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Abstract Dynamic topography, the surface deflection induced by sublithosheric mantle flow, is an
important prediction made by geodynamic models, but there is an apparent disparity between
geodynamic model predictions and estimates of residual topography (total topography minus lithospheric
and crustal contributions). We generate synthetic global topography fields with different power spectral
slopes and spatial patterns to investigate how well the long-wavelength (spherical degrees 1 to 3)
components can be recovered from a discrete set of samples where residual topography has been recently
estimated. An analysis of synthetic topography, along with observed geoid and gravity anomalies,
demonstrates the reliability of signal recovery. Appropriate damping factors, which depend on the maximum
degree in the spherical harmonic expansion that is used to fit the samples, must be applied to recover the
long-wavelength topography correctly; large damping factors smooth the model excessively and suppress
residual topography amplitude and power spectra unrealistically. Recovered long-wavelength residual
topographies based on recent oceanic point-wise estimates with different spherical expansion degrees agree
with each other and with the predicted dynamic topography from mantle flow models. The peak amplitude
of the long-wavelength residual topography from oceanic observations is about 1 km, suggesting an
important influence of large-scale deep mantle flow.

1. Introduction

Mantle convection deflects the lithosphere and generates topography at the Earth’s surface, which is gener-
ally referred to as dynamic topography (Parsons & Daly, 1983; Pekeris, 1935). Dynamic topography has an
important influence on the gravitational field (Hager & Richards, 1989) and on long-term regional and global
sea level trends (Gurnis, 1993; Lithgow-Bertelloni & Gurnis, 1997; Moucha et al., 2008; Spasojevic & Gurnis,
2012). It thus forms an important component of reconstructing continental surface environments through
time and of understanding the driving forces behind associated transgressions and regressions of
inland seas.

There are generally two means of estimating dynamic topography. One is to subtract contributions from the
density heterogeneities within the crust and lithosphere (isostatic topography) from the total topography
(Cochran & Talwani, 1977; Colin & Fleitout, 1990; Crough, 1978; Schroeder, 1984; Winterbourne et al., 2014).
The derived dynamic topography using this approach is usually referred to as residual topography.
Alternatively, surface deflections induced by mantle convection can be computed directly by solving the
equations for viscous flow. The estimated large-scale dynamic topography based on these two strategies
should be approximately consistent if the density and viscosity structures within the lithosphere and mantle
are well constrained (Yang et al., 2016; Zhang et al., 2012). However, because isostatic topography from
crustal and lithospheric loads dominates the total topography, and because the density and viscosity struc-
tures within the lithosphere and mantle are not well constrained (Le Stunff & Ricard, 1995; Panasyuk & Hager,
2000b), the estimated residual topography and calculated dynamic topography often do not agree. Although
mantle flow models often predict large-amplitude negative dynamic topography in east and southeast Asia
(Flament et al., 2013; Lithgow-Bertelloni & Gurnis, 1997; Lithgow-Bertelloni & Richards, 1998; Ricard et al.,
1993; Steinberger, 2007; Yang & Gurnis, 2016; Zahirovic et al., 2016; Zhang et al., 2012), residual topography
has been estimated to be close to zero or positive in the same region (Flament et al., 2013; Kaban et al., 2004;
Le Stunff & Ricard, 1995; Panasyuk & Hager, 2000b; Wheeler & White, 2000). The amplitude of the estimated
long-wavelength residual topography generally ranges between 0 and 500 m (Kaban et al., 2004; Le Stunff &
Ricard, 1995; Panasyuk & Hager, 2000b; Wheeler & White, 2000), although some have estimated the values to
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be higher, up to about 1 km (Davies & Pribac, 1993; Gurnis et al., 2000). In contrast, mantle flowmodels, which
reproduce the observed geoid or stratigraphic records of stable continental interiors, usually predict
long-wavelength dynamic topography with an amplitude of about 1 to 2 km (Conrad & Husson, 2009;
Flament et al., 2013; Lithgow-Bertelloni & Gurnis, 1997; Lithgow-Bertelloni & Richards, 1998; Ricard et al.,
1993; Steinberger, 2007; Yang & Gurnis, 2016; Zhang et al., 2012).

