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S U M M A R Y 

Dynamic topography is defined as the deflection of Earth’s surface due to the convecting 

mantle. ASPECT (Advanced Solver for Planetary Evolution, Convection, and Tectonics) is a 
continuall y e volving, finite element code that uses modern numerical methods to investigate 
problems in mantle con vection. W ith ASPECT version 2.0.0 a consistent boundary flux (CBF) 
algorithm, used to calculate radial stresses at the model boundaries, was implemented into 

the released version of ASPECT. It has been shown that the CBF algorithm improves the 
accuracy of dynamic topography calculations by approximately one order of magnitude. We 
aim to e v aluate the influence of the CBF algorithm and explore the geophysical implications of 
these improved estimates of dynamic topography changes along the East Coast of the United 

States. We constrain our initial temperature conditions using the tomography models SA V ANI, 
S40RTS and TX2008, and combine them with a corresponding radial viscosity profile (2 for 
TX2008) and two different boundary conditions for a total of eight experiments. We perform 

simulations with and without the CBF method, which takes place during post-processing 

and does not affect the velocity solution. Our dynamic topography calculations are spatially 

consistent in both approaches, but generally indicate an increase in magnitude using the CBF 

method (on average ∼15 and ∼76 per cent absolute change in present-day instantaneous and 

rate of change of dynamic topo graphy, respecti vel y). This enhanced accuracy in dynamic 
topography calculations can be used to better e v aluate the ef fects of mantle convection on 

surface processes including vertical land motions, sea level changes, and sedimentation and 

erosion. We explore results along the US East Coast, where a Pliocene shoreline has been 

deformed by dynamic topography change. An increased accuracy in estimates of dynamic 
topography can improve Pleistocene and Pliocene sea level reconstructions, which allow for a 
better understanding of past sea level changes and ice sheet stability. 

Key words: Numerical modelling; Dynamics of lithosphere and mantle; Mantle processes. 

1

M  

t  

d  

t  

d  

a  

t  

t  

m  

fl  

s  

a  

p  

t  

o  

p  

f  

e  

a  

t  

1  

s  

D
ow

nloaded from
 https://academ

ic.oup.com
/gji/article/238/2/1137/7692051 by guest on 19 July 2024
 I N T RO D U C T I O N  

antle conv ection driv en b y hetero geneities in the density struc-
ure causes radial stresses at Earth’s surface, which result in the
eformation of Earth’s topography. A hot, low-density anomaly in
he mantle will rise resulting in dynamic uplift and a cold, high-
ensity anomaly will sink resulting in dynamic subsidence. The
mplitude and wavelength of dynamic topography is in proportion
o the intensity, timescale and depth of mantle flow. Though the
heory of dynamic topography has been well-established, there re-

ain discussions about what components of mantle density and
ow should be included in the definition of dynamic topography
C © The Author(s) 2024. Published b y Oxford Uni versity Press on behalf of the Amer
Access article distributed under the terms of the Creative Commons Attribution Lic
which permits unrestricted reuse, distribution, and reproduction in any medium, pr
ignal (i.e. Molnar et al. 2015 ; Forte & Ro wley 2022 ). Further , the
ccuracy and precision of dynamic topography predictions are ham-
ered by uncertainties in Earth’s density field (including composi-
ional changes) and rheology (Panasyuk & Hager 2000 ). As a result
f these differences in definition and uncertainties in input, pro-
osed present-day dynamic topography amplitude estimates range
rom a few hundred to over 3000 m (Flament et al. 2013 ; Molnar
t al. 2015 ). Dynamic topography changes have implications for
 number of surface processes and have been studied e xtensiv ely
o analyse surface subsidence and uplift (e.g. Bertelloni & Gurnis
997 ; Liu 2015 ; Muller et al. 2018 ), ice sheet stability and global
ea level changes (e.g. Gurnis 1990 ; Moucha et al. 2008 ; Conrad &
ican Institute of Biological Sciences. This is an Open 
ense ( https://creativecommons.org/licenses/by/4.0/ ), 
ovided the original work is properly cited. 1137 
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Husson 2009 ; Austermann et al. 2015 ), landscape evolution (Hack 
1975 ; Ruetenik et al. 2016 ; Moucha & Ruetenik 2017 ; Hoggard 
et al. 2021 ) and sedimentation and erosion (Heine et al. 2008 ; Liu 
2014 ; Ding et al. 2019 ). Enhanced accuracy in dynamic topogra- 
phy calculations can be used to better e v aluate the effects of mantle 
convection on these surface processes. 

Various approaches have been used to calculate dynamic to- 
pography, including free surface calculations (e.g. Gurnis et al. 
1996 ; Zhong et al. 1996 ; Kramer et al. 2012 ) and the ‘sticky air’ 
method (e.g. Crameri et al. 2012 ), but the most common approach 
computes dynamic topography as compensation heights of radial 
stresses at the surface (e.g. McKenzie 1977 ; Hager et al. 1985 ; 
Zhong et al. 1993 ). Mantle convection produces variability in pres- 
sure and stress in the mantle. These stresses transfer tractions to 
the Moho, which will deform to balance out the normal force, thus 
resulting in surface topography. In analytical and numerical mod- 
els of mantle convection, the Earth’s mantle is treated as a viscous 
fluid where the degree of buoyancy in the mantle determines the 
flow, pressure and radial stresses for computing dynamic topog- 
raphy. In the past decades, significant progress has been made in 
dev eloping mantle conv ection models in the 3-D spherical domain 
(e.g. Baumgardner 1985 ; Tackley 1993 ; Bunge et al. 1996 ; Ratcliff 
et al. 1996 ; Zhong et al. 2000 ; Yoshida & Kageyama 2004 ; Stem- 
mer et al. 2006 ; Choblet et al. 2007 ). In computer simulations, the 
de velopment of softw are and computational methods has advanced 
mantle convection models from simple 2-D meshes using fixed- 
point linear solvers to complex 3-D discretizations with adapti vel y 
refined finite element non-linear solvers. These advances open up 
possibilities to more accurately simulate global mantle convection 
to solve realistic problems using compressible flow with complex 
geometries. 

