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Dynamic topography refers to vertical deflections
of Earth’s surface from viscous flow within the
mantle. Here we investigate how past subduction
history affects present dynamic topography. We
assimilate two plate reconstructions into TERRA
forward mantle convection models to calculate past
mantle states and predict Earth’s present dynamic
topography; a comparison is made with a database
of observed oceanic residual topography. The two
assimilated plate reconstructions ‘Earthbyte’ and
‘Tomopac’ show divergent subduction histories
across an extensive deep-time interval within
Pacific-Panthalassa. We find that introducing an
alternative subduction history perturbs our modelled
present-day dynamic topography on the same
order as the choice of radial viscosity. Additional
circum-Pacific intra-oceanic subduction in Tomopac
consistently produces higher correlations to the
geoid (more than 20% improvement). At spherical
harmonic degrees 1–40, dynamic topography models
with intra-oceanic subduction produce universally
higher correlations with observations and improve
fit by up to 37%. In northeast Asia, Tomopac
models show higher correlations (0.46 versus 0.18)
to observed residual topography and more accurately
predict approximately 1 km of dynamic subsidence
within the Philippine Sea plate. We demonstrate that
regional deep-time changes in subduction history
have widespread impacts on the spatial distribution
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and magnitude of present-day dynamic topography. Specifically, we find that local changes
to plate motion histories can induce dynamic topography changes in faraway regions located
thousands of kilometres away. Our results affirm that present-day residual topography
observations provide a powerful, additional constraint for reconstructing ancient subduction
histories.

1. Introduction
Earth’s surface topography is the product of both isostasy and mantle convection [1,2]. The
portion of Earth’s topography that is driven by mantle convection, known as dynamic topogra-
phy, refers to the change in topography that arises from viscous flow within Earth’s mantle
(figure 1) [4–6]. Dynamic changes to Earth’s topography are fundamental towards understand-
ing phenomena that include global sea level changes [7,8], the stability of ice sheets [9],
sediment transport [10,11] and biodiversity [11]. Here we focus on dynamic topography within
Earth’s oceans, which is more straightforward to interpret because the oceanic lithosphere
contains fewer heterogeneities than the continental lithosphere. Also, seafloor bathymetry
change is primarily controlled by the cooling of the oceanic crust as it moves away from
mid-ocean ridge spreading centres [12]. Thus, deviations from the expected seafloor depth
can be attributed to dynamic topography after correcting for sedimentary and crustal loading
(figure 1).

Present-day dynamic topography (e.g. figure 2a–c) is sensitive to past mantle flow states
[4,14–17]. Previous studies have modelled dynamic topography using increasingly refined
models of mantle flow that assimilate plate kinematic reconstructions in million-year incre-
ments [2,16,18]. The assimilated plate reconstruction and its associated subduction history
should have considerable effects on dynamic topography because subduction plays an
important role in mantle convection [19,20]. However, the role of subduction history on
dynamic topography has not been fully investigated. Here, we examine the effect of subduction
history on dynamic topography using forward global geodynamic models that assimilate two
differing plate reconstructions within a large region (Pacific-Panthalassa) across a protracted
time interval from the Jurassic to early Cenozoic (figure 3); variable radial viscosities are also
considered. The plate tectonic history of the Pacific-Panthalassa represents an area of uncer-
tainty reaching up to 65% of Earth’s oceans (white regions in figure 3) and is challenging to
reconstruct because much of the seafloor has been recycled by subduction. This large uncer-
tainty makes the Pacific-Panthalassa region an excellent testbed for examining the effects of
subduction history within present oceanic regions, which is now densely sampled (see figure 8)
[6].

(a) A rapidly improving oceanic dynamic topography database
Previous studies have characterized the magnitude and spatial distribution of present-day
oceanic dynamic topography [4–6,17]. Since the original analysis of Menard [17], the main
challenge in producing estimates of dynamic topography has been obtaining accurate measure-
ments of density and sedimentary and crustal thickness [3,5,6]. To address this limitation,
Winterbourne et al. [3] and Hoggard et al. [4,5] implemented the use of seismic reflection
surveys and seismic refraction experiments. The recent database published by Holdt et al. [6]
considerably expands these methods and uses 1411 multi-channel and 5444 single-channel
seismic reflection profiles, together with 323 modern seismic wide-angle experiments and
423 vintage seismic refraction experiments. These new measurements give good coverage of
the oceanic domain and provide 10 874 residual depth estimates for comparison with model
predictions [6], which is a more than 300% increase in coverage over previous studies [5]. These
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new observations constrain the magnitudes of oceanic dynamic topography to approximately
±2 km and spatial length scales of the order of approximately 1500 km or a spherical harmonic
degree of 40 (figure 2c) [6].

dynamic

subsidence
dynamic uplift

Mantle

downwelling
Mantle

upwelling

Mantle

younger Seafloor

Ocean

ocean lithosphere

Mid-ocean ridge

oldercrustal age

Figure 1. A graphic representation showing dynamic uplift and dynamic subsidence within an oceanic region from viscous
stresses due to mantle upwelling and downwelling, known as dynamic topography (modified from [3]; K Czarnota 2022,
personal communication). The seafloor deepens at a known rate as the ocean lithosphere cools and becomes older, shown
here by its relative distance from the mid-ocean ridge. Dynamic topography is inferred in regions where the seafloor is
anomalously shallower or deeper relative to the expected seafloor depth.
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Figure 2. Maps of observed oceanic dynamic topography from Holdt et al. [6] plotted at spherical harmonic summations of
1–3, 1–10 and 1–40, respectively (a,d,g).The second column (b,e,h)shows predicted dynamic topography from the Tomopac
model using the preferred radial viscosity profile visc06 at increasing spherical harmonic summations. The third column
(c,f,i)is the residual between the observed residual topography and model dynamic topography. Red dots show plumes from
a global catalogue [13]. A similar plot for the Earthbyte model is shown in the electronic supplementary material, figure S9.
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(b) Predicting dynamic topography
Previous studies have modelled dynamic topography in an effort to examine Earth’s param-
eters such as density and viscosity [14,23,24]. However, the impact of subduction history
(i.e. altering the plate reconstruction) on dynamic topography has been scarcely considered.
Subduction histories are not easily reconstructed because oceanic lithosphere and associated
geological information is lost from the Earth’s surface and recycled into the mantle during
the process of subduction. Moreover, even when multiple subduction histories are proposed,

