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a b s t r a c t
Using a multi-disciplinary technique incorporating the heterogeneous resolution of seismic tomography,
geodynamical models of mantle convection, and relationships derived from mineral physics, we investigate the method of using seismic observations to derive global-scale 3D models of the mantle ﬂow ﬁeld.
We investigate the inﬂuence that both the resolution of the seismic model and the relationship used to
interpret wavespeed anomalies in terms of density perturbations have on the calculated ﬂow ﬁeld. We
create a synthetic seismic tomography model from a 3D spherical whole mantle geodynamic convection model and compare present-day global mantle ﬂow ﬁelds from the original convection model and
from a geodynamical model which uses the buoyancy ﬁeld of the synthetic tomography model as an
initial condition. We ﬁnd that, to ﬁrst order, the global velocity ﬁeld predicted by the synthetic seismic
model correlates well with the ﬂow ﬁeld from the original convection model throughout most of the
mantle. However, in regions where the resolving power of the seismic model is low, agreement between
the models is reduced. We also note that the ﬂow ﬁeld from the synthetic seismic model is relatively
independent of the density–velocity scaling ratio used.
© 2010 Elsevier B.V. All rights reserved.

1. Introduction
Understanding the global-scale velocity ﬁeld associated with
convection in Earth’s mantle has been a long-standing pursuit
in the geophysical community. Such an understanding is essential to constrain plate driving forces, geoid variations, lithospheric
stresses and the thermal and compositional structure of the mantle. If plate motions are prescribed at the surface, return ﬂow and
mantle tractions can be computed (Hager and O’Connell, 1981).
Constraints on the buoyancy-driven component of ﬂow outside
subduction zones arrived with the advent of global seismic tomography (e.g., Dziewonski et al., 1977; Dziewonski, 1984; Woodhouse
and Dziewonski, 1984) as seismic velocity anomalies were interpreted in terms of density perturbations (e.g., Hager et al., 1985;
Hager and Clayton, 1989; Ricard and Vigny, 1989). Subsequently,
several models of the large-scale velocity ﬁelds of the mantle have
been proposed (e.g., Richards and Hager, 1984; Ricard et al., 1984,
1989; Forte and Peltier, 1987, 1991; Hager and Clayton, 1989;
Hager and Richards, 1989; King and Masters, 1992; Forte et al.,
1994; King, 1995; Lithgow-Bertelloni and Richards, 1998; Becker
and O’Connell, 2001; Forte and Mitrovica, 2001) and have been
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widely used to investigate upper mantle anisotropy (e.g., Becker
et al., 2003; Gaboret et al., 2003; Conrad et al., 2007); geoid undulations (e.g., Cadek and Fleitout, 1999; King and Masters, 1992);
surface uplift (e.g., Gurnis et al., 2000); tectonic plate velocities
(e.g., Becker and O’Connell, 2001; Conrad and Lithgow-Bertelloni,
2002; Becker, 2006); lithospheric stress ﬁeld (e.g., Steinberger et
al., 2001; Lithgow-Bertelloni and Guynn, 2004) and upper mantle
thermal structure (e.g., Cammarano et al., 2003). Comparisons of
computed parameters, such as heat ﬂux, plate motions, geoid and
lithospheric stresses with the observations help assess the success
of the models (e.g., Steinberger and Calderwood, 2006).
The global-scale mantle ﬂow ﬁeld is typically calculated from
the Stokes and continuity equations for a given density distribution and mechanical boundary condition. Currently, one method
of deriving such a density structure relies on converting a seismic
tomography model into a density ﬁeld (i.e., buoyancy structure)
using relationships from mineral physics. Although widely used,
there are several caveats to this method. Firstly, the resolution
of seismic tomography models is inherently spatially heterogeneous due to an uneven and incomplete seismic sampling of the
mantle (Fig. 1) (e.g., Mégnin et al., 1997). Ritsema et al. (2007)
showed that the inhomogeneous data coverage and the damping applied in tomographic inversions result in suppressed short
wavelength structures, removal of strong velocity gradients and
artiﬁcial stretching and tilting of shear-wave velocity anomalies
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Fig. 1. Map of the resolving power of the tomographic model S20RTS (Ritsema et al.,
1999, 2004) shown at 300 km, 800 km, 1800 km and 2800 km depth in the mantle.
Darker colors represent areas of better resolution. Note the decrease in resolving
power with depth in the lower mantle.

