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S U M M A R Y
Large-scale topography may be due to several causes, including (1) variations in crustal
thickness and density structure, (2) oceanic lithosphere age differences, (3) subcrustal density
variations in the continental lithosphere and (4) convective flow in the mantle beneath the
lithosphere. The last contribution in particular may change with time and be responsible for
continental inundations; distinguishing between these contributions is therefore important
for linking Earth’s history to its observed geological record. As a step towards this goal,
this paper aims at such distinction for the present-day topography: the approach taken is
deriving a ‘model’ topography due to contributions (3) and (4), along with a model geoid,
using a geodynamic mantle flow model. Both lithosphere thickness and density anomalies
beneath the lithosphere are inferred from seismic tomography. Density anomalies within
the continental lithosphere are uncertain, because they are probably due to variations in
composition and temperature, making a simple scaling from seismic to density anomalies
inappropriate. Therefore, we test a number of different assumptions regarding these. As a
reality check, model topography is compared, in terms of both correlation and amplitude
ratio, to ‘residual’ topography, which follows from observed topography after subtracting
contributions (1) and (2). The model geoid is compared to observations as well. Comparatively
good agreement is found if there is either an excess density of ≈0.2 per cent in the lithosphere
above ≈150 km depth, with anomalies below as inferred from tomography, or if the excess
density is ≈0.4 per cent in the entire lithosphere. Further, a good fit is found for viscosity
≈1020 Pa s in the asthenosphere, increasing to ≈1023 Pa s in the lower mantle above D′′. Results
are quite dependent on which tomography models they are based on; for some recent ones,
topography correlation is ≈0.6, many smaller scale features are matched, topography amplitude
is less than ≈30 per cent too large, while geoid variance reduction exceeds 70 per cent—overall
a considerable improvement compared to previous models. Correlation becomes less if smaller
scale features (corresponding to spherical harmonic degrees 15 and higher), which are probably
largely due to anomalies in the lithosphere, are also considered. Comparison of results with
different viscosity structures, and a regional comparison of amplitude ratios, indicates that
lateral viscosity variations can be quite strong, but only leading to moderate variations in
model topography of a factor probably less than two.

Key words: Numerical solutions; Gravity anomalies and Earth structure; Seismic tomogra-
phy; Dynamics of lithosphere and mantle; Rheology: mantle.

1 I N T RO D U C T I O N

1.1 Importance of dynamic topography throughout
Earth history

Uplift and subsidence of the lithosphere, caused by both advection
of density anomalies in the underlying mantle and plate motions

over it, determines which areas are below sea level, and at what
depth. It is therefore of great importance for understanding of past
environments and formation of natural resources. 150 m vertical
movement due to mantle flow is a realistic estimate based on the
Phanerozoic flooding of continental platforms (Gurnis 1990), and
since a large fraction of continents is close to sea level, it makes a big
difference on the amount of continent that is flooded by shallow seas.
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Topography by mantle density variations 605

Locally, especially under the influence of a mantle plume, probably
even much larger vertical motions of several hundred metres up to
∼1 km may occur, as is evidenced by ancient buried landscapes
(Hartley et al. 2011). To understand such mantle-derived vertical
movements, we should be able to distinguish which parts of topog-
raphy are ‘dynamic’ that is, supported by density anomalies and
flow in the mantle. This paper is concerned with present-day topog-
raphy, but can serve as a starting point for future models that predict
uplift and subsidence.

1.2 Definitions of dynamic topography

The concept of dynamic topography is in theory rather simple. Hot,
less dense material tends to rise and push the overlying lithosphere
upward, whereas cold, denser material tends to sink and pull the
lithosphere down. In practice, though, it is not even straightfor-
ward to define what dynamic topography actually is (see e.g. Mol-
nar et al. 2015): while topography isostatically supported through
crustal thickness variations is clearly not included, it becomes less
clear whether topography caused by density anomalies within the
lithosphere should be included. As long as the lithosphere is not tak-
ing part in convection, it is conceptually appropriate to not include
them. However, oceanic lithosphere is the upper limb of a mantle
convection cell, therefore the increase of seafloor depth with age
could be considered part of dynamic topography.

Dynamic topography can be estimated from observations by sub-
tracting any known isostatic contributions, yielding ‘residual’ to-
pography. Again, using ocean floor age grids and a depth versus
age curve, a contribution due to cooling of oceanic lithosphere with
age may (or may not) be subtracted, and it is less straightforward to
exclude the effect of density anomalies in the subcrustal continen-
tal lithosphere. They are excluded by Le Stunff & Ricard (1995)
and Panasyuk & Hager (2000). Kaban et al. (2003) do not correct
for them and find that for spherical harmonics of degree 2–20 and
density anomalies above 300 km depth, the topography kernels ap-
propriate for dynamic flow differ at most by 10 per cent from those
for a purely isostatic model.

The topography model derived here also includes the effect of
density anomalies in both the convecting mantle and the subcrustal
continental lithosphere, which is why the term ‘model topogra-
phy’ rather than ‘dynamic topography’ is used. At the same time
a lithosphere thickness model is derived, such that it is possible to
distinguish both contributions in the model. While the distinction is
not very important for present-day topography, it becomes impor-
tant for time changes, as density anomalies within the lithosphere
move with the plates and hence do not cause uplift or subsidence,
whereas sublithospheric density anomalies may do so. Accordingly,
time changes of dynamic topography could be typically consider-
ably smaller than the computed amplitudes of the topography model
for present day. Gurnis (1990, 1993) discusses marine inundations
and is thus able to constrain uplift and subsidence, finding indeed
smaller amplitudes.

1.3 Relation of density anomalies to dynamic
topography and geoid

Both internal density anomalies and the boundary displacements
they cause (including surface and core–mantle boundary (CMB) to-
pography) relate to the geoid. A method of computing the geoid tak-
ing these contributions into account has been developed by Richards
& Hager (1984) and Ricard et al. (1984). Linking these develop-

ments with the first mantle tomography models, Hager et al. (1985)
showed a relation between lower mantle heterogeneity, dynamic
topography and the geoid. Hager & Richards (1989) showed that
almost 90 per cent of the observed geoid can be explained by den-
sity anomalies inferred from tomography and a model of subducted
slabs. A successful fit of the geoid requires a lower mantle viscosity
that is higher than upper-mantle viscosity by a factor that varies be-
tween publications from 10 (Hager et al. 1985) to 40 (Ricard et al.
1993) or 30 or greater (Thoraval & Richards 1997).

In contrast, there has always been a larger discrepancy between
present-day dynamic topography predicted by such models, and in-
ferred from observations (Le Stunff & Ricard 1995; Steinberger
2007; Flament et al. 2013), unless a 3-D scaling from seismic ve-
locities to densities is invoked (Simmons et al. 2009, 2010). There
are probably two main reasons for this discrepancy: first, topog-
raphy has a large isostatic component, that is, it is largely due
to crustal thickness variations and to thickness and composition
variation in the lithosphere. So it is difficult to extract dynamic to-
pography from observations, particularly in regions where crustal
thickness is not well known. Secondly, topography is most sensi-
tive to density anomalies at shallow depth. But density anomalies
within the lithosphere are likely both due to temperature and com-
positional variations, as discussed below. So they cannot be simply
converted from seismic tomography. The geoid, on the other hand,
is largely due to density variations at greater depth and shallow
density anomalies contribute less. So the geoid can be more reliably
inferred from seismic tomography, since at these greater depths,
simple ‘thermal’ conversion from seismic to density anomalies is
probably more appropriate, as the effect of composition is smaller.

1.3.1 Mantle density anomalies and lithosphere thickness

Regarding the choice of density models, Ricard et al. (1993) com-
puted dynamic topography based on subduction history, but more
commonly, density anomalies have been inferred from seismic to-
mography, or some combination. If all seismic velocity anomalies
are converted to density anomalies, assuming they are due to ther-
mal anomalies, predicted topographies are too large; total density
anomalies in the continental lithosphere are almost certainly smaller.
The isopycnic hypothesis of Jordan (1988) states that the strong seis-
mic velocity variations in the lithosphere correspond to nearly zero
density anomalies. Hence, seismic velocity anomalies are often only
considered below a certain depth (e.g. Lithgow-Bertelloni & Silver
1998; Steinberger et al. 2001).