Earthbyte plate model Tomopac

190 Ma

150 Ma

120 Ma

90 Ma

75 Ma

60 Ma

30 Ma

0 Ma

regions constrained by

existing seafloor

magnetic anomalies

uncertain areas

60˚N

60˚S

60˚W60˚E 180˚

(b)(a)

Figure 3. Maps showing two input plate tectonic reconstruction models from 190 Ma to present: (a) Earthbyte reference [21]
and (b) Tomopac [22]. Plates and plate boundaries relevant to the Pacific-Panthalassa realm are highlighted. Abbreviations
—A: Aluk; Afr: Africa; Ant: Antarctica; Aus: Australia; Cat: Catequil; CC: Cache Creek; Chz: Chazca; Eur: Eurasia; Far: Farallon;
Hik: Hikurangi; Iza: Izanagi; JdF-G: Juan de Fuca-Gorda; K: Kula; Kro: Kronotsky; M: Manihiki; MS: Marginal Sea; NAm: North
America; NW Pan: NW Panthalassic plate; Oly: Olytorsky; P2: NW Panthalassic plate 2; Pho: Phoenix; PS: Philippine Sea; QL:
Qingdao line divergent-transform; R: Resurrection; Riv: Riviera; SAm: South America; W.Ant: Western Antarctic.
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only a few studies have undertaken the significant challenges in producing alternative but
comparable plate motion models that are suitable for mantle convection modelling (i.e. global,
fully kinematic, topologically closed and using similar mantle references and plate circuits)
[15,16,19,25].

Here, we compare the predicted oceanic dynamic topography from two global, topologically
closed plate tectonic reconstructions using similar mantle references and assimilate these into
TERRA mantle convection models. The two plate models are (figure 3): (i) a widely used global
plate model that we call Earthbyte (‘corrected R’ Matthews et al. [21]) and (ii) Tomopac, a newly
developed global plate tectonic model that attempts to enhance subduction history within the
circum-Pacific regions using structurally restored slabs from mantle seismic tomography [22].
The time series of geodynamically modelled mantle states is used to calculate model dynamic
topography from viscous stresses induced by mantle convection. Viscosity is an important
consideration [2] and we consider 14 viscosity-depth profiles (figure 4). We test the modelled
dynamic topography by comparing them with published oceanic residual depth observations
[6] (figure 2a–c) and discuss the impact of subduction histories on regional dynamic topography
in NE Asia, where subduction histories are vigorously debated.

2. Methods
(a) Global mantle convection models
Following the workflow of Calvelage et al. (this issue) [27] and Lin et al. [15,16], we use the
finite element code TERRA [28] to solve the equations for the conservation of mass, momentum
and energy in the truncated anelastic liquid approximation for a compressible fluid with an
infinite Prandtl number in a spherical shell [29] with an Earth-like radius. The models have
128 layers with a total of approximately 80 million grid points and an icosahedral grid spacing
of approximately 25 km. The velocities at the outer surface are set by the plate reconstruction
of interest (reviewed in 2b) and scaled by a factor of 2.1 to avoid forced convection. The
core mantle boundary (CMB) is set to free slip. Temperatures are kept constant at the surface
and at the CMB while mantle temperatures are determined self-consistently by the governing
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Figure 4. Depth versus viscosity contrast plots of 14 radial viscosity profiles used in the synthetic geoid and True Polar
Wander (TPW) calculations. References: visc 01–visc 11 (a–k) are from Lin et al. [16] and are slight permutations of the
viscosity profile used in their mantle convection models; (l)visc12 SC06M4 is model 4 of Steinberger & Calderwood [26]; (m)
visc13 SC06M6 is model 6 of Steinberger & Calderwood [26]; (n) visc14 SH08 is from Steinberger & Holme [24]. (o) All profiles
plotted together. See the electronic supplementary material, Data for digital files for all 14 radial viscosity files.

5

royalsocietypublishing.org/journal/rspa Proc. R. Soc. A 480: 20240254
 D

ow
nl

oa
de

d 
fr

om
 h

ttp
s:

//r
oy

al
so

ci
et

yp
ub

lis
hi

ng
.o

rg
/ o

n 
10

 F
eb

ru
ar

y 
20

25
 



equations. Compositionally, the mantle is treated as homogeneous with bottom and internal
heating. The Newtonian viscosity depends on temperature and depth as

(2.1)η d,T =  η0A d  eV∗ drE − rCMB − E∗ T − TsTCMB − Ts ,
where η0 is the reference viscosity, A(d) is the radial prefactor to impose a low viscosity
asthenosphere, V* = 2.996 is the activation volume, which determines the sensitivity of viscosity
to depth and E* = 4.605 is the activation energy, which determines the sensitivity of viscosity to
temperature. The reference viscosity is 1022 Pa∙s with lateral variations limited to the range of
10−2 to 102 Pa∙s. The rheology described above results in double-sided subduction because we do
not impose weak plate boundaries or a prescribed slab thermal structure.

