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Seismic tomography has been a vital tool in probing the Earth's internal structure and enhancing our knowledge
of dynamical processes in the Earth's crust and mantle. While various tomographic techniques differ in data
types utilized (e.g., body vs. surface waves), data sensitivity (ray vs. finite-frequency approximations), and
choices of model parameterization and regularization, most global mantle tomographic models agree well at
long wavelengths, owing to the presence and typical dimensions of cold subducted oceanic lithospheres and
hot, ascending mantle plumes (e.g., in central Pacific and Africa). Structures at relatively small length scales
remain controversial, though, as will be discussed in this paper, they are becoming increasingly resolvable
with the fast expanding global and regional seismic networks and improved forward modeling and inversion
techniques.
This review paper aims to provide an overview of classical tomography methods, key debates pertaining to
the resolution of mantle tomographic models, as well as to highlight recent theoretical and computational
advances in forward-modeling methods that spearheaded the developments in accurate computation of
sensitivity kernels and adjoint tomography. The first part of the paper is devoted to traditional traveltime and
waveform tomography. While these approaches established a firm foundation for global and regional seismic
tomography, data coverage and the use of approximate sensitivity kernels remained as key limiting factors in
the resolution of the targeted structures. In comparison to classical tomography, adjoint tomography takes
advantage of full 3D numerical simulations in forward modeling and, in many ways, revolutionizes the seismic
imaging of heterogeneous structures with strong velocity contrasts. For this reason, this review provides details
of the implementation, resolution and potential challenges of adjoint tomography. Further discussions of tech-
niques that are presently popular in seismic array analysis, such as noise correlation functions, receiver functions,
inverse scattering imaging, and the adaptation of adjoint tomography to these different datasets highlight the
promising future of seismic tomography.

Crown Copyright © 2012 Published by Elsevier B.V. All rights reserved.
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1. Introduction

For good reasons, seismic tomography has been closely linked with
computed tomography (CT) commonly performed on X-ray or ultra-
sound recordings. The similarities are undeniable, as both techniques
aim to extract the internal properties of an object based on integrated
data trajectories. The former method is predicated on seismic waves
propagating through crustal ormantle rocks, and is therefore influenced
by, and sensitive to, themediumelastic parameters. The latter approach
mainly seeks a numerical description of tissue density as a function of
position. When performed under ideal conditions, both approaches
are able to reconstruct accurate two- or three-dimensional (3D) images
of targeting structures through planar slices (or tomos in Greek conno-
tation). The similarity goes beyond the obvious: in fact, the governing
principles of seismic and computed, mainly radiological (Cormack,
1963), tomography are all rooted in the Abel transform of linear
paths in a radially concentric sphere (Herglotz, 1907; Wiechert, 1910).
Mathematically this approach was identical to the construction of a
spherically symmetric quantum mechanical potential in 3D (Keller et
al., 1956; Snieder and Trampert, 1999). A more general form of linear
tomography was presented as the central slice theorem by Radon
(1917), which was later shown to reduce to Abel transform for Earth-
like geometry (Deans, 1983; Nowack, 1990; Vest, 1974). While the
mathematics introduced by Radon (1917) are beyond the scope of this
review, the simple concept of integrating and inverting a projection
function between two generic points connected by a straight line (or
path) was instrumental not only for seismic and radiological tomogra-
phy, but also for modern-day data de-noising and reconstruction
(Deans, 1983; Gu, 2010; Vest, 1974).

It is unclearwhether the subsequentdevelopments of CT and seismic
tomography were contemporaneous or that the former inspired the
early pioneering efforts of seismic data analysis. In 1971, the first practi-
cal CT brain scanner by Sir Hounsfield in England opened a new chapter
in medical radiology. By recording X-ray transmission through patients,
medical tomographers began to extract images of the X-ray attenuation
coefficients via what was once termed EMI scans (Cunningham and
Judy, 2000; Filler, 2009). This breakthrough pre-dated the first 2D seis-
mic tomographic regional map produced by Aki and Lee (1976), though
Please cite this article as: Liu, Q., Gu, Y.J., Seismic imaging: From classic
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it could be legitimately argued that the fundamentals of geophysical in-
verse problems were already in place when Backus and Gilbert (1967,
1968, 1970) published their seminal studies on the formation, solution
and non-uniqueness of linearized inversions (Wiggins, 1972). Rather
than quantifying the inverse problem in abstract mathematical terms,
Backus and Gilbert (1967) provided formulation and practical solutions
to the inversion of normal mode observations based on Rayleigh's
Principle (Rayleigh, 1877). The findings of this and subsequent studies
by the same authors championed a new generation of studies pertaining
to the Earth's free oscillations (Dziewonski, 1971; Dziewonski and
Anderson, 1981; Gilbert and Dziewonski, 1975). Just as importantly,
functional derivatives of seismic measurement with respect to struc-
tural model parameters (Backus and Gilbert, 1967; Fréchet, 1941;
Woodhouse, 1974), commonly known as Fréchet derivatives, Fréchet
kernels or sensitivity kernels, made their debut in geophysics and would
soon become the backbone of subsequent studies of traveltime (Aki
and Lee, 1976; Woodhouse, 1974, 1981) and waveform (Dziewonski
and Anderson, 1981; Woodhouse and Dziewonski, 1984) tomography.

The era of global seismic tomography officially began in 1981
with the publication of Preliminary Reference Earth Model (PREM,
Dziewonski and Anderson, 1981), the first well-accepted one dimen-
sional (1D), radially anisotropic model of the Earth. This study com-
bines normal mode, traveltimes, and attenuation observations with
physical parameters such as Earth's mass and moment of inertia to
establish an accurate reference frame, with typical errors less than
1% between predicted and observed traveltimes for teleseismic ar-
rivals, for advanced 3D surveys. This seminal study eventually earned
the two original authors well-deserved Crawford Award, the Nobel
prize equivalence for all of geosciences. Over the next 10 years, a series
of pioneering studies in linear (Dziewonski, 1984; Nakanishi and
Anderson, 1982; Woodhouse and Dziewonski, 1984) and non-linear
(Ho-Liu et al., 1988, 1989; Snieder and Romanowicz, 1988; Tarantola
and Valette, 1982) inversions followed suit, combining mathematical
elegance with artistry to propel seismic tomography to the forefront
of Earth sciences. The need for greater computing power and memory
storage also became apparent. For instance, to enable inversions for
up to degree 6 spherical harmonics, the original Fortran 77 codes for
key parts of the waveform analysis had to resort to the extended use
al to adjoint tomography, Tectonophysics (2012), http://dx.doi.org/
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of ‘equivalence’ statement to circumvent computermemory limitations
(Woodhouse and Dziewonski, 1984). It is fair to state that, after four
decades from Backus and Gilbert's first studies, the pursuit of higher
resolution and accuracy of the tomographic images continues to push
computer software and hardware capacities to their allowable limits.

Increasing seismic data combined with improvements in mea-
surement accuracy, model parameterization, and forward modeling
theory have resulted in a number of published global tomographic
models from different geophysics programs (e.g., Ekström and
Dziewonski, 1998; Ekström et al., 1995; Gu et al., 2001; Houser et al.,
2008; Kárason and van der Hilst, 2000; Kustowski et al., 2008;
Masters et al., 2000; Montelli et al., 2004; Panning and Romanowicz,
2006). Captivating images of themantle, which at times invoke inevita-
ble comparisons with objects of little scientific connection (Fig. 1), are
often considered compelling observations by researchers from various
disciplines. Steady efforts were also made to go beyond simple ray
theory and compute sensitivities of broadband seismic phases by
mode coupling (e.g., Li and Romanowicz, 1995), body-wave ray theory
(e.g., Dahlen et al., 2000), surface-wave ray theory (e.g., Zhou et al.,
2004), normal-mode summation (e.g., Capdeville, 2005; Zhao and
Jordan, 1998) and full 3D numerical simulations (e.g., Liu and Tromp,
2008). The improved Fréchet derivatives (Backus and Gilbert, 1967;
Woodhouse, 1974) translates to more accurate design matrices for the
tomographic inverse problem and, at least in principle, should improve
the quality of the inverted images of the Earth's interior. However,
different dataset, processing algorithms, sensitivity kernels and regular-
ization manifested in global tomographic models that agree only in rel-
atively long-wavelength scales (e.g., Dziewonski, 2005; Romanowicz,
2003, also see Section 3). Despite considerable efforts in quantifying
and reconciling the model differences (e.g., Becker and Boschi, 2002;
Becker et al., 2003; Fukao et al., 2001; Gu et al., 2003; Romanowicz,
2003), global tomography seems to have reached an impasse in resolu-
tion, which impedes its capability of being directly linked to tectonic
and geodynamical interpretations beyond long wavelengths. The
impact of sensitivity kernels to the resolution of global seismic tomogra-
phy was highlighted by a contentious debate surrounding banana-
‘Teeth’ Beneath Our Feet
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ArabiaE u r o

 p e

Fig. 1. Isotropic seismic velocity perturbations beneath Africa and surrounding regions
down to 250-km depth. The model values are computed from S20U7L5 (Ekström et al.,
1995) and the iso-surfaces highlight shear velocity contours of 1% (exterior) and 2%
(inner surface, blue). The continental roots suggested by the 2% shear velocity perturba-
tions display striking similarities to human teeth. The tomographic rendering was courte-
sy of Misha Salganik.
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doughnut sensitivity kernels (Dahlen et al., 2000) and its applications
(e.g., Dahlen and Nolet, 2005; Montelli et al., 2004, 2006a; van der
Hilst and de Hoop, 2005).

Parallel to the development of global seismic tomography, structural
inversions have long been formulated in the exploration context as full-
waveform inversion problems, where the calculation of Fréchet deriva-
tives of an objective function involves two numerical simulations of
wave propagation. This formulation was applied initially to exploration
seismic problems due to the heavy computational cost associated
with numerical simulations two decades ago (e.g., Gauthier et al.,
1986; Igel et al., 1996). However, with the advancement of numerical
modeling techniques and improvement of computational resources,
simulations of seismic wave propagation for complicated and realistic
3D heterogeneous media at both global and regional scales became
practical in recent years (e.g., Castro and Käser, 2010; Igel, 1996;
Komatitsch and Tromp, 2002a; Moczo et al., 2007; Tromp et al.,
2010a). This naturally led to interest in calculating finite-frequency sen-
sitivity kernels based on more accurate forward modeling methods
(Boschi et al., 2007; Liu and Tromp, 2006, 2008; Zhao et al., 2005),
and its ensuing applications to tomographic problems (Chen et al.,
2007a; Fichtner et al., 2009b; Tape et al., 2010). This type of tomograph-
ic inversion method (which we refer to as adjoint tomography in this
paper) takes advantage of accuracy 3D numerical simulations, and
through iterations can resolve velocity perturbations up to 10–30%, far
beyond those achievable by classical tomographic techniques. Howev-
er, adjoint tomography is still in its infancy, where computational cost
reduction (Akcelik et al., 2003; Tape et al., 2010), objective assessment
of model resolution (Fichtner and Trampert, 2011a, 2011b), and appli-
cations to array data (e.g., via noise correlation and scattered wave
field analysis) remain areas of ongoing research. Still, adjoint tomogra-
phy holds promise for a new-generate high-resolution images of the
Earth at local, regional and global scales.

While a chronological account of both exploration, crustal andman-
tle tomographic techniques and results may be tempting, a truly objec-
tive presentation of all relevant research is impractical due to space
limitation. In the first part of this paper, we aim to revisit methods
that had been the backbone of global seismic tomography (up to
~2003); key formulations are provided for completeness and easy com-
parison.We then discuss someof the recent debates associatedwith the
resolution of tomographic images (up to ~2006), and carefully review
the formulation and applications of adjoint tomography. Further infor-
mation on broad subject of seismic tomography can be found in a
number of informative reviews (e.g., Dziewonski, 1996; Dziewonski
and Woodhouse, 1987, Fukao et al., 2001, 2009; Grand, 2002; Masters,
1989; Masters and Shearer, 1995; Masters et al., 2000; Montagner,
1994; Rawlinson et al., 2010; Ritzwoller and Lavely, 1995;
Romanowicz, 1991, 2003; Trampert and van der Hilst, 2005; Virieux
and Operto, 2009; Woodhouse and Dziewonski, 1989).

2. The tomographic problem and classical solutions

2.1. Inverse problem

According to Joseph Keller, a prominent mathematician and physi-
cist, inverse and forward problems are tightly coupled where the
‘formulation of each involves all or part of the solution of the other’. In
other words, an inverse problem is only defined if the answer to ‘the
inverse of what?’ is provided through an explicit expression for, and a
solution of, the forward problem (Engl et al., 2000). For a forward oper-
ator G that maps model parameters m to observations d based on
selected rules or principles of physics,

G mð Þ ¼ d: ð1Þ

The problem of recovering suitable parameters from a set of observa-
tions is the associated inverse problem (e.g., Aster et al., 2005; Iyer
al to adjoint tomography, Tectonophysics (2012), http://dx.doi.org/
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and Hirahara, 1993; Menke, 1984; Nolet, 1993; Tarantola, 2005;
Wiggins, 1972). The forward-inverse relationship is exemplified by
integration and differentiation, two rudimentary mathematical op-
erations that are critical in the inversion approach of Backus and
Gilbert (1967, 1968, 1970). Simple solution of this inverse problem
involves the following key steps (Aster et al., 2005; Menke, 1984;
Snieder, 1998):

1. Writing the problem based on a set of discrete model coefficients.
2. Computing the predicted data based on the choice of model pa-

rameters for an a priori structure, the majority being known 1D
model structures.

3. Defining an objective function and adjusting the model parameters
to meet the pre-defined goodness-of-fit criteria.

4. Estimating the accuracy and resolution of the inversion outcome,
repeating the above steps when necessary.

The first two steps govern the forward problem, which takes advan-
tages of laws of physics andmakes informed predictions of the observa-
tion. The last two steps aim to recover and refine the physical
parameters, if properly defined, byminimizing the differences between
observations and predictions while attaining certain desired properties
in the model outcomes (Fig. 2; Aster et al., 2005; Menke, 1984;
Tarantola, 2005). This process could be repeated for continued refine-
ment of the model and objective function.

With a suitable choice of model parameters, Eq. (1) can often be lin-
earized as a straight-forward multiplication of G, known as the design
matrix, and a vector containing the unknowns (see Section 2.2). This
process is often aided by a sound initial solution and perturbation theo-
ry, the foundation of Backus and Gilbert (1967) in the investigation
of rock density and elastic moduli based on Rayleigh's principle
(Pekeris and Jarosch, 1958; Rayleigh, 1877, 1906; Woodhouse, 1976).
On the other hand, existence, ill-posedness, and uniqueness (Backus and
Gilbert, 1967) must be critically assessed for any inversion, especially
in viewof limited observations and thenonlinearity of inverse problems
pertaining to Earth's internal structure. The section below revisits key
algorithms in classical tomography, especially linear inversions, in the
order of increasing sophistication.

2.2. Traveltime inversions

Ray-based traveltime tomography has been the staple of seismic
imaging largely due to its simplicity. The forward problem involving
the computation of the traveltime t of a ray can be expressed as

t ¼ ∫
xr

xs
s·dl; ð2Þ
Ground
Truth m

estimated 
model m’’

starting 
model m’

data

appraisal
forward

inversion

iterate?

educated guess

Fig. 2. A flow chart showing the key steps in the construction and evaluation of tomo-
graphic models. This figure is inspired by Fig. 2 of Snieder (1998).
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where dl is a small segment of the ray path, s is the slowness vector
tangential to the ray path with a magnitude equal to the inverse of
the local seismic wave speed (Chernov, 1960), and xs and xr are the
spatial coordinates of the source and receiver, respectively. Based on
Snell's law (Descartes and Laurence, 1631; Khan and Lantz, 2002;
Snellius, 1621), one could trace a given ray between the two end
points and solve Eq. (2) as a boundary value problem either by shooting
(Acton, 1997; Keller, 1968) or bending (Julian and Gubbins, 1977)
methods; the latter approach was adopted due to faster convergence
despitemore complex formulations at discontinuous boundarieswithin
the Earth.

In this formulation, the perturbation of arrival time relative to the
unperturbed model prediction t is directly attributed to local perturba-
tions in slowness. Themain objective of the inverse problem is to deter-
mine the fractional change of velocity for all solvable segments along
the ray path (Menke, 1984; Tarantola and Valette, 1982; Woodhouse,
1978).

2.3. Linearization and parameterization

Basis functions with desirable properties (e.g., orthogonality) are
generally adopted to expand slowness perturbation as a set of linear
equations with discrete unknown weights (as model coefficients). Early
tomographic studies took advantage of a back-projection approach
based on gridded blocks (e.g., Aki and Lee, 1976; Chou and Brooker,
1979; Hearn and Clayton, 1986). This parameterization was influential
for global traveltime inversions in the 1990s using large catalogs of P
wave traveltimes (e.g., Grand et al., 1997; van der Hilst et al., 1997)
and, owing to its simplicity, remains a popular choice in regional and
exploration seismic applications. The formulation is a natural extension
of the discrete form of traveltime

δti ¼
XNp

j¼1

δsjlij; ð3Þ

where δti is the traveltime difference between observation and refer-
ence model prediction for ray i , δsj is the slowness perturbation of the
j-th block in the medium, and lij is the length of the i-th ray in the j-th
block. The summation can be performed over the entire study region,
though only a small number of blocks (Np) for a given source–station
pair are sampled and contribute to the traveltime residual (Aki and
Lee, 1976; Ho-Liu et al., 1989). The objective of the inverse problem
is to determine δsj for the majority, if not all, of the blocks through
inversions.

While uniformgrids based on rectangular cells or blocks are an obvi-
ous choice due to the simplistic assumption of piece-wise straight-line
path segments, the shapes and distribution of the blocks vary broadly
in published studies. In fact, to circumvent the lack of sensitivity of sur-
face wave ‘great-circle’ paths (Backus, 1964) to local heterogeneities,
early tomographic inversions adopted prior regionalization schemes
and partitioned the Earth's surface into a few irregular, continent-sized
blocks (Dziewonski and Steim, 1982; Kanamori, 1970). Problems associ-
ated with a priori regionalization (Kawakatsu, 1983) were soon recog-
nized and partially resolved by the path-average approximation and a
global expansion based on spherical harmonics (Woodhouse and
Dziewonski, 1984, see also next section).

The desirable properties of orthogonality and smoothness made
spherical harmonics, which was first proposed as solutions to the
Laplace's equation, a popular choice of horizontal basis functions in
early global tomographic studies of traveltime and/or waveform data
(Fig. 3a). The expansion takes the following form,

δv r; θ;ϕð Þ
v rð Þ ¼

XK
k¼0

XL
l¼0

Xl

m¼0

f k rð Þpml cos θð Þ kA
m
l cos mϕð ÞþkB

m
l sin mϕð Þ� �

; ð4Þ
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where θ is colatitude (90∘-latitude),ϕ is longitude, r is radius, and v(r) is
the depth dependent velocity of the 1D reference Earthmodel. The term
pl
m is the associated Legendre polynomial of degree l and azimuthal

order m, and fk(r) corresponds to a radial basis function that captures
1D variations of wave speeds along the depth axis (Dziewonski, 1984;
Su et al., 1992;Woodhouse andDziewonski, 1984). Finally, the constant
multipliers kAl

m and kBl
m are the target model coefficients in the 3D

expansion of seismic velocities. The above formulation deviates slightly
from the original study by Woodhouse and Dziewonski (1984), in
which a similar expression was detailed for squared velocity perturba-
tions using Legendre polynomial up to the third power and spherical
harmonics up to degree 8. In either form, the first two terms of the
Taylor series of traveltimes establishes a linear dependence between
perturbations in time (observation) and velocity (target of investiga-
tion) relative to a reference model such as PREM (Dziewonski and
Anderson, 1981) or IASPEI91 (Kennett and Engdahl, 1991). In matrix
form, a model vector m containing unknowns kAl

m and kBl
m in Eq. (4)

could be estimated from the following set of linear equations

Gm ¼ d; ð5Þ

where G contains assumed path sensitivity and d represents the set of
traveltime or waveform observations. Frequently cited examples of
tomographic models based on this approach are S12WM13 (Su et al.,
1992), S20A (Ekström and Dziewonski, 1998), S20RTS (Ritsema and
van Heijst, 2000) and, more recently, S40RTS that contain more than
1600 horizontal model parameters (Ritsema et al., 2011).

