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Abstract. Global seismic tomography has greatly progressed
in the past decades, with many global Earth models being
produced by different research groups. Objective, statistical
methods are crucial for the quantitative interpretation of the
large amount of information encapsulated by the models and
for unbiased model comparisons. Here we propose using a
rotated version of principal component analysis (PCA) to
compress the information in order to ease the geological in-
terpretation and model comparison. The method generates
between 7 and 15 principal components (PCs) for each of
the seven tested global tomography models, capturing more
than 97 % of the total variance of the model. Each PC con-
sists of a vertical profile, with which a horizontal pattern is
associated by projection. The depth profiles and the horizon-
tal patterns enable examining the key characteristics of the
main components of the models. Most of the information
in the models is associated with a few features: large low-
shear-velocity provinces (LLSVPs) in the lowermost mantle,
subduction signals and low-velocity anomalies likely asso-
ciated with mantle plumes in the upper and lower mantle,
and ridges and cratons in the uppermost mantle. Importantly,
all models highlight several independent components in the
lower mantle that make between 36 % and 69 % of the total
variance, depending on the model, which suggests that the
lower mantle is more complex than traditionally assumed.
Overall, we find that varimax PCA is a useful additional tool
for the quantitative comparison and interpretation of tomog-
raphy models.

1 Introduction

Global seismic tomography has brought a new understand-
ing of the current state of the mantle through the inversion of
massive seismic datasets to build 3-D images of the Earth’s
interior of both isotropic and anisotropic structure, the lat-
ter being one of the most direct ways to constrain mantle
flow (e.g. Rawlinson et al., 2014; Chang et al., 2014; McNa-
mara, 2019). The interpretation and comparison of tomog-
raphy models often include computing correlations between
two models with depth and degree, analysing power spec-
tra (e.g. Becker and Boschi, 2002), and visual inspections
and qualitative or simple descriptions of the retrieved pat-
terns, for example of subducted slab or mantle plume candi-
dates (e.g. Auer et al., 2014; French and Romanowicz, 2014;
Chang et al., 2016; Ferreira et al., 2019). While the large-
scale upper mantle and lowermost mantle isotropic struc-
ture is fairly consistent from one model to the other, dis-
crepancies appear when considering small-scale structures.
Moreover, there are substantial differences between existing
global anisotropy models (e.g. Chang et al., 2014; Romanow-
icz and Wenk, 2017). Nowadays, codes or web-based tools
facilitate the interpretation and visual comparison of different
models (e.g. Durand et al., 2018; Hosseini et al., 2018). This
allows for the identification of regions with good agreement
between seismic models using e.g. vote maps (Lekic et al.,
2012) or through statistical tools showing the relative fre-
quency of seismic anomalies at specific depth ranges (Hos-
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seini et al., 2018). However, the large amount of information
encapsulated in global tomography models, which typically
involve tens of thousands of model parameters, can be diffi-
cult to mine and interpret efficiently.

Statistical methods used in other disciplines to analyse and
classify big data and models may be useful to further en-
hance the analysis of seismic tomography models by pro-
viding a common ground for comparison. For example, in
recent years, clustering methods have been used to partition
seismic tomography models into groups of similar velocity
profiles, providing an objective way of comparing the mod-
els (Lekic et al., 2012; Cottaar and Lekic, 2016). Here, we
propose implementing principal component analysis (PCA;
von Storch and Zwiers, 1999) to substantiate and clarify
what can be learn from such comparisons, as recently pro-
posed by Ritsema and Lekić (2020). The PCA-based method
aims at approximating the tomographic models by a sum of
a given number Ñ of components, with Ñ smaller than the
actual number of slices. Each PC consists of a vertical pro-
file, which is the principal component (PC), and a horizontal
pattern, which is the load. Most of the variance of the sig-
nal being captured by a reduced number of PCs allows us to
grab all the information by analysing only the relevant com-
ponents resulting from an efficient compression.

Although the first PC, capturing the largest variance, of-
ten corresponds to an actual physical process, the others are
increasingly difficult to interpret. The physical interpretation
of the PCs and loads can be made easier by redistributing
PCA components along other eigenvectors. We propose ap-
plying the varimax criterion (Kaiser, 1958) that allows fo-
cusing on PCs with large values concentrated on the smallest
possible subset of depths, as it is physically likely that man-
tle structures have a limited depth extension rather than span-
ning over the whole mantle depth. Previous studies in other
fields of Earth sciences (see e.g. the thorough review paper
by Richman, 1986) showed that, when using the varimax cri-
terion, the redistributed components are often less sensitive
to computation artefacts, for example related to data geom-
etry, while keeping the same degree of compression as the
original PCs.

Varimax analysis has previously been successfully used
in various applications, such as to analyse climate models,
whereby the different models are projected on the same set
of PCs, allowing a direct comparison in terms of captured
variance and retrieved features (Horel, 1981; Sengupta and
Boyle, 1998; von Storch and Zwiers, 1999; Tao et al., 2019;
Kawamura, 1994). Motivated by these successful results, we
apply varimax PCA to the interpretation and comparison of
global tomography models. Note that we do not propose us-
ing the varimax method as an alternative Earth model repre-
sentation to the model solutions from which they are derived.
Instead, we propose it as a diagnostic tool, allowing for the
quantification of the level of independent information in the
tomography models and an easier comparison of the models.
Projecting the models on a set of independent vertical pro-

files provides an optimal representation for a given number
of slices (number of components) smaller than the original
number of splines and boxes or for a given portion of the
information present in the model (captured variance).

In Sect. 2, we present the seven global tomography mod-
els used, followed by a description of the statistical meth-
ods used in this study. Then, in Sect. 4 we compare classical
and varimax PCA with a k-means clustering approach. Sec-
tions 5–6 present and discuss the results from the application
of varimax PCA to the seven tomography models considered.
We then present a brief final discussion and conclusions in
Sect. 7.

2 Seismic tomography models

We use seven 3-D global seismic tomography mod-
els: (i) S20RTS (Ritsema, 1999), (ii) S40RTS (Rit-
sema et al., 2011), (iii) SEISGLOB2 (Durand et al.,
2017), (iv) SEMUCB-WM1 (French and Romanow-
icz, 2014), (v) SGLOBE-rani (Chang et al., 2015),
(vi) S362WMANI+M (Moulik and Ekström, 2014) and
(vii) SAVANI (Auer et al., 2014). While the first three mod-
els are isotropic shear-wave-speed models, the last four mod-
els also include lateral variations in radial anisotropy. These
models were built from different datasets using distinct mod-
elling approaches, as summarised in Table 1. We focus on
shear-wave models because the agreement of P -wave mod-
els is more limited (e.g. Cottaar and Lekic, 2016). Neverthe-
less, future work may expand the analysis to recent P -wave
models (Hosseini et al., 2020) The models used show the key
features in current global isotropic and radially anisotropic
models, and they are hence representative of the current state
of global tomography. For example, all isotropic shear-wave-
speed models show a good correlation with tectonic features
in the upper mantle, such as mid-ocean ridges and cratons
(see ∼ 100 km in Fig. A1a). Moreover, they show the signa-
ture of subducting slabs around ∼ 600 km of depth and the
two prominent large low-shear-velocity provinces (LLSVPs)
beneath Africa and the Pacific in the bottom of the mantle at
∼ 2900 km of depth (Fig. A1a). On the other hand, the agree-
ment between the anisotropy models is much more limited
(Fig. A1b); common features between the models include
a well-known positive radial anisotropy anomaly beneath
the Pacific at ∼ 150 km of depth, negative radial anisotropy
anomalies beneath the East Pacific Rise at∼ 200 km of depth
and negative radial anisotropy anomalies associated with the
LLSVPs. The latter anomalies have been shown to be arte-
facts in the models due to the poor balance between SV- and
SH-sensitive travel-time data in various existing body-wave
datasets, which have much more data sensitive to SH than to
SV motions (e.g. Chang et al., 2014; Kustowski et al., 2008).
On the other hand, Moulik and Ekström (2014) showed that
such spurious anisotropic features in even-degree structure
are reduced by using self-coupling normal-mode splitting
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data in the inversions. Yet, trade-offs between isotropic and
anisotropic structure in the lowermost mantle persist in odd-
degree structure, which is not constrained by self-coupling
normal-mode splitting data.