Another approach to reduce dynamic topography predictions
considers the relation between seismic, temperature and compo-
sitional variations (Karato & Karki 2001; Trampert et al. 2001).
Non-linearities, that is, considering the temperature dependence of
this relation, were considered by Cammarano et al. (2003). In an
even more accurate approach, the pressure–temperature phase di-
agrams for different lithologies (pyrolite, MORB and harzburgite)
are used, and densities and seismic velocities are computed for
these. This approach has, for example, been taken by Nakagawa
et al. (2009, 2010). They compute stable mineralogy and physical
properties by free-energy minimization using the Perple_X software
(Connolly 2005). The approach of self-consistent computation of
phase equilibria and physical properties was developed for the up-
per mantle by Stixrude & Lithgow-Bertelloni (2005a) in order to
explain the origin of the low-velocity zone. The development of
the theory for the whole mantle is detailed in Stixrude & Lithgow-
Bertelloni (2005b, 2011). Khan et al. (2009) apply such an approach
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606 B. Steinberger

to surface wave data to infer 1-D radial profiles of Earth’s mantle
composition, thermal state and anisotropic structure.

It is also possible to interpret the seismically fast anomalies in
the continental lithosphere together with gravity data to obtain an
estimate of how much depleted (and how cold) the continental litho-
sphere should be (e.g. Forte & Perry 2000; Deschamps et al. 2002),
or by accounting for petrological constraints on continents (Cam-
marano et al. 2011). Griffin et al. (2009) suggest that large volumes
of highly depleted dunites/harzburgites, similar to the Archean oro-
genic massifs of western Norway, are preserved in the cores of cra-
tons, because incorporation of such rocks in the cold upper parts of
the cratonic subcontinental lithospheric mantle satisfies the seismic
and gravity data. Further, they suggest a sharp dichotomy between
Archean and younger tectonic regimes. Simmons et al. (2009, 2010)
inverted seismic, mineral physical and geodynamic constraints (in-
cluding dynamic topography) to infer thermal and compositional
heterogeneity. The subject has been reviewed by Forte (2015). In
order to distinguish thermal and compositional anomalies, and to
include density anomalies at all depths, a model of lithosphere thick-
ness is hence important. There are strong indications that ‘thermal’
conversion is also inappropriate for the Large Low Shear Velocity
Provinces (LLSVPs) of the lowermost mantle (Masters et al. 2000).
However, these anomalies have little effect on dynamic topogra-
phy as is, for example, evident from the kernels shown in the next
section.

1.3.2 Mantle viscosity

Radial viscosity variations are uncertain, although they can be con-
strained (e.g. Mitrovica & Forte 2004; Steinberger & Calderwood
2006; Paulson et al. 2007). Dynamic topography is relatively poorly
known, compared to the geoid, and does not strongly depend on
mantle viscosity structure, therefore does not pose a tight con-
straint. Flow models often only consider radial viscosity variations,
but lateral viscosity variations (LVV) due to temperature variations
have also been considered, for example, by Ghosh et al. (2013) us-
ing the Citcom-S finite-element code (Zhong et al. 2000; Tan et al.
2006), by Cammarano et al. (2011) using the code StagYY (Tack-
ley 2008) or using the spectral method (Čadek & Fleitout 2003;
Moucha et al. 2007; Petrunin et al. 2013). Moucha et al. (2007)
found that present-day topography is affected relatively little by in-
clusion of LVV, and that their effect is significantly smaller than
the variability due to uncertainties in tomography models. It is also
possible to jointly derive a tomography and viscosity model that fits
both seismological and geodynamic constraints, including dynamic
topography and geoid (Simmons et al. 2009) instead of starting with
a given tomography model.

1.3.3 Surface boundary conditions

Possible surface boundary conditions are free-slip (zero shear stress
at the surface), no-slip (zero horizontal velocity at the surface), pre-
scribed plate motions or free plate motions (Ricard & Vigny 1989)
where forces from mantle flow on each plate are balanced. Obvi-
ously, intermediate cases, where plates are moving at some fraction
of the speed of free plate motion are also possible. Forte & Peltier
(1991, 1994) developed an alternative method for coupling the mo-
tion of rigid plates to buoyancy-driven mantle flow. Prescribed plate
motions are not a suitable boundary condition for computing dy-
namic topography, if they do not correspond to the tractions acting
on the plates: for example, if plates are pulled apart at a spread-

ing ridge in the model without corresponding forces, a dynamic
topography low is predicted at the ridge. In all these approaches,
no explicit radial displacements of the surface are computed, but
instead normal stresses. These are converted to topography, using
an appropriate density contrast. Assuming the crust is uplifted or
subsiding as a whole without changing its thickness, the appropriate
density contrast is the uppermost mantle density for dynamic to-
pography beneath air, and the difference between uppermost mantle
density and seawater density for dynamic topography beneath water.
A formalism for dynamic topography and sea level consistent with
partial water coverage has recently been developed (Spasojević &
Gurnis 2012; Austermann & Mitrovica 2015).

1.4 A new look at dynamic topography

New developments warrant to take a renewed look at dynamic to-
pography: recent progress in seismic tomography is illustrated in
Fig. 1: already with older models, it has been possible to explain
most of the geoid based on mantle density models derived from
tomography. This can be understood from Fig. 1, taking Smean as
an example: there is a strong positive correlation between geoid
and tomography model in the degree and depth range where—for
those viscosity models that allow a good fit to the geoid—kernels
are most positive, and a negative correlation for degrees 2 and 3
in the lower half of the mantle, where kernels are negative (see
Section 2 for a description of the kernel approach). In both regions,
the tomography model has a reasonably high amplitude, hence the
geoid, which is dominated by low spherical harmonic degrees can
be explained well.

However, in this case geoid kernels are always strongly negative
for higher degrees in the upper few hundred kilometres of the man-
tle. Hence, one would expect a negative correlation between geoid
and tomography within that depth range, at least for depths where to-
mography has the highest amplitude (usually closest to the surface),
and as long as seismic anomalies are correlated to density, despite
the mentioned complications due to compositional variations. This
negative correlation in the upper ≈200 km, where tomography am-
plitude is strongest, becomes much more pronounced for recent
tomography models. Here, SL2013SV (Schaeffer & Lebedev 2013)
is taken as an example. Hence, we expect that in the upper ≈200 km,
which are most relevant for predicting dynamic topography, the new
quality reached in mantle tomography can also lead to much more
reliable predictions of dynamic topography, up to higher spherical
harmonic degrees, and hence smaller scales. SL2013SV has already
successfully been applied in a regional study of the North American
lithosphere (Kaban et al. 2014b; Tesauro et al. 2014). The questions
that I address here concerning density structure due to temperature
and compositional anomalies are similar, but not focused on a spe-
cific region. Secondly, residual topography estimates for the oceans
have also reached much higher quality recently, taking detailed in-
formation on sediment thickness and densities into account (e.g.
Winterbourne et al. 2014), so it is also timely to provide an up-to-
date geodynamic estimate of topography for comparison.

The principal goal of this paper is to assess how well geody-
namic models of topography can agree with those models derived
from actual topography, and under what assumptions the best fit
can be obtained. The goal is further to learn, in this way, more
about properties and processes in the Earth, and create a useful
reference for future, improved models of dynamic topography both
for the present and the geological past. Models of both lithosphere
thickness and topography are derived from the same tomography
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Topography by mantle density variations 607

Figure 1. (A) Geoid kernels as a function of depth and spherical harmonic degree l for viscosity model 2b of Steinberger & Calderwood (2006), compressible
flow, free-slip surface, no phase boundaries considered. (C) and (B) Amplitude of tomography model Smean (Becker & Boschi 2002) and its correlation with
the geoid, as a function of depth and degree l. (E) and (D) Same for SL2013SV (Schaeffer & Lebedev 2013), which has smaller depth range (not the entire
mantle) but higher resolution.

models. In contrast to many previous efforts, this allows includ-
ing density anomalies right up to the surface in the computation
of topography. This is important as shallow density anomalies are
most effective in causing topography. Accordingly, together with
using newer and higher resolved tomography models, this leads to
residual and model topography agreeing much better and too much
smaller scales than was previously possible.

2 M E T H O D S

2.1 Observation-based estimates of dynamic topography

Topography isostatically compensated within the continental crust,
and topography due to ocean floor age differences are subtracted
from actual topography, and anomalous regions in the oceans are ex-
cluded. The resulting ‘residual’ topography is used as observation-
based estimate of dynamic topography.