throughout the mantle. As such, if the tomographic model used to
derive a density ﬁeld distorts thermal and chemical heterogeneity
in the mantle, the result will be a blurred image of mantle structure (e.g., Schubert et al., 2004; Ritsema et al., 2007; Bull et al., 2009;
Schuberth et al., 2009) which could potentially lead to signiﬁcant
misinterpretations and uncertainties when this density ﬁeld is used
to calculate the instantaneous ﬂow ﬁeld. Secondly, the interpretation of the seismic wavespeeds in terms of density perturbations
depends on relations derived from mineral physics (e.g., Karato and
Karki, 2001; Stixrude and Lithgow-Bertelloni, 2005). Estimates of
the relationship between observed seismic wavespeed anomalies
and density deﬁned as:
R/Vs =

ı log 
ı log Vs

(1)

vary from −0.2 to 0.4 for most materials, however there is no clear
consensus on how to apply a pressure-dependence to the relationship over the depth of the mantle (e.g., Chopelas, 1992; Karato,
1993; Karato and Karki, 2001; Cammarano et al., 2003). Accordingly, most studies use constant values of the velocity–density
relationship as a function of depth. One key issue in interpreting
the tomographic model is whether the observed seismic anomalies have a thermal or chemical origin and how to translate that
to density. As a result, several different formulations have been
used. These include ignoring velocity or density variations in the
uppermost 200–300 km of the mantle where the velocity structure is thought to be dominated by chemical heterogeneity (e.g.,
Jordan, 1978; Thoraval and Richards, 1997; Lithgow-Bertelloni and
Silver, 1998), using a constant value for R throughout the upper
mantle and allowing R to vary smoothly in the lower mantle (e.g.,
Forte et al., 1995; Cammarano et al., 2003), using a constant value
throughout the entire mantle below 200 km (e.g., Steinberger et
al., 2001), imposing near-zero or negative values in the lowermost mantle (e.g., Gurnis et al., 2000; Karato and Karki, 2001;
Matas and Bukowinski, 2007), and determining the relationship
through probabilistic tomography (e.g., Resovsky and Trampert,
2003). As such, global-scale mantle ﬂow ﬁelds derived using this
method may be subject to scaling errors that arise from imperfect or insufﬁcient mineral physics data. Although it is possible
to use self-consistent thermodynamic calculations (e.g., Stixrude
and Lithgow-Bertelloni, 2005) to derive temperature-, pressureand compositional-dependent seismic wavespeeds throughout the
depth of the mantle, such an approach relies upon knowledge of the
compositional structure of the mantle. We have used this approach
in previous work (Bull et al., 2009); however in this work, we focus
on investigating more classical approaches to density-wavespeed
conversions.
One way to investigate the method of using seismic observations to derive global-scale 3D models of the mantle ﬂow ﬁeld is to
run joint seismological and geodynamic inversions (e.g., Simmons
et al., 2007). Here, we focus on a different approach and use a multidisciplinary technique developed in previous work (Ritsema et al.,
2007; Bull et al., 2009) to investigate the use of seismic tomography observations to mantle ﬂow ﬁeld models. We investigate how
(1) the resolution of the seismic model and (2) the relationship
used to interpret wavespeed anomalies in terms of density perturbations affect the calculated ﬂow ﬁeld. We create a synthetic
tomography model from a 3D spherical whole mantle geodynamic
convection model using the resolution matrix of the seismic tomography model, S20RTS (Ritsema et al., 1999, 2004), as an effective
“seismic ﬁlter” to capture the variable resolution inherent to seismic tomography. We compare ﬂow patterns of the global mantle
ﬂow ﬁelds from both the original convection model which serves
as the control case and from a similar convection model that differs in that it uses the buoyancy ﬁeld derived from the synthetic
tomography model of the control case as an initial condition.
We ﬁnd that, to ﬁrst order, the global velocity ﬁeld predicted by
the synthetic tomography model correlates well with the ﬂow ﬁeld
from the original convection model throughout most of the mantle,
however in regions where the resolving power of the seismic model
is low, agreement between the models is reduced. We also note that
the ﬂow ﬁeld from the synthetic tomography model is relatively
independent of the density–velocity scaling ratio used for the four
typical proﬁles investigated in this work.
2. Method
2.1. Global-scale velocity ﬁeld from the geodynamics model
Following the general approach of Davies and Bunge (2001), we
calculate the global-scale mantle ﬂow ﬁeld using the 3D spherical
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ﬁnite-element convection code CitcomS (Zhong et al., 2000) to solve
an instantaneous Stokes ﬂow calculation for a whole-mantle convection model. For this global circulation model (GCM), we impose a
free-slip boundary condition at the surface. To create an initial condition for the GCM we ﬁrst use CitcomS to solve a time-dependent
convection calculation over the past 119 million years using surface plate motions as kinematic boundary conditions to guide the
location of subduction (e.g., Bunge et al., 1998; Lithgow-Bertelloni
and Richards, 1998; McNamara and Zhong, 2005). This initial calculation provides a model representation of slab and plume scale
ﬂow.
The non-dimensional equation for the conservation of mass in
incompressible ﬂow is:

∇ ·u=0

(2)

where u is the velocity vector.
The non-dimensional momentum equation is
−∇ P + ∇ · (ε̇) = (RaT )r̂

(3)

where r̂ is the radial unit vector, P is the dynamic pressure,  is the
viscosity, ε̇ is the strain rate tensor, T is the temperature and Ra is
the thermal Raleigh number deﬁned as
Ra =

˛g Th3


(4)

where ˛ is the thermal expansivity,  is the density, g is the acceleration due to gravity, T is the temperature drop across the mantle,
h is the mantle thickness and  is the thermal diffusivity. We
employ a Rayleigh number of 2.8 × 108 . However, the overall effective Rayleigh number is much smaller given the depth dependence
of viscosity, as shown below.
The non-dimensional heat equation is
∂T
+ (u · ∇ )T = ∇ 2 T + H
∂t

(5)

(T, z) = r (z)exp[A(0.5 − T )]

2005):
R/Vs =

ı log 
ı log Vs

(7)

where Vs is the shear-wave velocity and  is the density. Using:
ı
= −(T − Tave )˛

Eq. (7) becomes:
1
T = Tave − R
˛



ıVs
Vs

(8)


(9)

where T is the temperature, Tave is the average temperature and ˛ is
the coefﬁcient of thermal expansion (taken to be 2 × 10−5 K−1 ). Values for Tave are taken from the original geodynamic calculation. For
this work we employ four different depth-dependent relationships,
R (Fig. 2) following previous studies (e.g., Gurnis et al., 2000; Karato
and Karki, 2001; Steinberger and Calderwood, 2006; Steinberger
and Holme, 2008). All cases assume a value of R = 0 in the uppermost 200 km of the mantle to account for effects of the tectosphere,
as it is suggested that compositional differences are likely to cancel out the observed high-velocity anomalies beneath cratons (e.g.,
Jordan, 1978; Forte et al., 1995).
We ﬁrst project the calculated seismic velocity ﬁeld into the
same spatial parameterization as the tomographic model S20RTS
(Ritsema et al., 1999, 2004) and then convolve it with the resolution operator of S20RTS as described brieﬂy below and in detail in
Ritsema et al. (2007) to create a synthetic seismic model. This procedure will have two effects on the original temperature ﬁeld. Firstly,
any buoyancy structure above spherical harmonic 20◦ will be
removed as S20RTS is a 20◦ model, meaning that there is no power
at shorter wavelengths. Secondly, the data will be smoothed due to
the limited resolution of heterogeneity at the highest degrees.
A tomographic model is most commonly calculated from an
observed seismic wavespeed in a linear fashion using
Gm = d

where t is time and H is the non-dimensional internal heating rate.
We employ a temperature- and depth-dependent rheology of
the non-dimensional form:
(6)