We obtained the global tomography models either directly
from their authors or from the IRIS Earth model collabora-
tion repository (REFS – http://ds.iris.edu/ds/products/emc/,
last access: 12 October 2020). Since some of the models have
different reference 1-D models and use distinct parameteri-
sations, for consistency we converted them into perturbations
in shear-wave speed and in radial anisotropy with respect to
the 1-D model PREM (Dziewonski and Anderson, 1981) on
a common grid with a 1◦×1◦ horizontal sampling and on 29
depth slices starting at 50 km of depth with a 100 km spacing
from 100 to 2900 km of depth. This conversion into the same
1-D reference model eases comparison. Moreover, since both
the vertical structure and the horizontal patterns are nor-
malised, this also implies that the background model does
not impact our analysis. In addition to the gridded represen-
tation allowing fair graphical presentation, we interpolate the
datasets from the horizontal grids into a regular polyhedron
of 9002 equi-areal faces, the vertexes of which were gener-
ated through the icosahedron tool of (Zechmann, 2019). This
transformation produces a uniform sampling of the sphere,
with each vertex having a surface corresponding to that of a
250× 250 km2 square. Considering that the statistical meth-
ods used in this study use the captured variance as a ma-
jor criterion for ordering the components, the use of gridded
data would overweight the contribution at the poles in the
PC representation. The 180×360×29 individual model data
matrices are thus converted into 9002× 29 matrices. As the
shallowest layers contain the majority of the variability in the
velocity anomalies, most of the principal components will
be captured in those layers, which will be over-represented.
Hence, the shear-wave-speed and radial anisotropy perturba-
tions are normalised by slice; i.e. the mean value of the slice
is subtracted from each value, and each value is divided by
the standard deviation of the slice. This is relevant, as in this
study we investigate relative values on a given profile; the
actual magnitude can be recovered by multiplying the load
patterns by the standard deviation of the layer in the origi-
nal model. The normalisation applied to the models does not
lead to a loss of information.

3 Methods

Previous studies have compared global tomography models
using k-means clustering (e.g. Lekic et al., 2012) or PCA
(Ritsema and Lekić, 2020). Though PCA is very different in
many respects from the clustering of the k-means method, it
is useful to start by comparing PCA and varimax PCA results
with those from the k-means for an illustrative tomography
model (S40RTS).

3.1 k-means clustering

Considering the three-dimensional dataset D(λi,φi,zj ), the
k-means algorithm (MacQueen, 1967) defines k clusters, cor-
responding to the k sets of horizontal positions (λi,φi) clos-
est to their average zi profiles. The algorithm is based on an
iterative procedure. At the first iteration, it randomly chooses
k horizontal positions used as cluster centres. Each point of
the dataset is then associated with the cluster centre to which
it is the closest. The average radial profile of the points at-
tributed to each given cluster is computed and used as the
new cluster centre for the next iteration. This is repeated un-
til convergence is achieved.

To make k-means and PCA representations somewhat
comparable, we use the clusters as horizontal patterns and
the average vertical profiles of each cluster as the PCs. By
construction, the variance captured by the k-means is notice-
ably smaller than that for the other methods, since it is not
meant to propose a compressed representation of the dataset
but rather to separate the dataset into subsets, which results
in an important loss of information.

3.2 Principal component analysis (PCA)

A 2-D matrix (Fj,k , j = 1, 2, . . . , J ; k = 1, 2, . . . ,K) is trans-
formed by the PCA into a sum of components, with each
component being composed of a load αn,j and an eigenvec-
tor An,k .

Fj,k =
N=min(J,K)∑

n=1
αn,jAn,k (1)

In our case, Fj,k corresponds to the velocity anomaly at
horizontal position pj = (λj ,φj ) and depth zk . The An,k are
the eigenvectors, or principal components (PCs), of the co-
variance matrix. These PCs are orthogonal vertical structures
representing the covariance between the slices of the model.
It has large positive values if the horizontal structures from
two layers are positively correlated, zero values if the struc-
tures are not correlated, and large negative values if they are
anticorrelated. The loading patterns αn,j are also orthogonal
to each other, and each αi,j results from the projection of the
dataset on the PC i, capturing the horizontal structure i asso-
ciated with the vertical anomaly profile Ai,k . The loads take
continuous positive and negative values. Here, those patterns
correspond to horizontal maps showing where each vertical
structure is more or less important in the model.

The components are ordered by decreasing eigenvalue, as
the variance captured by each PC is directly proportional to
the eigenvalue of the PC. Due to their orthogonality and to
the mathematical properties of the transformation, the vari-
ance captured by each PC drops rapidly with the order so that
a small number of independent components (Ñ �N = 29)
is often sufficient to capture most of the information, allow-
ing an efficient compression of the dataset.
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Table 1. Global tomography models used in this study, including a short description of the data, parameterisation and the modelling approach
used in their construction. All models were built using least-squares inversions with different regularisation choices.

Model Dataset Parameterisation Modelling approach

SGLOBE-rani
(Chang et al., 2015)

Fundamental-mode group-velocity
data (T ∼ 16–150 s), fundamental
and overtone phase-velocity data
(25–374 s, up to the fourth over-
tone),
body-wave travel times

Spherical harmonics up to
degree 35 (laterally) and 21
spline functions (radially);
1-D reference model: PREM

Ray theory, regularisation:
norm damping

SAVANI
(Auer et al., 2014)

Fundamental and overtone phase
velocities (T ∼ 25–370 s, up to
the fourth overtone), body-wave
travel times

Variable size blocks on a 5◦×5◦

base grid (laterally), 28 variable
thickness depth layers;
1-D reference model: PREM

Ray theory, regularisation:
vertical and horizontal smoothing

S20RTS
(Ritsema, 1999)

Fundamental-mode and overtone
phase velocities (T ∼ 40–275 s,
up to the fourth overtone),
body-wave travel times, even-
degree
self-coupling normal-mode
splitting functions

Spherical harmonics up to
degree 20 (laterally) and
21 spline functions (radially);
1-D reference model: PREM

Ray theory, regularisation:
norm damping

S40RTS
(Ritsema et al., 2011)

Expanded dataset of S20RTS
(increased number of
measurements)

Spherical harmonics up to
degree 40 (laterally) and
21 spline functions (radially);
1-D reference model: PREM

Ray theory, regularisation:
norm damping

SEMUCB−WM1
(French and Romanow-
icz, 2014)

Body waveforms (T > 32 s),
surface waveforms (T > 60 s)

Spherical splines with spacing
< 2◦ (laterally) and 20 cubic
b splines (radially);
1-D reference model:
own model

Spectral element method for
forward modelling, non-linear
asymptotic coupling theory
for inverse modelling;
regularisation: vertical and
horizontal smoothing

S362WMANI+M
(Moulik and Ekström,
2014)

Fundamental-mode phase veloci-
ties
(T ∼ 35–150 s), body-wave
travel times and waveforms,
normal-mode splitting functions

362 spherical splines (laterally)
and 16 cubic splines (radially);
1-D reference model: STW105
(Kustowski et al., 2008)

Ray theory, regularisation:
vertical and horizontal smoothing

SEISGLOB2
(Durand et al., 2017)

Fundamental and overtone phase
velocities (T ∼ 40–360 s, up to the
fifth overtone), body-wave travel
times, normal-mode self- and
cross-coupling coefficients

Spherical harmonics up to
degree 40 (laterally) and
21 spline functions (radially)

Ray theory, regularisation:
lateral smoothing controlled by an
horizontal correlation length

Unlike clustering methods, which are binary in that any
horizontal location only belongs to one cluster, PCA com-
putes the amplitude of the contribution from each principal
component for every horizontal location, providing a com-
pressed reconstruction of the dataset.

The first PC corresponds to the dominant covariance,
which might be physically associated with a global phenom-
ena – in our case, a structure that would develop on the whole
mantle depth – or a more local feature, i.e. associated with a
limited depth range. But this covariance structure might also
correlate with other features from other depths, which will

also be retrieved in the first PC. The second PC being or-
thogonal to the first, some of the physics might have been
subtracted by the computation of the first PC, and it is even
more so for the following principal components.

3.3 Varimax PCA

Used on space–time datasets, PCA often produces artefacts
from the domain geometry (Richman, 1986): the topogra-
phies of the PCs are primarily determined by the shape of
the domain and not by the covariation among the data. In
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other words, different correlation functions on a geometri-
cally shaped domain have similar load patterns in a pre-
dictable sequence, which do not reflect the underlying co-
variation. This is the case of square domains found, for ex-
ample, on meteorological maps; in our case, the unrotated
PCs show a harmonic-like progression, with one maximum
for the first PC, two for the second, and so on. In contrast,
the varimax rotation captures distinct, well-defined depth
domains in the mantle, which are easier to interpret physi-
cally. Hence, the physical interpretation of the PCs and load
can be made easier by redistributing PCA components along
other eigenvectors, thereby maximising a functional of the
loads that favours some physical properties that appear phys-
ically meaningful (von Storch and Zwiers, 1999; Neuhaus
and Wrigley, 1954). There are several possible redistribution
options for the PCs (von Storch and Zwiers, 1999; Browne,
2001; Jolliffe, 2005). Among those, varimax rotation (Kaiser,
1958) favours PCs with large values concentrated on the
smallest possible subset of depths and preserves the orthog-
onality of the PCs.

Varimax rotation corresponds to a rotation on the basis of
the same information space as that generated by the PCA;
consequently, the total variance captured by Ñ components
is exactly the same for both types of PCs but distributed dif-
ferently between the components, with a slower variance de-
crease for the varimax rotated solution. Considering the vari-
ance captured by the PCA components, the number Ñ of PCs
to keep is selected to meet a given criterion: the total vari-
ance captured, a fixed number of components or the mini-
mum variance captured by a PC kept. Then we define new Ñ

components so that

Fj,k '
Ñ∑
n=1

αn,jAn,k =

Ñ∑
n=1

βn,jBn,k. (2)

βn,j represents the new horizontal structures, and the new
PCs, Bn,k , are chosen to maximise a given objective function
V , defined by the sum of the values of the objective functions
Vn computed over each PC:

V =

Ñ∑
n

Vn
(
Bn,k

)
, (3)

with

Vn =
1
K

K∑
k=1

(
Bn,k

sk

)4

−
1
K2

K∑
k=1

(
Bn,k

sk

)2

, (4)

where sk represents normalisation factors, with sk = 1, for all
k in the case of varimax rotation.

