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On the robustness of global radially anisotropic surface
wave tomography
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[1] A number of recent global tomographic studies have modeled three dimensional
variations in the parameters of radial anisotropy. As yet there is limited agreement among
such studies, suggesting significant uncertainties in the models, which could lead to
divergent geodynamical interpretations. In this study we assess the robustness of lateral
variations in radial anisotropy globally in the upper mantle and in the transition zone
to determine the extent to which anisotropic parameters are constrained by a data set of over
10,000,000 fundamental and higher mode surface wave dispersion measurements. We carry
out inversions for isotropic and radially anisotropic shear wave velocity, systematically
changing regularization and using three different crustal models to remove the effects of the
crust on the data. Using crustal corrections from different crustal models has an impact on the
data fit comparable or larger than that obtained by including lateral variations of radial
anisotropy in the modeling. Moreover, the use of crustal corrections from different a priori
crustal models may lead to different images of radial anisotropy suggesting divergent
geodynamical interpretations. This work suggests that the three‐dimensional determination
of global radial anisotropy in the Earth’s mantle using surface wave dispersion data is still an
ongoing experiment.
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1. Introduction

[2] When detected, seismic anisotropy can potentially be
an indicator of mantle flow and thus can help us discrimi-
nating different geodynamical processes and competitive
thermo‐chemical convective models of the Earth’s interior.
Deformation processes in the mantle can lead to detectable
seismic anisotropy, which could result for example from
lattice‐preferred orientation (LPO) of minerals [McNamara
et al., 2002] or from the alignment of structural elements,
including layers of melt [Williams and Garnero, 1996].
While observations of anisotropy at shallow depths may in-
dicate “frozen” anisotropy over geological timescales [Silver,
1996], anisotropy at greater depths could reflect the current
mantle strain rate field [e.g., Vinnik et al., 1992].
[3] Numerous studies have confirmed the presence of an-

isotropy in the Earth’s uppermost mantle. Early evidence for
radial anisotropy in the upper mantle came from the observed

discrepancy between Rayleigh and Love waves [Anderson,
1961; Aki and Kaminuma, 1963; McEvilly, 1964]. These
observations led to the incorporation of radial anisotropy
from the Mohorovicic discontinuity down to 220 km depth
in the global one‐dimensional (1‐D) reference Earth model
PREM [Dziewonski and Anderson, 1981]. With the increas-
ing availability of high‐quality digital seismograms recorded
by global seismic networks and with the growth of computing
power, various approaches have been devised to map the
three‐dimensional radially anisotropic structure globally.
[4] Seismic surface waves are particularly well suited to

investigate radial anisotropy in the upper mantle and in the
transition zone globally because their sensitivity to earth
structure is approximately constant along the raypath, which,
combined with good raypath coverage, provides a better
sampling of these regions than body waves. While funda-
mental mode surface wave data provide the best constraints
on seismic structure in the uppermost mantle, using higher
mode data greatly improves the depth resolution of Earth
models [e.g., Ritsema et al., 1999].
[5] Several studies have mapped lateral variations of

radial anisotropy in the upper mantle globally by the simul-
taneous inversion of fundamental Rayleigh and Love data
[Nataf et al., 1984, 1986; Ekström and Dziewonski, 1998;
Montagner and Tanimoto, 1991; Shapiro and Ritzwoller,
2002]. Recently, higher‐mode surface wave data have been
added to global three‐dimensional tomographic inversions
for radial anisotropy [e.g., Gung et al., 2003; Panning and
Romanowicz, 2004; Marone et al., 2007].
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[6] Progress in anisotropic tomography has been slower
than elastic tomography due to the difficulties of extracting
the anisotropic signal from seismic waves in the presence
of significant elastic effects due to wave propagation in a
heterogeneous Earth. Radially anisotropic global velocity
models tend to agree at long wavelengths only [e.g.,
Kustowski et al., 2008], suggesting large uncertainties in
these models. Discrepancies between radially anisotropic
models may result from data uncertainties, insufficient data
coverage, or from the use of varying modeling techniques.
One of the difficulties in estimating radial anisotropy in the
mantle is linked to the crust. In addition to the mantle, surface
waves are strongly sensitive to crustal structure, so the effects
of the crust must be taken into account when modeling radial
anisotropy either by including crustal parameters in the in-
versions or by carrying out crustal corrections based on an a
priori crustal model. The latter is the approach often followed
in global surface wave tomographic studies and it has been
shown that inaccurate crustal corrections may lead to large
errors in the models [e.g., Marone and Romanowicz, 2007].
Since Love waves are most affected by the crust, radially
anisotropic models are particularly susceptible to incorrect
crustal corrections [Bozdag and Trampert, 2007]. Previous
global studies often rely on choosing a particular a priori
crustal model and on applying (linear or nonlinear) crustal
corrections based on that model. Some recent regional and
upper mantle studies explicitly attempt to quantify the trade‐
off between unknown crustal structure and inferred radial
anisotropy. For example, Shapiro and Ritzwoller [2002] and
Shapiro et al. [2004] carry out Monte Carlo inversions that
yield uncertainty estimates on seismic velocities in the crust
and upper mantle, which depend on assessing the uncer-
tainties in the imposed constraints on the crust. Moreover,
detailed regional models of the crust and upper mantle can be
built using short‐period surface waves, including group
velocity measurements [e.g., Pasyanos and Walter, 2002]
and, with recent developments in ambient noise tomography,
short‐period (T = 8–20s) Rayleigh and Love fundamental
dispersion measurements [e.g., Yang et al., 2008].
[7] In this study we use a very large set of fundamental

