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[1] Precise knowledge of Earth’s body tides is crucial for correcting geodetic positioning
measurements, satellite gravity surveys, and superconducting gravimeters with nanogal
precision. With this aim, body tides are generally computed assuming a radially (or
elliptically) stratified Earth. However, seismic tomography surveys and fluid dynamic
studies show that thermal convection within Earth’s mantle produces significant lateral
heterogeneity exemplified by superplumes, superswells, and subducting slabs. To
determine the influence of this heterogeneity on body tides, we used a tomographic model
to constrain lateral variations in mantle density and rigidity. This heterogeneity drives
convective flow that deflects Earth’s surface and core-mantle boundaries by a few
kilometers; we used a viscous flow model to constrain this dynamically supported
asphericity. After verifying this complete Earth model using geoid observations, we used
the spectral element method to determine how Earth’s body tides are perturbed compared
to a spherical Earth. We find maximum radial perturbations of surface and geoid
displacements of 0.3 and 0.1 mm, respectively, and tidal gravity variations of 150 nGal.
The amplitude of tidal gravity perturbations depends strongly on location and is greatest
above large mantle density anomalies: e.g., large dense slabs (South America, Indonesia,
Marianas), hot spots (Hawaii, Iceland), and the East African Rift. Predicted gravity
perturbations are 100 times larger than the present precision of superconducting
gravimeters and are comparable in magnitude to the unexplained residue observed at some
gravimeter stations after tidal corrections. While this residue has been attributed to
unmodeled loading from ocean tides, body tide perturbations caused by convection-
induced mantle heterogeneity may contribute to this observed residue.
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1. Introduction

[2] Every day, the gravitational attractions of the Moon
and the Sun induce deformations of the solid Earth that
produce time variations in surface deflections and gravity
with amplitudes up to 50 cm and 200 mGal (1 mGal =
10�8 m s�2), respectively. This body tide of the Earth
exhibits periodicity on timescales between a few hours to
a few tens of years and can be monitored today quite
accurately using modern geodetic techniques, which have
improved dramatically during the past three decades. Sur-
face displacement can now be measured with a precision up
to 1 mm using GPS or VLBI [e.g., Petrov and Boy, 2004]
and gravity can be measured to a precision of 1 nGal
(10�11 m s�2) (in the tidal frequency band after integrating
in time, see Crossley et al. [2001], Rosat et al. [2004],
Hinderer and Crossley [2004], and Van Camp et al. [2005])

using superconducting gravimeters such as those used in
observatory networks (see, for example, the GGP network
[Aldridge et al., 1991; Hinderer and Crossley, 2004]).
Furthermore, time variations in the global gravity field are
available from the GRACE mission (launched in 2002).
These accurate geodetic data can be used to study a variety
of geodynamic, hyrological, and atmospheric processes.
However, to be useful, the time-varying solid Earth tide
must be modeled so that its influence can be extracted from
the observations. As instrument precision increases, the
need for accurate models of the solid Earth body tides
increases as well, which will be particularly important for
the future GRACE Follow-On gravity satellite mission.
[3] Currently, tides are modeled using a classical model

that assumes a layered ellipsoidal Earth (typically based on
the PREM Earth model [Dziewonski and Anderson, 1981]),
a hydrostastic state of equilibrium, and a fluid core [Smith,
1974; Wahr, 1981a, 1981b]. The effects of mantle anelas-
ticity have also been included [Wahr and Bergen, 1986;
Dehant, 1987]. However, Earth’s internal structure is the
result of a complex dynamical history and is well known to
be more heterogeneous than in a Spherical Non Rotating
Elastic Isotropic (SNREI) Earth model like PREM. In
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particular, it is widely accepted that the Earth’s mantle is
convecting in an effort to dissipate heat. This convection
features dense slabs of subducted lithosphere that sink into
the mantle beneath subduction zones [e.g., van der Hilst et
al., 1997], rising plumes that are several hundred kilometers
wide [e.g., Montelli et al., 2006] and possibly rising ‘‘super-
plumes’’ beneath Africa and the South Pacific that are
several thousand kilometers wide [e.g., Davaille, 1999;
Romanowicz and Gung, 2002; Courtillot et al., 2003]. This
dynamic mantle interior generates laterally varying hetero-
geneity that can be observed using seismic tomography
[e.g., Li and Romanowicz, 1996; Grand et al., 1997; van der
Hilst et al., 1997; Ritsema et al., 1999; Gu et al., 2001].
Such tomographic inversions constrain lateral and depth
variations in compressional and/or shear wave speeds.
Because these variations are generated by thermal convec-
tion and possibly chemical stratification [e.g.,Masters et al.,
2000], tomographic images can place constraints on geo-
dynamic models of mantle flow [e.g., Becker and Boschi,
2002]. Because seismic wave speeds depend on the density
and elastic properties of rocks [e.g., Dahlen and Tromp,
1998], we can also use tomographic images to constrain
lateral variations in the mantle’s elastic parameters and
densities. These lateral heterogeneities should perturb the
Earth’s body tides.
[4] Decades ago, a few authors presented a controversial