This transformation corresponds to a rotation of the PCs
because the subspace generated by the transformation – or
the reconstructed model – is the same as with the non-rotated
PCA limited to Ñ components. In our case, it limits the ver-
tical extension of the PCs; i.e. each PC shows large values on
only a few depths and/or slices.

The associated horizontal structures, βn,j , are recomputed
by projection of the tomography model on the rotated verti-
cal profile. This rotation conserves the orthogonality of the
eigenvector, which is not the case for all the possible rota-
tions, but the horizontal loads are often not orthogonal any-
more (Mestas-Nuñez, 2000). The total variance captured by
the rotated PCs is the same as that from unrotated PCs, but
the decrease in the variance is slower than that from the orig-
inal decomposition.

4 Comparing the PCA, varimax rotated PCA and
k-means results for the model S40RTS

Figure 1 shows the PCs and loads resulting from the applica-
tion of the PCA, varimax rotated PCA and k-means cluster-
ing methods to the tomography model S40RTS for a six-PC
decomposition. All the methods are applied to the same nor-
malised data. The x axis, i.e. the amplitude of the vertical
eigenvectors, represents the maximum absolute value of the
normalised anomaly at a given depth. It must be multiplied
by the horizontal loading pattern, which provides normalised
loads ranging between −1 and 1.

Figure 1 highlights the complementarity of the k-means
and varimax PCA methods. While the k-means method al-
lows us to highlight key large-scale features, such as the dis-
tribution of lowermost mantle velocity and to compare how
it appears in the different models (e.g. Lekic et al., 2012),
the varimax PCA approach provides a compressed represen-
tation of the full model. Being binary, the k-means method
does not provide amplitudes; i.e. the load for each PC is ei-
ther 0 or 1: every location is part of one k-means cluster,
while it can be part of several PCs in the PCA. The latter in-
herently captures more complexity with fewer principal com-
ponents than k-means clustering. Hence, it is not surprising
that the six k-means components capture only 34 % of the to-
tal model variance, whereas both PC-based methods recover
83.2 % (Fig. 1). Therefore, while the k-means method is a
useful classification technique that allows a subset of data
to be separated out from others, varimax PCA is a distinct,
valuable compression technique that reduces the number of
parameters while minimising loss of information. It allows
identifying the most important components of tomographic
models, easing their interpretation.

As expected, the PCA profilesAi(z) show increasingly os-
cillating patterns with i, which may lead to nonphysical in-
terpretations. For example, the signature of tectonic patterns
such as ridges, subduction zones and cratons spread over the
whole mantle (principal components 4 and 5, purple and cyan
in the top row in Fig. 1) observed in the unrotated PC repre-
sentation makes no physical sense. More generally, the verti-
cal profiles retrieved by PC analysis are certainly not all as-
sociated with sound geophysical structures. Only the first PC
(red) provides directly interpretable patterns: the African and
Pacific large low-shear-velocity provinces (LLSVPs) (Gar-
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nero and McNamara, 2008; McNamara, 2019), whose depth
extent with a maximum below 1800 km can be nicely vi-
sualised in Fig. 1. Without normalisation, every eigenvec-
tor shows a strong contribution from the shallowest man-
tle (< 250 km), where most of the variance is located, as
in Ritsema and Lekić (2020). Indeed, due to the absence
of normalisation, all four main PCs obtained by Ritsema
and Lekić (2020) contain a lot of energy in the shallowest
zone, while our normalisation allows keeping the tectonically
driven zone in essentially two components out of six (com-
ponent 4 capturing 7.6 % of the variance and component 5
capturing 6.2 %.)

On the other hand, the normalised varimax procedure re-
covers well-known structures. Within its first mode, we re-
cover the tectonic patterns, and the LLSVPs gradually ap-
pear in the three last components (for a more detailed anal-
ysis, see the next section). Based on these comparisons, we
find that the varimax PC method is useful to concentrate co-
herent information at different depths that is available in the
seismic tomography models, without any preconception. The
next sections will thus focus on the application of this method
to the interpretation of the global tomography models consid-
ered in this study.

5 Compressed information from varimax PCA

5.1 Comparison of vertical profiles and horizontal
patterns

We use varimax PCA to compress the seven tomography
models described in Sect. 2 into a set of components, keep-
ing only the most important ones, as explained below. Each
component is composed of a vertical profile obtained directly
from the varimax process and an associated horizontal pat-
tern, which is computed by projecting the model on the pro-
file. Such data compression is useful to compare the models
if three major conditions hold. First, a subset of components
must capture most of the variance of the signal, with the
number of components being significantly smaller than the
original number of depth splines and boxes, and enhance the
signal-to-noise ratio. Secondly, the relevant structures in the
mantle, which will be used for comparison and for geolog-
ical interpretation, should not be distorted by the compres-
sion; i.e. their shape and position must remain unchanged.
Third, the power spectral densities should not be altered by
the compression process.

In order to facilitate the comparison of the horizontal
structures in the models, we label the varimax components
obtained from the varimax PCA using capital letters in al-
phabetical order from components sensitive to shallow man-
tle structure to components sensitive to the lowermost mantle
structure. Figure 2 shows the variance captured by the vari-
max PCA applied to the different models. The varimax anal-
ysis is performed by considering all the components captur-

ing more than 1 % of the variance of the signal in the classi-
cal PCA. Keeping only the components with variance above
1 % limits the number of maps, facilitating the quest for rele-
vant information. Tests with 5 % and 10 % thresholds showed
that some important information is lost. When using a 10 %
threshold, all the models are represented by three compo-
nents only, which misrepresent known structures such as
ridges or subduction zones. Moreover, the depth distributions
of the corresponding PCAs become quite broad and impre-
cise, each stretching over more than 1000 km depth ranges.
In the 5 % threshold case, the models are represented by four
(SAVANIi) to six components (SEMUCB−WM1i, SEIS-
GLOB2). Again, information is lost concerning e.g. ridges or
subduction zones, and the depth information is spread over a
depth range greater than 500 km for all components and for
all models.

The simplification brought by the varimax method is par-
ticularly efficient for tomography models with weak regulari-
sation, such as SGLOBE-ranii, wherein short-scale structure
is likely mixed with noise. Figure 2 shows that the number
of varimax components ranges from 7 for model SAVANIi
to 15 for SGLOBE-ranii, with the total variance captured
by all these principal components always exceeding 97.3 %
(see also Table 2, which summarises the components kept
in the varimax analysis). The number of varimax compo-
nents required by each model depends on the details of the
model’s construction, such as the data used (Table 1), and,
importantly, on subjective choices made, such as the level
of regularisation used. Increasing the strength of regularisa-
tion reduces the model’s effective number of free parameters
and hence the number of varimax components required by
the model. As the SAVANI model only needs seven varimax
PCA components, the shallowest component concentrates a
lot of information (26 % of the variance) that is spread into
more components for the other models. Table 2 shows that
the number of PCs needed to explain 97.3 % or more of the
total information in the tomography models is always smaller
than the number of splines or layers used in the models’ orig-
inal depth parameterisation, with 29 % to 75 % fewer PCs
than depth splines and layers.

This fulfils the first condition for the usefulness of the data
compression mentioned above. In order to check the second
condition previously mentioned, Fig. B1 compares six exam-
ples of depth slices in the original SEMUCB−WM1i model
with those obtained from the model’s reconstruction using
varimax analysis. The differences between the original and
reconstructed models are small and random, highlighting the
fact that the compression process does not distort the model’s
features. The residual signal is the part of the models that is
not covariant vertically. We also verified that there are only
very small, random differences between the power spectra of
the original and the reconstructed models (see Figs. B2 and
B3 in the Appendix). Hence, the third condition of usefulness
of the data compression used in this study is also satisfied.
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Figure 1. Results from the PC, varimax and k-means methods applied to the model S40RTS using six principal components. The varimax PC
and loads are normalised in such a way that the horizontal patterns (load) range between −1 and 1, with orange corresponding to negative,
blue to positive and white to zero, with the intensity being proportional to the value. We note that while this normalisation eases the analysis,
it does not lead to a loss of information (see main text for details). Unlike the classical variance-based sorting of the principal components,
we order the varimax components by the depth of the profile’s maximum.

Figure 3 shows the varimax PCs for all the tomography
models used in this study, together with the spline functions
or the variable thickness depth layers used in the models’ pa-
rameterisation. The vertical profiles differ from one model
to the other in both numbers of components and the depths
of their maxima. For example, as shown in Fig. 2, SAVANIi
requires 7 components, while SGLOBE-ranii needs 15 com-
ponents. We re-emphasise that the number of principal com-
ponents obtained for a given model reflects their amount of
independent information, which in turn depends heavily on
choices made during the model’s construction, such as regu-
larisation and the amount and type of data used.