The Gruneisen parameter, which is used to calculate the depth-dependent density of the
mantle by integrating the self-compression equation, is set to 1.1. The mantle temperature was
converted to density using

(2.2)ρ x =  ρ0 1 − αΔT x ,

where α is the thermal expansivity, ρ0 is the reference equilibrium density and ∆T is the
temperature difference [30]. A global cross section characterizing the mantle circulation model
results is shown in the electronic supplementary material, figure S1.

(b) Input plate reconstructions
Global plate reconstructions provide the time-dependent surface boundary velocity conditions
for our global mantle convection models. Subduction histories from plate reconstructions play
an important role in altering mantle convection [18,19]; therefore, it is reasonable to expect that
alternative plate reconstruction histories will produce a contrasted mantle structure that in turn
produces different predicted dynamic topography. Following Calvelage et al. (this issue) [27] we
assimilate two different plate reconstructions into mantle convection models to test the effects
of implemented deep-time subduction history on predicted dynamic topography (figure 3). The
first plate reconstruction we call ‘Earthbyte’ is the Matthews et al. [21] ‘corrected R’ global plate
model (figure 3a). The second plate reconstruction we call ‘Tomopac’ is a global plate tectonic
model of the circum-Pacific using structurally restored slabs from mantle seismic tomography
and other constraints [22] (figure 3b). Plate reconstruction files that describe Tomopac [22] at
all timesteps for open source GPlates software are publicly accessible through an online data
repository [31]. The Tomopac plate reconstruction is recently developed [22] and not yet fully
described in the literature. Therefore, we describe the pertinent details of Tomopac below.

Tomopac uses the ‘corrected R’ [21] plate model as a base (i.e. similar mantle reference
frames and global plate circuits). Tomopac attempts to enhance plate tectonic histories between
the time periods 190 and 50 Ma within uncertain regions of the circum-Pacific, which are
sizeable (white areas in figure 3). The Tomopac [22] and Earthbyte [21] plate models are
essentially identical after 50 Ma (figure 3). The largest differences between the Earthbyte
and Tomopac plate models occur within the north and central Pacific-Panthalassa near NE
Asia (figure 3). From the birth of the Pacific plate at approximately 190 Ma until an appa-
rent Izanagi-Pacific plate reorganization at approximately 145 Ma based on approximately
24° clockwise rotation of the Izanagi plate relative to the Pacific at chron M21 [32], Tomo-
pac implements intra-oceanic subduction of a remnant ‘NW Panthalassa’ plate (‘NW Pan’
in figure 3b) under the growing Izanagi plate following the preferred plate reconstruction
of Lin et al. [16]. Intra-oceanic subduction within the NW Pacific during this period is sup-
ported by accreted intra-oceanic arc crust of Jurassic to earliest Cretaceous ages within the
Oku-Niikappu subduction complex, Hokkaido, Japan [33]. After the approximately 145 Ma
Izanagi–Pacific plate reorganization, Tomopac implements a ‘Qingdao line’ divergent transform
plate boundary (‘QL’ in figure 3b) that segments the NW Pacific subduction domains following
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tomographic slab reconstructions and NE Asia continental arc magmatic histories [34]. From
85 Ma to the early Cenozoic, Tomopac implements the Kronotsky and Olyutorsky intra-oce-
anic subduction zones (figure 3b) following Vaes et al. [35]; intra-oceanic subduction within
the North Pacific during this period is consistent with tomography, paleomagnetism and the
geological histories of accreted oceanic terranes [35,36].

In western North America, Tomopac implements a long-lived intra-oceanic subduction
zone related to the now-accreted Wrangellia Composite Terrane (WCT) and subduction of an
unnamed marginal sea plate along western North America that terminates with WCT-North
America collision at approximately 100 Ma [37]. By contrast, Matthews et al. [21] implement a
similar intra-oceanic subduction zone and associated ‘Cache Creek’ marginal sea (‘CC’ in figure
3a) that collided with North America earlier at 180 Ma (figure 3a). In South America, Tomopac
is broadly similar to Matthews et al. [21] but Tomopac implements a brief stalling of oceanic
subduction under western South America from 100 to 85 Ma (figure 3b) based on tomographic
lower mantle slabs, arc magmatism and Andean shortening histories [38]. To implement the
plate reconstructions into TERRA global mantle convection models, we follow the modelling
approach of Lin et al. [16]. We start from 410 Ma to generate an initial convective state; the
alternative plate models are assimilated for 160 Ma (Earthbyte) or 190 Ma (Tomopac) when the
plate reconstructions begin to kinematically differ from each other (figure 3).

Our comparison of dynamic topography from two significantly contrasting plate reconstruc-
tions across a protracted time period (>100 Myrs) is novel because most mantle convection
models primarily assimilate one common family of plate reconstructions for surface boun-
dary conditions [19,39,40]; this class of popular plate reconstructions are represented by our
Earthbyte reference model [21]. Furthermore, because the Earthbyte and Tomopac subduction
histories are identical from 50 to 0 Ma, we expect most of the differences in modelled mantle
structure to be at deeper mantle depths. This allows us to probe the sensitivity predictions of
present-day dynamic topography to deeper mantle structures that presumably are affected by
the deeper time subduction history.

