiments to characterize crustal structures, and to under-
stand the seismogenesis (Moore et al. 2001; Nakanishi et al. 2002;
Kodaira et al. 2004; Moore et al. 2007). In the central Nankai
subduction zone off the Kii Peninsula (Fig. 1), migrated reflec-
tion seismic sections (Park et al. 2002a; Moore et al. 2007, 2009)
revealed a characteristic out-of-sequence thrust, known as a mega-
splay fault (Tobin & Kinoshita 2006), which has been suggested as
a critical structure for rupture propagation and tsunami generation.
The mega-splay fault is believed to branch from the subducting
Philippine Sea Plate, and cut through the inner accretionary wedge
(Park et al. 2002b; Moore et al. 2007, 2009). Near the sea bot-
tom, the mega-splay fault splits further due to reduced confining
pressures, and some of the splays reach the seafloor (Moore et al.
2007).

Two potentially over-pressured low velocity zones have been
identified in the vicinity of the mega-splay fault using reflection
and refraction seismic surveys (Park et al. 2002a; Bangs et al. 2009;
Park et al. 2010): One low velocity zone (LVZ1 in Fig. 1b) is in the
inner accretionary wedge directly underneath the mega-splay fault
(Park et al. 2002a; Bangs et al. 2009), and a second low velocity
zone (LVZ2 in Fig. 1b) is in the transition zone between the inner
and outer wedge (Park et al. 2010). LVZ1 is characterized by the
reverse polarity of the reflection from the mega-splay fault, and is
associated with fluid migration along the fault (Park et al. 2002a),
and/or the existence of fluid-rich underthrust sediments (Bangs et al.
2009). LVZ2 was recognized during migration velocity analysis and
through shadow zone analysis of refraction data. The geometrical
proximity of the two low velocity zones may imply fluid migration
between the inner and outer wedge. However, previous migration
images are poorly resolved in the area connecting these low veloc-
ity zones due to the influence of the sea bottom topographic relief
on the images. Furthermore, the velocity images from conventional
first-arrival refraction tomography (Nakanishi et al. 2008) have not
yielded sufficient resolution to resolve the connection between these
zones. These technical disadvantages have left an ambiguous geo-
metrical relationship of the two fluid rich layers (LVZ1 and LVZ2),
precluding a complete image of the mega-splay fault system.

2.2 Survey description

In order to generate the waveform tomography images described
in this paper, we used waveforms from OBS data acquired in the
southeast offshore of the Kii Peninsula (Fig. 1a) by the Japan Agency
for Marine Earth Science and Technology (JAMSTEC) in 2004
(Nakanishi et al. 2008). A total of 74 OBS sensors described in
Shinohara et al. (1993) were deployed at the sea bottom over a
total interval of 175 km. Each OBS has a three-component, gimbal-
mounted geophone system with a 4.5 Hz natural frequency and a
hydrophone. The digital recorder had either 16-bit or 24-bit A/D
converters, and signals were digitized with a 10 ms sampling rate.
Among 74 OBSs, 54 OBSs were located at 1 km intervals near
the outer ridge, and 20 OBSs were located in 5–10 km intervals
elsewhere. A large air gun array with a total volume of 197 L
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Table 1. List of mathematical symbols used in this paper.

Symbol Type Dimension Description

f Real Frequency
ω Real Angular frequency
� Complex Complex angular frequency
ωo Real Reference frequency for attenuative models
τ Real Characteristic time for exponential time-damping
σ Real Laplace constant
s Complex Complex Laplace constant
c Complex P-wave velocity
cR, cI Real Real or imaginary part of P-wave velocity
ρ Real Density
Q Real Quality factor
Nd Integer Number of data
Nl Integer Number of nodes in finite difference model
Nm Integer Number of model parameters
S Complex Nl × Nl Frequency-domain finite difference matrix
f Complex Nl × 1 Pressure source vector
d Complex Nd × 1 Observed data vector
u Complex Nl × 1 Predicted data vector
Ad, θd Real Amplitude and phase of observed data
Au, θu Real Amplitude and phase of predicted data
F Complex Nl × Nm Virtual source matrix
w Complex Nd × 1 Re-weighted residual vector
m Complex Nm × 1 Model parameter vector
mo Complex Nm × 1 Starting model parameter vector
δm Complex Nm × 1 Update model parameter vector
E(m, mo; d) Real Objective function
J Complex Nm × Nm Fréchet matrix of partial derivatives
α Real Steplength
γγγ Real Nm × 1 Conjugate gradient or steepest descent direction
β Real Small number used for perturbations
� Real Spatial size of finite difference grid cells
sf Complex Source update
�s, �r Real Source and OBS intervals
�Ny Real Maximum unaliased interval
NAs , NAr Real Sparsity of source and receiver intervals
κx, κ z Real Horizontal and vertical wavenumber
κxc , κzc Real Horizontal and vertical cut-off wavenumbers
�, � Function Real and imaginary part of complex numbers

(8 × 25 L BOLT 1500LL airguns) and a pressure of 14 MPa was
deployed by JAMSTEC’s R/V Kaiyo at 10 m water depths, at 200 m
intervals.

2.3 Traveltime tomography result

Using these data, and the traveltime tomography approach of Zhang
& Toksoz (1998), Nakanishi et al. (2008) recovered the velocity
model depicted in Fig. 2, and concluded through chequerboard
testing that their result had a spatial resolution of approximately
2.5 km. Nakanishi et al. (2008) conducted the tomography in two
stages: First, they recovered a 175 km wide and 30 km depth section
with a grid spacing 0.2 × 0.2 km (fig. 4(a) in Nakanishi et al. 2008).
They then refined the analysis to an area 65 km wide and 15 km
deep on the vicinity of the outer ridge, with a new grid spacing
0.05 × 0.05 km. The velocity structure in the refined area is shown
in Fig. 2(a).

The subsurface structure in Fig. 2(a) exhibits a large dynamic
range in velocity, from velocities of soft sediments close to
1.5 km s−1 at the sea bottom, to velocities of approximately 8 km s−1

within the Philippine Sea Plate. In order to better visualize local ve-
locity changes, we removed the dominant 1-D trend from this image.
The 1-D trend was defined by the 3rd order polynomial Vo(x, z) =

a(z − zo(x))3 + b(z − zo(x))2 + c(z − zo(x)) + d which best fit
the 2-D traveltime tomography result, where zo(x) is the depth of
the sea-floor. The de-trended velocity image was then defined by
�V(x, z) = V(x, z) − Vo(x, z). The resultant de-trended velocity
structure is shown in Fig. 2(b) in colour and in Fig. 2(c) in grey.
These traveltime tomography images appear to show the existence
of low velocity zones, but the lithological boundaries are not obvi-
ous. This deficiency can be attributed to the fundamental limitations
of the methodology, since the asymptotic assumption inherent in ray
theory imposes a resolution restriction based on the Fresnel zone
width, leading to a smooth final velocity model (e.g. Williamson
& Worthington 1993). In order to supplement the information on
the locations of the apparent lithological structures, Nakanishi et al.
(2008) conducted further analysis: The reflection traveltime map-
ping method (Fujie et al. 2006) was adopted to migrate pre-picked
secondary reflection arrivals to their original locations. However,
their method required the manual picking of distinct reflection ar-
rivals, and thus they were unable to provide detailed structure maps.

3 T H E O RY

Any approach to geophysical inversion necessarily comprises two
steps: (i) A forward modelling step in which geophysical data are
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Figure 1. (a) Maps of southwest Japan and the Nankai Trough with sea bathymetry. An ocean bottom seismograph (OBS) survey was conducted in 2004 (solid
black line). Circles indicate OBS positions; red circles indicate OBS positions used for waveform tomography in this paper. The 3-D reflection survey area used
by Moore et al. (2009) is shown as a grey-shaded area. Dark blue contours show the coseismic slip distribution of the 1944 Tonankai earthquake (Kikuchi et al.
2003). The large arrow indicates the subduction direction of the Philippine Sea Plate (DeMets et al. 2010). (b) Interpreted pre-stack migration section (after
figure F6B in Moore et al. 2009). Two low velocity zones identified by previous researchers are outlined in magenta and identified as LVZ1 (Bangs et al. 2009)
and LVZ2 (Park et al. 2010). PTZ stands for protothrust zone, BSR for bottom simulating reflector, DF for deformation front, and VE for vertical exaggeration.
DS represents the décollement stepdown interpreted in Park et al. (2002a). The large black arrow indicates subduction direction of the Philippine Sea Plate.

simulated (‘forward modelled’) in a manner consistent with the
survey geometry and physical principles, and (ii) an optimization
process in which model parameters themselves are progressively up-
dated in such a manner as to optimize the fit between the simulated
and observed (true) data. The choice of forward-modelling theory
determines the basic assumptions underlying the inverse problem,
and implicitly characterizes the modelling error. In this study, fol-
lowing the approach of Brenders & Pratt (2007a), we assume 2-D
visco-acoustic wave propagation, and we ignore elastic effects and
anisotropy. Following the approach of Pratt et al. (1998), Bren-
ders & Pratt (2007a) and Shin & Cha (2009), we conduct forward
modelling and inversion in the Laplace–Fourier domain.

3.1 The Laplace–Fourier domain

Following Shin & Cha (2009), the complex Laplace transform of
the time-domain wavefield u(x; t) is

u(x; s) =
∫ ∞

0
u(x; t) exp [−st] dt, (1)

where s is the complex-valued Laplace parameter. If we write

s = σ + iω, (2)

with a real-valued Laplace constant σ and a real-valued angular
frequency ω, then

u(x; s) =
∫ ∞

0
{u(x; t) exp [−σ t]} exp [−iωt] dt. (3)

Consider a characteristic decay time

τ = 1/σ, (4)

and u(x; t < 0) = 0. Eq. (3) then becomes

u(x; s) =
∫ ∞

−∞

{
u(x; t) exp

[
− t

τ

]}
exp [−iωt] dt, (5)

which is the Fourier transform of the original time-domain wavefield
multiplied by a time-damping function, exp [ − t/τ ]. As is apparent
from eqs (3) and (5), the damping function acts as a data pre-
conditioning operator (Sirgue 2003; Brenders & Pratt 2007a) in
that smaller values of τ (larger values of s) preferentially weight
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Figure 2. (a) Traveltime tomography result of Nakanishi et al. (2008), also used as a starting model for our waveform inversion, (b) de-trended model of (a)
in colour, and (c) same as (b) in grey scale. The horizontal axis is the distance from the deformation front (see Fig. 1). Yellow circles show the location of the
16 bit OBS instruments, and red circles show the location of the 24 bit OBS instruments used in this study.

early arrivals, and suppress later arrivals. We further rewrite eq. (5)
as

u(x; s) =
∫ ∞

−∞
u(x; t) exp [−i�t] dt,

= u(x; �), (6)

where

� = ω − i/τ, (7)

is a complex-valued frequency. Eq. (7) is the Fourier domain wave-
field at complex-valued frequency � = ω − i/τ (as in Phinney
(1965); Mallick & Frazer (1987); Sirgue (2003)). The equivalence
of the complex Laplace and Fourier transforms leads us to refer to
u(x; s) = u(x; σ, ω) = u(x; ω, τ ) = u(x; �) as the ‘Laplace-Fourier

domain wavefield’ following Shin & Cha (2009). Hereafter, we use
ω and τ as our parametrization because of the intuitive connection
of ω and τ to the physical quantities of frequency and decay time.