The horizontal patterns obtained from the varimax PCA
also show distinct features, but this is not always in the
same way as for the vertical profiles (Figs. 4, C1–C6).
S20RTS shows sharp vertical profiles (Fig. C3) and even

contains one more PC (13) in the upper mantle than the up-
dated S40RTS model (12, Fig. C4), but the horizontal pat-
terns are smoother. This is likely due to the fact that the
latter model is constrained by about 10 times more data
and used a different level of regularisation (Ritsema et al.,
2011). SGLOBE-ranii, SEMUCB−WM1i and SEISGLOB2
(Figs. C1, 4 and C6) depict sharper horizontal patterns than
SAVANIi, S362WMANI+Mi and S20RTS (Figs. C2, C5
and C3). SEMUCB−WM1i and SAVANIi (Figs. 4 and C2)
show vertical profiles concentrated closer to the surface, but
their horizontal patterns are different. The PC B of SAVANIi
(∼ 200 km of depth; Fig. C2) corresponds to low-velocity
anomalies underneath all oceans, which is also the case for
S20RTS and S362WMANI+Mi (Figs. C3 and C5), but not
for SGLOBE-ranii and SEISGLOB2 (Figs. C1 and C6). Such
upper mantle low velocities beneath the oceans also appear
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Figure 2. Captured variance by the PC varimax method, applied
to the isotropic part of the seven tomography models used in this
study. The number of components is chosen such that during the
PCA, we only keep the components explaining more than 1 % of the
variance, which occurs after 7 (SAVANIi) to 15 (SGLOBE-ranii)
components. The varimax PCs are sorted alphabetically from the
shallowest one to the deepest ones.

in the models S40RTS and SEMUCB−WM1i, but with a
higher level of detail (Figs. C4 and 4).

We note in Fig. 3 that the vertical components obtained
from the varimax analysis do not fully correspond to the
depth parameterisations used to build the models, especially
above the 660 km discontinuity, where there are 2.3 to 3.3
fewer PCs than original spline functions or boxes. This im-
plies that the PCs do not simply reflect the model parame-
terisation and inform us about the independence between the
slices reconstructed from the model. The PCA objectifies the
number of splines and boxes consistent with the amount of
information present in the model. In the upper mantle, for all
models, we end up with three to four PCs. In the lower man-
tle, the correspondence differs from one model to the other,
whereas we observe three categories.

1. SGLOBE-rani. The PCA reproduces the original spline
functions quite well except the two deepest ones, which
are recovered into one PCA. This is probably due to the
relatively weak regularisation used (Chang et al., 2015).

2. SEISGLOB2, S20RTS and S40RTS. Most of the PCs
reproduce the splines. For S20RTS and S40RTS, one
PC encompasses the depth associated with two splines
between 1500 and 2000 km, while the first spline just
underneath the 660 km discontinuity is not taken over
by any PC. For SEISGLOB2 there is one PC for two
splines between 800 and 1000 km.

3. S362WMANI+Mi, SAVANI and SEMUCB−WM1i. A
total of 10 splines are encompassed by five modes
for SEMUCB−WM1i and 8 splines by five modes for

S362WMANI+Mi. For SAVANIi, the structure of the
PCs seems independent from the box parameterisation.

This shows that overall the tomography models do not
have a strong imprint of the depth regularisation used
in their construction. This is especially true above the
600 km discontinuity or in the whole mantle for the SA-
VANIi, S362WMANI+Mi and SEMUCB−WM1i models,
for which the information is recovered by fewer PCs than the
number of spline functions or boxes.

One of the most striking differences between the models
is the way the signal is distributed between 500 and 1500 km
of depth. In this region the different tomography models re-
quire between two (SAVANIi D–E) and seven PCs (three for
S362WMANI+Mi C–E and SEMUCB−WM1i D–F; five for
SEISGLOB2 D–H; six for S20RTS D–I and S40RTS C–
H; seven for SGLOBE-ranii D–J). The observed variabil-
ity in the number of required PCs likely reflects the level
of model regularisation used in the construction of the var-
ious tomography models as well as the amount and vari-
ety of data used (e.g. if the model does not include con-
straints from overtones, structures in the transition zone and
mid-mantle might not be well-retrieved). Moreover, the treat-
ment of discontinuity topography may also matter because
neglecting this topography could map directly into isotropic
wave-speed variations in the mid-mantle. The PC E of SA-
VANIi (∼ 1200 km of depth) is dominated by low-velocity
anomalies and shows a substantially different pattern than
e.g. the PC F of SEMUCB−WM1i and the PC G of SEIS-
GLOB2 (∼ 1300 km of depth), which depict alternating low-
and high-velocity zones. The principal components G (∼
1000 km of depth) and H (∼ 1100 km of depth) of SGLOBE-
ranii present mostly low-velocity anomalies, which are sim-
ilar to the components F of S40RTS and G of S20RTS, both
at ∼ 1100 km of depth, but in these two latter models we
also observe a high-velocity anomaly under the northwest-
ern Indian ocean. In SAVANIi, this is also observed on its
PC E (∼ 1200 km of depth), which, is however, much more
broadly distributed at depth. These differences between the
models reflect the high level of uncertainty for this part of
the mantle, which is likely due to its limited data coverage.

5.2 Geophysical interpretation

A fully detailed geological and geophysical discussion of
the models is beyond the scope of this study and has al-
ready been performed in many previous studies (see e.g. Mc-
Namara, 2019; Flament et al., 2017; Ballmer et al., 2015;
Pavlis et al., 2012; van der Meer et al., 2018; Rudolph et al.,
2015; Ritsema et al., 2011). Varimax PCA recovers all the
features discussed in these studies. Table 3 compares how
key Earth structures are captured by the varimax analysis for
the isotropic part of the seven tomography models used in
this study (Figs. 4, C1–C5). The table covers ridges, rifts,
plateaus (low-velocity anomalies, red) and cratons (high-
velocity anomalies, blue) at depths of 50–300 km, which cor-
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Figure 3. Principal components for the different individual model varimax PCAs and the combined one (see Sect. 6) for the isotropic part of
the seven tomography models used in this study. Only the PC components above 1 % are kept in this analysis (Fig. 2). The dashed grey lines
represent the spline functions and the grey boxes the variable thickness depth layers used by the different models. The vertical dashed lines
indicate the 410 and 660 km seismic discontinuities.

Figure 4. The nine varimax components of the SEMUCB−WM1i model. On the right are the principal components or vertical profiles, and
on the left are the associated horizontal structures. The other models are shown in the Appendix in Figs. C1–C5.
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responds to the heterosphere (Dziewonski et al., 2010), sub-
ducted slabs (high-velocity anomalies) at 300–1300 km of
depth, and the LLSVPs and the Perm low-velocity zone in
the lowermost mantle (red anomalies).

Depending on the region, the high-velocity craton signa-
ture should reach a maximum depth between 100 and 175 km
(Begg et al., 2009; Heintz et al., 2005; Polet and Anderson,
1995), but tomography models often show a deeper signa-
ture, likely due to smearing effects. The model SGLOBE-
ranii is the most consistent with this depth limit, as most
of the cratons are concentrated in the second PC (∼ 100 km
of depth; PC B in Fig. C1), separating them from the cold
oceanic crust. This is possibly due to the huge set of data
sensitive to the upper mantle used in SGLOBE-ranii’s con-
struction, including massive sets of both phase- and group-
velocity measurements. Beneath Africa and the Baltic re-
gion, a high-velocity zone remains visible on the third PC
(∼ 300 km of depth; PC C in Fig. C1). For the other mod-
els, the craton signatures extend from 50 to ∼ 200–300 km
of depth.

The low-velocity zones underneath the Tibetan Plateau
(Legendre et al., 2015) and Hangai Dome, southwest of Lake
Baikal (Chen et al., 2015), are recovered by the first PC of all
models with a maximum at 50 km, but with different shapes.
These zones are smaller in SEMUCB−WM1i (Fig. 4) than
in SGLOBE-ranii and SAVANIi (Figs. C1 and C2), and
the Tibetan Plateau extends more to the south in SAVANIi
and S362WMANI+Mi (Figs. C2 and C5), being subdivided
into three small zones in S40RTS and SEMUCB−WM1i
(Figs. C4 and 4).

From ∼ 150 km to ∼ 800 km of depth, global tomography
models often show a low-velocity anomaly beneath the Pa-
cific (e.g. Lebedev and van der Hilst, 2008). For SAVANIi,
at ∼ 200 km of depth, it is difficult to distinguish between
the Pacific and other oceans. Its PC C, with a maximum at
∼ 400 km of depth, is confined to the central and western
Pacific, while the PC C of S362WMANI+Mi at ∼ 500 km
of depth is more to the southwest, resembling the PC D
of S20RTS (∼ 600 km of depth), D of S40RTS (∼ 700 km
of depth), E of SGLOBE-ranii (∼ 600 km of depth), D of
SEMUCB−WM1i (∼ 600 km of depth) and D of SEIS-
GLOB2 (∼ 700 km of depth).