While parameterization and nominal resolution (Kissling et al.,
2001) often depend on a researcher's personal preference, judicious
choices should reflect the merits of basis functions as well as data cov-
erage and density. Unlike well-designed exploration seismic experi-
ments where receiver distributions are dense and uniform, the global
tomographic problem is under-determined due to uneven earthquake
and station distributions. For this reason, variable resolutions or
Please cite this article as: Liu, Q., Gu, Y.J., Seismic imaging: From classic
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irregular global grids (see review by Sambridge and Rawlinson, 2005)
have often been adopted to provide a closer association between
model and data spaces. Widely accepted but inherently subjective
criteria for model evaluation, such as smoothness, also play key roles
in the selection of model parameters. For instance, spline functions
(Gu et al., 2001, 2003; Kustowski et al., 2008; Mégnin and
Romanowicz, 2000; Nettles and Dziewonski, 2008) have been widely
adopted as an effective compromise between localization and smooth-
ness. Still, robust outcomes from well constrained inversion problems
should not be strongly influenced by the choice of model parameters.
When data coverage is sufficient, the global tomographic problem is in-
herently similar to a simple interpolation problem. Fig. 3 compares an
inversion of global Moho depth of CRUST2.0 (Bassin et al., 2000)
based on different basis functions. For similar numbers ofmodel param-
eters (361 and 362), the outcomes of 2D expansions of crustal thickness
based on B-splines and spherical harmonics are virtually identical. The
‘same earth’ assumption will be further assessed through comparisons
of published 3D models in Section 3.

2.4. Waveform inversions

2.4.1. Path average approximation (PAVA)
Due to the lack of consensus among published studies, we subjec-

tively characterize waveform tomography as an inversion that 1) uses
time series rather than traveltimes, amplitudes or other secondary
attributes of the recorded data, and 2) depends on the approximation
of full wave equation rather than ray approximation (Panning et al.,
2009; Romanowicz, 2003). Hence, waveform inversions are more accu-
rate than its traveltime counterpart despitemore complex formulations
and increased nonlinearity from waveform fitting.

Woodhouse and Dziewonski (1984) marks a milestone effort in
early stages of global waveform tomography. Having recognized the
merits of surface wave analysis (e.g., Brune et al., 1963; Knopoff,
1972) and its largely untapped potential on the global scale (Masters
al to adjoint tomography, Tectonophysics (2012), http://dx.doi.org/
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et al., 1982), this study abandoned controversial a priori regionalization
schemes (Dziewonski, 1971; Jordan, 1981; Kanamori, 1970; Kawakatsu,
1983; Souriau and Souriau, 1983; Toksoz and Anderson, 1966) and for-
mally introduced the path integral approximation (or path average ap-
proximation, for short PAVA, see also Mosca and Trampert, 2009;
Panza, 1985; Woodhouse and Dziewonski, 1986) in search of lateral
heterogeneity in the mantle. This approximation, which is an effective
WKBJ assumption (Bretherton, 1968; Woodhouse, 1974), essentially
states that phase perturbations of surface waves are caused by later-
al heterogeneities horizontally averaged over the source–receiver
trajectory. Despite inaccurate assumptions of path sensitivities of
body wave, triplications, and frequency-dependent surface waves
(Li and Romanowicz, 1996; Snieder, 1996; Snieder and Nolet,
1987) along the great-circle arc (Backus, 1964), Woodhouse and
Dziewonski (1984) is worthy of a brief review for its pioneering ef-
forts in combining fundamental theories of linear inversion and
free oscillations with data mining through global surface and body
wave observations.

Adopting the original notation of Jordan (1978), Woodhouse and
Dziewonski (1984) expresses total phase perturbations between the
source and receiver after n orbits as

δϕ ¼ ∫
Tx

0
δωlocal dt þ n∫

T

0
δωlocal dt; ð6Þ

where δωlocal denotes the localmantlewave frequency shift in response
to lateral heterogeneities, and the integral is performed over the group
traveltime along the source-station great circle path Tx for either a
major or minor arc. The second term is a cumulative sum of the phase
shift after n passages of the surface wave around the great-circle path
defined by the source and receiver. One can define a fictitious frequency
shift as

δω ¼ 1
T
∫

Tx

0
δωlocal dt ¼ path average: ð7Þ

The essence of PAVA is to rewrite the above phase perturbation in
terms of this apparent frequency term and source–receiver distance
perturbation δθ (see Eq. (11) of Woodhouse and Dziewonski, 1984).
The apparent frequency and distance shifts are different for each
mode, and their partial derivatives with respect to model parame-
ters are used to compute the Fréchet kernels for the waveform inver-
sion problem.

Based on PREM (Dziewonski and Anderson, 1981), synthetic seis-
mograms can be computed by normal mode superposition (Gilbert,
1970; Gilbert and Dziewonski, 1975; Romanowicz, 2008; Tanimoto,
1984) and PAVA facilitates the formulation of a linear inverse problem
of model perturbations. It was the building block for a series of global
models of mantle heterogeneities (e.g., Ekström and Dziewonski,
1998; Gu et al., 2001, 2003, 2005; Kustowski et al., 2008; Liu and
Dziewonski, 1998; Nettles and Dziewonski, 2008; Ritsema and van
Heijst, 2000; Su et al., 1992, 1994). In theory, PAVA is sensitive to both
the phase and the amplitude information of surface wave waveforms.
In practice, however, perturbations of waveforms in connection with
the reduction in data variance is dominated by phase shifts (e.g., Li
and Romanowicz, 1996; Woodhouse and Dziewonski, 1984); conse-
quently, waveform inversions based on PAVA falls short in properly
accounting for the amplitudes of surface waves (e.g., Dahlen and
Tromp, 1998; Li and Romanowicz, 1995; Panning et al., 2009; Zhao
and Dahlen, 1995).

2.4.2. PAVA in classical traveltime tomography
The application of PAVA goes far beyond waveform tomography.

While it has been suggested earlier (see review by Romanowicz,
2003), a recent study by Mosca and Trampert (2009) explicitly validat-
ed the notion of ray theory as the body-wave equivalence of PAVA to
perturbations in modal frequencies. Assume ray bottom radius rb and
Please cite this article as: Liu, Q., Gu, Y.J., Seismic imaging: From classic
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a depth-dependent velocity v(r), the ray theoretical traveltime t(p) of
a seismic phase (Brune, 1966; Woodhouse, 1978) becomes,

t pð Þ ¼ 2∫
rb

0

1
v2 rð Þ−

p2

r2

" #1=2

dr; ð8Þ

where r is the instantaneous position of a ray segment from the center
of the Earth in kilometers and p represents the spherical ray parameter.
The key is to recognize the inherent connection between the horizontal
ray parameter p and the traveltime equivalence of the frequency–phase
velocity relationship (Dahlen and Tromp, 1998; Mosca and Trampert,
2009)

δωlocal

ω
¼ Δ pð Þ=T pð Þ

c
δclocal
c

; ð9Þ

where Δ(p) and T(p) correspond to ray-parameter dependent distance
and traveltime, respectively, and phase velocity c is defined by the
simple relationship c=p−1. Eq. (9) is the traveltime equivalence of
Eq. (6), and the total traveltime perturbation becomes an integral of
local perturbations in the exact form of Eq. (7) (Mosca and Trampert,
2009),

δT pð Þ ¼ 1
Δ
∫

Δ

0
δtlocal p; θ;ϕð ÞdΔ: ð10Þ

In essence, the equivalence betweenwaveformPAVA and ray theory
is themanifestation ofmode-ray duality under the zeroth order asymp-
totic assumption (Mosca and Trampert, 2009; Zhao and Dahlen, 1995).
For this reason, the application of PAVA is far more prevalent in seismic
tomography than that suggested by waveform inversions.

2.4.3. Improved waveform approaches
PAVA detailed by Woodhouse and Dziewonski (1984) was initially

applied to low-pass filtered (cutoff period 135 s) long-period mantle
waves, named in consideration of their broad depth sensitivity to mantle
structure, and body waves (cutoff period 45 s). Low computation cost
was a crucial advantage for waveform tomography based on PAVA in
1980s due to the assumed dependence of synthetic seismogram on
model perturbations averaged along source–receiver path. However,
with vastly improved computer memory and processor speed in the
early 1990s, tomographers began to place a greater emphasis on the
accuracy of the inversion outcomes instead of on the savings on compu-
tational resources. Even for relatively ‘smooth’ variations, a condition that
PAVA is based upon, there are well-documented caveats. First, in a later-
ally heterogeneous mantle, PAVA is inaccurate for body-wave phases
with geometrically banana-shaped sensitivities (Dahlen et al., 2000).
More accurate kernelswere developed by consideringmode-branch cou-
pling (Li and Romanowicz, 1995; Marquering and Snieder, 1995), which
reduces finite-frequency sensitivity to planar, 2-D ray paths. In the same
year, Zhao and Dahlen (1995) derived the asymptotic expressions for the
Fréchet kernels of modal eigenfunctions in the heterogeneous mantle.
Differential waveforms (Passier and Snieder, 1995) have also been
suggested as a partial solution to improve the accuracy of PAVA.

Inaccurate body wave path assumptions are only a part of the
problem associated with PAVA. Even with improved geometrical
path integrals, PAVA would remain a gross assumption due to the
lack of consideration for finite frequency effects of both body (Nolet
et al., 2005) and surface (Zhou et al., 2004) waves. This problem is
highlighted by the use of ‘wiry’ ray theoretical kernel in traveltimes,
the waveform equivalent of PAVA, and requires further discussions
(see Section 3.2).

2.4.4. Partitioned waveform inversion and multi-stage inversion schemes
Based on Fréchet kernels, the inversion approaches outlined in the

preceding sections aim to resolve perturbations in seismic velocities
al to adjoint tomography, Tectonophysics (2012), http://dx.doi.org/
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in reference to a starting 1D (or known 3D) model directly from
traveltime, phase, or waveform observations. While Woodhouse and
Dziewonski (1984) suggested that a direct inversion for the coefficients
is more reliable for their long period Love and Rayleigh wave datasets
this one-step inversion process is, for most datasets, not a requirement
but a choice. In fact, the earliest tomographic applications (especially in
medical imaging based the central slice theorem of Radon, 1917) were
predicated on two-step processes involving the construction of 3D
volumes from a series of 2D sections. Multi-stage inversion approaches
have also been adopted to recover mantle velocity structures, exem-
plified by the Partitioned Waveform Inversion (PWI) (Nolet, 1990)
method.

The PWI method introduced by Nolet (1990, 2008) consists of two
key steps: 1)fit eachwaveformobservationwith an average 1D velocity
along the source–receiver great-circle path, and 2) solve for 3D struc-
ture via linearized inversions and the collection of path-averaged
misfits from step 1 (e.g., Das and Nolet, 1998; Maggi and Priestley,
2005; Marquering et al., 1996; Nolet, 1990; van der Lee and Nolet,
1997). Step 1 is conceptually important and potentially computational-
ly intensive due to nonlinear optimization (Nolet, 1990). Unlike Eq. (7),
this study recasts the path integral tomore confinedmodel domain and
defines the path-average shear velocity perturbation as

δv rð Þ jð Þ ¼ 1
Δj
∫

receiver

source
v r; θ;ϕð Þ−v jð Þh i

dΔ; ð11Þ

where v( j)(r) represents the radially symmetric reference speed,
v(r,θ,ϕ) corresponds to 3D shear velocity variations along a given
path j with a path length of Δj. Then the path-averaged perturbations
to the wavenumber δkn(ω)( j) of a surface wave mode at frequency ω
can be expressed as

δkn ωð Þ jð Þ ¼ ∫
a

0

∂k jð Þ
n ωð Þ

∂v jð Þ rð Þ

" #
δv jð Þ rð Þdr; ð12Þ

where a is the radius of the Earth. The spectrum of the wavefield Sj(ω)
at this station becomes an exponential function of the path integral
(Nolet, 1990) and, based on the WKBJ approximation, the velocity
term can be discretized and recovered from the waveform misfit. To
construct 3D variations in shear velocities δv(r,θ,ϕ) from model coeffi-
cients, Nolet (1990) defines a new data vector d based on the 1Dmodel
coefficients and links the 3D velocity perturbation v(r,θ,ϕ) to
partitioned 1D velocity model v( j)(r) for path j,

1
Δj
∫

π

0
∫
path j

v r; θ;ϕð Þ−v jð Þ rð Þ
h i

g−1
i rð ÞdrdΔ ¼ di � δdi; ð13Þ

where Δj corresponds to the source–receiver distance for the j-th path.
This equation is in the form of Gm=d (see Eq. (5)) with gi

−1(r) as the
sensitivity kernel and v(r,θ,ϕ) as the unknown model vector. Unlike
step 1, the 3D velocity perturbations are solved directly via a linearized
inversion approach (Nolet, 1990).

A key advantage of PWI over PAVA is flexibility, since multiple
starting models can be simultaneously introduced during the 1D
waveform fitting procedure. During the past 20 years, a number of
continental-scale studies have benefited from PWI in the investigation
of crust (Das and Nolet, 1998; Manaman et al., 2011) and mantle struc-
ture (Maggi and Priestley, 2005; van der Lee and Frederiksen, 2005; van
der Lee andNolet, 1997). Similar to PAVA (Woodhouse andDziewonski,
1984), however, the original form of PWI (Nolet, 1990) approximated
body-wave path sensitivity using the WKBJ assumption in connection
with surface wave modes. While this inaccuracy was largely resolved
by incorporating mode coupling (e.g., Marquering and Snieder, 1995;
Marquering et al., 1996), and lack of considerations for wave amplitudes
(Panning et al., 2009) and finite frequency effects (see Section 3.2)
remains problematic for PWI.
Please cite this article as: Liu, Q., Gu, Y.J., Seismic imaging: From classic
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Two-step inversions of an entirely different flavor have also been
well established in surface wave analysis. These studies first seek
solutions to surface wave phase velocity (Ekström and Dziewonski,
1998; Montagner and Nataf, 1986; Nakanishi and Anderson, 1984;
Nataf et al., 1984; Ritzwoller et al., 2002; Tanimoto and Anderson,
1985; Trampert and Woodhouse, 1996; Yang and Forsyth, 2006),
group velocity (e.g., Bensen et al., 2007; Ekström and Dziewonski,
1998; Yao et al., 2006) or arrival angle information (Larson et al.,
1998; Laske and Masters, 1996) for multiple frequency ranges, then
construct the 3D structures by inverting the resulting dispersion
curves or phase/group velocity maps (e.g., Ekström and Dziewonski,
1998; Shapiro and Ritzwoller, 2002). Stutzmann and Montagner
(1993) proposed a two-step waveform inversion scheme for surface
wave fundamental and higher modes that incorporated amplitude
information. Rather than utilizing full waveforms, as was in the case
for PAVA or PWI, maps obtained by these studies generally emphasize
a specific aspect or aspects of surface wave records.

2.5. Inversions for anisotropic structure

Since the early 1960s, the dependence of seismic wave speed
variations on particle motion or direction of propagation (generally
known as seismic anisotropy) has been documented through the dis-
crepant observations of Pn (Hess, 1964; Raitt et al., 1971) and surface
(Aki, 1968; Forsyth, 1975; Nataf et al., 1984; Schlue and Knopoff,
1977; Yu and Mitchell, 1979) waves, as well as anomalous particle
motions associated with body waves (Anderson, 1966; Ando et al.,
1980; Hirn, 1977). Tradeoffs between heterogeneity and anisotropy
have long been recognized as a potential factor affecting the outcomes
of tomographic models (e.g., Dziewonski and Anderson, 1981; Smith
andDahlen, 1973;Woodhouse andDziewonski, 1984), but the isotropic
assumption was frequently made for mathematical and computational
conveniences (Anderson, 1989). For instance, inversions of general
anisotropic bodies require the recovery of 21 independent elastic pa-
rameters according to Hooke's Law. Consider a coarsely sample mantle
with spherical harmonic expansion up to degree 20 (horizontal) and
Chebyshev polynomial up to degree 13 (radial) (e.g., Ekström and
Dziewonski, 1998), a back-of-envelope calculation suggests a total
number of unknowns to be (20+1)2×(13+1)×21≈130,000. This
implies that a non-gradient factorization method such as Cholesky de-
composition (Ekström and Dziewonski, 1998; Gu et al., 2001; Su et al.,
1994) would require the storage and manipulation of two upper-
triangular inner product matrix with 130000×130001/2≈8.5×109

elements each, or with a total memory requirement of ∼700 GB in
single precision. Even though today's high-end supercomputers could
meet this baseline memory requirement, a fully anisotropic inversion
remains impractical due the extensive computation time for matrix
inverse, the inherent tradeoffs between the daunting number of inde-
pendent parameters and, more importantly, the insufficient data
constraints.

Despite challenges in modeling general anisotropy, tomographic
inversions targeting anisotropic wave speeds garnered considerable
attention in the early 1980s (Dziewonski and Anderson, 1981; Nataf
et al., 1984; Woodhouse, 1981) and became more practical in the
mid 1990s following the increased affordability and accessibility of
supercomputers. Simplifying considerations were introduced based
on the approximate symmetry of anisotropic minerals (Anderson,
1961; Backus, 1962; Carlson and Christensen, 1979; Christensen and
Crosson, 1968; Dziewonski and Anderson, 1981; Postma, 1955). By
assuming hexagonal symmetry, general anisotropy reduces to trans-
verse isotropy (or radial anisotropy) (e.g., Anderson and Dziewonski,
1982) with five independent elastic parameters A, C, N, L, and F (Love,
1927). The first four elastic constants can be determined by velocity
measured in two orthogonal directions and F is a function of velocity
at intermediate directions (Dziewonski and Anderson, 1981). In
addition to mathematical convenience, transverse isotropy offered
al to adjoint tomography, Tectonophysics (2012), http://dx.doi.org/
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appealing physical descriptions of laminated or finely layered solids,
oriented cracks or melt zones, as well as preferentially oriented mantle
minerals such as olivine and pyroxene under shear deformation
(Anderson, 1989; Nishimura and Forsyth, 1989; Silver, 1996).