The integral
∫ surface

100 km ρ(z)dz is evaluated with densities ρ

including crust, oceans and ice sheets from the CRUST1.0 model
(Laske et al. 2013) but using a constant mantle density 3350 kg m−3.
The lower limit of integration at depth 100 km is arbitrary as long as
it is lower than the deepest crust. Although CRUST1.0 is currently
probably the most accurate global crustal density model, density
variations in the crust are not well constrained, relying mostly on an
empirical relationship between seismic velocities and density and
poor global coverage. If topography was isostatically balanced, this
integral (pressure at 100 km divided by gravity acceleration) would
be the same everywhere. But since it is not, it can be converted
to non-isostatic topography by dividing by an appropriate density
difference—either mantle density above sea level, or mantle den-

sity minus sea water density (1020 kg m−3) below—and setting
the global mean to zero (Fig. 2a). Apart from mid-ocean ridges, its
main feature is that most continents are at lower elevation than they
would be for isostatically compensated crust (e.g. Forte et al. 1993).

For topography due to ocean floor age differences (Fig. 2b)

hth = h0 − 330 m
√

age[Ma] (1)

(Korenaga & Korenaga 2008) resulting from a half-space cooling
model is used for age < 100 Ma and a constant hth = h0 − 3300 m
for age > 100 Ma. This flattening corresponds to results of litho-
sphere thickness versus age obtained in the next section. The topic is
further treated in Korenaga (2015). Where the age grid is undefined
(essentially on continents), hth = h0 − 4365 m (corresponding to
175 Ma) such that residual topography has no obvious steps across
the continent–ocean boundary. h0 is chosen such that hth has zero
global mean. In contrast, with the older CRUST2.0 model hth = h0

− 3300 m on continents was found appropriate.
The oceanic crust is essentially laterally uniform in CRUST1.0

in contrast to what is suggested by the masks of thick oceanic
crust excluded in Crosby et al. (2006) and Crosby & McKenzie
(2009). Here, anomalous oceanic regions are excluded using Large
Igneous Provinces (including major hotspot tracks) of Coffin et al.
(2006) as a proxy. Residual topography in anomalous regions is
interpolated by repeatedly averaging values at anomalous points
from neighbouring points until convergence.

2.2 Computing mantle densities and lithospheric thickness

Neglecting compositional variations is probably adequate to first
order beneath the lithosphere. Hence, in these regions mantle density
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608 B. Steinberger

Figure 2. Steps toward an observation-based estimate of dynamic topography. (a) Non-isostatic topography derived from thickness and density of CRUST1.0
down to the Moho. (b) Topography derived from age of ocean floor according to the Müller et al. (2008) age grid version 3.6, available online at
ftp://ftp.earthbyte.org/earthbyte/agegrid/2008/Grids. (c) Residual topography obtained by subtracting age-dependent ocean floor topography (b) from non-
isostatic topography (a). (d) Oceanic Large Igneous Provinces and major hotspot tracks from Coffin et al. (2006), shown as black outlines, have been
interpolated from their margins.

anomalies can be derived from global S-wave tomography models.
Tomography models are expressed in a common spherical harmonic
format (Becker & Boschi 2002) and formally expanded to lmax = 63
unless mentioned otherwise, although in some cases (e.g. S40RTS)
the actual resolution is lower.

In order to get smoother variations, tomography models are inter-
polated radially, such that maximum layer spacing is 25 km above
400 km depth and 50 km between 400 and 1000 km depth. P-wave
models are less suitable, because their ray coverage is comparatively
poor in some regions of the upper mantle. Here, S-wave anomalies
are converted to density anomalies assuming both are due to temper-
ature variations and also considering anelasticity following Stein-
berger & Calderwood (2006), which is based on previous, original
research cited there.

In contrast to previous work, I will not exclude density anomalies
above a specified depth, but rather devise a model for the litho-
sphere, and consider a number of assumptions regarding density
anomalies in the continental lithosphere. These are typically a lot
smaller than anomalies δρ th that would result from ‘thermally’ con-
verting seismic velocity to density variations. Given that these non-
thermal lithospheric density anomalies are poorly known and give a
large contribution, adopting the simplified approach of Steinberger
& Calderwood (2006) for thermal anomalies elsewhere should be
regarded as sufficient, although adopting more accurate computa-
tions as mentioned in the introduction should be considered in future
work. Distinction between continents and oceans is made here based
on the Müller et al. (2008) age grid simply by assigning continents
to regions where the age grid is undefined. The lithosphere is de-
fined based on the tomography models themselves. The base of the

lithosphere is determined by the intersection of δvs/vs and a cut-off
function,

δvs/vs |L = 3.1 per cent − Ftot ·
(

1 − erf

(
z

z0

))
(2)

(black line in Fig. 4A). While this choice is somewhat ad-hoc, it is
more advanced than, for example, simply using the zero anomaly
as lithospheric base. Note that the value of z0 is the same every-
where with a given tomography model, but different values may be
used for different tomography models. The choice of this relatively
simple procedure will be discussed in a separate manuscript (Stein-
berger & Becker, in preparation) and can further be justified by the
fact that resulting lithosphere thicknesses for a given tomography
model are always highly correlated regardless of the exact proce-
dure. Moreover, it will turn out that the best fit between model and
residual topography is obtained if minimum thickness is 70 km for
continental lithosphere, and compositional variations are assumed
to only occur in the upper ≈150 km of continental lithosphere. Thus,
the sensitivity of our topography results to lithosphere thickness is
reduced. Details on which value is adopted for lithosphere thickness
in the rare cases where there is no unique intersection are described
in the supplement of Steinberger et al. (2015).

Appropriate values for Ftot and z0 can be found by visually
matching the average thickness for a given ocean floor age de-
termined with these values, with the thickness inferred from a half-
space cooling model, which can explain the depth versus age rela-
tion (and hence presumably lithosphere thickness) for ages less
than ≈80 Ma (Parsons & Sclater 1977). From the temperature
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Topography by mantle density variations 609

(A)

(B) (C)

Figure 3. (A) Conversion factor from relative seismic velocity to relative density variations (black line) and viscosity structures used (other lines). The
structures with 100 km lithosphere (red, green, blue and grey lines) were obtained through optimization as described in Section 3.1, for the reference case and
three other tomography models as indicated. The orange line is the preferred viscosity model of Steinberger & Calderwood (2006). (B) Topography kernels
for l = 1, 2, 3, 5, 8, 12, 17, 23 and 30 (from right to left), free-slip surface and CMB, compressible flow with self-consistent radial gravity and the viscosity
structure with 100-km thick lithosphere shown as red line in the left-hand panel. Effects of phase boundaries are not shown. (C) Kernels for l = 2 (red) and 12
(green). Brightest colours are as in the middle panel. Darker colours are for 200 km viscous lithosphere, dashed lines for increased lithosphere viscosity 1025

Pa s (both also shown in left-hand panel) and the dotted line for the same ‘dashed’ viscosity structure, but with fixed surface instead of free-slip.

distribution T (z, t) = (Tm − Ts) erf(0.5z/
√

κt) + Ts (Sandwell
2001) lithosphere thickness

zL = √
κt = 10 km

√
age[Ma] (3)

is obtained if the base of the lithosphere is assumed to occur at
temperature TL = Ts + 0.843 · (Tm − Ts) and diffusivity is κ = 8 ·
10−7 m2s−1.

2.3 Computation of viscous flow and model topography

Mantle flow is computed with the method of Hager & O’Connell
(1979, 1981). Essentially, this method allows for the computation
of flow and stresses in the mantle for given density anomalies, a
viscous rheology with only radial viscosity variations, and given
boundary conditions at the surface and CMB. Unless mentioned
otherwise, compressibility, self-gravitation and phase boundaries at
given depths in the mantle will be considered.

Assumptions about lithospheric density anomalies will be de-
scribed, with each individual model, in the results section. Litho-
sphere thickness models and density anomalies beneath the litho-
sphere are inferred from seismic tomography models, as described
in Section 2.2. Viscosity models are similar to the ones derived by
Steinberger & Calderwood (2006) and Steinberger & Holme (2008)
based on mineral physics and optimizing the fit to various observa-
tions. The optimization performed here is described in more detail
in Section 2.4. As an example, Fig. 3 shows the resulting viscosity
structure for four different models. They are quite similar regard-
less of tomography model, with sublithospheric viscosity somewhat
above 1020 Pa s and increasing with depth to ≈1023 Pa s in the lower
mantle above D′′.