All models show a high-velocity zone between ∼ 300 and
700 km of depth beneath the central Atlantic and along the
Atlantic coasts of South America and Africa, which is sim-
ilar to that from Fig. 9 of Ritsema et al. (2011) and already
discussed in Ritsema et al. (2004). Nevertheless, this zone
appears less clearly in SEMUCB−WM1i (Fig. 4 C–D) and
especially SGLOBE-ranii (Fig. C1 C–D), where it is mixed
with low-velocity patches. This anomaly is a region with long
transform faults, high gravity, anomalous ocean depth and
low melt production. It is thought to be the region of the At-
lantic that formed during the final stages of the opening of
the Atlantic because it was presumably the strongest part of
the Pangean continent (Bonatti, 1996).

In the East African Rift, the low-velocity anomaly aligned
with the Afar Depression and the Main Ethiopian Rift in
the uppermost mantle (Benoit et al., 2006; Hansen and
Nyblade, 2013) appears in all the models from the sur-
face to the LLSVP, with narrower contours in S40RTS,
SEMUCB−WM1i and SGLOBE-ranii than for the other
models. This is consistent with the presence of one or mul-
tiple mantle plumes in the region, as proposed in previous
studies (e.g. Hansen et al., 2012; Chang and Van der Lee,
2011; Chang et al., 2020).

All models show high-velocity subduction zones in the
western Pacific, among others, notably underneath the
Philippine Plate over two principal components with depths
∼ 400–800 km. This complex system mixes different sub-
duction zones (van der Meer et al., 2018). The Izu–Bonin
slab subducts westward down to ∼ 870 km of depth and
is connected in the upper ∼ 300–400 km of depth to the
Marianas to the south, which plunges vertically down to
∼ 1200 km of depth (components C–E in Fig. 4, C–G in
Fig. C1, C–D in Fig. C2, D–F in Fig. C3, C–D in Fig. C4,
C–D in Fig. C5 and C–F in Fig. C6).

More to the south (north of Papua New Guinea), the Car-
oline Ridge from ∼ 475 to 750 km presents high-velocity
anomalies. West of those zones, Manila and Sangihe present
high-velocity anomalies. Even more west, Banda, Sumatra
and Burma also present high-velocity anomalies. This is re-
covered by SGLOBE-ranii (components D–E in Fig. C1),
SEMUCB−WM1i (component D in Fig. 4) and SEIS-
GLOB2 (component D in Fig. C6), but it is broader, espe-
cially to the north, in S20RTS (components D–E in Fig. C3),
S40RTS (component C in Fig. C4), SAVANIi (components
C–D in Fig. C2) and S362WMANI+Mi (component C in
Fig. C5).

The Tonga–Kermadec subduction zone, located below the
south Fiji Basin down to a depth of ∼ 1300 km in the lower
mantle (van der Meer et al., 2018), is recovered by all models
but is less clear in S362WMANI+Mi (Fig. C5). Conversely,
SGLOBE-ranii, S40RTS, SEISGLOB2 and to a lesser ex-
tent SEMUCB−WM1i show a narrow arc-shaped signature
of this zone. On the other hand, it is difficult to assess a max-
imum depth of this subduction zone in SGLOBE-ranii.

All models evidence the LLSVPs, though they are
less clear in some models, such as SAVANIi and
S362WMANI+Mi (Fig. C5), and they appear quite patchy in
S40RTS and SGLOBE-ranii (Figs. C4 and C1). All the mod-
els show low-velocity anomalies spreading from the core–
mantle boundary (CMB), where the LLSVPs are clearly vis-
ible, to about 1500 km of depth, where low-velocity struc-
tures are less coherent (for example, components G–I in
Fig. C1). All together, the components encompassing the
LLSVPs capture 11 % (SAVANIi) to 29 % (S40RTS) of the
models’ information. The Perm anomaly is recovered in all
models for the two deepest components, apart for SAVANIi,
wherein it is recovered by the last PC only. This is because
this PC is quite broad, extending from∼ 2000 km of depth to
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Table 2. Variance [%] obtained from the individual varimax analy-
sis of each model. In parentheses, the number of components cap-
turing more than 1 % of the variance is shown. The last column
provides the variance captured by 12 components for the combined
analysis of the seven models, as discussed in Sect. 6. The second
column provides the number of splines or boxes originally used in
the models.

Model No. splines Single Combined
or boxes (no. of components) (12 components)

SGLOBE-ranii 21 98.2 (15) 92.0
SAVANIi 28 98.4 (7) 98.9
S20RTS 21 98.1 (13) 95.4
S40RTS 21 97.3 (12) 96.2
SEMUCB−WM1i 20 97.9 (9) 97.7
S362WMANI+Mi 16 98.5 (8) 97.9
SEISGLOB2 21 97.7 (13) 94.7

the CMB. These depths are consistent with e.g. the findings
of Lekic et al. (2012) and Flament et al. (2017), which esti-
mate that LLSVPs spread up to ∼ 500 km above the CMB.
Note that it is difficult to estimate the top of the LLSVPs
in S362WMANI+Mi, as there are persistent low-velocity
zones beneath e.g. eastern Europe up to the PC E centred
at ∼ 1300 km of depth (Fig. C5)

Our analysis allows determining the importance of the var-
ious elements of the models. For example, for all models,
principal components with maxima in their varimax PCs be-
low 1700 km of depth and dominated by LLSVPs explain
11 % (SAVANIi) to 24 % (SEISGLOB2) of the models’ in-
formation. On the other hand, principal components with
maxima in the top 300 km dominated by ridges, rifts and cra-
tons explain 22 % (SGLOBE-ranii) to 45 % (SAVANIi) of the
models’ information.

6 Combined PCA

The horizontal patterns associated with each PC result from
the projection of the tomography model on the varimax PCs,
which differ from one model to the other. As suggested by
Sengupta and Boyle (1998) in another context, it is interest-
ing to compare the different models using a common PCA,
which removes the inconsistencies between the representa-
tions. Thus, we apply a varimax PC analysis to the seven
models stacked on the horizontal axis, i.e. to a 7× 9002=
63014 by 29 matrix, and refer to the results as a combined
analysis in the remainder of this paper. Using the same 1 %
threshold limit as used before, this analysis generates 12 vari-
max PCs, i.e. 12 vertical profiles (A–L) common to the seven
models. Then, we compute the horizontal structures associ-
ated with each PC by projecting each of the seven models on
those vertical profiles (Figs. 5 and D1–D11).

Components A–D (at ∼ 50, 200, 300 and 600 km depths)
are mostly confined in the upper mantle, while lower mantle
structure is represented by components E–L (∼ 800, 1000,

Figure 5. PC F (maximum at 1000 km of depth) of the combined
analysis of the isotropic models. On the right are the principal com-
ponents or vertical profiles, and on the left are the associated hori-
zontal structures. The other components are shown in the Appendix
in Figs. D1–D11.

1200, 1400, 1700, 2000, 2300 and 2800 km depths), as
shown in the vertical profiles from the combined varimax
analysis presented in the last column of Fig. 3. As expected,
the vertical profiles from the combined analysis are smoother
than those from the individual model analysis for the
more detailed models (SGLOBE-ranii, SEMUCB−WM1i,
S40RTS and SEISGLOB2), and sharper for the smoothest
tomography models (SAVANIi, S20RTS, SEMUCB−WM1i
and S362WMANI+Mi). Note that the 1 % criterion is ap-
plied globally and not to the individual models, as was done
in the previous section. The last column of Table 2 shows the
total variance captured by the 12 components for each model.
It shows that the combined analysis is very efficient for the
smooth SAVANIi model, capturing 98.9 % of its variance,
whereas the variance captured for the other models lies be-
tween 92.0 % and 97.9 %. The SGLOBE-ranii model is only
resolved at the 92.0 % level, which is not surprising as it is
more detailed than the other models (likely due to the use
of less regularisation), with the individual analysis requiring
15 PCs and allowing a finer localisation of the models’ pat-
terns (Fig. C1).

Most of the patterns described in Table 3 and discussed
in the previous section are also recovered by the com-
bined analysis. This common projection makes it easier
to compare the components E (∼ 800 km of depth) to G
(∼ 1200 km of depth) in the lower mantle. These com-
ponents (Figs. 5 and D5–D6) capture ∼ 20.1 % of the
information in the models and display a similar pattern
in SGLOBE-ranii, S20RTS, S40RTS and SAVANIi. On
the other hand, SEMUCB−WM1i, S362WMANI+Mi and
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Table 3. Examples of key geophysical patterns recovered in the mantle by the varimax analysis (see Figs. 4 and C1–C6). HV: high-velocity
zone, LV: low-velocity zone.