where  and z are the non-dimensional viscosity and dimensional depth respectively and r (z) = 1 for z < 665 km and
r (z) = 0.1225z − 51.2 for 665 km ≤ z ≤ 2850 km. This formulation
leads to a weak upper mantle, a 30× viscosity step increase at the
boundary between the upper and lower mantle, and a 10× linear
increase with depth to the base of the mantle. The non-dimensional
activation coefﬁcient, A, is chosen to be 9.2103, which leads to
a temperature-induced viscosity contrast of 104 . The models are
heated from below and internally (ratio of internal to bottom heating is approximately 1:1) with a dimensional heat production of
0.01375 W m−2 .
The temperature ﬁeld resulting from the initial time-dependent
numerical calculation is used as the initial condition for the calculation of instantaneous Stokes ﬂow. The resulting global-scale ﬂow
ﬁeld will be referred to as the “GCM ﬂow ﬁeld”.
2.2. Global-scale velocity ﬂow ﬁeld from the synthetic
tomography model
We convert the geodynamical temperature ﬁeld to a
temperature-dependent synthetic shear-wave velocity ﬁeld using a
velocity–density scaling relationship derived from mineral physics
(e.g., Karato and Karki, 2001; Stixrude and Lithgow-Bertelloni,
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(10)

where d is a vector of seismic data observations, m is a vector
of Earth model parameters and G is a matrix which describes the
geometry and physics of the problem and which relates the number
of observations to the number of model unknowns. To construct the
tomographic model, a value of m must be calculated which satisﬁes Eq. (10) at least approximately, and thus the inverse of G must
be found. G is not square (there are more constraints than model
parameters) and it is ill-posed (certain areas of the mantle are sampled poorly) and therefore it cannot be directly inverted. It is thus
usual to ﬁnd m by damped least-squares inversion:
m = [G T G]

−1

GT d

(11)

To analyze the degree of detail in the true model, mtrue that has
been resolved, Eq. (11) can then be expressed as:
mestimated = [G T G]

−1

G T Gmtrue

(12)

where the resolution operator, R is given by:
R = [G T G]

−1

GT G

(13)

(e.g., Soldati and Boschi, 2005) R indicates how much the true
model is smeared into the various parameters of the inversion
model and leads to:
mobserved = Rmtrue

(14)

For perfect model resolution, R is 1 so the true model would
be fully mapped into the inversion model. However, almost always
mobserved , represents a blurred image.
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Fig. 2. The four shear-wave velocity–density scaling relationships used in this study inspired by previous studies (e.g., Gurnis et al., 2000; Karato and Karki, 2001; Steinberger
and Calderwood, 2006; Steinberger and Holme, 2008).

This synthetic seismic model, derived by convolving the original
numerical calculation with R, features the blurring and smearing
which compromise tomographic models and which may affect the
accuracy of the global-scale ﬂow ﬁeld derived from the model. We
use the same velocity–density scaling relationship as in the earlier
step to convert the ﬁltered wavespeed ﬁeld back to temperature
(i.e., to a buoyancy ﬁeld) which we use as input to a calculation
of the instantaneous global ﬂow ﬁeld using CitcomS to produce the
global-scale velocity ﬂow. This calculated ﬂow ﬁeld will be referred
to as the “Tomography-Derived” ﬂow ﬁeld.
As the resolution operator is linear, it is possible to directly
project the temperature ﬁeld from the original convection calculation into the tomographic spatial parameterization and convolve
it with R. The ﬁltered temperature ﬁeld can then be converted to a
wavespeed ﬁeld using the relationships shown in Fig. 2.
3. Results
Fig. 3a shows the resulting temperature ﬁeld (i.e., buoyancy
ﬁeld) derived from the 3D spherical geodynamical calculation (i.e.,
the GCM) projected onto a Cartesian box. Clusters of upwelling
thermal plumes (red color) form beneath the Central Paciﬁc and the
African region while downwellings (blue color) are focused along
the outer edge of the Paciﬁc basin where lithosphere is subducting. We performed a resolution test using 12 × 96 × 96 × 96 (from
12 × 64 × 64 × 64) elements to verify that the small scale structures
in the upper mantle (blue regions in the upper mantle in Fig. 3a)
are not an artifact of the model resolution. We found that the temperature and ﬂow ﬁelds for the model used here, and the higher
resolution calculation were near-identical.
The global-scale mantle ﬂow ﬁeld associated with the GCM is
shown at several depths in the mantle in Fig. 3c. Flow in the radial
direction is shown as background color and ﬂow in the lateral direc-