Mostly, a free-slip boundary condition is used both at the CMB
and the surface, but with a lithosphere of appropriately high ‘effec-
tive’ viscosity. This boundary condition can give a good fit between
predicted and observed geoid (Thoraval & Richards 1997), and is

consistent with neglecting LVV. However, in order to assess the in-
fluence of boundary conditions, some results for no-slip surface and
prescribed plate motions will also be shown. Two phase boundaries
will be normally included, mostly following Steinberger (2007) but
without considering the latent heat effects discussed in that pa-
per: phase transitions around 660 km effectively cause that density
anomalies in a 89 km thick layer around that depth are ‘removed’,
whereas the phase boundary around 410 km causes a 138 km thick
layer around that depth to count twice.

Computations are performed in a fixed model domain bounded
by two concentric spheres (surface and CMB), that is, topography
is not an explicit part of the model. However, radial stresses τ rr at
the surface can be converted to topography (relative to the geoid)
h = τ rr/(ρs · g) that would result if the surface was indeed free
to move up and down. Here, ρs is an appropriate surface density
contrast and g is gravity acceleration at the surface, and it is implied
that the elastic strength of the lithosphere can be neglected, which
is probably appropriate on large scales of 1000 km or more, given
typical estimates of elastic lithosphere thickness. It will also be as-
sumed that, in the presence of dynamic topography, the thickness of
the crust and ice sheets, where present, is not affected. Therefore,
the appropriate value for ρs is either uppermost mantle density for
continents, or uppermost mantle density minus density of sea wa-
ter for oceans. It is also possible to use the same density contrast
everywhere, and instead modify residual topography computed in
Section 2.1 by multiplying with a constant factor for either conti-
nents or oceans. This approach will be taken here with ρs = 3300 kg
m−3 and residual topography beneath the oceans divided by 3.3/2.28
= 1.45, corresponding to seawater density 1020 kg m−3.

Mantle flow is computed in the spectral domain, that is, spherical
harmonic expansion coefficients of the density field depending on
depth in the mantle δρ lm(z) (in the format introduced by Becker &
Boschi 2002) are used to compute a spherical harmonic expansion
of flow, stresses and model topography. For viscosity only varying
in radial direction, computation can be done separately for each
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610 B. Steinberger

spherical harmonic degree l. Specifically, this allows using a ker-
nel formalism to express model topography coefficients as hlm =∫
δρ lm(z)Kt, l(z)dz/ρs. Topography kernels Kt, l(z) depend on l, but

not on order m. The middle panel of Fig. 3 shows topography ker-
nels for the viscosity structure shown as bright red line, and for
compressible flow with free-slip upper boundary. Comparison with
kernels for other viscosity models (Steinberger et al. 2001; note the
opposite sign convention) computed for stresses at the base of the
lithosphere (100 km depth) shows that their shape does not strongly
depend on viscosity structure or the depth level chosen (surface or
100 km). The kernels illustrate how effective density anomalies at
different depth and degree l (‘wavelength’) are at creating topog-
raphy. They all approach −1 at the surface, meaning that density
anomalies near the surface are mostly isostatically compensated.
They all approach zero with depth, such that density anomalies
close to the surface—including those within the continental litho-
sphere, which are difficult to infer from tomography, as discussed
before—are most important for creating topography. They approach
zero faster with depth for higher degrees l. At the longest wave-
length (l = 1 and 2), density anomalies in the lower mantle can still
give a substantial contribution to dynamic topography whereas at
shorter wavelengths corresponding to l = 30 or higher, basically
only upper-mantle anomalies contribute to topography.

The right-hand panel in Fig. 3 shows results for different litho-
sphere thickness and viscosity, and surface boundary condition:
magnitude of kernels becomes larger for thicker and more viscous
lithosphere, and for no-slip instead of free-slip upper boundary.
Since only radial viscosity variations are considered, the lithosphere
in terms of viscosity structure has a constant thickness whereas vari-
ations in lithosphere thickness were considered when deriving the
density model. Given that topography kernels are not too sensi-
tive to lithosphere thickness (although they decrease somewhat less
strongly with depth for a thicker lithosphere) it is more important
to consider lithosphere thickness variations when inferring density
anomalies, rather than for LVV (see also Moucha et al. 2007).

2.4 Optimizing the model and parameter space considered

Regarding model optimization procedure and parameter space,
largely earlier work (Steinberger & Calderwood 2006) is followed,
but topography is included as a quantity to be fit in the optimization.
Specifically Pt, the topography misfit variance normalized to non-
isostatic topography variance, for spherical harmonic degrees l ≤
12, is included in the misfit function. Including topography misfit in
the optimization changes results merely to a somewhat lower sub-
lithospheric viscosity (compare e.g. the viscosity for the reference
case, bright red line in Fig. 3 to the preferred viscosity model 2b
of Steinberger & Calderwood (2006)), yielding somewhat reduced
topography amplitudes, but does not allow to fit individual features
of residual topography. The pattern remains essentially the same.
Therefore, it is really only the global rms amplitude of non-isostatic
(or residual) topography acting as constraint in the optimization.
Further, the misfit function includes penalties Pum−tz = (qum − qtz)2

if qum > qtz and Ptz−lm = (qtz − qlm)2 if qtz > qlm, whereby qum, qtz

and qlm are the factors with which upper mantle, transition zone and
lower mantle viscosity are multiplied relative to the unoptimized
profile (Steinberger & Calderwood 2006, Fig. 4), thus suppressing
solutions with transition zone viscosity higher than in the uppermost
lower mantle, or lower than in the upper mantle: such features of
the viscosity structure only marginally improve the fit. The Haskell
constraint, that the logarithmic average of viscosity, weighted with
an appropriate sensitivity kernel equals about 1021 Pa s (Mitrovica

1996), is required to be fit exactly. Therefore, qlm is not an indepen-
dent free parameter, but determined from qtz and qum. The misfit
function to be minimized is

MF = 4Phf + Pg + Pt + Ptz−lm + Pum−tz (4)

where Pt and Pg are the normalized topography and geoid mis-
fit variance. Pt is defined above and Pg in eq. (32) of Steinberger
& Calderwood (2006) with modeled and observed geoid both ex-
panded to degree 15 and Phf is heat flux misfit (eq. (31) of Stein-
berger & Calderwood 2006). 1 − Pg is referred to as geoid variance
reduction. In addition to the viscosity factors, lithosphere density
anomaly δρ l is a further parameter varied during the optimization,
in steps of 0.1 per cent. Alternatively, normalized gravity (instead
of geoid) misfit variance was also used. This essentially amounts to
giving more weight to higher spherical harmonic degrees and thus
leads to somewhat increased variance, but with results (in particular
model topography) remaining very similar.

3 R E S U LT S

3.1 Lithosphere thickness models

Fig. 4 shows lithosphere thickness for model number 1 of Ta-
ble 1. This combination of tomography models is chosen because
SL2013SV does not span the entire mantle depth, and this com-
bination was found to give the best results (smallest misfit). With
Ftot = 6.2 per cent and z0 = 150 km not only the average oceanic
lithosphere thickness versus age matches expectations, but also the
overall pattern, with thin lithosphere close to ridges and older litho-
sphere being thicker. On the continents, thick lithosphere is found
for many cratons (e.g. Bleeker 2003). A number of further tomog-
raphy models were employed (not shown), in order to assess how
robust or model-dependent our results are (Table 1). Many larger
scale structures (cratons, dependence on seafloor age) generally ap-
pear independent of which model is used, whereas smaller features
are often model dependent. A more thorough description of results,
and comparison with other thickness estimates, will be given in a
separate manuscript (Steinberger & Becker, in preparation).

3.2 Topography model reference case

In the reference case, density anomalies inferred from seismic veloc-
ity are replaced by δρ l only to a maximum depth 150 km in the con-
tinental lithosphere. Furthermore, the minimum thickness of con-
tinental lithosphere is 70 km. The viscosity model shown as bright
red line in the left-hand panel of Fig. 3, and δρ l = +0.2 per cent
were found by minimizing the misfit function, as described in
Section 2.4. Without applying the penalty Ptz−lm, transition zone
viscosity would be higher than in the uppermost lower mantle, but
misfit would only be marginally less. The computed geoid and the
‘mantle geoid’ for which variance reduction is computed are shown
in Fig. 5.

