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ABSTRACT

The pseudo-spectral form of the sea level equation (SLE) requires the approximation of a radially-symmetric
visco-elastic Earth. Thus, the resulting predictions of sea level change (SLC) and glacial isostatic adjustment
(GIA) often ignore lateral variations in the Earth structure. Here, we assess the capabilities of a Multiple 1D Earth
Approach (M1DEA) applied to large-scale ice load components with different Earth structures to account for
these variations. In this approach the total SLC and GIA responses result from the superposition of individual
responses from each load component, each computed globally assuming locally-appropriate 1D Earth structures.
We apply the M1DEA to three separate regions (East Antarctica, West Antarctica, and outside Antarctica) to
analyze uplift rates for a range of Earth structures and different ice loads at various distances. We find that the
uplift response is mostly sensitive to the local Earth structure, which supports the usefulness of the M1DEA.
However, stresses transmitted across rheological boundaries (e.g., producing peripheral bulges) present chal-
lenges for the M1DEA, but can be minimized under two conditions: (1) If the considered time period of ice
loading for each component is consistent with the relaxation time of the local Earth structure. (2) If the load
components can be subdivided according to the scale of the lateral variations in Earth structure. Overall, our
results indicate that M1DEA could be a computationally much cheaper alternative to 3D finite element models,
but further work is needed to quantify the relative accuracy of both methods for different resolutions, loads, and

Earth structure variations.

1. Introduction

Accurate models of glacial isostatic adjustment (GIA) are essential
for inferring present-day ice loss measurements and sea level changes
from geodetic observations. It has been widely established that pre-
dicting sea level change (SLC) related to current and past melting
events, and the associated GIA of the solid Earth, can be accomplished
using the pseudo-spectral form of the sea level equation (SLE)
(Mitrovica and Peltier, 1991), based on the sea level theory of Farrell
and Clark (1976). Advanced formulations account for the feedback of a
rotating Earth (Milne and Mitrovica, 1998), grounding line migration,
and shoreline migration (Milne et al., 1999; Kendall et al., 2005), all of
which increase the accuracy of the predictions. But since the spectral
solutions to the SLE require the approximation of a radially-symmetric
visco-elastic Earth, these predictions cannot include lateral variations in
Earth structure (e.g., Peltier et al., 2015; Martin-Espanol et al., 2016).

Most regional models account for a 3D Earth structure by using a
spatial form of the SLE in a finite element approach (Nield et al., 2018),
which is computationally costly when applied on a global scale. A
different approximation, recently used for GIA models of Greenland
(Khan et al., 2016) and Antarctica (Sasgen et al., 2017, 2018), computes
the GIA response to deglaciation in each regional basin separately, and
sums the contributions. These individual GIA computations utilize dif-
ferent spherically-symmetric (1D) Earth structures, each chosen to be
locally-appropriate for the basin that they represent. Their results
suggest that such a “Multiple 1D Earth Approach” (M1DEA) can in-
crease the accuracy of the predictions for SLC rates and GIA uplift rates
compared to approaches based on a single 1D Earth structure. However,
no detailed sensitivity analysis for such an approach is yet available.
Thus, it is still undetermined where the M1DEA improves GIA models
with lateral variations in viscosity or where the neglected interaction of
the individual Earth structures degrades such GIA models. For example,
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the long wavelength response to local loading or global effects like the
rotational feedback (RFB) have not been characterized for M1DEA
models.

Antarctica provides an appropriate setup to analyze the capabilities
of the M1DEA on large-scale load components, as East and West
Antarctica differ geologically (e.g., Harley et al., 2013) and in their li-
thospheric (e.g., An et al., 2015) and viscosity structures (e.g., van der
Wal et al., 2015).

In this paper, we explore the impact of variations in Earth structure
on local uplift rates for loads at various distances, with a focus on
Antarctic deglaciation. Based on these results, we provide a preliminary
assessment of the applicability of M1DEA to account for lateral varia-
tions in Earth's rheology structure. While our results focus on the im-
pact of lateral variations as implemented in M1DEA, our discussion uses
their implications to motivate further investigations, especially future
tests between M1DEA and full 3D models.

2. Multiple 1D Earth Approach (M1DEA)

The redistribution of mass by surface loads affects the equipotential
sea surface (also defined as the Geoid) and the solid surface of the
Earth. The local difference of both displacements describes the SLC
(e.g., Mitrovica and Peltier, 1991; Milne and Mitrovica, 1998):

Here, N is the deformation of the geoid, U is the radial displacement of
the solid Earth, and S is the resulting SLC. 9, ¢, and t denote longitude,
latitude, and time, respectively. O is the ocean function (Munk and
MacDonald, 1960), which limits the sea level to oceanic regions.