Model SGLOBE SAVANIi S20RTS S40RTS SEMUCB S362W SEIS
−ranii −WM1i MANI+Mi GLOB2

No. of components 15 7 13 12 9 8 13

Ridges, rifts and plateaus

African Rift LV1 X X X X X X X
Fast-spreading Pacific zone 50–100 50–200 50 50 50 50 50
Tibetan Plateau, Hangai Dome LV2 50 50 50 50 50 50 50

Craton HV zones

African 100–200 50–200 50–300 50–300 50–200 50–300 50–200
Antarctic 100 50–200 50–300 50–300 50–200 50–300 50–200
Arabian 100 50–200 50–300 50–300 50–200 50–300 200
Australian 100 50–200 50–300 50–300 50–200 50–300 50–400
Baltic 100–200 50–200 50–300 50–300 50–200 50–300 50–200
Siberia 100 50–200 50–300 50–300 50–200 50–300 50–200
Indian 100 50–200 50–300 50–300 50–200 50–300 50
North American 100 50–200 50–200 50–300 50–200 50–300 50–400
South American 100 50–200 50–200 50–300 50–200 50–300 50–200

Back-arc LV

Japan 50–100 50–200 50 50 50–200 50 50
Philippines 50–100 50–200 50 50 50–200 50 50
Tonga–Kermadec 50–100 50–200 50 50 50–200 50 50

Subducted slabs

Izu Bonin–Mariana HV 300 200 200 300 Poor 400 ? 400
East Pacific HV 600–700 400–800 600–800 700 600 500 700
Tonga–Kermadec HV3 100–1300 400–1200 600–1300 800–1500 400–1300 300–1800? 200–1000
North Pacific, Sunda HV3 800–1100 400–1200 1000–1300 1000–1100 ? 500–800? 400–1000

Others

Pacific LV 300–600 200–400 200–300 300 200–600 300–500 200–700
Central Atlantic HV4 – 400 300–600 300–700 400–600 500 400–700

Lower mantle structures

LLSVPs 1400–2700 1900–2800 1500–2800 1500–2800 1300–2800 1800–2800 1900–2800
Perm LV 2300–2700 2800 2300–2800 2000–2800 2300–2800 2200–2800 2100

1 No clear interruption from the surface down to the CMB; 2 Legendre et al. (2015), Chen et al. (2015); 3 van der Meer et al. (2018) 4 Ritsema et al. (2011).

SEISGLOB2 show different features, such as e.g. fewer
high-velocity zones in this depth range. Regarding princi-
pal component H (∼ 1400 km of depth; Fig. D7), it de-
scribes 7.2 % of the information. All the models show a sim-
ilar large-scale pattern except for S362WMANI+Mi, which
shows isolated low-velocity zones in the Pacific, especially
in the south.

As shown in the previous section, all models display sev-
eral independent components in the lower mantle, making
between 36 % (SAVANIi) and 69 % (SEISGLOB2) of the
total components, depending on the model. This highlights
complexity in the lower mantle and supports recent studies
suggesting that the region of the lower mantle above the low-
ermost D′′ layer is more complex than previously thought.
For example, slab stagnation and lateral deflection of man-
tle plumes have been proposed in the uppermost lower man-
tle (Fukao and Obayashi, 2013; French and Romanowicz,
2015). Moreover, intriguing observations of seismic discon-
tinuities (Kawakatsu and Niu, 1994; Jenkins et al., 2017) and
scatterers (Kaneshima, 2016) have also been reported at these
depths. Compositional layering (Ballmer et al., 2015), a vis-
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cosity increase (Marquardt and Miyagi, 2015; Rudolph et al.,
2015) and spin transitions that seem to occur in Fe-bearing
mantle minerals (Lin et al., 2013) have been proposed in the
lower mantle, which can potentially influence the region’s
elasticity and transport properties.

6.1 Anisotropic structure

In addition to isotropic shear-wave-speed anomalies, four
of the models considered in our study also include
radial anisotropy perturbations: that is, speed differ-
ences between vertically and horizontally polarised shear
waves in SGLOBE-rania, SEMUCB−WM1a, SAVANIa and
S362WMANI+Ma. The seismic imaging of anisotropy is
more challenging than that of isotropic structure because
the sensitivity of seismic data to anisotropy is weaker (e.g.
Chang et al., 2014; Beghein and Trampert, 2004; Romanow-
icz and Wenk, 2017). Moreover, it has been shown that if
crustal effects are not properly modelled, this can lead to sub-
stantial errors in the estimated mantle anisotropy (Panning
et al., 2010; Ferreira et al., 2010; Chang et al., 2016; Boz-
dağ and Trampert, 2008; Lekić et al., 2010). These difficul-
ties are at least partly responsible for the strong differences
between existing radial anisotropy models (e.g. Fig. A1b).
Varimax PC analysis is thus a natural candidate to analyse
and compare the models since it enhances their robust infor-
mation. Figures E3 and E1–E10 show the vertical profiles
(varimax PCs) and horizontal patterns from the combined
varimax analysis on the anisotropic part of the four radially
anisotropic models, for which 10 components capture more
than 1 % of the variance. As expected, there is poorer agree-
ment between the radial anisotropy structure in the models
than between the isotropic structure discussed in the previous
sections, though some common features can be identified.

The two LLSVPs appear on the deepest PC J of SGLOBE-
rania and SEMUCB−WM1a (Fig. E10), which captures
10 % of the models’ information. The Pacific LLSVP barely
appears in the last PC for SAVANIa and S362WMANI+Ma.
However, as explained in Sect. 3, e.g. Kustowski et al.
(2008), Chang et al. (2014), and Chang et al. (2015) showed
that the signature of LLSVPs in radial anisotropy models is
an artefact due to leakage of isotropic structure into artificial
anisotropic structure in the lowermost mantle.

For PC B (with a maximum at ∼ 100 km of depth;
Fig. E2), a positive zone appears beneath the Pacific and the
Nazca plates in SGLOBE-rania, SAVANIa and to a lesser ex-
tent SEMUCB−WM1a, while no clear pattern is evidenced
in S362WMANI+Ma. The same holds true for mid-ocean
ridges. A positive anomaly is observed on PC C under the Pa-
cific Plate for all models, with a maximum around a depth of
200 km (Fig. E3). A broad positive radial anisotropy anomaly
beneath the Pacific at these upper mantle depths has been
well-documented in previous studies and may be due to hor-
izontal mantle flow in the region and/or thin layers of par-

tial melt in the asthenosphere (e.g. Ekström and Dziewonski,
1998; Gung et al., 2003).

Components B (maximum depth 100 km; Fig. E2),
D (maximum depth 400 km; Fig. E4) and especially
C (Fig. E3) evidence subduction patterns in SGLOBE-rania
(Alaska, Izu–Bonin, Fiji–Tonga–Kermadec). This is also ob-
served, but less clearly, for SAVANIa and S362WMANI+Ma
on PC C. We also distinguish subduction signatures deeper
in the mantle on PC F along Cascadia, Central and South
America, Tonga, the western Pacific, and the north of
the Mediterranean Sea (Fig. E6). An overall red negative
anisotropy anomaly for the first (PC A) is common to
SEMUCB−WM1a and SAVANIa (Fig. E1). SGLOBE-rani
shows such a red anomaly only under the oceans, which is
probably due to the different way the crust is treated in this
model, with crustal thickness perturbations being jointly in-
verted along with isotropic and anisotropic structure (Chang
et al., 2015).

7 Conclusions

Global seismic tomography models typically involve thou-
sands to tens of thousands of parameters, which can be cum-
bersome to handle and difficult to interpret. This is also true
for model comparison; we lack a common basis for com-
paring models built with different parameterisations. In this
study we used a rotated version of principal component anal-
ysis to compress the information and ease the geological in-
terpretation and model comparison. The varimax PC analy-
sis results in a separation of the information into different
components associated with depth distributions, which are
linked to a horizontal pattern obtained by orthogonal pro-
jection. We tested the analysis on seven global tomography
models: S20RTS, S40RTS, SEISGLOB2, SEMUCB−WM1,
SAVANI, SGLOBE−rani and S362WMANI+M; the latter
four include laterally varying radial anisotropy. We analysed
the models both individually and jointly.

We found that by using the varimax method we reduced
the number of independent depth components needed to de-
scribe more than 97 % of the total information in the tomog-
raphy models by 29 % to 75 %. We note that the scale of
heterogeneity is not relevant for the varimax PCA method,
which is only based on the vertical covariance. Consider-
ing the low amount of variance lost in the reconstruction
(e.g. Fig. 4) and the spectrum shown in the Appendix, we
capture most of the information, and we do not change the
spectrum of the signal. Thus, the method is valid for any
scale, as long as the signal is robust. In the varimax com-
parison, what is called noise is not the small-scale features,
but rather the part of the models that is not covariant ver-
tically. Hence, the varimax analysis simplifies the number
of patterns that needs to be analysed without any signifi-
cant loss of information; by ensuring the orthogonality of
the depth components, it eased the detection and compar-
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ison of the relevant information. Overall, the large major-
ity of depth components and horizontal maps obtained from
the varimax analysis are different from the original param-
eterisations used for building the models. This is especially
true above the 600 km discontinuity and in the whole mantle
for the SAVANIi, S362WMANI+Mi and SEMUCB−WM1i
models, wherein the information is recovered by fewer PCs
than the spline functions. This implies that the PCs do not
only reflect the model parameterisation and inform us about
the independence between the slices reconstructed from the
model. This also shows that the tomography models do not
have a strong imprint of their model parameterisation. The
varimax technique, being a data compression method, allows
an easier view of all information present in the tomography
models and is complementary to clustering methods, such as
the k-means technique, which allow us to evidence zones of
comparable properties. Both can help users get a better un-
derstanding of the Earth’s complex interior structure.