Efforts have been made to reduce predicted topographic amplitudes from mantle flow models so as to fit
both the estimated residual topography and geoid observations (Čadek & Fleitout, 2003; Panasyuk &
Hager, 2000a; Steinberger, 2007). Panasyuk and Hager (2000a) suggest that inclusion of one or more
low viscosity layers within the mantle transition zone, the amplitude of dynamic topography can be
significantly reduced through strongly decoupling lithospheric deflections from deep mantle flow.
Although they inferred radial mantle viscosity profiles by a joint fit of the geoid and residual topography
and the fit to the geoid is good, the fit to the estimated residual topography is not, with a variance reduc-
tion on residual topography less than 7% (Panasyuk & Hager, 2000a). Čadek and Fleitout (2003) inverted
for lateral viscosity variations within the upper 300 km of the mantle and predicted a small-amplitude
dynamic topography with the calculated geoid fitting the observed. However, the pattern of the calcu-
lated dynamic topography by Čadek and Fleitout (2003) appears at odds with residual topography
estimations. For example, their predicted highest topography is centered on Taiwan in East Asia, inconsis-
tent with residual topography estimates (Hoggard et al., 2017; Kaban et al., 2004; Panasyuk & Hager,
2000b; Steinberger, 2007).

Dynamic topography is especially difficult to estimate on the continents, due to their structural complex-
ity. In contrast, oceanic regions are tectonically simpler and thus have the potential of yielding more
precise estimates of residual topography. Recent estimates of residual topography in the oceanic realm
(Czarnota et al., 2013; Hoggard et al., 2016; Hoggard et al., 2017; Winterbourne et al., 2014) considered
precise contributions from within the crust and lithosphere, including sedimentary layer thickness and
density, crustal thickness, and empirical bathymetry-age relationship. These point-wise estimates of
residual topography, although sparse and unevenly distributed, have a large-scale pattern and amplitude
consistent with mantle flow model predictions (Yang & Gurnis, 2016). However, the extent to which
these unevenly distributed point-wise measurements constrain the pattern and amplitude of
long-wavelength residual topography remains a topic of discussion (Hoggard et al., 2017). Here we
address this issue using a series of synthetic residual topography fields and demonstrate that with the
published observation locations, the long-wavelength (degrees 1 to 3) residual topography can be
well constrained.

2. Method

To investigate the ability of recovering the long-wavelength (degrees 1 to 3) residual topography based on
observations at sparse, irregularly distributed points, we first generate random synthetic topography fields
and estimate their long-wavelength components by fitting a specific set of discrete samplings with spherical
harmonic expansions.

A synthetic topography is generated from a combination of spherical harmonics up to degree 40 (about
1,000 km wavelength). At wavelengths less than 1,000 km, regional isostasy due to elastic flexure gradually
dominates the topography. The synthetic topography h, is represented as

h θ;φð Þ ¼
X40
l¼1

Xl

m¼0

Clm cosφþ Slm sinφð ÞPml cosθð Þ (1)

Here θ and φ are colatitude and longitude, respectively. Pml is a Schmidt seminormalized associated Legendre
polynomial of degree l and orderm. The spherical harmonic coefficients Clm and Slm are generated following

uniform random distribution first, but then the amplitude of each degree A lð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXl

m¼0

C2
lm þ S2lm

� �
vuut is forced

to vary as
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A lð Þ ¼ 300

1000�lp

�
l ¼ 1

l > 1
(2)

Both recent estimates of residual topography (Hoggard et al., 2016; Hoggard et al., 2017) and dynamic topo-
graphy predictions (Yang & Gurnis, 2016) suggest that the amplitude of dynamic topography at degree 1 is
much smaller than that at degree 2. The exponent p controls the slope of the power spectra. By increasing the
exponent p, short-wavelength contributions increase.

