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The slow creeping motion of Earth’s mantle drives transient changes in surface topography across a variety
of spatial and temporal scales. Recent decades have seen substantial progress in understanding this so-called
‘dynamic topography’, with a growing number of studies highlighting its fundamental role in shaping the
surface of our planet. In this review, we outline the current frontiers of geodynamical research into dynamic
topography. It begins with a summary of ongoing observational, theoretical and computational efforts that
aim to quantify the present-day expression of dynamic topography, including its geographical distribution
and sensitivity to different components of the mantle’s flow regime. Next, observational constraints that
shed light on how dynamic topography has changed over time are summarised, and compared with predic-
tions from a range of geodynamical modelling studies, to highlight our current understanding of its evolution
through the geological past. Although many model predictions can be reconciled with the available observa-
tional constraints, these comparisons demonstrate that there remain inconsistencies, particularly at shorter
spatial and temporal scales. These discrepancies allow us to isolate the shortcomings of existing modelling
approaches and identify pathways towards improving future reconstructions of dynamic topography through
space and time. Such reconstructions are vital if we are to robustly connect the evolution of Earth’s surface
environments to the processes that are occurring deep within its interior.

1 Introduction

Earth’s surface topography is a product of competition be-
tween internal and external processes: some that act to in-
crease elevation, such as mountain-building, and others that
reduce it, for example, through extension or erosion. Al-
though much of Earth’s topography is supported by isostasy,
being controlled by variations in thickness and density within
the crust and lithosphere, a substantial proportion arises as
a result of forces exerted by vigorous convection within the
underlying mantle (e.g. Pekeris, 1935; Parsons & Daly, 1983;
Davies, 1988; Hager & Richards, 1989; Braun, 2010; Hoggard
et al., 2016; Eakin & Lithgow-Bertelloni, 2018; Davies et al.,
2019). This so-called dynamic topography is transient, vary-
ing both spatially and temporally in response to underlying
mantle flow. As such, it directly connects the evolution of
surface environments to Earth’s deep interior.

Dynamic topography plays a key role in a diverse range of
processes, including sea-level change and continental flood-
ing (e.g. Mitrovica et al., 1989; Gurnis, 1993; Moucha et al.,
2008), Earth’s gravitational expression (e.g. Hager, 1984;
Hager & Richards, 1989; Colli et al., 2016), sedimentary
stratigraphy (e.g. Burgess & Gurnis, 1995; Petersen et al.,
2010; Czarnota et al., 2013), landscape and shoreline evo-
lution (e.g. Sandiford, 2007; Shephard et al., 2010; Roberts
& White, 2010; Richards et al., 2016), oceanic circulation
patterns (e.g. Poore et al., 2006, 2009; Parnell-Turner et al.,
2015) and ice sheet stability (e.g. Austermann et al., 2015).
Despite considerable advances across a number of observa-
tional, theoretical and computational studies (e.g. Mitrovica
et al., 1989; Gurnis, 1993; White & Lovell, 1997; Lithgow-
Bertelloni & Silver, 1998; Gurnis et al., 2000; Conrad et al.,
2004; Moucha et al., 2008; Conrad & Husson, 2009; Guerri
et al., 2016; Steinberger, 2016; Hoggard et al., 2016; Watkins
& Conrad, 2018; Faccenna et al., 2019; Ghelichkhan et al.,

2021), our understanding of dynamic topography remains
incomplete, with ongoing uncertainties on the length scales
and amplitude at which it manifests, the rates over which it
changes, and the mechanisms driving its evolution (e.g. Row-
ley et al., 2013; Molnar et al., 2015; Hoggard et al., 2016; Colli
et al., 2016; Yang & Gurnis, 2016; Müller et al., 2018a; Davies
et al., 2019; Hoggard et al., 2021).

Several attempts have been made to constrain the spatial
pattern, wavelength and amplitude of present-day dynamic
topography. There are generally two ways to approach this:
(i) estimation of so-called residual topography, by removal
of the isostatic contribution due to sediments, ice, crust and
lithosphere from the observed topography (e.g. Menard, 1973;
Crough, 1983; Panasyuk & Hager, 2000; Kaban et al., 2003;
Guerri et al., 2016; Hoggard et al., 2017); or (ii) estimation
of the surface deflections arising from mantle flow, through
predictive computational modelling (e.g. Hager et al., 1985;
Ricard et al., 1993; Steinberger, 2007; Conrad & Husson,
2009; Flament et al., 2013; Yang & Gurnis, 2016; Rubey
et al., 2017; Osei Tutu et al., 2018; Colli et al., 2018; Ghe-
lichkhan et al., 2021). Until recently, the results obtained us-
ing these two approaches were inconsistent. Most predictive
models exhibited peak amplitudes of greater than 2 km, be-
ing dominated by broad topographic highs within the Pacific
and African domains, separated by a band of topographic
lows extending from Antarctica, through the Americas to
the Arctic region and broadening beneath the Eurasian con-
tinent. Residual topography estimates, on the other hand,
showed smaller-scale structure, with key features including
lows at the Australian-Antarctic Discordance (AAD) and Ar-
gentine Basin, and highs under the central and western Pa-
cific Ocean, offshore southern Africa and the North Atlantic
Ocean. Recent research has, however, broadly resolved this
long-standing debate, reconciling theoretical model predic-
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tions with careful measurements of residual topography from
the geological record (e.g. Hoggardet al., 2016, 2017; Davies
et al., 2019; Richardset al., 2020b; Valentine & Davies, 2020).
These studies reveal that both deep mantle 
ow and shallower
processes involving the interaction between asthenospheric