correlation between unexplained tidal gravity measurements
and heat flow surface anomalies [e.g., Robinson, 1989;
Melchior, 1995]. As an explanation, they proposed that this
correlation reflects the impact of lateral variations of crustal
thickness on body tide deformations. However, considering
the past precision of gravity measurements (more than
1 mGal), it is probably unlikely that the tidal impact of
lateral heterogeneities could have been observed at that time
[e.g., Rydelek et al., 1991; Métivier et al., 2007]. Today,
with instrument precision one thousand times more accu-
rate, the unexplained residue that can be observed in super-
conducting gravimeter measurements is generally
considered to be caused by loading induced by oceanic
tides, which are not sufficiently well modeled. For gravity
measurements, this residue has amplitudes as large as 200–
300 nGal in the tidal frequency band [Agnew, 1995; Boy et
al., 2003; Baker and Bos, 2003; Bos and Baker, 2005].
However, the possibility remains that some of this unex-
plained residue may be caused by unmodeled aspects of the
body tides, such as those caused by the mantle’s laterally
heterogeneous structure.
[5] A few studies have investigated the effects of the

internally heterogeneous structure of the Earth on body tide
deformations. Molodenskiy [1977] was the first to address
this problem. He investigated a variational approach of the
elastogravitational equations and their first-order perturba-
tions induced by lateral variations and topographies. Fol-
lowing this approach, Wang [1991] computed a viscoelatic
model of the Earth body tides with low-degree theoretical
lateral variations of density and of rheological parameters.
Then Dehant et al. [1999] studied the influence of the
nonhydrostatic ellipticity of internal boundaries on body
tides. These different studies showed that the effect of low-
degree lateral variations on body tides is small but not
necessarily negligible compared to present accuracy of
gravimeter data. Yet these studies did not take into account

the entire complexity of mantle structure and asphericity of
the Earth. Wang [1991] assumed an aspherical Earth model
with very long wavelength lateral heterogeneities (up to
degree 8) and no dynamic topography, whereas Dehant et
al. [1999] assumed an Earth model with elliptic dynamic
topography but without internal lateral heterogeneities.
Recently, Métivier et al. [2005, 2006] developed a new
model of elastogravitational deformations based on a spec-
tral element method [e.g., Komatitsch and Tromp, 1999;
Chaljub et al., 2003]. This model can take into account
lateral variations of density and elastic parameters within
the mantle and the crust, as well as variations in topography
on the surface or on internal interfaces (the core-mantle
boundary (CMB), for example), and the nonhydrostatic
state of prestress of the planet. Métivier et al. [2007]
presented a first application of this model investigating
the possible impact of two large density anomalies associ-
ated with superplumes beneath Africa and the South Pacific,
as well as the dynamic topography associated with the mass
anomalies. They showed that such heterogeneities could
induce perturbations on surface tidal gravity that are more
than 100 times larger than present precision of supercon-
ducting gravimeters, which is at the level of presently
observed measurement residue. Moreover, they also showed
that only large mantle-scale heterogeneities would be able to
significantly perturb body tide deformations and tidal grav-
ity variations.
[6] More recently, Fu and Sun [2007] investigated the