Linearized anisotropic inversion methods pertaining to transverse
isotropic solids were introduced by Dziewonski and Anderson (1981)
and Woodhouse (1981) for waveform and traveltime data, respec-
tively. Based on the theory initially developed by Takeuchi and Saito
(1966) and the definition of Fréchet derivatives (e.g., Backus and
Gilbert, 1967), a relative change in the squared eigenfrequency of a
normal mode can be written as (Anderson and Dziewonski, 1982;
Dziewonski and Anderson, 1981)

δω2

ω2 ¼ ∫
1

0
r2dr ÃδAþ C̃δC þ ÑδN þ L̃δLþ F̃δF þ R̃δρ

� �
; ð14Þ

where the symbols with tilde signs represent the differential kernels
(see Takeuchi and Saito, 1966 for alternative formulations) expressible
as functions of the eigenfunctions (or the derivatives of eigenfunctions)
and the angular degree of spherical harmonics (Dziewonski and
Anderson, 1981). For practical reasons, this expression was recast into
Fréchet derivatives of more measurable quantities such as horizontal
and vertical wave speeds (VXH where ‘X’ can be either P or S), and the
last term corresponds to perturbations to the density of the anisotropic
structure. Simple scaling relationships between P, S and density have
been adopted (Ekström and Dziewonski, 1998; Gu et al., 2005;
Kustowski et al., 2008; Marone et al., 2007; Nettles and Dziewonski,
2008; Yuan and Romanowicz, 2010) to reduce the number of free
parameters in the inversion process. Anisotropic parameters have also
been retrieved from independent inversions of Rayleigh and Love
wave datasets (e.g., Ekström and Dziewonski, 1998; Nishimura and
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Forsyth, 1989), though the assumed polarized kernels are inaccurate
due to the dependence of higher-mode surface waves on both vertical
and horizontal wave speeds (see below).

Anisotropic inversion of body-wave traveltime observations were
introduced by Woodhouse (1981) as an addendum to Dziewonski
and Anderson (1981). For simplicity we briefly outline the key results
on traveltime integral of SH waves and refer the readers to the origi-
nal study by Woodhouse (1981) for more complex formulations for
P–SV waves. Assume qr is the integrand of a one-way traveltime
path integral (see Eq. (8)), then asymptotic ray theory enables the
computation of partial derivatives of SH-wave traveltime with respect
to all five elastic parameters (Woodhouse, 1981) for a radially aniso-
tropic solid. To obtain explicit expressions to recover anisotropic seis-
mic velocities from traveltime observations, one first needs to map
the Fréchet derivatives of qr with respect to the five elastic constants
to horizontal and vertical velocities (Woodhouse, 1981) using the
chain rule, then insert the appropriate terms into the path integral
over radius,

δt ¼ 2∫
rb

0

∂qr
∂VSH

δVSH dr þ 2∫
rb

0

∂qr
∂VSV

δVSV dr; ð15Þ

where δVSH and δVSV are the unknown perturbations in horizontal
and vertical shear wave velocities, respectively, along the ray path. For
proper choices of basis functions (see Sections 2.2 and 2.3), this formu-
lation is convenient for a linear, anisotropic inversion of themodel coef-
ficients using traveltime observations.

Fig. 4 shows examples of traveltime and normal-mode frequency
sensitivities to anisotropic shear velocities. The ray-theoretical traveltime
of P1 (an SH-polarized first arrival, Fig. 4a) is highly sensitive to wave
polarization and propagation directions (Fig. 4b; Gu et al., 2005). The
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consideration for anisotropy is vital near the source and receiver posi-
tionswhere thewave vectors are approximately parallel to the symme-
try axis, or near the turning points where an SH-polarized wave is only
sensitive to the horizontal velocity. On the other hand, SV-polarized
waves are only sensitive to vertical shear speed, but the sensitivity
varies as a function of propagation direction (see Fig. 4b). The depen-
dence of mode frequencies on the anisotropic wave speeds are more
complex than the traveltime counterpart, and contributions of both
VSH and VSV are nonzero for toroidal (Fig. 4c) as well as spheroidal
(not shown)modes. Fig. 4d shows the averaged horizontal and vertical
shearwave speeds under the East Pacific Rise (Gu et al., 2005), retrieved
using both traveltime and waveform information. The substantial dif-
ferences between the inverted anisotropic wave speeds, their depar-
tures from PREM (Dziewonski and Anderson, 1981; Tanimoto, 1984)
and the large depth extent (e.g., Beghein and Trampert, 2004; Chen
and Brudzinski, 2003; Gu et al., 2005; Jung and Karato, 2001; Karato,
1998; Leveque et al., 1998; Panning and Romanowicz, 2006) clearly
accentuate the need to properly account for seismic anisotropy in seis-
mic tomography.

Finally, tomography based on the radially isotropic assumption gen-
erally considers minimal lateral variations in wave speeds in planes
perpendicular to the symmetry axis. This is a gross approximation
considering the abundance of evidence, dating back to early observa-
tions of Pn wave traveltimes (Hess, 1964; Raitt et al., 1971) and
shear-wave birefringence (Long and Silver, 2009). Smith and Dahlen
(1973) introduced the following formulation to characterize the azi-
muthal dependence of wave speeds with respect to a fixed direction
(also known as azimuthal anisotropy),

δc r;ϕð Þ
c

¼ a0 rð Þ þ a1 rð Þ cos 2ϕþ a2 rð Þ sin 2ϕþ a3 rð Þ cos 4ϕ
þ a4 rð Þ sin 4ϕ; ð16Þ

where r is a 2D positional vector, ϕ is the relative azimuth of the ray
path and ai (i=1,⋯,4) represent the unknown coefficients of the
major (2ϕ) and secondary (4ϕ) terms (e.g., Tanimoto, 1984; Tanimoto
and Anderson, 1985). This is a convenient linear equation where coeffi-
cients are readily invertible based on observed phase velocity perturba-
tions δc/c. Similar to radial anisotropy, the strength and nature of
azimuthal anisotropy vary broadly depending on the tectonic history
and depth extent (Becker et al., 2003; Larson et al., 1998; Marone and
Romanowicz, 2007; Montagner and Nataf, 1986; Montagner and
Tanimoto, 1990; Park and Levin, 2002; Simons and van der Hilst,
2003; Tanimoto, 1984; Thybo and Perchuc, 1997; Trampert and van
Heijst, 2002; Trampert and Woodhouse, 2003; Wookey et al., 2005;
Yuan and Romanowicz, 2010). The broad range of outcomes from
these studies were highly instrumental for the understanding of miner-
alogy and deformation below surface. At the present time, however,
determination and interpretation of seismic anisotropy remain chal-
lenging, especially in view of its tradeoff with isotropic heterogeneity
in anisotropic inversions and the apparent lack of depth sensitivity
from S/SKS splitting observations.

2.6. Inversions with other geophysical or geochemical constraints

The accuracy of tomographic imaging is a strong function of data
density and data sensitivity to the targeted structure. Despite a fast
growing number of seismic stations worldwide and increasing diver-
sity in seismic data types, high-resolution global seismic tomography
remains an under-determined inverse problem (Dziewonski, 2005;
Romanowicz, 2003) and could certainly benefit from additional data
constraints on the geometry, density and composition of mantle ther-
mochemical variations (see Section 3.1 for detailed discussions). One
such constraint is the existence and undulation of known and postu-
lated seismic interfaces (e.g., crust, upper mantle discontinuities, D″).
Due to strong temperature dependence, mineral phase changes
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(Fig. 5a) of olivine to wadsleyite and ringwoodite to perovskite and
magnesiowüstite (Ita and Stixrude, 1992; Katsura and Ito, 1989, see
Helffrich, 2000; Shearer, 2000 for reviews) can occur at depths tens
of kilometers away from their respective global averages (Deuss,
2009; Flanagan et al., 1998; Gu et al., 1998; Shearer, 1993). These
steep depth variations (Fig. 5b) will impact the traveltimes and
trajectories of direct and reflected/converted seismic body waves.
Hence, rather than relying on the conventional treatment to disconti-
nuity depths (i.e., assumption of flat interfaces; Fig. 5c), a growing
number of studies are beginning to resolve the tradeoff between seis-
mic wave speed and discontinuity depth (Fig. 5d) via simultaneous
inversions (Chang et al., 2010; Gu et al., 2003; Houser et al., 2008;
Lawrence and Shearer, 2006).

A joint inversion approach represents a significant improvement
over a priori corrections and assumptions of flat interfaces. Mathe-
matically, the added constraints and new model parameters can be
incorporated into the inversion procedure via

G0
G1

� �
δv ¼ d0

d1

� �
; ð17Þ

where d0 and d1 denote conventional and newly added data, respec-
tively, and matrix on the left hand side of the above equation contains
the combined data sensitivity. In this simple example, model vector
δv is the seismic velocity perturbation, which is modified by the addi-
tional weighted equations of constraints during the regularization
and minimization of data errors. Useful constraints include, but are
not limited to, the depths of Moho (Chang et al., 2010; Xu and Song,
2010), core–mantle boundary (Boschi and Dziewonski, 2000; Morelli
and Dziewonski, 1987) and transition zone discontinuities (Gu et al.,
2003; Houser et al., 2008; Lawrence and Shearer, 2006), as well as
those associated with magnetotelluric (Moorkamp et al., 2007, 2010;
Roux et al., 2011), geodynamical (Forte, 2000; Forte and Mitrovica,
2001; Forte et al., 1994; Simmons et al., 2006, 2007; Trampert et al.,
2004) and geodetic (Chambat and Valette, 2001; Khan et al., 2008)
observations.

Data integration, which has been a driving force behind some of
the recent tomographic efforts (e.g., Chang et al., 2010; Yuan and
Romanowicz, 2010), is vital for the pursuit of a self-consistent mantle
model (see Section 3). The accuracy and interpretation of these
models could benefit further from improved imaging of anelasticity in
crust and mantle rocks (e.g., Bhattacharyya et al., 1996; Dalton et al.,
2008; Durek et al., 1993; Flanagan and Wiens, 1994; Gung and
Romanowicz, 2004; Ho-Liu et al., 1988; Romanowicz, 1990, 1994,
1995; Roth and Wiens, 2000; Suda et al., 1991), an important observa-
tional constraint (see Romanowicz, 1998; Mitchell and Romanowicz,
1998 and references therein) that received unfair coverage in this
review due to space limitation. The compatibility of the different
data sets and the relative weights of vastly different datasets, how-
ever, remain critical issues to be resolved by more quantitative
investigations.

2.7. Global optimization methods and probabilistic tomography

With the exception of PWI,methods documented in this section em-
phasize the retrieval of a single set of model parameters through the
process of minimization. This deterministic approach is mathematically
ill-conditioned due to noise and finite path coverage (Romanowicz,
2003; Snieder and Trampert, 1999), thus requiring regularization
(e.g., Menke, 1984; Parker, 1994; Tarantola and Valette, 1982), and a
single optimal solution for highly nonlinear problems such aswaveform
matching (Gauthier et al., 1986; Mosegaard, 1998; Mosegaard and
Tarantola, 2002; Sambridge et al., 1991; Shaw, 1992) has also been
questioned at the conceptual level (Mosegaard and Tarantola, 2002;
Resovsky and Trampert, 2003; Scales and Snieder, 1997, 2000;
Tarantola, 2005). A key alternative to this inversion paradigm is a
al to adjoint tomography, Tectonophysics (2012), http://dx.doi.org/
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probabilistic solution based on the selection of a suitable ensemble
of models that fits certain tolerance criterion (e.g., Metropolis et al.,
1953; Press et al., 2007; Tarantola and Valette, 1982). Generally
known as the Monte Carlo method (Metropolis and Ulam, 1949),
nonlinear stochastic approaches take advantage of random numbers
and statistical description of model spaces without resorting to gradi-
ents of objective functions (Mosegaard and Tarantola, 2002). After the
pioneering study of Keilis-Borok and Yanovskaja (1967), applications
of Monte Carlo methods became increasingly diverse in earthquake
seismology (e.g., Bodin et al., 2012; Kennett et al., 1988; Koper et al.,
1999; Menke and Schaff, 2004; Sambridge and Drijkoningen, 1992;
Sambridge and Kennett, 1986; Scales et al., 1992; Shaw, 1992;
Trampert et al., 2004). Rather than uniformly sampling the solution
space (Sambridge and Kennett, 1986), which is computationally
demanding and prone to ‘rough’ model outcomes (Sambridge, 1990),
subsequent nonlinear global seismic inversion methods feature more
sophisticated optimization methods that originated from ferromag-
netic, thermodynamic and cellular systems; prime examples include
simulated annealing (Iyer andHirahara, 1993;Weber, 2000), genetic al-
gorithm (Bodin et al., 2012; Koper et al., 1999; Sambridge and
Drijkoningen, 1992) and neural network algorithm (Meier et al.,
2007a,2007b). Through proper ‘training’ or ‘tuning’ (Mosegaard, 1998;
Mosegaard and Tarantola, 2002), these algorithms are ideally suited
for inverse problems involving high degrees of nonlinearity and/or
multi-modal probability distributions (Koper et al., 1999; Mosegaard
Please cite this article as: Liu, Q., Gu, Y.J., Seismic imaging: From classic
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and Tarantola, 1995; Scales et al., 1992). Furthermore, the statistical de-
scription of the probabilistic model ensemble offers a more objective
metric of model resolution than the standard resolution tests of a linear
inversion (Fichtner and Trampert, 2011b; Sambridge and Mosegaard,
2002).

Like any other inversion algorithm, probabilistic inversion has its
share of challenges. For instance, unbiased sampling of the solution
space for a large number of model parameters remains a costly proce-
dure even with fast improving computation speed and parallelization.
A priori/posteriori probability distributions (Tarantola, 2005; Tarantola
and Valette, 1982) could also be biased by the tomographer's subjective
input (Scales and Snieder, 1997) in the presence of noise (Meier et al.,
2007a). Hence, despite recent advances in the nonlinear analysis of
velocity and density (e.g., Bodin et al., 2012; Fichtner and Igel, 2008;
Fichtner and Trampert, 2011b; Maraschini and Foti, 2010; Mewes
et al., 2010; Resovsky and Trampert, 2003; Trampert et al., 2004), prob-
abilistic methods in regional and global seismic applications remain a
promising but unfinished product.

3. Resolution of tomographic models

Results obtained from classical seismic tomography have been
instrumental in the understanding of the large-scale structure and dy-
namics of the Earth's interior. Through sustained efforts and advances
in technology and data acquisition, tomographic images have become
al to adjoint tomography, Tectonophysics (2012), http://dx.doi.org/
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the de facto standard in assessing the dimension, motion and intrinsic
properties of the lithosphere (e.g., Ekström and Dziewonski, 1998; Gu
et al., 2005; Gung et al., 2003; Li and Romanowicz, 1996; Simons and
van der Hilst, 2003; Su et al., 1992; Yuan and Romanowicz, 2010;
Zhang and Tanimoto, 1992; Zhou and Clayton, 1990), plate boundary
zones (e.g., Fukao et al., 1992; Nishimura and Forsyth, 1989; van
der Hilst et al., 1991; Zhao, 2001a; Zhao et al., 1994), upper mantle
transition zone (Becker et al., 2003; Gu et al., 2001; Mégnin and
Romanowicz, 2000; Widiyantoro and van der Hilst, 1997, see Fukao
et al., 2001, 2009 for reviews regarding regional subduction slab
analysis), mid/lower mantle (Boschi and Ekström, 2002; Grand et al.,
1997; Gu et al., 2003; Kárason and van der Hilst, 2000; Mégnin and
Romanowicz, 2000; Ritsema and van Heijst, 2000; Zhao, 2001a), the
lowermost mantle (Gu et al., 2001; Ishii, 2004; Kárason and van der
Hilst, 2001; Liu and Dziewonski, 1998; Panning and Romanowicz,
2006) and the controversial outer core (Boschi and Dziewonski, 2000;
Cao and Romanowicz, 2004; Vasco and Johnson, 1998). Impressive
tomographic images of deep-penetrating slab (Fig. 6; e.g., Bijwaard
et al., 1998; Fukao et al., 1992, 2001; Kárason and van der Hilst, 2000;
van der Hilst et al., 1991) and ascending mantle plumes beneath Africa
and the Pacific Ocean (Bijwaard and Spakman, 1999; Gu et al., 2001;
Ritsema, 1999; Su et al., 1992; Zhao, 2001a) have served as popular
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Fig. 6. Shear velocity perturbations in the upper mantle transition zone. Despite signif-
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all models appear to agree on the presence of high velocity zones in the western Pacific
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reminders of the complex dynamic processeswithin the Earth's mantle.
Many of these first-order mantle heterogeneities are well resolved by a
wide spectrum of tomographic models, as evidenced by the general
agreement between model predictions in the upper mantle transition
zone (see Fig. 6).

3.1. Data constraints and general model resolution assessment

The resolution increase in seismic tomographyhas been steady, if not
spectacular, in the past twodecades. The road to higher resolution began
with spherical harmonics (or basis functionswith equivalent resolution)
up to degrees 6–8 (Dziewonski, 1984; Woodhouse and Dziewonski,
1984) in the 1980s. With a resolving length of 3000–5000 km, the
results of these earlymodels established first-order connection between
major tectonic regimes (i.e., continent and oceans) and seismic veloci-
ties. Following the development of broadband seismometers and the
convenient data access provided by the Incorporated Research Institu-
tions for Seismology (IRIS), different shear-wave phases weremeasured
and the maximum spherical harmonic degree increased to 12–14 in the
early 1990s (Bolton and Masters, 1991; Li and Romanowicz, 1996; Su
et al., 1992), with radial basis functions to characterize the depth varia-
tions in shear velocity. In addition to offering 3–4 times the resolving
power, this new generation of models was able to systematically quan-
tify the spectral signatures, hence the characteristic scales, of mantle
structure and deformation. In the late 1990s, the landscape of tomo-
graphic imaging changed significantly with the arrival of high-resolution
models based on automatic traveltime picks from International Seismic
Center (ISC) bulletins. While these large databases lack the quality
control of individual phase picks (e.g., Bolton and Masters, 1991; Liu
and Dziewonski, 1998; Ritsema, 1999; Su et al., 1992), the quantity of
the data enables inversions with vastly increased nominal resolution.
The output of these models (Grand et al., 1997; Kárason and van der
Hilst, 2000) features spectacular descending slab-like structures with
lateral length scales as small as a few hundred kilometers. While
the realistic resolutions and their correlation with traditional long-
wavelength models have been questioned (Boschi and Dziewonski,
1999), there is no denying that high-resolution block models became a
catalyst in the debate on the style of mantle convection (e.g., Albarede
and van der Hilst, 2002; Kellogg et al., 1999). The advent of high-
resolution tomography and renewed focus on resolution improvements
(Becker and Boschi, 2002; Ekström and Dziewonski, 1998; Gu et al.,
2001, 2003; Houser et al., 2008; Mégnin and Romanowicz, 2000) tipped
the perception scale clearly in favor of a partially layered convection
system.