tion is shown as arrows, shaded according to magnitude. In the
lowermost mantle the lateral ﬂow is focused into areas of upwelling
beneath the Central Paciﬁc and along a N–W trend beneath the
African region and away from areas of downwelling (i.e., along the
edge of the Paciﬁc basin). Higher in the lower mantle, the upwelling
regions are broader but the lateral ﬂow pattern is, to ﬁrst order, the
same as in the lowermost mantle, with ﬂow into areas of upwelling
and away from regions of subduction. In the upper mantle, the pattern of vertical ﬂow is similar to ﬂow in the lower mantle; however
the direction of lateral ﬂow is reversed, as material moves away
from areas of upwelling (i.e., plume heads spread out) and moves
towards areas of downwelling (i.e., subduction zones).
Fig. 3b shows the temperature ﬁeld (i.e., buoyancy ﬁeld) derived
from the Tomography-Derived model projected onto a Cartesian
box. Comparing this with the temperature ﬁeld of the GCM (Fig. 3a)
we note that the clusters of small upwelling plumes (red color) are
now much broader, as R has acted to blur and smooth the smallscale features from the GCM. The global mantle ﬂow ﬁeld from the
Tomography-Derived model is shown at several depths in the mantle in Fig. 3d. For the case shown, we employ the density–velocity
scaling relationship shown in Fig. 2a. The ﬂow ﬁeld has slightly
lower magnitudes than the GCM ﬂow ﬁeld at all depths in the mantle, as seen by the lighter colors and ﬂow arrows (compare Fig. 3d
to Fig. 3c). One can apply a best ﬁt factor to scale the TomographyDerived ﬂow ﬁeld to account for the damping in the tomographic
inversion (Ritsema et al., 2007 provides detailed discussion on how
damping of the tomographic model inﬂuences the amplitudes of
the synthetic anomalies). For the case shown, we ﬁnd that a factor
of 1.15 scales the amplitude of ﬂow for the Tomography-Derived
model to the amplitude of the GCM. In the lowermost mantle, the
small upwellings observed in the GCM ﬂow ﬁeld (Fig. 3c, bottom
panel) have been smeared into a more contiguous structure. This
is also apparent in the upper mantle (compare top panels of Fig. 3c
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and Fig. 3d) as the small scale radial ﬂow patterns present in the
GCM ﬂow ﬁeld have been blurred by the seismic ﬁlter and are not
observed in the Tomography-Derived ﬂow ﬁeld. Throughout the
rest of the mantle, the pattern of vertical ﬂow is similar to the GCM
ﬂow ﬁeld. The direction of ﬂow changes very little between models
as described below.
The angle between the 3D ﬂow vectors of the two models is
shown in Fig. 4a. To ﬁrst order, throughout the mantle, the angle
between the ﬂow vectors of the two models is small (0–20◦ ).
Isolated regions beneath the Southern Atlantic and the Southern
Paciﬁc have much larger angles between the vectors, suggesting
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that ﬂow in this region predicted by the Tomography-Derived
model differs strongly from that for the GCM model. These regions
are present at all depths in the mantle, although the largest differences between ﬂow vectors are seen in the lowermost mantle
and above the transition zone. However, the majority of these misﬁts are located in regions where the velocity amplitudes are very
small. We investigate the areas of poor angular correlation by comparing maps of the vertical resolution of the seismic model (Fig. 1)
to the maps of angular correlation (Fig. 4a). In Fig. 1, areas of poor
resolution are shown by brighter colors, and regions of good resolution appear as darker colors. The resolving power of the seismic

Fig. 3. The resulting 3D temperature ﬁeld from (a) the whole-mantle convection calculation shown for the entire mantle and projected onto a Cartesian box and (b) the
same convection calculation convolved with the resolution operator of S20RTS. In both cases clusters of upwelling thermal plumes form beneath the African region and the
Southern Paciﬁc (shown here in red), however the plumes in (b) are much broader due to the effect of the resolution operator. The resulting global-scale mantle ﬂow ﬁelds
from instantaneous Stokes ﬂow calculations, which use (a) and (b) as their initial condition are shown in (c) and (d) respectively at 300 km, 800 km, 1800 km and 2800 km
depth in the mantle.
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Fig. 4. (a) The angular difference between the 3D ﬂow vectors of the GCM and the Tomography-Derived model shown at 300 km, 800 km, 1800 km and 2800 km depth in the
mantle. Throughout most of the mantle, the angle between the vectors is relatively small. Several small regions, beneath the Southern Atlantic and the South Paciﬁc show
larger angles. (b) Magnitudinal differences between the 3D ﬂow vectors of the GCM and the Tomography-Derived model shown at 300 km, 800 km, 1800 km and 2800 km
depth in the mantle. The most signiﬁcant magnitude differences occur in the upper mantle and in the lowermost mantle close to the CMB.