Figs 6(A) and (B) show resulting model topography (effect of
ocean floor cooling subtracted, as explained above) compared to
residual topography. Many features in both maps match visually. If
expansion is restricted to degrees l = 1 − 12 (not shown), correlation
increases to 0.60 and ratio decreases to 1.20 (see also the analysis
in the spectral domain done below). Numbers in the following will
be for l = 1 − 12 unless mentioned otherwise.

If topography due to ocean floor cooling is not subtracted for
both residual and model topography, their rms difference obviously
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Topography by mantle density variations 611

Figure 4. Lithosphere thickness determined by the method described here. (A) Sketch of seismic velocity anomaly and cut-off function as a function of depth
to illustrate the method. (B) Violet line: lithosphere thickness zL [ km] = 10

√
age[Ma] obtained from half-space cooling model. Red, green, blue and grey

lines: average lithosphere thickness for given seafloor age determined for models numbers 1, 8, 6 and 11 of Table 1. (C) Map of lithosphere thickness for model
number 1. The thick black line delimits the regions where the Müller et al. (2008) age grid is defined as a proxy for the continent–ocean boundary. Cratons
outlines (Gubanov & Mooney 2009) are drawn in brown. NAm=North America, Ba=Baltica, Si=Siberia, Co=Congo.

remains the same, but both patterns change considerably (Figs 6C
and D). Results also change on continents, since the global mean of
model topography is set to be zero. Since topography due to ocean
floor cooling is rather large and predicted well, including it gives
a much higher correlation and the amplitude also matches better.
While the interpretation of Figs 6(C) and (D) compared to parts (A)
and (B) is more straightforward, as it does not involve assuming
any oceanic age versus depth curve and subtracting corresponding
topography, the reason why in most figures this is nevertheless sub-
tracted is merely because in this way remaining differences between
model and residual topography become more obvious.

3.3 Effect of density anomalies, phase boundaries
and compressibility

While in the reference case thickness of the compositionally differ-
ent part of the continental lithosphere only varies between 70 and
150 km, results do not critically depend on this depth range: they

stay similar (see Table 1) if variations between crustal thickness and
150 km are allowed or if we treat the entire continental lithosphere
as compositionally distinct, but in the latter case a larger lithosphere
density anomaly has to be assigned for the best fit. Thus, there is
a trade-off between the depth range over which the lithosphere is
assumed chemically distinct and the best-fitting density anomaly: if
one still considers seismic anomalies in the lower part of the litho-
sphere to be due to thermal anomalies, the inferred relatively strong
density anomalies pull the lithosphere sufficiently down and a rather
small anomaly in the upper part of the lithosphere is required for
the best fit. But if one assumes a constant density anomaly in the
entire lithosphere, it has to be larger.

In the reference model, the transition from the SL2013SV to-
mography model to the Grand10 model is made at depth 200 km. A
transition at a shallower depth would probably be inappropriate be-
cause the high correlation of SL2013SV with the geoid in the upper
200 km was the reason for using it in the first place. A transition
at a larger depth leads to increased misfit, for example, from 0.679
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612 B. Steinberger

Table 1. Summary of model parameters and results. Model: tomography model(s) used—SL+Gra combines SL2013SV (Schaeffer & Lebedev 2013) above
200 km and Grand10 (2010 model update of Grand 2002) beneath, TX2008 (Simmons et al. 2009), GyPSuM (Simmons et al. 2010), S20RTSb (Ritsema et al.
2004), S40RTS (Ritsema et al. 2011), Smean (Becker & Boschi 2002), SE+Gra combines SEMUM2 (French et al. 2013) above 200 km and Grand10 beneath,
SAVANI (Auer et al. 2014). Lith: bounds of compositional lithosphere thickness (in km) on continents. c stands for crustal thickness as minimum. Ftot and z0

are parameters of the cut-off function eq. (2), ηl is viscosity for 0–100 km depth, ηas for 100–220 km, ηtz for 410–520 km, ηlm for 660–800 km, η0 is scaling
viscosity 1020 Pa s. Relative variations of viscosity with depth within the upper mantle (100–410 km), transition zone (410–660 km) and lower mantle (below
660 km) are the same as for model 2b of Steinberger & Calderwood (2006)—see fig. 13 of that paper. MF is total misfit (eq. 4), VR is geoid variance reduction,
Corr and MRR are correlation and ratio between model and residual topography. Model number 3 is the reference case.

Number Model Lith Ftot [per cent] z0 [km] δρl [per cent] ηl
η0

ηas
η0

ηtz
η0

ηlm
η0

MF VR [per cent] Corr MRR

1 SL+Gra c-400 6.2 150 0.4 169 1.20 14.4 40.6 0.679 71.0 0.60 1.24
2 SL+Gra c-150 6.2 150 0.2 160 1.22 14.4 39.5 0.681 70.4 0.62 1.29
3 SL+Gra 70-150 6.2 150 0.2 209 1.10 15.1 44.1 0.667 70.4 0.60 1.20
4 Grand10 c-400 9 130 0.2 178 1.12 15.2 42.2 0.750 71.1 0.45 1.11
5 TX2008 c-400 9 130 0.3 327 2.55 5.11 45.7 0.727 71.1 0.43 0.99
6 GyPSuM c-400 9 130 0.2 188 1.87 8.33 40.1 0.718 75.4 0.42 1.10
7 S20RTSb c-400 7 160 0.1 187 1.90 8.66 36.9 0.969 66.4 0.42 1.39
8 S40RTS c-400 8 140 0.1 185 1.95 8.55 36.0 1.018 71.2 0.42 1.53
9 Smean c-400 10 120 − 0.1 200 2.87 5.13 37.2 0.975 72.0 0.39 1.45
10 SE+Gra c-400 6.6 165 0.3 170 1.15 14.9 41.5 0.687 71.6 0.54 1.15
11 SAVANI c-400 7 160 0.5 463 2.35 4.79 56.9 1.022 44.7 0.61 1.39

Figure 5. (A) Computed geoid in the reference case. (B) Mantle geoid = observed geoid (Pavlis et al. 2012) minus contribution down to the base of the crust
derived from CRUST1.0 (Laske et al. 2013) assuming isostatic compensation and relative to the equilibrium spheroid (Nakiboglu 1982).

to 0.702 for the first model in Table 1 if it occurs at depth 250 km
instead. Also it is not an obvious choice which tomography models
to combine. Combination of SL2013SV with Grand10 was found
to give the lowest overall misfit among several models tried (not
shown). One reason for this is probably that the Grand10 model has
comparatively low amplitudes except in the boundary layers below
the surface and above the CMB, so this combination yields compar-
atively low model topography amplitudes more similar to residual
topography.

A constant density anomaly in the part of the lithosphere that is
assumed chemically distinct is a very simple and perhaps unrealistic
assumption. Accordingly, a number of further assumptions has been
tried out: first, instead of assuming a constant total density anomaly,
a thermal anomaly is derived from an error function temperature
profile corresponding to the lithosphere thickness model shown in
Fig. 4. Then, a constant chemical anomaly is added to this in the
continental lithosphere. Since the thermal anomaly alone would
cause a too strong negative model topography for thick continental
lithosphere, a negative (that is, buoyant) chemical density anomaly
is required: if it is added to the entire lithosphere, the best fit is
obtained for −1.9 per cent, if it is only added above 150 km depth, for
−2.5 per cent. However, this seemingly more realistic assumption
does not improve results: rather, total misfit slightly increases to
0.681 and 0.724, respectively.

Several further attempts started from converting seismic anoma-
lies to density anomalies with a thermal conversion factor every-
where including the lithosphere and then modifying this model:
model topography for the unmodified ‘thermal only’ model is shown
in Fig. 7(A). In this case, inferred density anomalies in the continen-
tal lithosphere are much stronger than in the case of Fig. 6. Because
topography kernels are largest at shallow depth (Fig. 3) this has a
rather large effect on model topography: it gives very pronounced
model topography lows for cratons, whereas residual topography
lows tend to be much less pronounced, except for Baltica, where
the residual topography low is nearly as large. Accordingly, the ra-
tio of model topography to residual topography is increased and
the overall fit gets worse. However, the fact that, for example, for
Baltica computed negative residual topography is more pronounced
than model topography in the reference case (Fig. 6A) and nearly as
large as in Fig. 7(A) indicates that density anomalies there may on
average be somewhat larger than the 0.2 per cent that were obtained
for the best-fit model.