While it is impractical to assess the resolutions of individual global
models in a short review, there are certain helpful tips from the past
that could assist future construction of global and regional models.
First of all, more is not necessary better. Due to the large number of
pre-existing stations (e.g., Global Digital Seismic Network stations)
and large number of earthquakes occurring on pre-existing fault
lines, there is considerable overlap in the path coverage over time.
Adding more data from similar paths would increase the redundancy,
but not true resolution in the inversion process. On the other hand,
more variety is better. Incorporation of different data types offers addi-
tional path coverage and constraints in spite of similar source-station
locations for many of the phase picks (Fig. 7). The depth sensitivities
of common data types for inversions of shear velocities are illustrated
in Fig. 8. Surface wave dispersion measurements offer the best global
constraint on the anisotropic mantle lithosphere (e.g., Ekström and
Dziewonski, 1998; Gung et al., 2003; Larson et al., 1998; Laske and
Masters, 1996; Montagner and Nataf, 1986; Nettles and Dziewonski,
2008; Nishimura and Forsyth, 1989; Yuan and Romanowicz, 2010).
Since surface waves are shear waves in nature, global S wave models
generally achieve greater spatial resolutions than P wave models at
upper mantle depths (Romanowicz, 2003). The longest period surface
waves also contribute to the resolution of mantle asthenosphere and
al to adjoint tomography, Tectonophysics (2012), http://dx.doi.org/
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transition zone (see Fig. 8), particularly with full waveform informa-
tion from deep-penetrating, reverberating mantle waves. On the
other hand, lower-mid mantle region is best resolved by body wave
traveltimes (see Fig. 7), both for P (Antolik et al., 2003; Grand et al.,
1997; van der Hilst et al., 1997; Widiyantoro and van der Hilst,
1997) and S (Gu et al., 2001, 2003; Houser et al., 2008; Kustowski
et al., 2008; Masters et al., 2000; Mégnin and Romanowicz, 2000).
Inclusions of direct and reflected P waves can provide coverage in
otherwise undersampled regions such as the oceans. Comparable
data coverage and sensitivity in this depth range render a combined
P and S (or bulk and sound) analysis particularly informative
(e.g., Antolik et al., 2003; Houser et al., 2008; Kennett et al., 1998;
Manners, 2008; Su and Dziewonski, 1997). Relative to an average
lower mantle depth, the data coverage and sensitivity increases expo-
nentially near the core-mantle boundary. Traveltimes of reflected,
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diffracted and differential core phases (see Fig. 7; Boschi and
Dziewonski, 2000; Gu et al., 2001, 2003; Kárason and van der Hilst,
2001; Liu and Dziewonski, 1998; Mégnin and Romanowicz, 2000;
Obayashi and Fukao, 1997; Tkalčić et al., 2002) have been widely used
in tomographic imaging to illuminate the base of the mantle.

It should be noted that differences between tomographic images
could be both informative and challenging for isolating facts from
artifacts (Dziewonski, 2005). Existing global P and S tomographic
models differ in parameterization, data coverage and inversion strate-
gies. Some of these differences reflect tomographer's personal prefer-
ences, e.g., choices of model parameterization and matrix factorization
algorithms (e.g., Boschi and Dziewonski, 2000; Spakman and Nolet,
1988; van der Hilst, 1999), others result from informed decisions
based on limited data coverage and/or finite computational resources.
The inaccessibility of vast sub-crustal depths through direct means
necessitates an objective assessment of true (as opposed to nominal)
resolution in model appraisal. As a simple exercise we compute the
bootstrapped average (Efron and Tibshirani, 1991) and standard devia-
tion of 18 published global tomographic models from 1992 to 2004
(Fig. 9). Perturbations in P wave velocities have been amplified by a
factor of 1.73 (Masters et al., 2000; Romanowicz, 2003) to be compati-
ble with the S-wave models. Robust heterogeneous structures include
strong continent–ocean contrast in the upper mantle lithosphere, high
velocities along the western Pacific subduction zones in the upper
mantle transition zone, a weak north–south orienting high velocity
zone across the Americas, and anomalously low velocities associated
with the Pacific and African ‘plume groups’ (Dziewonski et al., 1993)
(see Fig. 9). The spectra of the entire mantle are clearly dominated by
low-degree spherical harmonics (Gu et al., 2001; Masters, 1989; Su et
al., 1992), or longer wavelengths (Dziewonski, 2005; Romanowicz,
2003), despite an apparent loss of overall amplitude due to averaging.
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Radially, the lithosphere appears to be best resolved, showing a 3+%
average heterogeneity with merely ~1% maximum uncertainty near
the East Pacific Rise and cratonic North America; dense surface wave
coverage (e.g., Ekström and Dziewonski, 1998; Laske and Masters,
1996; Ritsema, 1999) is largely responsible for the enhanced resolution
in this depth range (see also Figs. 7 and 8). Model differences at the
remaining depths (see Fig. 9) accentuate the dichotomy in data sensi-
tivity between continents and major oceans: structure beneath the
oceanic regions, most notably the Pacific Ocean, show the largest
disagreements among the models. Mantle compositional variations
(e.g., near the base of themantle), whichwould enhance themodel dif-
ference between P and S velocities (Masters et al., 2000; Saltzer et al.,
2001), are only partially responsible. Large model uncertainties clearly
highlight the challenges in understanding the upper mantle transition
zone, a well-documented under-sampled regime critical to the under-
standing of mantle circulation and mineralogical phase changes (see
Fig. 8; Dziewonski, 2005; Fukao et al., 2001, 2009; Gu et al., 2001;
Romanowicz, 2003), and the bulk of the lower mantle (Boschi and
Dziewonski, 2000). A greater overall resolution in seismic tomography
likely requiresmajor improvements in ocean-bottom seismic recording
and body-wave phase analysis.
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It is worth noting that the model comparisons detailed in this sec-
tion are only a simple exercise in the spirit of a statistical description
of the solution space. Practical and unbiased assessment of data reso-
lution remains a key area of geophysical research (Sambridge and
Mosegaard, 2002). The following list highlights key considerations
and challenges during the resolution assessment of tomographic
inversions:

1. High resolution does not automatically translate to smaller-scale
seismic structures (e.g., Boschi and Dziewonski, 1999). The charac-
teristic length scales of anomalies are, to first order, reflected by
low order spherical harmonics reported over two decades ago
(e.g., Romanowicz, 2003; Woodhouse and Dziewonski, 1984).

2. Nominal resolution is not equivalent to the true resolution of a given
dataset. The term nominal resolution, which appeared in early discus-
sions of source parameter inversions (Gilbert and Dziewonski,
1975), is a subjective choice of the tomographer based on his/her
own assessment of the dataset. The true resolution is an intrinsic
property of the dataset independent of the modeling technique.

3. Successful recovery of an input checkerboard in the deterministic
inversion approaches is only a necessary condition, but not a suffi-
cient condition, in the pursuit of the true structure. Furthermore,
resolution assessment centered on a single optimal model likely
underestimates the true uncertainties of the inversion results
(e.g., Sambridge and Mosegaard, 2002).

In addition to continued deployment of more seismic stations (see
more discussions in Section 6), seismic tomography could greatly ben-
efit frommultiscale inversions with enhanced clarity on well-covered
regions (e.g., Boschi et al., 2004; Chiao and Kuo, 2001; Hung et al.,
2011; Zhao, 2009) as well as data mining beyond main body and sur-
facewave arrivals on existingwaveforms (see Section 6). The ultimate
goal is to be able to explain everywiggle and recover asmuch informa-
tion about the structures of the Earth's interior as data permit.

3.2. Ray vs finite-frequency kernel debate

Potential improvement in the resolution of tomographic models can
be also achieved through more accurate forward modeling theory.
Fitting all wiggles on a seismogram is a very challenging task, and as
is true to all inverse problems, the accuracy and efficiency of solutions
to the forward problem (i.e., seismic wave equations) are critical. Due
to the complications involved in solving the seismic equation, the
majority of tomographers still rely on approximation theories (e.g.,
high-frequency ray approximation for body-wave modeling or asymp-
totic methods for surface-wave modeling; see more discussions in
Section 2) or assume simple 1D Earth structure (e.g., in normal-mode
theory) to compute Green's functions. The accuracy of sensitivity
kernels formeasurements, which form row vectors of the designmatrix
G in Eq. (5), is strongly influenced by the accuracy of these forward
solutions.

The classical solution began with geometrical ray theory for high-
frequency waves, which is effectively a zeroth order approximation to
seismic wave equations emphasizing the onset time of seismic arrivals
(see Section 2). The resulting sensitivity kernels of high-frequency ar-
rival times are reduced to 2D geometrical ray paths connecting sources
and receivers (see Section 2). The applicability of ray theory relies on
the assumption of weak and relatively large-scale lateral heterogene-
ities, which is not valid for structures with sizes that are comparable
to or less than the dominant wavelengths of the interrogated seismic
waves. Instead, the sizes of Fresnel zones, i.e., regions in the neighbor-
hood of geometrical ray paths that give rise to constructively interfering
arrivals,may be significant for global finite-frequency arrivalsmeasured
frombroadband recordings. For instance, the Fresnel zonewidth of a 5-s
P wave with a wavelength of ~40 km is approximately 560 km at 60∘

epicentral distance, which is similar to the resolution limit of global
tomographic inversions (Nolet, 2008, Chapter 2). The complicated
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sensitivity kernels for reflected waves present further complications
(Deuss, 2009; Liu and Tromp, 2008; Shearer, 1993). Therefore,
finite-frequency effects need to be considered during the computation
of body (at 5–40 s) and surface (40 s or longer, Ritzwoller et al.,
2011) wave sensitivities in global tomographic inversions.

Decades of theoretical and computational development have aimed
to go beyond ray theory by combining solutions to seismic wave equa-
tions with first-order Born approximation. Improved sensitivities of
broadband seismic phases have been calculated by mode coupling
(e.g., Li and Romanowicz, 1995; Li and Tanimoto, 1993; Marquering et
al., 1998), body-wave ray theory (e.g., Dahlen et al., 2000; Hung et al.,
2000), surface-wave ray theory (e.g., Zhou, 2009; Zhou et al., 2004,
2005), normal-mode summation (e.g., Capdeville, 2005; Zhao and
Chevrot, 2011a; Zhao and Jordan, 1998; Zhao et al., 2006) and full 2D/
3D numerical simulations (Liu and Tromp, 2006, 2008; Nissen-Meyer
et al., 2007a). These sensitivity kernels generally follow geometrical
ray paths for the selected phases, and occupy volumetric regions in
the vicinity of the ray paths instead of being restricted to the center of
the volume. In particular, Marquering et al. (1999) and Dahlen et al.
(2000) showed that, counter-intuitively, sensitivity kernels for finite-
frequency cross-correlation traveltime measurements are precisely
zero along the geometrical paths and therefore acquires the shape of
‘hollow bananas’. Based on the paraxial ray approximation that sim-
plifies the calculations of traveltimes and geometrical spreading factors
for body waves, these sensitivity kernels can be computed efficiently
and have been applied to long-period body waves in both global
(e.g., Montelli et al., 2004, 2006b; Tian et al., 2009) and regional
(e.g., Hung et al., 2004, 2010, 2011; Obrebski et al., 2011, 2012;
Sigloch et al., 2008) tomographic problems. The counter-intuitive
‘banana-doughnut’ shape of these sensitivity kernels (and the novelty
of its name), as well as some striking global tomography images based
on these kernels depicting the morphology of possible mantle plumes
(e.g., Montelli et al., 2004, 2006b), drew considerable attention from a
wide geophysical audience. This new set of mantle images also spurred
significant controversies over its improvement in resolution (Fig. 10;
Dahlen and Nolet, 2005; de Hoop and van der Hilst, 2004; Montelli
et al., 2006a; van der Hilst and de Hoop, 2005, 2006). de Hoop and
van der Hilst (2004) contended that the zero sensitivity of these
banana-doughnut kernels on the ray paths ismainly the result of a com-
bination of factors (e.g., the use of ray-theory, choice of measurement,
assumption of background media, and model dimensionality), and
does not hold for realistic media, different choices of measurements,
and model parameterizations. Finite-frequency sensitivity kernels can
be regarded as a form of regularization for infinitely thin rays, and
thus exhibit similar effects in tomographic inversions as geometrical
When Ray Theory meets Finite Frequency Approximation 
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Fig. 10. A cartoon that underscores the heated debate centered on the resolution
improvement of global tomographic models based on finite-frequency sensitivity kernels
vs. simple ray approximation.

Please cite this article as: Liu, Q., Gu, Y.J., Seismic imaging: From classic
10.1016/j.tecto.2012.07.006
rays once model parameterization and damping are applied. Still, the
main issues hindering the improvement of global tomographic
resolution are the uneven distributions of events and stations, as well
as the lack of ray coverage in parts of the mantle (see Section 3.1). As
global tomographic problems remain under-determined, regularization
is inevitable and hampers a fair comparison between finite-frequency-
and ray-based tomographic images (Montelli et al., 2006b; Panning
and Romanowicz, 2006). This provides a plausible explanation for the
lack of discernible improvement in the image resolution of global tomo-
graphic models when approximate 2D and 3D sensitivity kernels were
used in place of rays (e.g., Kárason and van der Hilst, 2000; Li and
Romanowicz, 1995).

However, the divergent views presented above do not diminish
the importance of choosing proper sensitivity kernels to map lateral
heterogeneities, particularly with an increasing number of measure-
ments from global seismic network and regional seismic arrays
(Romanowicz, 2008). In principle, the use of appropriate sensitivity
kernels accounts for the finite-frequency nature of observations, al-
lows different datasets to be consistently combined in tomographic
inversions, and makes it possible to image heterogeneities of sizes
similar to the first Fresnel zone (e.g., Chevrot and Zhao, 2007; Hung
et al., 2004). After all, consistent sensitivity kernels based on im-
proved theory is paramount for the pursuit of more accurate solutions
to tomographic problems.
4. Adjoint tomography: theory and implementations

With the advancement of numerical modeling techniques and
expansion of computational resources, numerical simulations of seismic
wave propagation for complex and realistic 3D heterogeneous media
at both global and regional scales have now become routine practices
(e.g., Castro and Käser, 2010; Komatitsch and Tromp, 2002a; Moczo et
al., 2007; Tromp et al., 2010a). Factors such as gravity forcing, rotation,
attenuation, anisotropy, topography of the free surface and internal
discontinuities that are important for global and/or regional seismology
can now be accounted for accurately. This naturally renders the possi-
bility of calculating finite-frequency sensitivity kernels based on im-
proved forward solver (Liu and Tromp, 2006, 2008; Zhao et al., 2005).
At the present time, however, numerical calculations of kernels for all
individual source–receiver pairs (i.e., row vectors of matrix G) in realis-
tic regional and global tomographic problems remain computationally
prohibitive.

Empowered by computational advancement, and potentially inspired
by the success of adjoint methods in meteorological (e.g., Courtier and
Talagrand, 1987; Talagrand and Courtier, 1987) and geodynamical (e.g.,
Bunge et al., 2003) applications, (Tromp et al., 2005) made important
connections among time-reversal imaging, finite-frequency sensitivity
kernels in seismic tomography and full waveform inversion popular in
exploration seismology. Similar to ‘time-reversal mirrors’ used in med-
ical imaging (Fink, 1992, 1997; Fink et al., 1989) where residuals of
recorded data at receivers are physically time-reversed and transmitted
to focus back at either original source locations or possible locations of
model inadequacy, data residuals at seismic stations can now be time-
reversed to obtain updates on earthquake source parameters based on
3D background models (Hjörleifsdóttir, 2007; Tape et al., 2007). The
first step of this method is, in essence, a more sophisticated version of
the back-projection technique used for imaging earthquake rupture
processes (e.g., Ishii et al., 2005; Larmat et al., 2010). On the other
hand, similar to results derived in full waveform inversions (e.g.,
Tarantola, 1984a), Fréchet derivatives of structural model parameters
(e.g., density and wave speeds) can be computed by the interaction of
the regular forward wavefield in the reference model and the adjoint
wavefield generated by setting time-reversed data residual signals at
receivers as simultaneous fictitious sources, i.e., two simulations of seis-
mic wave equations. Applications of adjoint methods to seismological
al to adjoint tomography, Tectonophysics (2012), http://dx.doi.org/
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problems have been similarly derived by Fichtner et al. (2006a,b);
Fichtner (2010).

The seismic inverse problemmay be treated as an optimization prob-
lem,where the optimal solution is sought tominimize a pre-definedmis-
fit criterion that quantifies the difference between data and synthetics.
When numerical solvers are used for the forward problem, the optimiza-
tion/inverse problem is usually solved based solely on local gradients, i.e.,
Fréchet derivatives of the misfit function (e.g., Epanomeritakis et al.,
2008; Fichtner et al., 2009b; Tape et al., 2010), without forming and
accessing the Hessian matrix (i.e., the second-order derivatives of the
misfit function, see also Section 4.4.3) due to computational and storage
restrictions. Depending on the technical details of computational
practices, this type of optimization method has appeared under many
different names and caused some confusion in the literature. For the con-
sistency of this paper, we adopt the name of adjoint tomography, and
loosely define it as tomographic inversion techniques based on numeri-
cal simulations of seismicwaves and local gradients computed by adjoint
methods. The following sections provide a detailed account of the origin,
derivation, merits, seismic applications and future outlook of adjoint
tomography.

4.1. Full waveform inversions in exploration seismology

There is a natural overlap between adjoint tomography, a subject
that recently became popular in earthquake seismology, and the full
waveform inversion (FWI) techniques that have existed for nearly
three decades in exploration seismology. Therefore it is impossible
to review the recent development on adjoint tomography without
referring to the voluminous literature in exploration seismology
pertaining to FWI (see Virieux and Operto, 2009 for a recent review).

Based on the inverse theory developed by Tarantola and Valette
(1982), Tarantola (1984a) and Lailly (1984) formulated the acoustic
imaging problem as an optimization problem that seeks the best
model parameters which minimize the generalized least-square
sum of weighted data residual. Reflected wavefield is treated as a
scattered wavefield generated by secondary sources associated with
perturbations to the background velocity model. Based on single-
scatter approximation, the gradient of the nonlinear misfit function
is calculated by correlation of forward propagation of the actual
source in the current model and a propagation backward in time of
the weighted data residuals at the receivers as virtual sources. The
backward wavefield was also referred to as ‘missing diffracted
wavefield’ or the ‘residual wavefield’. Tarantola (1984b) also showed
that the first iteration of this optimization problem is equivalent
to pre-stack migration techniques based on imaging principles
(Claerbout, 1971). However, instead of obtaining reflectivity images
with no direct physical interpretation from pre-stack migration,
nonlinear waveform inversions make improvements of physical
model parameters such as velocities and density through successive
iterations. Diffractions, refractions and multiple reflections are also
automatically accounted for through iterations when forward prob-
lems are calculated based on numerical simulations. To improve the
well-posedness of the nonlinear inversions, thismethod seeks solutions
that are close to a given a priori model and simultaneously minimizes
the data residual. Formulations were later derived for elastic wave
equations (Tarantola, 1986) and anelastic wave equations (Tarantola,
1988). Parameter selection is also critical as long-period waveform
inversions are mostly sensitive to seismic velocities while short-
period waveforms are strongly affected by impedance contrasts in
exploration-scale problems. (Tarantola, 1986), observations that reflect
the scattering properties of elastic waves (Wu and Aki, 1985).

Gauthier et al. (1986) and Mora (1987, 1988) demonstrated the
feasibility of FWI methods based on finite-difference scheme. Monte
Carlo inversion techniques (see Section 2.7) were dismissed at the
time due to high computational cost, while the more efficient local-
gradient techniques were favored, since only two (forward and
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backward) simulation are needed to compute the gradient direction
and one (or few) simulation(s) are needed to estimate the step length
of model update along the direction. Serious concerns were also raised
on the nonlinearity of the waveform misfit function, where the final
model may be trapped in local minimum (Gauthier et al., 1986). Initial
solutions need to be close enough to the true model to keep the misfit
function in the quasi-linear regimewith respect tomodel perturbations
(Mora, 1987). Numerical tests showed that surface reflected data
(equivalent to scattered/converted waves in earthquake seismology,
see more discussions to Section 6.2), due to their nonlinearity with
respect to large wavelength structures, recover mostly the high-
frequency component of the original model, while transmission data
(equivalent to direct main arrivals in earthquake seismology) improve
the resolvability of the low-frequency content of the model (Gauthier
et al., 1986;Mora, 1988). It was noted that preconditioning of the gradi-
ent direction based on simple geometrical arguments may help reduce
the number of iterations (Gauthier et al., 1986). Mora (1987) also de-
rived the FWI problem based on matrix formulation, and suggested
that the best preconditioner is the inverse Hessian matrix such that
the optimization problem can be solved by one quasi-Newton step.