mode and overtone surface wave dispersion measurements to
investigate the global isotropic and radially anisotropic shear
wave velocity structure of the upper mantle and of the tran-
sition zone. We carry out inversion experiments and a de-
tailed analysis of data misfit in order to identify quantitatively
to what extent our data set requires deviations of radial an-
isotropy from PREM. Rather than using one single crustal
model to calculate crustal corrections, we use three inde-
pendent crustal models to assess the effect of using different

crustal corrections in the modeling. Furthermore, we assess
the impact on the data fit of allowing lateral variations in
P wave velocity in the inverse modeling.

2. Data

[8] In this study we use surface wave phase velocity
anomalies with respect to PREM of fundamental and higher‐
mode Love and Rayleigh waves up to the fifth and sixth
overtone, respectively.Wemerge the measurements ofVisser
et al. [2007a] with those of van Heijst andWoodhouse [1999]
and of Ekström et al. [1997] into a data set with a total of
over 10,000,000minor‐arc phase‐velocity measurements, for
multimode Rayleigh and Love waves with wave periods
between T = 35s and T = 375s, with good global coverage
(Table 1).
[9] Over half of the measurements are for overtones. This

provides us with a dispersion data set significantly larger
than those used in global studies of radial anisotropy to
date. Visser et al. [2007a] showed that their measurements
agree well with the measurements made by van Heijst and
Woodhouse [1999]. We have carried out additional com-
parisons of the various data sets and checked that they are
consistent with each other before combining all the mea-
surements into an expanded data set. It is expected that using
such a large, consistent data set will reduce the null‐space and
the impact of regularization in the inversions.

3. Methodology

3.1. Theory

[10] A transversely isotropic medium with a vertical axis of
symmetry can be described by the density r and by the
parameters A = rVPH

2 , C = r VPV
2 , L = r VSV

2 ,N = rVSH
2 and F =

hr (VPH
2 − 2VSV

2 ) [Love, 1927; Takeuchi and Saito, 1972]. In
this study we parameterize our model in terms of the isotropic
S velocity structure, vS

2 = 1
2(VSV

2 + VSH
2 ), and the anisotropic

parameter zs =
v2SH�v2SV

2v2S
.We express the perturbations in density

and in P velocity using the scaling relations ��
� = 0.4�VS

VS

[Anderson et al., 1968] and �VP
VP

= 0.5�VS
VS

[e.g., Robertson and

Woodhouse, 1995], respectively. We neglect sensitivity to
variations in the intermediate parameter h and we do not
consider perturbations to the depth of seismic discontinuities
in the reference model. Moreover, we also neglect azimuthal
anisotropy, as its modeling introduces a large number of
model parameters to the modeling. The effect of potential
azimuthal anisotropy is reduced by the excellent azimuthal
coverage, so that in principle azimuthal variations will be

