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Abstract With the advances in technology, seismological theory, and data acquisition, a number of
high-resolution seismic tomography models have been published. However, discrepancies between
tomography models often arise from different theoretical treatments of seismic wave propagation, different
inversion strategies, and different data sets. Using a fixed velocity-to-density scaling and a fixed radial
viscosity profile, we compute global mantle flow models associated with the different tomography models and
test the impact of these for explaining surface geophysical observations (geoid, dynamic topography, stress,
and strain rates). We use the joint modeling of lithosphere and mantle dynamics approach of Ghosh and Holt
(2012) to compute the full lithosphere stresses, except that we use HC for the mantle circulation model, which
accounts for the primary flow-coupling features associated with density-driven mantle flow. Our results show
that the seismic tomography models of S40RTS and SAW642AN provide a better match with surface observables
on a global scale than other models tested. Both of these tomography models have important similarities,
including upwellings located in Pacific, Eastern Africa, Iceland, and mid-ocean ridges in the Atlantic and Indian
Ocean and downwelling flowsmainly located beneath the Andes, theMiddle East, and central and Southeast Asia.

1. Introduction

Seismic tomographymodels can provide information about the nature of flow in the mantle as they, in principle,
provide a snapshot of the entire convection system [Becker and Boschi, 2002; Grand et al., 1997; Hager et al., 1985;
Mitrovica and Forte, 1997]. Since the first global seismic tomography model was produced by Dziewonski et al.
[1977], a continuing greater number of global seismic tomography models have been providing significantly
improved resolution and constraints on mantle structure and, consequently, its dynamic processes [Antolik
et al., 2000; Becker, 2012; Becker and Boschi, 2002; Boschi et al., 2007; Ekström and Dziewonski, 1998; Grand,
2002; Gu et al., 2001; Gudmundsson and Sambridge, 1998; Houser et al., 2008; Ishii and Tromp, 2001; Kárason
and van der Hilst, 2001; Kustowski et al., 2008; Lebedev and Van Der Hilst, 2008; Lekić et al., 2010; Lekić and
Romanowicz, 2011; Li et al., 2008; Masters et al., 2000; Mégnin and Romanowicz, 2000; Panning and
Romanowicz, 2006; Panning et al., 2010; Ritsema et al., 2011; Ritsema and Van Heijst, 2000; Simmons et al., 2007,
2009, 2010, 2012; Steinberger, 2000; Su and Dziewonski, 1997; Su et al., 1994]. However, these models generally
differ from each other because of different theoretical treatments of seismic wave propagation, different inver-
sion strategies, different crustal corrections, and different data sets [Becker, 2012; Forte, 2007; Forte et al., 2007;
Kárason and Van Der Hilst, 2013]. As a consequence, these differences still leave room for vigorous debates about
their tectonic interpretation and ambiguous interpretation of the mantle flow [Becker, 2012; Becker and Boschi,
2002]. Whichmodels most accurately represent themantle’s structure? What features in the tomographymodels
provide vital constraints for mantle flow and key processes of mantle dynamics?

There are three major ways to evaluate seismic tomography models. The first method is to quantitatively com-
pare a global or regional seismic tomography model with other models [Becker, 2012; Becker and Boschi, 2002;
Masters et al., 2000], or in a visual comparison together with a geologic interpretation [Grand et al., 1997; Pavlis
et al., 2012]. These techniques can only identify stable features between models and provide no quantitative
information on how thesemodels impact the dynamics [Qin et al., 2009]. The secondmethod is to compare syn-
thetic waveforms with seismic waveform observables using spectral element methods for long-period surface
waves [Bozdağ and Trampert, 2010; Qin et al., 2009]. This method associates the performance of tomography
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models with the true Earth’s structure. One major difficulty with this method is that long-period surface waves
are easily affected by crustal structure [Bozdağ and Trampert, 2008; Qin et al., 2009]. It is difficult to accurately
perform the crustal correction because of complex crustal structure and different crustal models assumed by
different researchers [Lekić et al., 2010; Panning et al., 2010]. The thirdmethod is to compare seismicmodels with
geodynamic models constructed from the history of Cenozoic and Mesozoic plate motions [Bunge et al., 1998]
or based largely upon subduction history [Lithgow-Bertelloni and Richards, 1998; Steinberger, 2000]. These meth-
ods rely on the reconstruction history of plate motions or slab data (subduction history), and it is difficult to
accurately reconstruct them [van der Meer et al., 2010].

Here we evaluate seismic tomography and slab models based on the geodynamic or mantle flow response
they provide. We test the models using surface observables, such as deviatoric stress field, strain rate tensor
field, geoid, World Stress Map (WSM) [Heidbach et al., 2008, 2010; Zoback, 1992], and dynamic topography.
These observables serve as fundamentally important and independent means of evaluating the extent to
which seismic tomography models successfully resolve the lateral heterogeneity in the mantle, which is asso-
ciated with mantle convection [Forte, 2007; Forte et al., 2007]. Recent studies also show that evaluation based
on either a stress field or plate motion prediction, by itself, leads to nonunique inferences about the geody-
namic model [Ghosh and Holt, 2012; Ghosh et al., 2013b]. Our goal in investigating a large number of tomo-
graphy models is to isolate the primary features that successful models possess and thereby provide
important insights and constraints for how structure and mantle flow link with lithosphere processes.

2. Method

We first compute mantle flow based on seismic tomography and slab models in an attempt to compute
geoid and output tractions using HC [Hager and O’Connell, 1981; Milner et al., 2009]. HC is a semianalytical,
propagator matrix approach to calculating mantle circulation. HC handles only radial viscosity variations.
However, Ghosh et al. [2013b] found that including plates with weak plate boundary zones in a mantle con-
vection model that handles lateral viscosity variations had little impact on direction and magnitude of the
tractions acting at the base of the lithosphere. This result was likely due to the absence of strong lateral var-
iations in asthenosphere viscosity that they used and the fact that the primary density buoyancies driving
mantle flows are situated within and below the asthenosphere.

Most important for stresses and plate motions is to have a model with weak lithospheric plate boundaries
and strong plates [Ghosh and Holt, 2012; Ghosh et al., 2013b]. Comparing output tractions from HC with out-
put frommodels that possess lateral viscosity variations [Ghosh et al., 2008, 2013b;Wen and Anderson, 1997b],
we observe quite similar traction fields acting along the base of the lithosphere. For the purposes of this
study, we use HC for its rapid calculation and relative ease for handling many different tomography models
efficiently. Velocity values for all tomography models are output at the same regularly spaced depths (black
dots in Figure 1). If model output is not provided at these specific depths, we use linear interpolation between
defined depths to obtain output at these depths for all model runs.

Three fundamental inputs are required in HC: (1) mantle density perturbation, (2) depth-dependent effective
viscosity, and (3) the scaling factor for seismic velocity to density (dlnρ/dlnvs). For themantle density perturbation,
we use 39 models in total, 36 from seismic tomography models (Table 1) and 3 from slab models, LRR98D
[Lithgow-Bertelloni and Richards, 1998], RUM [Gudmundsson and Sambridge, 1998], and STB00D [Steinberger,
2000]. Most model data are obtained online from http://geodynamics.usc.edu/~becker/tomography/— an
online supplement to Becker and Boschi [2002]. All models are arranged in alphabetical order and are given by
ID numbers in Table 1. In the following paragraphs, we use the model ID to represent model name except for
in the conclusions. Model IDs 1–25 are S wave tomography models, model IDs 26–35 are P wave tomography
models, model ID 36 is a P and S wave tomography model, and model IDs 37–39 are slab models (Table 1). All
the models are expanded up to spherical harmonic degrees 31, 63, and 127 (Table 1) for calculating mantle flow
using HC [Hager and O’Connell, 1981;Milner et al., 2009], but the original models have spherical harmonic degree
equal to or below 60 on a global scale, except for model IDs 4 and 20, which have higher resolution in western
North America. The expansion beyond 60 for these models is to capture the resolution within these subregions.

Mantle convection is strongly influenced by the radial variation of viscosity [Bunge et al., 1996; Mitrovica and
Forte, 1997, 2004]. In order to investigate variations associated only with density variations obtained from the
seismic tomography or slab models, we settle on one viscosity model and one velocity-density scaling.
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For the viscosity model, we compare four recent published radial viscosity models and select SH08
[Steinberger and Holme, 2008] (Figure 1) as the viscosity model input for HC. SH08 was also used by Davies et al.
[2014]. It has a moderately strong lithosphere (~2×1022 Pa s), a moderately weak asthenosphere (~2×1020 Pa s),
and a significant increase (from ~6×1020 Pa s to ~6×1021 Pa s) at 660 km below sea level. The maximum viscos-
ity (~1×1023 Pa s) is at about 2200 km, and there is a viscosity drop near the base of the mantle.