model has a maximum at 900 km depth and decreases with depth
in the mantle. Throughout the mantle, the resolution of the seismic
model is highest in the northern hemisphere, where coverage from
sources and receivers is better than in the southern hemisphere.
At all depths, regions of poor directional correlation in Fig. 4a are
located, to ﬁrst order, in areas of poor tomographic resolution in
Fig. 1. This suggests that the Tomography-Derived ﬂow ﬁeld, which
features signiﬁcant damping, will vary most strongly from the GCM
ﬂow in regions where the resolution of the tomographic model is
poor.
The average angular difference between the ﬂow vectors as a
function of depth is shown in Fig. 5a. Throughout the majority of

the mantle, the angle between the ﬂow vectors is low (less than
30◦ ) and does not vary signiﬁcantly with depth. A noticeable exception is found between ∼500 km and 700 km depth as the average
angle between vectors increases to 60◦ . The decorrelation between
vectors is sharp and at a maximum at ∼520 km depth.
Differences between the magnitudes of the velocity vectors of
the GCM ﬂow ﬁeld and the Tomography-Derived ﬂow ﬁeld are
given by:

 
V 

control

 

− V 

tomography

(15)
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Fig. 5. (a) The average angular difference between the 3D ﬂow vectors of the GCM
and the Tomography-Derived model shown for the entire mantle. Note the peak
at ∼500 km, which denotes a decorrelation between the ﬂow vectors of the two
models. (b) The average resolving power of S20RTS shown for the entire mantle.
Within the transition zone (∼500 km to 800 km) there is a sharp decrease in the
resolving power of the seismic model. This decrease agrees with the depths at which
the decorrelation peak in (a) appears. (c) A histogram of the volume percentage of
the mantle vs. angular distance between the ﬂow vectors for the two models.

and are shown in Fig. 4b. Values close to 0 indicate regions where
magnitudinal differences are minimal. The largest magnitude differences occur in the lowermost mantle close to the CMB and above
the transition zone. At both depths, the resolution operator has the
strongest effect on the vertical ﬂow pattern (i.e., the small plumes
in Fig. 3c, bottom and top panels, are smeared in Fig. 3d, bottom and
top panels). Throughout the rest of the mantle, the magnitude differences are much smaller, albeit that the magnitudes of the GCM
ﬂow ﬁeld are always higher than the Tomography-Derived ﬂow
ﬁeld, as usually accepted due to the tomographic model being a
damped representation of the true Earth structure: it is expected
that a tomographic model will be more capable of resolving patterns of ﬂow in the mantle, as opposed to the amplitude of ﬂow.
The radial weighted-average of the resolving power of S20RTS
is shown in Fig. 5b (dashed line). Smaller values indicate regions
where the resolution of the seismic model is highest. Within the
transition zone (from ∼800 km to 500 km depth) there is a sharp
decrease in the resolving power, as the structure is primarily constrained by surface-wave overtones, which have sensitivity over a
broader depth range than the fundamental mode surface waves.
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The diminishing resolution in the lower mantle is due to the wider
separation of splines used to parameterize S20RTS. Comparing
Fig. 5a to Fig. 5b, there is a noticeable agreement of the depth at
which the decorrelation of the vector directions occurs with the
depth at which the resolving power of S20RTS is at its poorest.
Fig. 6a shows RMS power and correlation for the TomographyDerived and the GCM ﬂow ﬁelds, at several depths in the mantle.
For all components and at all depths in the mantle, the power of
the Tomography-Derived model ﬂow ﬁeld decays more rapidly
than the power of the GCM ﬂow ﬁeld. Such decay corresponds
to a loss of short-wavelength ﬂow due to damping in the tomographic inversion procedure. Above 20◦ , there is no power in the
Tomography-Derived model, since S20RTS is parameterized only
up to 20◦ . Any structure above 20◦ is due to coupling to the lower
degrees. Indeed, the aliasing to degrees higher than 20 for deep
radial and poloidal ﬂow is such that most degrees have positive
correlation between models. We limit our comparisons of structure between the models to the long wavelength structure below
20◦ . Correlation between the GCM and the Tomography-Derived
ﬂow ﬁelds is greater than 0.75 for most depths for the poloidal and
radial components. The toroidal component is less well matched.
Fig. 6b shows the correlation between the poloidal, toroidal and
radial components of the GCM ﬂow ﬁeld and the ﬂow ﬁelds for
Cases A–D up to 20◦ . As noted in Fig. 5a, the correlation between
models is low in the upper mantle and transition zone and high
throughout the lower mantle. There is little difference in correlation
and RMS power with depth for the four velocity–density scaling
cases (Fig. 2) used in this study. The Tomography-Derived ﬂow ﬁeld
for each case matches the GCM ﬂow ﬁeld quite well.
We performed the method outlined above for four different proﬁles of the velocity–density scaling value as shown in Fig. 2. The
motivation is to investigate to what extent the resulting ﬂow ﬁeld
depends on the density–velocity ratio chosen. The four proﬁles
differ in their radial structure of R. We ﬁnd, however, that for all
four proﬁles, the results are very similar. The directions of the ﬂow
ﬁeld for each proﬁle correlate strongly at all depths with the ﬂow
directions from the GCM (i.e., the plots shown in Fig. 4a are nearidentical for all of the relationships shown in Fig. 2). As before, areas
of poor correlation are located in regions where the resolution of the
seismic model is at its lowest. The magnitudes of the TomographyDerived ﬂow ﬁelds vary slightly with each density–velocity proﬁle;
however the pattern of ﬂow (i.e., shape of upwellings and downwellings) does not change and the differences in magnitudes were
very small.