In the pseudo-spectral form of the SLE the predicted deformations
W = {S, U, N} and their corresponding rates 3 = {s, u, n} = 9, ¥ are
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linear to the applied load L. Thus, total present-day rates are the su-
perposition of all rates induced by the different regional components of
the ice load using the same global 1D Earth model (Fig. 1(a)):

¢ﬁ(e, @, L, z Lreg) = Z d)ﬁ(e, e, L, Lreg)
reg reg 2

Here, the subscript reg indicates the various regional load components,
which are applied individually. The subscript ID denotes the global 1D
Earth structure. In order to account for lateral variations, the Multiple
1D Earth Approach (M1DEA) uses a specific regional 1D Earth structure
1D, for each regional load component (Fig. 1(b)):

leDEA(S’ 28 t’ z Lreg) = Z wlDrcg(s’ P, t’ Lreg)
reg reg (3)

In the M1DEA approximation, each 1D Earth structure is applied
globally for a given load, even though it may not be valid away from the
regional load. Hence, the combined rates at any point contain the
contributions of multiple relaxation behaviors from all Earth structures
at that point. Our preinvestigation (see Appendix B: Fig. B.1) shows that
the uplift rate in each region is mostly dominated by the local loading
and that the effect of loading in regions at great distances is generally
small. This implies that variations in the Earth structure of distant re-
gions should have a minor effect as well (Fig. 1(c)). Aware of the in-
herent inaccuracy of the M1DEA, we evaluate the capabilities of this
approach in this paper. The first step is to study the effect of large-scale
variations between entire ice sheets, although the M1DEA can be used
for small-scale variations as well.

We calculate the various predictions of SLC S, ground surface dis-
placement U, and sea surface displacement N, and their corresponding
present-day rates ¥ = {s, u, n}, using a modified version of SELEN
2.9.12 (Spada and Stocchi, 2007; Spada et al., 2012, 2015). This open

Earth structure 1D

Load B Load B

LoadB ., LoadA Load B
~ _
~ 1D 1Dreg
Load region B

Earth structure 7D
Earth structure 1Dyegq

Fig. 1. (a) “Standard” solution to the 1D SLE: A sketch of the superposition of load components A (red) and B (blue) each sitting above the same radially-symmetric
average Earth structure ID (Eq. (2)), (b) Idea of the M1DEA: A sketch of the superposition of load components A (red) and B (blue) on different radially-symmetric
Earth structures ID and 1D, each describing the local structure beneath the load components A and B, respectively (Eq. (3)), (c) Schematic rates (e.g., rates of
uplift) induced by the load component A on the average Earth ID (solid red line), the load component B on the average Earth ID (solid blue line), and the load
component B on the regional Earth 1D,.; (dashed blue line). The M1DEA approximation works under the assumption that the induced rates are largest in the region of
the corresponding load component (red and blue areas) and decrease outside this region. For the M1DEA, it is thus required that changes in the Earth structure
beneath region B mostly only affect rates for region B, and not (much) for region A as well. (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)
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source software package is based on the pseudo-spectral SLE (Mitrovica
and Peltier, 1991) for an incompressible, non-rotating Earth with fixed
shorelines. Further, water expulsion is not considered. However, we
have modified the code to consider the rotational feedback (RFB) of the
rotating Earth (Milne and Mitrovica, 1998; Mitrovica et al., 2001,
2005). Details on the implementation and the availability of the mod-
ified code can be found in Appendix C. This is done to investigate the
effect of the M1DEA on global features like the RFB in addition to the
local loading response. The calculations truncate the SLE at spherical
harmonic degree l,,o, = 128, which gives a sufficient resolution for our
aim - the assessment of the M1DEA for large-scale variations in the
Earth structure. All numerical parameters of SELEN, which are used for
all calculations, are summarized in Table A.1.

3. Test cases for the M1DEA

The SLE in SELEN basically depends on two physical quantities, the
applied load and a 1D visco-elastic structure of the Earth. Here, we
briefly introduce first the Earth structures and ice loading scenarios
used for analysis of Earth structure variations, and afterwards our
sensitivity analysis itself.

3.1. Earth structures

All tests use an Earth structure with a general setting of six layers:
the core, the lower mantle (LM), the transition zone (TZ), the deep
upper mantle (DUM), the shallow upper mantle (SUM), and the elastic
lithosphere (EL) (Table A.2). The Earth structure defines the density p,
the shear modulus G, and the viscosity u of these layers, which are time-
independent as SELEN assumes an incompressible Earth and does not
include stress-dependent terms. The density and shear moduli within
each layer are averaged values based on the PREM model (Dziewonski
and Anderson, 1981), and only the core is assumed to be inviscid with a
shear modulus set to G = 0 and a viscosity of u = 0. Furthermore, the
basal depths of the mantle layers are fixed and the lithosphere is treated
as purely elastic.

Common 1D Earth structures for SLC or GIA predictions are the
global structure VM5a (Peltier and Drummond, 2008) and the optimum
Earth model of the W12 GIA model (Whitehouse et al., 2012b). These
Earth structures typically use viscosities around y = 10?! Pas in the
upper mantle and u e [10*'®°, 10%*] Pas in the lower mantle. Such a
relatively stiff Earth structure is represented in our tests by the Earth
structure W12,,4, (Fig. 2, blue line). Recent estimates predict very low
viscosities in the upper mantle for several regions of West Antarctica
(Barletta et al., 2018; Zhao et al., 2017; Nield et al., 2014). We follow
the optimal model of Barletta et al. (2018) in the upper mantle together
with a lower mantle viscosity of u = 10**°Pas (Fig. 2, red line) to
represent such a low-viscosity Earth structure.

Upper mantle viscosities vary across orders of magnitude. In order
to determine their impact on local uplift rates, we test 192 different
combinations over a large range of upper mantle viscosities and elastic
thicknesses (Fig. 2: gray zone, Table A.3). This allows for an individual
analysis of viscosity and EL variations.