The velocity-density scaling is generally determined through two ways [Kaban et al., 2007]. One approach is
that velocity-density scaling is calculated from large-scale mantle convection [Corrieu et al., 1994]. Recent stu-
dies show that the velocity-density scaling only affects the magnitude of mantle flow and does not signifi-
cantly influence the mantle direction of flow [Bull et al., 2010]. Another approach is investigated through
mineral physics equations and experimental data [Kaban et al., 2007; Karato, 1993]. Although there have been
past efforts to resolve mantle physical properties, such as temperature, grain size, and water content, these
parameters are still poorly known for many parts of the mantle [Forte, 2007; Forte et al., 2007; Steinberger
and Calderwood, 2006]. We use a velocity-density scaling of 0.25 for S wave [Ghosh et al., 2013a] and 0.40
for both P wave models [Becker, 2012] and slab models [Steinberger, 2000] throughout the mantle.

Plate boundaries, such as weak zones or active fault zones, play an important role in mantle dynamics [Gurnis
et al., 2013]. There are four major different approaches to resolve the influence of plate boundary zones. The
first approach incorporates faults at plate boundaries in a two-dimensional model [Bird, 1998; Bird et al., 2008;
Bercovici, 1995, 1998; Tackley, 1998]. The second uses deformation mechanisms such as strain rate weakening
(self-lubricating) [Bercovici, 1995, 1998; Tackley, 1998] and pseudoplastic yielding with no strain weakening to
produce the localized plate boundaries in a three-dimensional model [Rolf and Tackley, 2011; Tackley, 2000;
van Heck and Tackley, 2008; Yoshida et al., 2001]. The third approach incorporates a rigid-plastic lithosphere
into a viscous model. The plastic lithosphere fails at a critical yield stress in the plate boundary zones. The
method was first developed by Hager and O’Connell [1981] and then followed by many researchers [Bai
et al., 1992; Becker and O’Connell, 2001; Gable et al., 1991; Lithgow-Bertelloni and Guynn, 2004; Lithgow-
Bertelloni and Richards, 1995; Ricard and Vigny, 1989; Steinberger et al., 2001]. Recently, the fourth approach
couples mantle flow with lithosphere dynamics. This method calculates a mantle flow field based on density
structures inferred from the history of subduction [Bunge et al., 1998; Wen and Anderson, 1995] or seismic
tomography [Wen and Anderson, 1997c] or thermodynamic models of mantle mineralogy [Schuberth et al.,
2009]. The influence of this mantle flow field is then coupled to a thin-sheet model to calculate full litho-
sphere dynamics [Ghosh and Holt, 2012; Ghosh et al., 2013b; Iaffaldano and Bunge, 2009; Steinberger et al.,
2001]. Iaffaldano and Bunge [2009] and Ghosh et al. [2013b] provided a detailed description about the treat-
ment of mantle flow coupling with the lithosphere. Iaffaldano and Bunge [2009] explicitly incorporate faults
into their lithosphere model, whereas Ghosh et al. [2013b] incorporate lithosphere strength heterogeneity
through the use of zones possessing laterally variable effective viscosity. These zones of weaker effective visc-
osity are narrow for areas containing oceanic ridge transform systems and subduction zones and are much
wider for cases involving diffuse continental deformation. However, the optimal way to incorporate faults
and weak zones into geodynamic models has not been fully resolved [Gurnis et al., 2013].

Figure 1. Radial viscosity structure, SH08 [Steinberger and Holme, 2008], that we use for calculating mantle circulation for all
seismic tomography and slab models. Black circles represent the same regularly spaced depths for interpolation of all
tomography models. The reference viscosity is 1021 Pa s.
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We follow the fourth approach and use the mantle flow coupling with the thin-sheet model [Ghosh et al.,
2013b]. A workflow diagram briefly shows the flows of input/output data (Figure 2). The mantle flow fields
are calculated by the approach developed by Hager and O’Connell [1981] (HC in Figure 2) based on density
models obtained from seismic tomographymodels. Three types of surface boundary conditions (free-slip, no-slip,

Table 1. Mantle Density Models Used for the Flow Calculations and Correlation Coefficients Between Computed Geoid and the Observed Geoid [Chambat et al.,
2010] on Global and Regional Scalesa

Tomography Models Geoid Correlation

ID Name Source US ANDS AFR MED TIBET Ind_AUS MOR WPAC SEA TOTAL

1 HMSL-s06b,c [Houser et al., 2008] 0.82 0.42 0.65 0.65 0.81 0.66 0.64 0.67 0.65 0.74
2 KVDH05b,c http://geosys.usc.edu/projects/seatree �0.34 0.40 0.62 0.55 �0.06 0.17 0.53 0.23 0.17 0.49
3 LH08_smeanb,c [Lebedev and Van Der Hilst, 2008] 0.57 0.74 0.82 0.86 0.76 0.62 0.86 0.37 0.66 0.76
4 M01_TX2008b,d [Becker, 2012; Simmons et al., 2009] 0.68 0.30 0.72 0.41 0.64 0.50 0.86 0.89 0.62 0.77
5 MK12WM13sb,c [Su and Dziewonski, 1997] 0.27 0.45 0.61 0.82 0.69 0.61 0.69 0.88 0.56 0.75
6 NGrandb,c [Grand, 2002] 0.61 0.56 0.59 0.82 0.68 0.57 0.83 0.80 0.62 0.74
7 S20Ab,c [Ekström and Dziewonski, 1998] 0.18 0.62 0.90 0.89 0.69 0.78 0.76 0.79 0.67 0.76
8 S20RTSb,c [Ritsema and Van Heijst, 2000] 0.68 0.92 0.78 0.68 0.84 0.46 0.58 0.85 0.67 0.79
9 S20RTSbb,c [Ritsema et al., 2004] 0.65 0.91 0.80 0.64 0.85 0.50 0.59 0.80 0.69 0.78
10 S362ANI_PREM_vshb,c [Kustowski et al., 2008] 0.57 0.72 0.86 0.67 0.65 0.79 0.74 0.60 0.59 0.74
11 S362ANI_PREM_vsvb,c [Kustowski et al., 2008] 0.56 0.60 0.87 0.70 0.65 0.77 0.77 0.60 0.59 0.75
12 S362D1b,c [Gu et al., 2001] 0.37 0.61 0.81 0.80 0.71 0.85 0.67 0.85 0.69 0.78
13 S362WMANIb,c [Kustowski et al., 2008] 0.43 0.76 0.88 0.71 0.64 0.78 0.80 0.61 0.57 0.75
14 S40RTSb,e [Ritsema et al., 2011] 0.56 0.93 0.72 0.84 0.87 0.62 0.64 0.80 0.78 0.82
15 SAW24B16b,c [Mégnin and Romanowicz, 2000] 0.74 0.40 0.73 0.76 0.78 0.69 0.77 0.67 0.73 0.78
16 SAW642ANb,e [Panning and Romanowicz, 2006] 0.91 0.87 0.79 0.86 0.89 0.58 0.78 0.97 0.83 0.92
17 SAW642ANbb,e [Panning et al., 2010] 0.85 0.69 0.77 0.82 0.90 0.66 0.86 0.90 0.71 0.85
18 SB4L18b,c [Masters et al., 2000] 0.48 0.78 0.77 0.64 0.74 0.67 0.61 0.81 0.67 0.76
19 SEMumb,e [Lekić and Romanowicz, 2011] 0.24 0.31 0.75 0.67 0.58 0.77 0.64 0.34 0.62 0.72
20 SH11_TX2008b,d [Becker, 2012; Schmandt and

Humphreys, 2010; Schmandt
and Humphreys, 2011;
Simmons et al., 2009]