4. Discussion
In this work, we investigated possible caveats associated with
using seismic observations to calculate ﬂow ﬁelds. As global-scale
mantle ﬂow ﬁelds are widely used in many aspects of geophysics,
such as seismic anisotropy studies (e.g., Becker et al., 2003; Behn
et al., 2004), investigations of tectonic driving forces (e.g., LithgowBertelloni and Silver, 1998; Becker and O’Connell, 2001; Conrad and
Lithgow-Bertelloni, 2002) it is important to have constraints on the
reliability of the method used to derive the ﬂow ﬁeld. Although previous authors (e.g., Becker and O’Connell, 2001; Bunge et al., 2002;
Becker, 2006; Simmons et al., 2006; Steinberger and Calderwood,
2006; Forte, 2007; Steinberger and Holme, 2008) have investigated
various aspects of geodynamically and seismically derived global
mantle ﬂow ﬁelds (viscosity structure, density–velocity conversion
factor, etc.) this paper presents the ﬁrst attempt to investigate the
method of using seismic observations to constrain mantle ﬂow and
to numerically compare geodynamically derived and seismically
derived global-scale mantle ﬂow ﬁeld models. This study, which is
complimentary to the work of Becker and Boschi (2002) and Becker
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Fig. 6. (a) RMS power and correlation for the Tomography-Derived ﬂow ﬁeld and the GCM ﬂow ﬁeld shown at 300 km, 800 km, 1800 km and 2800 km depth in the mantle.
The left, center and right columns show the poloidal, toroidal and radial components respectively. Spherical harmonic power per degree and unit area is shown as a blue
line (GCM ﬂow ﬁeld) and a red line (Tomography-Derived ﬂow ﬁeld) plotted against a log scale on the left. The correlation between the two models per degree is shown
by the magenta curve and is plotted against a linear scale on the right. (b) Correlation between the poloidal, toroidal and radial components of the GCM ﬂow ﬁeld and the
Tomography-predicted ﬂow ﬁelds for Cases A–D up to 20◦ .

(2006), reveals that the method of deriving global-scale mantle
ﬂow ﬁelds from seismic tomography observations is reliable, and
as such, will provide a valuable resource for those using such global
ﬂow ﬁelds to study other aspects of the Earth.