3.2. Load components

The results shown are calculated using the long-term loading sce-
nario ICE-6G_C (Argus et al., 2014; Peltier et al., 2015) (hereafter ICE-
6G) subdivided into several regional components. Since SELEN cannot
account for shoreline and grounding line migration, we corrected the
total ice thicknesses of the ICE-6G data for marine-grounded ice by the
present-day bathymetry ETOPO (Amante and Eakins, 2009) outside
Antarctica and BEDMAP2 (Fretwell et al., 2013) within the Antarctic
region. The correction scheme is documented in Appendix A (Eq. (A.1),
Fig. A.1, Table A.4).
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Fig. 2. Applied viscosity profiles: The colored lines show the profiles for the
specific tests applied. The dark gray dots represent the different considered
values for the viscosities of the upper mantle layers in the sensitivity analysis.
The covered range is shaded in lighter gray. The gray and white shaded portion
illustrates the range that can be viscous or elastic depending on the chosen EL
thickness. The explicit values for all Earth structures are summarized in Table
A.3. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

Far-distant variations

We split ICE-6G at a latitude of 60°S into an Antarctic component
ICE-6ant and a Non-Antarctic component ICE-6far (Fig. 3). ICE-6far is
then dominated by the ice volume change in the northern hemisphere.
These two components are used to determine the impact of viscosity
and EL variations at great distances from the locations of predicted
uplift.

Near-distant variations

The impact of the local variations of viscosity and EL are explored
for neighboring regions East and West Antarctica. Here, we additionally
divide the Antarctic component of the long-term scenario ICE-6G into
an East Antarctic component ICE-6eant and a West Antarctic compo-
nent ICE-6want (Fig. 3). In addition to the analysis for long-term
loading (ICE-6G), we define the loading scenarios WANT, and
WANT] oo to include the effect of present and most recent ice loss in the
sensitivity analysis. Therefore, we approximate the present-day ice loss
in West Antarctica with 165 % and a constant present-day ice balance

for East Antarctica (+ 0 %), according to several estimates (Jacob et al.,
2012; The IMBIE team, 2018; Chen et al., 2009; Rignot et al., 2008).
This corresponds to an eustatic sea level change of ~ 0.46 % The West
Antarctic ice loss is uniformly distributed over the present-day area of
the West Antarctic region for consistency with separation of the long-
term components. The loading scenario WANT; o assumes a century of
this rate of ice loss before present. The loading scenario WANT, is a
one-year scenario with melting at the present rate.

3.3. Sensitivity analysis

We define the specific impact due to a particular Earth structure
variation beneath a given region of loading as following: Assume ice
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Fig. 3. (a) Ice volume of the corrected loading scenario ICE-6G referenced to
the present state (zero loading at t = 0). The global volume (green line) is di-
vided into the specific components (color shaded zones). The Antarctic com-
ponent (blue line) consists of the East and West Antarctic components (blue
shaded zones). The red line indicates the last glacial maximum (LGM). The right
scale indicates the eustatic sea level (ESL) relative to the present state. (b) Ice
extent at the LGM relative to the present state for the ICE-6far component. (c)
Ice extent at the LGM relative to the present state for the ICE-6ant component.
The orange line marks the border between the East and West Antarctic com-
ponents. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

load in region B is modeled with an Earth structure v, and ice load in
region A (outside B) is modeled with an Earth structure w. The impact
caused by the varied structure v on the predicted rates ¢ = {s, u, n} is
the difference Ay between the predicted M1DEA rates and the
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predictions using only Earth structure w:

AZ,D = leDEA - Ilbhomog = (l\bA,w + zle,v) - (zle,w + ¢B,w) = IIJB,V - zle,w
(€]

The (globally defined) difference Ay is expected to be large in region B,
where the M1DEA rates account for the varying structure v. However,
the area of interest is region A, where the M1DEA rates include the
changed contribution from load component B with Earth structure v.
Small differences Ay in region A imply a low impact of the Earth
structure v in region B on the rates in region A, which would indicate a
good applicability for the M1DEA in this specific combination.

Further, we can estimate a mean impact expected in region A due to
any variation of the Earth structure in region B, which is then simply
the mean of all tested “specific impacts” (Eq. (4)):

a9 =

1
I - |
Nmod v,zw ¢B,v IﬂbB,w (5)

N4 is then the number of combinations of Earth structures v and w.
Both, specific and mean impact, are given in absolute values of dis-
placement rates and of course have to be interpreted locally with re-
spect to the predicted rates (9, ¢) at that point.

4. Results

Both SLC and GIA uplift rates contain an elastic contribution from
present loading and a viscous contribution from past loading. Here, we
show the sensitivity of these contributions to variations of the Earth
structure — exemplary for the uplift rates and GIA modeling.