0.67 0.20 0.74 0.74 0.65 0.51 0.85 0.89 0.63 0.77

21 SMEANb,c [Becker and Boschi, 2002] 0.59 0.89 0.76 0.74 0.79 0.63 0.72 0.82 0.65 0.77
22 SMEAN_ntb,c [Becker et al., 2003] 0.53 0.86 0.74 0.75 0.79 0.61 0.72 0.83 0.64 0.77
23 SPRD6sb,c [Ishii and Tromp, 2001] 0.54 0.44 0.77 0.65 0.83 0.59 0.56 0.54 0.52 0.74
24 TX2007b,c [Simmons et al., 2007] 0.68 0.19 0.74 0.74 0.65 0.51 0.84 0.89 0.63 0.78
25 TX2008b,c [Simmons et al., 2009] 0.68 0.19 0.74 0.74 0.65 0.51 0.84 0.89 0.63 0.78
26 BDP00c,f [Antolik et al., 2000] �0.01 0.55 0.74 0.88 0.33 0.59 0.31 �0.50 0.42 0.60
27 BDP01c,f http://geosys.usc.edu/

projects/seatree
�0.46 0.59 0.78 0.92 0.32 0.16 0.33 �0.58 0.18 0.52

28 HMSL-p06c,f [Houser et al., 2008] 0.51 0.76 0.72 0.37 0.83 0.60 0.43 0.36 0.84 0.75
29 KH00pc,f [Kárason and van der Hilst, 2001] �0.58 0.34 0.58 0.48 0.13 0.42 0.42 �0.06 0.32 0.54
30 MIT-P08c,f [Li et al., 2008] �0.42 0.28 0.66 0.45 �0.10 0.27 0.56 �0.23 0.05 0.46
31 MK12WM13pc,f [Su and Dziewonski, 1997] �0.27 0.56 0.72 0.68 0.46 0.50 0.10 0.27 0.54 0.63
32 PMEANc,f [Becker and Boschi, 2002] �0.37 0.49 0.66 0.70 0.21 0.58 0.38 �0.35 0.37 0.59
33 SPRD6pc,f [Ishii and Tromp, 2001] 0.30 0.40 0.58 0.49 0.90 0.46 0.26 0.82 0.92 0.70
34 Vox3p05c,f [Boschi et al., 2007] 0.23 0.34 0.77 0.73 0.34 0.33 0.36 �0.51 0.47 0.57
35 Vox5p05c,f http://geosys.usc.edu/

projects/seatree
0.09 0.28 0.77 0.84 0.36 0.53 0.38 �0.44 0.41 0.59

36 GyPSuMb,e,f [Simmons et al., 2010] 0.82 0.70 0.81 0.72 0.79 0.71 0.87 0.87 0.65 0.83
37 LRR98dc,g [Lithgow-Bertelloni and Richards, 1998] 0.67 0.21 0.86 0.76 0.60 0.83 0.81 0.71 0.56 0.71
38 RUMc,g [Gudmundsson and Sambridge, 1998] �0.59 0.72 0.59 0.18 0.62 0.30 0.01 �0.16 0.16 0.39
39 STB00dc,g [Steinberger, 2000] 0.50 0.90 0.13 �0.12 0.58 0.20 0.29 �0.66 0.18 0.37

aUS: Western North America, ANDS: Andes, AFR: Eastern Africa, MED: Mediterranean, TIBET: central Asia, Ind_AUS: Indo-Australian plate boundary zone, MOR:
Mid-oceanic ridges, WPAC: Western Pacific, SEA: Southeast Asia, TOTAL: whole earth. All these abbreviations are used by all figures and tables and are adopted
from Ghosh et al. [2013b].

bThese models are S wave velocity anomalies.
cThese models are expanded in spherical harmonics up to degree and order 31 for calculating mantle convection.
dThese models are expanded in spherical harmonics up to degree and order 63 for calculating mantle convection.
eThese models are expanded in spherical harmonics up to degree and order 127 for calculating mantle convection.
fThese models are P wave velocity anomalies.
gThese models are slab models.
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or plate velocity boundary conditions) can be assumed. Previous studies that have investigated these three types
of surface boundary conditions have suggested that free-slip boundary conditions provide the best fit to the
geoid in comparison with the other two types [Glišović and Forte, 2015; Thoraval and Richards, 1997]. Using the
HC code, we use free-slip boundary conditions at the surface and core-mantle boundary and compute instanta-
neous flow associated with the present-day inferred mantle density distributions.

Depth integration of the 3-D force balance equations (Figure 2) requires tractions imposed at a constant-
depth reference level (we use 100 km below sea level for the reference level) at the base of the integration,
and this term appears as an effective body force (�τrθ and�τrϕ) in the depth-integrated force balance equa-
tions that we solve. These tractions are output from the HC convection code and are used as the effective
body force term for solutions to depth-integrated 3-D force balance within a lithosphere with laterally vari-
able effective viscosity. The other effective body force term arises from gradients in gravity potential energy
per unit area (GPE) [Ghosh et al., 2013b]. Solutions to the depth-integrated 3-D force balance with these effec-
tive body forces yield deviatoric stresses and strain rates throughout the lithosphere.

We use the same relative values of lithosphere viscosity and the same GPE field that Ghosh et al. [2013b] used
for their optimal model. Final magnitudes of absolute viscosities of the lithosphere determined using this
method are very similar to that determined by Ghosh et al. [2013b], where the plates possess values of
~1023 Pa s and the strong old oceanic lithosphere and strong cratons are ~1× 1024 Pa s. These high values
impart “plate-like” behavior, where internal strain rates within the plates are low [Ghosh and Holt, 2012;
Ghosh et al., 2013b]. The plate boundary zones are inversely proportional to strain rate magnitudes and pos-
sess variable values between 1019 and 1022 Pa s, where we use the second invariant of strain rates (scaler
values) within the plate boundary zones from Kreemer et al. [2003] to define the viscosities there [see
Ghosh et al. 2009]. Thus, our models have an identical contribution in stress from topography (including
dynamic topography) and lithosphere structure as Ghosh et al.’s [2013b] model.

Ghosh et al. [2008] have benchmarked the thin-sheet method coupled to mantle flow and showed that they
were able to recover the lithosphere deviatoric stresses associated with a full 3-D mantle convection model.
Later, Ghosh et al. [2013b] showed that the lithosphere deviatoric stresses associated with a 3-D convection
model possessing plates and plate boundary zones can be recovered using this method, as long as the rela-
tive effective viscosity variations between plates and plate boundary zones are known. These tests showed
that essential forces associated with the origin of plate stresses and plate boundary zone strains are
accounted for in the methodology. Only for cases where there are strong gradients in vertical shear stresses
(∂σrϕ/∂ϕ + ∂σrθ/∂θ) is there a component not accounted for in the solution. These gradients are typically
small [Ghosh et al., 2009], except where there are strong bending or flexural stresses associated with outer
rise earthquakes near the trench. Outer rise normal-fault earthquakes are the only deformation feature that
the global models fail to uniformly predict [Ghosh et al., 2013b].

Figure 2. A workflow diagram for showing the inputs/outputs/codes in the coupling approach we used.
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The major differences between our modeling and Ghosh et al.’s [2013b] is that we test 39 different seismic
tomography and slab models by taking into account the contributions they make on the mantle flow com-
ponent of the field. Furthermore, we only consider radial variations of viscosity in the mantle convection
models, whereas they also considered lateral viscosity variations in their convection models. We choose
the free-slip boundary conditions as we wish to not prescribe plate motions but instead find the set of mantle
flow-associated forces that provide a best match with surface observables.

As part of our assessment of the seismic tomography and slab models, we compare the computed geoid and
dynamic topography (from HC) with surface observables of geoid and dynamic topography. We also use out-
put deviatoric stresses to compare with the surface observables of WSM [Heidbach et al., 2008, 2010; Zoback,
1992] and Global Strain Rate Map (GSRM) [Kreemer et al., 2003].

In summary, it is the effective body force distribution (gradients in GPE and tractions from density-buoyancy-
driven mantle flow) that is critical for defining intraplate deviatoric stresses, plate boundary zone deviatoric
stresses, and the strain rate tensor field. The goal of this paper is to explore the implications of mantle con-
vectionmodels derived from tomography and slab models and infer themantle flow features that give rise to
key traction distributions (effective body force distributions).

3. Results
3.1. Geoid

Geoid and dynamic topography are connected dynamic effects of a convecting mantle [Wen and Anderson,
1997a]. In the first step, we evaluate geoid response from the aforementioned tomography and slab models
(Table 1). We compare predicted geoid with the observed geoids both from Chambat et al. [2010] andMayer-
Guerr [2006], using correlation coefficients. We first convert spherical harmonic coefficients (computed and
observed geoid) to grid using the shansyn code of Becker and Boschi [2002] and then compute the correlation
coefficients between computed geoid grid and observed geoid by linear (Pearson) [Press et al., 1993]
correlation, not only on a global scale but also on regional scales (Table 1). Both of the observed geoids
are corrected for the hydrostatic shape of the Earth following Nakiboglu [1982]. It is apparent that patterns
of correlation coefficients from the different tomography models are generally consistent between the two
different observed geoid models (Figures S1 and S2 in the supporting information). Tables 1 and S1 also have
similar values of correlation for each model. These similar results are consistent with the findings of Ghosh
et al. [2013a].