We sample the synthetic topography at 2,297 points fixed at locations of the Hoggard et al. (2017) data set,
with the sampled values deviated from a given synthetic topography by a Gaussian distributed random error.
The standard error is 200 m, similar to the observation error estimated by Hoggard et al. (2017), but see more
discussions on the measurement error in the supporting information. Among the 2,297 points, 1,161 points
are better constrained (Hoggard et al., 2017), and thus, the Gaussian distributed measurement error is halved.
We then carry out spherical harmonic expansions based on these point-wise synthetic topography observa-
tions with the least squares method (Hoggard et al., 2016; Yang & Gurnis, 2016). To suppress unrealistic
short-wavelength perturbations and to avoid over fitting the data, some form of damping is often used
(for a general description of such problems in geophysics see (Hartzell & Heaton, 1983; Rawlinson &
Sambridge, 2003; Tarantola, 2005)). A nonnegative damping factor λ2, which mainly suppresses the spatial
gradient of the function, is employed (Hartzell & Heaton, 1983) in most of our synthetic tests—see the
supporting information for additional discussion. The long-wavelength components can be well recovered
by choosing appropriate λ2.

The power spectrum of the recovered spherical-harmonic expansion is compared against the prescribed
synthetic topography power spectrum. The power spectrum at each degree is defined as the square of
the amplitude:

P lð Þ ¼
Xl

m¼0

C2
lm þ S2lm

� �
(3)

We define a variance difference to depict the power spectra difference between the synthetic and recovered
topographies at long wavelengths (degrees 1 to 3). The variance difference is defined as

V1�3 ¼
P3
l¼1

Pl
m¼0

CR
lm � CS

lm

� �2 þ SRlm � SSlm
� �2h i

P3
l¼1

Pl
m¼0

CS
lm

� �2 þ SSlm
� �2h i (4)

where S and R represent coefficients of the synthetic and recovered topographies, respectively. Long-
wavelength components are well recovered for a small variance difference.

3. Results

We start with the long-wavelength (degrees 1–3) component recovery from a specific set of point-wise
measurements of the synthetic topography. The synthetic topography has an exponent of p = �0.3, which
generates substantial short-wavelength perturbations (Figure 1a) compared to long wavelengths (Figure 1b).
For the same synthetic topography field, we conduct spherical harmonic expansions with different
maximum expansion degrees and damping factors λ2, while evaluating the error of the fit (Figures 1c–1f).
The error of the fit to observations decreases with increasing maximum expansion degrees or number of
inversion parameters (Figure 1c). The number of inversion parameters is ( l+ 1)2 for an expansion with the
maximum degree l. However, beyond degrees about 5, the improvement in the misfit decreases slowly, espe-
cially when we consider the number of free parameters. In contrast to the error of the fit to observations, the
average global difference between synthetic and recovered topographies does not decrease with increasing
maximum expansion degree after 5 (Figure 1d). This is also true for the global long-wavelength topography
difference (Figure 1e) and variance difference (Figure 1f). That the global synthetic-recovered topography dif-
ferences do not decrease with increasing degrees beyond degree 5 indicates that the topography recoverabil-
ity and resolution are constrained by the number and distribution of observations, and given the present
topography observations, increasing the maximum spherical degree from degree 5 (36 parameters) to
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degree 30 (961 parameters) does not help resolving the global long-wavelength or short-wavelength features.
Significantly, the error of the fit to observations and global synthetic-recovered topography differences is
sensitive to the damping factor, when we truncate the expansion at a degree larger than about 5. With
increasing number of degrees in the expansion, the appropriate damping factor decreases, suggesting that
if more parameters are sought from the inversion, then one should not smooth the model excessively.