ASPECT (Advanced Solver for Planetary Evolution, Convection, 
and Tectonics; Kronbichler et al. 2012 ; Bangerth et al. 2020 ) is a 
continuall y e volving, finite element code that uses modern numeri- 
cal methods to investigate problems in mantle convection and litho- 
spheric deformation. ASPECT’s capabilities stand apart from other 
mantle convection codes for a number of reasons, including, (1) gov- 
erning equations that are dimensional for computing high-Rayleigh 
number flows allowing both incompressible and compressible flow, 
(2) an adaptive mesh refinement to perform mesh adaptation spa- 
tially and temporally, (3) effective linear and non-linear solvers 
to handle significant heterogeneities and large, complex systems 
and (4) accurate discretization and stabilization methods based on 
high-order finite elements, which leads to higher accuracy and re- 
liability with fewer unknowns. In ASPECT, dynamic topography is 
computed through a stress-balancing approach assuming the radial 
stress at the surface is balanced by excess or deficit topography. 
With the release of ASPECT version 2.0.0, a consistent boundary 
flux (CBF) method to calculate radial stresses at the surface was 
implemented, which has been shown to significantly improve dy- 
namic topography estimates (Zhong et al. 1993 ; Liu & King 2019 ). 
Formulation and validation of the CBF method for computing radial 
stress to calculate dynamic topography is discussed in Section 2 . 

In this work, we define dynamic topography as vertical surface 
deflections induced by surface stresses. It is important to note that 
our definition of dynamic topography includes the whole mantle, 
including the lithospheric mantle (i.e. Forte & Rowley 2022 ). Dy- 
namic topography is computed by balancing radial stresses at the 
Earth’s surface. We follow a similar dynamic topography modelling 
approach used in Austermann et al. ( 2017 ), who calculate the change 
in dynamic topography to compare surface deflections with global 
sea level markers during the last interglacial (LIG) period ( ∼125 
ka). Austermann et al. ( 2017 ) concluded that changes in dynamic 
topography are strongly correlated with sea level markers suggest- 
ing that a prominent signal of dynamic topography was present 
during the LIG and should be accounted for in studies determining 
global sea level during the LIG. Our aim in this study is to assess 
the influence of the CBF method and analyse some potential geo- 
physical implications of the improved estimates for instantaneous 
present-day and rate of change of dynamic topography solutions on 
the US East Coast. 

2  M E T H O D S  

2.1 Dynamic topography modelling 

We use ASPECT version 2.2.0 to model dynamic topography. AS- 
PECT solves the conservation equations in a 3-D domain driven 
b y v ariations in density due to temperature distributions in the 
mantle. Section 2.1.1 lays out the general formulation of the com- 
pressible Stokes system used in our models. Ho wever , it should 
be noted that ASPECT offers various methods for approximation, 
particularly with compressib le flow, w hich may alter the deri v ation. 
Methods for constructing the compressible Stokes system described 
below are well-documented in the literature (e.g. Leng & Zhong 
2008 ; Dannberg & Heister 2016 ; Heister et al. 2017 ; Gassm öller 
et al. 2020 ). Section 2.1.2 describes the basic formulation of the 
CBF method to determine surface radial stresses for computing 
dynamic topography. Validation that the CBF method improves 
dynamic topography estimates is also discussed in this section. 
The CBF method w as originall y de veloped b y Zhong et al. ( 1993 ) 
and has been implemented into other mantle convection codes in- 
cluding CitcomS (Zhong et al. 2008 ) and Rhea (Burstedde et al. 
2013 ). 

2.1.1 Formulation of the compressible Stokes system 

Assuming a compressible fluid, the governing equations are: 

− ∇ · [2 η

(
ε ( u 

) − 1 

3 
( ∇ · u 

) 1 

]
+ ∇ p = ρg (1) 

∇ · ( ρu 

) = 0 (2) 

ρC p 

(
dT 
dt + u · ∇T 

) − ∇ · k∇T = ρH 

+ 2 η
(
ε ( u 

) − 1 
3 

( ∇ · u 

) 1 
)

: 
(
ε ( u 

) − 1 
3 

( ∇ · u 

) 1 
)

+ αT ( u · ∇ p ) 
+ ρT �S 

(
dX 
dt + u · ∇ X 

)
, 

(3) 

where eqs ( 1 ) and ( 2 ) are the momentum and the mass conservation 
equations, respecti vel y. These constitute the compressible Stokes 
system where u = u ( x , t ) is the velocity field, p = p( x , t ) is the 
pressure field, ρ = ρ ( x , t) is density, η( x ) is viscosity, g is the 
gravitational acceleration and ε( u ) = 

1 
2 ( ∇ u + ∇ u 

T ) is the strain 
rate. Eq. ( 3 ) describes the temperature field T = T ( x , t ) containing 
terms for advection with flow velocity u and heat conduction. The 
right-hand side of eq. ( 3 ) corresponds to internal heat production, 
friction heating, adiabatic heating due to compression and latent 
heat produced or consumed during phase changes. C p is the specific 
heat, and k is the thermal conductivity. 

The finite element discretization requires the weak form of the 
momentum and mass conservation equations (eqs 1 and 2 , respec- 
ti vel y), which are obtained b y multipl ying eqs ( 1 ) and ( 2 ) by their
respective test functions, integrating over the domain, �, and then 
integrating by parts. 
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The weak form of the discrete momentum equation reads 

(
2 ηε

(
u 

n 
h 

)
, ε

(
v u i 

))
�

− 2 

3 
η
(∇ · u 

n 
h , ∇ · v u i 

)
�

+ ( ∇ p n h , v 
u 
i ) �

= ( ρg , v u i ) �, (4) 

here u 

n 
h ( x ) = 

N u ∑ 

j= 1 
U 

n 
j v 

u 
j ( x ) and p n h ( x ) = 

N p ∑ 

j= 1 
P 

n 
j v 

p 
j ( x ) are the fi-

ite element approximations for velocity and pressure computed
 y determining coef ficients, U 

n 
j and P 

n 
j , that match the polynomial

egree of the finite element basis functions, v u j and v p j , respecti vel y.
hese approximations are inserted into eq. ( 1 ) and multiplied by
elocity test function v u i at index i with i = 1. . . N u and i = 1. . . N p .
his forms the inner products denoted by ( •, •), which compute

ensors (first term), scalars (second term) and vectors (third term),
esulting in scalar quantities for each ter m. All ter ms are integrated
ver the domain, �. The first two terms are further integrated by
arts. We remove the finite element index notation for readability
n the remainder of this description of the formulation so that eq.
 4 ) reads 

( 2 ηε ( u 

) , ε ( v ) ) − 2 

3 
η ( ∇ · u , ∇ · v ) + 

( ∇ p, v ) = 

( ρg , v ) . (5) 

Integrating by parts on the pressure term yields 

( 2 ηε ( u 

) , ε ( v ) ) −
(

2 

3 
η∇ · u , ∇ · v 

)
− ( p, ∇ · v ) = 

( ρg , v ) . (6) 

Eqs ( 5 ) and ( 6 ) are modified equations of the weak formulation
ased on Dannberg & Heister ( 2016 ), who include only material
roperties (not their deri v ati ves) in the equations. For the momentum
quation, integration by parts is done on the pressure term ( v = 0
n the boundary), which removes the boundary integral in eq. ( 6 ).
he CBF post-processing method recovers the normal component
f the boundary traction that was removed in eq. ( 6 ). 

