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Figure S1:  Test of the new coupling method. 
Since the standard method of coupling the ice sheet model to a global sea level 
model as described in Gomez et al. (2012, 2013) becomes substantially more 
computationally costly when lateral variations in Earth structure are introduced 
into the sea level model, in this paper we presented a new methodology for 
coupling ice and sea level models.  Here we present the results of testing 
whether the new method described in the main text converges to the results of 
the standard method adopted in Gomez et. al. (2013).  The blue line in the 
frames below represents the results of a simulation with the standard coupling 
adopting a radially varying Earth model (henceforth called EM1) with 120 km 
thick lithosphere and upper and lower mantle viscosities of 5x1020 Pa s and 5 x 
1021 Pa s, respectively.  The thick black line represents the ice volume changes 
predicted by a simulation with the standard coupling method, adopting a radially 
varying Earth model (henceforth called EM2) with a thin lithosphere of 50 km, a 
low viscosity zone of 1019 Pa s in the upper mantle down to 200 km depth, and 
upper and lower mantle viscosities of 2x1020 Pa s and 3x1021 Pa s, respectively, 
below this depth.  To test the coupling method, we begin by taking the bedrock 
elevation changes predicted from the full simulation with EM1 (dark blue line), 
and feeding them into the ice sheet model (step 1 of the methodology described 
in the main text).  The results of this ice model simulation are shown by the light 
blue line.  Then steps 2-7 of the new coupling methodology described in the main 
text are followed, adopting Earth model EM2.  The rest of the colored lines in the 
figure show the iteratively improved ice history as steps 2-6 of the new 
methodology are repeated.  One can see that the colored lines largely converge 
towards the black line after 4 iterations, confirming that for simulations over the 
last deglaciation, the two coupling methods agree.  Further testing will be 
necessary to demonstrate the performance of this coupling method to higher 
resolution regional simulations and different time periods.  
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Figure S2: Comparison of site-specific RSL predictions with observational 
constraints. Curves on each frame show RSL predictions over the last 12 ky at 
a given site (as labeled; with location of all sites plotted on the map at the 
bottom) based on coupled model simulations that adopt the 3-D (solid black 
lines) and 1-D (dashed red lines) Earth models.  Black markers and error bars 
show field data from the compilation of Briggs and Tarasov (2013).  For James 
Ross Iland, the data are from Hjort et al. (1997) and Roberts et al. (2011).  
Circular markers represent two-way constraints on sea level, and upward and 
downward pointing triangular markers represent one-way lower and upper 
bounds on sea level, respectively.  Black vertical and horizontal lines represent 
error bars in elevation and time, where for the one-way markers, error bars in the 
non-bounded direction for elevation are indeterminate.   
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Figure S3: A comparison of predicted crust uplift rates, in mm/year from 
Figure 5 at Polenet GPS sites.  Labels E1 and E3 refer to simulations adopting 
the 1-D and 3-D Earth models, respectively, and labels I1 and I3 refer to ice 
loading histories predicted from the 1-D and 3-D coupled simulations, 
respectively (A) Crosses represent crustal uplift rate predictions from the coupled 
model simulations with 3-D Earth structure (black crosses) and the coupled 1-D 
Earth structure (red crosses).  (B) Black crosses are as in (A).  Blue crosses 
represent the result of adopting ice history and initial topography from a coupled 
simulation with the 1-D Earth structure in a sea level simulation with 3-D Earth 
structure.  (C) Uplift rates predicted from two sea level simulations that adopt the 
same ice history and initial topography, and the 1-D (blue crosses) and 3-D (red 
crosses) Earth structures.  Polenet GPS Sites are arranged from East to West 
around Antarctica, and lines between the crosses are not physically meaningful, 
they simply help to visualize the differences between the two predictions at each 
site.  Note that the Polenet stations(http://polenet.org/a-net) represent a subset of 
existing, past and future GPS stations in Antarctica. 
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Section and Figure S4: Grid generation 
 
In this section and accompanying figure, we provide a summary of algorithms 
added to the grid generator described in Latychev et al. (2005) that allow us to 
perform an adaptive regional refinement and parallel domain decomposition of 
the resulting global computational grid.  This feature has been used here and in 
other recent applications already, e.g., Goldberg et al. (2016), and Hay et al. 
(2017). The global simulation domain is a shell covering the Earth from the core 
mantle boundary (CMB) to the surface. The 3-D sea level solver can work with 
any tetrahedral grid as long as every subdomain has an overlap and both CMB 
and top surface nodes. 
 