ow and lithospheric structure are fundamental to gener-
ating Earth's dynamic surface response, with deep mantle

ow primarily contributing to dynamic topography at long-
wavelengths, and shallower processes controlling the shorter-
wavelength components (� 102{103 km), as advocated in
seminal studies by, for example, Hager & Richards (1989).

Despite this progress, there remains a fundamental gap in
our understanding of dynamic topography: we do not have
a clear picture of how it has evolved in space and time, even
for the most recent Cenozoic history of our planet. This
limitation arises partly due to increasing sparsity of obser-
vational constraints back in time, but also because tran-
sient uplift and subsidence events lead to periodic erasing
and overprinting of the geological record, resulting in com-
plex interpretational challenges (Hoggard et al., 2021). A
growing number of modelling studies have attempted to �ll
this gap (e.g. Moucha et al., 2008; Liu et al., 2008; Spasoje-
vic et al., 2009; Spasojevic & Gurnis, 2012; Flament et al.,
2013; Rubeyet al., 2017; M•uller et al., 2018a; Flament, 2019;
Ghelichkhan et al., 2021), with some now able to reproduce
long-wavelength (� 104 km) spatial and temporal patterns of
dynamic topography that are consistent with �rst-order ge-
ological events, such as the Cretaceous onset and Paleocene
termination of large-scale marine inundation in North Amer-
ica (e.g. Mitrovica et al., 1989; Liu et al., 2008; Spasojevic
et al., 2009), the late Tertiary rise of Africa relative to other
continents (e.g. Gurnis et al., 2000; Rubey et al., 2017), the
Miocene reversal of the Amazon river drainage system (e.g.
Shephard et al., 2010), and post-Cretaceous tilting of Aus-
tralia (e.g. DiCaprio et al., 2011; Ghelichkhan et al., 2021).
Other model predictions, however, remain largely at odds
with geological constraints, particularly at shorter spatial and
temporal scales (e.g. Wheeler & White, 2002; Sandiford &
Quigley, 2009; McLaren et al., 2012; Paul et al., 2014; Green
et al., 2018; Gurnis et al., 2020; Ball et al., 2021). This ma-
jor limitation hampers our ability to understand fundamen-
tal processes driven by time-dependent interactions between
Earth's surface and its interior. As a result, an accurate re-
construction of dynamic topography into the geological past
is now regarded as a grand challenge in global geodynamical
research.

Here, the aims of our contribution are twofold. Firstly, we
attempt to summarise the current understanding of dynamic
topography, both at the present day and into the geological
past, through a combination of observational constraints and
predictions from geodynamical models. Secondly, we identify
important future directions and approaches that will facili-
tate more accurate reconstructions of dynamic topography.
This review is intended to complement a recent review on ob-
servational estimates of dynamic topography through space
and time by Hoggard et al. (2021), and an earlier review on
observations and models of dynamic topography by Flament
et al. (2013), through the integration of more recent material.

The manuscript is divided into two parts. In the �rst
(Section 2), we focus on present-day dynamic topography,
providing a synopsis of e�orts to reconcile present-day ob-
servational constraints with model predictions. This part al-
lows us to quantify the sensitivity of dynamic topography to
di�erent components of the mantle's 
ow regime for a pe-
riod where the observational constraints on dynamic topog-
raphy and mantle 
ow are more plentiful. In the second part

(Section 3), we focus on dynamic topography through the
geological past, summarising time-dependent observational
constraints, methods and predictions from a range of geo-
dynamical models. This synthesis allows us to highlight the
strengths and weaknesses of di�erent modelling approaches
and to identify a pathway towards improving future recon-
structions of dynamic topography through space and time,
which we cover in Section 3.4.

2 Present-day dynamic topography

2.1 Observational estimates

Some of the earliest observational estimates of the ampli-
tude and geographic pattern of present-day dynamic topog-
raphy came from studies of oceanic bathymetry. In the late
1960s, the observed �rst-order pattern of increasing basement
subsidence as a function of lithospheric age was successfully
described using models of conductive cooling of a thermal
boundary layer (e.g. Turcotte & Oxburgh, 1967; McKenzie,
1967). Nevertheless, localised deviations away from a classi-
cal age-depth relationship were quickly identi�ed and mapped
in many of the ocean basins. These features became known as
residual depth anomalies and were thought to be a proxy for
dynamic topography (e.g. Menard, 1969, 1973). Later studies
further re�ned these maps and consensus emerged that depth
anomalies could be up to � 1 km in amplitude, across typical
wavelengths of 500{2500 km (e.g. Cochran & Talwani, 1977;
Crough, 1983; Cazenaveet al., 1988).