Moderate success has been achievedwhen applying FWI techniques
to realistic industry data (e.g., Crase et al., 1990; Igel et al., 1996), and se-
rious challenges regarding the nonlinearity of the waveform misfit
function remain unsolved. Luo and Schuster (1991) remedied this prob-
lem by introducing misfit functions that quantify the traveltime differ-
ence between observed and synthetic seismograms and noted that no
phase identification for ray-theoretical arrivals is required when
numerical modeling is used. Traveltime misfit functions are much
more linear compared to full-waveform misfit, though with reduced
model resolution. Another successful approach is the frequency-
domain iterative waveform inversion based on frequency-domain
numerical solvers. Models are first inverted at a low frequency where
the initial guess is sufficiently close to the true model to guarantee the
linearity of the waveform function, and then successively inverted at
higher frequencies using inversion results from the previous frequency
as the initial model for the current iteration (e.g., Brenders and Pratt,
2007; Geller and Hara, 1993; Plessix, 2009; Pratt, 1999; Pratt and
Worthington, 1990a,1990b; Sirgue and Pratt, 2004). As traveltime
tomography based on full-wave equations resolves velocity anomalies
of the size of the first Fresnel zone, reflected waves and scattered
waves can resolve structures with sizes close to the dominant wave-
length used in the inversion (Wu and Toksoz, 1987). It was suggested
that a combination of traveltime and waveform inversion will be
ideal to recover both the long and short wavelength structures of the
subsurface while keeping the inverse problem in the quasi-linear
regime (e.g., Luo and Schuster, 1991; Pratt and Shipp, 1999). Multi-
scale inversions in the time-domain also proved to be promising
based on similar principles (Virieux and Operto, 2009).

4.2. Applications of FWI to seismic imaging in the crust and mantle

Although the theory and techniques of FWI can be directly applied
to earthquake seismology, several essential distinctions exist. First
there are the obvious lack of control in source locations and uneven
station distributions. Regional seismic imaging for the crust and man-
tle mainly utilizes teleseismic data, since abundant recordings of
local/regional earthquakes are available only for a few tectonically ac-
tive regions. Furthermore, earthquake seismologists still work most
comfortably with traveltime data to map internal structures of the
earth, and are more cautious towards utilizing amplitude anomalies
(or entire waveform) that are prone to attenuation or surface-wave
focusing effects. Measurements are usually taken from individual
body-wave phases and may consist of secondary arrival-time observ-
ables from surface-wave waveforms (e.g., Cara and Leveque, 1987).
Since windowing is difficult to implement in frequency-domain FWI
techniques, traveltime inversions may be performed only in the
al to adjoint tomography, Tectonophysics (2012), http://dx.doi.org/
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time-domain. Lastly, due to the computation cost of a single numerical
simulation at global or regional scales, which ranges from less than an
hour to tens of hours even on modern parallel computers, inversion
schemes need to be designed to reduce the number of iterations and
speed up convergence.

From the inversion setup point of view, individual sensitivity kernels
of source–receiver pairs form row vectors of the design matrix G for
tomographic inversions and are often computed to demonstrate the
effects of underlying approximations and finite frequency in global seis-
mology. However, as full waveforms are inverted in exploration
applications, computing sensitivities for individual data points of the
scattered waves (also defined as waveform perturbation density, Zhao
and Chevrot, 2011a) is impractical and unnecessary due to the
high-frequency nature of controlled sources. Instead, the gradient of
the misfit function is computed in two simulations, equivalent to the
weighted sum of sensitivity kernels for scattered waves between all
source–receiver pairs.

4.3. Forward solvers for 3D velocity models

The efficiency and accuracy of the forward-modeling technique is
crucial to the success of inverse methods. Therefore we will summa-
rize some of the common numerical techniques used to solve seismic
wave equations for 3D heterogeneous models as a prelude to our dis-
cussion on adjoint tomography. This section by no means includes all
references in the related fields, though, it is our hope that further in-
formation could be obtained from the references provided by this
review.

With the development of computer technology and numerical
techniques, significant advances have been made in solving seismic
wave equations numerically. Finite difference (FD) methods have
gained popularity since the early 80s due to their relatively simple for-
mulation (e.g., Igel, 1996; Igel et al., 2002; Kelly et al., 1976;Moczo et al.,
2007; Olsen et al., 1995). Pseudo-spectral methods (e.g., Carcione,
1994; Carcione et al., 2005; Tessmer et al., 1992) have also been used,
although they were mostly restricted to smooth models. Both methods
exhibit considerable difficultieswith implementing free-surface bound-
ary conditions for the accurate propagation of surface waves. On the
other hand, finite-element method (FEM) implicitly incorporates natu-
ral boundary conditions (e.g., Akcelik et al., 2002; Bao et al., 1998) de-
spite being more programmatically involved. In particular, a specific
type of finite-element method, spectral-element method (SEM), was in-
troduced to seismology from computational fluid dynamics (Patera,
1984) for both global (Capdeville et al., 2003; Chaljub and Valette,
2004; Fichtner et al., 2009a; Komatitsch and Tromp, 2002a,2002b)
and regional (Komatitsch et al., 2004; Lee et al., 2008; Peter et al.,
2011a; Pilz et al., 2011; Stupazzini, 2006) seismic wave propagation in
3D heterogeneous media (see Chaljub et al., 2007 for a review). It com-
bines the geometrical flexibility of FEMs with exponential convergence
properties of spectralmethods. Surface topography and internal discon-
tinuities are naturally accounted for by a finite-element mesh design.
Mesh doubling or tripling takes advantage of the velocity increase
with depth to minimize computational cost. Unlike classical FEM
wherein large linear systems need to be solved at each time step, the
mass matrix of the SEM is diagonal due to the choice of Gauss–
Lobbatto–Legrendre points as both interpolation and integration points
within hexahedral elements (Komatitsch and Tromp, 1999). Thismakes
SEM extremely efficient and scalable on parallel computers, especially
when ported to take advantage of recent Graphics Processing
Unit (GPU) hardwares (Komatitsch et al., 2009, 2010). SEM has been
applied to automatically simulate seismic wave propagation for
Mw≥3.5 events in southern California (Komatitsch et al., 2004, http://
www.shakemovie.caltech.edu) and Mw≥5.5 events at the global scale
(Tromp et al., 2010a, http://www.globalshakemovie.princeton.edu).
However, despite the computational efficiency, it remains challenging
to design a proper conforming hexahedral unstructured SEM mesh for
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a regionwith strong velocity variations that 1) honors predefined inter-
nal surfaces and material discontinuities, and 2) maintains a consistent
number of points-per-wavelength throughout the entire model for ac-
curacy considerations. External hexahedral meshing softwares are
often used (Casarotti et al., 2008; Peter et al., 2011a; Stupazzini et al.,
2009), and careful considerations on load balancing between individual
processors (Peter et al., 2011a) are required to efficiently simulatewave
propagation on such a complicated mesh in parallel.

One variant of SEM is proposed by Capdeville et al. (2003), wherein
waves are simulated based on the coupling between a 1-D normal-
mode solution for a spherically symmetric interior (such as the core)
and SEM solution for a 3D heterogeneous outer shell (such as the
crust and mantle) using a Dirichlet-to-Newman boundary-condition
operator. This method speeds up simulations without a significant loss
of accuracy, and has been adopted by various global and continental-
scale tomographic studies (Lekić and Romanowicz, 2011; Yuan et al.,
2011).

Discontinuous Gerlekin (DG) methods also gained popularity in
seismology in recent years (e.g., Castro and Käser, 2010; Dumbser
and Käser, 2006; Hermann et al., 2010; Käser and Dumbser, 2006).
Being more general in formulation than SEM, the DG approach can
handle material discontinuities across element boundaries and be
operated on both tetrahedral and hexhedral meshes. In particular, it is
extremely useful for dynamic rupture simulations where high frequen-
cywaves and super-shear near the fault can only be captured by a dens-
er mesh and improved time stepping schemes (e.g., de la Puente et al.,
2009). Despite being more computational costly, the use of tetrahedral
elements makes it relatively easier to honor complicated fault systems
and internal discontinuous surfaces in the mesh design for geologically
complex regions, therefore lending itself well to local and regional-scale
seismic wave simulations.

In the context of seismic imaging and inverse problem,mostmaterial
interfaces beneath the surface are not precisely known. To first order,
most geological regions are composed of large blocks with relatively
smooth velocity variationswithin. In such cases, SEMmay be a preferred
approach that strikes a good balance between computational cost and
accuracy of mesh design. Certainly at the global scale, where velocity
variations are believed to be long-wavelength (100–1000 km) and
smooth (b10% in Vs) in most regions, SEM is still the most viable solu-
tion to simulate wave propagation in 3D.

4.4. Theory and implementations

The basic formulation of adjoint tomography has been derived by
numerous researchers, either based on Born approximation and reci-
procity of the Green's function (Tarantola, 1984a; Tromp et al., 2005),
Lagrange multiplier approach (Akcelik et al., 2003; Liu and Tromp,
2006), where the adjoint field is just the time reversal of the Lagrange
multiplier, or more general functional analysis where no assumption
on Green's functions and reciprocity is required (Fichtner et al.,
2006a,2006b). The Lagrange multiplier approach also enabled (Liu
and Tromp, 2008) to derive expressions of Fréchet derivatives for
more complicated global seismic wave equations including factors
such as ellipticity, anelasticity and gravity. Here we only symbolically
outline expressions for local gradients based on frequency-domain
wave equations, emphasizing on the differences (e.g., the choice of
misfit function and the computation/storage challenges with utilizing
numerical solvers) between adjoint and classical (either ray or finite-
frequency) tomographic techniques.

4.4.1. Definition of misfit function
Tomographic inversion aims to utilize as much information of

recorded seismograms as possible to map internal structures of the
Earth. It can also be casted as an optimization problem, where an opti-
mal model mopt(x) is sought to minimize a misfit functional that quan-
tifies the difference between observed seismograms and synthetics
al to adjoint tomography, Tectonophysics (2012), http://dx.doi.org/
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calculated based on model parameters m. For example, a least-square
misfit functional that quantifies theweighted residual between a specif-
ic type of measurement aerpo , made on the p-th phase (or wave group)
of the data recorded by the r-th receiver for the e-th event, and the
corresponding model prediction aerp(m) is given by

Φ ¼ ∑
e
WeΦe ¼

1
2
∑
e
We∑

rp
Wrp aerp mð Þ−aoerp

h i2
; ð18Þ

where Φe and We are the misfit functional and weight associated with
the e-th event, respectively, and Wrp is the weight assigned based on
measurement error and the relative importance of this phase and re-
ceiver in the inversion.

In principle, a minimization problem involving Eq. (18) could be
solved using global optimization methods based on Monte Carlo simu-
lations or neural network (see Section 2.7). In addition to the optimal
models achieved, the most probable region of model parameter space
may be sampled and the posterior probability distributions of model
parameters may be estimated, which provide a basis for probabilistic
tomography (Mosca, 2010; Resovsky and Trampert, 2003). However,
these methods often involve many evaluations of the forward prob-
lem, which are generally impractical despite moderate success (e.g.,
Valentine and Trampert, 2011), due to high computational cost of nu-
merical solvers. Hence, local gradient methods which linearize the mis-
fit function with respect to a reference model are favored, especially for
high-resolution inversions at regional and global scales, but special care
must be taken to reduce the nonlinearity of the misfit function and
properly assess the non-uniqueness of the inverse problem (see
Section 2.7; Snieder, 1998).

4.4.2. Gradient of misfit function
Computing the gradient of misfit function for a single eventΦe is a

key ingredient in tomographic inversions, although alternative data
reduction schemes have been adopted to take advantage of the sparsity
of individual sensitivity kernels by stacking multiple event recordings
for a common station (Capdeville et al., 2005). For brevity, the index
dependence on event e will be omitted and only the misfit function
for one event will be examined until later sections. Let us assume that
the variation of the measurement δa(m) can be related to the variation
of synthetics δs through a connective function (Luo and Schuster, 1991)
grp:

δarp mð Þ ¼ ∫grp τð Þ·δs xr ; τ;mð Þ dτ; ð19Þ

where xr is the receiver location. The applicability of adjoint tomography
to a particular type of measurement hinges on our ability to derive the
above analytical expression g(τ) (Fichtner et al., 2006a; Tape et al.,
2010),whichmaybe algebraically involved at times (P. Chen et al., 2010).

By substituting Eq. (19) into the variation of Eq. (18) and
transforming the integration from time to frequency domain based on
Parseval's theorem, the variation of misfit function can be rewritten as

δΦ ¼ ∫∫∑
rp

Wrp arp mð Þ−aorp
h i

δ x−xrð Þg�rp ωð Þ·δs x;ω;mð Þ dωdV ; ð20Þ

where grp∗ (ω) is the complex conjugate of grp(ω), equivalent to a time
reversal of grp(t) (Tarantola, 1984b).

Given seismic wave equations in the frequency domain (for sim-
plicity, the effects of ellipticity, rotation and gravity are ignored)

−ρω2s ¼ ∇· C : ∇sð Þ þ f; ð21Þ

where ρ(x) is the background density distribution, C(x) is elastic
tensor relating stress to strain (note that C can be generalized to a com-
plex number C=C(ω) for a visco-elastic medium, relating stress to
strain by T(ω)=C(ω):∇s(ω)), and f is the force term associated with
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a seismic event. The dependence of synthetics s(x,m) on model m can
then be linearized based on the Born approximation (i.e., single-
scatter approximation, Nolet, 2008, Chapter 4):

−ρω2δs ¼ ∇· C : ∇δsð Þ þ ω2s δρþ∇· δC : ∇sð Þ
h i

; ð22Þ

i.e., the perturbation to the current wavefield δs is generated by second-
ary sources based on interactions of density and elastic tensor perturba-
tions (δρ,δC) with the current wavefield s. The Born approximation is
only a first-order approximation excluding contributions from multiple-
scattering, and the perturbed wave field calculated based on Eq. (22)
will always arrive later than the unperturbedfield (Fichtner et al., 2006b).

Suppose the Green's function G(x,xs,ω) for the forward problem
(21) can be computed for 1D and/or 3D reference models via approxi-
mate/semi-analytical methods or numerical simulations, the perturbed
(scattered) wavefield then becomes

δs x;ωð Þ ¼ ∫G x; x′;ωð Þ· ω2s x′ð Þδρ x′ð Þ þ∇· δC x′ð Þ : ∇s x′ð Þð Þ
h i

dx′: ð23Þ

This expression can be substituted into Eq. (20) to obtain the relation
between event misfit and material properties. In particular, if one de-
fines an adjointwavefield generated by injecting time-reversedweight-
ed residuals at receivers as virtual adjoint sources as

s† x′;ωð Þ ¼ ∑
rp

Wrp arp mð Þ−aorp
h i

g�rp ωð Þ·G x′;xr ;ωð Þ; ð24Þ

then based on the source–receiver reciprocity of Green's function
(Aki and Richards, 2002, Chapter 2), the variation of misfit function
(20) becomes

δΦ ¼ ∫∫s† x′;ωð Þ· ω2s x′;ωð Þδρ x′ð Þ þ∇· δC x′ð Þ : ∇s x′;ωð Þð Þ
h i

dx′dω

¼ ∫ Ke
ρ xð Þ δρ

ρ
þ Ke

c xð Þ δc
c

� �
dx:

ð25Þ

In this formulation, expressions for Fréchet derivatives of Φ with re-
spect to relative perturbations of m, also known as the event kernels
(Tape et al., 2007), are given by

Ke
ρ xð Þ ¼ ρ xð Þ∫ω2s x;ωð Þ·s† x;ωð Þ dω

Ke
c xð Þ ¼ −C xð Þ∫∇s x;ωð Þ∇s† x;ωð Þ dω;

ð26Þ

and involve the interaction of forward and adjoint wavefield. Detailed
expressions of sensitivity kernels for isotropic and general anisotropic
parameterization can be found in Tromp et al. (2005) and Sieminski
et al. (2007a,b).

Note that the adjoint source used to generate the adjoint wavefield
in Eq. (24) stems entirely from the definition of misfit function (18)
and its variation Eq. (20). The choices of measurement and misfit func-
tion affect the gradient of the misfit function (25) through sensitivity
kernels (26), both involving the adjoint field.

4.4.3. Hessian matrix
What has been computed so far is only the gradient of the misfit

function. To solve the minimization problem, it may sometimes be
desirable to obtain the second-order derivatives of the misfit function.
For simplicity, the spatial function of model m(x) is first cast into
discrete model parameter vector �m through a set of basis functions
(see Section 2.3). The misfit function can be linearized with respect to
a reference model �m as

Φ �m þ Δ�m
� �

∼Φ �m
� �

þ gTδ�m þ 1
2
Δ�m

TH Δ�m; ð27Þ
al to adjoint tomography, Tectonophysics (2012), http://dx.doi.org/

http://dx.doi.org/10.1016/j.tecto.2012.07.006
http://dx.doi.org/10.1016/j.tecto.2012.07.006


18 Q. Liu, Y.J. Gu / Tectonophysics xxx (2012) xxx–xxx
where g ¼ ∂Φ
∂�m

is the gradient vector obtained from expanding Eq. (26)

by the basis functions and H ¼ ∂2Φ
∂�m2 is the Hessian matrix. It follows

from the definition of event misfit (18) that

∂2Φ
∂�m2 ¼ ∑

rp
Wrp arp �m

� �
−aorp

h i ∂2arp
∂�m2 þ ∂arp

∂�m
∂arp
∂�m

( )
: ð28Þ

Under the assumption that the measurement function arp(m) is
quasi-linear with respect to m, or that the reference model is suffi-

ciently close to the true model such that the residual arp �m
� �

−aorp
h i

is generally small, the first term on the RHS of Eq. (28) can be ig-
nored. Furthermore, the computation of Hessian requires access to

derivatives of individual measurements
∂arp
∂�m

, which are row vectors

of the design matrix in Eq. (5). Therefore, the approximate Hessian
matrix is given by

H ¼ ∂2Φ
∂�m2 ∼∑rp

Wrp
∂arp
∂�m

∂arp
∂�m

¼ GTWG; ð29Þ

where W is the weighting matrix with Wrp as diagonal elements.
Neither G nor H involve actual data arp

0 , and are fully determined by
source–receiver geometry and known backgroundmodel. The optimal
model parameters that minimize the quadratic function (27) can be
obtained by solving the linear system

HΔ�m ¼ −g; ð30Þ

although regularization has to be applied to the Hessian in most global
tomographic problems involving insufficient data coverage.

In general, the misfit function can be approximated only locally by
quadratic function (27), and successive iterations in which both H
and g are recomputed based on updated velocity models �m þ Δ�m
are necessary to achieve final convergence. If the full Hessian matrix
is used as in Eq. (28), the inverse method is referred to as the
Newton's method; if the approximate Hessian matrix is used as in
Eq. (29), it becomes Gauss-Newton's method (Nocedal and Wright,
2006).