We fix the maximum expansion degrees to 5, 15, and 30, respectively, and investigate the influence of the
damping factor on the error of the fit to observations and variance difference (Figures 2a–2c) in more detail.
The model roughness, defined as the norm of the recovered topography gradient, is large when the model
has large-amplitude short-wavelength perturbations. The roughness increases with the decrease of the
damping factor. A smooth function has a large error of fit to observations, whereas a rough function usually
yields a small error. A suitable compromise is often achieved at the elbow of the misfit-roughness plot
(Deschamps et al., 2001; Hartzell & Heaton, 1983; Yue et al., 2013). With a maximum expansion degree 5
and the damping factor 0.84 that is chosen at the elbow of the misfit-roughness relationship, the
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Figure 1. (a) Synthetic topography field represented by spherical harmonics up to degree 40 and its (b) long-wavelength (degrees 1–3) components. The green
points represent the 2,297 point-wise observations whose values are assumed known. Locations of these observations follow Hoggard et al. (2017). The following
quantities are shown as a function of maximum expanded spherical degrees and damping factors: (c) error of the fit to observations, (d) average difference between
recovered and synthetic topographies across the globe, (e) average difference between recovered and synthetic long-wavelength topographies across the globe,
and (f) variance difference. The black dots in Figures 1c–1f correspond to the appropriate damping factors chosen from the misfit-roughness relationships in
Figures 2a–2c. The black dots in subsequent figures follow the same convention.
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Figure 2. (a) Damping factor and recovered long-wavelength synthetic topography based on the misfit-roughness relationship with the maximum expansion
degree fixed as 5. Left: Roughness of the recovered topography as a function of damping factor. Middle: error of the fit to observations (black) and variance dif-
ference (red) as a function of roughness. Right: The recovered long-wavelength (degrees 1–3) topography. The damping factor is chosen from the elbow of themisfit-
roughness plot (black curve in the middle panel). (b and c) Same as Figure 2a but the maximum expansion degree is fixed as 15 (Figure 2b) and 30 (Figure 2c),
respectively. (d) Power spectrum as a function of spherical degree with the damping factor fixed at 0.84 (Figure 1a). Different colors represent spherical expansions
with different maximum degrees; green represents the synthetic. (e) Recovered long-wavelength topography with the maximum expansion degree as 30 and
damping factor as 0.84.
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predicted long-wavelength topography (Figure 2a) is comparable with the synthetic one (Figure 1b), in both
pattern and amplitude. A slight change of the damping factor does not change the global topography differ-
ences (Figures 1d and 1e) or variance difference (Figures 1f and 2a) significantly. Good estimates of the long-
wavelength topography are also found by fixing the maximum expansion degrees to 15 and 30, respectively,
but with smaller damping factors (Figures 2b and 2c). Fixing the damping factor at 0.84 (elbow of the misfit-
roughness relationship in Figure 2a), the recovered power spectra with different maximum expansions are
compared against the synthesis (Figure 2d). Although the recovered power spectra are close to the actual
values when the maximum expansion degree is around 5, they are strongly underestimated when the expan-
sion grows to degree 30, with the peak-to-peak amplitude significantly suppressed (Figure 2e).

We generate additional random synthetic topography fields that also have the exponent p = �0.3 but
differ significantly in spatial patterns with each other (Figure S1 in the supporting information). The
long-wavelength components of these randomly generated synthetic topographies, can all be recovered,
suggesting that the distribution of observations relative to the spatial pattern of topography has only limited
influences on the long-wavelength components recovery.

Because the amplitude spectrum of the Earth’s dynamic topography is unknown, we evaluate the robustness
of synthetic topography recovery in terms of different amplitude spectra. Increasing the exponent p from
�0.3 (Figure 1) to 0.0 significantly increases the short-wavelength synthetic topography contributions
(Figure 3a) while reducing the exponent p from �0.3 to �0.8 significantly reduces the short-wavelength
contributions (Figure 3f). Although increasing the maximum spherical degree beyond degree about 5
reduces the error of the fit to observations, it does not lead to a better recovery of the long-wavelength
synthetic topography (Figures 3c and 3h). With appropriate damping factors chosen at the elbow of the
misfit-roughness plot (Figures 3d and 3i), the recovered long-wavelength topographies (Figures 3e and 3j)
are consistent with those of the synthetic topographies (Figures 3b and 3g).