Correlation coefficients derived from different tomography and slab models dramatically differ from one
another, not only on a global scale but also among different regions (Table 1). It is easier to show these var-
iations in Figures S1 and S2, as opposed to tabular form. Four models (model IDs 14, 16, and 17, and 36) yield
an excellent correlation (over 0.80) to the observed geoid on a global scale in Figures S1 and S2. Four models
(model IDs 2, 30, 38, and 39) have significantly lower correlations on a global scale (below 0.50). Figure 3
shows the observed geoid [Chambat et al., 2010], a model with a correlation coefficient of 0.92 (model ID 16),
and a model with a correlation of 0.46 (model ID 30). Figure 3b shows that the patterns of geoid anomalies
are similar with the observed geoid (Figure 3a). Both the successful model and the observed geoid show
positive values in the Pacific and the Africa-Atlantic regions and negative values in the Antarctica, Arctic,
North America, most areas of Eurasia, and the Indian Ocean. Figure 3c fits well with the observed geoid only
in Africa and in the Pacific, but poorly in other areas. In the discussion section, we compare the best fit models
with models that do not perform well to gain further insight into the key driving mantle flow patterns.

3.2. Global Tractions

An important part of calculating lithosphere stresses is to determine the tractions imposed by density-buoy-
ancy-drivenmantle flow. We calculate the tangential stresses, τrθ and τrφ, at a depth of 100 km below sea level
using HC. These tractions act as body force equivalents, �τrθ and �τrφ, and they integrate over thousands of
kilometers to affect lithospheric stress [Steinberger et al., 2001; Ghosh et al., 2013b]. As body force equivalents
in the depth-integrated 3-D force balance equations, the tractions are a function of the spatial gradients of

the poloidal potentials: τrφ ¼ Zlm
4

1
cosθ

∂
∂φ Yℓm θ; φð Þ and τrθ ¼ Zlm

4
∂
∂θ Yℓm θ; φð Þ , where Ylm(θ, φ) is the surface-

normalized spherical harmonic of degree l and order m, Zlm
4 is the spherical harmonic coefficients

for the poloidal components of stress from mantle convection and defined by Wen and Anderson [1997b].
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Figure 3. Observed and predicted geoid anomalies from tomography models (model IDs 16 and 30, respectively), using
viscosity model SH08 [Steinberger and Holme, 2008]. (a) The observed geoid from Chambat et al. [2010]. (b) The predicted
geoid anomalies from the tomography model (model ID 16). (c) The predicted geoid anomalies from the tomography
model (model ID 30). The correlation coefficient between the predicted and observed geoids [Chambat et al., 2010] is
calculated by linear correlation between the observed geoid and predicted geoid after they are converted from spherical
harmonic coefficients to grid. The coefficient is noted on the top left. The color scale indicates the magnitude of geoid. The
color legend follows Steinberger [2007]. The black (Figures 3, 4, 6, 7, and 9) and white (Figure 5) contours are plate
boundaries from Bird [2003].
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Figure 4. Horizontal tractions, �τrφ and �τrθ, at a depth of 100 km below sea level plotted on the poloidal potentials
Zlm
4 Ylm θ; φð Þ. The tractions are calculated from three of the best fit seismic tomography models (tomography model IDs

14, 16, and 17). Horizontal tractions and poloidal potentials from (a) seismic tomography model ID 14, (b) tomography
model ID 16, and (c) tomography model ID 17. The arrows represent the magnitude and direction of the tractions, �τrφ
and �τrθ. The color contours show the magnitudes of the poloidal potentials Zlm

4 Ylm θ; φð Þ.
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We call Zlm
4 Ylm θ; φð Þ the poloidal potential, as its spatial derivatives define the effective body force terms and

it is mathematically equivalent to GPE, where the spatial gradients of GPE define effective body forces in the
depth-integrated 3-D force balance equations as well.

Figure 4 shows the mantle tractions and potentials of three tomography models at 100 km. These three tomo-
graphy model IDs are 14, 16, and 17. All of them provide an excellent fit with the observed geoid and GSRM
[Kreemer et al., 2003] (all discussed later). It is clear that all of themhave similar features of the poloidal potentials
and traction patterns, such as the positive potentials and diverging tractions over upwelling flows, located in the
Pacific, Eastern Rift in Africa, Iceland, andmid-ocean ridges in the Atlantic and Indian Oceans (Figures 4a–4c). All
models show negative potentials and converging tractions centered over downwelling flows, associatedmainly
with areas of present and past subduction, such as the Andes, the ancient Farallon system in North America, the
Middle East regions, Southeast Asian subduction zones, northern Alaska, and northwest Pacific. Moreover, there
are negative potentials and downwelling flows beneath Antarctica and Australia in all successful models.

It is not easily apparent where there are any major differences among these three models. The primary differ-
ences between the models in Figures 4a–4c are located in western North America, South America, and India-
Eurasia collision regions. Figure 4a shows that patterns of potentials and tractions are more complex in western
North America and South America than those shown in Figures 4b and 4c. The results of Figure 4a are com-
puted from tomography model ID 14 [Ritsema et al., 2011] (spherical harmonic degree 40), which has higher
resolution than models 16 [Panning and Romanowicz, 2006] and 17 [Panning et al., 2010] (spherical harmonic
degree 24) (Figures 4b and 4c). Figure 4a shows that the northeast traction ends south of theMain Central thrust
of the Himalayas, whereas Figures 4b and 4c show obvious northeast tractions over the Main Central thrust of
Himalayan and into the South Tibetan Plateau in the India-Eurasia collision region. This traction field plays a
major role in overcoming the overwhelming excess GPE of the Tibetan Plateau and driving the Indian Plate into
Eurasia [Becker and Faccenna, 2011; Faccenna et al., 2013; Ghosh and Holt, 2012; Ghosh et al., 2006]. Figures 4b
and 4c have similar patterns of potentials and tractions on a global scale because these models (model IDs
16 and 17) are obtained from the same three-component waveform data set, with their only difference being
a different crustal correction method [Panning and Romanowicz, 2006; Panning et al., 2010]. The slight differ-
ences are located in the Australia, the Mediterranean regions, and southern North America (Figures 4b and 4c).

3.3. Global Deviatoric Stresses

Based on the mantle tractions or distribution of poloidal potentials (Figure 4b), we solve the three-dimensional
depth-integrated force balance equations for depth-integrated deviatoric stresses using the same approach as
Ghosh et al. [2013b]. This finite element solution balances the body force distributions and simultaneously con-
stitutes a global minimum of the second invariant of deviatoric stress [Flesch et al., 2001]. Figure 5a shows the
deviatoric stress patterns from only mantle tractions (Figure 4b) derived from the tomography model ID 16
[Panning and Romanowicz, 2006]. The deviatoric stress patterns consist essentially of five major regions: three
tensional regions and two compressional regions (Figure 5a). The first tensional regime surrounds the Pacific,
the second is around the southern African plate, and the third surrounds Iceland. These correspond to the
“Pacific superswell,” “African superswell” [Garnero and McNamara, 2008], and the Iceland hot spots
[Steinberger et al., 2001], respectively. The two compressional regions consist of one surrounding the middle
of the Andes/South America and the second within Australia and Antarctica to the south of Australia. These
regimes correspond to regions of ancient subducted slabs and the Australian-Antarctic discordance
[Steinberger et al., 2001]. Moreover, there are compressional regions along the Tethyan collisional belt [Becker
and Faccenna, 2011] and Southeast Asian subduction zones, as well as across much of central and eastern
North America (e.g., deep-mantle contributions to the surface dynamics of the North American continent
[Forte et al., 2010a, 2010b]), corresponding to the influence of ancient subducted slabs [Garnero and
McNamara, 2008] and consequently downwelling flows there (Figure 4b). These global traction patterns
(Figure 4), and associated deviatoric stress patterns (Figure 5a), are similar to the results of Ghosh et al. [2013b].

Figure 5b shows the total lithosphere stresses that come from the traction-related stresses (Figure 5a) and
GPE-related stresses provided by Ghosh et al. [2013b]. It is clear that there are significant differences between
Figures 5a and 5b. For example, the combined stresses show predominant strike-slip deformation in Tibet
(Figure 5b), whereas stresses from mantle tractions alone predict compression there (Figure 5b). For the
Indo-Australian plate boundary zone, the combined stresses show predominant compression in places
(Figure 5b), but mantle tractions alone predict extension there (Figure 5a).
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3.4. Comparisons With the Global Strain Rate Model

We calculate the deviatoric stresses from the dynamic model using the same approach of Ghosh et al. [2013b].
We follow the approach of Flesch et al. [2007] to compute correlation coefficients given by the equation:

�1≤
X
areas

ε•τð ÞΔS=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX
areas

E2
� �

ΔS
r

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX
areas

T2
� �

ΔS
r !

≤1 (1)

where E ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ε2ϕϕ þ ε2θθ þ ε2γγ þ ε2ϕθ þ ε2θϕ

q
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ε2ϕϕ þ 2εϕϕεθθ þ 2ε2θθ þ 2ε2ϕθ

q
,

T ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
τ2ϕϕ þ τ2θθ þ τ2γγ þ τ2ϕθ þ τ2θϕ

q
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2τ2ϕϕ þ 2τϕϕτθθ þ 2τ2θθ þ 2τ2ϕθ

q
, and

ε • τ = 2εϕϕτϕϕ + εϕϕτθθ + εθθτϕϕ +2εθθτθθ +2εϕθτϕθ.