For the case of Φ=arp(m) in Section 4.4.2, i.e., an individual mea-
surement, the gradient is also given by Eq. (25) where the adjoint
field is now generated by the time-reversed connectivity function
grp* (ω) as adjoint source. In addition to one forward calculation for s,

one adjoint calculation is also required to compute ∂arp
∂m . Therefore, the

total number of adjoint calculations to assemble row vectors of G relat-
ed to e-th event is ∼NRNP, where NR is the average number of receivers
used in an event and NP is the average number of phases picked per
receiver. In comparison, the computation of g as in Eq. (30) requires
just one additional adjoint simulation where residuals for all phases
and receivers are injected back as adjoint sources simultaneously.
When Green's functions are obtained through computationally expen-
sive numerical methods, assembling H becomes extremely costly and
is generally avoided. Instead, optimization methods such as nonlinear
conjugate-gradient techniques based only on gradient functions
(Fichtner et al., 2009b; Fletcher, 1987; Tape et al., 2007) can effectively
approximate the operation of H−1 by applying polynomial functions of
G (the forward operator) and GT (the adjoint operator) through succes-
sive iterations.

4.4.4. Time-domain implementation
In practice, when seismic wave equations are solved by numerical

techniques, one simulation is performed to obtain the forward field
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10.1016/j.tecto.2012.07.006
s(x, t) and another targets the adjoint wavefield s†(x, t). However,
when Eq. (26) are transformed into the time-domain, e.g.,

Ke
ρ xð Þ ¼ −ρ xð Þ∫

T

0
∂2t s x; T−tð Þ⋅s† x; tð Þdt; ð31Þ

where T denotes the simulation end time, the forward field and the
adjoint field need to be convolved at any spatial point x and then
evaluated at time T. This requires access to s† and s at the respective
times of t and T− t, which is generally unachievable when forward
and adjoint simulations are run simultaneously. One apparent solu-
tion is to first carry out the forward simulation and save the entire
wavefield as a function of time and space, then launch the adjoint
simulation and at time t access the T− t slice of s stored on disk.
This procedure could be challenging due to high computer storage
demand associated with saving the entire global/regional wavefields
(typically, tens-to-hundreds of millions of grid points and tens of
thousands of time steps). Having recognized that fewer number of
grid points are required to accurately sample sensitivity kernels
than to simulate seismic waves, Fichtner et al. (2009b) suggested a
remedy by sub-sampling both in time and space based on the neces-
sary spatial and temporal resolutions. An alternative solution, which
reduces the storage requirement at the expense of computational
cost, is to simulate wave propagation backward in time with the
last frame of the wavefield as end condition by exploiting the invari-
ance of the elastic seismic wave equation (where C(ω)=C) under
time reflection. In this case, while the forward field is reconstructed
backward in time, the adjoint simulation is performed forward in
time. At any given time t, the T− t slice of s and the t slice of s† are
simultaneously updated in computer memory and henceforth com-
bined to obtain the contribution of time slice t to the sensitivity
kernels in Eq. (26) (e.g., Akcelik et al., 2003; Liu and Tromp, 2006,
2008). Here the requirement on storing the entire forward wavefield
is replaced by an extra simulation of reconstructing the forward field
backward in time, which also doubles memory requirement for
kernel calculations. Fig. 11 demonstrates the computation of a
traveltime sensitivity kernel based on this approach for a single
source–receiver pair in a 2D homogeneous model. If attenuation is
included in the seismic wave equation (where C(ω) is a complex
number), back reconstruction of s becomes unstable and a check-
pointing scheme, hence extra computer storage, would be required
to periodically reset the reconstructed wavefield (Liu and Tromp,
2008).

As indicated in Section 4.4.3, the gradient of individual measure-
ments may be expensive to compute, while the overall gradient of
the event misfit function (i.e., event kernels) can be retrieved based
on the interaction of the forward and adjoint wavefields. The gradient
of the misfit function of all events in Eq. (18) is then simply a weight-
ed sum of all event kernels. Fig. 12 shows examples of event kernels
generated for a synthetic checkerboard pattern based on a 2D uni-
form background velocity model. Each event kernel can be interpreted
as the patterns of velocity anomalies ‘seen’ by the measurements
pertaining to this particular event and skewed by its particular
source–receiver geometry. When Hessian matrix is present, this
‘skewed’ view can be corrected or sharpened by applying the inverse
Hessian as a preconditioner, and velocity model is simply updated in
one iteration step asΔ�m ¼ H−1g. However, when Hessian is not avail-
able, multiple (6–7 for 2D examples in Tape et al., 2007) nonlinear
conjugate-gradient iterations are necessary to resemble the effect of
one Hessian iteration (Akcelik et al., 2002; Chen et al., 2007b; Tape et
al., 2007).

4.4.5. Comparisons with classical tomographic methods
Although derived under the framework of optimization methods,

Eq. (30) is also essential in classical tomographic inversions (i.e., the
normal equation of (5)). In this sense, classical ray-based and finite-
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Fig. 11. Computation of sensitivity kernels by the interaction of the forward wavefield (first column) and the adjoint wavefield (second column) at four different time slices in a
simple 2D homogeneous model. The contribution to sensitivity kernels by one particular time slice is shown in the third column, and the integrated value up to that time slice
is shown in the fourth column. The forward field is constructed backwards in time while the adjoint field is constructed forward in time from top to bottom rows. Note the sensi-
tivity kernel for a single traveltime measurement shows a ‘cigar’ shape in 2D instead of ‘banana-doughnut’ shape in 3D.
Courtesy of Tape et al. (2007).
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frequency-based tomography only differ in how H and g are computed.
In classical ray tomography, the design matrix G consists of effective
lengths of source–receiver rays associated with model parameters,
whereas different approximate or semi-analytical methods have been
used to calculate Green's function G(x,xr,t) as well as the corresponding
sensitivity kernels in the G matrix (see more discussions in Section 3.2)
for the case offinite-frequency tomography. By adopting approximations
or semi-analytical approaches, Green's functions can be computed
relatively quickly and theHmatrix can be assembled efficiently to obtain
a model update. However, the approximate nature of these techniques
restricts them to the application of specific wave types or simple (pre-
dominantly 1D) starting models. Consequently, only one Hessian-based
Please cite this article as: Liu, Q., Gu, Y.J., Seismic imaging: From classic
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inversion step can be taken for regions with strong velocity heterogene-
ities (e.g., the crust), even though the misfit function is highly nonlinear
with respect to model parameters. Any successive iteration which
requires recomputing the Hmatrix under the updated model will be in-
feasible or computationally expensive, and hence is less often attempted
in classical tomography (e.g., Bijwaard and Spakman, 2000; Lekić and
Romanowicz, 2011).

4.4.6. Sensitivity kernels for 1D reference velocity models
With the exception of lithosphere and portions of the D″ layer, the

amplitude of 3Dmantle heterogeneities on the global scale is relatively
small with respect to 1D reference models. Therefore, sensitivity
al to adjoint tomography, Tectonophysics (2012), http://dx.doi.org/
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kernels for most long-period global body and surface wave phases may
not differ significantly for 1D reference models and 3D tomographic
models (Liu and Tromp, 2008; Zhou et al., 2011), i.e., classical tomo-
graphic inversions based on 1D reference models may still be an effi-
cient and sufficient approach to provide velocity model updates at
long wavelength scales (Capdeville et al., 2003). There has been great
interest in efficient computation of sensitivity kernels for 1D velocity
models based on accurate forward modeling tools such as normal-
mode theory (Zhao and Chevrot, 2011a,2011b), frequency-domain
algorithms (Friederich and Wielandt, 1995), Direct Solution Methods
(Geller and Ohminato, 1994), algorithms that reduce 3D SEM calcula-
tions to 2D (Nissen-Meyer et al., 2007b, 2008), as well as full 3D SEM
simulations (Liu, 2009). In particular, sensitivity kernels for up to 1-s
teleseismic P waves can be efficiently obtained with modest
computational resources (Fuji et al., 2011). This is particularly crucial
for phases that cannot be treated accurately by ray theory or asymptotic
methods, such as core diffracted phases that significantly deviate from
assumed diffracted ray paths but are critical for resolving structures
above the core–mantle boundary (Manners, 2008; Wysession, 1996;
Zhao et al., 2000).

4.4.7. Scattering-integral methods
Another flavor of tomography methods based on full numerical

simulations, known as scattering-integral (SI) methods (Chen, 2011;
Chen et al., 2005, 2007a), differs from adjoint tomography by its
approach in obtaining the adjoint wavefield in Eq. (24). When only a
limited number of receivers are involved, Green's functions G(x,xr, t)
can be computed numerically for all receivers and stored on temporal
and spatial grids. This amounts to a total of 3Nr number of simulations
(Eisner and Clayton, 2001) with an additional Ns number of simulations
Please cite this article as: Liu, Q., Gu, Y.J., Seismic imaging: From classic
10.1016/j.tecto.2012.07.006
for the forward wavefield s(x, xs, t). Sensitivity kernels for a single mea-
surement pertaining to a source–receiver pair can hence be constructed
based on Eq. (26), which provides extreme flexibility to compute both
gradient vector g and individual kernels that are the building blocks
for G and H; the inverse problem is then reduced to the classical case
involving Eq. (30). SI methods also enable experimentation with inver-
sion schemes, e.g., weighting schemes (We,Wrp) and exclusion/inclusion
of certain sources, receivers or phases, without extra simulation for
either g or H. The biggest gain is in the formal resolution analysis
where checkerboard tests can now be performed to determine the
resolution and error of inverted model.

SI methods are particularly appealing when the number of receivers
are not excessive (i.e., 3Nr forward solutions can be attained in reason-
able amount time), and the simulation domain is of relative small size
such that G(x,xr,t) as a function of (x, t) can be archived on hard disks
for speedy access later. However, if the simulation domain is expanded,
or shorter periods of seismic waves are inverted, storage may become a
daunting issue even after interpolation schemes are introduced to
project the simulation grid onto a coarser grid more reflective of the
frequency content of the waves (Chen et al., 2007a; Zhao et al., 2006).
The other disadvantage is that kernels of singlemeasurements are com-
puted based on the starting model, hence the Hessian matrix H is only
valid for this model. When the actual structure deviates from the refer-
ence model significantly, e.g., up to 10−30% as in some local (Tape
et al., 2009) and regional (Fichtner et al., 2009b) tomographic problems,
one Hessian iteration may not be enough to fully eliminate the data
residuals and successive iterations with Green's functions and Hessian
matrices recomputed based on updated velocity models are necessary.
For example, structural inversions for the Los Angeles basin in Chen
et al. (2007a) showed a maximum 10% of shear-wave speed variations
al to adjoint tomography, Tectonophysics (2012), http://dx.doi.org/
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in one quasi-Newton step, while adjoint tomographic inversions in
Tape et al. (2010) displayed up to 30% perturbation after 16 adjoint
iterations for a similar region. As one Hessian iteration may be equiva-
lent to a few gradient-only iterations (usually related to the number
of distinct eigenvalues of the Hessian, for example, approximately 6–7
for the 2D examples in Tape et al., 2007), the computation and storage
demand for SI methods may outweigh the flexibility of Hessian inver-
sions for regions with strong velocity contrasts. Overall, the optimal
tomographic technique based on numerical simulations, either SI or
adjoint methods, is problem specific, and may be subjected to change
with the rapid advances in computer and storage technologies (Chen
et al., 2007b).

On the other hand, the storage of strain Green's function fields for
seismic stations ∇G(x,xr, t) for SI methods also allows rapid seismic
source determinations independent of, or as a part of, structural
inversions (see also Section 5.6). Stand-alone source inversions based
on adjoint methods and full numerical simulations are feasible
(Hingee et al., 2011; Kim et al., 2011; Liu et al., 2004), but can be numer-
ically expensive. Therefore, source inversions based on stored Green's
function databases for 3D referencemodels in SImethods provide an ef-
ficient alternative for improving the accuracy of earthquake source pa-
rameters in strongly heterogeneous regions (Lee et al., 2011).

5. Adjoint tomography: inversion schemes

In this section, wewill discuss several aspects of adjoint tomograph-
ic inversion schemes, particularly in consideration of the intense
computation and storage requirements of numerical simulations. In
principle, tomographic problems can be treated as an unconstrained
optimization problem, with a vast amount of literature available from
the field of applied and computational mathematics (Nocedal and
Wright, 2006). This concept has proved successful to some degree as
demonstrated by both the elegant mathematical derivations and
synthetic examples in Akcelik et al. (2002, 2003). However, applications
to realistic crustal and mantle imaging require more practical con-
siderations, e.g., choices of misfit functions, weighting schemes,
preconditioners used for nonlinear conjugate techniques, as well as
parameterization and regularization. Careful considerations of
these subjects pay great dividends in decreasing the ill-posedness
of inverse problems and speeding up the convergence of velocity
models.

5.1. Misfit functions and measurements

The choices of measurements made to data and synthetics may
include typical cross-correlation traveltime and amplitude measure-
ments of body waves (Hung et al., 2000; Luo and Schuster, 1991;
Sigloch and Nolet, 2006), frequency-dependent phase and amplitude
measurements of surface waves (Tape et al., 2010; Zhou et al., 2004)
based onmulti-taper techniques (Laske andMasters, 1996; Park et al.,
1987; Thomson, 1982), instantaneous phase differences and enve-
lope ratios (Bozda et al., 2011a), and other frequency-dependent
functionals such as those based on short-time Fourier transform
(Fichtner et al., 2008), or generalized seismological data functional
(Chen, 2011). Waveform difference between data and synthetics
prevalent in exploration problems (see also Section 4.1) has also
been utilized in global tomographic settings (Li and Romanowicz,
1996; Panning and Romanowicz, 2006). However, it is recognized
that the relation between waveform residual Δu=s−d and model
perturbations can be highly nonlinear in the case of large phase
delays (Panning et al., 2009), and the validity of Born approximation
(see Eq. (22)) requires the initial velocity model to be close to the
true model. In comparison, the Rytov approximation relating
traveltime delay ΔT to model perturbation is quasi-linear, which is
valid for traveltime delays up to a quarter of the dominant period
(Chen et al., 2007b). Although attempts have been made recently to
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calculate derivatives ∂s
∂m more accurately by including ad-hoc path-

averaged phase delays (Woodhouse and Dziewonski, 1984) for global
surface waves (Panning et al., 2009; Romanowicz, 2008), most tomo-
graphic applications opt to invert traveltime or frequency-dependent
phase measurements (see Section 2). Amplitude and waveform,
which are also strongly affected by earthquake source parameters,
are generally used to verify final inverted models (Chen et al., 2007a;
Fichtner et al., 2009b; Tape et al., 2010).

Selecting proper phases and wavegroups with reasonable similar-
ity in waveform and relatively small traveltime delays is crucial for
the successful application of adjoint tomography. However, except
for problems involving relatively small datasets, where manual selec-
tion and screening are possible (e.g., Chen et al., 2007a; Fichtner et al.,
2009b), an automatic or semi-automatic scheme is needed to mine
through the ever-growing broadband datasets. Automatic phase pick-
ing algorithms have been applied to body-wave phase selection for
decades (e.g., Bai and Kennett, 2000; Earle and Shearer, 1994; Houser
et al., 2008; Sigloch and Nolet, 2006). The use of 3D simulation made
it possible to select windows based solely on waveform similarity and
phase delays without a priori knowledge of associated phases. Maggi
et al. (2009) scan seismograms for ‘pulse’ or ‘wavegroup’-like features,
and select windows that satisfy criteria on cross-correlation, amplitude
ratio, and time shift between data and synthetics within the windows.
This automatic scheme has been successfully applied to both global
(Bozda et al., 2011b) and regional (Kim et al., 2011; Peter et al.,
2011b; Zhu et al., 2012) datasets, and was a key component of the
adjoint tomography for southern California crust (Tape et al., 2010).

Weights used in the misfit function (18) can be assigned based on
measurement errors such as those estimated from similar measure-
ments (e.g., P arrival differences at vertical and radial seismograms,
Chen et al., 2007a). Alternatively, they can be associated with the
remaining differences between data and synthetics after measurement
corrections are applied (Tape et al., 2010), which further reinforces the
requirement onwindow similarity.Weight functions can be also select-
ed based on wave amplitudes within windows in order to balance
contributions from different wave types (Fichtner et al., 2009b; Tape
et al., 2010).

5.2. 3D initial models and parameterization

One of the main advantages of adjoint tomography compared to
classical tomography is that it allows the use of 3D reference models
and accurate computation of corresponding sensitivity kernels. Due
to the equivalent computational cost of numerical simulations, 3D
reference models could readily replace 1D reference models as the
starting point of adjoint tomographic inversions. The selected 3D
starting models could either originate from existing tomographic
studies (Fichtner et al., 2009b) or represent an integration of existing
results from tomography, local geology, and seismic reflection/refrac-
tion profiles (Komatitsch et al., 2004; Plesch et al., 2011). This ap-
proach is dubbed 3D–3D tomographic inversion, where the two
references of 3D correspond to the background velocity model and
physical simulation domain, respectively. By this definition, classical to-
mographic studies based on 1D reference models can be generally con-
sidered as 1D–3D inversions (Tape et al., 2007). The use of 3D initial
models usually produces synthetics that more closely resemble data,
which not only increases the number of windows or phases selected
for iterative inversions, but also improves the applicability of Born or
Rytov approximation on nonlinear misfit functions.

For global and continental scale applications, surface-wave wave-
forms are strongly affected by the 3D heterogeneous crust (Bozda and
Trampert, 2008; Lekić et al., 2010). The simulation accuracy of surface
waves is directly linked to the ability to mesh the crust accurately, even
for relatively long periodwaves (Capdeville andMarigo, 2007). Unfortu-
nately, honoring the Moho such as those provided by CRUST2.0 (Bassin
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et al., 2000), e.g., adapting to the thin oceanic crust, may require small
mesh sizes and significant computation cost for the forward simulation.
Possible remedies are proposed by introducing a smooth and effective
medium for the crust that is equivalent to the originalmodel by applying
corrections based on homogenization of varying coefficients (Capdeville
and Marigo, 2007), matching observations such as local dispersion
curves (Fichtner and Igel, 2008), or inverting for a smooth crustal
model based on short-period group velocity dispersion maps (Lekić
and Romanowicz, 2011).

Depending on the dataset andmeasurements used (see Section 5.1),
either isotropic (Chen et al., 2007a) or anisotropic (Fichtner et al., 2010,
also see Section 2.5) material properties can be targeted for the inver-
sion procedure. Tarantola (2005) (section 6.3.3 thereof) indicated that
the bulk-sound and shear-wave speeds are independent, therefore
constitute a better set of parameters than the conventional compres-
sional and shear velocities. Traveltime or phase delay measurements
are less sensitive to density variations for inversions of relatively
long-period waves (Tarantola, 1986). However, density kernels proved
to be instructive in identifying internal sharp velocity contrasts at
shorter periods (Liu and Tromp, 2006; Luo et al., 2009; Zhu et al.,
2009). Attenuation structures have also been inverted in combination
with elastic structures for 2D synthetic cases based on waveformmisfit
functions (Askan et al., 2007). However, attenuation has not been
inverted for extensively in adjoint tomography due to its significant
tradeoff with focusing/de-focusing on wave amplitudes. Therefore, we
mainly focus on inversions of elastic velocity structures in the following
sections.