For compressible flow, the mass conservation equation must be
inearized. This linearization is done by replacing eq. ( 2 ) with 

 · ( ρ∗u 

) = 0 , (7) 

here ρ∗ = ρ∗( z ) is a prescribed density profile. Eq. ( 7 ) is lin-
arized since ρ∗ is spatially variable but no longer depends on the
olution variables, velocity and pressure, whose quantities are cur-
ently being solved for. Ho wever , the product ρ∗u is not a finite
lement function. To make eq. ( 7 ) computable, the divergence is
ultiplied out: 

 · u + 

1 

ρ∗ ∇ ρ∗ · u = 0 . (8) 

Note that our approach for linearization is only one of many
ethods. Density in the continuity equation for compressible flow

s expressed in terms of pressure and temperature ( ∇ρ( p , T ) =
∂ρ

∂p ∇ p + 

∂ρ

∂T ∇ T ) . The approximation, ∇ p ≈ ρg , is made based
n the theory that in general, pressure is only a function in L 2 (Ern
 Guermond 2004 ; Heister et al. 2017 ). This means it is unlikely

o obtain an approximation better than | | p − p h | | L 2 = O( h ) for
he finite element approximation of pressure, p h . Using a term that
ontains ∇p in the equation for ∇ρ will typically produce a poor
pproximation ( | | ∇ p − ∇ p h | | L 2 = O(1) at best) and is unlikely
o converge (Heister et al. 2017 ). Hydrostatic pressure, defined as
 p s = ρ∗ g following an adiabatic reference density, dominates the
arth’s mantle. Therefore, ∇ρ( p , T ) ≈ ∂ρ

∂p ρ
∗ g + 

∂ρ

∂T ∇T . The weak
orm of the continuity equation multiplied by the test function q is 

− ( ∇ · u , q ) + 

(∇ ρ∗

ρ∗ · u , q 

)
= 0 , (9) 
here ∇ ρ∗
ρ∗ = ( ∂ρ

∂p g + 

1 
ρ∗

∂ρ

∂T ∇ T ∗) . 
All methods of approximation introduce various errors. Here,

rrors will depend on how accurately ρ∗ = ρ( p ∗, T ∗) , where
p ∗ and T ∗ follow an adiabatic profile, approximates ρ =
( p, T ) . Boundary conditions are imposed using a combination
f prescribed stress and velocity, namely: 

u = u prescribed on 	 prescribed , u (10) 

 η ( ε ( u 

) − p I ) n = d on 	 traction , u (11) 

here 	 prescribed , u is the boundary over which the flow velocity
s prescribed and 	 traction , u is the boundary on which traction is
rescribed to a chosen surface force density d (including zero). 

The weak forms of the momentum and mass equations (eqs 6
nd 9 , respecti vel y) in combination with selected boundary con-
itions (eqs 10 and 11 ) form the general matrix equation for the
iscrete Stokes problem: (

A B 

T 

B + C 0 

)(
ˆ u 

ˆ p 

)
= 

(
ˆ f 
0 

)
, (12) 

here ˆ u , ˆ p and ˆ f are the velocity, pressure and force ( f = ρg )
 ectors, respectiv ely. A is the stiffness matrix, B 

T is the discrete di-
ergence operator, B is the discrete gradient operator and C comes
rom the second term in eq. ( 9 ). Matrices A , B and C are con-
tructed using shape functions { ∅ i } i , which satisfy the prescribed
oundary conditions (eqs 10 and 11 ). The nonlinearity within the
inearized mass conservation equation is iterated out using a nonlin-
ar solver. Further, the non-symmetric matrix (eq. 12 ) constructed
ith compressible flow will require more costly linear solvers than
 symmetric matrix corresponding to incompressible flow. 

.1.2 Consistent boundary flux method 

he CBF method occurs during post-processing since the solutions
o the governing equations of the Stokes system (eq. 12 ) remain
nchanged. Below we outline the equations necessary for the CBF
ethod modified from the procedure described in Burstedde et al.

 2013 ). We assume a free-slip boundary condition on ∂ � has been
mposed to form matrix eq. ( 12 ), specifically, 

u · n = 0 , v · n = 0 , (13) 

t ·
[(

2 η

(
ε ( u 

) − 1 

3 
( ∇ · u 

) I 

)
− p I 

)
n 

]
= 0 , (14) 

here t is any tangential vector. Recall that the boundary integral
as removed when integration by parts was performed on the mo-
entum eq. ( 5 ). The boundar y ter m, which we represent with D ,

ontains the boundary integral required to compute the normal com-
onent of the traction vector. The boundar y ter m (multiplied by test
unction v ) from eq. ( 5 ) in integral form reads 

D 

( p, u , v ) = ∫ ∂�

[(
2 η

(
ε ( u 

) − 1 

3 
( ∇ · u 

) I 

)
− p I 

)
n 

]
· v . (15) 

Assuming a solution ( u , p) exists that satisfies boundary condi-
ions (13) and (14), eq. ( 15 ) can be rewritten as 

D 

( p, u , v ) = ∫ ∂� ( v · n 

) s, (16) 

here s = n · [ ( 2 η( ε( u ) − 1 
3 ( ∇ · u ) I ) − p I ) n ] is the normal com-

onent of the traction vector. A discretized normal vector field on
he boundary is constructed as 

 

( x ) = 

∑ 

i | x n ∈ ∂�

v i n i ∅ i ( x ) . (17) 
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Figure 1. Four radial viscosity profiles adopted in our dynamic topography models. V1 and V2 are taken from Mitrovica & Forte ( 2004 ) and Forte et al. 
( 2010 ). S40RTS and SA V ANI are taken from Steinberger ( 2016 ). 