Although increasing the maximum expansion degree after degree about 5 does not help reducing global
synthetic-recovered topography differences, the magnitude of the power spectrum is largely reproduced
when appropriate damping factors are chosen (Figures S2 and S3). However, the uncertainty is large and
increases with increasing maximum expansion degrees. When large damping factors are used, the magni-
tude of the recovered power spectra is unrealistically suppressed (Figure S2). The spectral magnitude is
strongly over estimated at short wavelengths when the short-wavelength energy is small (Figure S3f), espe-
cially for large measurement errors, possibly due to the over-fitting of the observations.

We explore the recovery of long-wavelength geoid and free-air gravity anomalies given the specific set of
discrete observations. This is a helpful set of experiments as the geoid, gravity anomalies, and dynamic topo-
graphy are closely related (Hager et al., 1984; Yang & Gurnis, 2016) and synthetic topography generally has a
different long-wavelength phase and power spectrum from either the geoid or the dynamic topography. The
geoid is dominated by long-wavelength components (Figures S4a and S4b), while the free-air gravity
anomaly has substantial short-wavelength contributions (Figures S4e and S4f). Our tests suggest that we
are able to recover the long-wavelength components of these fields (Figures S4d and S4h), strengthening
the argument that long-wavelength residual topography can be recovered from the sparse estimates by
Hoggard et al. (2017).

We recover the long-wavelength dynamic topography based on recent point-wise residual topography esti-
mates in the oceanic realm (Hoggard et al., 2017) and compare them with mantle flow predictions (Yang &
Gurnis, 2016). Residual topography estimates show a good correlation with the predicted dynamic topogra-
phy from mantle flow models (Figures 4a and 4b). For example, mantle flow models predict large-scale uplift
in the central Pacific and around southern Africa, matching large positive residual topography. Mantle flow
models predict large depressions around subducted slabs, where the residual topography is also low. We
carry out spherical harmonic expansions of the 2297 residual topography observations from Hoggard et al.
(2017) with different maximum expansion degrees and damping factors (Figure 4c). With the maximum
spherical degrees as 5, 12, and 30, we set the corresponding damping factors to 0.55, 0. 057, and 0.01, respec-
tively, based on the misfit-roughness relationship (Figure S5). The estimated long-wavelength (degree 1 to 3)
residual topography with different expansion degrees yields similar spatial patterns and amplitudes
(Figures 4d–4f) and agrees with mantle flow model predictions (Figure 4b). The estimated long-wavelength
residual topography has a peak-to-peak amplitude of 1 km (Figures 4d–4f), contrary to the results of Hoggard
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et al. (2017), who used a combination of gradient regularization damping factor λ2 and amplitude damping
factor λ1 that vary between 0.32 and 3.2 and between 100 and 1,000, respectively. Using these damping
factors, amplitudes of the recovered dynamic topography are significantly smaller (Figure S6). The
estimated residual topography power spectrum is compared with that of dynamic topography from
mantle flow predictions (Figure S7). Due to the jagged perturbations of the recovered power spectrum
around true values (Figures S2 and S3), only first-order features of the recovered power spectra are
described. At degrees lower than ~15, spectral magnitudes of the estimated residual topography and
dynamic topography are generally consistent. However, at degrees larger than ~15, residual topography
spectral magnitude is significantly larger than that of dynamic topography. This inconsistency at short
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(d–f) Inferred long-wavelength residual topography based on 2,297 observations with the maximum expansion degrees as 5, 12, and 30. The corresponding
damping factor for each degree is chosen from the elbow of the misfit-roughness relationships (figure S5). In Figures 4a and 4b, the circles represent the 1,161
observations that have both precise sedimentary and crustal corrections, while the upward and downward pointing triangles represent the remaining points
for which residual topography might be overestimated or underestimated, respectively (Hoggard et al., 2017).
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wavelengths may originate from the limitation of mantle flow model predictions (see discussions in Yang &
Gurnis, 2016) or from limitations in residual topography spectral estimates (Figure S3f). The residual topogra-
phy spectral power of degrees larger than 15 is around one order smaller than that of degrees 2 and 3,
suggesting a factor of 2 to 3 in amplitude reduction.