5.3. Regularization

Due to the non-uniform distribution of sources and receivers and
the uneven spatial coverage of sensitivities of phases or wavegroups,
the inverse problem, i.e., solving linear system (30), is generally
under-determined and ill-posed, while the associated solution are
non-unique (Tarantola and Valette, 1982, also see Section 3). Some
form of regularization is needed to stabilize the formal action of
inverting the Hessian matrix. For Newton type of methods, a damping
parameter is often used and its value is selected from L-curves that
capture the tradeoff between model norm and reduction in misfit
function value (Aster et al., 2005; Tape et al., 2007). In principle,
basis functions for inversion parameters could be built on the 3D nu-
merical simulation grids in adjoint tomography (Akcelik et al., 2002;
Tape et al., 2010). However, grid spacings used in simulations (dictated
by computation accuracy requirements) are generally much smaller
than the actual model resolvability (dictated by the bandwidth of
given dataset and source–receiver coverage), and using all grid points
increases the ill-posedness of the inverse problem. Regularization may
be explicitly introduced into the misfit function by providing con-
straints on model variations such as norm or roughness (Tarantola,
2005). Although L2 norms are ubiquitously used in regularizing tomo-
graphic problems due to its simple formulation, L1 norms of model var-
iations also prove to be effective in preserving discontinuities in
material properties (Akcelik et al., 2002; Askan et al., 2007; Aster et
al., 2005, Chapter 7).

On the other hand, adjoint tomography reliesmainly on the gradient
vector of misfit function for model update at each iteration, and iterates
successively towards models with improved data fits at the expense of
increased model norm (or roughness). Spurious model updates in
regions of inadequate source–receiver coverage are less likely to occur
in the iteration process. The number of iterations is selected based on
convergence criterion, which is similar to the discrepancy principle
used in selecting the ‘best’ solution on an L-curve (Aster et al., 2005,
Chapter 4). Still, implicit regularization may be introduced by simple
local smoothing of gradient vectors, which also eliminates excessively
large amplitudes of sensitivity kernels at sources and receivers due to
singularities introduced by point moment-tensors or forces in the
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forward and adjoint simulations (Fichtner et al., 2009b; Liu and
Tromp, 2008; Tape et al., 2007). It is worth noting thatwhen smoothing
is applied to gradient vectors, a similar smoothing operation should be
applied to inverted models at each iteration in order to conform to the
same data rule (i.e., Eq. (5), Chiao et al., 2010).

5.4. Step length and preconditioner

It is desirable to design inversion schemes that reduce the number
of 3D numerical simulations of the seismic wave equation. When only
gradient vectors are available to minimize the misfit function (18),
nonlinear conjugate gradient (CG) methods could be the most natural
solutions (Fletcher, 1987). In nonlinear CG methods, successive search
(i.e., conjugate-gradient) directions are defined as linear combinations
of the current gradient directions and previous search directions.
Model update requires the computation of a step length that minimizes
the misfit function in the given search direction, i.e., a line search
(Nocedal and Wright, 2006). Quadratic and cubit interpolations,
which require one (forward) and two (forward and adjoint) extra
simulations, respectively, can be performed to obtain an optimal step
length (Tromp et al., 2005). Since both schemes offer similar conver-
gence rates (Tape et al., 2007), the quadratic approach is favored in
line searches of most adjoint-type inversions when the quasi-linear
misfit function could be approximated locally by a quadratic function
of step length along the search direction (Fichtner et al., 2009b;
Gauthier et al., 1986; Vigh et al., 2009). Alternative line search algo-
rithms can be applied (Fletcher, 1987; Nocedal and Wright, 2006), as
long as a balance is struck between extra computational cost and misfit
reduction (Akcelik et al., 2002). Practical constraints, e.g., envelope
misfit reduction (Fichtner et al., 2009b),may be used to guide the selec-
tion of step length. To reduce the computational cost at each iteration, a
representative subset of events may be chosen for the determination of
optimal step length (Bozdaǧ et al., 2011b; Zhu et al., 2012).

Weights defined in the misfit function (18) are effective pre-
conditioners to the Hessian matrix that emphasize certain measure-
ments while down-weighing others. More generally, a preconditioner
P can be applied to Eq. (30) to give an equivalent linear system

P HΔ�m ¼ P g: ð32Þ

P is usually a symmetric positive definite matrix that helps reduce
the condition number of this linear system and improve the conver-
gence rate. In particular, the ideal form of P is the inverse Hessian
matrix H−1 (Pratt et al., 1998), which reduces 6–7 steps of nonlinear
CG iterations to a simple one-step Hessian inversion for some synthetic
experiments (Chen et al., 2007b; Tape et al., 2007). As mentioned in
Section 4.4.3, the H−1 preconditioner acts as a ‘lens’ that scales and
sharpens the image of a gradient vector into an actual model update.
The diagonal terms of H also provide natural scaling of different types
of parameters as shown by Tape et al. (2007) and Kim et al. (2011).
In adjoint tomography, H is not formulated and applying H−1 as a
preconditioner is impractical. However, when sensitivity kernels of
measurements can be relatively cheaply calculated by approximate
methods (Hung et al., 2000; Li and Tanimoto, 1993; Zhou et al., 2004)
or based on 1D background velocity models (Zhao et al., 2000, 2006),
it is conceivable to apply an approximate H−1 as a preconditioner to
speed up the convergence (Shin et al., 2001). Having realized that the
Hessianmatrix essentially captures information on the source–receiver
geometry and measurement bandwidth, Igel et al. (1996) and Fichtner
et al. (2009b) used less-elaborate preconditioners based on simple geo-
metrical arguments to minimize the excessively large sensitivity at
sources and receivers. This approach is closely linked to the diagonal
of Hessian (Virieux and Operto, 2009), and may have similar effects as
regularization (Tape et al., 2007). Alternatively, Tape et al. (2009,
2010) computed the ‘best’ model update in each iteration as a linear
combination of event kernels based on a source subspace method
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(Sambridge et al., 1991), which exploited the common features of dif-
ferent event kernels and effectively preconditioned the gradient vec-
tors. In this case, no extra test solution needs to be evaluated for
quadratic interpolations in the gradient direction, and the number of
equivalent iterations to oneHessian-based step in the nonlinear inverse
problem may be further reduced.

On the other hand, Hessian matrix and the local curvature of the
misfit function can also be approximated based on previous iterations
(Akcelik et al., 2003). An extra adjoint simulation used in cubic interpo-
lation for step length provides additional local curvature information
that can be incorporated into the updates of the approximate H−1 in
BFGS-type quasi-Newton optimization algorithms (Epanomeritakis et
al., 2008; Nocedal and Wright, 2006), also known as variable metric
methods (section 3.4.3 of Tarantola, 2005). Applications of these
approximate H−1 as preconditioners to gradient vectors speed up the
convergence and are more advantageous than nonlinear CG methods
in practice (Nocedal and Wright, 2006). In particular, in the limited-
memory BFGSmethod (L-BFGS, Byrd et al., 1995), local curvature infor-
mation is stored as a set of vectors saved over iterations without the
need to form actual H−1 matrices; this approach is more adaptable to
the procedures of adjoint tomography. Most importantly, the final
approximate H−1 (i.e., the posterior covariance operator) provides a
possiblemeans to estimatemodel errors (Tarantola, 2005, more discus-
sions in the next section).

Akcelik et al. (2002, 2003) approached the nonlinear optimization
problem with Gauss–Newton methods. H was not formulated explic-
itly (for the same reasons discussed in Section 4.4.3), however, the
matrix–vector product of H with any model update vector q can be
calculated by two extra simulations, one forward and one adjoint.
The ability to compute Hq allows the linear system (30) to be solved
iteratively based on matrix-free Gauss–Newton–Krylov iterations.
The number of inner iterations (Akcelik et al., 2002, Table 4.2) for
every Gauss–Newton update is consistent with those demonstrated
by Tape et al. (2007) and Chen et al. (2007b). However, the total
number of outer iterations drastically exceeds those in Tape et al.
(2009) and Fichtner et al. (2009b), due to the significantly larger ve-
locity perturbation (∼100%) used in their synthetic examples as well
as the choice of simple unweighted waveform misfit function. In a
practical tomographic problem, a reasonable 1D or 3D model from
other studies can always be sought as an initial model for which
velocity perturbations will be much less (e.g., b30% in regional-scale
and b10% in continental-scale studies), and convergence can be
achieved in significantly fewer (typically b20) iterations.

Another common practice to reduce the non-uniqueness of the
inverse problem is to adopt a multi-scale approach (e.g., Akcelik
et al., 2002; Askan et al., 2007) or iterative bootstrap inversion process
(Pratt and Shipp, 1999). To avoid being trapped in local minima, initial
solutions need to be sufficiently close to true solutions. Datasets are first
filtered at longer periods and inverted for model parameters on a
coarser grid corresponding to long-wavelength structures. The new
model is then used as the initial model in a subsequent inversion of
shorter-period data for finer-scale structures, where data residuals
(such as traveltime or phase delay) will presumably have been reduced
compared to those based on the original referencemodel. Iterative pro-
cedures therefore help resolve increasingly finer scale structures in the
close vicinity of the ‘true’ model. Practical variations of this technique
include successively decreasing the upper cutoff period over iterations
(Fichtner et al., 2009b) or combining measurements from different
period bands, where the longer period data dominate the first few iter-
ations while more measurements from shorter periods are successively
incorporated in later iterations (Tape et al., 2010). Fig. 13 shows the ap-
plication of adjoint tomography to the inversion of southern California
crustal structure (Tape et al., 2009) based on an automatic windowing
scheme (Maggi et al., 2009). Large velocity variations are successfully
resolved after 16 iterations as shown in the final model update (up to
±30% in the last column of Fig. 13a) and detailed 3D heterogeneous
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structures depicted by the final shear velocity model at shallow depth
(2nd column of Fig. 13a). Waveform fits are significantly improved in
successive iterations such that an extra usable window is automatically
selected from the transverse component seismogram in the final itera-
tion (see Fig. 13b).

5.5. Model verification, appraisal and resolution test

With the ability to numerically simulate wave propagation in 3D,
adjoint tomography (as well as scattering-integral methods) can
verify the final velocity model in terms of both reduction of measure-
ment residuals and waveform fit itself. Tape et al. (2010) computed
synthetics for a set of independent ‘extra’ events that were not used
in the inversions for their final tomographic model. Reductions in
both phase delay times and waveform misfits are statistically similar
to those for events used in inversions. For inversions based on
traveltime or phase delay measurements, amplitude measurements
also provide independent datasets to validate the final velocity
models (Chen et al., 2007a; Fichtner et al., 2009b; Tape et al., 2010).
Usually more phases and windows are selected as iteration pro-
gresses, reflecting that the inverted models successively approach
the true model, and the final model may produce synthetics that
offer significantly more usable windows or phases under the same se-
lection criteria (see Fig. 13b). This practice effectively improves data
coverage.

The diagonal terms of the H matrix provide information on how
well a domain is sampled based on the given source–receiver geom-
etry and selected phases/wavegroups. Similar to the ray density
maps prevalent in classical tomography, volumetric coverage kernels
can be constructed by omitting measurement residuals in the adjoint
sources defined in Eq. (24). It provides an ad hoc way of understanding
model resolvability and offers guidance to the interpretation of final
models (Tape et al., 2010). However, formal model error analysis and
resolution tests common in classical tomography (as discussed in
Section 3.1) are much more difficult for adjoint tomography. As the
formal resolution matrix of model update in each Newton step of a
Hessian-based inversion is given by

R ¼ GTGþ Γ
� �−1

GTG
� �

; ð33Þ

where Γ is a matrix representing regularization applied, the lack of indi-
vidual sensitivity kernels (i.e., row vectors of G) in adjoint tomography
makes it impossible to compute the full resolution matrix. Even check-
erboard tests common in classical tomography require the full adjoint
inversion machinery when only gradient vectors are available, i.e., one
checkerboard test is numerically as costly as one full 3D adjoint inver-
sion. Nevertheless, attempts were made to design checkerboard tests
to evaluate model resolutions at both long and short length scales.
Fig. 14 illustrates checkerboard tests performed by Fichtner et al.
(2009b) for adjoint tomographic inversions of the Australasian region.
The input model (‘true’ model) is a checkerboard pattern (3∘×3∘)
onto a high-velocity patch (~25°×25°) mimicking positive velocity
anomalies in the central and western part of the region. When velocity
perturbations of the checkerboards are set to be 3%, 6% and even as
large as 9%, both the long and short wavelength structures are well
recovered by adjoint inversions except in regions with limited ray cov-
erage. In classical tomography, the checkerboard test is simply a ma-
chinery to gauge the resolution of the design matrix (G), where the
linearization of measurements with respect to model parameters has
already been made. In contrast, these checkerboard tests compute syn-
thetic data based on full 3D numerical simulations, thus providingmet-
rics on the effect of source–receiver and kernel coverages as well as the
nonlinearity of themisfit function, particularly in the presence of strong
velocity variations.
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Fig. 13. Adjoint tomographic inversions of southern California crust. (a) Comparisons of the initial model, final model after 16 iterations, and model update of shear velocities at the
depth of 10 km. The final model exhibits velocity perturbations up to ±30% and depicts geological features such as sedimentary basins, exhumed batholiths and lithological con-
trast across faults. Event 9983429 is denoted by a beach ball and station DAN is denoted by a red triangle. (b) Evolution of waveform fits between data and synthetics at station DAN
for event 9983429 over iterations. Both are filtered between 6 and 30 s. Windows automatically picked by FLEXWIN algorithm (Maggi et al., 2009) are indicated by the gray boxes.
Note the successive improvement in waveform fits from the initial modelm00 to the final modelm16, and the extra window picked on the transverse component after 16 iterations.
Courtesy of Tape et al. (2009).
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Realizing that the inverse Hessian matrixH−1 provides an approx-
imation to the covariance matrix of inverted model parameters as-
suming individual data are uncorrelated (Tarantola, 2005), Stadler
(2010) made efforts to estimate significant eigenvalues and the corre-
sponding eigenvectors of the H matrix through numerical methods
(e.g., Lancos algorithm) based solely on matrix–vector product of H
with a given directional vector q (Saad, 2011). In this case, the com-
putation of Hq can be achieved by an extra forward and adjoint sim-
ulation (Akcelik et al., 2002). However, hundreds of such operations
may be required to obtain significant eigenvalues of H, which is still
impractical for most realistic applications. Alternatively, the approxi-
mateH−1 matrix saved over iterations can be naturally used as an ap-
proximate posterior model covariance matrix if a cubic interpolation
scheme is used for step-length selection (Tromp et al., 2005) and
BFGS-type of inversion schemes are selected (see also Section 5.4).
The diagonal elements of the approximate H−1 provide error-bars
of model parameters, while the off-diagonal elements are associated
with correlations between different model parameters. Only one
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extra adjoint simulation is required for each iteration to construct
the approximate H−1 matrix, and the ultimate computation cost
may even be less than those of nonlinear CG methods due to im-
proved convergence of BFGS-type of inversion algorithms and poten-
tially more accurate line-search based on cubic interpolation.
Therefore BFGS-type of inversion schemes may hold promise to
both improved convergence and model resolution analysis in the fu-
ture. To effectively sample the posterior probability distribution of
model parameters, access to the square-root of H−1 is required
(Tarantola, 2007) which prompts the use of square-root variable met-
ric inversion techniques (Hull and Tapley, 1977).

An apparent advantage of scattering-integral methods over adjoint
methods is the ability to perform a formal resolution analysis, thanks
to the availability of the entire design matrix G (Chen et al., 2007a).
The effect of nonlinearity of the misfit functions will also be reflected
in checkerboard tests as synthetics are calculated numerically for 3D
synthetic models. However, as indicated in Section 4.4.7, more than
one scattering-integral iteration may be necessary to achieve further
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Fig. 14. Resolution tests for adjoint tomographic inversions of the Australasian region. Initial models are 3∘×3∘ checkerboard patterns of various velocity perturbations (3%,6%,9%)
superposed onto a 25∘×25∘ high-velocity patch. The 1D background velocity model suitable for this regional is given by Fig. 7 of Fichtner et al. (2009b). Resolution tests undergo the
same adjoint tomographic procedures as the actual 3D inversions and recover both the high velocity patch and checkerboard patterns of three different perturbations in regions
with sufficient source–receiver coverage.
Courtesy of Fichtner et al. (2009b).
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misfit reduction and convergence for regions with strong velocity
contrasts.

5.6. Source inversions

Because the misfit between data and synthetics is caused by the
intertwined effects of unknown source and structural variations,
accurate knowledge of earthquake source parameters is critical in
achieving unbiased model updates in tomography iterations. Similar
to classical tomographic inversions (e.g., Manners, 2008; Roecker
et al., 2006), adjoint tomographic inversions may explicitly include
source parameters as part of the inversion parameter set (Chen et
al., 2007a). However, for most cases, alternate source and structure
inversions are performed where updates in one help reduce the bias
in the other (Fichtner et al., 2009b; Tape et al., 2009). Since model
updates are moderate between conjugate gradient iterations, source
inversions for location and/or mechanisms only need to be performed
at selected iterations (Tape et al., 2010). Even though Akcelik et al.
(2003) inverted both a simple finite-fault source model and structural
parameters from displacement recordings of a 2D synthetic example,
source-time history of events are not inverted in most practical tomo-
graphic problems due to the severe nonlinearity of the misfit func-
tions. Events are carefully selected based on magnitudes and source
durations are generally much smaller than the main period bands of
the data used for structural inversions (Fichtner et al., 2009b; Tape
et al., 2010). In practice, finite-fault inversions based on adjoint tech-
niques (Kremers et al., 2011) can be sufficiently decoupled from struc-
tural inversions and represent simple extensions of the popular back-
projection techniques for fault rupture imaging (e.g., Ishii et al., 2005;
Larmat et al., 2008).

6. Adjoint tomography: discussions and future directions

Here we summarize major advantages of adjoint tomography
methods. The use of accurate Green's function through 3D full
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numerical simulations of seismic wave propagation offers accurate
kernels of selected windows on seismograms. No prior knowledge
of phases related to these time windows is assumed, which allows
all possible time windows (either as impulses or wave groups) to be
included in adjoint inversions. Compared to classical tomography, in
which only few known phases are selected andmeasured, more usable
windows selected for adjoint tomography effectively increase the
ray-path coverage under the same source–receiver geometry. Another
important consequence is that 3D models, inverted by ray- or finite-
frequency-based classical tomographic techniques, can now be
exploited as initial models for adjoint tomography since the simulation
time of 3D models is similar to that of 1D models. Successive lineariza-
tion of the inverse problem at updated models and the ability to
recalculate gradients of misfit functions in every iteration are critical
for the ultimate model convergence, particularly for regions with large
velocity variations. Synthetics for the final models can be computed
again by 3D numerical simulations, thus enabling true validation on
final models.