3.2 Forward modelling

The visco-acoustic wave equation in the Laplace–Fourier domain
is

∇
(

1

ρ(x)
∇u(x; �)

)
+ �2

ρ(x)c(x; ω)2
u(x; �) = f (x; �), (8)

where ρ(x) is the density, u(x; �) is the pressure field, and f (x; �)
is the source term describing both the spatial distribution of the
source(s), and the Laplace–Fourier component of the source time
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function. Attenuative media can be included by utilizing a complex-
valued velocity field c, in which the attenuation factor

Q−1 = − cI (x; ω)

2cR(x; ω)
, (9)

where cR(x; ω) = � [c(x; ω)] and cI (x; ω) = � [c(x; ω)] (Song et al.
1995). We assume a frequency independent Q, and the dispersion
relationship

1

cR(x; ω)
= 1

cR(x; ωo)

(
1 + 1

π Q
ln

(ωo

ω

))
, (10)

where ωo is a reference frequency (Aki & Richards 1980).
A numerical solution of the wave equation in eq. (8) for arbitrary

velocity, density and attenuation distributions requires a discretiza-
tion of the model. If we assume that the 2-D P-wave subsurface
velocity, density and attenuation structure may be described by a
set of model parameters, m, eq. (8) then leads to the matrix form

S(m)u = f, (11)

(Pratt et al. 1998), where u represents the discrete solutions to the
wave equation at Nl grid points, m is the model parameter vector
representing in discrete form the spatial distributions of Nm model
parameters, f represents the discrete distribution of source terms at
Nl grid points, and S is the Nl × Nl impedance matrix. In this study,
we adopt the finite difference approach for the matrix elements in
eq. (11) developed by Pratt & Worthington (1988) and Jo et al.
(1996), but we implement an absorbing boundary condition using
the perfectly matched layer method (Hustedt et al. 2004; Zeng et al.
2001). Note that eq. (11) and all results below are dependent on the
complex angular frequency, � = ω − i/τ , although we shall omit
the specific dependence unless required.

3.3 Optimization

As before we assume the subsurface is described by a set of model
parameters, m, at Nm nodal points, and we now assume that ob-
served data, d, are available at Nd points. These data will neces-
sarily be extracted from seismic recordings, and transformed into
discrete Laplace–Fourier components prior to the inversion. We
seek to iteratively update the model to fit the set of Laplace–Fourier
components using a local optimization via the conjugate gradient
method.

We define an objective function E(d, m) using the L2 norm such
that

2E =
∑

ω

δdT δd, (12)

where δd is the residual, and T indicates the complex transpose of
the vector. Conventionally, the residual is defined simply as

δd j = u j − d j , j = 1, . . . , Nd , (13)

(e.g. Pratt et al. 1998). Note that formally a sampling (restricting)
operator is required in front of uj to extract predicted wavefields at
receiver locations (as in, for example Plessix 2006), but we omit the
operator for simplicity. The conventional residual is sensitive to the
dynamic range of data amplitudes, leading to a poor depth illumina-
tion. The effects are emphasized with the Laplace–Fourier domain
implementation as seismic waveforms at a far offset are more sig-
nificantly damped than at a near offset (see Kamei et al. 2013, for
more detailed discussion). Brenders & Pratt (2007c) proposed the
application of an amplitude compensation term exp [t/to], where
to is the picked arrival time, and Brossier et al. (2009a) adopted

an offset-dependent data pre-conditioning term. Alternatively the
model gradient may be pre-conditioned by diagonal elements of a
Hessian or pseudo Hessian matrix to improve the depth illumination
(e.g. Ravaut et al. 2004; Operto et al. 2006; Shin & Cha 2009).

For velocity inversion, instead of the conventional residual, we
employ the ‘logarithmic residual’

δd j = ln

(
u j

d j

)
. (14)

(as originally introduced by Shin & Min 2006). Now denote

u j = Au j exp
[
iθu j

]
,

d j = Ad j exp
[
iθd j

]
, (15)

and assume no cycle skipping between the observed and estimated
data, that is

∣∣θu j − θd j

∣∣ ≤ π . Then

δd j = ln

(
Au j

Ad j

)
+ i

(
θu j − θd j

)
. (16)

Eq. (16) illustrates two main advantages of the logarithmic imple-
mentation over the conventional approach: (i) the natural separation
of amplitude and phase information into real and imaginary parts of
the misfit, and (ii) the scaling of amplitudes in the real part leads to
a reduced dynamic range of residuals. Because of the scaling effect,
the data pre-conditioning of Brenders & Pratt (2007c) or Brossier
et al. (2009a) is not required for the inversion. As the phase spec-
tra mainly represent the kinematics, and the amplitude spectra are
mostly influenced by the dynamics of wave propagation, it is trivial
to form a definition of the residual emphasizing the kinematics by
eliminating the real part of eq. (16),

δd j = �
[

ln

(
u j

d j

)]
= (

θu j − θd j

)
, (17)

which will be referred to as the ‘logarithmic phase-only residual’.
To distinguish eq. (14) from eq. (17), we refer eq. (14) as the
‘logarithmic phase-amplitude residual’.

In order to reduce the objective function, we adopt a local conju-
gate gradient method, with model update

δm = −αγγγ , (18)

where α is the steplength, and γγγ is the conjugate gradient direction,
available at each iteration through a linear combination of pre-
conditioned model gradients at past iterations (Polak & Ribiére
1969). The model gradient itself ∇mE is obtained at each iteration
by the adjoint method (Lailly 1983; Tarantola 1984; Pratt et al.
1998), so that the computationally expensive Fréchet kernel is not
required in explicit form. Following Pratt et al. (1998) and Kamei
& Pratt (2013), the gradient of E takes the form

∇m E = � [
Ft S−1w∗] , (19)

(under the condition S−1 = [
S−1

]t
, where t indicates the transpose

of the matrix without complex conjugation), where F is the matrix
containing the virtual sources for each model parameter, w is the ‘re-
weighted residual vector’, and ∗ indicates the complex conjugate.
Note that the virtual sources, F, are independent of the definition of
the residual, and the lth column of F is given by

Fl = − ∂S

∂ml
u. (20)
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The re-weighted residuals, w, however, depend on the definition
of the residuals: For logarithmic residuals

w j = 1

u∗
j

ln
u j

d j
, (21)

while for logarithmic phase-only residuals

w j = i

u j
�

(
ln

u j

d j

)
. (22)

The final requirement in eq. (18) is α, the ‘step length’. By
assuming the model parameters are approximately linear in the
vicinity of m,

α ∼ − (∇m E)T γγγ

(JTγγγ )T (JTγγγ )
, (23)

where J is the Frecht derivative kernel (Song 1994; Song et al.
1995; Pratt et al. 1998). The term JTγγγ may be approximated by the
finite-difference calculation

JTγγγ ∼ d(m + βγγγ ) − d(m)

β
, (24)

where β is a small perturbation constant.

3.4 Source estimation

The inverse method described above assumes that the forward prob-
lem can be solved through eq. (11), in which the source terms f are
assumed known. However, these terms need to be provided. Fortu-
nately, under the assumption of a known subsurface structure the
source wavelet in the Laplace–Fourier domain can easily be es-
timated as a linear inverse problem (Pratt 1999). Following Pratt
(1999), we may compute an optimal source signature by the multi-
plication of the current wavelet, f, by a complex-valued scaler, sf.
Using this, eq. (11) becomes

Su = s f f. (25)

(Each source location may possess an independent source wavelet,
and to handle this we may assume different scalars, s f1 , s f1 ,. . . ,
s fNs .) Thus, the source wavelet estimation problem is re-cast by
the Laplace–Fourier domain optimization problem with respect to
a scalar, sf or a number of scalars. If we assume our estimated
subsurface structure is correct, u becomes independent of m, and sf

can be found by the linear optimization algorithm described below,
since u is a linear function of sf. In practice, the velocity model used
in eq. (25) will not be precise, and the source inversion should be
updated after each update of the velocity structure.

The objective function for the source estimation can be the L2

norm of either the conventional residuals in eq. (13) (Pratt 1999),
or the logarithmic residuals in eq. (14) (Shin et al. 2007). Shin et al.
(2007) have compared the accuracies in source wavelet estimation
between two misfit definitions through synthetic tests, and have
concluded the discrepancies between the estimated wavelet are not
substantial. In this study, we apply the conventional misfit in eq.
(13), and sf can be found by

s f = ut d∗

ut u∗ . (26)

Note that this linear inverse method converges in one iteration (Pratt
1999).

Source wavelet estimates can also be used to detect the diver-
gence of the estimated model from the true model (Pratt & Symes
2002; Gao et al. 2007; Smithyman et al. 2009; Malinowski et al.

2011): Suppose in reality all sources excited an identical wavelet,
and all receivers shared identical receiver coupling effects. Then
consider estimating a source wavelet for each source locations:
When the ‘true’ velocity structure is given, the estimated source
waveforms will be identical, but if an estimated model is imperfect,
the estimated source signals will differ from each other, especially
where strong discrepancies remain between estimated and true mod-
els. Thus, the coherency of source wavelets informs the validity of
velocity models. Pratt & Symes (2002) demonstrated that the sem-
blance and differential semblance of the source waveforms may
provide a robust indicator of model validity.