Being data-based, the varimax method is neutral with re-
spect to the assumptions made in the model’s construction.
The combined multi-model varimax analysis allows the com-
parison of the various tomography models on a neutral set of
modes determined by the level of compression fixed by the
user. Based on the vertical consistency between the various
tomography models, it provides a set of data-based vertical
distribution functions. Those functions represent the infor-
mation present in the PC-based reconstruction and how the
models relate to each other. It is fast and simple to imple-
ment, and, as we maximise the captured variance, the level
of compression is lower for a given number of components
and depths than would be required by other methods such as
k-means. As the truncation level is a free parameter, the user
controls the amount of signal suppressed from the compres-
sion to an arbitrary level.

When applying the varimax analysis to isotropic tomog-
raphy models, we found that the most important elements
of the models contributing to most of the information are
(i) large low-shear-velocity provinces (LLSVPs) in the low-
ermost mantle, (ii) subducted slabs and low-velocity anoma-
lies probably associated with mantle plumes in the upper and
lower mantle, and (iii) ridges and cratons in the uppermost
upper mantle. The analysis highlights several independent
components in the lower mantle that make between 36 %
and 69 % of the total components depending on the model,
which supports recent studies suggesting that the lower man-
tle is more complex than previously thought. The reasons for
this complexity remain a very active field of research. On
the other hand, we find limited agreement between the radial
anisotropy structure of the models, with common features
mainly in the asthenosphere and to some extent in the lower
mantle beneath the Pacific and beneath subduction zones.

Choices such as data types and amounts, as well as the
strength of regularisation used in the construction of tomog-
raphy models are probably key controls on the number of
varimax components required by each model. Hence, the

PCA-based model compression preserves the impact of the
choices made in the construction of the tomography models
and facilitates their interpretation in terms of geophysical ob-
jects. Future work will expand this analysis for the interpreta-
tion and comparison of local and regional models, which tend
to use more diverse underlying datasets than in global mod-
els and have highly variable spatial resolutions. Moreover,
we will also focus on comparisons with other sources of in-
formation, such as geodynamical models, gravity anomalies,
magnetic anomalies and heat fluxes.
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Appendix A: Models

Figure A1. Depth slices of the isotropic and anisotropic models used in this study at the depths of 100, 200, 300, 400, 600, 800, 1000, 1400,
2000 and 2900 km. The isotropic (a) and anisotropic (b) models show perturbations in shear-wave speed and in ξ = V 2

SH/V
2
SV with respect to

PREM (Dziewonski and Anderson, 1981), respectively. The colour scale is normalised to vary from−max to+max, with the range of model
amplitude variations shown at the left of each row. For simplicity, in the remainder of this paper we add the letter “i” to the tomography
models’ names when referring to their isotropic part and we add the letter “a” when referring to their radially anisotropic part; in the different
figures “SGLOBE” will stand for SGLOBE-rani and “SEMUCB” for SEMUCB-WM1.
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Appendix B: Comparison of the original and the
reconstructed models

B1 Spatial domain

Figure B1. Examples of six depth slices in the original SEMUCB−WM1i model (top), in the model recovered without the principal compo-
nents with less than 1 % of the variance, i.e. with nine components (middle), and differences between the two (bottom).
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B2 Spectral domain

Figure B2. PSDs of the original models.

Figure B3. PSDs of the reconstructed models from the varimax modes. The number of modes is given in Table 2.
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Appendix C: Varimax PCA of isotropic models

Figure C1. The 15 varimax components of the isotropic part of the SGLOBE-rani model. On the right are the principal components or
vertical profiles, and on the left are the associated horizontal structures.

Figure C2. The seven varimax components of the isotropic part of the SAVANI model.
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Figure C3. The 13 varimax components of the S20RTS model.

Figure C4. The 12 varimax components of the S40RTS model.
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Figure C5. The eight varimax components of the isotropic part of the S362WMANI+M model.

Figure C6. The 13 varimax components of the isotropic part of the SEISGlob2 model.
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Appendix D: Combined PCA of isotropic models

Figure D1. PC A (maximum at 50 km of depth) of the combined analysis of the isotropic parts of the models. On the right are the principal
components or vertical profiles, and on the left are the associated horizontal structures.

Figure D2. PC B (maximum at 200 km of depth) of the combined analysis of the isotropic parts of the models.
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Figure D3. PC C (maximum at 300 km of depth) of the combined analysis of the isotropic parts of the models.

Figure D4. PC D (maximum at 600 km of depth) of the combined analysis of the isotropic parts of the models.
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Figure D5. PC E (maximum at 800 km of depth) of the combined analysis of the isotropic parts of the models.

Figure D6. PC G (maximum at 1200 km of depth) of the combined analysis of the isotropic parts of the models.

https://doi.org/10.5194/se-12-1601-2021 Solid Earth, 12, 1601–1634, 2021



1624 O. de Viron et al.: Comparing tomography models using varimax PCA

Figure D7. PC H (maximum at 1400 km of depth) of the combined analysis of the isotropic parts of the models.

Figure D8. PC I (maximum at 1700 km of depth) of the combined analysis of the isotropic parts of the models.
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Figure D9. PC J (maximum at 2000 km of depth) of the combined analysis of the isotropic parts of the models.

Figure D10. PC K (maximum at 2300 km of depth) of the combined analysis of the isotropic parts of the models.

https://doi.org/10.5194/se-12-1601-2021 Solid Earth, 12, 1601–1634, 2021



1626 O. de Viron et al.: Comparing tomography models using varimax PCA

Figure D11. PC L (maximum at 2800 km of depth) of the combined analysis of the isotropic parts of the models.
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Appendix E: Combined PCA of anisotropic models

Figure E1. PC A (maximum at 50 km of depth) of the combined analysis of the anisotropic parts of the models. On the right are the principal
components or vertical profiles, and on the left are the associated horizontal structures.

Figure E2. PC B (maximum at 100 km of depth) of the combined analysis of the anisotropic parts of the models.
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Figure E3. PC C (maximum at 200 km of depth) of the combined analysis of the anisotropic models.

Figure E4. PC D (maximum at 400 km of depth) of the combined analysis of the anisotropic parts of the models.
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Figure E5. PC E (maximum at 600 km of depth) of the combined analysis of the anisotropic parts of the models.

Figure E6. PC F (maximum at 800 km of depth) of the combined analysis of the anisotropic parts of the models.
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Figure E7. PC G (maximum at 1300 km of depth) of the combined analysis of the anisotropic parts of the models.

Figure E8. PC H (maximum at 1900 km of depth) of the combined analysis of the anisotropic parts of the models.
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Figure E9. PC I (maximum at 2300 km of depth) of the combined analysis of the anisotropic parts of the models.

Figure E10. PC J (maximum at 2800 km of depth) of the combined analysis of the anisotropic parts of the models.
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Code and data availability. A Python function for computing PCA
and varimax PCA is provided at https://gitlab.univ-lr.fr/odeviron/
varimax/ (de Viron, 2020). With our configuration, i.e. 29 slices
with 9000 points per profile, it analyses an individual model in about
0.15 CPU seconds, whereas the combined analysis with seven mod-
els takes about 1.3 CPU seconds using a 2.3 GHz eight-core Intel
Core i9.
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Bozdağ, E. and Trampert, J.: On crustal corrections in sur-
face wave tomography, Geophys. J. Int., 172, 1066–1082,
https://doi.org/10.1111/j.1365-246X.2007.03690.x, 2008.

Browne, M. W.: An Overview of Analytic Rotation in Ex-
ploratory Factor Analysis, Multivar. Behav. Res., 36, 111–150,
https://doi.org/10.1207/S15327906MBR3601_05, 2001.

Chang, S.-J., Ferreira, A. M. G., Ritsema, J., van Heijst, H. J.,
and Woodhouse, J. H.: Joint inversion for global isotropic and
radially anisotropic mantle structure including crustal thick-
ness perturbations, J. Geophys. Res.-Sol. Ea., 120, 4278–4300,
https://doi.org/10.1002/2014JB011824, 2015.

Chang, S., Kendall, E., Davaille, A., and Ferreira, A.
M. G.: The Evolution of Mantle Plumes in East Africa,
J. Geophys. Res.- Sol. Ea., 125, e2020JB019929,
https://doi.org/10.1029/2020JB019929, 2020.

Chang, S.-J. and Van der Lee, S.: Mantle plumes and associated
flow beneath Arabia and East Africa, Earth Planet. Sci. Lett., 302,
448–454, https://doi.org/10.1016/j.epsl.2010.12.050, 2011.