4.1. Impact on the elastic contribution

We test the sensitivity of the elastic contribution by studying the
elastic response to uniform present-day Antarctic ice loss (WANT)). In
the pseudo-spectral SLE the elastic contribution is affected only by
thickness, density, and shear modulus of the EL. In our setup only EL
thickness variations affect the elastic contribution, since density and
shear modulus are changed implicitly using the PREM average within
each layer. However, even the largest EL variation in our test range
(40km vs. 120 km) causes at most only |Au| < 5 um directly along the
margins of the ice load (Fig. 4). Everywhere else this effect is even
smaller such that |Au| <1 um. This is <1% of the eustatic rate of
WANT,,. Thus, the impact of EL variations — in a reliable range — on
uplift rates induced by WANT,, can be seen as neglectable.

o

‘ ‘ -> mm/yr

-0.005 -0.004 -0.003 -0.002 -0.001 0.000 0.001 0.002 0.003 0.004 0.005

Fig. 4. Difference of the elastic uplift rate from the present-day loading scenario WANT,; between an elastic lithosphere of dg;, = 120 km and dg;, = 40 km. (The

colored figure is available in the web version of this article.)
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Fig. 5. Mean impact Au (Eq. (5)) of Earth structure variations on present-day
GIA uplift rates, for the different components of the ICE-6G loading scenario.
The variations shown here should be compared to uplift rates of u =~ 5";—':1,

which are typical of GIA processes.

Top: Mean impact for far-distant variations. (a) EL variations for ICE-6far, (b)
viscosity variations for ICE-6far, (c) EL variations for ICE-6ant, (d) viscosity
variations for ICE-6ant. The mean impact in (a),(c) comprises Np,oq = 96 model
combinations using an EL variation of dg;, = 120 km to dg;, = 40 km with non-
varying viscosities psympumtz2 The mean impact in (b),(d) comprises
Nmod = 1269 model combinations using a constant EL thickness of
dg;, = 120 km with combinatorial varying viscosities isym, pum,z Within the test
range between local and far-field Earth structure. The gray line in (a)—(d) marks
the separation of Antarctic and Non-Antarctic regions.

Bottom: Mean impact of near-distant variations. (e) EL variations for ICE-
6eant. (f) EL variations for ICE-6want. The mean impact in (e),(f) comprises
Nioda = 96 model combinations using an EL variation of dg;, = 120km to
dg;, = 60 km with non-varying viscosities pgym pum,1z- (g) Viscosity variations
for ICE-6eant. (h) viscosity variations for ICE-6want. The mean impact in (g),(h)
comprises Nj,oq = 47 model combinations using a constant EL thickness of
dg;, = 120km, the W12, for East Antarctica and varying viscosities
Hsum,pum,Tz Within the test range for the West Antarctica Earth structure. The
gray line in (e)-(h) marks the separation of the East and West Antarctic regions.
(For interpretation of the references to color in the text, the reader is referred to
the web version of this article.)

4.2. Impact on the viscous contribution

We test the sensitivity of the viscous contribution by examining the
GIA response to the long-term ice loading scenario ICE-6G. Generally,
the viscous contribution is affected by both EL variations and viscosity
variations. We found that Earth structure variations at great distances
show a neglectable mean impact (Eq. (5)) on the local uplift rates for
both types of variations. We compute the mean impact of the EL var-
iations (Fig. 5(a),(c)) from the 96 model combinations with the largest
EL variation within our test range (dg;, = 120 km vs. dg;, = 40 km) in
combination with non-varying viscosities pisym pum,Tz-

The mean impact of the viscosity variations (Fig. 5(b),(d)) involves
the 1269 model combinations with varying viscosities between the
Antarctic and Non-Antarctic Earth structure based on all 48 viscosity
settings in the Antarctic region and 27 settings in the Non-Antarctic
region (excl. psympum = 10'®Pas). The EL thickness in both Earth
structures is held at dg; = 120 km. Both load components (ICE-6far,
ICE-6ant) show a large mean impact Au > 0.6% in their local region
around their characteristic distribution of the ice load (Fig. 5(a)—(d),
red/black areas), where we account for the variations, but only a minor
impact of Au < 0.2";—':' (white/yellow areas) in their far-field region.
These mean impacts on uplift rate should be compared to uplift rates of
U~ 5%, which is a typical value for the main pattern of uplift in
Antarctica from the ICE-6G(VM5a) loading scenario (Argus et al.,
2014).

We analyzed in the same manner the mean impact of variations at
near distances via the load components ICE-6eant and ICE-6want
(Fig. 5(e)—(h)). For EL variations, we computed the mean impact of 96
model combinations of non-varying viscosities, but with an EL variation
of dgi, = 120 km vs. dg, = 60 km (Fig. 5(e),(f)). Again the EL variations
exert a negligible impact on the uplift rates of the neighboring region.
For viscosity variations, the mean impact is based on the assumption of
a stiff East Antarctic Earth structure. We assume the East Antarctic
Earth structure to follow W12.,,,. Thus the mean impact involves the
47 model combinations with differing viscosities and an EL thickness of
dgr, = 120km (Fig. 5(g),(h)). The viscosity variations show a much
larger mean impact in the neighboring regions. Especially variations
beneath West Antarctica, which affect the response to ICE-6want, can
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have a significant influence in large areas of East Antarctica (Fig. 5(h)).
However, these results (Fig. 5) are based only on the long-term loading
of ICE-6G. Next, we demonstrate how this impact in neighboring re-
gions can decrease if the considered time period of loading matches the
relaxation behavior of the Earth structure.