4 DATA A N D P R E - P RO C E S S I N G

4.1 Data description

The OBS data we use in this study and the traveltime tomography
results carried out previously are described above in Section 2. In
order to avoid undersampling artefacts arising from sparse OBS
intervals, we conducted our waveform tomography study on a sub-
surface section 65 km wide and 15 km deep in the area of the active
mega-splay. This section corresponds to the refined area of the trav-
eltime tomography result in Nakanishi et al. (2008), and comprises
a subset of the original data: 54 OBS’s at 1 km spacing, with 285
air gun sources. Four OBSs have 24 bit A/D converters (indicated
by red circles in Fig. 2), and the rest of the OBSs have 16 bit A/D
converters (indicated by yellow circles in Fig. 2). Although pressure
component data are desirable (since the pressure is the direct out-
put of our acoustic forward modelling), poor signal-to-noise ratios
precluded their usage. Instead we employed the vertical component
records from the OBSs. The use of the vertical components is a
plausible approximate approach for P-velocity imaging, because
our pressure sources were excited in acoustic environment (i.e. the
ocean), and because P-wave energy dominates the early part of the
vertical components of our OBS data. Strictly speaking, a conver-
sion of velocity components to pressure is required (Operto et al.
2006), but Brenders & Pratt (2007a) and Brossier et al. (2009a)
demonstrated by using synthetic and field elastic data that vertical
components can be treated as pressure components, and can provide
reliable velocity structures.

Representative waveforms from OBS 47 (located 65 km land-
ward of the deformation front DF) are depicted in Fig. 3(a) with the
application of a reduction velocity of 8 km s−1. The amplitude spec-
trum from the same OBS gather is presented as a solid black line
in Fig. 3(b). A strong bubble reverberation is apparent throughout
the OBS gather, however relatively clear seismic signals were avail-
able: Refraction waves from the shallower subsurface are observed
at distances between 45 and 60 km, and from deeper structures at
distances 15 and 45 km, and two wide-angle reflections are evident
at distances 38 and 52 km.

4.2 Pre-processing

Data pre-processing is essential for successful acoustic waveform
inversion. We designed a pre-processing flow with the objectives of
enhancing the signal to noise ratio (especially at lowest frequencies),
and eliminating undesirable (non-acoustic) arrivals. Fig. 4 schemat-
ically illustrates the approximate pre-processing workflow followed
prior to waveform inversion. Fig. 5 displays the gather from OBS
47 after each step in the pre-processing flow; the corresponding
amplitude spectra are shown in Fig. 3(b).
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1258 R. Kamei, R. G. Pratt and T. Tsuji

Figure 3. (a) Representative vertical component seismic waveforms recorded at OBS 47, located 65 km landward of the deformation front (see Fig. 1). The
yellow line indicates the picked first arrivals. (b) The rms amplitude spectra from OBS 47. Amplitudes are normalized to the value at 5 Hz. The black line
shows the amplitude spectrum of (a), the grey line after de-convolution (Fig. 5b), the dashed blue line after bandpass filter (Fig. 5c), and the red line after the
all pre-processing (Fig. 5d).

Predictive deconvolution with a delay of 24–750 ms was per-
formed in order to remove the air gun bubble reverberation
(Nakanishi et al. 2008). The deconvolved waveforms in Fig. 5(b)
exhibit sharper and more distinct arrivals, but residual bubble ef-
fects remain as secondary arrivals at 400 ms after the first arrivals.
The corresponding amplitude spectrum (the red line in Fig. 3b), ex-
hibits the general flattening of the spectrum and the enhancement of
high frequency components. Following deconvolution, an Ormbsy
minimum-phase bandpass filter was applied with corner frequen-
cies of 0.1–2.5 to 8.0–8.5 Hz (Fig. 5c), designed to accept the first
two peaks in the amplitude spectrum of the raw data (the dashed
line in Fig. 3b). We eliminated higher frequencies due to the severe
undersampling in the OBSs.

A time window of 1.8 s was then applied to the waveforms, in
order to exclude early ambient noise, P-SV converted arrivals, and
free-surface multiples. Since acoustic waveform modelling cannot
reproduce converted shear waves, shear modes can cause systematic
errors in our waveform inversion. Although it is possible to apply a
free surface condition in the forwarding modelling, and to include
the multiples in the inversion, in this case we excluded the multiples
from the inversion. Due to the water depth, free surface multiples
arrive late in time, and in some places it is difficult to include the
multiples without also including strong P-SV converted waves from
the oceanic crust (e.g. at distances less than 30 km).

The next step was to process the signal amplitudes. We first
normalized the rms amplitudes of each OBS gather, primarily be-
cause the two types of A/D converters used resulted in a differ-
ent dynamic range in the observed waveforms, but also because
the elastic coupling to the sea-floor differs between the OBSs.
Next the observed (elastic) amplitude versus offset (AVO) effects
were compensated to fit synthetic (acoustic) AVO effects follow-
ing the methodology described in Brenders & Pratt (2007a). This
procedure also calibrated the vertical components in the observed
data to simulate the pressure component output from the acous-
tic modelling code. The reference acoustic wavefield was com-
puted by the frequency domain visco-acoustic modelling code
using the traveltime tomography result shown in Fig. 2 as a ve-
locity model. The attenuation model was set using Qp = 100 be-
neath the seafloor, and Qp = 10 000 for the sea water brine. The
amplitude-corrected waveforms are displayed in Fig. 5(d), with the
corresponding rms amplitude spectrum shown in Fig. 3(b) as a red
curve.

As a final pre-processing step, we eliminated all traces with off-
sets less than 5.0 km, because the observed wavefields exhibited
amplitude saturation, and because the wavefields consist primarily
of direct arrivals propagating solely through the ocean. Eliminat-
ing these data may degrade the resolution of very shallow surface
structures, but such structures are probably not invertable due to the
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Figure 4. The pre-processing flow used to bring time-domain data through
to Laplace–Fourier domain waveform inversion

severe artifacts arising from the undersampled OBS intervals (see
Section 5.4).

5 I N V E R S I O N S T R AT E G I E S

We chose to invert the pre-processed waveforms for the P-wave
velocity structure of the subsurface, with a starting model derived
from the traveltime tomography results described in Section 2.3 and
shown in Fig. 2. A flowchart outlining the overall Laplace–Fourier
waveform inversion strategy is displayed in Fig. 6. As in the am-
plitude compensation step described in Section 4.2, the attenuation
model was set at Qp = 100 beneath the seafloor, and Qp = 10 000 for
the brine; this model was kept constant during the inversion process.
Density was computed from the velocity model at each iteration by
applying Gardner’s relationship (Gardner et al. 1974).

A primary choice in waveform inversion is the choice of objective
function. We defined logarithmic phase-amplitude and phase-only
objective functions in Section 3.3. To first order, the P-wave veloc-
ity is constrained by the kinematics of the early arriving waveforms.
By contrast, the dynamic properties of seismic wavefields (i.e. the
amplitudes) are responsive to second-order terms in the velocity
distribution (Snieder & Lomax 1996). Moreover the amplitudes
are strongly affected by various factors other than P-wave veloc-
ity structure: they are more vulnerable to 3-D wave propagation
effects, source/receiver coupling effects, source radiation patterns,
P-SV converted waves, impedance contrasts, and so on. Although
we have attempted to mitigate these non-acoustic or 3-D effects
through pre-processing (especially through amplitude correction
and time-windowing), a phase-only approach provides more stable
and reliable P-wave velocity images. Thus, we adopted a two-stage
approach: First, we began with the logarithmic phase-only objective
function in eq. (17). Then in a second stage, we used the logarith-
mic phase-amplitude objective function in eq. (14) to incorporate
the amplitude information into waveform inversion. This strategy
is reflected in the flowcharts in Fig. 6.

At each stage, the multiscale method was primarily facilitated
by appropriately scheduling the Laplace–Fourier parameters, ω and
τ . The model update was calculated as described in Section 3.3,
and the model gradient was pre-conditioned by wavenumber filter-
ing (see Section 5.4 below) to remove unacceptable oscillations.
The source wavelet was updated after each iteration following the
method described in Section 3.4.

5.1 Waveform inversion parameter choices

Forward modelling of visco-acoustic wave propagation was carried
out in the Laplace–Fourier domain following the methods described
in Section 3.2. In order to avoid numerical dispersion, the finite
difference cell size, �, was chosen to approximately satisfy

� ≤ λmin

4
= vmin

4 fmax
, (27)

(Jo et al. 1996) where λmin is the minimum wavelength, vmin

is the minimum velocity, and fmax is the maximum modelling
frequency. As the minimum velocity in the medium is that of
brine (1500 m s−1), and as fmax = 8.5 Hz, a strict implementation
requires

� ≤ 1500

4 × 8.5
= 44.4 [m]. (28)

However, we used the original 50 m square cell sizes from the travel-
time tomography settings, which satisfies eq. (28) at all but the high-
est frequencies (>7.5 Hz) and the lowest velocities (<1700 m s−1).
(The choice of � = 50 m was confirmed not to cause significant
waveform distortion by conducting a forward modelling test.) Our
choice of � = 50 m corresponds to 1161 × 393 grid points for the
58.0 × 19.65 km tomographic section we are using.

Because we did not use an explicit free surface condition, we sim-
ulated a source ghost by locating image sources at mirror locations
with respect to the sea surface. A virtual water layer of 10 grid points
was added to the top of the model for the source ghost simulation.
An additional 10 grid points were then added to all model edges
as a damping zone for the absorbing boundary condition. Thus, the
total model dimension is 1181 (1161 + 2 × 10) × 423 (393 + 10 +
2 × 10) grid points.

Since the number of sources (Ns = 258) outnumbered the num-
ber of receivers (NR = 54), reciprocity was employed in the forward
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1260 R. Kamei, R. G. Pratt and T. Tsuji

Figure 5. Processing of vertical component seismic waveforms from OBS 47. The yellow line indicates the picked first arrivals. (a) Raw data, (b) deconvolved
wavefield, (c) after bandpass filter (2.5–8.0 Hz), and (d) after time-windowing and amplitude correction.

wavefield calculation to save computational costs: A source sig-
nature was excited at each OBS location, and responses were
recorded at locations corresponding to the airgun shot locations.
We allowed the sources and the receivers to be positioned be-

tween finite-difference nodes by adopting the implementation of
Hicks (2002). A single common source signature was estimated for
OBSs for the robustness of the inversion, employing the method de-
scribed above in Section 3.4. We assumed all OBSs excite the same
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Figure 6. (a) Flowchart outlining waveform inversion. (b) Details of update step used in both stages in (a), corresponding to grey shaded boxes in (a).

signature, and share the same coupling effect. The source signature
was re-estimated after each iteration to reflect the changed veloc-
ity structures. It would have been possible to estimate two source
signatures: one for a group consisting only of the 24 bit OBSs, and

the other for a group of the 16 bit OBSs. We did not adopt this
approach as the number of the 16-bit OBSs are small (only four),
casting doubt on the robustness of the source estimation for these
OBSs.
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1262 R. Kamei, R. G. Pratt and T. Tsuji

Figure 7. Synthetic OBS gather from the starting model (Fig. 2) at OBS 47, computed using a visco-acoustic forward modelling code. Picked first arrivals
from the comparable field data are shown in yellow.