Here E and T are the second invariants of strain rate and stress, εij are strain rates from Kreemer et al. [2003], ΔS
is the grid area, and τij are the calculated deviatoric stresses. These correlation coefficients depend only on

Figure 5. Global deviatoric stresses resulting from tractions in Figure 4a, plotted at every 5° on top of the ETOPO1 topography.
Tensional deviatoric stresses are shown by red arrows, while compressional deviatoric stresses are shown by black arrows.
Strike-slip regions are indicated by one tensional and one compressional pair of arrows. Length of the arrows is proportional to
the magnitude of vertically integrated stresses. (b) The combined deviatoric stresses from both traction-related stresses
(Figure 5a) and GPE differences. The GPE differences are given by Ghosh et al. [2013b].
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the agreement with orientation of principal axes and relative size of principal axes, but not the absolute mag-
nitudes of rates of strain [Ghosh et al., 2013b]. The correlation coefficients for all the models are shown
in Table 2.

Correlation coefficients from tomography models differ dramatically from one another (Table 2), not only on
the global scale but also in regional zones. Figure S3 shows these differences more clearly. Four tomography

Table 2. The Correlation Coefficients on Global and Regional Scales (Equation (1)) Between GSRM [Kreemer et al., 2003] and the Predicted Stress Tensor Obtained
From Total Dynamic Solution (Combined Contributions of Tractions and GPE)

Tomography Models GSRM Correlation

ID Name Source US ANDS AFR MED TIBET Ind_AUS MOR WPAC SEA TOTAL

1 HMSL-s06a,b [Houser et al., 2008] 0.67 0.73 0.84 0.73 0.59 0.86 0.96 0.78 0.68 0.79
2 KVDH05a,b http://geosys.usc.edu/projects/seatree 0.52 0.09 0.59 0.59 0.37 0.85 0.96 0.47 0.59 0.63
3 LH08_smeana,b [Lebedev and Van Der Hilst, 2008] 0.59 0.79 0.92 0.70 0.53 0.82 0.97 0.83 0.67 0.79
4 M01_TX2008a,c [Becker, 2012; Simmons et al., 2009] 0.63 0.60 0.92 0.65 0.48 0.88 0.97 0.76 0.68 0.79
5 MK12WM13sa,b [Su and Dziewonski, 1997] 0.43 0.49 0.83 0.69 0.35 0.87 0.97 0.63 0.58 0.72
6 NGranda,b [Grand, 2002] 0.66 0.72 0.89 0.78 0.44 0.87 0.97 0.70 0.68 0.78
7 S20Aa,b [Ekström and Dziewonski, 1998] 0.65 0.91 0.86 0.70 0.66 0.91 0.97 0.76 0.78 0.83
8 S20RTSa,b [Ritsema and Van Heijst, 2000] 0.71 0.85 0.88 0.73 0.62 0.90 0.97 0.85 0.79 0.83
9 S20RTSba,b [Ritsema et al., 2004] 0.72 0.84 0.90 0.72 0.62 0.90 0.97 0.85 0.78 0.83
10 S362ANI_PREM_vsha,b [Kustowski et al., 2008] 0.63 0.91 0.94 0.76 0.65 0.92 0.97 0.81 0.74 0.85
11 S362ANI_PREM_vsva,b [Kustowski et al., 2008] 0.66 0.89 0.93 0.77 0.61 0.92 0.97 0.82 0.75 0.84
12 S362D1a,b [Gu et al., 2001] 0.66 0.82 0.93 0.75 0.50 0.92 0.97 0.68 0.76 0.82
13 S362WMANIa,b [Kustowski et al., 2008] 0.65 0.89 0.93 0.78 0.64 0.91 0.97 0.83 0.75 0.84
14 S40RTSa,d [Ritsema et al., 2011] 0.75 0.98 0.94 0.55 0.67 0.74 0.96 0.91 0.78 0.84
15 SAW24B16a,b [Mégnin and Romanowicz, 2000] 0.70 0.62 0.89 0.75 0.58 0.85 0.97 0.70 0.74 0.79
16 SAW642ANa,d [Panning and Romanowicz, 2006] 0.64 0.80 0.83 0.74 0.65 0.89 0.97 0.71 0.70 0.80
17 SAW642ANba,d [Panning et al., 2010] 0.67 0.73 0.88 0.74 0.61 0.89 0.97 0.77 0.73 0.81
18 SB4L18a,b [Masters et al., 2000] 0.64 0.88 0.87 0.53 0.65 0.88 0.97 0.83 0.72 0.81
19 SEMuma,d [Lekić and Romanowicz, 2011] 0.69 0.64 0.86 0.79 0.56 0.82 0.96 0.63 0.68 0.78
20 SH11_TX2008a,c [Becker, 2012; Schmandt and

Humphreys, 2010; Schmandt and
Humphreys, 2011;

Simmons et al., 2009]

0.64 0.57 0.92 0.77 0.48 0.88 0.97 0.76 0.68 0.79

21 SMEANa,b [Becker and Boschi, 2002] 0.70 0.89 0.90 0.69 0.63 0.89 0.97 0.84 0.76 0.83
22 SMEAN_nta,b [Becker et al., 2003] 0.70 0.89 0.90 0.70 0.63 0.89 0.97 0.84 0.76 0.83
23 SPRD6sa,b [Ishii and Tromp, 2001] 0.52 0.90 0.88 0.73 0.66 0.89 0.97 0.59 0.72 0.81
24 TX2007a,b [Simmons et al., 2007] 0.63 0.59 0.92 0.76 0.49 0.88 0.97 0.76 0.68 0.79
25 TX2008a,b [Simmons et al., 2009] 0.64 0.59 0.92 0.76 0.49 0.88 0.97 0.76 0.68 0.79
26 BDP00b,e [Antolik et al., 2000] 0.63 0.47 0.45 0.58 0.40 0.88 0.96 0.69 0.64 0.69
27 BDP01b,e http://geosys.usc.edu/

projects/seatree
0.70 0.69 0.55 0.49 0.52 0.92 0.96 0.76 0.75 0.75

28 HMSL-p06b,e [Houser et al., 2008] 0.71 0.62 0.84 0.70 0.62 0.91 0.97 0.83 0.81 0.81
29 KH00pb,e [Kárason and van der Hilst, 2001] 0.57 0.30 0.63 0.53 0.43 0.84 0.96 0.59 0.63 0.67
30 MIT-P08b,e [Li et al., 2008] 0.37 0.01 0.64 0.55 0.39 0.86 0.96 0.43 0.58 0.62
31 MK12WM13pb,e [Su and Dziewonski, 1997] 0.41 �0.10 0.67 0.50 0.17 0.81 0.95 0.50 0.44 0.57
32 PMEANb,e [Becker and Boschi, 2002] 0.60 0.44 0.57 0.54 0.43 0.87 0.96 0.65 0.65 0.69
33 SPRD6pb,e [Ishii and Tromp, 2001] 0.65 0.83 0.88 0.70 0.67 0.92 0.97 0.78 0.82 0.83
34 Vox3p05b,e [Boschi et al., 2007] 0.62 0.28 0.36 0.59 0.42 0.90 0.96 0.67 0.67 0.68
35 Vox5p05b,e http://geosys.usc.edu/

projects/seatree
0.62 0.02 0.27 0.56 0.39 0.90 0.95 0.66 0.67 0.65

36 GyPSuMa,d,e [Simmons et al., 2010] 0.72 0.67 0.91 0.76 0.50 0.90 0.97 0.80 0.74 0.81
37 LRR98db,f [Lithgow-Bertelloni and Richards, 1998] 0.61 0.23 0.59 0.61 0.44 0.91 0.96 0.66 0.67 0.70
38 RUMb,f [Gudmundsson and Sambridge, 1998] 0.61 0.36 0.44 0.65 0.40 0.90 0.96 0.76 0.76 0.70
39 STB00db,f [Steinberger, 2000] 0.74 0.53 0.67 0.55 0.48 0.92 0.96 0.80 0.76 0.76

aThese models are S wave velocity anomalies.
bThese models are expanded in spherical harmonics up to degree and order 31 for calculating mantle convection.
cThese models are expanded in spherical harmonics up to degree and order 63 for calculating mantle convection.
dThese models are expanded in spherical harmonics up to degree and order 127 for calculating mantle convection.
eThese models are P wave velocity anomalies.
fThese models are slab models.
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models (model IDs 10, 11, 13, and 14) yield an excellent fit (0.84 or greater) to GSRM on the global scale,
whereas four models (model IDs: 2, 30, 31, and 35) do not fit as well (below 0.65). Figures 6a and 6b show
the best model (0.85, model ID 10) and another model with a poor fit (0.57, model ID 31). The best fit model
shows that the predicted deviatoric stresses fit well with GSRM in most places, with the exception of parts of
Eurasia, western North America, and some regions of the Pacific Plate and Philippine Plates (Figure 6a). On the
contrary, the model in Figure 6b (model ID 31) only fits well with GSRM in the Africa and Indo-Australian plate
boundary zones and provides a poor fit in most other places (Figure 6b).