4.3. Influence of the time period of loading

Here, we apply the M1DEA to consider the different Earth structures
beneath East and West Antarctica. East Antarctica uses the stiff Earth
structure (W12, blue line in Fig. 2) while West Antarctica uses the
low-viscosity estimate (BAReaw, red line in Fig. 2). The present-day
uplift rates from only long-term loads (Fig. 6(a)) show large amplitudes
in East Antarctica, where the GIA is still ongoing due to the slow re-
laxation of the rigid Earth structure. The uplift rates in West Antarctica
are drastically smaller, since the faster relaxation of the less viscous
Earth causes a nearly finalized GIA. On one hand the impact of the more
rigid East Antarctic Earth structure on the West Antarctic uplift rates
(Eq. (4)) results from the “unexpected” slow relaxation of East Ant-
arctica, but is mostly limited to the margins along the transition of both
load components (Fig. 6(b)). On the other hand the “missing” long-term
load signal of the fast relaxing West Antarctica causes the large impact
on neighboring stiff regions (Fig. 6(c)).

In the case of a fast relaxing low-viscosity Earth structure, recent
deglaciation is the major contribution to the present-day uplift rates, as
observed if WANT ¢ is included additionally to the loading scenario
(Fig. 6(d)). This leads to an enormous reduction in the differences in-
duced by the less viscous West Antarctic structure (Fig. 6(f)). The dif-
ferences mainly follow variations in the spatial distribution of West
Antarctic ice loss between the long-term and recent loads. The only
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strong anomaly remaining as impact on the East Antarctic uplift rates is
a tiny belt of subsidence from the collapsing bulges around the recent
load (Fig. 6(f)).

Alternatively, the W12 ice loading scenario (Whitehouse et al.,
2012a,b) can be used as a long-term model. Using W12 loading con-
firms the results using ICE-6G (Figs. 5 and 6), resulting in similar mean
impacts and even smaller differences when the recent load is included
(see Appendix B: Figs. B.2 and B.3).

5. Assessment of the M1DEA

The existing global predictions of SLC and GIA (e.g., ICE-6G(VMb5a),
Peltier et al., 2015), which are based on a classical radially-symmetric
Earth structure, are not able to explain regionally-observed rapid uplift
rates, e.g., in the Amundsen Sea Embayment (Barletta et al., 2018). The
presented M1DEA and recent similar approaches (Khan et al., 2016;
Sasgen et al., 2017, 2018) can implement a locally-appropriate Earth
structure and therefore allow us to consider lateral variations in Earth
structure. As our sensitivity analysis of the M1DEA (Fig. 5) reveals, a
considered variation of the Earth structure for a specific load compo-
nent affects mainly the region of the load component itself and a re-
latively narrow region surrounding it. For an ice history involving both
long-term and recent loading, the M1DEA improves estimates of SLC
and GIA in regions with strong viscosity variations compared to using a
single 1D Earth structure. According to the analysis of Paulson et al.
(2005), displacement rates are strongly sensitive to the local viscosity
structure beneath the load and observation point, and less related to the
global mean structure. This supports the application of the M1DEA to
account for viscosity anomalies below the different load components,
although the M1DEA cannot consider potential viscosity anomalies for

o
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Fig. 6. M1DEA applied for Antarctic deglaciation using a strong lateral contrast (rigid East Antarctic structure W12.,., and super low-viscosity West Antarctic

structure BARan, See Table A.3, Fig. 2).

Top row: Using only long-term loads of ICE-6G components: (a) Combined uplift rates, (b) Differences Au (Eq. (4)) between the combined and homogeneous uplift
rates of the low-viscosity Earth structure, (c) Differences Au between the combined and homogeneous uplift rates of the rigid Earth structure.

Bottom row: Using long-term loads of ICE-6G components and recent load (WANT;¢0): (d) Combined uplift rates, (e) Differences Au between the combined and
homogeneous uplift rates of the low-viscosity Earth structure, (f) Differences Au between the combined and homogeneous uplift rates of the rigid Earth structure. The
gray line marks the separation of East and West Antarctica. (The colored figure is available in the web version of this article.)
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the observation points. Such a treatment requires a fully 3D finite ele-
ment model (Paulson et al., 2005).

Nevertheless, the M1DEA represents a straight-forward approx-
imation to test the effect of lateral variations in Earth structure. In
particular, the combined rates of the M1DEA result from multiple de-
finitions of a globally uniform relaxation behavior. Thus, they contain
contributions from the various different load components, each mod-
eled with a different and locally-appropriate Earth structure. By con-
trast, the globally uniform relaxation behavior of a 1D Earth structure
implies spatially symmetric transmission of stresses and flow patterns
around any load. Using only a single 1D Earth structure, the equal re-
laxation behavior compensates the influence of neighboring load
components. The superposition of uplift and SLC rates from different
uniform relaxation behaviors interrupts this implicit compensation
between neighboring regions.

Compared to full 3D finite element/volume solutions any asym-
metric transmission of stresses at the margins of the neighboring
components is neglected by the M1DEA (Khan et al., 2016; Sasgen
et al., 2018). The differences between a full 3D model and M1DEA
solutions are thus expected to be largest along the margins of neigh-
boring regions with different Earth structures. In particular, peripheral
bulges within the M1DEA are predicted from the Earth structure be-
neath the corresponding load component, even if the bulge might be
located in a neighboring region with a different Earth structure (Fig. 7).
Our sensitivity analysis (Fig. 5(e)-(h)) clearly reveals this bulge impact
in the neighboring region, and illustrates what may be the largest
source of modeling error associated with the M1DEA. However, our
results for Antarctica are consistent with the recent comparison of a 3D
vs. 1D Earth structure by Hay et al. (2017), who used a finite volume
model.