Since such a thermal scaling is obviously not applicable to con-
tinental lithosphere where compositional effects are known to play
an important role (see references in the Introduction) this model
was modified in a couple of ways: in one attempt, a constant density
anomaly is again added within the continental lithosphere above
150 km. Again, because cratons tend to be too low without it, the
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Topography by mantle density variations 613

Figure 6. (A) and (C) Computed model topography in the reference case computed ‘beneath air’ with uppermost mantle density 3300 kg m−3. (B) and (D)
Residual topography, divided by 1.45 in the oceans to account for water coverage. In (A) and (B) the effect of ocean floor cooling is subtracted whereas in (C) and
(D) it is included. Locations mentioned in the text shown in panel (B) 1=western U.S., 2=East Africa, 3=Iceland, 4=South China Sea, 5=Australia-Antarctic
Discordance, 6=Eurasian part of Russia, 7=Japan, 8=Indonesia.

Figure 7. Computed model topography (A) with density anomaly in continental lithosphere converted from seismic tomography as in other regions, (B) with
variable lithosphere thickness: for each point, the model topography is computed for only radial viscosity variations, but with lithosphere thickness modified
to match Fig. 4, (C) and (D) with 0–10 Ma plate motion boundary condition (Seton et al. 2012), expanded to l = 31 and with a cosine taper for l = 16−31,
shown with arrows (1◦ of arc = 1 cm yr−1) and plate boundaries. (C) Topography due to prescribed plate motions only, with no internal density anomalies.
1=East Pacific (Rise), 2=East Asia. (D) Topography with density anomalies and prescribed plate motions. Other modeling assumptions as in Fig. 6(A).
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614 B. Steinberger

(A) (B)

Figure 8. Correlation (A) and ratio (B) between residual topography and model topography, for four cases as indicated, with corresponding viscosity structures
(Fig. 3) as a function of δρl. Surface boundary conditions are free-slip. Dashed lines are for continents only.

fit improves for a negative anomaly, and the minimum misfit MF =
0.845 occurs for −0.3 per cent (compared to 0.879 for 0 per cent). In
a further attempt, the difference between the density model inferred
from scaling the tomography model thermally, and the theoretical
model with an error function profile corresponding to the litho-
sphere thickness model is scaled with a different factor. The idea
behind this assumption is that seismic anomalies are due to both
temperature and compositional anomalies, but the scaling from ve-
locity to density anomalies is different for compositional anomalies.
In this case, the optimum fit (MF = 0.866) occurs if the conversion
for the difference (thought to correspond to compositional anoma-
lies) is scaled down by a factor 0.09. But in both cases, misfit is
only slightly reduced, compared to the much larger reduction in
the reference model where seismic anomalies in the lithosphere are
ignored altogether. Hence, results seem to indicate that it is not
straightforward to relate seismic velocity and density anomalies in
the continental lithosphere.

In order to assess model variability depending on tomography
model, several of them are used. Lithosphere parameters Ftot and z0

are determined as explained in Section 2.2. Parameters are listed and
results are summarized in Table 1. Among them, SEMUM2 is again
not defined for the entire mantle and therefore again combined with
Grand10, giving a very similar misfit MF. All other tomography
models are used for the whole mantle. For them, overall misfit
is higher and correlation between model and residual topography
lower, justifying our choice of reference model. A more extensive
comparison for many different tomography models, although with
somewhat different modeling assumptions, for example, regarding
definition of the lithosphere, can be found in Steinberger et al.
(2010). Results shown and discussed here are fairly representative
for this larger set of results.

Features that are repeatedly found and that can also be seen in
Figs 6(A) and (B) include the large topographic highs in the western
U.S. and East Africa, which approximately match corresponding
features in the residual topography map. Also, models generally
predict topography highs around Iceland and in the South China
Sea, and lows along the Australia-Antarctic discordance. For all of
these features, similar ones can be found in residual topography.
Typical mismatches include that negative model topography in the
European part of Russia is much less pronounced than the residual
topography low. On the other hand, pronounced negative topogra-
phy is predicted near subduction zones, such as around Japan and
Indonesia, whereas residual topography can be even positive there.
A possible reason for such discrepancy is that in the upper man-
tle subducted slabs are attached to the plate (‘slab pull’), whereas

our model only considers viscous coupling (‘slab suction’; Conrad
& Lithgow-Bertelloni 2004). In addition, the results in Figs 6(A)
and (B) agree better in several smaller scale features than previous
results in Steinberger et al. (2010).

To further illustrate the effect of varying density anomalies in
the continental lithosphere, Fig. 8 shows how correlation and ra-
tio changes as a function of lithospheric density anomalies δρ l.
There is generally a trade-off: while the model versus residual
topography correlation mostly increases with δρ l their ratio also
increases to values much larger than the optimum value 1.0 for
δρl � 0.4. The best overall fit occurs for δρ l around 0.1–0.5, where
both the correlation is close to its maximum, and the ratio is close
to 1.0.

Another region in the Earth where compositional density anoma-
lies possibly play an important role are the LLSVPs (e.g. Masters
et al. 2000; not shown). Following Steinberger & Holme (2008), in
a further model, a (compositional) density anomaly of 1.2 per cent
has been added wherever in the lowermost 300 km of the mantle the
s-wave anomaly is more than 1 per cent negative. As expected from
kernel magnitude for the lowermost mantle, the effect of composi-
tional anomalies was found to be small. Model-to-residual ratio is
reduced from 1.20 to 1.17, whereas correlation remains 0.60. Also,
whether or not phase boundaries or compressibility are considered
has only a minor effect on model topography. If phase boundaries
are excluded correlation is 0.58 instead of 0.60 and amplitude ra-
tio 1.18 instead of 1.20. Latent heat release at phase boundaries,
which is not considered here, causes about 5 per cent decrease in
topography amplitude (Steinberger 2007). If compressibility is not
considered, correlation remains 0.60 and ratio again decreases from
1.20 to 1.18.

3.4 Effect of viscosity structure and surface
boundary condition

Variation in amplitude for different viscosity structures and surface
boundary conditions are shown in Fig. 9. If further lithosphere vis-
cosity increases to 1025 Pa s for thickness 200 km (dashed brown
line in Fig. 3 left; otherwise as reference model), amplitude ratio
becomes 1.47, and if furthermore a no-slip instead of free-slip sur-
face boundary condition is applied, it reaches 1.68—a trend that
would be expected from the shape of the kernels in Fig. 3. On the
other hand, the pattern of predicted topography does not change so
much. For the cases corresponding to the red line in the right-hand
panel of Fig. 9 (like the reference case, apart from lithosphere thick-
ness) correlation only varies between 0.55 and 0.62. For the case
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(A) (B)

Figure 9. Model topography amplitude (normalized to residual topography) (A) as a function of viscosity in the depth range 100–220 km, for free-slip
(continuous lines) or no-slip (dashed line) surface boundary condition; (B) as a function of lithosphere thickness in the viscosity model. Elsewhere, viscosity
is identical to the respective case in Fig. 3(A).

with lithosphere viscosity 1025 Pa s correlation is also 0.55. In the
case with no-slip boundary condition, it is slightly reduced to 0.53,
mainly due to a large degree-one component in model topography
(not shown), negative in East Asia and positive in the East Pa-
cific, which is not present in the residual topography pattern. This
discrepancy can be attributed to the fact that at the global scale,
a free-slip boundary condition represents the actual plate motions
more appropriately than no-slip.