5.2 Starting model

Waveform inversion, a highly non-linear inverse problem, necessi-
tates the use of a particularly good starting model: The usual cri-
terion is that the starting model should predict waveforms that are
within a half-cycle of the observed data. In this study, we employed
the traveltime tomography result of Nakanishi et al. (2008) shown in
Fig. 2. This result predicts picked times to within a 60 ms rms error
in traveltime (Nakanishi et al. 2008), corresponding to 13.5 per cent
of a period at 2.25 Hz. Thus, at least on average we are well within
the half-cycle criteria at the lowest frequency available for wave-
form inversion. To validate our starting model, we computed time
domain synthetic waveforms using the forward modelling code used
for our inversion. The synthetic wavefields displayed in Fig. 7 show
good agreement in the vicinity of the picked first arrivals (shown in
yellow) when compared to the pre-processed wavefields in Fig. 5(d),
demonstrating the accuracy of the traveltime tomography velocity
model. However, the simulated waveforms lack the later, wide-
angle reflections from the mega-splay fault, indicating the potential
improvement in waveform fit to be gained by inverting the high-
wavenumber features of the velocity model.

5.3 Scheduling of Laplace–Fourier domain parameters

As described in Section 3, the Laplace–Fourier domain wavefield is
governed by two individual parameters, the frequency (ω) and the
damping factor (τ ). These parameters control the spatial scale of
the images, the depth extent of the inversion, and the linearity of
the inversion. In order to fully characterize seismic waveforms and
stabilize the inversion, waveform inversion needs to start from low
ω and τ , and also needs to move progressively to higher values of
ω and τ .

One of the two most conventionally used schedules is that at each
τ , all frequency sets are evaluated before increasing the τ values
(as adopted by Sirgue & Pratt (2004); Brenders & Pratt (2007a) and
others). This approach initially focuses on the delineation of shallow
structures in detail, as the amplitudes of far-offset traces, and later
reflected arrivals are significantly damped by small τ values. By
increasing τ values, we widen the effective offset, and increase
the depth of illumination, leading us to interpret this strategy as
the adoption of a ‘layer stripping method’ (after Shin et al. 2010).
Note when the logarithmic objective function is used, the offset-
windowing effect of time damping is reduced in comparison to the

effect for the conventional objective function due to the amplitude
scaling in eqs (14) and (17).

A second commonly used schedule is to evaluate all τ values at
each frequency before increasing inversion frequencies, (as adopted
by Brossier et al. (2009a) and Prieux et al. (2011)). This approach
initially focuses on delineating long wavelength components of the
subsurface model; because all τ values are spanned first for each
frequency value, we are not restricting these updates to the shallow
part of the model. Thus, we can interpret the second approach as the
adoption of a ‘scale decomposition method’ (after Shin et al. 2010).
The above two strategies have been compared by Shin et al. (2010),
Brenders et al. (2010), and Kamei et al. (2011), but the results were
inconclusive. We also evaluated and compared the two strategies,
but the discrepancies were small in terms of waveform fit (see Kamei
et al. 2011, for detailed comparisons). In this paper, we present the
result from the first of the two ω-τ scheduling strategies, as the
inverted model from the first (layer stripping) schedule provided a
slightly better waveform fit at far offset refracted arrivals than the
model obtained by the second schedule.

5.3.1 Frequency sampling

Laplace–Fourier waveform inversion does not impose a need
for regular sampling in frequency: For example, Sirgue & Pratt
(2004) proposed an optimal frequency-selection strategy designed
to achieve continuous vertical wavenumber coverage of velocity
structure (based on the plane-wave diffraction tomography theory
of Wu & Toksoz 1987). However, Mulder & Plessix (2004) sug-
gested that smaller frequency intervals are required in the presence
of noise, and also showed that a set of multiple frequencies help
stabilize the inversion [as utilized for example by Pratt (1999),
Bleibinhaus et al. (2007), and Brossier et al. (2009a)]. With our
wide-angle data of 55 km maximum source-receiver offset, the se-
lection strategy of Sirgue & Pratt (2004) would only require the
end-members of the frequency range we used, that is 2.25 and
8.5 Hz. Instead of using this extreme choice, we employed a group
of four frequencies in 0.25 Hz interval (e.g. [2.25, 2.5, 2.75 3.0]
Hz) at each iteration. After five iterations, the next group of four
frequency components were inverted, while allowing two of them
to overlap with the previous group (e.g. the next group is [2.75 3.0
3.25 3.5] Hz).
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5.3.2 Decay constant sampling

Rigorous sampling strategies for selecting values of the characteris-
tic decay time, τ have not been developed. Typically, inversions have
used regularly sampled values for τ (Brenders & Pratt 2007a; Bren-

Table 2. Damping factors, τ , the equivalent Laplace constants employed
for phase-only and phase-amplitude inversions, respectively.

Objective function τ (s) s (s−1 )

Phase-only 0.167, 0.2, 0.25, 0.333, 0.5, 1.0, 2.0 6, 5, 4, 3, 2, 1, 0.5
Phase-amplitude 0.333, 0.5, 1.0, 2.0 3, 2, 1, 0.5

ders 2011) or σ (Shin et al. 2010). In our inversions, characteristic
times of τ = 0.167, 0.2, 0.25, 0.333, 0.5, 1.0, 2.0 s were selected,
corresponding to nearly-regularly sampled values of the decay con-
stant σ = 6, 5, 4, 3, 2, 1, 0.5 s−1. The full schedule for Stages 1
and 2 of our Laplace–Fourier waveform inversion is shown in Ta-
ble 2. Examples of time-damped waveforms are shown in Fig. 8 for
τ = 0.167, 0.333, 0.5 s, in which the suppression of later arrivals
is evident as τ values decrease. At τ = 0.167, our input data for
waveform inversion consist largely of first arrival energy. At smaller
values of τ the ambient noise between the opening of the data win-
dow and the actual arrival time becomes amplified unacceptably,
preventing the use of smaller τ values.

Figure 8. Observed wavefield with τ = (a) 0.167, (b) 0.333, and (c) 0.5 s. The damped wavefields are displayed with the application of exp (t0/τ ) to compensate
for the amplitude loss, where t0 is the picked arrival times.
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5.4 Gradient pre-conditioning

A key computation in waveform inversion is the gradient of the ob-
jective function (described above in Section 3.3). The gradient rep-
resents an image of the updates to be applied to the velocity model,
but normally requires pre-conditioning. The gradient of waveform
inversion tends to be sensitive to the high-wavenumber components
of the earth (Mora 1989; Sirgue 2003), and often is contaminated
by a visible ‘acquisition footprint’ due to sparse survey geometry.
Thus, the gradient needs to be pre-conditioned to remove artifacts,
and to enhance the smoothness of the resulting models (Sirgue 2003;
Ravaut et al. 2004; Brenders & Pratt 2007b). This pre-conditioning
may be implemented by adding a regularization term to the
objective function to penalize the roughness of the differences be-
tween the estimated model and a prior model. Such a regularization
introduces an additional parameter to calibrate in order to optimize a
trade-off between data fitness and model roughness (this calibration
parameter is related to the Bayesian concept of a priori variances
on the model, a statistical parameter that is exceedingly difficult to
estimate objectively). In this study, we found that gradient smooth-
ing alone provided a satisfying result, and we consider more formal
regularization schemes to be the subject of future study.

We adopted a low-pass wavenumber filter (Sirgue 2003) which
passes the components of wavenumber spectra inside the ellipse
defined by

κ2
x

κ2
xc

+ κ2
z

κ2
zc

= 1, (29)

where κxc and κzc are the cut-off wavenumbers. To minimize artifacts
from sharp edges of the filter, a cosine taper zone is introduced out-
side the ellipses defined by eq. (29). Note that this pre-conditioning
scheme implicitly changes the objective function at each iteration,
and thus may inhibit the behaviour of the conjugate gradient method
at a given iteration (which relies on the pre-conditioned gradient
from a previous iteration). However, waveform inversion is a com-
plicated non-linear inverse problem, and field data do not typically
comply with the assumptions embedded in the formulation of the
inverse problem (e.g. the data residuals are typically dominated
by modelization errors of indeterminate statistical distributions).
Therefore, we consider our pre-conditioning scheme does not nec-
essarily degrade the global convergence of waveform inversion.

We designed the wavenumber filter based on the theoretical reso-
lution limit of waveform inversion derived by Wu & Toksoz (1987)

κo = 2ω

c
, (30)

where c is the velocity. The velocity c is conventionally selected
to be the minimum velocity inside the medium, and is 1.5 km s−1

velocity of sea water brine in our case. However, our imaging targets
are the low velocity zones and the mega-splay fault, with velocities
of approximately 4 km s−1, significantly higher than the velocity
of sea water brine. Therefore, in order to optimize resolution, the
wavenumber filter was designed for our targets rather than for the
sea water and the shallow soft sediments. After extensive testing,
we chose to use

κxc = 1

2
κo| c = 4 km s−1 ,

κzc = κo| c = 4 km s−1 , (31)

to obtain the best result. Stronger smoothing constraints were
adopted for the horizontal direction in order to enhance horizon-

tal features in the models, a recognition of a priori expectation of
the geological nature of the target.

We show an example of the raw gradient from the lowest fre-
quency set used for waveform inversion in Fig. 9(a); the gradient is
overprinted by excessive high-wavenumber oscillation and artifacts
arising due to the sparsity of the OBSs. As the acquisition footprint
is particularly strong in the near-field, we masked the gradient in the
sea water, and applied a cosine taper just beneath the seafloor. The
same gradient after the application of the masking and the low-pass
wavenumber filter (Fig. 9b) shows that these artifacts have been suc-
cessfully suppressed without degrading the resolution at our target
depths. Note that some fine-scale features just below the seafloor
have been sacrificed.