Table 1. Phase Velocity Measurements Used in This Study

Branch

Rayleigh Waves Love Waves

Period Range (s) Number of Measurements Period Range (s) Number of Measurements

Fundamental 374 – 35 3,988,786 375 – 35 1,141,006
First overtone 274 – 35 1,088,232 177 – 35 622,605
Second overtone 110 – 35 980,774 115 – 35 432,831
Third overtone 99 – 35 706,291 79 – 35 250,458
Fourth overtone 69 – 35 454,353 63 – 35 120,520
Fifth overtone 56 – 35 289,743 56 – 35 59,598
Sixth overtone 51 – 35 129,792 – 0
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averaged out at each point of the model. Nevertheless, recent
work by Visser et al. [2007b] suggests that at least for phase
velocity maps, the trade‐off between azimuthal anisotropic
and isotropic terms is small, so that future 3‐D imaging of
azimuthal anisotropy based on the data set used in this study
should be possible.
[11] We use the great circle approximation to calculate

sensitivity kernels that linearly relate surface wave phase
anomalies and Earth’s structure [e.g., Woodhouse and
Dziewonski, 1984]. Figures 1 and 2 show sensitivity kernels
of fundamental and higher mode Rayleigh and Love waves

calculated using PREM. The sensitivities shown are the

derivatives of the eigenfrequency with respect to �VS
VS
, �VP
VP

and
��s
�s

for a given mode. As expected, for shorter periods the

phase velocities of the same mode branch are sensitive to
shallower structure and the kernels become more complex
with increasing overtone number. The sensitivity to changes
in P velocity is generally smaller than to changes in S
velocity. Nevertheless, for the third higher mode with T =
100s, P velocity anomalies contribute significantly to the
phase velocity perturbations.

Figure 1. Depth sensitivity kernels that relate phase velocities of the fundamental and the first, second and
third overtone Rayleigh waves (top) to isotropic S velocity structure, (middle) to P velocity structure and
(bottom) to radial anisotropy for the PREM model. Solid lines are for wave periods with T = 100s
and dashed lines are for T = 40s.
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3.2. Model Parameterization

[12] We parameterize the variations of isotropic shear
wave velocity and of radial anisotropy horizontally in terms
of spherical harmonic basis functions up to degree 20 (cor-
responding to a lateral resolution at the surface of about
2,000 km). The variations in the radial direction are param-
eterized using 15 spline functions from the crust down to
2000 km (Figure 3). The spacing of the splines is smallest in
the uppermost mantle to allow for the highest vertical reso-
lution at shallow depths, where the resolving power of the
data is highest (the vertical resolution is of ≈60 km at the
surface and of ≈300 km at the greatest depths).

3.3. Inversion

[13] The model coefficients are determined by formulating
an inverse problem, which minimizes the least squares misfit
between the predictions and the data. The data are inverted
simultaneously for isotropic and radially anisotropic pertur-
bations from the 1‐D reference Earthmodel PREM.We apply
regularization through horizontal gradient damping; no
explicit radial damping is imposed in the inversions. We
construct the inner product matrix of the data derivatives ATA
by projecting the sensitivity kernels into the horizontal and
radial basis functions and we use eigenvalue decomposition
to invert it to obtain damped least squares model solutions.
We carry out inversions for a total of 13,230 parameters (half
of them for isotropic structure and the other half for radially
anisotropic structure).

[14] As explained in section 3.1, we model the data using
the great circle approximation, which is computationally
efficient and thus convenient to analyze our large data set and
to carry out many inversion experiments involving the de-
termination of a large number of model parameters. Although
more sophisticated theories have been developed that should
allow us to obtain more accurate results in the future [e.g.,
Sieminski et al., 2007], these remain computationally expen-
sive, especially for global‐scale inversions involvingmillions
of measurements as in this study.

3.4. Crustal Corrections

[15] Surface waves are sensitive to crustal structure, so
accurate crustal corrections are essential to prevent mapping
crustal features intomantle tomographic images [e.g.,Bozdag
and Trampert, 2007; Marone and Romanowicz, 2007]. We
remove the effects of the crust by using a priori global models
of the crust. To determine the crustal correction for the phase
velocity measurements, we superimpose the a priori crustal
model on PREM and calculate local eigenfrequencies for the
modes used in the modeling in each block of a grid sampling
the surface of the Earth. Whenever the a priori crust is thin-
ner than PREM’s crust, we extrapolate PREM’s uppermost
mantle structure up to the bottom of the new crust.We expand
the gridded local eigenfrequency perturbations with respect to
PREM in spherical harmonics and subtract the contribution of
the crust from each individual measurement. We correct for
the a priori crustal structure using spherical harmonics only
up to the maximum angular order used in the tomographic