Increasing lithosphere thickness in the viscosity structure means
decreasing thickness of the low-viscosity upper mantle, hence the
lithosphere is more strongly coupled to the underlying mantle con-
vection, and model topography amplitude is increased. In the same
way, amplitude also varies as a function of viscosity in a cer-
tain depth layer: Fig. 9 shows that model topography amplitude
increases by not more than ≈50 per cent, if asthenosphere vis-
cosity in the depth range 100–220 km is increased from 1017 to
1022 Pa s with a free-slip surface boundary condition. With no-
slip, amplitude increases by about a factor 1.7. Again, the pat-
tern remains rather similar over a wide viscosity range. Corre-
lation between model and residual topography remains between
0.58 and 0.61 for asthenosphere viscosity 1018 to 1022 Pa s, and
everything else like the reference model. However, for 1017 Pa s
it drops to 0.45. Also, for the other tomography models, corre-
lation remains similar from 1018 to 1022 Pa s but is lower for
1017 Pa s.

The similarity of resulting model topographies for various vis-
cosity models shows again that adjusting the viscosity structure to
optimize the fit between model and residual topography does not
change results in a major way. As another example, if we use vis-
cosity model 2b of Steinberger & Calderwood (2006) instead of the
‘optimized’ model in the reference case, correlation between model
and residual topography remains 0.60, and their ratio only slightly
increases to 1.24.

Since results for different lithosphere thicknesses are only mildly
different, a series of calculations was carried out for different values,
and the results were combined in Fig. 7(B), using at each point the
lithosphere thickness as in the bottom panel of Fig. 4. Model topog-
raphy most strongly depends on density anomalies at shallow depth
beneath, therefore it can be expected that this pattern is more realis-
tic than for any constant lithosphere thickness, and can be compared

to results of full 3-D computations, which should be the topic of
future work. The pattern matches residual topography slightly better
than for constant lithosphere thickness—correlation increases from
0.60 to 0.61 and ratio from 1.20 to 1.21. Also, visual agreement
is slightly better. For example, there are more pronounced negative
anomalies for the Congo craton and Russia (Baltica and Siberia
Cratons, Fig. 4), and modeled topography maxima in the Pacific
are less pronounced. Because of the relatively weak dependence
of results on lithosphere thickness (Fig. 9B), effects are small and
any discontinuities introduced by this procedure are not obvious in
Fig. 7(B).

Results so far were with free-slip or no-slip boundary conditions,
but the most realistic boundary conditions are plate-like. However,
if plate motions are prescribed and do not correspond to forces act-
ing on plates, computed topography will show features that may not
be realistic. Accordingly, free-slip boundary conditions result in the
best fits to the geoid (Thoraval & Richards 1997). This is illustrated
in Fig. 7(C): with no underlying density anomalies driving mantle
flow that would be the cause of plate motions, just kinematically
prescribing these plate motions causes almost 1 km negative to-
pography above the fastest spreading centre, the East Pacific Rise
and conversely, almost 1 km positive topography in East Asia, a
region where plates converge. One can, for example, imagine that
diverging flow caused by forcing plates apart creates a void, that is,
negative topography.

In the Hager & O’Connell (1979, 1981) approach, total model
topography with prescribed plate motions and underlying density
anomalies (Fig. 7D) is computed as the sum of topography with
prescribed plate motions only (Fig. 7C) and topography with no-
slip boundary condition (not shown). As mentioned, in the latter
case, predicted topography has a large degree-one component—
negative in East Asia and positive in the East Pacific. But this is
largely compensated by the topography shown in Fig. 7(C), such
that the resulting topography with prescribed plate motions and
internal anomalies is again very similar to the one for a free-slip
boundary condition (compare Figs 6A and 7D): both show a very
similar pattern, but topography amplitude is somewhat higher for
prescribed plate motions (amplitude ratio 1.43 instead of 1.20). In
this case, also correlation with residual topography is slightly higher
(0.61 instead of 0.60).
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(A) (B)

Figure 10. Correlation and ratio of model and residual topography for four models as indicated, with corresponding viscosity structures as in Fig. 3, as a
function of degree l.

3.5 Comparison in the spectral domain

To further analyse the causes of differences between model and
residual topography, correlation and ratio of model and residual
topography are also computed separately for each degree l. Results
shown in Fig. 10 for four tomography models primarily show two
trends: both correlation and ratio tend to be higher for lower degrees.
In particular, there is a peak in model-to-residual ratio at degree two,
because model topography contains a large degree-two signal with
highs above the LLSVPs, and lows above the ring of subduction
zones surrounding the Pacific, which is much less prominent for
residual topography. These results are a common feature for a large
number of tomography models (Steinberger et al. 2010). The case
based on GyPSuM does not overpredict topography as much as
other cases at l = 2. Fig. 10 shows particularly high correlations in
the range l = 3−14.

Generally higher correlation for lower degrees is probably a con-
sequence of the topography model and/or residual topography being
better constrained at larger scales. The trend in model-to-residual
ratio could be due to too little model topography computed at high
degrees, for example, if tomography models have limited resolution,
or too much residual topography, for example, if there are artefacts
resulting from the crustal model, or a combination. The fact that the
second trend mostly disappears for the model based on Schaeffer
& Lebedev (2014), which is presumably better resolved at shallow
depths than earlier models, points toward the first cause.

3.6 Regional differences

If the analysis for the reference model is done separately for con-
tinental and oceanic (Müller et al. 2008) regions, correlation is
higher (0.64 versus 0.55) and ratio is lower (1.02 versus 1.57) for
continents. These differences in correlation and amplitude ratio are
also typical for a larger number of models (Steinberger et al. 2010).
Higher correlation could indicate that model topography or residual
topography, or both, are better known for continents, due to bet-
ter resolution of tomography models and/or more accurate crustal
thickness models, despite the seemingly simpler crustal structure
in the oceans. The difference in correlation is even larger for older
tomography models—that is, the increase of correlation with newer
models is stronger in the oceans, where tomography is becoming
better resolved and more appropriate for mapping density anoma-
lies.

Higher amplitude ratio in the oceans reflects lower residual topog-
raphy amplitude in the oceans. Rms residual topography amplitude
in the oceans (computed for seawater coverage) is 473 m for expan-
sion to degree l = 12 and 534 m for l = 31, ≈20–30 per cent larger
than the 400 m found by Korenaga & Korenaga (2008). Lower am-
plitude ratio for continents is probably due to neglecting LVV. Since
the low-viscosity asthenosphere is probably more pronounced be-
neath oceans, the consideration of LVV would reduce amplitudes
for oceans, thus making amplitude ratios more similar to continents.
For the case shown in Fig. 7(B), which considers lithosphere thick-
ness variations in a simplified fashion, the difference in ratio for
continents versus oceans is reduced from 54 to 43 per cent. This
rather small drop indicates that differences between continents and
oceans are probably even larger than assumed here—in particular,
it is likely that the asthenosphere also has lower viscosity beneath
the oceans, which is not considered here. For comparison, Ghosh
et al. (2010) find that dynamic topography magnitudes are affected
by as much as 20 per cent when LVV were introduced.

To further analyse regional differences, Fig. 11 shows how cor-
relation and ratio varies regionally. Correlation is often good in
regions with strong features, where the pattern agrees in model
and residual topography—including the prominent highs in eastern
Africa and the western U.S. The pattern for ratio can be partly ex-
plained in a similar way as the difference between continents and
oceans: the smallest ratios occur in northern Eurasia (Russia), where
there are also two large cratons (Baltica and Siberia; Fig. 4) hence
a good coupling of the lithosphere with mantle convection, such
that model topography is underpredicted. The largest ratio occurs
around the East Pacific Rise, the fastest spreading centre and there-
fore presumably the largest area of thin lithosphere and pronounced
low-viscosity asthenosphere beneath, such that model topography
is overpredicted. Again, this general pattern of correlation and ratio
is a robust feature found for a large number of models (Steinberger
et al. 2010). However, there is also a large craton in North America,
where the ratio is not particularly low. Hence there are probably also
other factors influencing this ratio.

3.7 Comparison with and among different residual
topography models

The observation-based estimates to which model topographies
are compared are also subject to uncertainties. In particular, the
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Topography by mantle density variations 617

Figure 11. Ratio (A) and correlation (B) of model and residual topography within a circle with radius 30◦ of arc around each point, for the reference model.
EPR=East Pacific Rise, Ru=Russia, WUS=western U.S., EAf=eastern Africa.

residual topography model of Fig. 2 is based on a global model of
crustal thickness and densities and does not account for subcrustal
lithospheric density variations, and comparison to more detailed
regional studies or compilations, both on continents (Tesauro et al.
2008) and in the oceans (Wheeler & White 2000; Czarnota et al.
2013; Winterbourne et al. 2014) is more appropriate.