(c) Geoid and dynamic topography computation
The geoid is the equipotential surface of the gravity field that is equivalent to the mean sea
level and includes significant contributions from density anomalies within the mantle and
density anomalies induced by dynamic surface and CMB topography [41]. From the mantle
convection models described above, we calculate a synthetic geoid for each model timestep
following Thoraval & Richards [42] based on the semi-analytical solutions from an expansion
in spherical harmonics (electronic supplementary material, figures S2 and S3). We assume the
reference density profile of AK-135 [43], water loaded topography and a free slip condition on
the CMB and surface. To compensate for unrealistic thermal boundary layers, the isochemical
nature of TERRA and lower Rayleigh numbers with respect to the observable Earth, we choose
to disregard all density anomalies shallower than 350 km (i.e. depth cut-off) for our geoid
calculation. We use a depth cut-off due to its straightforward implementation even though
more calibrated approaches that consider boundary layer compositional changes and anelastic-
ity effects for thermomechanical upper mantle structure are available [44], which are discussed
later.

A depth cut-off has been implemented by numerous dynamic topography studies
[2,16,45,46] to mitigate unrealistically large magnitudes (> ± 2 km) of dynamic topography
relative to observations (figure 2a–c) [6]. For this study, we find that a 350 km depth cut-off
produces a more realistic range of dynamic topography magnitudes ( = ± 2 km) even though
the magnitudes are still overpredicted at spherical harmonic degrees 1 to 3 (figure 2a,d).
By comparison, shallower depth cut-offs (200 or 150 km) produce excessively high dynamic
topography magnitudes (electronic supplementary material, figure S12). Our choice of a 350
km cut-off depth reduces the spectral power in our modelled dynamic topography compared
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with shallower cut-off depths (figure 5). This trade-off likely occurs because our models
preclude asthenospheric heterogeneities that might account for shorter wavelength dynamic
topography [4,5,44]. Therefore, we expect that our models will not accurately reproduce Earth’s
observed residual topography at higher wavelengths (spherical harmonic degrees > 10) similar
to previous studies [2]. Nonetheless, we will compare our models against observations at a
variety of spherical harmonic degree summations (e.g. figure 2) and further discuss these
limitations in §4.

The geoid can be expressed as the product of the spherical harmonic coefficients of the
geoid, Glm, and the spherical harmonic function, Y lm, a function of latitude and longitude
summed over the spherical harmonic degrees and orders, l and m, respectively:

(2.3)G θ,φ = ∑l = 0

∞
∑m = − l
∞ GlmS Y lmS θ,φ + GlmC Y lmC θ,φ .

Density contrasts within the Earth can be expressed similarly, with the spherical harmonic
coefficients replaced by those for density anomalies as a function of the Earth’s radius:

(2.4)δρ r, θ,φ = ∑l = 0

∞
∑m = − l
∞ δρlmS r Y lmS θ,φ + δρlmC r Y lmC θ,φ .

The spherical harmonic function, along with its associated coefficients, are separated into sine
and cosine terms below:

(2.5)Y lmS θ,φ = −1 m 2 − δm0
2l + 1 l − m !l + m ! Plm cos θ sin mφ ,

(2.6)Y lmC θ,φ = −1 m 2 − δm0 
2l + 1 l − m !l + m ! Plm cos θ cos mφ ,

where Plm are Legendre polynomials. The solution can then be expressed in spherical harmonic
space with the following relationship between the spherical harmonic coefficients of the geoid
and those of the density anomalies:

(2.7)Glm = CMB
Surf . δρlm r  Kl r  dr .
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Figure 5. Plot of the power versus spherical harmonic degree for residual topography observations of Holdt et al. [6] and
the dynamic topography models from this study using preferred radial viscosity profile visc06 (figure 4). The Holdt et al. [6]
power spectrum is plotted in black with the uncertainty shaded in grey. The model power spectra are shown with various
depth cut-offs (i.e. the depth that the uppermost mantle was truncated in the geodynamic model). Shallower depth cut-offs
yield higher power at higher spherical harmonic degrees (i.e. degrees 20 to 40) that produce a more similar slope to the
observational data (i.e. they are sub-parallel). Mantle models using the Tomopac and Earthbyte plate reconstructions show
nearly identical power spectra.
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The kernels, Kl, express the relative magnitude that a density contrast at a given depth and
wavelength contributes to the dynamic topography and the geoid. Kernels are computed using
the propagator matrix technique [41].

Like the geoid, we can calculate the dynamic topography using the propagator matrix
technique of Richards & Hager [41]. We solve via an expansion in spherical harmonics using
sensitivity kernels, which can be regarded as impulse response functions that relate dynamic
topography to a density anomaly of a given wavelength and depth, expressed here as radius r.
As such, the dynamic topography can be expressed as

(2.8)δℎlm = Rcmb
Rsurf .δρlm r  Kl r  dr,

where δℎlm is the dynamic topography at spherical harmonic degree l and order m. δρlm is the
density anomaly at spherical harmonic degree l and order m.  Kl r  are the sensitivity kernels.
The final values of dynamic topography are obtained by a resummation of the calculated
spherical harmonic coefficients at degrees 1–3, 1–10 and 1–40. Previous studies have indicated
that dynamic topography is sensitive to Earth’s radial viscosity profile [47]. To account for
variability produced by changes in radial viscosity, we implement 14 different radial viscosity
profiles that are designed to probe the mantle viscosity parameter space (figure 4; see the
electronic supplementary material, Data for digital files of the radial viscosity profiles).

3. Results
(a) Effects of subduction history on predicted dynamic topography

(i) Comparison between modelled geoid and observed geoid

The final state of the mantle convection models that assimilated the Earthbyte and Tomopac
plate reconstructions (figure 3) are shown in the electronic supplementary material, figures
S2 and S3, respectively. As expected, our models show differences in lower mantle structures
under the present northwest Pacific and the North and South American Cordillera, where the
Earthbyte and Tomopac plate models show different subduction histories between the Jurassic
to early Cenozoic (electronic supplementary material, figure S8). We compute synthetic geoids
from the modelled present-day mantle structure for our 14 radial viscosity cases and compare
them with the observed Earth geoid at various spherical harmonic summations (degrees 1–3, 1–
10 and 1–40) (figure 6). Each of our 14 viscosity cases produces unique predictions of dynamic
topography because the choice of radial viscosity changes the magnitude of normal stress
transferred to the surface. Spatial maps of each degree to 40 geoid can be found in the electronic
supplementary material, figures S4–S7.