Figure 2. Same as Figure 1, but for Love waves.
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modeling even if the crustal model is defined for shorter
lateral wavelengths. In this study we use three different
crustal models to calculate crustal corrections: the crustal
model CRUST2.0 [Bassin et al., 2000], the crustal part of
the model 3SMAC [Nataf and Ricard, 1996] and the crustal
model by Meier et al. [2007], which we shall refer to as
CRUST07. These three crustal models are constrained using
different approaches and thus are useful to test the effect of
using different crustal corrections when modeling radial
anisotropy. CRUST2.0 is based on a large compilation of
seismic refraction data and of ice and sediment thickness.
3SMAC is an a priori model based on tectonics, heat flow,

and geophysical knowledge. CRUST07 consists of an aver-
age shear wave velocity for the crust and a Moho depth
obtained by inverting fundamental mode phase and group
velocities using a neural network approach. Figures 4 and 5
show Rayleigh and Love phase velocity distributions asso-
ciated with these three crustal models for waves with different
periods. As expected, Love waves are more sensitive to the
crust (e.g., see Figures 1 and 2). The strongest signal in the
phase velocity distributions is related to the difference be-
tween oceans and continents. In general, continental regions
are slow and oceanic regions are fast. Fundamental modes are
strongly affected by the crustal structure, but the sensitivity of

Figure 3. Fifteen spline functions used to parameterize the depth dependence of perturbations in S velocity,
in P velocity and in radial anisotropy.

FERREIRA ET AL.: GLOBAL RADIAL ANISOTROPY B04313B04313

5 of 16



Rayleigh and Love overtones to the crust is also important.
The large‐scale features of crustal corrections predicted by
the three different crustal models are generally similar.
However, there are differences in the short‐scale structures.
For example, CRUST2.0 tends to predict more pronounced
phase velocity anomalies in regions of thick crust such as in
the Tibetan plateau and in the Andes.

3.5. Model Resolution

[16] We carry out Backus‐Gilbert resolution tests to assess
how well we can resolve isotropic and radially anisotropic
structure at different locations in the Earth. We calculate
Backus‐Gilbert averaging kernels [e.g., Backus and Gilbert,
1968; Menke, 1989], which describe how the value ob-
tained in the model at a given point is a spatial average over
the true structure. Ideally these kernels are delta functions in
space, but given the finiteness of model parameterization,
incomplete data coverage and the damping applied, these
kernels have a finite spatial extent. Figure 6 shows horizontal
and vertical cross sections through Backus‐Gilbert kernels
computed for six locations in the mantle to illustrate the

variable isotropic (solid lines) and anisotropic (dashed lines)
model resolution. The upper 200 km of the mantle have the
highest resolution, decreasing with depth. In the southern
hemisphere, where the data coverage is poorer, (e.g.,
Figure 6f) the depth kernels are not only broader but also have
lower amplitude than in regions well covered, reflecting
poorer depth resolution. The resolution for radially aniso-
tropic structure is poorer than for isotropic structure. Such
poorer resolution prompts us to choose different levels of
damping for isotropic and anisotropic parameters.

4. Results

4.1. Misfit Curves for the Data

[17] In order to assess the amount of radial anisotropy
required by our data set we carry out joint inversions for
isotropic and radially anisotropic structure using a variety
of levels of damping. Figure 7 shows data misfit curves
for three‐dimensional Earth models obtained using various
levels of damping for the anisotropic parameters, while
keeping the damping of the isotropic parameters constant.We

Figure 4. Rayleigh wave phase velocity distributions associated with the crustal model (top) CRUST2.0,
(middle) 3SMAC and (bottom) CRUST07 (left) for the mode 0S144 (T = 69s) and (right) for the mode 3S105
(T = 56s).
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use the same data set and modeling strategy in all the inver-
sions, only changing the anisotropic damping parameter.
All the results are obtained using crustal corrections from
CRUST2.0. The data misfit, m2, is given by:

m2 ¼ Ax� dð ÞT Ax� dð Þ
dTd

; ð1Þ

where x is the solution model, A is the matrix with the data
derivatives and d is the data vector. The data misfit is plotted
as a function of the effective number of parameters, which is
given by the trace of the resolution matrix. The curve labeled
with “1x” corresponds to an inversion where the same level
of damping is applied to both isotropic and anisotropic
parameters, “2x” means that the anisotropic parameters are
damped two times more than the isotropic parameters, and so
successively. The solid line (labeled “iso”) corresponds to an
inversion not allowing deviations of radial anisotropy from
PREM. We shall refer to such an inversion as isotropic in-

version throughout this paper. Each point on each line cor-
responds to an Earth model, so Figure 7 we represent over
200 three‐dimensional Earth models. As we increase the
strength of damping of the anisotropic parameters the misfit
increases, with the isotropic models along the solid line
having the poorest fit to the data. However, although overall
the laterally varying anisotropic models explain the data
better than the isotropic ones, the actual differences in misfit
are very small; allowing deviations in radial anisotropy from
PREM improves the fit to the data by no more than 1.5%.
[18] In the remaining sections we shall compare a variety of

three‐dimensional isotropic and radially anisotropic mantle
models. In order to carry out fair comparisons it is important
to make sure that the models have the same effective number
of parameters. It is not the purpose of this study to present
detailed Earth models, but to assess the robustness of radially
anisotropic inversions, so we will focus on long‐wavelength
models with 1,500 effective parameters. Furthermore,
throughout this paper we shall show radially anisotropic

Figure 5. Love wave phase velocity distributions associated with the crustal model (top) CRUST2.0,
(middle) 3SMAC and (bottom) CRUST07 (left) for the mode 0T126 (T = 69s) and (right) for the mode
3T120 (T = 51s). Note that the color scale used here is different than that used in Figure 4.
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models obtained damping the anisotropic parameters two
times more than the isotropic parameters.
[19] Figure 8 compares the shear‐velocity structure ob-

tained from an isotropic inversion with the isotropic shear‐
velocity structure obtained from a joint inversion for both
isotropic and radially anisotropic Earth structure.

[20] The three‐dimensional isotropic shear‐velocity struc-
tures shown in Figure 8 share the large‐scale features of
previous global tomographic studies. For example, near the
surface the signature of slow ridges and back arc regions is
very clear. The continents have deep (≈250 km) keels, which
are particularly pronounced in the ancient cratonic regions,

Figure 6. Backus‐Gilbert resolution kernels for points beneath (a) Australia (150 km), (b) Brazil (150 km),
(c) Mariana Islands (350 km), (d) Indian Ocean (350 km), (e)Western United States (575 km) and (f) South-
ern Pacific (575 km). Map views of the kernels are shown on the top. The radial dependence of the kernels
is shown below each map (solid lines are shear velocity kernels and dashed lines are kernels for radial
anisotropy).
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and have the largest anomalies around 100–150 km depth. At
depths in excess of 250 km, the magnitude of lateral varia-
tions is smaller, and the signature of subduction emerges as
one of the clearest signals from a depth of about 400 km,
persisting to greater depths. The shear‐velocity structure from
the isotropic inversion is very compatible with that from a
joint inversion for isotropic and anisotropic structure, with
some slight differences at depth of 150 km and also at 800 km,
where the model resolution is poor.

4.2. Effect of Crustal Corrections

[21] We test the robustness of the anisotropic results by
following exactly the same inversion modeling procedure as
in section 4.1 for joint determination of isotropic and radially
anisotropic structure, but now using not only crustal corrections
from CRUST2.0 but also from 3SMAC and from CRUST07.
[22] Figure 9 compares the isotropic shear wave velocity

structure of three Earth models with 1,500 effective para-
meters obtained using the different crustal corrections. The
models are similar, with some slight differences in the shal-
low structure (≈50 km), notably in the Tibetan plateau. At
greater depths (≈800 km) there are also differences in struc-

ture, but as seen in Figure 6, resolution decreases at great
depths. The corresponding radially anisotropic structure ob-
tained using the three different crustal corrections is shown in
Figure 10. The large‐scale features of radial anisotropy in the
three different models agree with each other. At a depth of
150 km a relatively pronounced positive anisotropy anomaly
underneath the Pacific emerges, which has been reported in
previous studies [Ekström andDziewonski, 1998;Gung et al.,
2003; Panning and Romanowicz, 2004]. From a depth of
around 200 km the models show a negative anisotropy
anomaly around the Pacific, particularly under the southeast
Pacific. At depths greater than 400 km that pattern diminishes
in amplitude and below 600 km the pattern changes again, but
at this depth and below the resolution of the data is poor.
Although the large‐scale features of the anisotropic models
are generally compatible with each other there are important
differences between them. Figure 11 compares the radially
anisotropic models in Figure 10 at a depth of 100 km. It is
clear that the three images are quite different, particularly
beneath the Pacific and Eurasia.
[23] Changing the crustal corrections from those predicted