3.5. Comparison With World Stress Map Observations

We compare themost compressive principal axes of deviatoric stress from both tomographymodels and slab
models (combined contribution of GPE differences and coupling with mantle flow) with the orientations of
the maximum horizontal compressive stress SHmax from WSM [Heidbach et al., 2008, 2010; Zoback, 1992].
WSM is a compilation of measured principal stress directions based on earthquake focal mechanisms, bore-
hole breakouts, drilling-induced fractures, in situ stress, and young geologic data. We compute the correla-
tion coefficients using the same equation (1); the only differences are that E and εij are computed from
WSM. The tensor values are obtained from the WSM data set using the directions of SHmax together with

Figure 6. Correlation coefficients between the deviatoric stress tensors arising from the combined stresses and the
observed strain rate tensors from the Global Strain Rate Map [Kreemer et al., 2003] (see equation (1)). The traction-related
stresses are obtained from (a) seismic tomography model ID 10 and (b) tomography model ID 31, respectively (see Table 2).
The global correlation coefficient for each model is noted on the top left.
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the given style of faulting. This information enables us to estimate an equivalent moment tensor for each
SHmax measurement. We then perform Kostrov [1974] summation within the 1° × 1° areas (Figure 7a) to obtain
average tensor values for the correlation. The most compressive principal axes of the stress tensors and the
correlation coefficients for the best model (model ID 14) are shown in Figures 7b and 7c, respectively.

Figure 7b shows that the most compressive principal axes of the stress tensors fit well with the WSM SHmax

styles (Figure 7a) in large swathes of regions, such as the mid-oceanic ridges and the subduction zones. In
these areas, the differences between the predicted and observed SHmax directions are less than 15°, and
the style of stresses also matches. Figure 7c shows that the predicted stresses fit better with WSM in Africa,
Andes, mid-ocean ridges, and North America than in the Eurasian and Mediterranean regions.

3.6. Comparison With Dynamic Topography Predictions

We also follow the approach of Steinberger [2007] to calculate dynamic topography. Although dynamic topo-
graphy predictions generally do not agree particularly well with residual topography models (the global cor-
relation coefficients vary from�0.07 to 0.47 and from 0.13 to 0.42 in Tables S2 and S3, respectively), the best
correlations are similar with the results from Steinberger [2007]. One of the main reasons for the problems
with dynamic topography predictions is that we still need to improve our knowledge of the lithosphere or
sublithosphere structures. Both Flament et al. [2013] and Wen and Anderson [1997a] also suggested that an
improved knowledge of the thermal and chemical structure of the lithosphere is vital for accurate predictions
of dynamic topography. Dynamic topography predictions frommost tomography models yield similar global
fits (Tables S2 and S3). Most models yield a close match in Africa and Andes and poor matches within the
Western Pacific andMediterranean regions (Figures S4 and S5). We find that dynamic topography predictions
do not enable us to single out any particular model as better than another (Tables S2 and S3), although some
models provide superior fits to residual topography within specific regions (Tables S2 and S3).

4. Discussion: Evaluation of the Relative Strengths andWeaknesses of Tomography
and Slab Models

We select 39 density models (36 tomography models and 3 slab models). These models’ velocity perturba-
tions are related to the preliminary reference Earth model (PREM) [Dziewonski and Anderson, 1981] and are
expressed in spherical harmonic expansion. The HC convection code that we use to calculate mantle traction
input and geoid response uses the PREM as the default input Earth model, and it requires that the density
model is provided in spherical harmonic expansion. We do not discuss further here about the different inver-
sion techniques [see a review paper, Kárason and Van Der Hilst, 2013] used to establish these density models,
as the differences between seismic tomography models do not critically rely on the selected parameteriza-
tion and inversion approaches. The differences mainly depend on the data sets used to constrain the models
[Boschi and Dziewonski, 1999; Trampert and Van Der Hilst, 2005].

We have assessed 39 density models using geodynamic surface observables, including geoid, lithospheric
stresses, and strain rates. Figure 8a summarizes the global fit to geoid and GSRM for all models and shows
that 15 models fit well with GSRM (over 0.75). The quality of fit to surface observables are similar to the best
model given by Ghosh et al. [2013b], although their convection model included lateral viscosity variations
that are not taken into account in the mantle convection models here. Most models also yield a good fit with
observed geoid from Chambat et al. [2010] and Mayer-Guerr [2006] (Figure 8a).

The best fit models described in this paper generally have traction fields frommantle flow (Figure 4) that pro-
vide good agreement with the best fit models of Ghosh et al. [2013b]. We deduce from the similarities
between our best fit results and that of Ghosh et al. [2013b] that lateral viscosity variations play only a minor
role in affecting the global-scale traction patterns that act at the base of the lithosphere. This is consistent
with the findings of Moucha et al. [2007] and Ghosh et al. [2010], where they also argued that the lateral visc-
osity variations inferred from seismic tomography have a minor effect on the geoid. It is important to note
that the best fit model of Ghosh et al. [2013b] involved density variations constrained primarily by the history
of subduction [Wen and Anderson, 1995], with the remainder of the density field constrained by residual
tomography in the upper mantle and full tomography in the lower mantle, using the low-resolution degree
12 model of Su et al. [1994; Wen and Anderson, 1997c]. The quality of fit provided by the most recent tomo-
graphy models, and the overall similarity of these traction fields with those obtained by Ghosh et al. [2013b],
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Figure 7. (a) SHmax directions (maximum horizontal stress orientations) from the WSM [Heidbach et al., 2008, 2010; Zoback,
1992] averaged within 1° × 1° areas. Red indicates normal-fault regime, and blue indicates thrust regime, whereas green
denotes strike-slip regime. (b) The most compressive principal axes of the stress tensors obtained using the tomography
model ID 14, along with the contribution from GPE differences [Ghosh et al., 2013b]. The colors indicate the strain envir-
onment predicted by the deviatoric stresses of the model. Red indicates the maximum horizontal compression orientation
in a normal-fault regime, blue indicates maximum horizontal compression in a thrust fault regime, and green denotes
maximum horizontal compressive stress direction in a strike-slip regime. (c) Correlation coefficients between the predicted
stress tensors and from the WSM stresses. Predicted model is from the combined effects of tomography model ID 14 and
GPE differences.
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suggests that modern tomography models are closely mimicking density input, and associated flow, pre-
dicted by history of subduction models [Wen and Anderson, 1995].

Ourmain purpose is to resolvewhich tomographymodels perform best and determine how thesemodels reflect
important density variations within the Earth’s mantle. These density-buoyancy distributions not only represent
an important snapshot of structure resulting from past and present tectonics but are also a key driver for litho-
sphere stresses and strain. It is apparent that many tomography models (tomography model IDs 7–11, 14, 16,
17, 21, 22, 28, 33, and 36 in Figure 8a) fit well with GSRM (0.80 or greater) and geoid (0.70 or greater) on the global

Figure 8. (a) The global geoid and GSRM correlation coefficients (the observed geoid [Chambat et al., 2010] and GSRM
[Kreemer et al., 2003]) from all tomography models. (b) The geoid and GSRM correlation coefficients on global and regio-
nal scales between surface observations and modeled results from two tomography models S40RTS [Ritsema et al., 2011]
(model ID 14) and SAW642AN [Panning and Romanowicz, 2006] (model ID 16), respectively. Model comparisons are shown
for regions, where US: Western North America, Africa: Eastern Africa, MED: Mediterranean, TIBET: central Asia, Ind_AUS:
Indo-Australian plate boundary zone, MOR: Mid-oceanic ridges, WPAC: Western Pacific, SEA: Southeast Asia, and TOTAL:
whole earth.
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scale. It is also apparent that three models (tomography model IDs: 14, 16, and 17) provide excellent matches
with geoid and GSRM (0.80 or greater). Model ID 14 (Figure 8a) matches GSRM (0.84) best among the top three
models (model IDs 14, 16, and 17). However, the other two tomography models (model IDs 16 and 17) yield a
better fit with geoid. Although tomography model ID 17 is updated from model ID 16, with inclusion of crustal
corrections in the latter, tomographymodel ID 16 provides a better fit with geoid (geoid correlation is 0.92) than
the newer tomography model ID 17 (geoid correlation is 0.85). The reason may be that crustal structure is
complex and it is not simple to correct for it [Lekić et al., 2010; Panning et al., 2010; Qin et al., 2009]. The
differences between model IDs 16 and 17 show that crustal corrections influence final estimates of mantle
convection owing to the substantial influence these corrections have on the retrieval of deep-mantle velocity
[Panning et al., 2010].