4. Discussion and Conclusion

Dynamic topography is an important prediction of mantle flow models. However, its amplitude and pattern
are controversial. We conduct synthetic experiments and demonstrate that long-wavelength dynamic topo-
graphy components can be recovered from recent point-wise residual topography observations in the ocea-
nic realm (Hoggard et al., 2017). An analysis of the geoid and free-air gravity fields further consolidates this
argument. Spherical expansions of recent residual topography observations with different maximum degrees
and respective appropriate damping factors all yield large-amplitude long-wavelength residual topography
that agrees with the mantle flow model predictions.

The prominent uplift around the central Pacific and southwest Indian Ocean and the depression around
southeast Asia that have long been predicted by mantle flow models (Conrad & Husson, 2009; Flament
et al., 2013; Gurnis, 1993; Hager & Richards, 1989; Lithgow-Bertelloni & Gurnis, 1997; Lithgow-Bertelloni
& Richards, 1998; Ricard et al., 1993; Spasojevic & Gurnis, 2012; Steinberger, 2007; Yang & Gurnis, 2016;
Zhang et al., 2012) are well revealed by the recovered long-wavelength residual topography (Figure 4).
Many residual topography models, although with large uncertainties, suggest a large-scale negative
dynamic topography around South America (Kaban et al., 2004; Panasyuk & Hager, 2000b; Steinberger,
2007). Point-wise residual topography observations also show a deep Argentine Basin (Figure 4a) that is
consistent with mantle flow model predictions (Shephard et al., 2012). However, the amplitude of the
negative long-wavelength dynamic topography around South America is small (Figure 4b), and shallow
density heterogeneities may exert additional contributions regionally (Rodríguez Tribaldos et al., 2017),
making the recovery of long-wavelength negative dynamic topography around South America
more difficult.

Dynamic topography includes various wavelengths with contributions from sublithosphere instabilities,
plumes, and other upper mantle heterogeneities potentially playing important roles in generating short-
wavelength topography perturbations (Faccenna & Becker, 2010; Huang & Zhong, 2005; King & Ritsema,
2000; Robinson & Parsons, 1988; Schoonman et al., 2017; Yang & Leng, 2014). However, our synthetic
experiments suggest that the topographic recoverability is constrained by the present distribution of
residual topography observations. Although short-wavelength topographic perturbations may be recov-
ered locally with dense data coverages, increasing the maximum spherical degree from about degree 5
to degree 30 does not help the recovery of shorter-wavelength features globally. On the other hand,
the recovered residual topography power spectrum is generally consistent with that of dynamic topogra-
phy for degrees less than 15. But the uncertainty is large and when the short-wavelength topographic
relief is small while the measurement error is large, the spectral magnitude at short wavelengths may
be strongly over estimated.

The choice of damping factors is important in parameter estimates, especially when the number of para-
meters inverted is large and the problem is underdetermined (Hartzell & Heaton, 1983; Rawlinson &
Sambridge, 2003; Tarantola, 2005). Both the error of the fit to observations and global synthetic-recovered
topography differences depend on the choice of damping factors critically when the maximum expansion
degree is larger than about 5 in the synthetic models investigated. The appropriate damping factors have
a decreasing trend with increasing maximum expansion degree, suggesting that if one wants to fit the obser-
vation with more parameters, one should not smooth the model excessively. The small-amplitude long-
wavelength residual topography derived by Hoggard et al. (2016) and Hoggard et al. (2017) is due to the large
damping factor used. Although the conclusion that the residual topography amplitude reaches ~ 1 km
should not be influenced by a slight change of the damping factor, more objective ways may be needed
in the future to yield the most appropriate maximum expansion degrees and damping factors automatically
(Rawlinson & Sambridge, 2003). The influence of truncating spherical harmonic expansions to a certain
degree on long-wavelength residual topography recovery may also need to be considered (Trampert &
Snieder, 1996).
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