by CRUST2.0 to those obtained using 3SMAC and CRUST07,

Figure 7. Misfit curves for a variety of 3‐D radially anisotropic models obtained using various levels of
horizontal gradient damping. “1x”means the same damping has been applied to the isotropic parameters and
to the anisotropic parameters. “2x”means the anisotropic parameters have been damped twice more than the
isotropic parameters, and so successively. “Iso” corresponds to an inversion where no anisotropy is allowed
beyond PREM.

Figure 8. Isotropic shear velocity perturbations from PREMderived (left) from an inversion not allowing deviations of radial
anisotropy from PREM and (right) from a joint inversion for isotropic and radially anisotropic structure, using crustal correc-
tions fromCRUST2.0.We compare models with 1,500 effective parameters and the data misfits are Figure 8 (left)m2 = 0.2942
for the “isotropic” inversion and Figure 8 (right)m2 = 0.2872 for the anisotropic inversion. The color scale has different ranges
at different depths, which are shown at the top of each depth slice.
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Figure 8
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Figure 9. Isotropic shear velocity perturbations from PREM derived from joint inversions for isotropic
and radially anisotropic structure using crustal corrections from different models: (left) CRUST2.0, (middle)
3SMAC and (right) CRUST07.We compare models with 1,500 effective parameters and the data misfits are
m2 = 0.2872 for the inversion using CRUST2.0, m2 = 0.2927 for the inversion using 3SMAC and m2 =
0.3117 for the inversion using CRUST07. The color scale has different ranges at different depths, which
are shown at the top of each depth slice.
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Figure 10. Same as in Figure 9 but for anisotropic velocity variations (VSH�VSV
VS

). Average anisotropy at each
depth has been removed.
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the data fit deteriorates by about 0.6% and 2%, respectively
(for exact numbers see the captions of Figure 9). For example,
the radially anisotropic model obtained using crustal correc-
tions from 3SMAC explains the data as well as the isotropic
model obtained using crustal corrections from CRUST2.0
(see Figure 8). Thus, using crustal corrections predicted by
different crustal models has a similar or larger effect on the
data misfit as including laterally varying radial anisotropy in
the modeling.

4.3. c2 Analysis of Data Misfit

[24] To further assess the differences in data misfit of
the various models we carried out inversions minimizing c2,
defined by:

�2

N
¼ 1

M � K
d � Axð ÞTC�1

d d � Axð Þ; ð2Þ

whereN =M −K,M is the total number of data points,K is the
effective number of parameters and Cd is the data covariance
matrix, which we take to be diagonal. Visser et al. [2007a]
provide variance estimates derived from their measurement
algorithm; we calculate variance estimates for the measure-
ments of van Heijst and Woodhouse [1999] and of Ekström
et al. [1997] using the cluster analysis approach of Trampert
and Woodhouse [2001]. Errors estimated using cluster
analyses assume a Gaussian distribution, which may be in-
appropriate, so errors in the data are only approximately
known. The models obtained by minimizing c2 are very
similar to those obtained by minimizing the data misfit m2

(equation (1)). The �2
N values obtained for the 3‐D anisotropic

models with 1,500 parameters, for a variety of crustal models

are: �2N = 1.4824 for CRUST2.0, �2N = 1.5153 for 3SMAC and
�2
N = 1.5343 for CRUST07. The �2

N value for the 3‐D isotropic

model with 1,500 parameters is �2
N = 1.5155 (using the

CRUST2.0 crustal model). These values of �2
N indicate that

none of the models explain the data very well, as they are
larger than 1. The radially anisotropic models obtained using
crustal corrections from 3SMAC and from CRUST07 have a
comparable or poorer data fit than the isotropic model ob-
tained using CRUST2.0, confirming the findings from
section 4.2 that using different crustal corrections has a

similar influence on the data fit to including radial anisotropy
in the modeling.