D
ow

nloaded from
 https://academ

ic.oup.com
/gji/article/238/2/1137/7692051 by guest on 19 July 2024
Eq. ( 17 ) is defined by a coefficient vector v̄ = { v i } i , where index 
i loops over the shape functions ∅ i on the boundary. Vector n̄ = 

{ n i } i contains the normal values for all boundary nodes x i . By 
inserting eq. ( 17 ) into the weak form of the momentum equation 
and arranging the terms corresponding to the coefficient vector, 
a system of equations is constructed for the discretized normal 
traction s = 
 i s i ∅ i with nodal values ̄s = { s i } i : 
M̄ ̄s = 

(
f̄ − Ā ̂  u − B̄ 

T 
ˆ p 
)

· n . (18) 

The surface mass matrix, 

M̄ i j = ∫ ∂�∅ i ( x ) ∅ j ( x ) dx, (19) 

is derived from the boundary integral in eq. ( 14 ), with indices i, j
limited to boundary nodes. Therefore, eq. ( 18 ) computes the normal 
vectors only at boundary nodes. 

The normal vectors at boundary nodes can now be incorporated 
when determining radial stress, 

σrr = 2 η

(
ε ( u 

) − 1 

3 
( ∇ · u 

) I 

)
− p I , (20) 

which was computed using only volume integrals prior to the imple- 
mentation of the CBF method. Radial stress is required to compute 
dynamic topography, 

h = 

σrr 

( g · n 

) ρ
, (21) 

where ρ is the difference in density between the mantle and the 
overlying (deforming) material and g is gravitational acceleration. 

Both the current version of ASPECT and versions of ASPECT 

prior to the release of version 2.0.0 use eqs ( 20 ) and ( 21 ) to compute 
dynamic topo graphy. Howe ver, the CBF method computes eq. ( 20 ) 
with higher accuracy because it incorporates boundary integrals 
(which was removed in eq. 5 and recovered in eqs 16–19 ), allowing 
the normal stress to be computed on surface boundary nodes consis- 
tent with the solution to a Stokes system with prescribed boundary 
conditions. Without the CBF method, eq. ( 20 ) is computed using 
volume integrals only. Zhong et al. ( 1993 ) show that the CBF algo- 
rithm increases accuracy by about one order of magnitude over the 
standard pressure smoothing method. The CBF method is also vali- 
dated by the benchmark study reported in Liu & King ( 2019 ). Using 
the CBF method in ASPECT for 3-D spherical incompressible flow, 
Liu and King computed response functions of dynamic topography, 
horizontal velocity and geoid kernels at the surface and core–mantle 
boundary to compare with semi-analytical solutions determined by 
the propagator matrix method from Hager & O’Connell ( 1981 ). 
The numerical results with the model set-up most aligned with this 
study (without self-gravitation and assuming a layered viscosity) 
were in excellent agreement with the semi-analytical solution for 
dynamic topography with relative differences generally within 1 per 
cent demonstrating the efficacy of the CBF method. 

2.2 Model parametrizations 

We calculate dynamic topography on a spherical shell using eight 
different model set-ups that vary the temperature perturbations in 
the mantle, the viscosity and the boundary condition imposed. Our 
approach is similar to that of Austermann et al. ( 2017 ). Pressure, 
density and gravity are depth-dependent and radially symmetric 
(Suppor ting Infor mation Fig. S1), and we test four radially sym- 
metric viscosity models (Fig. 1 ). Four tests are based on the den- 
sity model TX2008 (Simmons et al. 2009 ). TX2008 is based on a 
joint inversion of shear wave traveltime data and convection-related 
constraints (free-air gravity, core–mantle boundary excess elliptic- 
ity, tectonic plate motions and dynamic surface topography) for 
a radially symmetric relationship between shear wave speed and 
density (Simmons et al. 2009 ). Two tests use the shear wave to- 
mography model S40RTS, which is a shear wav e v elocity model 
(up to degree 40) for Earth’s whole mantle that is based on a 
collection of Rayleigh wave phase velocities for the upper third 
of the mantle, teleseismic body-wa ve tra veltimes for the low er 
two thirds of the mantle and normal mode-splitting functions for 
whole mantle constraints, particularly at the longest wavelengths 
(Ritsema et al. 2011 ). The final two tests use the shear wave to- 
mography model SA V ANI, which is a radially anisotropic shear 
wav e v elocity model that is based on a compilation of surface 
wa ve phase dela ys and cross-correlation tra veltimes of major body 

art/ggae203_f1.eps
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Table 1. Physical parameters and values employed in simulations. 

Parameter Value Unit 

Outer shell radius a 6371 km 

Inner shell radius a 3481 km 

Adiabatic surface temperature a 1600 K 

Outer shell temperature a 1600 K 

Inner shell temperature a 2440 K 

Reference density a 3300 kg m 

−3 

Reference compressibility b 4 × 10 −12 Pa −1 

Heat capacity c 1 . 25 × 10 3 J kg −1 K 

−1 

Thermal expansion (outer shell) c 3 . 5 × 10 −5 K 

−1 

Thermal expansion (670 km) c 2 . 5 × 10 −5 K 

−1 

Thermal expansion (inner shell) c 1 . 0 × 10 −5 K 

−1 

a Austermann et al. ( 2017 ). 
b Bangerth et al. ( 2020 ). 
c Glisovic & Forte ( 2015 ). 
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ave phases and variable block parametrization adapted to local
ay path density (Auer et al. 2014 ). For our tests using S40RTS
nd SA V ANI, density perturbations were calculated following the
epth-dependent seismic velocity to density conversion profile by
teinberger ( 2016 ). 
We pair the TX2008 density models with two radial viscosity

rofiles, V1 and V2 (Fig. 1 ), originally from Mitrovica & Forte
 2004 ) then refined in Forte et al. ( 2010 ). V1 and V2 were derived
rom joint inversions of convection-related observables including
ree-air g ravity har monics, core-mantle boundar y ellipticity and
ectonic plate motions combined with glacial isostatic adjustment
ata related to the melting of the Laurentide and Fennoscandian ice
heets (Forte et al. 2010 ). Viscosity profiles V1 and V2 are largely
imilar in the upper mantle, the main difference being a low viscosity
notch’ in the transition zone in V1, which uncouples upper- and
o wer-mantle flo ws. V iscosity profile V2 has a higher deep-mantle
iscosity (by a factor of ∼5). For shear wave tomography models
40RTS and SA V ANI, a depth-dependent viscosity profile is chosen
pecific to each tomography model from Steinberger ( 2016 , fig. 1).
oth profiles are derived based on mineral physics and optimized

o fit heat flux, geoid, nor malized g ra vity and present-da y dynamic
opography. 