Our synthetic geoids show correlations of 0.18 to 0.57 to the actual Earth geoid at spherical
harmonic degrees 1–3, 1–10 and 1–40 (figure 6). Our range of correlation values is of the
order of previous studies that use time-dependent mantle convection models [16,39,48]. The
correlations between synthetic and actual geoid at higher spherical harmonic degree summa-
tions (e.g. figure 6b,c) are not dramatically different from the lower wavelength degree 1–3
summations (e.g. figure 6a), which is not surprising because the Earth’s geoid power spec-
trum shows much higher spectral energy at the longer wavelengths. Synthetic geoids calcula-
ted using the Tomopac mantle model produce unequivocally higher geoid correlations than
Earthbyte for all 14 tested viscosity profiles and at all spherical harmonic degree summations
(figure 6). At all tested spherical harmonic degrees, synthetic geoids from the Tomopac mantle
model improve the fit to actual geoid relative to Earthbyte by an average R-value increase of
approximately 30%, with a range of improvement between minimum 21% and maximum 61%.
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The 14 radial viscosity cases altered the correlation between synthetic and actual geoid
by about the same order (approx. 50%) as changes to the subduction history (i.e. Earthbyte
or Tomopac) (figure 6). For example, for the spherical harmonic degree 1–10 geoid, the
Earthbyte geoids showed correlations between 0.19 and 0.35 between viscosity cases and the
Tomopac geoid correlations varied between 0.25 and 0.47 (figure 6b). We compute dynamic
topography for the five viscosity cases that show the best geoid correlations for both mantle
models (electronic supplementary material, figures S10 and S11). For a given mantle model (i.e.
Tomopac or Earthbyte), the predicted dynamic topography using the five viscosity profiles
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profiles in this study (see figure 4). The numbers above each bar are the Pearson correlation coefficients. The black and grey
bars denote synthetic geoids computed from mantle convection models that assimilated the Earthbyte and Tomopac plate
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show similar first-order spatial patterns but differ at smaller scales, for example, present
western North America (electronic supplementary material, figures S10 and S11).

(ii) Comparison between predicted dynamic topography versus observed residual topography

Comparisons between our predicted dynamic topography and observed oceanic residual
topography from Holdt et al. [6] will vary according to the spherical harmonic degree sum-
mation that is used for the comparison (figure 2; electronic supplementary material, figure
S9). Holdt et al. [6] show that most dynamic topography can be described by a spherical
harmonic summation of up to degree 40 (figure 2c). Our mantle models do not appear to
contain adequate signals at shorter wavelengths (i.e. up to spherical harmonic degree 40) for a
full comparison with Holdt et al. [6] (figure 2g–i) but can account for longer wavelength (up to
degree 3) and possibly intermediate wavelength (up to degree 10) dynamic topography signals
(figure 2a–h). Here we choose to compute spherical harmonic summations up to degree 40 for
our modelled dynamic topography to facilitate direct spatial comparisons with the residual
topography spot measurements of Holdt et al. [6] (figure 7a). A caveat is that our models may
not contain the full power spectrum of the observations, which will create additional misfits at
the shorter wavelengths (i.e. degrees 1–40). Thus, we also provide scatter plot comparisons at
other wavelengths (figure 7b–g).

Comparison of our modelled dynamic topography with observed residual topography at
spherical harmonic degrees 1–40 shows correlations of the order of approximately 0.20. The
Tomopac modelled dynamic topography shows higher correlations (0.24 to 0.27) to observed
residual topography compared with Earthbyte (0.15 to 0.20) across all 14 radial viscosity
profiles (figure 7a), similar to our geoid results (figure 6). At longer wavelengths (i.e. spheri-
cal harmonic degrees 3 and 10) absolute correlations between model and predicted dynamic
topography improve towards approximately 0.50 and the Tomopac and Earthbyte subduction
histories produce similar correlations (figure 7b,e). Thus, it seems the effects of subduction
history (i.e. Earthbyte and Tomopac) are more apparent in our modelled dynamic topography
at shorter wavelengths (i.e. spherical harmonic degrees ≥10). For all 14 radial viscosity cases,
visc06 (figure 4f) shows the highest correlation (0.47) to the present-day Earth geoid at all
spherical harmonic degree summations for Earthbyte (figure 6). Visc06 also shows the highest
correlations at 1–10 and 1–40 degree summations for Tomopac and also shows a favourable
correlation at degrees 1–3 (figure 6). Therefore, our dynamic topography models using the
Visc06 viscosity profile are considered our preferred cases and will be used for comparison
against observations in §3a(iii).

(iii) Geographic differences in predicted dynamic topography

We examine the spatial difference between our modelled dynamic topography from the
Tomopac and Earthbyte mantle models using the best fitting viscosity case Visc06 (figure 8a,b)
by calculating a residual map (figure 8c). The largest differences occur in the northwest Pacific
near East Asia where the differences in predicted dynamic topography approach 1 km (dashed
grey box in figure 8). The differences in predicted dynamic topography near East Asia are not
surprising because the Tomopac and Earthbyte plate reconstructions show significant contrasts
in this region between 190 and 50 Ma (figure 3). Apart from strong regional deviations in
NE Asia, there are changes in predicted dynamic topography that occur on the global scale
ranging from North and South America to Europe and Asia of the order of a few hundred
metres to 0.5 km, depending upon the region (figure 8c). The differences in predicted dynamic
topography in areas where identical plate reconstructions were assimilated across the entire
mantle modelling time window (i.e. since 410 Ma; figure 3) such as central Eurasia and Arabia
(figure 8c), highlight the far-reaching effects of regional subduction history on global mantle
flow because the mantle is acting as a highly viscous, continuous fluid. In §3b, we analyse
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the dynamic topography differences in NE Asia where the predictions between Tomopac and
Earthbyte are most disparate (figures 8c and 9).