impact of lateral heterogeneity on body tides using density
and elasticity constraints from a seismic tomography model.
However, this study did not fully consider the mantle
convection processes that generated the heterogeneity ob-
served by tomography. For example, this study did not
account for the nonhydrostatic state of prestress within the
mantle, although Métivier et al. [2007] suggested that this
effect can probably be neglected. More importantly, how-
ever, they did not address the fact that density anomalies in
the mantle are dynamically supported by vertical deflections
of the surface and the CMB. It is well known that, by itself,
the density distribution of the mantle inferred from tomog-
raphy cannot explain Earth’s geoid anomalies [Hager, 1984;
Richards and Hager, 1984]. Instead, the dynamics of a
viscous mantle must be considered, in which dynamic
mantle flow deflects both the surface and the core-mantle
boundary to create dynamically supported topography on
these interfaces. This dynamic topography can be predicted
using viscous flow models [e.g., Hager, 1984; Gurnis,
1993] and is required to explain the Earth’s geoid [e.g.,
Hager, 1984; Richards and Hager, 1984; Thoraval and
Richards, 1997; Čadek and Fleitout, 2003]. Models gener-
ally predict amplitudes of 1–2 km of surface topography,
which have been correlated with long-wavelength topo-
graphic features around the world such as southern African
plateaus [e.g., Lithgow-Bertelloni and Silver 1998], topo-
graphic asymmetry across the North Atlantic [Conrad et al.,
2004], and anomalously deep back-arc basins [Husson,
2006]. Geologically constrained uplift and subsidence
events have also been attributed to time-varying dynamic
topography [e.g., Mitrovica et al., 1989; Pysklywec and
Mitrovica, 1998; Conrad and Gurnis, 2003]. Most impor-
tantly for the prediction of body tides, the density hetero-
geneity associated with this ‘‘dynamic topography’’ is of a
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magnitude comparable to that of the internal heterogeneity
itself [e.g., Hager 1984]. Therefore, a proper treatment of
the effect of mantle convection on the Earth’s body tides
should include both the mantle’s internal heterogeneity and
the dynamic topography produced by this heterogeneity
within a viscous mantle.
[7] In this study, we used a tomographic model of mantle

shear velocity to determine mantle density and rigidity
parameter distributions within the Earth. We then calculate
viscous mantle flow driven by this density heterogeneity
model and determine the dynamic topography that is created
by this flow on the surface and the CMB. Using this new
physical model of the solid Earth, we investigate tidal
deformation and gravity time variations of the planet. We
investigate the various primary components of tides (semi-
diurnal, diurnal, and longer-period components) and con-
strain which aspects of mantle convection are most
important for perturbing these body tides.

2. Viscous Flow in the Earth’s Mantle

[8] Mantle flow supports a few kilometers of dynamic
topography on Earth’s surface and internal boundaries.
Although this dynamic topography cannot be detected
directly from global seismic tomography observations,
which typically have 100 km radial resolution, it induces
lateral variations thought to be particularly important on the
CMB and the surface (due to the large density contrasts
there) and cannot be neglected in a 3D Earth model. In
general, dynamically supported topography is difficult to
constrain directly because isostatically supported crustal
thickness variations obscure dynamic topography and make
its detection difficult [Colin and Fleitout, 1990].
[9] To constrain this dynamic topography, which must

accompany internal heterogeneity inferred from tomograph-
ic studies, we employ a spherical finite element code
(CitComS [Moresi et al., 1996; Zhong et al., 2000]) to
predict instantaneous mantle flow driven by the mantle’s
internal density heterogeneity. We used the tomography
model S20RTSb [Ritsema et al., 2004] to infer lateral
variations of density within the mantle (see Figure 1,
bottom) and use a constant velocity-density conversion
factor of 0.15 g cm�3 km�1 s to convert seismic velocity
anomaly to density anomaly. We chose this conversion
factor because it is consistent with both laboratory data
[e.g., Karato and Karki 2001] and with previous studies
[e.g., Behn et al., 2004; Conrad et al., 2007]. Also follow-
ing previous work [e.g., Lithgow-Bertelloni and Richards,
1998; Behn et al., 2004], we do not impose density
anomalies above 300 km depth because seismically fast
velocity anomalies associated with continental roots have
been shown to correspond to neutrally buoyant ‘‘tecto-
sphere’’ [e.g., Jordan, 1975], which implies that a straight-
forward conversion between seismic velocity and density is
not appropriate for the continental lithosphere. We employ
free slip boundary conditions at the surface and CMB, and
assume a radially symmetric viscosity structure for the
mantle that is consistent with the one used by Lithgow-
Bertelloni and Richards [1998] to successfully reproduce
the observed geoid. The resulting mantle flow (Figure 1)
shows upwellings and downwellings associated with low
and high mantle density anomalies. Finally, lateral varia-

tions in rigidity are also inferred from the tomography
model using the classical relation linking shear velocity,
density and rigidity (Vs =

ffiffiffiffiffiffiffiffi
m=r

p
, assuming an isotropic

media) [Dahlen and Tromp, 1998].
[10] Dynamic topography is calculated by converting