We further evaluate the two best models (model IDs 14 (S40RTS) [Ritsema et al., 2011] and 16 (SAW642AN)
[Panning and Romanowicz, 2006]) by investigating the fit they provide with geoid and strain rates within spe-
cified regions. Figure 8b shows that except for the Andes and Indo-Australian plate boundary zones, the
geoid results from model ID 16 are better than those from model ID 14. The correlations of GSRM provided
by both model IDs 14 (S40RTS) and 16 (SAW642AN) are comparable, with model S40RTS providing a slightly
higher correlation globally. Model S40RTS (ID 14) fits GSRM better in western United States, Andes, Africa,
western Pacific, and Southeast Asia, whereas SAW642AN (ID 16) enables a better fit to GSRM in the
Mediterranean region and Indo-Australian plate boundary zones. It is difficult, and perhaps even qualitative,
to distinguish betweenmodel ID 14 (S40RTS [Ritsema et al., 2011]) andmodel ID 16 (SAW642AN [Panning and
Romanowicz, 2006]), as both provide excellent matches with surface observables.

4.1. Evaluation of Key Components Embedded in Successful Models

Part of our motivation in this study is to isolate features in the tomography models that provide vital constraints
for mantle flow and key processes of mantle dynamics. A primary feature that we compare between models is
the traction input at the base of lithosphere, which, along with GPE differences, directly impacts stresses and
strain rates. We have shown that these effective body forces (GPE gradients and basal tractions associated with
mantle flow systems) are the key factors driving plate stresses. What key features of mantle traction fields do the
successful models possess? To investigate this question, we have further classified the 39 models (Figure 8a) into
three categories: (I) models that provide a high correlation with geoid (equal to or over 0.75) and GSRM (equal to
or over 0.80) (Figure 8a) (tomography model IDs 7–9, 11–14, 16–18, 21, 22, 28, and 36); (II) models that provide a
high correlation with geoid (equal to or over 0.70) and GSRM (equal to or over 0.70) (Figure 8a) (tomography
model IDs 1, 3–6, 10, 15, 19, 20, 23–25, 33, and 37); (III) models that provide a lower correlation with geoid (below
0.70) and GSRM (below 0.77) (Figure 8a) (tomography model IDs 2, 26, 27, 29–32, 34, 35, 38, and 39).

The top 3 models (tomography model IDs 14, 16, and 17) in Figure 4 fall into category I, and they all possess
positive potentials and diverging tractions over upwelling flows associated with the Pacific superswell,
African superswell, and Iceland hotspots. Their negative potentials and converging tractions center over
downwelling flows, associated mainly with areas of present and past subduction, the Australian-Antarctic dis-
cordance, and Antarctica and Australian continents (Figure 4). Other key features are linked with the influ-
ence of current or past subduction leading to major downwellings in the Andes/South America, the
Mediterranean regions, the Middle East, Southeast Asia, northern Alaska, Northwest Pacific, the ancient
Farallon system beneath North America, and the Australian-Antarctic discordance.

Some category II models (Figures 9a–9c, tomographymodel IDs 33, 19, and 5) show only subtle differences with
themost successful models. For example, model ID 33 (Figure 9a) has similar features and traction patterns with
category I model ID 16 (Figure 4b), except that it lacks significant upwellings in Iceland and Eastern Africa
(African superswell moves to the southeast along the southwest Indian Ridge) and downwellings along the
Australian-Antarctic discordance that are present in model ID 16 (Figure 4b). Another category II model ID 19
(Figure 9b) also has similar features and traction patterns with category I model ID 16 (Figure 4b). However,
the magnitude of tractions and potentials in model ID 19 are bigger than those for model ID 16 (Figure 4b).
The reasons for these differences are that we do not take into account the trade-off between the velocity
changes in the tomographymodel and the seismic velocity-to-density scaling factor (dlnρ/dlnvs). Using a differ-
ent scaling factor, for example, it might be possible to achieve a much better fit to GSRM using model ID 19.

What is important here are the magnitudes and patterns of tractions provided by model IDs 14, 16, and 17.
Average magnitudes of tractions in large provinces of upwelling and downwelling zones in best fit model IDs
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14, 16, and 17 are 1.8–2.7MPa (Figure 4), whereas model ID 19 has higher averages of traction magnitudes
within the same upwelling and downwelling zones of ~3.9MPa (Figure 9b). The last model considered here
from category II (Figure 9c, tomography model ID 5) shows a longer-wavelength traction field with no down-
welling along the Tethyan collisional belt and Southeast Asian subduction zones, and no significant upwel-
ling zone in Eastern Africa.

Examples of models from category III (Figures 9d and 9e, tomography model IDs 31 and 30) show the
presence of upwellings over the Pacific superswell, African superswell, and Iceland hot spots, but a distinct lack
of downwellings over the areas of present and past subduction, such as the Australian-Antarctic discordance,
Antarctica, and Australia. On the contrary, Figure 9f (slab model ID 39) lacks all of the major upwelling zones
and shows only the major downwellings over the areas of present and past subduction, except within the
Tethyan collisional belt, the Australian-Antarctic discordance, Antarctica, and the Australian continent.

We can deduce from examination of Figures 4, 9, and 8a that the features resolved in tomography models,
such as Pacific superswell, African superswell, Iceland hot spots, the Andes subduction, the Mediterranean

Figure 9. Horizontal tractions,�τrφ and�τrθ, at a depth of 100 km below sea level plotted on the poloidal potentials,Zlm
4 Ylm θ;φð Þ, for category II (Figures 9a–9c) and

III models (Figures 9d–9f). Horizontal tractions and poloidal potentials from (a) model ID 33, (b) model ID 19, (c) model ID 5, (d) model ID 31, (e) model ID 30, and
(f) model ID 39.
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subduction regions, the Middle East subduction regions, the Southeast Asian subduction zones, downwel-
lings in northern Alaska, Northwest Pacific, the ancient Farallon system beneath North America, and the
Australian-Antarctic discordance, provide vital constraints for mantle flow and key processes of mantle and
lithosphere dynamics.

4.2. A Closer Comparison of Optimal Models S40RTS and SAW642AN on the Regional Scale

Optimal models (Figure 4) show poloidal potentials and tractions fields that are remarkably similar in terms of
overall global pattern, yielding nearly identical matches (global average) with GSRM and geoid. However,
there are differences on regional scales. Most of the surface area of Earth shows positive poloidal potentials,
with dominant positive patterns in the Pacific, Africa, and most mid-ocean ridge regions, with the exception
of the Australian-Antarctic discordance. Negative poloidal potentials reflect important downwellings asso-
ciated with present and past subduction histories (Figure 4). Comparisons of models in Figure 4 on a regional
basis reveal differences in traction patterns that reflect differences in the distribution of convective patterns
and vigor. S40RTS [Ritsema et al., 2011] (model ID 14; Figure 4a) shows a more dominant negative poloidal
potential beneath Nazca/Andes/South America region in comparison with SAW642AN [Panning and
Romanowicz, 2006] (model ID 16; Figure 4b), reflecting a greater volume of downwelling in the S40RTS model
beneath Nazca/South America in comparison with SAW642AN. The more extensive negative poloidal poten-
tials and traction patterns in S40RTS result in a better match with GSRM and geoid in comparison with
SAW642AN. The model S40RTS shows a more vigorous upwelling in east Africa, and a better fit to GSRM
there, in comparison with SAW642AN. However, both models yield comparable fits with geoid. Within the
Mediterranean region, model SAW642AN shows a more vigorous downwelling (negative poloidal potentials)
than model S40RTS. Model SAW642AN achieves a better fit with GSRM in the Mediterranean, but the fit to
geoid is comparable for the two models. In the region of the Indo-Australian plate boundary zone, model
S40RTS shows a greater variability of traction magnitudes and directions than in comparison with the more
smoothly varying field from SAW642AN. It turns out that model SAW642AN matches GSRM better within the
Indo-Australian plate boundary. Model SAW642AN also matches the western Pacific better than S40RTS, with
the only discernable difference between the two traction fields being that model SAW642AN shows a
smoother more coherent pattern in the western Pacific.