Under these constraints, a distributed grid is most easily constructed in the 
shared memory mode (e.g. on a desktop with about 16 Gb of random memory) to 
ensure grid conformity within the overlaps. The new grid refinement approach is 
based on the well-known red-green algorithm. This is an edge-bisecting 
technique, suitable for adaptive refinement. The initial list of edges to be refined 
usually requires a correction to eliminate degenerated cases such as edge 
crossing, collapsed elements with zero volume, etc.. The procedure of 
constructing a refined grid is as follows:  1) construct a radially stratified grid 
(henceforth “base grid”), 2) extract a sub-grid that contains the region of interest, 
3) refine and/or adjust nodal coordinates and connections to maximize the grid 
quality and 4) attach the modified regional grid back to the base. Steps 2-4 can 
be repeated sequentially if needed. After that, the grid is ready for domain 
decomposition, also performed serially. 
 
We have revised the way to construct the base grid, which is now assembled by 
appending spherical shells at the fully conforming radial interfaces. Panel A 
shows a 45-degree wide cross-section of the 17 million nodes, 67-layer base 
grid. It is a stack of four shells, merged at the 670 km, 220 km and 24.4 km 
depths. The radial structure accommodates major Preliminary Reference Earth 
Model (PREM) interfaces within the mantle and the grid resolution varies from 
~50 km at the CMB to ~12 km at the surface, with higher (lateral and radial) 
resolution possible, as needed. Panel B displays the domain decomposition map 
of this base grid split between 318 CPUs where the color reflects the CPU 
number and the blue lines highlight the overlap.  Note that Panel B does not 
show connections between individual nodes, since the top surface contains 
nearly 2.5 million nodes. For a large enough grid (per CPU) with a laterally 
uniform density, each spherical collar is divided into nearly equal tesseroidal 
subdomains. The angular size of the polar cylinders is reduced deliberately to 
achieve a more balanced decomposition for the rest of the grid. 
 
Panels C-F give a small-scale example of a one-level regional refinement step to 
illustrate the concept. Starting with a base grid in C and a closed contour to mark 
the region’s surface footprint, we select and excavate the region, from the 
surface to some depth.  The excavated region is shown in Panel D, and the 
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remaining base grid in Panel E. The green, yellow and red dots are attached to 
the contour as an aid, since in what follows, objects are rotated for a better view. 
The regional grid is refined in Panel F. In addition, a cross-section under the big 
circle passing through the yellow and red dots is shown in Panel G. To maintain 
grid quality, each refinement is followed up by a Laplace smoothing (grid 
coordinates adjustment), maximum nodal valence (the number of one-ring 
neighbor nodes) and small angle (sliver) cut-off filters. The latter two steps add or 
remove some edges from the original refinement request if conditions calling for 
that are detected. Note that we do not allow any refinement within at least one 
layer of elements from the outer region boundary (i.e. the side and bottom of the 
regional grid, which will be used to attach the regional grid back to the base), as 
this may lead to connectivity issues. In this example (see outer, lower resolution 
regions in Panels F and G) and for the grid refinement under Antarctic adopted in 
this study (see Panels J and K), we reserve two such layers. Before extracting 
the region, the nodes are renumbered in the following way (via, e.g., the 
advancing front method): To the nodes remaining in the base (Panel E), we 
assign the highest nodal numbers, while within the regional grid (Panel F), the 
numbering begins at the boundary. In order to replace the regional grid correctly, 
we save a permutation array that sets a 1:1 nodal number mapping between the 
common boundary nodes in E and D. This is possible because in the course of 
refinement, the boundary is preserved. 
 