Fig. 5c shows a histogram of the volume percentage of the
mantle vs. angular distance between the ﬂow vectors for the two
models. The histogram shows that for 36% of the mantle, the angular
differences are less than 30◦ and for over 56% of the mantle, angu-
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lar differences are less than 45◦ , suggesting that ﬂow directions
predicted by the Tomography-Derived model do not differ greatly
from GCM ﬂow directions. For many studies, this may provide
more-than-adequate resolution of ﬂow direction; however, this
also suggests that one must be cautious when using tomographyderived ﬂow ﬁelds in work that may require better directional
control than ∼30◦ , such as comparing predicted vs. observed shear
wave splitting directions. The Tomography-Derived ﬂow ﬁeld correlated well with the GCM ﬂow ﬁeld at most depths in the mantle.
The best correlation was in the mid- and lower mantle, between
800 km and 2000 km. At these depths, the resolving power of the
seismic model is high and the “seismic ﬁlter” has little effect on the
original buoyancy ﬁeld. The poorest correlation was in the transition zone, in agreement with the depth at which the resolution
of S20RTS is at its poorest. Furthermore, this region of the model
is dynamically complex because of the viscosity increase from the
low viscosity upper mantle to a higher viscosity lower mantle.
We note that the near-surface ﬂow velocities predicted by
the Tomography-Derived model do not resemble plate motions.
In this study, we are interested in the global-scale bulk mantle
ﬂow, rather than comparing asthenospheric ﬂow vectors with true
plate motions, and as such make no special treatment of lithospheric plates, plate motions or continental keels. The formulation
employed in this work leads to a rigid lid due to the values of the
average temperature used in the conversion from density to velocity ﬁelds and to the free-slip boundary conditions employed in the
one-step Stokes ﬂow calculation. Thus, we do not expect ﬂow in
the shallow mantle to resemble observed ﬂow (i.e., plate motions).
Instead, we focus on how the heterogeneous nature of tomographic
resolution affects large-scale mantle ﬂow.
We used only one tomography model in this work. Different seismic models are created from different data sets, and as
such, it would be of value to the community to perform a similar
study, looking at several seismic models, to thoroughly investigate the effect of the resolution operator on global ﬂow ﬁelds.
We did not include the effect of composition in our geodynamic
model. Most global mantle ﬂow studies assume homogeneous composition when determining tomography-derived buoyancy ﬁelds
and accordingly, we applied the same assumption to our study in
order to better evaluate this method. Recent work has suggested,
however, that numerical models which involve a thermochemical
component (e.g, Tackley, 1998, 2002; Davaille, 1999; Kellogg et al.,
1999; Ni et al., 2002; Jellinek and Manga, 2004; McNamara and
Zhong, 2004, 2005; Tan and Gurnis, 2005, 2007; Simmons et al.,
2007; Bull et al., 2009) result in a lower-mantle structure which
better resembles the observed mantle structure than models with
purely isochemical convection (e.g., Bunge et al., 1998; Richards et
al., 2000; McNamara and Zhong, 2005). If a thermochemical component does exist, its composition is unknown, and as such, employing
a compositional-dependence of seismic wavespeed into our models
would introduce several new unknown parameters (composition
of material, volume of material, amount of entrainment of mantle material). Also, compositional anomalies in the mantle would
possibly be ubiquitous and laterally varying. Finally, one should
recognize the uncertainties associated with the numerical modeling. We chose our parameters as best estimates of Earth-consistent
material properties, however many parameters remain poorly constrained (i.e., viscosity, internal heating, thermal expansivity). It is
important however to note that in this work, we are focused on
evaluating one method used to calculate global-scale mantle ﬂow
ﬁelds, and not to model the actual Earth.
5. Conclusions
In this work, we investigated several possible caveats associated with using seismic observations to calculate ﬂow ﬁelds: (1)
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the resolving power of the tomographic model may affect the calculated ﬂow ﬁeld and (2) the relationship used to interpret seismic
anomalies in terms of density is not well-constrained over the
depth of the mantle.
We ﬁnd these general conclusions.
(1) The global-scale mantle velocity ﬂow ﬁeld predicted by the
Tomography-Derived model correlates well with the ﬂow ﬁeld
predicted by the GCM throughout most of the mantle. In regions
where the resolving power of S20RTS is at its lowest, the agreement between ﬂow ﬁelds decreases, however, such regions
account for less than 30% of the entire mantle.
(2) The Tomography-Derived ﬂow ﬁeld is relatively independent
of the density–velocity scaling ratio used: the direction of ﬂow
is relatively unchanged between scaling ratios, and the magnitude of ﬂow is only slightly affected.
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