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Abstract. The very long wavelength (i.e. in the degree
range £ = 1-8) dynamic topography at the Earth's surface.
estimated by isostatic reduction of the observed topogra-
phy, is shown to be in good agreement with the topography
predicted by a model of viscous flow in the mantle. This
tflow model was previously derived by independent consid-
eration of the observed nonhyvdrostatic geoid and is based
upon a recent model of large-scale seismic shear velocity
heterogeneity in the mantle. Our estimate (and predic-
tion) of the long wavelength dynamic surface topography
reveals significant depressions (= 2-3 km) of the continen-
tal shields relative to their hydrostatic reference positions.

Introduction

The thermal convective circulation in the Earth’s man-
tle gives rise to viscous normal stresses which act to deflect
the Earth’s solid surface away from its hydrostatic refer-
ence position. Observations of this global-scale dvnamic
topography are not straightforward because the actual ob-
served surface topography (see Figure 1a) is evidently dom-
inated by the pattern of elevated continents and depressed
ocean basins which is due to the isostatic compensation of
continent-ocean crustal heterogeneity [e.g. Love. 1911: Jef-
frevs, 1970]. The first objective of our study is to estimate
this isostatic continent-ocean component of the actual sur-
face topography. Given this estimate we then determine
the actual dynamic component of the global topography
by subtracting the estimated isostatic topography from the
observed topography.

The primary objective of our studv is to demonstrate
that the dynamic topography so estimated also agrees with
the long wavelength topography predicted by models of
viscous tlow in the mantle driven by density contrasts de-
rived from seismic tomographic models of mantle hetero-
geneity. The importance of this demonstration stems from
the fact that the nonhydrostatic geoid predicted by these
flow models is very sensitive to the opposing gravitational
effects of the flow-induced surface topography and of the
internal density contrasts. If the predicted surface ropogra-
phy were to differ significantly from the observed dynamic
topography, as suggested previously [e.g. Gurnis. 1990
(lazenave and Lago. 1991]. then the previously demon-
strated good fits to the nonhydrostatic geoid [e.g. [lager
et al.. 1985] provided by the viscous flow models would not
be physically meaningful. We will examine this important
issue by employing a viscous flow model which is based on
the recently constructed model SHS/WM13 [Woodward
et al., 1992] of large-scale shear-velocity heterogeneity in
the mantle. This flow model was originally constrained
to provide a good match to the observed long wavelength
nonhydrostatic geoid [Forte et al.. 1992] and was derived
independently of any information concerning the actual dy-
namic topography at the Farth’s surface.

Previous observational studies of the dynamic surface to-
pography [e.g. Cazenave et al., 1989: Colin and Fleitout,
1990: Cazenave and Lago. 1991] have confined themselves
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to the analysis of the bathymetry of the sea floor. Such
studies have usuallv defined the ‘*dynamic’ component of
this bathymetry to be the residual topography obtained by
removing the [age]'/?-variation associated with the cool-
ing oceanic lithosphere. In this study we will not make
any distinction between this age-dependence of the oceanic
bathymetry and the dynamic topography. The [age|'/*
variation of sea-floor topography will be implicitly included
in our predictions of dynamic surface topography since the
model of seismic heterogeneity employed here clearly con-
tains a similar age-dependence of seismic velocities in the
upper-most suboceanic mantle [see Fig. 2 in Su et al..
1992]. In contrast to previous observational studies of dy-
namic surface topography we shall consider its variation on
a global scale. This requires that we consider not only the
dyvnamic topography in the ocean basins but also that in
continental regions. As we shall see, the dynamic topog-
raphy in continental regions is quite large and contributes
significantly to the global signal.

Isostatic Surface Topography

Various specifications of the isostasy principle have heen
formulated [e.g. Love, 1911; Garland, 1977; Dahlen, 1952]
and they all yield. to first-order accuracy, the well known
local condition of constant total mass (down to the so-
called depth of ‘compensation’) in any given unit-area ver-
tical column at the surface. We shall apply this formulation
of isostasv to the model of continent-ocean heterogeneity
illustrated schematically in Figure 2. In this model we
adopt the crustal densities and crustal layers identified in
the PEM — C and PEM — O models of Dziewonski et
al. [1975] in which the continental regions are assumed to
consist of an upper crust (with density p,. = 2.72Mg/m?)
and a lower crust (with density pr. = 2.92Mg/m?) while
the oceanic regions consist of a water layer (with den-
sity po = 1.02Mg/m?) overlying a single-layer crust (with
density p,. = 2.85Mg/m?®). The continental and oceanic
crusts both overly a mantle with a near-surface density
pm = 3.3Mg/m?>. The application of the isostasy principle
thus reduces to the determination of the radial locations
(see Figure 2) of the solid surface, the ocean surface, the
mid-crust boundary, and the Mohorovi¢i¢ (‘moho’) discon-
tinuity in the continental and oceanic regions which ensure
that the total mass in any unit-area vertical column is con-
stant.