Our models assume compressible flow, therefore temperature
nd density follow an adiabatic reference profile. We impose an
diabatic surface temperature of 1600 K, which sets the start-
ng point for nonlinear solvers to compute adiabatic conditions
or the temperature field throughout the mantle. Therefore, we
o not impose a ther mal boundar y layer , ho wever our models
o include temperature perturbations associated with the oceanic
ithosphere. Depth-dependent heat capacity, thermal conductiv-
ty and thermal expansivity are adopted from Glisovic & Forte
 2015 , table 1). For all eight tests, reference surface density is
et to 3300 kg m 

−3 . Depth and buoyancy variations of the con-
inental lithosphere in the SA V ANI and S40RTS-based models are
arametrized using the formulation from Steinberger ( 2016 ). This
et-up is consistent with the Austermann et al. ( 2017 ) approach
Table 1 ). 

A radial gravity profile is imposed from Glisovic & Forte
 2015 ), where the gravity field was obtained by integrating a
epth-dependent density profile taken from the Earth model PREM
Dziewonski & Anderson 1981 ). A free-slip boundary condition is
pplied at the core-mantle boundary. We test all four Earth models
TX2008-V1, TX2008-V2, S40RTS and SA V ANI) with the top sur-
ace boundary conditions no-slip and free-slip. We use a variable
efinement such that in the upper 1000 km, the depth resolution of
he grid is ∼30 km and the lateral resolution is ∼80 km (refinement
). Below 1000 km, the resolution ranges from 65 to 115 km with
epth and 175 to 250 km laterally (refinement 3). 

A flexible generalized minimal residual (GMRES) iterative
cheme is used to solve the linear compressible Stokes system.
he linear solver tolerance is set to the lowest value that allows
onvergence, which ranges from 10 −5 to 10 −3 depending on the
odel set-up. The non-linear solver tolerance is set to 10 −5 . Lin-

ar elements are used for pressure and quadratic elements are used
or velocity satisfying the LBB (Ladyzhenskay–Babuska–Brezzi)
tabilization condition (Brezzi & Douglas 1988 ). 

The convection simulations are run forward in time for 3 million
ears. We use a bicubic spline interpolation to estimate dynamic
opography at every 0.1 o latitude and longitude. The average rate
f change since 3 Ma is computed by subtracting instantaneous
ynamic topography estimates at present-day from estimates at 3
a and dividing that result by 3 Myr. The rate of change is for points

xed in space, rather than moving tectonic plates. We calculate the
verage of all 8 experiments for our final instantaneous present-
ay and rate of change of dynamic topography solutions. Our code,
arameter files, input files and model output files are made available
n Zenodo (Williams et al. 2023 ) for reproducibility. We test the
ight model set-ups with and without the CBF method. 

 R E S U LT S  A N D  D I S C U S S I O N  

ere, we present the total average (across all eight models) in-
tantaneous present-day and rate of change of dynamic topography
olutions computed with the CBF method, without the CBF and
he residuals. We then discuss some of the geophysical implications
f dynamic topography results (with and without CBF) for the US
ast Coast. Between the two approaches, we observe a trend of
patial similarities with generally higher magnitudes in estimates
n dynamic topography calculations with the CBF algorithm imple-
ented. Our average (across all eight models) present-day instanta-

eous estimates with the CBF method have minimum and maximum
alues of −1466 and 2103 m, respectively, while our average esti-
ates of dynamic topography without the CBF method range from
1266 to 1861 m. We observe the highest instantaneous present-

ay amplitudes in the Afar Region labelled A in Fig. 2 (a) (2103 m
ith the CBF and 1861 without the CBF) and at the divergence of

he Pacific Plate and the Nazca Plate labelled B in Fig. 2 (a) (2079 m
ith CBF and 1785 without CBF). We observe the lowest dynamic

opography magnitudes in Iran near the Persian Gulf labelled C in
ig. 2 (a) ( −1466 m with CBF and −1241 m without CBF) and
ear the border of Bhutan and Bangladesh labelled D in Fig. 2 (a)
 −1452 m with CBF and −1266 without CBF). The highest ampli-
udes for the rate of change of dynamic topography since 3 Ma occur
t the eastern coast of Mexico labelled A in Fig. 2 (a) (0.093 mm
r −1 with the CBF and 0.077 mm yr −1 without the CBF) and central
audi Arabia labelled B in Fig. 2 (a) (0.089 mm yr −1 with the CBF
nd 0.074 mm yr −1 without the CBF). The lowest magnitudes of rate
f change of dynamic topography since 3 Ma occur on the boundary
etween the Pacific Plate and the Cocos Plate labelled C in Fig. 2 (a)
 −0.072 mm yr −1 with the CBF and −0.056 mm yr −1 without
he CBF) and the Afar region labelled D in Fig. 2 (d) (–0.067 mm
r −1 with the CBF and −0.053 mm yr −1 without the CBF). While
hese values demonstrate the differences in magnitudes with and
ithout the CBF, we note that these models are likely least reliable

t active margins because it does not capture crustal deformation
rocesses. 
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Figure 2. Global average (over all eight model set-ups) present-day instantaneous dynamic topography (with and without CBF), rate of change of dynamic 
topography since 3 Ma (with and without CBF) and the residuals (CBF − no CBF). 