Panels H and I continue with the small-scale example in Panels C-G, showing 
grid decomposition into 26 overlapping subdomains, following the topology as in 
Panel B. Some of the subdomains are removed to expose the interior. Note that 
when the grid becomes laterally non-uniform due to a regional refinement, the 
assumption of a constant nodal density, which works for the base grid in Panel B, 
no longer applies: the volume, top and side surface areas of the subdomains 
generally differ.  To overcome this limitation, an iterative algorithm based on a 
generalized Newton method is added that acts to minimize the difference in the 
number of nodes between subdomains, including one-layer of overlap in each 
sub-domain. This is applied in two steps, first to break the base domain into 
spherical collars and then to break each collar into tesseroids. 
 
Using the approach described above, we have applied a regional refinement to 
the base grid under area A1 (Figure 1 in the main text) extending radially to the 
depth of 350 km as shown in Panels J and K, thus including the domain of high 
resolution seismic data. Note that within this depth range, the base grid has been 
refined unilaterally at 220 km and 24.4 km. To avoid clutter, Panel J exposes a 
lateral slice at 220 km, while Panel K zooms in on the area marked with the 
magenta square in Panel J.   
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Section and Figure S5: Composite Earth model construction 
 
3-D Earth structure models of lithospheric thickness variations and viscosity at 
depth derived from seismic results, such as the one adopted in calculations in the 
main text, are built by patching a globally defined model G with a regional, 
usually higher resolution, model R (or more than one regional model, as is the 
case in the 3-D model discussed in the main text).  We have developed an 
algorithm to perform such a patching, and we apply it to produce both a global 
surface grid describing lithospheric thickness, and a set of surface grids at a 
number of depths describing viscosity (henceforth the “model grid”) that serve as 
inputs to the finite volume sea-level solver.  
 
As discussed in the main text, we take the approach of converting seismic 
velocities to viscosity outlined in Latychev et al. (2005), of using mineral physics 
and modeling constraints to map seismic velocity variations to relative 
perturbations in density, then converting to a temperature field through a 
coefficient of thermal expansion. We then assume an exponential dependence of 
viscosity on temperature with a scaling parameter that dictates the strength of the 
viscosity-temperature dependence. Note that in this approach, variations in the 
seismic velocity due to temperature can only be converted to logarithmic 
viscosity multipliers, thus leaving the absolute values (a radial profile) as 
parameters. The lithospheric thickness given in absolute values on input, 
however, is often subject to further normalizations, e.g. to enforce a certain 
global average. Therefore, we aim first to capture variations, reserving the 
adjustment of the global average as a separate step.   
 
Since G and R are defined on different grids (or no grid is available at all), we 
begin by projecting their values onto a common auxiliary triangular grid (R+T), 
covering region R plus some transition zone T. The outermost boundary receives 
values from G, while inside domain R, including its boundary, values are taken 
from the regional data. To ensure a smooth transition, we set up a boundary 
value Poisson (Laplace) problem for the transition zone with the Dirichlet 
boundary conditions along the boundaries of T, utilizing the existing finite volume 
setup.  This choice results in a smooth, bounded solution with no over/under-
shots and is even physically motivated, since the steady-state temperature 
distribution is governed by the Poisson equation.  Assuming that we trust model 
G on average over the area covered by R+T, we compute averages of both 
models R (including the transition zone T) and G over region R+T and adjust the 
regional average to match the global average. Note that we use the numerically 
computed values within T to assess the regional average over T.  After such an 
adjustment, the boundary conditions on the common boundary between R and T 
change and we repeat the above process iteratively. Usually performing 2-4 
iterations is sufficient to reach convergence. Finally, we interpolate values from 
R+T back to the global model grid. Variations of the algorithm include cases 
where we have absolute constraints within R, and thus need to adjust the global 
average to match the regional average. In the figure, we show the result of 
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incorporating regional lithospheric variations from An et al (2015) defined over 
the Antarctic plate into the global model of Conrad-Lithgow-Bertelloni (CLB). The 
latter is shown in Panel A, while the resulting composite model used in our 
simulations is shown in Panel B. The lithospheric thickness on both is in 
kilometers. Panel C shows the map of R and T with the auxiliary grid 
superimposed. In this particular case, we had to shrink the original R for two 
reasons: Plate boundaries encircling much of the Antarctic Plate that the CLB 
model captures well, and the large reported uncertainties away from the 
continental Antarctic in the An et al. (2015) model. 
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