6 R E S U LT S A N D VA L I DAT I O N

We first present the waveform tomography results in Section 6.1,
and then describe the evaluation and verification of these results
in Section 6.2. As a final verification step, we also present the
results of checkerboard testing and a set of approximate point-
scatter responses in Section 6.3.

6.1 Waveform tomography results

The velocity images obtained from waveform tomography are dis-
played in Fig. 10 (an intermediate result after Stage 1), and Fig. 11
(the final model after Stage 2); the de-trended velocity models are
shown both in colour and grey scales. A series of 1-D velocity
profiles are shown in Fig. 12. During waveform inversion, the ob-
jective function decreased monotonically during the inversion about
5–10 per cent during each set of five constant frequency iterations.
We attempted to further reduce the objective function by using a
larger number of iterations, but the velocity model became heavily
contaminated by high-wavenumber oscillations, probably because
of overfitting of some of the data.

The discrepancies between the Stage 1 (intermediate) and Stage
2 (final) models are not substantial: The final velocity structure ex-
hibits sharper lithological boundaries, particularly at the bottom of
the low velocity zones, and contains less artifacts inside the oceanic
crust. The overall resemblance between two models indicates the
significant resolving power of the phase-only inversion used to form
the Stage 1 results.

Fig. 13 depicts the final waveform tomography result with an
interpretative overlay following Kamei et al. (2012). We identify a
number of visible velocity anomalies and velocity discontinuities
in Fig. 13: Solid black lines indicate velocity discontinuities clearly
observed in the waveform tomography image, independently of their
appearance in the previous migration images. Black dashed lines
indicate velocity discontinuities not clear in waveform tomography,
but possibly interpretable as lithological boundaries and/or faults
in conjunction with the migrated reflectivity image of Moore et al.
(2009) (shown in Fig. 14; discussed in Section 6.2.1).

Our intermediate and final velocity structures show significant
improvement from the traveltime tomography result displayed in
Fig. 2. The velocity structure down to 12 km depth is well resolved
over most of the model, with clear delineations of lithological
boundaries including the forearc basin, the plate boundaries, the
mega-splay fault (line A-B-B′, B′ ′), and two low velocity zones
(LVZ1 and LVZ2). The mega-splay fault is identified as a sharp
1 km s−1 velocity reduction between distances 33 and 55 km (line
A–B). The fault splits into two branches at the seaward end (distance
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Waveform tomography of wide-angle OBS data 1265

Figure 9. Effects of gradient filtering. (a) Raw P-wave gradient for the starting model, obtained with f = 2.25, 2.50, 2.75, 3.00 Hz, and τ = 2.0 s, and (b) the
same gradient after the application of wavenumber filtering, and gradient masking. The logarithmic phase-only objective function eq. (13) was used. Yellow
circles show the location of the 16 bit OBS instruments, and red circles show the location of the 24 bit OBS instruments used in this study.

33 km at 6.5 km depth, line B′ and B′ ′). A continuous low veloc-
ity region is recognizable both in the inner wedge and in the outer
wedge: LVZ1 is well defined by the mega-splay fault at the top, and
the plate boundary at the bottom. LVZ2 is also clearly resolved be-
tween distances 20 and 30 km, and is apparently connected to LVZ1.
The seaward termination of LVZ2 is ambiguous due to the limited
wavepath coverage. LVZ2 is overlaid by the layer whose velocity is
about 1 km s−1 higher than the 1-D trend (area D). Underneath the
outer ridge at distance 33 km between the splays B′ and B′ ′, there
is a third low velocity zone (LVZ3) above the main fault. In the
inner wedge, the last low velocity zone is marked as area E. Area E
contains several lineations, which may represent a large fault struc-
ture, although these particular velocity discontinuities may in fact
be artifacts associated with the anomalously sparse OBS intervals
between distances 38 and 40 km.

6.2 Evaluation and verification of waveform
tomography results

6.2.1 Comparison with a pre-stack migration image

Velocity structures obtained from waveform tomography can re-
solve geological features at a spatial scale comparable to migration
images, provided that similar frequency bandwidths are employed
(Sirgue et al. 2010). Therefore, a visual comparison of waveform
tomography images and migration images has been a common ap-
proach to validate the reliability of the apparent geological bound-

aries (e.g. Ravaut et al. 2004; Operto et al. 2006; Smithyman et al.
2009; Takam Takougang & Calvert 2011). In Fig. 14, we compare
our P-wave velocity images to the nearest 2-D slice from the 3-D
Kirchhoff pre-stack depth migration (PreSDM) volume described
by Moore et al. (2009) and Park et al. (2010). Note that here the
spatial resolution differs between our waveform tomography results
and PreSDM, since the waveform tomography result was generated
using a frequency bandwidth of 2.25–8.5 Hz, significantly lower
than that of the reflection survey (which contained frequencies up
to 80 Hz).

The 3-D reflection survey was conducted in the same area as
the OBS survey (see the grey shaded area in Fig. 1a). The survey
was conducted by the Integrated Ocean Drilling Program (IODP) as
a part of Nankai Trough Seismogenic Zone Experiment (NanTro-
SEIZE) (Moore et al. 2007, 2009; Park et al. 2010). Detailed survey
geometry and processing flows can be found in Moore et al. (2009)
and Park et al. (2010): The migration velocity model was iteratively
updated by applying 3-D horizon-based tomography (Kosloff 1996)
and 3-D grid-based tomography (Stork 1992) to obtain the best fo-
cused Kirchhoff PreSDM image. The traveltime tomography result
of Nakanishi et al. (2008), (also used here as a starting model)
guided the migration velocity analysis (MVA) particularly in the
inner wedge to compensate for the lack of major reflectors in the
thick accretionary prisms. The resulting MVA model is shown in
Fig. 15, and is also shown with the 1-D velocity profiles in Fig. 12.

The comparison in Fig. 14 depicts a convincing agreement of
apparent lithological boundaries evident on the waveform tomogra-
phy image with the corresponding reflectors on the PreSDM images.
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1266 R. Kamei, R. G. Pratt and T. Tsuji

Figure 10. P-wave velocity structure after Stage 1 of waveform inversion. (a) Vp model, (b) de-trended model of (a) in colour, and (c) same as (b) but shown
in greyscale.

The MVA result in Fig. 15 and the waveform tomography veloc-
ity model also show similar values in the outer wedge, where the
MVA model apparently shows higher resolution than elsewhere.
These similarities provide further confidence in the validity of the
waveform tomography result.

Waveform tomography yielded superior results in the area un-
derneath the outer ridge around distance 33 km down to 9 km depth
in comparison with the migration images. We attribute the evident
improvement in the waveform tomography velocity model over the
MVA velocities in Fig. 15 to the employment of refraction data and
wide-angle reflection data in waveform tomography, while the MVA
only utilized the narrow-angle reflection components. Note that the
absence of LVZ3 in the MVA velocity model may have prevented an
effective migration of the reflectors below (i.e. the mega-splay fault
and the plate boundary). Furthermore, the seismic Kirchhoff pre-
stack migration algorithm adopted in Moore et al. (2009) and Park

et al. (2010) uses asymptotic ray theory, while waveform tomogra-
phy uses a numerical solution for the full acoustic wave equation.

We note a discrepancy in Fig. 14 in the depth of the mega-splay
fault of about 800 m between distances 35 and 45 km. The shal-
lower depths on the waveform tomography result can be attributed
to the fact that velocity values in the inner wedge are approximately
0.5 km s−1 slower for the waveform tomography result than for the
MVA model. Considering the large uncertainties in the MVA ve-
locity due to the short 4.6 km length of the streamer cable and the
strong feathering in the 3-D reflection survey (Moore et al. 2009),
the mega-splay fault depth from waveform tomography may be con-
sidered to be more reliable. However, seismic velocity anisotropy
may also have contributed to discrepancies in estimated velocity
values (Tsuji et al. 2011): MVA utilizes reflection waves which
propagate vertically, while waveform tomography primarily inverts
refraction and wide-angle reflections which propagate horizontally.
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Figure 11. P-wave velocity structure after Stage 2 of waveform inversion. (a) Vp model, (b) de-trended model of (a) in colour, and (c) same as (b) but shown
in greyscale.

A further discrepancy between the waveform tomography result
and the PreSDM image is evident at the upper bound of LVZ2,
which corresponds to a weak discontinuous reflector in the migra-
tion image, in spite of the strong and continuous velocity reduction
of approximately 0.8 km s−1 apparent in the waveform tomography
results. This same apparent discrepancy was also noted by Park et al.
(2010) between the MVA model and the PreSDM image. Although a
strong positive density contrast could reduce the impedance contrast
by compensating for the velocity reduction, the discrepancy is more
likely to have arisen for technical reasons: If line C has an irregu-
lar surface, the reflection energy (5–80 Hz) will likely be scattered
in 3-D, making it difficult to migrate the reflector effectively. By
contrast, the low-frequency refraction energy (2.25–8.5 Hz) used in
waveform tomography is less sensitive to the detailed structure of
the boundary, leading to a more continuous reconstruction of the
boundary.

A further discrepancy between the waveform tomography and
PreSDM results is evident at the location of the décollement in
Figs 13 and 14. The décollement is not clearly depicted in the
waveform tomography result, although a possible signature can be
discerned on the grey scale de-trended velocity image. This may
imply that the impedance contrasts at the décollement seen in the
migration images are mainly due to density changes, and that in this
specific region of the image the velocity changes are not significant
enough to be recovered by waveform tomography.

We observe splay-like features on Fig. 13 in area E in the wave-
form tomography images that are less recognizable in the PreSDM.
Although we cannot rule out the possibility that these structures
arise from the irregular OBS geometries as suggested in Section 6.1,
these features are also geologically plausible as imbricated thrusts
by correlating their angle with the topographic relief at the base of
the forearc basin. A future remigration of the reflection data with the
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Figure 12. (a) Vertical velocity profiles and (b) de-trended velocity profiles at distances 55, 45, 35, 25 km (from left to right). Dashed grey lines show the
velocity trend before removal Vo(x, z) (only present in a), grey lines the starting model, dashed black lines the intermediate velocity models after Stage 1,
black lines the final velocity, and grey dotted lines the velocities from the MVA of Park et al. (2010).