In order to get an estimate of the possible errors introduced by the
approximations made in CRUST1.0, we also include a comparison
with the recent results of Winterbourne et al. (2014), Table 1, who
treat crustal thickness and sediment cover in the oceans in greater
detail, as the link between them is not straightforward. Differences in
Fig. 6 can be due to errors in both the model and residual topography
estimate, and this comparison further illustrates the considerable
uncertainties. Since Winterbourne et al. (2014) only list residual
topographies for certain locations, a different representation is used
in Fig. 12. For comparison, the model versus residual topography
estimates of Figs 6(A) and (B), and the two residual topography
estimates are plotted against each other in the same fashion: there
are considerable differences not only between model and residual
topography, but also between the two residual topography estimates
(Fig. 12C).

Correlations between model and residual topography are gen-
erally lower than in Table 1, however this is largely because cor-
relations in oceans tend to be lower than on continents, and they
also tend to be lower if topographies are not filtered to maintain
only longer wavelengths. So absolute values of correlations can-
not be directly compared. Correlation is highest in the reference
case, which could again indicate that, among those models and in-
cluding smaller scale features, the SL2013SV tomography model
gives the best representation of density heterogeneities in the upper
≈200 km. As was found for oceans in general, model topography
rms amplitudes exceed those of residual topography by up to a fac-
tor ≈2—model topography mostly ranges between ±2 km, whereas
the residual topography estimates mostly range between ±1 km.

4 D I S C U S S I O N

The main purpose of this work is to assess what topography signal
one can expect based on what is known about density anomalies
and rheology of the Earth mantle, and how this compares with
what can be inferred from observed topography. Often, seismic
velocity anomalies are taken as a proxy for density and tempera-
ture anomalies (Steinberger & Calderwood 2006; Simmons et al.
2009), but in the lithosphere, variable composition also influences

seismic velocities and densities (Deschamps et al. 2002; Griffin
et al. 2009; Cammarano et al. 2011) so a simple velocity-to-density
anomaly conversion does not work there. Hence, density anomalies
at shallow depth, which are most effective in causing topography,
are poorly constrained. Lithosphere thickness models (Shapiro et al.
2004; Artemieva 2006; Conrad & Lithgow-Bertelloni 2006; Li et al.
2007; Rychert et al. 2010; Priestley & McKenzie 2013; Pasyanos
et al. 2014) help to infer where the ‘thermal’ velocity-to-density
conversion probably would not work. For the sake of consistency,
thickness models are derived here based on the same tomography
models used to infer mantle density.

The best fit between models and observations is found for very
small and slightly positive density anomalies in the continental
lithosphere, approximately consistent with the isopycnic hypothe-
sis of Jordan (1988). However, results do not deteriorate if a ther-
mal scaling of tomography is assumed at any depth greater than
150 km regardless of whether the anomaly is located within or be-
neath the lithosphere, roughly consistent with the finding of a mid-
lithospheric discontinuity (Rader et al. 2015), and the idea that this
separates a compositionally distinct lithospheric layer above from
a thermal boundary layer beneath (Yuan & Romanowicz 2010). In
this case, lithosphere thickness >150 km inferred here does not af-
fect results. In the reference model, the total density anomaly is δρ l

= +0.2 per cent. From eqs (1) and (3), an average thermal anomaly
of 2.28 per cent can be inferred. Therefore, this corresponds to a
‘chemically buoyant’ (i.e. chemical density anomaly negative) con-
tinental lithosphere, where the relative importance of chemical to
thermal buoyancy is ≈0.9, similar to the value ≈0.8 found by Forte
& Perry (2000). Below the lithosphere, the scaling factor from seis-
mic velocity to density anomalies was not varied. Model topography
amplitudes, which are somewhat larger than for residual topography,
could be reduced by using a lower scaling factor.

The best fit found between model and residual topography is a
correlation of 0.6 and amplitude ratio 1.2. As also found by Stein-
berger et al. (2010) for a larger set of models, correlation is some-
what higher for lower resolution. Large-scale patterns are generally
matched better than smaller scale structure. But compared to Stein-
berger et al. (2010), it is now possible to obtain a good match even
for many regional-scale features in both location and amplitude. Us-
ing independent estimates of lithosphere thickness for computing
model topography generally gives a worse fit (results not shown),
presumably because in this case more often strong positive seis-
mic anomalies are interpreted to be located beneath the lithosphere
and hence converted to density anomalies, giving features in model
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618 B. Steinberger

Figure 12. Comparison of different model topographies and residual topography estimates. For model topography cases see Table 1; SL+Gra 3 is reference
case. ‘CRUST1.0’ is residual topography as in Fig. 6(B), ‘Winterbourne’ refers to Winterbourne et al. (2014), but correcting with the same ocean floor age
versus depth relation eq. (1) as elsewhere in the paper, and appropriate depth shift. Colours correspond to seafloor age at the location corresponding to a given
data point. ratio=rms amplitude ratio; corr=correlation.

topography for which there is no corresponding feature in residual
topography. Conversely, strong negative anomalies may be inter-
preted to be inside the lithosphere and removed.

Viscosity structures with a minimum of ≈1020 Pa s below the
lithosphere, rising to a maximum of ≈1023 Pa s in the lower part of
the lower mantle and dropping again to somewhere between 1020

and 1021 Pa s in the lowermost mantle yield the best fit. Including
topography as a constraint in the optimization leads to infer some-
what lower viscosities in the asthenosphere than otherwise. Mantle
viscosity remains poorly known, although further constraints exist
(e.g. Mitrovica & Forte 2004; Paulson et al. 2007). Model topogra-
phy does not place strong constraints on mantle viscosity, as it does
not strongly dependent on viscosity structure, and because residual
topography is poorly known, although it regionally reached much
higher quality recently (e.g. Winterbourne et al. 2014).

Although LVV have less effect on present-day model topogra-
phy than uncertainties in density models (Moucha et al. 2007), a
laterally variable viscoelastoplastic lithosphere (Popov & Sobolev
2008) should be included in future studies, in particular when con-
sidering the very large differences between strong plate interiors
and weak plate boundaries. It is expected that results are affected
by the decoupling of lithospheric plates (Kaban et al. 2014a) and,
more generally, lithosphere rheology (Burov et al. 2014).

Computations of how topography changes with time have been
performed (e.g. Gurnis et al. 2000; Conrad & Gurnis 2003; Liu
et al. 2008; Moucha & Forte 2011; Spasojević & Gurnis 2012;
Steinberger et al. 2015), and observations exist to infer palaeoel-
evations (e.g. Garzione et al. 2008) and uplift rates (e.g. Roberts
& White 2010; Japsen et al. 2014). We expect that the improved
present-day topography models presented here can help to further
improve models of past topography. Also, in regions where tomogra-
phy models with higher resolution are available, such as the western
U.S., a more detailed comparison down to smaller scales is possible
(Boschi et al. 2010; Becker et al. 2014).

5 C O N C LU S I O N S

A topography model can be inferred from mantle density anoma-
lies based on seismic tomography. But in order to obtain corre-
lations ≈0.6 with residual topography and rms amplitudes that
are only moderately (� 30 per cent) larger, it is necessary to
assume that continental lithosphere contains compositional den-
sity variations. This is in accord with previous findings that
the continental lithosphere has a different composition from the
rest of the mantle, rather than merely being colder. Therefore,
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for the purpose of deriving a topography model, also a model of
lithospheric thickness has been derived. The best agreement be-
tween model and observation is obtained with a viscosity profile
that rises from about 1020 Pa s beneath the lithosphere to ≈1023

Pa s in the lower part of the lower mantle and drops again in
the D′′ layer. Compared to viscosity profiles that were derived
based on fitting the geoid without consideration of topography,
this profile gives a fit to the geoid that is almost as good, while
the rather low asthenosphere viscosity yields a model topography
amplitude only moderately larger than residual topography. Lat-
eral variations in asthenosphere thickness and viscosity could be
substantial, and only lead to rather small changes in model topog-
raphy amplitude. Nevertheless considering these variations should
lead to model improvements, in particular when calculating the
evolution of mantle flow and therefore the time changes of topogra-
phy, because anomalies inside the lithosphere move with the plates,
therefore only anomalies beneath the lithosphere cause uplift or
subsidence.
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