(b) NE Asia case: predicted dynamic topography versus observed residual topography
In NE Asia, the Tomopac and Earthbyte dynamic topography predictions show differen-
ces up to 1 km that are testable because Holdt et al. [6] show an extensive catalogue of
observed residual topography spot measurements (figure 9a,c). Here the Tomopac dynamic
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topography (figure 8a,b) significantly outperforms the Earthbyte predictions when compared
with observations (correlations of 0.46 compared with 0.18 in figure 9b,d). Spatially, Tomopac
shows improved predictions of dynamic topography relative to Holdt et al. [6] near the Aleutian
Islands (180°, 60°N) and the Philippines (120°E, 15°N). Misfits in both the Earthbyte and
Tomopac models occur west of the Kuril Islands in the Pacific that are of the order of 0.5–
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Figure 8. Maps showing modelled dynamic topography from (a) Tomopac and (b) Earthbyte for preferred viscosity case 06.
Background colours show the magnitude of modelled dynamic topography. The points show spot measurements of observed
residual topography from Holdt et al. [6] that are also colour-coded by dynamic topography magnitude. (c) A residual map
of (a) and (b) obtained by subtracting the Earthbyte model predictions from the Tomopac predictions. The residual map
highlights the spatial variations in dynamic predictions due to differences in subduction history. The largest differences
occur in NE Asia (grey dashed area in (c)) where the two plate reconstructions implement significantly different subduction
histories; see figure 9 for analysis. Red dots show plumes from the global catalogue of Nolet et al. [13].
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1 km (figure 9a,c). We plot a cross section of the model predicted dynamic topography to
examine the West Philippine basin in the Philippine Sea, a key region of difference between
Tomopac and Earthbyte (figure 10). Overall, trends between the predicted dynamic topography
of Earthbyte (figure 10a, grey dashes) and Tomopac (figure 10a, black line) are similar, but
Tomopac produces a better match because it models an additional approximately 500 m of
dynamic subsidence over the entire profile A-A’. This is particularly evident in the central
West Philippine basin where there are significant numbers of residual topography observations
(figure 10a). In the southern Philippine Sea, observations are sparse but the predicted dynamic
topography from Tomopac shows misfits of 0.5 to 1 km and the Earthbyte predictions may
be more optimal (figure 10a). Although our comparisons are focused on oceanic areas, we
note Earthbyte and Tomopac also produce differing dynamic topography predictions under
continental regions, particularly in South Korea where they differ in the order of 1 km (figure
9). These differences are not as testable but could be targeted by future studies using recently
published continental residual topography observations [49].
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Figure 9. Maps of NE Asia showing modelled dynamic topography from (a) Tomopac and (c) Earthbyte for preferred viscosity
case 06. Background colours show the magnitude of modelled dynamic topography. The points show spot measurements of
observed residual topography from Holdt et al. [6] that are also colour-coded by dynamic topography magnitude. Associated
cross-plots (b, d) show a comparison of modelled dynamic topography and observed residual topography from Holdt et al.
[6] for the two mantle models. The comparisons are made within the region shown by grey dashed lines in figure 8c where
the dynamic topography predictions show significant contrasts. Warmer colours in (a) and (c) show dynamic uplift and cool
colours show dynamic subsidence. Red dots show plumes from the global catalogue of Nolet et al. [13]. Error bars are plotted
at every 20 points. Tomopac produces a significantly better match (higher correlation, lower root mean square error (RMSE))
relative to Earthbyte in this region.
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4. Discussion
(a) Effects of deep-time subduction history on modern dynamic topography
Many previous studies have used global mantle convection models to predict modern dynamic
topography [2,8,39,46,48,50] in an effort to examine the dynamics of plumes, the asthenosphere,
the lithosphere and long-term sea level variations. These studies have conventionally used
one family of plate reconstructions represented by our Earthbyte models. We now build
upon previous analyses by directly investigating the impact of subduction history where we
compare predictions of dynamic topography from two realistic plate reconstruction scenarios
(Tomopac and Earthbyte) with the residual topography catalogue of Holdt et al. [6]. Our
results allow us to argue that predicted dynamic topography is more sensitive to subduction
history than viscosity at every tested spherical harmonic degree; specifically, subduction history
improves correlations to observations by up to 60% whereas changes in radial viscosity improve
correlations by only 30% (figure 7a), which is a factor of 2 lower than subduction history.

The main difference between the Tomopac and Earthbyte plate reconstructions is within
the Pacific realm where Tomopac implements more intra-oceanic subduction between 160 and
50 Ma (figure 3). These regional subduction history differences have a clear influence on the
modelled mantle structures (electronic supplementary material, figures S2, S3 and S8), the geoid
(figure 6) and, in turn, the predicted dynamic topography (figure 8). Globally, when compared
with the observed residual topography catalogue of Holdt et al. [6], we obtain correlations of
0.27 for Tomopac and 0.20 for Earthbyte at a spherical harmonic degree of 40 for our preferred
models (figure 7a). These global correlations are lower than those obtained by previous studies
comparing against previous estimates of present-day dynamic topography [39,46,48] where
correlation values are closer to 0.4 and as high as 0.66. This is likely due to the order of
magnitude improvement in available observed residual topography spot measurements from
Holdt et al. [6], which was unavailable for these previous studies and now yields more spatial
coverage for comparisons with model predictions. Also, previous studies typically use lower
spherical harmonic summations [39,46,51].