At regional and global scaleswhere velocity variations aremoderate,
hybrid quasi-Newton methods have been proposed whereby misfit
functions are evaluated by accurate 3D numerical simulations and an
approximate partial derivative matrix G is computed based on asymp-
totic methods (Lekić and Romanowicz, 2011; Yuan et al., 2011). The ac-
curate 3D Green's functions reduce the effect of heterogeneous crust on
surface waves and systematic errors associated with measurements,
while the approximate G matrix exonerates the inversion from costly
gradient calculations required by adjoint tomography. However, in the
case of strong velocity heterogeneities, the asymptotic approximation
of the G matrix may break down and a less accurate G matrix will
require a significantly greater number of iterations for the final conver-
gence. Despite the high computation cost, adjoint tomography may be
the ultimate tool to produce new generation of high-resolution
images for strongly heterogeneous regions such as the crust with
large Moho and/or surface topography variations (Tape et al., 2010),
or tectonically active regions such as subduction zones (M. Chen et al.,
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2007), hotspots (Montelli et al., 2004) and continental collision zones
(M. Chen et al., 2010).

Adjoint tomography also has its own share of challenges in addition
to high computational cost. Localized gradient methods require initial
solutions to be sufficiently close to the ground truth so that final solu-
tions are not trapped in local minima of model space. This condition
in turn requires either well-educated initial guesses of the media or
well-designed misfit functions that reside within the linear regime.
Convergence can be extremely slow if the gradient scheme is not
properly preconditioned. Designing the appropriate preconditioner for
seismic inverse problems involving millions of model parameters can
also be a challenging task, although the end result could lead to signifi-
cant reduction in the required number of iterations. Empirical damping
in classical tomography is replaced by implicit regularization of the
gradient vector. The sum of sensitivity kernels of residual measure-
ments designates regions of models that require updates, rendering
the inversion process stable. However, without the Hessian matrix (or
its inverse), formal resolution analysis becomes difficult. Standard
checkerboard test which provides information on the resolvability
of anomalies of various sizes requires solving the full optimization prob-
lem again, and therefore is computationally infeasible unless numerical
simulations become much less costly with hardware improvement in
the future (Komatitsch et al., 2009, 2010). The BFGS-type of inversion
schemes with approximated inverse Hessian matrix may be a viable
remedy at this stage. Formal checkerboard test and resolution analysis
for adjoint tomography remain areas of active research (Fichtner and
Trampert, 2011a, 2011b).

With ever-expanding computing power, applications of adjoint to-
mographic inversions based on full 3D numerical simulations flourished
in the pastfive years. They generated and are in theprocess of generating
robust and high-resolution images of various regions of the Earth's inte-
rior at local (Chen et al., 2007a; Tape et al., 2010), regional (Fichtner
et al., 2009b, 2010; Peter et al., 2011b; Zhu et al., 2012) and global
(Bozda et al., 2011b) scales. Applications to other geologically and tec-
tonically interesting regions are also on the horizon (M. Chen et al.,
2010), especially with the continued improvement in numerical tech-
niques, computational infrastructure and inversion schemes adapted
to local-gradient based inversions. Combined with geodynamical
modeling, the interpretation of these improved high-resolution images
will further our understanding of the temperature, composition and
dynamics of the Earth's interior.

In addition, with the proliferation of both permanent (e.g., Chen
et al., 2006; Gee et al., 1996; Kanamori et al., 1991; Okada et al., 2004)
and transportable arrays (e.g., Levander et al., 1999; Nábelek et al.,
2009; Velasco et al., 2007), the concept of adjoint tomography could
behighly valuable to the analysis of various datasets in array seismology
(Gu, 2010; Levander and Nolet, 2005; Rost and Thomas, 2002, 2009).
Modeling of ambient noise correlation functions and scattered/
converted waves of teleseismic phases are two prime examples that
will benefit from the framework of adjoint tomography. The following
sections briefly review these two types of measurements and discuss
how they may be naturally incorporated into adjoint tomography.

6.1. Noise correlation tomography

Since the late 1990s, techniques based on the cross-correlation of
ambient noise fields have been overwhelmingly successful for a broad
spectrum of problems in physics, geophysics (both global and
exploration-based), engineering, acoustics and medical imaging (see
reviews by Weaver and Lobkis, 2004; Snieder et al., 2009). Data and
applications vary substantially among the various disciplines, but
the vast majority of the studies aim to complete one or both of the fol-
lowing tasks: 1) to extract the Green's function between two receivers
by cross-correlating their noise records (Aki, 1957; Shapiro and
Campillo, 2004), and 2) to locate and characterize the source of domi-
nant noise signals (e.g., Gu et al., 2007; Sabra et al., 2005; Yang et al.,
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2008). When the noise sources are uniformly distributed (or, ambient),
it has been shown that the cross-correlation (or its derivative) of noise
records at two nearby receivers is symmetric about the zero lag time
and equivalent to the Green's function (Snieder, 2004). This result
forms the basis for an increasing number of high-resolution,
noise-based images of regional seismic structure; successful examples
include California (e.g., Sabra et al., 2005; Shapiro et al., 2005), North
America (e.g., Lin et al., 2008, 2010; Moschetti et al., 2007, 2010; Yang
et al., 2008, 2011), China (e.g., Yao et al., 2006; Zheng et al., 2008),
Northeast Asia (e.g., Cho et al., 2007; Nishida et al., 2008; Zheng et al.,
2011), Africa (e.g., Yang et al., 2008), Europe (e.g., Villaseñor et al.,
2007; Yang et al., 2007) and Oceania (e.g., Saygin and Kennett, 2012).

The theory behind noise correlation underwent stages of develop-
ment since Aki published his seminal studies on the theory and auto/
cross-correlation of microtremors (e.g., from traffic signals in Tokyo,
Aki, 1957) over a half century ago (Aki 1956, 1957). The concept of
correlation-Green's function equivalence was reiterated through
autocorrelations of plane waves at different depths in a layered
medium, later known as the Clarebout conjecture (e.g., Claerbout,
1968; Rickett and Claerbout, 1999), and the presence of seismic
response in the time-domain cross-correlation function was validated
both in theory (Lobkis and Weaver, 2002) and in observations of unfil-
tered seismic coda waves (Campillo and Paul, 2003). Subsequent stud-
ies using reciprocity and scattered waves (Snieder, 2004; Wapenaar,
2004) led to increased confidence in tomographic maps under the as-
sumption of ambient noise sources.

Technically, for a spatially uniform broadband noise distribution
and uniform medium with velocity v, the time derivative of the
noise correlation function (NCF) of two receivers separated by a dis-
tance L can be approximated by the sum of the time-domain Green's
functions from the forward and time-reversed wavefields (Roux et al.,
2005; Sabra et al., 2005; Snieder, 2004). Mathematically, this is
expressible as (Sabra et al., 2005; Weaver and Lobkis, 2003),

dCij

dt
¼ −Gij r1; r2; tð Þ þ Gji r2; r1; tð Þ; ð34Þ

where Cij corresponds to the NCF for the i-th station and j-th compo-
nent. The time-domain Green's function Gij(r1; r2, t) is the displace-
ment response in direction j at location r2 to a unit concentrated
impulse input in direction i at location r1 (Sabra et al., 2005). The
above approximation presents an effective means to extract the
Green's function based on the derivative of the correlation function,
or occasionally by the correlation function between two stations
(e.g., Bensen et al., 2007; Campillo and Paul, 2003; Shapiro et al.,
2005). The lag times of the correlation peaks offer reliable constraints
on regional shear/Rayleigh wave speeds (e.g., Bensen et al., 2007;
Shapiro et al., 2005; Yang et al., 2008; Yao et al., 2006), anisotropy
(e.g., Lin et al., 2009; Moschetti et al., 2010; Yao and van der Hilst,
2009; Yao et al., 2010) and attenuation (Lawrence and Prieto, 2011;
Levshin et al., 2010; Lin et al., 2011) down to ∼100 km depth.

Aside from uncertainties associated with the ‘ambient noise’
assumption (e.g., Brzak et al., 2009; Stehly et al., 2006; Yang and
Ritzwoller, 2008), noise correlation tomography is, in principle, no dif-
ferent from earthquake tomography. For this reason, both classical
and adjoint tomographic approaches pertaining to earthquake observa-
tions are equally valid in the extraction of structural parameters from
ambient noise. Furthermore, Tromp et al. (2010b) computed sensitivity
kernels for ensemble-averaged noise correlation measurements based
on the interaction of an ensemble forward wavefield and an ensemble
adjoint wavefield, similar to methods detailed in Section 4.4.4. By
injecting a signal with the power spectrum of the noise at the first
station, the ensemble forward calculation first simulates and stores a
generating field at the source region of the noise (e.g., the surface of
the Earth), and then uses the generating field as virtual sources for
another forward calculation. The ensemble adjoint field is simulated
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by injecting the time-reversed measurement between synthetics and
observed ensemble-averaged correlation functions at the second sta-
tion as fictitious sources. Kernels calculated based on the interaction
of these two ensemble wavefields for surface-wave cross-correlation
functions sometimes display ‘extruding parabolic jets’ in addition to
the typical ‘banana-doughnut’ shape (see also Section 3.2), which may
be explained by sensitivities of multi-orbit surface waves to both
minor and major arcs. Though the kernel calculation for ensemble-
averaged noise measurements require an extra forward simulation
and the storage of the generating wavefield, it also allows the imple-
mentation of nonuniform noise sources. Therefore tomographic inver-
sions based on properly calculated sensitivity kernels for ensemble-
averaged correlation functions may provide a greater understanding
of structures embedded in the ambient noise as well as the nature of
the noise sources.

6.2. Receiver functions and inverse scattering methods by passive seismic
arrays

Regional-scale, high-resolution imaging has become popular in
the past two decades, thanks to the proliferation of dense seismic
arrays deployed around the world. In order to take advantage of
dense station spacing, which varies from tens to hundreds of kilome-
ters, seismic imaging methods have been adapted to map crust and
mantle structures at passive receiver arrays. For example, traditional
body-wave tomographic techniques have been modified for passive
seismic array analysis by measuring multi-channel cross-correlation
traveltimes of teleseismic waves between stations (e.g., Vandecar
and Crosson, 1990), and attribute traveltime residuals solely to veloc-
ity anomalies underneath the observing array; surface-wave phase
velocity maps are more frequently determined in combinationwith in-
cident wavefields based on two- or multi-plane wave assumptions for
passive seismic arrays (e.g., Forsyth et al., 1998; Friederich and
Wielandt, 1995; Pollitz, 1999; Yang and Forsyth, 2006). These tech-
niques led to hundreds of regional tomography studies and greatly im-
proved knowledge on regional velocity structures (e.g., Chang and van
der Lee, 2011, Dando et al., 2011; Hung et al., 2010; Mercier et al.,
2009; Obrebski et al., 2011, Waldhauser and Tolstoy, 2011, Yang and
Forsyth, 2006).

In addition to seismic tomography, amplitudes, arrival-times and
waveforms of reflected, converted and scattered seismic waves from
interfacial or heterogeneous structures are effective measures of
fine-scale structures and changes in rock elastic properties beneath
seismic arrays. As stated in Section 2.4.1, inclusion and modeling of
these secondary phases are a necessity, rather than a luxury, for a
greater accuracy in crustal and upper-mantle imaging/inversion. The
list of popular secondary phases that may benefit from seismic arrays
includes ScS reverberations (e.g., Gaherty and Jordan, 1995; Revenaugh
and Jordan, 1989), SS and PP precursors (Shearer, 1991; Shearer and
Masters, 1992), P-to-S/S-to-P converted waves (Langston, 1977;
Vinnik, 1977) and P/S wave codas (Langston, 1989; Langston and
Hammer, 2001). The first two phase groups are particularly well suited
for global mapping of mantle stratification (see Section 2.6; Deuss,
2009; Flanagan et al., 1998; Gu et al., 1998; Shearer, 1993), though
their dominant frequencies (b0.1 Hz) are less than ideal for resolving
structural variations with characteristic length scales less than 300 km
(Neele et al., 1997). This section will emphasize the key properties
and future prospect of imaging based on scattered and converted
waves, a phase group that exhibits broad frequency spectra and strong
sensitivities to both crust and mantle structural variations at variable
length scales.

Studies of converted waves have greatly benefited from the receiver-
function techniques, whichwas introduced in the late 70s (e.g., Langston,
1977; Vinnik, 1977) and gradually became a routine method in seismic
array analysis (e.g., Chen et al., 2009; Levander et al., 2005; Rondenay,
2009). Converted teleseismic P waves at the Moho (such as Ps phase)
Please cite this article as: Liu, Q., Gu, Y.J., Seismic imaging: From classic
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and later surface reverberations and multiple converted waves (such
as PpPs, PpSs+PsPs, etc.) are primarily observed on the radial compo-
nent. Therefore, in principle, deconvolution of the vertical (Z) from the
radial (R) component will remove the source signature and isolate the
receiver function response due to mode conversions; a rotation from
Z–R to the P–SV ray coordinate system is often applied, and the SV com-
ponent is subsequently deconvolved from the P component to obtain the
receiver function. In reality, P coda waves (i.e., vertical receiver func-
tions) may also contain information about the subsurface scatterers
(e.g., Langston and Hammer, 2001; Pavlis, 2005), and the effective re-
moval of source signature remains an open-ended topic of discussion
(e.g., Li and Nfibelek, 1999; Langston and Hammer, 2001; Bostock,
2004; Escalante et al., 2007; C.W. Chen et al., 2010).

Based on a similar approach, teleseismic S receiver functions can be
calculated for the analysis of S-to-P conversions below station (or
source) locations (Farra and Vinnik, 2000; Vinnik and Farra, 2002;
Wilson et al., 2006). Unlike P-receiver functions, S-receiver functions
are not prone to interference from multiple P waves, hence are highly
informative and complementary in mapping mantle stratifications
such as the lithosphere–asthenosphere boundaries (LAB; e.g., Rychert
and Shearer, 2011; Rychert et al., 2005) and transition zone discontinu-
ities. However, S-receiver functions can be extracted only for a limited
range of epicentral distances (Yuan et al., 2006), and therefore provide
less data than P-receiver functions.

Local crustal thickness and Poisson's ratio can be estimated from re-
ceiver functions at individual stations (e.g, Niu and James, 2002; Yan
and Clayton, 2007; Zhu and Kanamori, 2000), while 2D/3D subsurface
image sections can be constructed through migration and stacking in
an array setting (e.g, Dueker and Sheehan, 1997; Levander et al.,
2005; Wilson and Aster, 2003). Transverse component seismograms
could also be utilized to constrain the seismic anisotropy in the crust
and mantle (Levin et al., 2008). In addition to arrival times and ampli-
tude information, receiver functionsmay be inverted for physical struc-
tural parameters (velocity and density perturbations) based on inverse
scattering techniques widely used in exploration seismology, e.g., the
generalized Radon transform (e.g., Bostock and Rondenay, 1999;
Bostock et al., 2001; Rondenay et al., 2005; Shragge et al., 2001).

Other minor phases surrounding the main arrivals, e.g., coda waves
and precursors, provide further information on potential scatterers and
interfaces at depth. For instance, van der Hilst et al. (2007) andWang et
al. (2008) used scattered ScS precursor and SKKS coda waves to detect
multiple piecewise continuous interfaces in the D″ layer beneath
Central and North America, while Cao et al. (2011) and Gu et al.
(2012) used SS precursors to image the upper-mantle discontinuities
beneath the central and western Pacific ocean, respectively.

Adjoint tomography can be readily adapted to robust high-
resolution imaging of localized structures based on converted or
scattered waves. Isochrons (e.g., Bostock et al., 2001) may be replaced
by sensitivity kernels that are constructed based on the interaction of
forward teleseismic wavefield corresponding to the main phase and
adjoint wavefield generated by time-reversing converted or scattered
waves. Constructing the forward teleseismic wavefield at the receiver
region by propagating the field from the earthquake source to the re-
ceiver array is too costly, as numerical simulations of wave propagation
accurate to typical P (1–2 s) and S (3–6 s) receiver-function periods are
far from practical (Komatitsch et al., 2010). However, if one assumes
that scattered waves are only caused by local structures directly under-
neath receiver (for receiver functions) or reflection points (for PP and SS
reverberations), then a significantly smaller section of the teleseismic
wavefield centered on the area of imaging interest would be needed
in the kernel computations. Hybrid methods can be applied to simulate
wave propagation in the 3D local media in which initial and boundary
conditions are exchanged with rapidly computed forward wavefield
for 1D background models (Bielak and Christiano, 1984; Bielak et al.,
2003; Bouchon and Sanchez-Sesma, 2007; Godinho et al., 2009;
Moczo et al., 1997; Opršal et al., 2009; Robertsson and Chapman,
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2000). For receiver function studies of local arrays where incident
teleseismic wavefield can be well approximated by plane waves (Liu
and Chen, 2011), forward wavefield for a 1D background medium can
be easily computed by semi-analytical methods for layered media
(Aki and Richards, 2002; Zhu and Rivera, 2002). On the other hand,
fast and accurate semi-analytical methods for 1D global background
models have to be employed for large aperture arrays where the
flat-earth approximation is no longer valid (Chevrot et al., 2011).

Similar to adjoint tomographic methods in global and regional
studies, the advantages of inverting converted/scattered waves
based on adapted adjoint tomography for passive arrays are many
fold. First, the use of full 3D numerical simulations, i.e., accurate solu-
tions to the full wave equations with plane wave or teleseismic wave
inputs, enables the incorporation of all possible phases into the
same time windows. For example, when interfaced with 1D global
models, sensitivity kernels for time windows including scattered
and converted P waves properly account for the incoming multiple
P phases, thereby their use reduces artifacts in the interpretation of
reflecting interfaces and scatterers. Furthermore, these sensitivity
kernels are three-dimensional by construction and, as discussed in
Section 4.1, not only exhibit a similar effect as Kirchhoff migration
in the standard receiver function analysis (e.g., Levander et al.,
2005), but also provide directions of actual physical model updates
as in the inverse scattering techniques (e.g., Bostock et al., 2001;
Rondenay et al., 2005). In addition, based on hybrid methods, sensi-
tivity kernels can also be computed for 3D background models pro-
duced by previous tomographic studies based on measurements
from local earthquakes as well as noise/multi-channel cross correla-
tions. With 3D background models, interfaces may be mapped to
more precise depths and the resulting image may appear sharper.
Other advantages such as model iterations and validations are also
carried over.

In short, adjoint tomography for converted, reflected and scattered-
waves at passive arrays may become a vital tool in high-resolution
imaging of tectonically and geodynamically interesting regions in the
near future.
7. Conclusions

Seismic tomography has made significant strides since its practical
applications in the late 70s. The increasingly detailed images of the
crust and mantle greatly improved our knowledge of the Earth's inter-
nal structures and dynamics, as well as their potential connections to
surface tectonics. The continued improvement in image resolution can
be largely attributed to advances in instrumentation, proliferation of
permanent regional seismic networks, and numerous deployments
of transportable seismic arrays. While uneven spatial data coverage
remains amajor challenge in further improving seismic imaging resolu-
tion, theoretical and computational advances, the focus of this review,
made it possible to interpret the fast-expanding datasets with greater
accuracy. Among the various classical and current methods, we
highlighted adjoint tomography as a promising tool for a new
generation of regional and global imaging efforts. By taking advantage
of accurate 3D forward simulations, this inversion method could
resolve strongly heterogeneous structures with improved resolution.

The future of seismic imaging also rests on our abilities to develop
and promote innovative approaches to extract more information from
seismic recordings and reliably interpret them. While only a handful
of such new and exciting datasets were highlighted in this review, it
should be recognized that inversions based on a wide range of data
could benefit from the framework of adjoint tomography and 3D
numerical simulations. The outcomes of these inversions could provide
further insights into regional and global processes at resolution and
precision far exceeding those achievable by standard tomographic
techniques.
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