To begin we follow Woodhouse and Dziewonski [1954]
and employ their continent-ocean function C(0, ), derived
from the surface regionalization of Mauk [1977], to de-
scribe the surface distribution of continents and oceans.
This continent-ocean function has zero mean (i.e. the =
0.m = 0 spherical harmonic component vanishes) thus
vnsurin[g that we neither alter the density nor the loca-
tions of the material boundaries in the spherically svm-
metric reference Earth model. We note that in continen-
tal regions C'(f. ) = C. (= 0.66) and in oceanic regions
(0.p)=C,=C.—1. We find that the field 5.18C(0. »)
[km] provides the best least-squares fit to the observed long
wavelength surface topography (in the degree range ¢ = |
3) and explains 92% of its variance, This result suggests
that the continent-ocean function will provide an excellent
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Fig. 1. (a) The solid surface topography derived from the
ETOPO5 data base [National Geophysical Data Center,
1986] in the spherical harmonic degree range £ = 1—3. The
contour interval is 1.575 km. (b) The isostatic solid surface
topography. given by equation (9) in the text, in the degree
range { = 1 —8. The contour interval is 1.575 km. (c1 The
residual dynamic component of the topography obtained

basis for describing the long wavelength isostatic crustal
heterogeneity and boundary deflections.

Following the notation in Figure 2 we write the pertur-
bation to the outer radius of the ocean layer (r = r.) as

§r.(0,9) = (he + hy)C(0.9), (1)

the perturbation to the radius of the solid surface {r = a)
as

6a(0,9) = (re — a+ he + ho)C(8,9). (2)

the perturbation to the radius of the mid-crust boundary
(r=rmnid) as

Srmia(0, ) = —(d + H,)C(0.%), (3)

and the perturbation to the radius of the moho (r = re.h)
as

6rmoho(9-’~;) = _(Tmn:{ — Tmoho + Hﬂ e -(-{.:)C{o‘ ;l- kl'}

The condition of constant mass per vertical column thus
reduces to the following expression

Pucuc + prelic = pudu + pocdoc + pmAme ()

where A = ro —Tmig+ (he+hw+d+ H, )C. is the thickness
of the continental upper crust. iz = Popg — Pmoho T Monid —
Tmoho + He — d)C. is the thickness of the continental lower
crust, A, = re—a—(re—a+h,—hy,)C, is the thickness of the
ocean layer, Mo = a—ropui+(re—a+he+ho+d+HC5 s
the thickness of the oceanic crust , and A, = Ponid = Feoho +
H, + H, is the thickness of the mantle wedge beneath the
oceanic crust. It is evident in Figure 2 that the ocean laver
is effectively pinched to zero thickness over the continents
and thus

{c) DYNAMIC TOPOGRAPHY (L=1-8)

by subtracting the field in (b) from the field in (a). The
contour interval is 0.75 km. (d) The flow-induced solid
surface topography, in the degree range £ = 1—8, predicted
with model SHS/W M13 [Woodward et al., 1992] using the
viscosity profile in Figure 3a and dlnp/dlnvs in Figure 3b.
The contour interval is 0.75 km.
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hu f. ------------------------------------------------------- r=a
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) Sem— R o
Pc=2.92
........................................................... r=r
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Fig. 2. Schematic representation of the continent-ocean
crustal heterogeneity model. The indicated densities (in
Mg/m?®) are taken from PEM [Dziewonski et al., 1975].
The dashed horizontal lines indicate the locations of the
spherical boundaries in the radial reference model (e.g. in

PREM [Dziewonski and Anderson, 1981] r. = 6371km,
a = 6368km. rmwa = 6356km. ruohe = 6346.6km). The
solid horizontal lines indicate the isostatically-defined (see
text) locations of these horizons.