4.3. The Importance of Fit to Geoid and GSRM

Our results also indicate that the fitness of geoid is important to constrain the lateral heterogeneity in mantle.
When geoid yields a good fit, the other indicators (GSRM correlation) also generally match well (tomography
models of categories I and II). However, we should keep in mind that use of geoid alone may lead to nonu-
nique inferences in regard to model fitness. There are cases (some category III models) where we have
obtained a very good fit to GSRM (for example, 0.75 for model ID 27), but geoid correlation coefficient is less
than optimal (0.52 for model ID 27). These inferences are consistent with the work of Ghosh et al. [2013b],
where they suggested that an optimal model would match all the constraints of deviatoric stress field, plate
motions, geoid, and dynamic topography. However, we are not yet at the stage of defining a definitive, small
range of models that match dynamic topography estimates, possibly because we still need to improve our
knowledge of both lithosphere and thermochemical structure of the mantle before accurate estimates of
residual topography can be obtained [Wen and Anderson, 1997a; Flament et al., 2013].

Although the optimal models (IDs 14 and 16) provide a good qualitative match to WSM observations
[Heidbach et al., 2008, 2010; Zoback, 1992] (Figure 7), we also find that several other type I and II tomography
models provide nearly equally good matches. That is, the WSM data set does not enable us to delineate a
narrow range of optimal tomography models like the geoid and GSRM models/data sets do. A possible rea-
son may be that the WSM data show more dispersion of orientation and deformation style within any given
region than do the other data sets. The GSRM model, for example, is defined by GPS observations, but it
provides strain rate tensor orientations (averages within 1° × 1° areas) that represent the accommodation
of global plate motions.

4.4. Limitations to the Present Analysis

Although most models yield a good fit with surface observations, we must keep in mind that our calculations
are limited by several factors:
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1. We employ a simple, constant scaling factor from seismic velocity to density (dlnρ/dlnvs). It is notable that
different tomography models show different magnitudes of velocity perturbation, yet similar spatial dis-
tributions for these velocity variations. There is a trade-off between the velocity change within a given
model and the seismic velocity-to-density scaling factor (dlnρ/dlnvs). Because we used only one scaling
factor, some models may not score as well in fit to surface observables if the resolved velocity changes
in that tomography model are not optimal for the given velocity-density scaling factor.

2. We use a fixed radial viscosity model SH08 [Steinberger and Holme, 2008] for all the tested models when
we compute geoid and output tractions, although the radial variation of viscosity has a significant impact
on predicted geoid and output mantle tractions.

3. Lateral viscosity variations are not taken into account in the convection model; we use them to compute
the lithosphere stresses and strain rates (they are taken into account in both mantle and lithosphere mod-
els of Ghosh et al. [2013b]).

4. Mantle circulation used has a long wavelength and generally does not yield detailed information on
smaller-scale convection.

5. The convection models are of lower resolution (all tested models, with the exception of model 20, have a
spherical harmonic degree lmax below or equal to 63) than the lithosphere GPE model. A future effort
should involve global convection models that match this resolution (1° × 1°) within regions where the
tomography is of sufficiently high resolution.

For these reasons, our evaluations should not be understood as an ultimate rating of these models, but rather
as a first step to determine the key important, yet common, features these tomography models are resolving,
and an evaluation of how such features impact global and regional mantle flow, geoid, lithospheric stresses,
and strains. Nevertheless, our study identifies primary features within the mantle that global tomography
models must resolve in order to match plate boundary zone deformation and geoid. As future global tomo-
graphy models are refined, it should be possible to test such models for the contributions they make to litho-
sphere dynamics.

5. Conclusions

We compute geoid, dynamic topography, and lithospheric deviatoric stresses in the plates and plate bound-
ary zones using mantle convection models (together with a lithosphere GPE model provided by Ghosh et al.
[2013b]) based on 39 density models, including 36 seismic tomography models and 3 slab models. We use
the same approach of Ghosh et al. [2013b] to calculate the deviatoric stresses, the most compressive principal
axes of the stress tensors from our predicted and combined deviatoric stresses. We also calculate the correla-
tion coefficients between our results and the observables.

Our analysis of 39 density models has revealed the key components of mantle flow patterns that influence
lithosphere intraplate stresses, plate boundary zone stresses, and plate boundary zone strain rate tensor
fields. Gradients in GPE, with a dependence on topography and lithosphere structure, calibrate the magni-
tude of stresses acting within the lithosphere. The remaining set of effective body forces (tractions associated
with mantle dynamics) combine with GPE differences to give the total lithosphere dynamics ultimately
responsible for plate boundary zone and intraplate stresses.

An important constraint to arise from our analysis is confirmation on the optimal range of traction input needed
from mantle dynamics. Average magnitudes of tractions in large provinces of upwelling and downwelling
zones in our best fit models are in the range of 1.8–2.7MPa (Figure 4). Larger magnitudes of average tractions
of ~3.9MPa, but with similar patterns (Figure 9b, model ID 19), yield a degraded fit to GSRM and geoid in com-
parison with the best fit models 14, 16, and 17 (Tables 1 and 2). Thismodeling also confirms the absolute level of
depth-integrated deviatoric stresses within the lithosphere [see also Ghosh et al., 2013b]. Figure 5b shows the
depth-averaged deviatoric stresses resulting from contributions of GPE differences and mantle flow-associated
tractions. Principal axes of deviatoric stresses range between 20 and 30MPawithin theNorth American Plate, 20
and 60MPa within the Indo-Australian Plate system, 20 and 30MPa within Europe, and 5 and 40MPa within
South American Plate. Parts of the Pacific plate are experiencing pure tensional deviatoric stresses, particularly
the south central Pacific above the Pacific superswell (5–20MPa). Principal axes of deviatoric stress magnitudes
within deforming plate boundary zones are generally lower, with average values of tensional deviatoric stress in
mid-ocean ridge environments of 5–15MPa. Average values of compressional deviatoric stress within
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subduction zones are 10–20MPa. Zones of continental deformation display principal axes of deviatoric stresses
of 10–20MPa for Tibet (tension), 10–20MPa for western U.S. (tension), 10–20MPa for Mediterranean andMiddle
East regions (compression and tension), and 20–30MPa in East Africa (tension) (Figure 5b).

Although there are over 10 tomography models that provide very good matches globally with geoid, and GSRM,
results show that tomography models S40RTS [Ritsema et al., 2011] (model ID 14) and SAW642AN [Panning and
Romanowicz, 2006] (model ID 16) are optimal, with geoid and GSRM (over 0.80). The tomography model of
S40RTS yields a slightly better fit with GSRM (correlation is 0.84) than SAW642AN (correlation is 0.80), whereas
the SAW642AN model provides a superior fit (correlation is of 0.92) with observed geoid [Chambat et al., 2010].

Tomography models of S40RTS and SAW642AN have similar features, similar wavelengths of mantle flow
anomalies, and hence similar traction output (Figure 4). These similarities include (1) upwelling flows and
positive poloidal potentials located in the Pacific, Eastern Africa, Iceland, and mid-ocean ridges in the
Atlantic and Indian Oceans and (2) downwelling flows and negative poloidal potentials mainly located in
the Andes, theMiddle East, and the Southeast Asian subduction zones. These patterns result from buoyancies
of hot spots or “superswell” and ancient subducted slabs, respectively. Comparisons between the two best fit
models reveal some important differences on the regional scale, providing insights into the nature of regio-
nal mantle flow patterns that yield a better match with observations.

Results indicate that critical features of major longer-wavelength upwelling zones are important, such as the
Pacific superswell, African superswell, and Iceland hot spots. Successful models also possess many zones of
smaller-scale convection (upwellings), such as within the Hainan Island, Baikal Rift, and west Africa beneath
Atlantic (Figure 4). Major downwellings are also critical, such as beneath the Andes subduction/south
America, the Mediterranean subduction regions, the Middle East subduction regions, the Southeast Asian
subduction zones, northern Alaska, northwest Pacific, the ancient Farallon system beneath North America,
and the Australian-Antarctic discordance. We have shown that without all of these key features it is not pos-
sible to obtain optimal matches with GSRM or geoid. These tractions integrate over thousands of kilometers
to affect lithospheric stresses within the plates and plate boundary zones. Mantle flow effects, combined with
topography and lithosphere structure, provide an excellent match with stress indicators in the plates and
plate boundary zones (WSM and GSRM) and geoid. The importance of the mantle flow anomalies described
above indicates that plate tectonics is impacted at any given time by the very long history of subduction
[Bunge et al., 1998;Wen and Anderson, 1995; Schuberth et al., 2009; Shephard et al., 2012], along with the clear
importance of mantle upwelling zones [Forte et al., 2010a, 2010b].

A difficult frontier is to obtain refined and improved matches to surface deformation and motions within
parts of Tibet, South America, the Pacific, the Great Basin regions of Western U.S. The successful understand-
ing of the dynamics of these regions will likely require incorporation of very high resolution regional tomo-
graphic models and refined, accurate crustal structure models.
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