Chang, S.-J., Ferreira, A. M., Ritsema, J., van Heijst, H. J.,
and Woodhouse, J. H.: Global radially anisotropic man-
tle structure from multiple datasets: A review, current
challenges, and outlook, Tectonophysics, 617, 1–19,
https://doi.org/10.1016/j.tecto.2014.01.033, 2014.

Chang, S.-J., Ferreira, A. M. G., and Faccenda, M.: Upper-
and mid-mantle interaction between the Samoan plume
and the Tonga–Kermadec slabs, Nat. Commun., 7, 10799,
https://doi.org/10.1038/ncomms10799, 2016.

Chen, M., Niu, F., Liu, Q., and Tromp, J.: Mantle-driven up-
lift of Hangai Dome: New seismic constraints from ad-
joint tomography, Geophys. Res. Lett., 42, 6967–6974,
https://doi.org/10.1002/2015GL065018, 2015.

Cottaar, S. and Lekic, V.: Morphology of seismically slow
lower-mantle structures, Geophys. J. Int., 207, 1122–1136,
https://doi.org/10.1093/gji/ggw324, 2016.

de Viron, O.: Varimax function, GitHub [Dataset], avail-
able at: https://gitlab.univ-lr.fr/odeviron/varimax/, last access:
7 May 2020.

Durand, S., Debayle, E., Ricard, Y., Zaroli, C., and Lambotte, S.:
Confirmation of a change in the global shear velocity pattern
at around 1000 km depth, Geophys. J. Int., 211, 1628–1639,
https://doi.org/10.1093/gji/ggx405, 2017.

Durand, S., Abreu, R., and Thomas, C.: SeisTomoPy: Fast
Visualization, Comparison, and Calculations in Global
Tomographic Models, Seismol. Res. Lett., 89, 658–667,
https://doi.org/10.1785/0220170142, 2018.

Solid Earth, 12, 1601–1634, 2021 https://doi.org/10.5194/se-12-1601-2021

https://gitlab.univ-lr.fr/odeviron/varimax/
https://gitlab.univ-lr.fr/odeviron/varimax/
https://doi.org/10.1002/2013JB010773
https://doi.org/10.1126/sciadv.1500815
https://doi.org/10.1029/2001GC000168
https://doi.org/10.1130/GES00179.1
https://doi.org/10.1016/S0012-821X(03)00575-2
https://doi.org/10.1029/2006GC001398
https://doi.org/10.1016/0012-821X(96)00125-2
https://doi.org/10.1111/j.1365-246X.2007.03690.x
https://doi.org/10.1207/S15327906MBR3601_05
https://doi.org/10.1002/2014JB011824
https://doi.org/10.1029/2020JB019929
https://doi.org/10.1016/j.epsl.2010.12.050
https://doi.org/10.1016/j.tecto.2014.01.033
https://doi.org/10.1038/ncomms10799
https://doi.org/10.1002/2015GL065018
https://doi.org/10.1093/gji/ggw324
https://gitlab.univ-lr.fr/odeviron/varimax/
https://doi.org/10.1093/gji/ggx405
https://doi.org/10.1785/0220170142


O. de Viron et al.: Comparing tomography models using varimax PCA 1633

Dziewonski, A. and Anderson, D. L.: Preliminary refer-
ence Earth model, Phys. Earth Planet. In., 25, 297–356,
https://doi.org/10.1016/0031-9201(81)90046-7, 1981.

Dziewonski, A. M., Lekic, V., and Romanowicz, B. A.:
Mantle Anchor Structure: An argument for bottom
up tectonics, Earth Planet. Sc. Lett., 299, 69–79,
https://doi.org/10.1016/j.epsl.2010.08.013, 2010.

Ekström, G. and Dziewonski, A. M.: The unique anisotropy
of the Pacific upper mantle, Nature, 394, 168–172,
https://doi.org/10.1038/28148, 1998.

French, S. W. and Romanowicz, B. A.: Whole-mantle radi-
ally anisotropic shear velocity structure from spectral-element
waveform tomography, Geophys. J. Int., 199, 1303–1327,
https://doi.org/10.1093/gji/ggu334, 2014.

Ferreira, A. M. G., Woodhouse, J. H., Visser, K., and Tram-
pert, J.: On the robustness of global radially anisotropic
surface wave tomography, J. Geophys. Res., 115, B04313,
https://doi.org/10.1029/2009JB006716, 2010.

Ferreira, A. M. G., Faccenda, M., Sturgeon, W., Chang, S.-
J., and Schardong, L.: Ubiquitous lower-mantle anisotropy
beneath subduction zones, Nat. Geosci., 12, 301–306,
https://doi.org/10.1038/s41561-019-0325-7, 2019.

Flament, N., Williams, S., Müller, R. D., Gurnis, M., and
Bower, D. J.: Origin and evolution of the deep thermo-
chemical structure beneath Eurasia, Nat. Commun., 8, 14164,
https://doi.org/10.1038/ncomms14164, 2017.

French, S. W. and Romanowicz, B.: Broad plumes rooted at the
base of the Earth’s mantle beneath major hotspots, Nature, 525,
95–99, https://doi.org/10.1038/nature14876, 2015.

Fukao, Y. and Obayashi, M.: Subducted slabs stagnant above,
penetrating through, and trapped below the 660 km dis-
continuity, J. Geophys. Res.-Sol. Ea., 118, 5920–5938,
https://doi.org/10.1002/2013JB010466, 2013.

Garnero, E. J. and McNamara, A. K.: Structure and Dy-
namics of Earth’s Lower Mantle, Science, 320, 626–628,
https://doi.org/10.1126/science.1148028, 2008.

Gung, Y., Panning, M., and Romanowicz, B.: Global anisotropy
and the thickness of continents, Nature, 422, 707–711,
https://doi.org/10.1038/nature01559, 2003.

Hansen, S. E. and Nyblade, A. A.: The deep seismic structure of the
Ethiopia/Afar hotspot and the African superplume, Geophys. J.
Int., 194, 118–124, https://doi.org/10.1093/gji/ggt116, 2013.

Hansen, S. E., Nyblade, A. A., and Benoit, M. H.: Mantle struc-
ture beneath Africa and Arabia from adaptively parameterized
P-wave tomography: Implications for the origin of Cenozoic
Afro-Arabian tectonism, Earth Planet. Sc. Lett., 319/320, 23–34,
https://doi.org/10.1016/j.epsl.2011.12.023, 2012.

Heintz, M., Debayle, E., and Vauchez, A.: Upper mantle struc-
ture of the South American continent and neighboring oceans
from surface wave tomography, Tectonophysics, 406, 115–139,
https://doi.org/10.1016/j.tecto.2005.05.006, 2005.

Horel, J. D.: A Rotated Principal Component Anal-
ysis of the Interannual Variability of the North-
ern Hemisphere 500 mb Height Field, Mon. Weather
Rev., 109, 2080–2092, https://doi.org/10.1175/1520-
0493(1981)109<2080:ARPCAO>2.0.CO;2, 1981.

Hosseini, K., Matthews, K. J., Sigloch, K., Shephard, G. E.,
Domeier, M., and Tsekhmistrenko, M.: SubMachine: Web-Based
Tools for Exploring Seismic Tomography and Other Models

of Earth’s Deep Interior, Geochem. Geophy. Geosy., 19, 1464–
1483, https://doi.org/10.1029/2018GC007431, 2018.

Hosseini, K., Sigloch, K., Tsekhmistrenko, M., Zaheri, A., Nissen-
Meyer, T., and Igel, H.: Global mantle structure from multifre-
quency tomography using P, PP and P-diffracted waves, Geo-
phys. J. Int., 220, 96–141, https://doi.org/10.1093/gji/ggz394,
2020.

Jenkins, J., Deuss, A., and Cottaar, S.: Converted phases
from sharp 1000 km depth mid-mantle heterogeneity be-
neath Western Europe, Earth Planet. Sc. Lett., 459, 196–207,
https://doi.org/10.1016/j.epsl.2016.11.031, 2017.

Jolliffe, I.: Principal Component Analysis, in: Encyclopedia of
Statistics in Behavioral Science, edited by: Everitt, B. S. and
Howell, D. C., John Wiley & Sons, Ltd, Chichester, UK,
https://doi.org/10.1002/0470013192.bsa501, 2005.

Kaiser, H. F.: The varimax criterion for analytic rota-
tion in factor analysis, Psychometrika, 23, 187–200,
https://doi.org/10.1007/BF02289233, 1958.

Kaneshima, S.: Seismic scatterers in the mid-lower
mantle, Phys. Earth Planet. In., 257, 105–114,
https://doi.org/10.1016/j.pepi.2016.05.004, 2016.

Kawakatsu, H. and Niu, F.: Seismic evidence for a 920-
km discontinuity in the mantle, Nature, 371, 301–305,
https://doi.org/10.1038/371301a0, 1994.

Kawamura, R.: A Rotated EOF Analysis of Global
Sea Surface Temperature Variability with In-
terannual and Interdecadal Scales, J. Phys.
Oceanogr., 24, 707–715, https://doi.org/10.1175/1520-
0485(1994)024<0707:AREAOG>2.0.CO;2, 1994.

Kustowski, B., Ekström, G., and Dziewoński, A. M.:
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