With this taken into consideration, Tomopac improves the fit with observed residual
topography by more than 20% for all viscosity profiles at a high spherical harmonic degree of
40 (figure 7a). When comparing model predictions with the longer wavelength (lower spherical
harmonic degree) component of the Holdt et al. [6] catalogue we obtain global correlation
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subduction histories using our preferred radial viscosity visc06. (b) Location map showing cross section and colour-coded spot
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values for Tomopac and Earthbyte like the studies mentioned above [39,44,48], of the order
of 0.5 for both degrees 3 and 10 (figure 7). At the longest wavelengths (i.e. degree 3) both
Tomopac and Earthbyte show similar correlation values, 0.53 and 0.54, respectively (figure 7b,e).
At higher spherical harmonic summations (i.e. degrees 1 through 10 or degrees 1 through
40) the Tomopac family of models show consistently higher correlations to observations (i.e.
improvements of approx. 9 and 37%) (figure 7c,d). We attribute these improvements to the
higher spherical harmonic degrees capturing more of the intermediate scale mantle structure
differences between Tomopac and Earthbyte, for example, at 993 to 1941 km depths (electronic
supplementary material, figure S8).

The largest changes in subduction history between Tomopac and Earthbyte occur in NE Asia
(figures 9 and 10). Typically plate tectonic, geological and geodynamic studies use an Andean-
style subduction framework off the coast of NE Asia [52,53]. The recent studies of Liu et al.
[45] and Lin et al. [16] directly compute and compare regional differences of predicted dynamic
topography in NE Asia with the observed residual topography catalogue of Hoggard et al.
[5]. Lin et al. [16] found that the addition of intra-oceanic subduction increases the correlation
to 0.46 compared with 0.25 and decreases the root mean square deviation (RMSD) error for
predictions of modern-day topography. We perform a similar analysis using the Holdt et al. [6]
catalogue that contains more observations by an order of magnitude and more spatial coverage.
Our correlations in NE Asia remain consistent with Lin et al. [16]; Tomopac (the intra-oce-
anic case) produces a correlation of 0.46 to observed residual topography and Earthbyte (the
Andean-style case) produces a correlation of 0.18 (figure 9). Specifically, the Tomopac deep-time
subduction history results in approximately 500 m of dynamic subsidence in the West Philip-
pine basin that more closely matches the regional observed residual topography (figure 10a).
Our results continue to support intra-oceanic subduction in NE Asia during the Mesozoic
and early Cenozoic and challenge plate reconstructions that only implement straightforward
Andean-style subduction in NE Asia. Overall, our results suggest that any previously deep-time
subduction zones that are unaccounted for will have strong impacts on predictions of dynamic
topography through time and in the present day.

(b) Impact of plumes on predicting dynamic topography from mantle convection models
One well-known problem with traditional grid point metrics is the ‘double penalty’ problem.
This occurs when the prediction of an observable is correct in magnitude, but incorrect in its
location, and often results in larger RMSD errors and lower correlations [54,55]. Predictions
of dynamic topography from mantle convection models are also hampered by this limitation
[54,55]. For example, it is well known that geodynamic models produce plumes in the general
location of actual plumes, but not in the exact geographic locations. Therefore, it is informative
to characterize the potential effect of plumes in mismatches between predicted and observed
ocean dynamic topography. In other words, to assess the mismatches that originate from high
dynamic uplifts above plumes in the real Earth that are not reproduced by the mantle convec-
tion models.

Here, we take the Iceland plume as an example (figure 11). The Iceland plume is located near
17°W, 64°N and is associated with anomalously high observed residual topography of up to 2
km uplift (figure 11a). We re-examine our scatter plot of predicted dynamic topography from
our preferred Tomopac model using the best-match radial viscosity profile (viscosity profile 06)
against the observed residual depths [6] and filter for points within 10° of the Iceland plume
(red dots in figure 11b). The resulting points in figure 11b fit with a region of obvious outliers,
confirming that our preferred model underpredicts the dynamic topography associated with
Iceland by 500 to 1500 m. This suggests that a more thorough removal of modelled plumes
may improve the correlation between models and residual depth measurements. Alternatively,
future work aiming to mitigate the double penalty problem can shift away from traditional
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grid point metrics and opt for object identification methods such as those commonly used in
meteorology [54–56].