In the following we discuss the impact of this cross-region effect for
the different parameters of the Earth structure and different aspects of
M1DEA solutions, and how it can be minimized.
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5.1. Modeling variations in elastic lithosphere

In general, the influence of the EL thickness on present-day uplift
rates becomes apparent in small-scale variations of the viscous (post-
glacial) response. These variations mainly affect the short wavelength
patterns of uplift rates related to small-scale structures of the chosen
loading scenario. A thinner EL increases the amplitudes and shortens
the wavelength of the predicted uplift rates, compared to the thicker EL.
This behavior is also demonstrated by the 3D approach of Nield et al.
(2018). The mean impact Au (Eq. (5)) from EL variations is strongly
limited to each region and shows only neglectable effects on other re-
gions (far-distant and near-distant, Fig. 5(a),(c),(e),(f)). This indicates
reasonable results for the M1DEA when considering EL variations in the
predictions of viscous uplift rates, despite the neglected asymmetric
transmission of stresses.

The elastic response of the Earth shows a neglectable sensitivity to
strong variations of the EL thickness (Fig. 4). Consequently, no sig-
nificant accuracy is gained, but also no bias is introduced, by the
M1DEA in the predicted elastic contribution. This enhances the findings
of Mitrovica et al. (2011), and confirms the typical fingerprint character
of the elastic contribution mainly determined by the location and
amount of (ice or water) load.

5.2. Modeling variations in upper mantle viscosities

Laterally-varying upper mantle viscosities affect the entire large-
scale uplift pattern including both the region of ice loading and the
surrounding bulges in the near-field of the local ice load. Hence, the
mean impact Au (Eq. (5)) of viscosity variations beneath near-distant
and neighboring loads shows a potentially large influence on the local
rates (Fig. 5(g),(h)), whereas the effect of a viscosity variation beneath
a far-distant load remains locally still neglectable (Fig. 5(b),(d)).

Strong contrasts of the upper mantle viscosities between

M1DEA: Antarctica Realistic transition: Antarctica
West | East West | East
! ]
v ' v 2
4 4 4 *

slow relaxation

fast relaxation

low-viscous Earth structure

(a)

~,
~

fast relaxation

1
i
1
T
i
1
1
1
1
1
1
1
1
1
1

I
low-viscous Earth structure| rigid Earth structure

(b)

Fig. 7. Schematic GIA effect for a load (dashed blue) on a low-viscosity Earth structure (like West Antarctica) in the direct vicinity of a transition to a high-viscosity
Earth structure (like East Antarctica). The red dashed line marks the border between both regions. The brown area is the initial state of the EL. The solid brown lines
mark the state after the full relaxation of the low-viscosity structure. The dashed brown lines show the state after the full relaxation of the high-viscosity structure.
The orange arrows indicate the mantle flow, and the black arrows the observed uplift rates during the fast relaxation. (a) The predicted relaxation by the M1DEA
assumes a globally West Antarctic structure with a laterally-symmetric relaxation. As the entire load is located on the low-viscosity structure, the bulge in East
Antarctica still follows the fast relaxation. The GIA is already finalized after the fast relaxation (solid brown = dashed brown). (b) The relaxation of a realistic
transition introduces an asymmetric initial deformation. The low-viscosity side fully relaxes in the first phase with large mantle flow and large uplift rates. The high-
viscosity side is characterized by a different initial deformation of longer wavelength and smaller amplitude, and relaxes only slowly with less mantle flow and small
uplift rates during the first period of faster relaxation. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article.)
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neighboring regions cause large differences in their time scales of re-
laxation. High viscosities lead to a slow relaxation with present-day
rates most sensitive to ice loading at 1 to 100kyr before present,
whereas low viscosities result in a much faster relaxation, with the
highest amplification resulting from ice loading that happened decades
or centuries ago. For the M1DEA, this results in two magnifying effects:
First, the stronger contrasts result in larger differences in rates between
regions due to inhomogeneous compensation of bulges from connected
loads. Second, the fast relaxation for low-viscosity Earth structures can
diminish the local contribution to the rates obtained from long-term
loading scenarios (Fig. 6(a)). Both yield large impacts Au (Eq. (4)) on
local uplift rates along the margins of neighboring load components
with strong viscosity contrasts between them (Fig. 6(a)-(c)), according
to the general discussion above.

We clearly demonstrate that the inclusion of a recent ice load in a
region of fast relaxation can drastically reduce the specific impact Au
(Eq. (4)) of the low-viscosity region on neighboring regions
(Fig. 6(d)-(f)), in particular if recent and long-term loading act in
parallel (e.g., ice loss for both). The recent ice loss introduces an ad-
ditional contribution, which recovers the dominance of the contribution
from the local load component in the local rates (compare the West
Antarctic region in Fig. 6(d) vs. (a)). Further, the rapid response to the
recent ice loss compensates the missing counterpart of the peripheral
bulge at the margins of neighboring deglaciating regions, which mimics
to some degree the behavior of a 3D Earth structure as observed in Hay
et al. (2017). Depending on the recent ice change, this effect will be
largest for strong contrasts that include very low viscosities. How ac-
curately this synthetic combination embodies the actual 3D effects at
the margins cannot be explicitly clarified in this paper and must be
tested against a full 3D finite element approach using various lateral
Earth structure variations for a range of grid resolutions and maximum
spherical degrees, respectively.