4.4. Influence of P Wave Velocity Variations

[25] As shown in Figure 1 and discussed in section 3.1,
Rayleigh waves are also sensitive to variations in P wave
velocity and, at least for some modes, this effect can be im-
portant. It is common practice to use scaling factors between
shear wave velocity and compressional wave velocity to re-
duce the number of parameters in the inversion process, as we
have explained in section 3. In this section we do not use such
scaling relation and instead we carry out joint inversions for
shear velocity and for compressional velocity perturbations.
We use crustal corrections from CRUST2.0, we do not
include anisotropy in the inversions and we apply damping to
the P velocity structure two times stronger than to the S
velocity structure. Figure 12 shows S velocity and P velocity
models we obtainedwith a total of 1,500 effective parameters.
The S velocity structure retrieved is consistent with the iso-
tropic shear velocity models shown previously in Figures 8–
9. The P velocity model is poorly resolved and has structure
at shallow depths (50 km) only, reflecting the sensitivity of
Rayleigh waves to P velocity in the top of the upper mantle.
The low P velocities obtained under the Western Pacific and
Eastern Eurasia are broadly compatible with the shallow
mantle structure in existing higher‐resolution Pwave velocity
models [e.g., Antolik et al., 2003].
[26] The data misfit for the model in Figure 12 is c2/N =

1.5079, which is slightly lower than the data fit of the isotropic
model obtained using crustal corrections fromCRUST2.0 (�2N =
1.5155, Figure 9).

5. Discussion and Conclusions

[27] We have shown that imperfect crustal corrections have
a similar effect on the data fit to lateral variations in radial
anisotropy. In addition, the use of crustal corrections from
different a priori crustal models may lead to different images
of radial anisotropy.
[28] Using crustal corrections from 3SMAC leads to strong

negative radial anisotropy variations under Eurasia and the
Pacific at a depth of 100 km (Figure 11). The models obtained
using crustal corrections fromCRUST2.0 and fromCRUST07
show less pronounced variations in the same regions. It is

Figure 11. Same as in Figure 10, but for a depth of 100 km.
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Figure 12. (left) Shear velocity and (right) compressional wave velocity perturbations from PREM jointly
determined using crustal corrections from CRUST2.0. This model has 1,500 effective parameters and the
data fit is c2/N = 1.5079. The color scale has different ranges at different depths, which are shown at the
top of each depth slice.
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often assumed that the anisotropy at this depth reflects the
lithospheric strain field that was “frozen in” at the time of
formation of the continental lithosphere, so the different
radially anisotropic images at 100 km obtained could lead to
divergent interpretations of the processes involved in the
generation of continental lithosphere. CRUST07 is a mean
crustal model from probability density function distributions
[Meier et al., 2007], which is not the best fittingmodel. This is
a possible explanation for the poorest data fit obtained using
crustal corrections from CRUST07. In the future it will be
interesting to carry out experiments using a variety of crustal
models obtained randomly from the distributions and calcu-
late crustal corrections for each of the models. Average
crustal corrections could then be obtained with associated
standard deviations.
[29] Thorough data misfit analyses of tomographic models

with the same effective number of parameters and the
assessment of unmodeled effects are necessary to evaluate
the robustness of seismic tomographic images. For example,
Kustowski et al. [2008] compare the data fit for models from
inversions including and not including lateral variations in
radial anisotropy. Their results show that the inclusion of
lateral variations in anisotropy improves the data fit to surface
wave dispersion data by relatively small amounts (about 1%
except for T = 35s Rayleigh waves, where the fit improves
by about 3.5%).
[30] It is clear that lateral variations in radial anisotropy are

likely to occur in the interior of the Earth’s mantle [e.g.,
Visser et al., 2008] and that the effort to image the fine details
of global anisotropy in the Earth’s interior must continue.
Careful studies fully investigating the need of anisotropy by
the data and assessing the biases by unmodeled effects are
essential to obtain images that are reliable for making geo-
dynamic inferences. Such research will very likely benefit
from more sophisticated anisotropy modeling techniques
[e.g., Sieminski et al., 2007] combined with increased capa-
bilities in both computation and data collection. Moreover,
there is scope for progress by combining intermediate and
long‐period surface waves with other types of data able to
resolve the shallow crust, including short‐period surface
wave group velocity measurements, receiver functions, as
well as recent ambient noise and array‐based earthquake
measurements.
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