(c) Regional model changes produce global perturbations
Previous research has indicated the importance of mantle convection, subduction zone
geometry and slab angle for the expression of dynamic topography at both regional and
global scales [2,16,39,46,57,58]. Typically, studies have imposed singular plate reconstructions
(i.e. the Earthbyte model) for predicting dynamic topography or advecting seismic tomography
anomalies backwards in time, which disregards deep-time anomalies [46,57]. As previously
mentioned, Lin et al. [16] examined changes in subduction history in the circum-Pacific and
examined the differences in predicted dynamic topography in comparison with the residual
topography dataset from Hoggard et al. [5]. At the time, comparison with only a handful of
observed data points was possible and no direct comparison between model predictions was
made (i.e. residuals in predicted dynamic topography from two plate reconstructions). We
now compare intra-oceanic subduction histories in the circum-Pacific with orders of magnitude
more observed residual topography data points from Holdt et al. [6]. One key result from
comparing models that assimilate differing plate reconstructions is summarized in figure 8c.
In our models, the only change is related to the assimilated plate reconstruction and these
reconstructions themselves only differ in the circum-Pacific from 190 to 50 Ma. Even so, these
deep-time changes in subduction history have significant impacts on present-day predicted
dynamic topography; for example, predicted dynamic topography between Tomopac and
Earthbyte show differences of the order of half a kilometre in central Asia, India, Eastern
Europe and North America (figure 8c) (i.e. western North America) (figures 8 and 9). More
importantly, these changes in the circum-Pacific result in large-scale (up to 0.5 km) changes in
predicted topography far away (more than 5000 km) from the region containing the differences
in plate reconstruction. This implies that global mantle convection models should ideally be
considered for regional studies of dynamic topography. Ignoring contributions from global
changes in mantle convection could lead to substantial errors in regional predictions and
provide misleading conclusions.
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Figure 11. (a) Map of predicted dynamic topography for Tomopac using preferred viscosity case 06. The points show spot
measurements of observed residual topography from Holdt et al. [6] that are also colour-coded by dynamic topography
magnitude. The red box highlights the positive dynamic topography (i.e. uplift) around the Iceland plume; the spot
measurements in the red box correspond to the outlier red dots in the scatter plot in (b). The spatial offset between the
modelled Iceland plume and actual dynamic uplift creates significant misfits that skew the correlation between predicted
and observed dynamic topography towards a less optimistic view. The scatter plot in (b) shows a comparison of modelled
dynamic topography from (a) against the observed residual topography of Holdt et al. [6]. RMSE = root mean square error.
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(d) Limitations: the power disparity
As mentioned in §§1a and 2c, density anomalies above a certain depth within the upper mantle
are often truncated in geodynamic modelling studies to compensate for modelling limitations
that include unrealistic thermal boundary layers, the compositional assumptions of models and
lower Rayleigh numbers with respect to the observable Earth. Accounting for these limitations
allows for more realistic magnitudes of dynamic topography with respect to observations. A
recent study by Richards et al. [44] provides a more nuanced consideration of boundary layer
compositional variations and the effect of anelasticity on seismic velocity-to-density scaling
by using a calibrated parametrization for anelasticity to convert upper mantle shear wave
velocities into temperature, density and viscosity. These improved images of the upper mantle
structure substantially improve fits to the power spectrum of observed residual topography.
When only considering the upper 400 km of their tomographic models a correlation of 0.54 with
observed residual topography is obtained. Whole mantle correlations using their tomographic
model also reach correlations of 0.57 with the observed residual topography from Hoggard et al.
[5]. These results highlight the importance of improving the uppermost structure of the mantle
in global mantle convection and utilizing a model resolution that allows for an appropriately
defined asthenospheric model.

We examine the effects of changing this cut-off depth in figure 5. Both the Tomopac and
Earthbyte models produce similar power spectra, so we focus on the illustration of the depth
cut-off on the Tomopac model (figure 5). Our deep 350 km cut-off depth produces similar
magnitudes of power to the observed power spectrum at lower spherical harmonic degrees
(figure 5). A shallower depth cut-off allows for the inclusion of shorter wavelength density
anomalies and therefore increases the power at higher spherical harmonic degrees, as expected
(figure 5). While still falling short of the higher order power observed by Holdt et al. [6], a
shallower cut-off produces a slope that is more similar to the observed data. The similarity
of the slope of our results gives us confidence that the overall dynamics of the model are
Earth-like, since the slope of the power spectrum of mantle density anomalies is dictated by the
vigour of convection and viscosity structure, and is important for determining the large-scale
variations in viscosity stratification [59]. Shallow buoyancy anomalies may be somewhat limited
by our model resolution and may account for the overprediction of dynamic uplift in the
Pacific. Future computational methods (i.e. TerraNeo) [60] may reduce the need for a depth
cut-off by allowing for higher resolution whole-mantle convection models that include more
Earth-like lithospheric and asthenospheric rheology and shorter wavelength density anomalies.

5. Conclusions
We examine the role of deep-time (i.e. back to the Jurassic) subduction history in modelling
present-day dynamic topography by considering alternative plate reconstructions assimila-
ted in mantle convection models. The overall correlations between our predicted dynamic
topography and observed residual topography of Holdt et al. [6] are between approximately
0.50 and approximately 0.20, with higher correlations at lower spherical (up to degree 3)
harmonic degrees but remain of the same order as previous studies. Our results show that
dynamic topography models are up to 30% more sensitive to changes in subduction history
than the choice of radial viscosity. Here, the implementation of an enhanced subduction history
within the circum-Pacific that includes more intra-oceanic subduction (i.e. Tomopac) produces
consistently higher correlations with the geoid (more than 20%) at all spherical harmonic
degrees relative to the Earthbyte reference model. For Earth-like wavelengths of dynamic
topography (i.e. degree 40), plate reconstructions that include Pacific intra-oceanic subduction
universally produce higher correlations to the Holdt et al. [6] catalogue and improve the fit by
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up to 37%. Regionally, in NE Asia where the plate reconstructions are most disparate, the family
of models that includes intra-oceanic subduction shows substantially higher correlations (0.46
versus 0.18) to observed residual topography. We demonstrate more explicitly than previous
studies that regional deep-time changes in subduction history can have far-reaching impacts on
the spatial distribution and magnitude of present-day dynamic topography; thus, it is crucial
to consider global mantle convection when modelling dynamic topography within a smaller
local region. Future dynamic topography studies of regions with uncertain subduction histories
should seek to implement a diversity of plate reconstructions to fully investigate the possible
dynamic topography outcomes.

Data accessibility. The data used in this study can be found in the University of Arizona ReDATA repository
[61]. GPlates software [62] from EarthByte Group was used to develop plate reconstructions. Paraview
software [63] was used to visualize and analyse the mantle convection model.
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