—\u' = (I', = a]/C"c (6)

which is simply the condition that the spherically aver-
aged thickness of the occan layer be the same as that in
the radial reference model (e.g. PREM [Dziewonski and
Anderson, 1981]). Similarly, the lower crust beneath the
continents is pinched to zero thickness below the oceans
and thus

A = —(Tpig — "mo-‘m)/c'o (7)

which is the condition that the spherically averaged thick-
ness of the lower crust be the same as that in the radial
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reference model. Finally the condition that the spheri-
cally averaged thickness of the continental upper crust and
oceanic crust be the same as that of the upper crust of the
radial reference model yields

»’30:(0:) + Auc(_co) =a— Tmid- (S)

As pointed out in Dziewonski et al. [1975] this spherical
averaging of layer thicknesses also makes sense from the
viewpoint of the effective averaging provided by multiply-
reflected propagating seismic waves (which is thus reflected
in the normal-mode eigenperiods of the radial reference
model). Equations (5)-(8) are not sufficient to provide
unique constraints on each of the layer thicknesses in Fig-
ure 2. The final constraint may be obtained by simply
adopting the thickness of the continental upper crust A, =
20km in the PEM — C model of Dziewonski et al. [1975].
We thus find (algebra not shown here) that (r. —a+ h. +
h,) = 6.88km and the expression for the isostatic surface
topography in (2) becomes

8a(0, ) = 6.85C (0, ) [km). (9)

In Figure 1b we show the long wavelength component of the
isostatic surface topography in (9) and a comparison with
the actual long wavelength topography in Figure la. de-
rived from the ETOPOS5 data base [National Geophysical
Data Center, 1986], immediately shows a close correspon-
dence. This correspondence confirms the importance of the
contribution of isostatically compensated continent-ocean
crustal heterogeneity to the observed surface topography.

Haxby and Turcotte [1978] employ a model of continent-
ocean crustal heterogeneity (see their Figure 6) which pro-
vides a good match to the observed geoid variation across
passive continental margins. In their model the continen-
tal lower crust is effectively a continuation of the oceanic
crust and the continental upper crust is pinched to zero
thickness in the ocean basins. According to this model we
should rewrite the perturbation of the mid-crust boundary,
in eq. (3), as

8rmid(0, ) = (rmia —a —d + h,)C(0, ¢) . (10)

The pinching of the continental upper crust requires, in
analogy to eq. (7), that

‘ﬁuc=‘“(a_rmid}llca- ”1}

In analogy to eq. (8) we have the following averaging of
the continental lower crust and the oceanic crust:

Aoc[(;cj + Air:( '_CD) = Tmid — T"moho - le}

If we now employ the crustal densities in Haxby and Tur-
cotte [1978] and choose A,. = Tkm [Soller et al.. 1982]
we find that the isostatic solid-surface topography is now
given by

8a(0, ) = 8.11C(0. ) [km] . (13)

In Figure lc we show the long wavelength dynamic sur-
face topography which is obtained by subtracting the iso-
static topography in eq. (9) from the observed topography
in Figure la. If instead we subtract the isostatic topogra-
phy given by eq. (13), we obtain a dynamic topography
(not shown here) whose pattern is strongly correlated to
that in Figure 1c and whose (root-mean-square) amplitude
is 40% larger. This amplitude difference may be recarded
as a measure of the uncertainty in the estimated dynamic
topography in Figure lc.

Clearly we haven’t made an exhaustive analysis of all
possible crustal models and this raises the question of whe-

ther there exists an isostatic model with a surface topogra-
phy nearly identical to that in Figure la. We find from a di-

rect inverse analysis that such a model [yielding da(8,¢) =
5.2C(8, )] arises only by making the implausible assump-
tion of an almost undifferentiated crust (i.e. puc = poc).

Dynamic Surface Topography

The density perturbations in the mantle which are de-
rived from the models of global seismic heterogeneity have
been shown to provide rather realistic predictions predic-
tions of important convection-related observables such as
the nonhydrostatic geoid, tectonic plate motions, and core-
mantle boundary topography [e.g. Hager et al., 1985; Forte
and Peltier, 1987,1991]. The relevant viscous flow theory
has been described in detail in Richards and Hager [1984],
Ricard et al. [1984], and Forte and Peltier [1987,1991].
Employing this theory we may derive the kernel functions
Ae(r) which relate the spherical harmonic coefficients of
the flow-induced surface topography éaj* to the radially
varying coefficients of the driving density contrasts §p7*(r)
as follows:

m 1 * i
Saft = Apmoﬂ A(r)8p7 (r)dr, (14)

in which Ap,,, = 2.2Mg/m?® is the density jump across the
mantle-ocean boundary. The behaviour of the topography
kernels A;(r) depends on the radial profile of relative (i.e.
nondimensional) viscosity in the mantle.