Figure 13. De-trended final waveform tomography result with interpretation. The strong velocity discontinuity appearing at depths of 5–11 km between
distances 20 and 60 km is identified as lines A, B and C. Lines B′ and B′ ′ represent the seaward branching of the mega-splay fault. The low velocity zones are
labelled LVZ1 (landward), LVZ2 (seaward), and LVZ3 (under the outer ridge). Dashed lines represent lithological boundaries as interpreted in conjunction with
the reflectors evident on the migration image in Fig. 14. Area D indicates a seaward accretionary prism, exhibiting higher velocity values with respect to the
Vo(z) trend. Area E shows a fourth low velocity layer within the older accretionary prisms in the inner wedge.
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Waveform tomography of wide-angle OBS data 1269

Figure 14. De-trended final waveform tomography velocity model overlaid by the nearest 2-D slice of 3-D PreSDM results in Moore et al. (2009), (a) in colour
and (b) in grey scale.

waveform tomography velocity model may be useful in resolving
this issue.

6.2.2 Laplace–Fourier domain residuals and time-domain
waveforms

The primary, independent, quality-control tool for seismic wave-
form inverse method is a comparison between synthetic and ob-
served waveforms in either the time-domain or the frequency do-
main, or both (e.g. Ravaut et al. 2004; Bleibinhaus et al. 2007;
Brenders & Pratt 2007a; Takam Takougang & Calvert 2011). The
sparse OBS intervals in our data set preclude the visualization of
frequency domain waveforms due to spatial undersampling in the
OBS domain, and thus we focus on evaluating the reduction in rms
residuals at each OBS, and on time-domain evaluations. We used the
visco-acoustic waveform modelling code described in Section 3.2,
and synthesized waveforms for the intermediate velocity model af-
ter Stage 1 (Fig. 10) and the final model after Stage 2 (Fig. 11). The
source signature was estimated for each velocity result using the
methodology described in Section 3.4, assuming all sources excited
the identical wavelet.

We computed the rms logarithmic phase residuals eq. (17) and
the rms logarithmic amplitude residuals (the real part of the loga-
rithmic residual in eq. (14); see also Pyun et al. (2007)) over the
frequencies between 3 and 8.5 Hz for the intermediate and final
models, and display them for each OBS in Fig. 16. The logarithmic
phase residuals are reduced to less than 60 per cent of those in the
starting model mostly during Stage 1, and Stage 2 yields negligible
contributions to further fit the phase spectra. The logarithmic am-
plitude residual decreases to 40 per cent of those from the starting
model after Stage 1, and Stage 2 reduces the amplitude residual by

an additional 10 per cent at most. These observations suggest that
Stage-1 phase-only inversion is far more significant in terms of the
reduction in the residuals (both phase and amplitudes) when com-
pared to Stage-2 phase-amplitude inversion. Note that OBS 49, 57,
68, 81 and 93 show slightly poor convergence: among these, OBSs
49, 57, and 81 are 24-bit OBSs, and OBS 68 is adjacent to the 24
bit OBS 67.

The observed waveforms for OBS 47 are shown in Fig. 17(a)
with the application of the data pre-processing described in Sec-
tion 4.2 (apart from bottom muting, so that later waveforms may
be compared). The synthesized waveforms from the same OBS are
displayed in Fig. 17(b) and (c). Our intermediate and final waveform
tomography results yield virtually identical synthetic waveforms, as
might be expected from the similar appearances of the respective
velocity models. The discrepancies between the waveforms from
the two models are difficult to interpret, as the waveforms from the
final model coincide with the observed waveforms better in some
places (e.g. for distances less than 30 km), but worse in other loca-
tions (e.g. for distances between 30 and 40 km). Both results show
significant improvement in the fit of the synthetic waveforms when
compared with those of the starting model (Fig. 7). Most notably,
these synthetic waveforms successfully reproduce many of the the
characteristics of the observed waveforms: The first arrival refrac-
tions match well, as do the amplitudes variations from trace to trace;
significantly, the wide-angle reflections are clearly visible between
distances 40 and 44 km.

6.2.3 Improvement in source estimation coherency

As described in Section 3.4, we can also utilize the coherency of
the source estimates to evaluate the quality of our obtained velocity
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Figure 15. (a) The nearest 2-D slice of the 3-D migration velocity model presented in Park et al. (2010), (b) de-trended velocity model of (a) in colour and (c)
the de-dtrended velocity model in grey scale.

Figure 16. Residuals as a function of OBS number. (a) The rms logarithmic phase residuals, and (b) The rms logarithmic amplitude for each OBS location at
the intermediate model after Stage 1 (black), and at the final model (red). The values are plotted relative to those observed in the starting model.

D
ow

nloaded from
 https://academ

ic.oup.com
/gji/article/194/2/1250/604603 by guest on 22 M

arch 2021



Waveform tomography of wide-angle OBS data 1271

Figure 17. (a) Representative vertical component seismic waveforms recorded at OBS 47. Data pre-processing was applied although bottom muting is omitted
here so that later waveforms may be compared. (b) Predicted pressure wavefield at OBS 47 computed from the intermediate velocity model after Stage 1, and
(c) from the final velocity model. The yellow lines indicate the picked first arrivals.

models. As described in Section 3.4, we invoke reciprocity to qual-
itatively evaluate the similarity of ‘source’ waveforms at 54 OBS
locations (instead of actual shot locations). The estimated source
waveforms for the starting model and the final velocity model are
displayed in Fig. 18. A 20 ms phase-shift is evident in the source
waveforms at the 24 bit OBSs (shown in yellow colour in Fig. 18),
when compared to the other 16 bit OBSs. This suggests the ex-
istence of different instrumental filtering effects between the two
types of the OBSs.

Fig. 18(a) illustrates that the starting model already provided co-
herent source waveforms over most of the OBSs. This indicates

that the starting model is sufficiently accurate over most of the in-
verted area. The exception is the incoherency in source waveforms
at OBSs between distances 14 and 28 km, suggesting an erroneous
velocity structure in the outer wedge over this interval. After wave-
form inversion, the estimated source waveforms became visibly
more consistent (Fig. 18b), providing confidence in the validity of
the velocity update. However, slight incoherencies remain at a few
OBSs around distance 20 km. The inconsistencies may be a result of
genuine receiver coupling problems, since these OBSs were located
on a slope consisting of soft sediments which have experienced
multiple landslides (Moore et al. 2011). Note the estimated source
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Figure 18. Source waveforms estimated individually at each OBS for (a) the starting model, and (b) the final velocity models. Source estimates from the OBSs
with a 24-bit A/D converter are shown in yellow. There is an evident improvement in the coherence of the source wavelets estimated in the final model.

waveform for OBS 93 at a distance of 22 km (which exhibits a poor
convergence rate as described in Section 6.2.2) has a large phase
inconsistency from the other 16-bit OBSs.

6.3 Resolution tests

The final appraisal of our waveform tomography result is provided
by characterizing the model resolution, model uncertainties and
modelization errors. The upper resolution limit of waveform inver-
sion is imposed by the wavenumber filter at the highest frequency
used in the inversion (as described in Section 5.4), which lim-
its the results to a resolution of 0.7 km horizontally and 0.35 km
vertically. The spatial coverage of waveform tomography can be
roughly approximated by the ray coverage of the model, which
we use throughout the figures in this paper to mask the waveform
tomography images.

In this study, we employed conventional checkerboard tests and
point-spread function tests. These approaches enable us to to ex-
plore modelization errors arising due to the use of the acous-
tic wave assumption. We synthesized both acoustic and elastic
waveforms for the checkerboard and point-spread function models,
and compared the acoustic waveform inversion images from both
wavefields.

6.3.1 Checkerboard testing

Checkerboard tests have conventionally been used to estimate the
spatial resolution of traveltime tomography results (e.g. Zelt &
Barton 1998; Nakanishi et al. 2008); more recently checker-
board tests have also been applied to waveform inversion results
(Smithyman et al. 2009; Malinowski et al. 2011). In this study, we
assigned checkerboard perturbations to the reference P-wave struc-
tures of spatial dimension (i) 1.0 × 0.5 km, and (ii) 0.7 × 0.35 km
(the latter representing theoretical upper resolution limit). As a
reference model, we used the final P-wave velocity model shown
in Fig. 11, and we perturbed the velocities by plus-and-minus
5 per cent. The corresponding density model was generated by
applying Gardner’s relationship to the perturbed P-wave velocity
model, while the corresponding S-wave velocity model was gen-
erated from the perturbed P-wave velocity model by assuming a
Poisson’s ratio of 0.28. We set the P-wave and S-wave attenuation
(Qp and Qs) structures to be same as the Qp model of the field-
data waveform inversion: Qp = Qs = 500 for the sub-sea bottom
lithologies, and Qp = 10 000 for the sea water brine.

Using the perturbed P-wave, density and Qp structures, acous-
tic waveforms were generated by the forward modelling code de-
scribed in Section 3.2. The acoustic inversion results of the resulting
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Figure 19. Acoustic checkerboard test results. Acoustic waveform inversion results of acoustic wavefields are shown for (a) 1.0 × 0.5 km and (b) 0.7 ×
0.35 km checkerboard patterns.

acoustic wavefields are displayed in Fig. 19(a) for the 1.0 × 0.5 km
checkerboard patterns and Fig. 19(b) for the 0.7 × 0.35 km patterns
(note that we display only the perturbations recovered from the
waveforms). Waveform inversion of the acoustic perturbations suc-
cessfully resolved the checkerboard patterns down to 12 km depth
for the 1.0 × 0.5 km model, and down to 9 km depth for the 0.7 ×
0.35 km model. These purely acoustic test results apparently sug-
gest that acoustic waveform inversion can achieve the theoretical
resolution throughout the model, with some losses in resolution in
the deeper part.

Following evaluation of the checkerboard patterns within the
acoustic assumption, we then moved on to an evaluation of the
elastic modelization errors embedded in that assumption. We gen-
erated full elastic waveforms for both the reference model and the
perturbed velocity models by using the elastic time-domain finite-
difference code of Robertsson et al. (1994). A free-surface bound-
ary condition was applied to the top of the model (i.e. the sea
surface), and an absorbing boundary condition to the rest of the
model boundaries. Synthesized vertical velocity components were
pre-processed using the identical procedure as the field OBS data
(as described in Section 4.2). The acoustic waveform inversion re-
sult of the elastic wavefields are depicted in Fig. 20(a) for the 1.0 ×
0.5 km patterns and in Fig. 20(b) for the 0.7 × 0.35 km patterns.
The acoustic waveform inversion of these elastic data resolved both
sizes of the checkerboard patterns above the mega-splay fault in the
inner wedge, and above the oceanic crust in the outer wedge. In
the inner wedge, underneath the mega-splay fault, the checkerboard
patterns recovered from the elastic waveforms became ambiguous,
particularly for the smaller 0.7 × 0.35 km patterns, and the patterns
are almost indistinguishable below the plate-boundary. This degra-

dation apparently coincides with the lack of structures inside the
oceanic crust in the actual waveform tomography result from the
field data (as seen in Fig. 11).