radial tractions, szz, on the undeformable surface and
CMB interfaces of these calculations into the topography,
h, that would form on a free surface using the relationship
szz = Drgh, where Dr is the density contrast across the
interface and g is the acceleration due to gravity [e.g.,
Lithgow-Bertelloni and Silver, 1998; Conrad et al., 2004].
To do this, we assumed Dr = 2300 kg m�3 for oceans (as
has been used by others [Conrad et al., 2004],
corresponding to the density difference between mantle
rocks and water, the oceanic crust being neglected because
of its small mean thickness) and Dr = 2800 kg m�3 for
continents (the density difference between crustal rocks and
air). For the CMB, we assumed Dr = 4336 kg m�3 and g =
10.688 m s�2. Applying this calculation to the above
described flow models (Figure 1, top) shows that Earth’s
surface presents positive dynamic topography over the two
‘‘superplumes’’ beneath southern Africa and the southern
Pacific [Davaille, 1999], and negative dynamic topography
near the major subduction zones of South America and
Southeast Asia. The predicted spatial patterns, as well as the
predicted peak amplitudes of nearly 2 km, are consistent
with previous models of dynamic topography that have
been constrained using geologic observations [e.g.,
Lithgow-Bertelloni and Silver, 1998; Conrad et al., 2004].
Models that drive flow using only density heterogeneity in
the upper or lower mantles show that these two regions
contribute approximately equally to the net surface dynamic
topography (Figure 2), each generating up to 1 km of
dynamic topography at the surface.
[11] To demonstrate the importance of dynamic topogra-

phy to the Earth’s lateral density heterogeneity structure, we
calculated the geoid topography of our laterally heteroge-
neous Earth model both with (Figure 3b) and without
(Figure 3a) a contribution from dynamic topography. To
do this, we solved the Poisson equation using a spectral
element code based on the Métivier et al. [2006] method.
The geoid predicted without dynamic topography
(Figure 3a) exhibits amplitudes that are more than 4 times
larger than the observations (Figure 3c), as well as a very
different spatial pattern. Both the amplitudes and the spatial
pattern are dramatically improved for the geoid prediction
that includes dynamic topography (Figure 3b). The impor-
tance of dynamic topography for reproducing the global
geoid signal has been known for some time [e.g., Hager,
1984; Richards and Hager, 1984; Thoraval and Richards,
1997; Čadek and Fleitout, 2003]; we demonstrate this
importance here to emphasize the need to treat both internal
density heterogeneity and dynamic topography when eval-
uating the effect of lateral heterogeneity on body tide
deformations. The positive comparison between predicted
(Figure 3b) and observed (Figure 3c) geoids also serves to
validate our model for the mantle’s internal density hetero-
geneity. Some of the differences between (Figure 3b) and
(Figure 3c) may be associated with unmodeled deep Earth
structure or flow but are probably dominated by our
exclusion of density anomalies shallower than 300 km, as
well as surface tectonic features such as subduction or
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lithospheric deformations that can contribute to the geoid
shape. However, for the present work, these density anoma-
lies are probably too ‘‘superficial’’ to significantly perturb
body tide deformations [see Métivier et al., 2007].

3. Body Tide Modeling

[12] In this work we used a new body tide model,
developed by Métivier et al. [2005, 2006], which is dedi-
cated to the calculation of elastogravitational deformation
assuming a laterally varying Earth structure. This model is
based on perturbation theory [e.g., Woodhouse and Dahlen,
1978; Dahlen and Tromp, 1998], and the equations are
solved using the spectral element method [e.g., Komatitsch
and Tromp, 1999; Chaljub et al., 2003]. The main advan-
tages of this method are that (1) grid discretization methods
are better adapted than spherical harmonic expansions for
investigating both global and local deformation problems of
heterogeneous and aspherical planets and (2) the numerical

method is easily parallelized and thus can utilize modern
parallel-computing facilities. The present model has been
coded in Fortran 90 using a structural formalism, and runs
in parallel using message passing interface (MPI).
[13] The model has been successfully validated for

several well-known related problems [Métivier et al.,
2005; Greff-Lefftz et al., 2005; Métivier et al., 2006]
involving the Earth’s hydostatic ellipticity, and was first
applied by Métivier et al. [2007]. Here we use an updated
version of this model. In a laterally heterogeneous Earth,
couplings between the harmonic components of the tidal
potential (primarily a degree 2 signal) and the harmonic
components of the heterogeneity distribution (from degree
1 to 20) also induce tidal deformations of degrees 0 and
1, which are singular components [Métivier et al., 2006].
New validation tests have been made in order
to strengthen the treatment of these degree 0 and degree
1 components of the tidal deformation solution. They are

Figure 1. (top) Predicted dynamic topography on the Earth’s surface and (bottom) cross sections,
calculated assuming a laterally varying mantle density heterogeneity (colors in cross sections) that drives
a model of mantle flow (arrows in cross sections).
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