Figure 3. Average absolute value of per cent changes betw een present-da y instantaneous dynamic topography estimates with and without the CBF method 
av eraged ov er all models. Gre y areas are re gions that are e xcluded in the per cent change calculation. 
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Fig. 3 shows the average absolute value of per cent changes for 
instantaneous present-day dynamic topography over all eight mod- 
els with and without CBF relative to no CBF. Regions in which 
dynamic topography (with and without CBF) are between −100 
and + 100 m are excluded and coloured as grey since relati vel y 
small dynamic topography differences in these regions lead to high, 
unrepresentative percentage changes. The highest per cent changes 
occur throughout the African continent and surroundings, particu- 
larly along the eastern coast. The region where the second highest 
per cent changes occur is in the Pacific Ocean east of Asia through 
the Philippines and Indonesia. The lowest per cent changes occur 
elsewhere in the Pacific Ocean and the Indian Ocean. The total 
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Figure 4. Residuals of global present-day instantaneous dynamic topography and rate of change of dynamic topography since 3 Ma constrained by temperature 
model (average over both boundary conditions). Top: TX2008 (average over both viscosity profiles). Middle: S40RTS. Bottom: SA V ANI. 
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verage for the absolute value of per cent changes globally is ap-
roximately 15 per cent with a standard deviation of approximately
1 per cent. 

To assess the influence of the CBF method when using different
emperature models, we calculate the average present-day instanta-
eous global dynamic topography and the average rate of change of
lobal dynamic topography since 3 Ma with and without the CBF
ethod isolated by temperature models TX2008 (includes both vis-

osity profiles and boundary conditions), S40RTS (includes both
oundary conditions) and SA V ANI (includes both boundary con-
itions). Fig. 4 shows the residuals of present-day instantaneous
ynamic topography and rate of change of dynamic topography
ince 3 Ma for each temperature model. While the topographies
nd residuals are strongly correlated for TX2008, we observe a rel-
ti vel y constant magnitude change over the continents with S40RTS
nd SA V ANI. Computing radial stress directly at surface boundary
odes (CBF method) accounts for the differences in residual shapes
etween TX2008, S40RTS and SA V ANI because with CBF, the
ensity anomalies are accounted for all the way to the surface of
he model. While TX2008 is a density model, S40RTS and SA-
ANI use a prescribed constant density over continents following
teinberger ( 2016 ), which overrides the density that would be cal-
ulated from seismic velocities. Further, the continental lithosphere
ensity anomaly for SA V ANI and S40RTS is 0.5 and 0.1 per cent,
especti vel y, which explains the larger residuals for SA V ANI. We
cknowledge that our model set-ups contain certain simplifications
e.g. radial viscosity and no thermal boundary layer) that will affect
ur results. 

We find that TX2008 has the highest residuals with an average
er cent change for instantaneous dynamic topography of 23 per
ent; SA V ANI has a 17 per cent change, and S40RTS has a 9 per
ent change. See Supporting Information Figs S2 snd S3 for the
resent-day instantaneous and the rate of change since 3 Ma of dy-
amic topo graphy, respecti vel y, with and without the CBF method
or each temperature model. Further, we explore the global aver-
ge present-day instantaneous (Supporting Information Fig. S4) and
he global average rate of change of dynamic topography since 3

a (Suppor ting Infor mation Fig. S5) isolated by boundary condi-
ions no-slip and free-slip. The no-slip boundary condition produces
igher residuals with an 18 per cent change than a free-slip boundary
ondition, which has a 12 per cent change. 

.1 Geophysical implications of the East Coast of the 
nited States 

he East Coast of the United States is considered a passive mar-
in associated with the break-up of Pangaea at ∼180 Ma. Unlike
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Figure 5. Present-day instantaneous dynamic topography (with and without CBF) averaged over all models, rate of change of dynamic topography since 3 Ma 
(with and without CBF) averaged over all models and the residuals (CBF—No CBF) on the US East Coast. 
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most seismically quiet passive margins, occasional shallo w, lo w 

magnitude seismicity occurs along the East Coast (Stover & Coff- 
man 1992 ), although there is no active volcanism. The approxi- 
mately 100-million-y ear -old Farallon slab currently lies beneath the 
East Coast of the United States, which has been imaged with seis- 
mic tomography between 1300-1750 km depths (i.e. Schmid et al. 
2002 ; Lu et al. 2019 ). It has been proposed that the cold, dense 
slab is inducing mantle downwelling, promoting ne gativ e dynamic 
topog raphy (i.e. Ber telloni & Gur nis 1997 ). While Spasojevic et al. 
( 2009 ) support this argument for dynamic subsidence on the US 

East Coast, Rowley et al. ( 2013 ) conclude that the existence of hot, 
buoyant material in the shallow mantle (hypothesized to be astheno- 
spheric return flow) is key in shaping partially uplifting patterns of 
dynamic topography along the East Coast. 

Fig. 5 shows the average (across all eight models) instantaneous 
present-day dynamic topography and rate of change of dynamic 
topography since 3 Ma with and without the CBF, and the residuals 
on the East Coast of the United States. Amplitudes for instantaneous 
present-day dynamic topography and rate of change of dynamic to- 
pography since 3 Ma calculated with the CBF are −294 m at 65 ◦W, 
32.6 ◦N near Bermuda (located approximately a quarter of a longi- 
tude off the map in Fig. 5 a) and 0.037 mm yr −1 at 65 ◦W, 31.1 ◦N 

near Bermuda. Minimum values are −1007 m at 85 ◦W, 43.1 ◦N in 
central Michigan and −0.019 mm yr −1 at 85 ◦W, 35.2 ◦N in eastern 
Tennessee. Amplitudes for instantaneous present-day dynamic to- 
pography and rate of change of dynamic topography since 3 Ma 
calculated without the CBF are −212 m at 65 ◦W, 32.6 ◦N near 
Bermuda and 0.026 mm yr −1 at 65 ◦W, 31.1 ◦N near Bermuda. Min- 
imum values are −850 m at 85 ◦W, 42.7 ◦N in central Michigan and 
−0.018 mm yr −1 at 85 ◦W, 35.1 ◦N in eastern Tennessee. The aver- 
age absolute value of per cent changes for instantaneous present-day 
dynamic topography for the plotted region is approximately 25 per 
cent. We also explore the average present-day instantaneous dy- 
namic topography and rate of change of dynamic topography since 
3 Ma with and without the CBF method on the US East Coast 
isolated by the average temperature models TX2008, S40RTS and 
SA V ANI (over both boundary conditions; see Supporting Informa- 
tion Figs S6 and S7) and the average boundary conditions no-slip 
and free-slip (over all three temperature models; see Supporting 
Information Figs S8 and S9). 