An imprint of the reference model is apparent at sharp velocity
discontinuities, such as those located at the bottom of the forearc
basin and at the mega-splay fault. We consider that this degrada-
tion is due to the failure of the acoustic assumption in treating
P-SV conversions, leading to incorrectly modelled reflectivity at
these lithological boundaries. For the same reason, the elastic sur-
face scattering effects at the seafloor may degrade the velocity im-
age underneath the topographic relief at the outer ridge at distance
33 km (as illustrated by Bleibinhaus & Rondenay 2009, for a land
survey). However, soft sediments at the sea bottom probably limited
the influence of mode conversions in this case, and checkerboard
patterns were recovered satisfactorily down to the base of the mega-
splay fault. This test implies that acoustic waveform inversion is
able to fulfill the theoretical resolution only above the oceanic crust,
and and that this limitation arises due to the failure of the acoustic
approximation.

6.3.2 Point-scatter testing

Point-scatter tests have been used in the resolution analysis of imag-
ing techniques utilizing diffraction energy (Chen & Schuster 1999;
Spetzler & Snieder 2004). The uncertainty and resolution of the
imaging methods can be analyzed by quantifying broadening of a
point scatterer, cross-talk between point scatterers, and size of the
smallest recognizable scatterers (Chen & Schuster 1999; Fichtner
& Trampert 2011b). To test these, we distributed small, point-like
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Figure 20. Elastic checkerboard test results. Acoustic waveform inversion results of elastic wavefields are shown for (a) 1.0 × 0.5 km and (b) 0.7 × 0.35 km
checkerboard patterns.

(square) scatterers of 250 m (corresponding to five grid intervals)
on a side at 2.5 km horizontal and vertical intervals throughout the
reference model. We used this relatively sparse distribution of scat-
terers in order to limit the occurrence of non-linearity arising from
multiple scattering. In this test, we chose the 1-D background ve-
locity model defined in Section 2.3 as the reference model, since
medium-scale to fine-scale structures present in the starting and
final velocity models induced excessive artefacts which obscured
the assessment of the very small point-scatter tests. We perturbed
P-wave velocity by plus-and-minus 25 per cent at the locations of
the scatterers. The density model and S-wave velocity structures
were generated from the perturbed P-wave velocity model as in
the checkerboard testing, and we assigned the same P-wave and
S-wave attenuation (Qp and Qs) structures in the same way as the
checkerboard tests. We simulated and pre-processed both acoustic
and elastic waveforms following the procedure used in the checker-
board testing. We present the inversion results after Stage 1, since
the inversion for the elastic data rather degraded the velocity image
during Stage 2 as the elastic AVO effects related to the sub-resolution
scatterers were difficult to properly correct for.

The acoustic phase-only inversion result of the acoustic wave-
fields are displayed in Fig. 21(a): The individual scattering points
are well resolved down to 12 km, but we could not fully recover the
true 25 per cent perturbation values, even when the Stage-2 inver-
sion was performed. The amplitudes of the retrieved point scatterer
become smaller, and more elongated, as the depths increase. We in-
terpret the imperfect recovery as a manifestation of the fact that the
spike perturbations are spatially smaller than the resolving power
of the survey. The elongated shape of the scatterers is due to the

limited illumination in the wavenumber space, as seismic wave
propagates dominantly in the horizontal direction in the deeper part
of the model. The shapes are also partially caused by the stronger
wavenumber filtering of the gradient along the horizontal direction.
The resolution of the scatterers at the deeper part of the model
might ultimately be more accurately recovered by pre-conditioning
the model gradient with an inverse Hessian or approximate
Hessian matrix which acts as a focusing operator to compensate
for the imperfect subsurface illumination (Pratt et al. 1998); this
was not tested.

The acoustic inversion result of the elastic wavefields are dis-
played in Fig. 21(b). In contrast with the checkerboard tests, point
scatterers down to 12 km are resolved since the reference model of
the point-scatter test does not contain sharp velocity discontinuities.
The retrieved values at the centre of the assigned point-scatterers are
much smaller than for the acoustic test, indicating the degradation
induced by P-SV convergence as seen in the checkerboard testing in
Section 6.3.1. The point scatter test results above suggest that our
waveform inversion was sensitive to velocity perturbations as small
as a 250 m diameter in size, but that we may not be able to fully
recover true velocity values for such small scatter.

7 D I S C U S S I O N A N D C O N C LU S I O N S

Waveform tomography provided reliable and high-resolution P-
wave velocity images of the mega-splay fault system in the central
Nankai subduction zone. Our velocity image successfully delineated
most of the previously identified geological features (e.g. the forearc
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Figure 21. Point scatter test results. Acoustic waveform inversion of (a) acoustic wavefields, and (b) elastic wavefields.

basin, the mega-splay fault, and the plate boundary). Moreover
waveform tomography delineated features not previously identified
in the migration images of Moore et al. (2007, 2009): Substantial
improvements were recognized for the structures underneath the
outer ridge, and the inner wedge. Our results were extensively val-
idated by a comparison of the de-trended velocity model with the
3-D PreSDM image from Moore et al. (2009) and Park et al. (2010),
by a comparison of the synthetic time-domain waveforms and the
observed waveforms, and by a scrutiny in the coherency of the
source estimations. Using the checkerboard tests and point-scatter
tests, we estimated that the waveform tomography image resolu-
tion is 0.7 km horizontally and 0.35 km vertically above the plate
boundary fault, but we also concluded that the internal structures of
the deeper oceanic crust were unresolvable due to the limits of the
acoustic assumption.

We now review and discuss the key inversion strategies for suc-
cessful waveform tomography: (1) the data acquisition design, (2)
the quality of the starting model, (3) the mitigation of non-linearity,
and (4) the treatment of elastic data using the acoustic assumption.
We then comment on our quality control tools.

7.1 Data acquisition

In crustal-scale refraction surveys, large explosive sources and large
source-receiver offsets are typically employed to penetrate deep
crustal structures. The resulting availability of low frequency sig-
nals and large offset data benefits waveform tomography by miti-
gating non-linearity, and by illuminating deep and long-wavelength
velocity structures (Sirgue & Pratt 2004). On the other hand, often
the source or receiver intervals are sparse enough to induce sub-

sampling artefacts in velocity images, and thus preclude achieving
the theoretical resolution derived by Wu & Toksoz (1987).

In our OBS data set, the lowest frequency component available
was 2.25 Hz, and the largest offset available was 55 km, which en-
abled us to retrieve velocity features above the top of the oceanic
crust. The source and OBS intervals were 200 m and 1 km, re-
spectively. While these intervals are relatively dense in terms of
crustal refraction surveys, the undersampled OBS distribution re-
quired the use of carefully designed wavenumber filtering of the
gradients.

Following Bleibinhaus et al. (2009), we define the measure of the
sparsity for the source distribution

NAs = �s

�Ny

, (32)

and for the receiver distribution

NAr = �r

�Ny

, (33)

where �s(�r) is the source (receiver) interval, and

�Ny = πc

ω
, (34)

is the maximum unaliased interval for a velocity c (Takam
Takougang & Calvert 2011). A summary of max

(
NAs , NAr

)
for

some past waveform inversion studies was given in Table 1 of
Bleibinhaus et al. (2009) and Table 1 of Takam Takougang & Calvert
(2011). In our study, the values of NAr are between 3 (2.25 Hz) and
11 (8.5 Hz), and the values of NAs are between 0.6 (2.25 Hz) and 2.7
(8.5 Hz), in the sea water, with c = cmin = 1.5 km s−1. These values
are comparable to those from Operto et al. (2006), Brenders & Pratt
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(2007a), and Bleibinhaus et al. (2009). The condition NAs ≤ 1 indi-
cates there is no aliasing in receiver gathers, and NAs ≤ 1 in source
gathers. In our case NAr > 1 resulted in strong undersampling arti-
facts that were observed in the raw gradients as shown in Fig. 9(a),
but reliable velocity structures were also retrieved in the gradients
thanks to the fact that NAs < 1 for most of the inverted frequencies.
In such a case, as demonstrated by Brenders & Pratt (2007b) and
Bleibinhaus et al. (2007), a carefully designed low-pass wavenum-
ber filter successfully eliminates most of the acquisition footprint
and stabilizes waveform inversion, by sacrificing some resolution
in the shallow sediments. As an alternative to wavenumber filtering,
Malinowski et al. (2011) utilized a Gaussian filter with a charac-
teristic length that varied depending on local velocity value, and
Guitton & Dı́az (2011) proposed a Laplace filter based on local dip
of migration images, which can suppress features with geological
dips that are inconsistent with the migration images. For our data
set, the poor resolution of the PreSDM image below the outer ridge
and in the inner wedge may prevent the efficient design of such a
dip filter.

Our OBS data presented challenges due to some of the instrument
settings of the OBSs and the airgun arrays. We employed the vertical
components of the OBS data due to the insufficient signal-to-noise
ratios in the pressure components. Instead of converting to pressure
components (as in Ravaut et al. 2004; Operto et al. 2006), we han-
dled the discrepancies between vertical and pressure components
1) by the AVO correction described in Section 4.2, and 2) by the
source estimation step which generated a source wavelet suitable
for the vertical component of the data. This is consistent with the
approach extensively tested by Brenders & Pratt (2007a) on elastic,
vertical component, synthetic data.

Two types of A/D converters (24 bit and 16 bit) were used in
the OBS survey, which caused the dynamic range to vary between
OBSs. As described in Section 4.2, we normalized rms amplitudes
between OBS gathers to handle this problem. The source inversion
results discussed in Section 6.2.3 further suggested the different A/D
converters may have had a 20 ms phase shift between them. However
as described in Section 5.1, we did not estimate individual source
wavelets for the two types of OBSs during the inversion, and the
reduction of the data residuals at the 24-bit OBSs was smaller than
that of the 16-bit OBSs (Section 6.2.2). We conducted a synthetic
test (not shown) to evaluate the degradation of the velocity model
due to ignoring the phase shift between the two types of OBSs: the
inversion test indicated that the degradation would be insignificant
in spite of the fact some OBSs showed slightly poor convergence.
Nevertheless, it is possible that an individual estimation of separate
source signatures for these two groups might further improve the
field data inversion. Note that the 16-bit OBS 93 at a distance of
22 km also showed a distinct convergence rate, and a distinct source
wavelet, indicating this OBS may also need to be treated separately.
We also note that the introduction of an L1 norm (Brossier et al.
2009b) might improve the inversion result.