Any type of modeling that includes lateral variations of upper
mantle viscosities requires regional components that deglaciate at the
time scales of their regional relaxation. Thus, the M1DEA provides a
computationally cheap way to assess the effect of even strong lateral
variations of upper mantle viscosity between large-scale load compo-
nents.

5.3. Modeling with large-scale and small-scale components

Assuming the same arbitrary Earth structure, a large-scale load is
associated with stronger bulges of longer wavelength than a small-scale
load. Consequently, large-scale loads have a bigger bulge impact Au
(Eq. (4)) on the rates in the neighboring region. Also, a strong contrast
in the Earth structure between neighboring load components leads to a
broader bulge impact along the Earth structure variation. Introducing
more small-scale components in the vicinity of a strongly varying Earth
structure (e.g., the Trans Antarctic mountains) allows M1DEA to ad-
dress variations in Earth structure more continuously with smaller
contrasts. This should significantly reduce the big bulge impacts in such
regions, since:

e The smaller contrasts may introduce bulges that better compensate
each other, like uniform structures would do.

e Smaller scale load components affect narrower margins along the
transition.

The tests in this paper are based on large-scale components with rela-
tively strong contrasts between their Earth structures and do not in-
clude a small-scale load transition. Therefore, the obtained differences
should define an upper limit for the amplitude and wavelength of the
bulge impact of the neighboring Earth structure along the margin.
Nevertheless, these models already show differences, which justify the
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application of the M1DEA. Thus with the addition of a small-scale load
transition, the M1DEA would seem to offer great capabilities to model
GIA and SLC for lateral variations in Earth structure for relatively small
computational cost. Recent GIA models for Greenland (Khan et al.,
2016) and Antarctica (Sasgen et al., 2017, 2018) have already started to
use the M1DEA with small-scale components. However, it cannot
completely be ruled out that very large contrasts on a small scale within
the 3D Earth structure may compromise the accuracy of the M1DEA.
Here as well, further tests against fully 3D finite element models are
needed to investigate the accuracy of the M1DEA along the transition
between neighboring Earth structures for continuous variations with
small-scale load components. These tests should consider many para-
meters for both approaches, e.g., the grid resolution of the finite ele-
ment model, the maximum spherical harmonic degree of the M1DEA,
the number and size of load components in the M1DEA, in order to
compare both approaches in accuracy and computation time.

5.4. Modeling rotational feedback

Above we discussed the possible local artifacts of the M1DEA that
are directly linked to the margins of neighboring load components.
These are of course the most obvious uncertainties. Beside these local
effects, SLC and GIA also include global features that are mainly de-
coupled from the load location, e.g., the RFB. The RFB always appears
with a spherical harmonic (2,1)-pattern varying in amplitude de-
pending on load amount, load position, loading time, and the Earth
structure. The M1DEA simply combines classical 1D SLE solutions for
multiple load components with global 1D Earth structures, which are
locally-appropriate (Eq. (3)). Thus, the RFB contribution of each solu-
tion assumes the locally-appropriate Earth structure to be globally
valid. Consequently, we cannot rule out that including RFB within the
MI1DEA might over- or underestimate the RFB contribution of some
load components compared to the real 3D rheology structure of the
entire Earth, which can affect coupling to other harmonics on a self-
gravitationally consistent Earth (Paulson et al., 2005).

To deal with this problem following the idea of the M1DEA, we
suggest that either an estimate of the total RFB by a mean Earth
structure (i.e., less M1DEA) or a separate modeling of the ocean load of
each component with a consistent oceanic Earth structure (i.e., even
more M1DEA!) can reduce this uncertainty and increase the accuracy of
the estimated total RFB. However, our calculations show that the
Antarctic load components induce too little viscous RFB - most probably
due to their location too close to the South pole - to satisfy a detailed
analysis of the RFB approximation within the M1DEA that would be
comparable to the treatment by Paulson et al. (2005).

6. Conclusions

We tested a new approach for using the pseudo-spectral form of the
sea level equation (SLE) to account for lateral variations in Earth
structure, namely upper mantle viscosities and elastic thickness of the
lithosphere. This Multiple 1D Earth Approach (M1DEA) predicts global
sea level change (SLC) and ground uplift rates using the superposition
of separately calculated solutions of the pseudo-spectral SLE for each
regional component of the ice load. Lateral heterogeneity in Earth
structure is accommodated in M1DEA by utilizing different, locally-
appropriate, 1D Earth structures for each individual solution. Our
analysis of the sensitivity of local uplift rates to variations in Earth
structure suggests:

1. The elastic contribution of SLC and uplift rates is (nearly) in-
dependent from Earth structure variations. Therefore, the M1DEA is
applicable without any bias, but also without much benefit, for the
predictions of elastic sea level fingerprints.
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2. The viscous contribution is strongly affected by Earth structure
variations. However, the effect of variations in elastic thickness of
the lithosphere is locally limited, meaning that the M1DEA can
usefully account for such variations.