Pliocene shoreline reconstructions have been used to under- 
stand the interplay between dynamic topography, glacial isostatic 
adjustment, sediment loading, thermal subsidence and flexural load- 
ing on the US East Coast. The Orangeburg scarp (Fig. 6 a) has been 
used as a mid-Pliocene sea level marker in numerous studies (i.e. 
Rowley et al. 2013 ; Rovere et al. 2015 ; Moucha & Ruetenik 2017 ) 
to understand the contribution from these different processes to past 
vertical land motions and sea level heights. Rowley et al. ( 2013 ) 
modelled dynamic topography since 3 Ma and concluded that dy- 
namic topography and, to a lesser extent, glacial isostatic adjustment 
account for the warped surface of the Orangeburg scarp. Rowley 
et al. ( 2013 ) tested four different model set-ups, and although their 
preferred model fits the trend of the Pliocene shoreline relati vel y 
well, they recognized that large uncertainties exist in these dy- 
namic topography estimates and vary significantly depending on 
the viscosity and buoyancy structure of the mantle. Further, contri- 
butions from flexural isostasy due to sediment loading and erosional 
unloading were not considered in Rowley et al. ( 2013 ). Rovere et al. 
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Figure 6. Average (over all eight models) change in dynamic topography over the past 3 million years with the CBF (left), without the CBF (middle) and the 
residual (right). 

Figure 7. Av erage (ov er all eight models) ele v ation change due to change in dynamic topography with and without CBF over the past 3 million years by 
increasing latitude along the Orangeburg scarp. The shaded regions show the standard deviation between the eight different model set-ups. The blue line shows 
the ele v ation changes of the mid-Pliocene shoreline accounting for GIA and assuming a 14 m eustatic sea le vel dif ference between the mid-Pliocene and 
present-day from Rovere et al. ( 2015 ). 
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 2015 ) accurately remapped the Orangeburg scarp and corrected the
horeline ele v ation for glacial isostatic adjustment to compare with
he dynamic topography estimates using the four model set-ups
rom Rowley et al. ( 2013 ). Though Rovere et al. ( 2015 ) found fits
o the general trends in the mid-Pliocene shoreline ele v ations, they
oted that many local discrepancies still exist. Moucha & Ruetenik
 2017 ) then produced a landscape evolution model demonstrating
hat flexural isostasy is needed to explain the warping along the
rangeburg scarp based on the mid-Pliocene shoreline ele v ation

onstructed in Rovere et al. ( 2015 ). 
We in vestigate ho w dynamic topography predictions with and

ithout CBF can affect the interpretation of the Orangeburg scarp
Fig. 6 ). The Orangeburg scarp lies along the US Atlantic Coast
rom Georgia to Virginia and was formed as the mid-Pliocene ( ∼3

a) shoreline (Rowley et al. 2013 ). The Orangeburg scarp, which
ould have been horizontal at the time of formation, shows up to
0 m of variations in ele v ation (Rowley et al. 2013 ). This warping
s thought to reflect post mid-Pliocene ele v ation changes due to
ynamic topography, glacial isostatic adjustment and contributions
rom flexural isostasy due to sediment loading and erosional unload-
ng (Rowley et al. 2013 ; Rovere et al. 2015 ; Moucha & Ruetenik
017 ). Fig. 6 shows our computed change in dynamic topogra-
hy over the past 3 million years with CBF, without CBF and the
esidual. The range of dynamic topography change with the CBF
ethod is −56 to 75 m, while the range without the CBF method

s −54 to 52 m. The pattern along the Orangeburg scarp is largely
imilar between the two approaches with an increasing change in
ynamic topography moving northwards and a peak change near the
hesapeake Bay (labelled in Fig. 6 c) by the Norfolk Arch (labelled

n Fig. 6 a). Ho wever , we observe a significantly higher change in
ynamic topography with the CBF method. The cumulative change
n dynamic topography over the past 3 million years at the peak
near the Norfolk Arch) with and without CBF is 69 m and 47 m,
especti vel y. 

On the US East Coast, differences in estimates of dynamic topog-
aphy changes can significantly alter interpretations drawn from the
id-Pliocene shoreline preserved in the Orangeburg scarp. Fig. 7

hows change in dynamic topography since 3 Ma from south to north
long the Orangeburg scarp with and without the CBF method. The
haded regions show the standard deviations of dynamic topog-
aphy changes (with and without CBF) between our 8 different
odel set-ups. As a reference, we include the ele v ation changes

f the mid-Pliocene shoreline accounting for GIA and assuming a
4 m eustatic sea level difference between the mid-Pliocene and
resent-day from Rovere et al. ( 2015 ). Our peak ele v ation change
t 36.4 ◦N with and without the CBF is approximately 68 and
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(a) (b)

Figure 8. (a) Locations of sea level indicators included in the distribution in 8B. (b) Distribution of change in dynamic topography over the past 125 k years 
with and without CBF at sea level markers from the LIG sea level marker compilation from Austermann et al. ( 2017 ). 
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43 m, respecti vel y. This 25 m dif ference in ele v ation change can 
lead to v astl y dif ferent interpretations of the mid-Pliocene shore- 
line. It is important to note that standard deviations across the 
eight models are nearly as high as the computed average change 
in dynamic topography. See Supporting Information Fig. S10 for 
the change in dynamic topography over the past 3 My along the 
Orangeburg scarp for each model set-up. Further, we do not ac- 
count for plate motion (Hoggard et al. 2021 ), therefore these 
values of dynamic topography change cannot be directly com- 
pared to shoreline ele v ations. We are simply using the Orange- 
burg scarp as a case study to demonstrate how the CBF method 
can significantly alter geophysical and geomorphological impli- 
cations. A greater change in dynamic topography would lead to 
different interpretations of the mid-Pliocene shoreline and past sea 
level changes. This would also suggest that a smaller contribution 
to the warping of the Orangeburg scarp from isostatic processes 
such as glacial isostatic adjustment and flexural isostasy from sed- 
iment transport is required to explain the present ele v ation of the 
scarp. 