More recent research has demonstrated that some of the
early-identi�ed features are actually a result of isostatic to-
pography caused by variations in the thickness and density
of the sedimentary pile and crust (e.g. Co�n et al., 2006).
Modern residual depth analyses attempt to correct observed
bathymetry for these isostatic e�ects, which requires detailed
knowledge of local sedimentary and crustal thicknesses (e.g.
Hillier & Watts, 2005; Crosby et al., 2006). The most accu-
rate measurements come from active-source marine seismic
experiments, and the last decade has seen steady compila-
tion of a global inventory of more than 2000 such measure-
ments (e.g. Winterbourne et al., 2009; Czarnota et al., 2013;
Winterbourne et al., 2014; Hoggard et al., 2017).

Careful analyses, including the propagation of uncertain-
ties associated with the sedimentary and crustal isostatic
corrections, have yielded the most reliable constraints on
present-day dynamic topography to date. In well-resolved
regions, such as the South Atlantic passive margins, multiple
cycles residual depth variations have been observed (Win-
terbourne et al., 2009). These features have amplitudes of
� 1 km, wavelengths of 1000{2500 km, and correlate with
free-air gravity anomalies, sub-plate seismic velocity varia-
tions, and geological evidence for uplift and subsidence in
the stratigraphy and geomorphology of adjacent continen-
tal shelves and their hinterlands (e.g. Al-Hajri et al., 2009;
Roberts & White, 2010; Hoggard et al., 2017). Crucially,
these features appear to be robust, since their amplitudes are
signi�cantly larger than the associated measurement uncer-
tainties. The oceanic residual topography database of Hog-
gard et al. (2017) is central to the analyses presented in this
review: it has underpinned a series of studies into the spec-
tral character of residual topography and its relationship to
underlying mantle dynamics (e.g. Hoggard et al., 2016; Stein-
berger, 2016; Yang & Gurnis, 2016; Yang et al., 2017; Watkins
& Conrad, 2018; Steinberger et al., 2019; Davieset al., 2019;
Richards et al., 2020b; Valentine & Davies, 2020). Further
details of its construction are described in Section 2.2.

In spite of advances in the quality, quantity and accu-
racy of analyses, there remain two signi�cant challenges with
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Figure 1: (a-d) { Observational estimates of present-day residual topography from the database of Hoggard et al. (2017). Spot mea-
surements are shown in (a), with associated uncertainties in (c). High-accuracy measurements that incorporate both crustal and
sedimentary corrections are shown as circles, with measurements that lack a crustal correction shown as triangles. The uncertainty
associated with the latter includes an additional 0.08 km that has been determined to bring the robust, crustal-corrected data points
into best agreement with the statistical model (see Valentine & Davies, 2020 for further details). Panel (b) shows 20,767 gridded
measurements derived from shiptrack bathymetry, where uncertainties depicted in (d) now include an additional 0.09 km to re
ect the
lack of crustal corrections. (e-h) { global water-loaded residual topography determined from observational dataset. Panel (e) shows
the posterior mean point-wise estimate of residual topography determined from all spot data, with (g) mapping the associated stan-
dard deviation. Note that uncertainties rapidly grow with increasing distance from measurement locations and there are large regions
(including all continental interiors) where the spot data is uninformative. Panel (f) shows the mean residual topography determined
from all available data, including both spot and shiptrack-derived measurements, with associated standard deviation in (h). The use
of shiptrack-derived data substantially expands the area in which the model is informative. Colour scales are chosen for consistency
with subsequent �gures and the maximum amplitude for each map is given in the lower-right corner.

residual depth datasets. First, the use of an age-depth model
curve as a baseline implies that the lithospheric structure
everywhere is equivalent to that predicted by the oceanic
cooling model. In reality, there will be local di�erences in
the thermal structure of oceanic lithosphere away from this
idealised case, such as thinning above mantle plumes or thick-
ening above cold subduction zones, as indicated by seismo-
logical studies of lithospheric structure (e.g. Richards et al.,
2020a). Thus, there is potentially still a component of oceanic
residual depth anomalies that are supported by lithospheric
isostasy, and constraining its amplitude is a focus of consid-
erable ongoing research (e.g. Davieset al., 2019; Richards
et al., 2020b).

Secondly, there is an inherent spatial bias in the high-
accuracy measurements caused by the distribution of marine
seismic experiments (Hoggard et al., 2017). A high density
of data is found along many of the passive margins that have
been the subject of extensive hydrocarbon exploration. Sim-
ilarly, academics have performed many of their seismic sur-
veys at sites of particular geological interest, such as around
seamounts, igneous plateaus, volcanic hotspots, subduction
zones, and other tectonic boundaries including fracture zones
and microplates. The centers of the major ocean basins,
where much of the more pristine, bona �de oceanic crust ap-
pears to be located, are therefore underrepresented in the
database. Where they are included, the experiments often
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