The predicted nonhydrostatic geoid is quite sensitive to
the depth variation of relative viscosity [e.g. Richards and
Hager, 1984] and in Figure 3a we show the relative vis-
cosity profile inferred by Forte et al. [1992] from their
modeling of the geoid data using the shear-velocity hetero-
geneity model of Woodward et al. [1992]. In Figure 3b
we show the corresponding proportionality between shear
velocity and density perturbations, dlnp/dlnvs, which has
been inferred by least squares fitting to the nonhydrostatic
geoid data. The dInp/dlnvs values so inferred are: 0.11
from 0-400 km depth, 0.37 from 400-670 km depth, and
a linear variation (a-priori choice) from 0.22 at the top of

the lower mantle to 0.15 at the core-mantle boundary. In
Figure 3¢ we show the surface topography kernels for the
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I'ig. 3. (a) The relative viscosity profile inferred from geoid
modeling by Forte et al. [1992]. (b) The proportional-
ity between perturbations of shear velocity and density,
dlnp/dlnvg, inferred by least squares fitting to the nonhy-
drostatic geoid data [Forte et al., 1992]. (c) The dynamic
surface topography kernels A;(r), defined in equation (10)
in the text. The solid curves are the kernels calculated
for the viscosity profile in (a) and the dashed lines are the
kernels calculated for a two-layer viscosity profile with a
factor of 30 viscosity jump at 670 km depth.



viscosity profile in Figure 3a calculated with the gravita-
tionally consistent compressible-flow theory of Forte and
Peltier [1991]. It is important to appreciate that while the
predicted geoid is quite sensitive to the depth variation of
mantle viscosity, the predicted surface topography is (by
comparison) much less sensitive. To illustrate this point
we also show in Figure 3¢ the surface topography kernels
for a two-layer viscosity profile with a factor of 30 Jum? at
670 km depth. We see therefore that the dyvnamic surface
topography in Figure lc provides good constraints on the
amplitude and spatial distribution of density perturbations
in the upper mantle.

In Figure 1d we now show the long wavelength flow-
induced solid surface topography predicted, according to
(14), by convolving the field of density perturbations de-
rived from model SHS/W M13 of Woodward et al. [1992]
(using dlnp/dlnvs in Figure 3b) with the topography ker-
nels in Figure 3¢ which correspond to the viscosity profile
in Figure 3a. It is evident from these kernels that the pre-
dicted surface topography is dominated by the contribu-
tion from upper-mantle density contrasts. The root-mean-
square amplitude of the topography contribution from den-
sity contrasts in the top 400" km of the mantle is 0.7 km.
from 400-670 km it is 0.5 km, and from the lower mantle it
is 0.4 km. A comparison of Figures lc and 1d reveals a good
agreement, both spatially anﬁ in terms of absolute ampli-
tude. In particular, both maps show a clear pattern of
elevated mid-ocean ridges (which has a remarkably broad
spatial extent in the Pacific) and striking topographic de-
pressions centred on the ancient continental shields.

Conclusion

The original motivation for this study came from the dis-
crepancy previously suggested between the amplitudes of
past inferences of dynamic topography and the topography
predicted by viscous flow models of the mantle [e.g. Gur-
nis. 1990; Cazenave and Lago. 1991]. As emphasized in
the Introduction, the resolution of this issue is of great
importance because it bears directly on the validitv of
the viscous-flow theory which has so far been emploved
to model the long wavelength nonhydrostatic geoid. Our
analysis has now verified that viscous flow models which
provide a good match to the long wavelength geoid may
also agree with the estimated global dynamic topography
shown in Figure lc. This agreement is rather encouraging.
especially in view of the important simplifying assump-
tions (e.g. spherically-symmetric viscosity) inherent in the
viscous flow models and also the approximation made in
deducing the dynamic topography shown in Figure lc (i.e.
assuming that all continents have equal thickness and den-
sity).

A new and important outcome of this study is the infer-
ence of the significant long-wavelength dynamical depres-
sions (= 3 km) of the continental cratons relative to their
hydrostatic reference level. Such depressions are important
because their gravitational effect seems to be responsible
for the negative free air gravity anomalies observed over
centres of Pleistocene deglaciation such as Hudson Bay
[Peltier et al., 1992]. We may understand these continental
depressions in terms of the dynamic *suction” which devel-
ops as a consequence of the downwelling flow driven by the
density contrasts associated with the deep high-velocity
‘roots’ of the continents in model SH3/1W M13.
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