Austermann et al. ( 2017 ) computed vertical deflections due to 
dynamic topography to compare with a global set of LIG sea level 
markers. They found that predictions of changes in dynamic to- 
pography since 125 ka were correlated with patterns in LIG sea 
le vel marker ele v ations, but the magnitudes of predicted changes 
were overall lower than observed changes. We e v aluate the distri- 
bution of changes in dynamic topography on the US East Coast 
over the past 125 ka years with and without CBF at LIG sea level 
marker locations using the compilation from Austerman et al. 2017 
(Fig. 8 ). The mean dynamic topography changes over the past 125 
ka years with and without CBF are 1.84 and 1.07 m, respecti vel y. 
This result suggests that one possible reason for the misfit between 
the magnitudes of dynamic topography changes and observed sea 
level changes in Austermann et al. ( 2017 ) is a result of dynamic 
topography being computed using ASPECT prior to the implemen- 
tation of the CBF method. The global mean dynamic topography 
changes over the past 125 k years with and without CBF for all sea 
level markers from Austermann et al. ( 2017 ) is 1.38 and 1.08 m, 
respecti vel y. See Supporting Information Fig. S11 for the distri- 
bution of dynamic topography changes over the past 125 ka years 
with and without CBF for all global sea level markers. Austermann 
et al. ( 2017 ) notes that 2 m of global mean sea level rise equates to 
over half the ice volume expected in melting of the West Antarctic 
Ice Sheet. Therefore, even slight improvements in the accuracy of 
estimates for dynamic topography would improve Pleistocene sea 
level reconstructions, which can help to better understand past sea 
level changes and ice sheet stability. 

4  C O N C LU S I O N S  

In this study we investigate the effects of the CBF post-processing 
method on dynamic topography estimates using ASPECT. Uncer- 
tainties in pre viousl y published dynamic topo graphy estimates re- 
main significant due to poorly constrained properties in Earth’s com- 
positional structure. The CBF method, which is used to calculate 
radial stresses at the surface, was recently implemented in ASPECT. 
It has been shown that the CBF algorithm improves the accuracy 
of dynamic topography calculations by approximately one order of 
magnitude. We use the tomography models TX2008, S40RTS and 
SA V ANI, each tested with a corresponding radial viscosity profile 
(2 for TX2008), and two different boundary conditions for a total 
of eight experiments. We run the simulations with and without the 
CBF method, which takes place during post-processing and does 
not affect the velocity solution solved by the Stokes system. Our 
dynamic topography calculations show similar spatial consistency 
in both approaches, but generally indicate an increase in magni- 
tude for both present-day instantaneous dynamic topography and 
rate of change of dynamic topography since 3 Ma using the CBF 

method. The average per cent change for present-day instantaneous 
dynamic topography between the two approaches is approximately 
14 per cent and the per cent change for rate of change of dynamic 
topography since 3 Ma is approximately 76 per cent; therefore, 
we conclude that the implementation of the CBF algorithm sig- 
nificantly influences dynamic topography calculations in ASPECT. 
We explore the geophysical implications of improved estimates of 
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ynamic topography on the East Coast of the United States us-
ng the interpretation of the Orangeburg scarp as a case study.
 greater change in dynamic topography would significantly alter

nterpretations of the mid-Pliocene shoreline and, therefore, past
ea level changes and ice sheet stability, and may suggest a smaller
ontribution to the warping of the Orangeburg scarp from glacial
sostatic adjustment and flexural isostasy due to sediment transport.
v erall, enhanced accurac y in dynamic topography calculations can
e used to better e v aluate the effects on surface processes including
ertical motions, sea level change and sedimentation and erosion.
urther, rele v ant publications that calculated dynamic topography
ithout the CBF algorithm, independent of the specific software
ackage used, may need to be readdressed. 

C K N OW L E D G M E N T S  

e thank the Computational Infrastructure for Geodynamics (geo-
ynamics.org) which is funded by the National Science Foundation
nder award EAR-0949446 and EAR-1550901 for supporting the
evelopment of ASPECT. We thank Bernard Steinberger and an
non ymous re vie wer for constructi ve re vie ws that improved this
anuscript. 
Funding: This material is based upon work supported by the

.S. Geological Surv e y under Grant/Cooperativ e Agreement No.
21AC10016. The views and conclusions contained in this doc-
ment are those of the authors and should not be interpreted as
epresenting the opinions or policies of the U.S. Geological Surv e y.

ention of trade names or commercial products does not consti-
ute their endorsement by the U.S. Geological Surv e y. This work is
lso supported by the National Science Foundation under Grant No.
735139. 

Author contributions: KW (Data curation [lead], Formal analysis
lead], Investigation [lead], Methodology [equal], Software [equal],
alidation [equal], Visualization [lead], Writing – original draft

lead], Writing – re vie w & editing [equal]), DSS (Conceptualization
lead], Formal analysis [supporting], Funding acquisition [lead],
nvestigation [supporting], Methodology [equal], Project admin-
stration [lead], Resources [equal], Supervision [lead], Validation
equal], Writing – re vie w & editing [equal]); JA (Data curation [sup-
or ting], For mal analysis [supporting], Investigation [supporting],
ethodology [equal], Resources [equal], Software [equal], Writing
re vie w & editing [equal]); SK (Conceptualization [supporting],

nvestigation [supporting], Methodology [supporting], Writing – re-
iew & editing [equal]); and EN (Investigation [supporting], Writ-
ng – re vie w & editing [supporting]). 

U P P O RT I N G  I N F O R M AT I O N  

upplementary data are available at GJI online. 
Figure S1. Pressure, density and gravity magnitude from the

urface to the core–mantle boundary applied in all eight model
et-ups. 

Figure S2. Global present-day instantaneous dynamic topogra-
hy constrained by temperature model with CBF, without CBF and
he residuals. 

Figure S3. Global rate of change since 3 Ma of dynamic topog-
aphy constrained by temperature model with CBF, without CBF
nd the residuals. 

Figure S4. Global present-day instantaneous dynamic topogra-
hy constrained by the boundary condition with CBF, without CBF

nd the residuals. 
Figure S5. Global rate of change since 3 Ma of dynamic topogra-
hy constrained by the boundary condition with CBF, without CBF
nd the residuals. 

Figure S6. Present-day instantaneous dynamic topography con-
trained by the average temperature model over both boundary con-
itions on the US East Coast with CBF, without CBF and the resid-
als. 

Figure S7. Rate of change since 3 Ma of dynamic topography
onstrained by the average temperature model over both boundary
onditions on the US East Coast with CBF, without CBF and the
esiduals. 

Figure S8. Present-day instantaneous dynamic topography con-
trained by the average boundary condition over all three tempera-
ure models on the US East Coast with CBF, without CBF and the
esiduals. 

Figure S9. Rate of change since 3 Ma of dynamic topography
onstrained by the average boundary condition over all three tem-
erature models on the US East Coast with CBF, without CBF and
he residuals. 
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