The untuned airgun array induced strong bubble reverberations in
the observed waveforms, much of which could be mitigated during
the pre-processing. Nevertheless, the pre-processed waveforms con-
tained arrivals around 200 ms after the first break which are the re-
mainders of the bubble effects. The source estimation process again
played a critical role by encompassing the extra reverberations.

7.2 Starting model and geological complexity

Our starting model, the traveltime tomography result of Nakanishi
et al. (2008), was highly accurate, as demonstrated by the syn-

thetic waveforms and the source inversion coherence discussed in
Section 6.2.3. Furthermore the geological setting in the analyzed
area is relatively simple when compared with other areas, such as
the eastern Nankai subduction zone (Operto et al. 2006) or thrust-
fold belts (Ravaut et al. 2004; Brenders 2011). In our data set,
the strong wide-angle reflection from the mega-splay fault was the
dominant feature in the data, and our strategies could readily be
evaluated with reference to this feature in the waveforms. The com-
bination of an accurate starting model, and a clear waveform feature
to focus on meant that it was relatively easy to evaluate the success
of a wide variety of inversion strategies.

7.3 Hierarchal inversion strategies to mitigate
non-linearity

We implemented a hierarchal inversion strategy for waveform to-
mography, in which the inversion starts from an accurate traveltime
tomography result, then moves on to fitting the most linear compo-
nents of the data, and gradually incorporates the more non-linear
components. We proceeded by implementing a two-stage inversion
using the Laplace–Fourier domain approach: We first minimized
the logarithmic phase-only objective function to fit the kinematic
portion of the seismic wavefields (Stage 1), and only then was the
logarithmic phase-and-amplitude objective function used to fit both
phase and amplitude components (Stage 2). Within each stage, a
multiscale, layer-stripping approach was adopted by selecting ap-
propriate ω and τ schedules in the Laplace–Fourier domain wave-
form inversion.

For comparison purposes, we also conducted ‘pure’ frequency-
domain waveform inversion by using real-valued frequencies (i.e.
infinite τ ), and we display the results in Fig. 22. In order to make the
number of iterations consistent with the two-stage Laplace–Fourier
inversion, we swept the frequency range seven times for Stage 1,
and four times for Stage 2. The pure frequency-domain waveform
inversion results are much more contaminated by smile-like arti-
facts than are the Laplace–Fourier waveform inversion results in
Fig. 11; the artifacts are particularly evident at distances between
20 and 32 km cutting LVZ2, and at distances between 44 and 46 km
cutting LVZ1. We interpret this as an indication that some of the
strong later arrivals are cycle-skipped in the starting model, and
therefore mapped to incorrect locations in the early stages of the
pure frequency-domain waveform inversion. This is an illustration
of the strength of the Laplace–Fourier domain approach, which suc-
cessfully allowed the inversion to initially focus on low-frequency
early arrivals which are for the large part not cycle-skipped. Thus the
Laplace–Fourier inversion preferentially updates low-wavenumber
components of the model in the early stages, and subsequently maps
the later arrivals to their correct locations in the late stages.

The phase-only inversion (Stage 1) retrieved much of the detailed
velocity structure, and the dynamic component of the waveforms
contributed to a final, limited improvement of the model (Stage 2).
The results confirm that kinematic information is primarily sensitive
to velocity perturbations as also suggested by Brenders (2011),
and hence the phase-only inversion is rich in velocity information.
Because the phase-only objective function ignores all trace-to-trace
amplitude variations, the pre-processing of data amplitudes does
not affect the phase-only inversion stage.

7.4 Acoustic waveform inversion of elastic field data

The acoustic assumption conventionally employed in waveform in-
version and used in this study does not fully describe real-world
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Figure 22. ‘Pure’ frequency-domain waveform inversion result (i.e. with infinite τ values). (a) De-trended velocity model in colour, and (b) in greyscale.
We conducted the same number of iterations as used for the finite τ Laplace–Fourier inversions by sweeping the frequency range seven times for Stage-1
phase-only inversion, and four times for Stage-2 phase-amplitude inversion.

elastic wave propagation. Thus, elastic effects, in particular P-SV
converted waveforms and elastic AVO effects are not accounted
for. However the waveform tomography P-wave velocity structure
we obtained delineates the subsurface structure surprisingly well,
including several sharp boundaries. This result confirms the accept-
ability of the acoustic assumption in inverting (elastic) field data
(as also demonstrated by for example Ravaut et al. 2004; Brenders
& Pratt 2007a; Brenders 2011; Takam Takougang & Calvert 2011).
The phase-only inversion during Stage 1 is an effective approach
for avoiding artefacts from elastic effects. For the phase-amplitude
inversions of Stage 2, we compensated the elastic AVO effects by
amplitude corrections.

In spite of the notable success of acoustic waveform tomog-
raphy, the checkerboard tests and the point-scatter tests in Sec-
tion 6.3 reveal some of the limitations of the acoustic assump-
tion. The checkerboard tests show that the velocity structure is
substantially degraded underneath the sharper discontinuities (the
mega-splay fault and the plate boundary); in particular there is
no visible structure inside the oceanic crust on the waveform to-
mography results. The point scatter tests also demonstrated the
degradation of deeper scatterers when using the elastic wave data.
These observations are consistent with the appearance of our final
model, which also indicates a degradation underneath the mega-
splay fault, and has a lack of visible structures in the oceanic crust
(as described in Section 6.1). We suggest the failure of acoustic
forward modelling to account for P-SV converted waveforms is
the primary reason for these deficiencies. By using elastic wave-
form modelling code with these data in the future, P-wave ve-
locity imaging should be improved (as has been demonstrated
through synthetic tests by Barnes et al. (2008) and Choi et al.
(2008)).

7.5 Appraisal of results

One of most challenging themes in waveform tomography has been
the validation of the resulting models. Waveform inversion results
have historically been evaluated through:

(1) A comparison of the synthetic waveforms with the observed
data in the time domain (e.g. Ravaut et al. 2004; Brenders & Pratt
2007a; Brenders 2011) or in the frequency domain (Bleibinhaus
et al. 2009; Brenders 2011; Malinowski & Operto 2008),

(2) An examination of the coherency in the source estimates (Gao
et al. 2007; Smithyman et al. 2009; Malinowski et al. 2011),

(3) A consideration of the a consistency of a velocity structure
with past geological interpretations (e.g. Ravaut et al. 2004; Operto
et al. 2006; Bleibinhaus et al. 2007; Brenders 2011),

(4) A comparison of a velocity image with a reflection image,
typically a migration images (e.g. Ravaut et al. 2004; Operto et al.
2006; Smithyman et al. 2009; Takam Takougang & Calvert 2011),

(5) A comparison of 1-D vertical profiles with sonic log data
(e.g. Ravaut et al. 2004; Malinowski et al. 2011; Takam Takougang
& Calvert 2011),

(6) Re-migration of the reflection seismic data (Sirgue et al.
2010; Plessix et al. 2012).

We have employed methods (1) through (4), and thereby con-
firmed the reliability of the final waveform tomography velocity
model (Sections 6.2.1–6.2.3). We were not able to evaluate the
frequency-domain waveforms because of the spatial aliasing in
the shot domain, which precluded a visual comparison as done by
Malinowski & Operto (2008) and Brenders (2011). Although sonic
log data were obtained along our line during the NanTroSEIZE
project (indicated as C0002 in Fig. 1b) (Screaton et al. 2009), the
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maximum depth was only 2 km from the seafloor. A comparison
of just 40 grid points at shallow depths would not be particularly
meaningful.

In this study, we did not re-migrate the previous 2-D or 3-D re-
flection seismic data. The visual comparison of the PreSDM image
with our velocity model in Section 6.2.1 showed good agreement at
most lithological boundaries. However, we observed some discrep-
ancies in the depths of the mega-splay fault at distances 33–44 km,
and moreover using waveform tomography, we retrieved several
structures not identified in the PreSDM image (most notably LVZ3,
and structures inside the accretionary prisms in the inner wedge).
Large uncertainties in the MVA model suggest that the waveform
tomography image may be the more reliable of the two. To further
confirm the validity of the waveform tomography result, it will be
useful to eventually remigrate the previous reflection data using the
waveform tomography velocity model.

In addition to using the methods described above, we conducted
checkerboard tests and point-scatter tests to illustrate the model
resolution and the modelling error (Section 6.3). The elastic tests
provided substantial insights into the realistic spatial resolution in
the presence of modelization errors. The acoustic checkerboard
tests, however, overestimated the resolution power, and indicated
the limitations of the ‘inverse crime’ (Colton & Kress 1998; Wirgin
2004) implied by these tests.

More complete resolution and uncertainty analysis can be car-
ried out by estimating estimating a resolution matrix or posteori
model-covariance matrix (Tarantola 2005). Although the computa-
tional cost of repeated forward modelling precludes this, Fichtner
& Trampert (2011a,b) introduced a computationally efficient way
of calculating the action of the Hessian matrix. Nevertheless, a
rigorous uncertainty analysis would require methods from Bayesian
inference, and a comprehensive sampling of the model space.

7.6 Conclusions

We successfully applied acoustic waveform tomography to the wide-
angle OBS data acquired in the Nankai subduction zone. We illus-
trated waveform inversion is a challenging inverse problem, due to
the non-linearity, the modelling errors, as well as the acquisition
parameters for the wide-angle crustal surveys. We conclude that a
sixfold set of strategies are key to our success: (i) Availability of
low-frequency components, and long-offset refraction arrivals to
mitigate the non-linearity, and to increase the depth penetration, (ii)
a highly accurate starting model to mitigate the non-linearity, (iii)
the hierarchal inversion of phase-components first, and amplitude
components later to reduce artefacts from the acoustic assumption,
(iv) a Laplace–Fourier domain approach that facilitates a multi-
scale approach, (v) careful pre-conditioning of the gradient to ellmi-
nate undesirable high-wavenumber components, and (vi) a strategy
for source estimation that reduces the influence of the acquisition
design.
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