3. The viscous contribution to SLC and uplift rates depends on the local
viscosity structure but also to some degree on the viscous structure
of neighboring regions. This inability to adequately handle periph-
eral bulges that extend into neighboring regions with differing
viscosity structures is a limitation of the M1DEA. However, the
M1DEA can account for viscosity variations if:

(a) Each regional load component includes deglaciation associated
with its individual time scale of relaxation, i.e., short-timescale
loads are present in fast-relaxing regions (such as West
Antarctica), and longer-timescale loads are present in more
slowly relaxing regions (such as East Antarctica).

(b) The load is subdivided into small-scale components in areas of
strong variations, in order to maintain small viscosity contrasts
between neighboring Earth structures.

In summary, our sensitivity analysis of the M1DEA for the pseudo-
spectral SLE demonstrates the potential in its application. Further tests
should compare predictions from M1DEA models directly against 3D
finite element models (3D FEM) to characterize the relative accuracy of
the M1DEA (in particular regarding recommendation 3.b), and its
benefit in terms of computation time, with respect to the grid resolution

Appendix A. Data and setup details
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(3D FEM), the maximum spherical harmonic degree (M1DEA), and the
number of load components (M1DEA). A sophisticated M1DEA can
potentially contribute usefully to more accurate predictions of GIA-in-
ferred uplift rates at reduced computational cost. Such predictions are
essential for enhancing models of Antarctic ice history, estimates of
recently accelerated present-day Antarctic ice loss, and the probability
of a future collapse or stability of Antarctic ice sheets. In the future,
coupled climate models will hopefully benefit from these improve-
ments.
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The effective ice load I(9, @) at each location (9, ¢) and time step i, i.e., the ice above neutral buoyancy, is estimated from the original total ice
thickness I; (9, @) using the present-day bathymetry Z(9, ¢) (Fig. A.1) via:

Lot (8, @) 1Z(3,9)>0
Pw Pw
Lt )+ —Z(@8, ¢) :Z(3, 9) <0, L1t (8, p) > |—Z(8, p)I
I,-(%, ¢) = Pice Pice
Pw
0 2Z@3, 9) <0, Lin(8, 9) < 1—Z(8, )l

ice

(1)

(A.1)

groundingline

1=0

Z=0

shoreline

I<ltot [=ltot

Fig. A.1. Schematic illustration of effective loading thickness and total thickness of ice sheets: (1) Marine ice swims completely in buoyancy and will neither change

the effective load, nor the ESL, when it melts. (2) Marine-grounded ice is partly in buoyancy and affects the local effective load and ESL only above

Lot (8, @) = I/fwa (8, @)I. (3) Onshore grounded ice contributes completely to loading and ESL. (The colored figure is available in the web version of this article.)
ice
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Table A.1

Numerical setup of SELEN used for all calculations of the SLE in this publication.

Journal of Geodynamics 135 (2020) 101695

Parameter

Description

Value

Imax
Nie
R

Np

Max. spherical harmonic degree
Number of iterations

Grid resolution parameter
Number of global pixels

Degree | = 1 Love numbers
Reference frame

128

3

44

75,692
Included
Center of mass

Table A.2

Summary of the layers and their general parameters for all Earth structures in this publication. The star * indicates values that are PREM-averaged within
the different layers. Hence, the density and shear moduli of EL and SUM depend on the chosen thickness dg;, € [40 km, 120 km], but are still PREM

averaged. ‘var’ marks an arbitrary variable.

Layer Basal depth Density Shear modulus Viscosity
d [km] kg G [10'! Pa] u
e[]
EL [40, 120] elastic
SUM 220 * * var
DUM 400 3475.5* 0.7649* var
TZ 670 3857.7* 1.0648* var
LM 2891 4877.9* 2.1948* var
Core 6371 10931.7* 0 0
Table A.3

Summary of the variable parameters for the Earth structures in this publication: dg, is the thickness of the EL. isym,pum,tz,m are the viscosities in the four mantle
layers SUM, DUM, TZ, and LM. Within the test range the parameters can be any of the distinct multiple values for each layer. All structures use a lower mantle

viscosity of py = 102!° Pas.

Structure dgy, Hsum Hpum Uz Him
[km] [log1o Pas]

W12earth 120 21 21 21 21.5

BARcarth 60 18.6 19.2 19.4 21.5

Test range {40, 60, 90, 120} {18, 19, 20, 21} {18, 19, 20, 21} {19, 20, 21} 21.5

Table A.4

Ice loading scenarios used in this publication and their characteristic parameters: The ESL contribution refers to the change after the LGM until now. The temporal
discretization Atpeglac,glac for the deglaciation/glaciation period considers ice changes after/before the LGM. The spatial grid resolution A9 and Ag is uniform in
longitudinal and latitudinal direction. The selected bathymetry data set is used for the approximation of the effective ice load of the original ICE-6G files (http://
www.atmosp.physics.utoronto.ca/ ~ peltier/data.php, downloaded 06.06.2018).

Component ESL [m] Atpeglac [kyr] Atglac [kyr] A9, Ap Bathymetry
ICE-6far 113.86 ETOPO
ICE-6ant 11.69 . BEDMAP2
ICE-6eant 3.88 05 20 1 BEDMAP2
ICE-6want 7.81 BEDMAP2
WANT,, 4610°* 0.001 - 0.5° -

WANT 6o 461072 0.01 - 0.5° -

10
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Appendix B. Supporting results

To Fig. B.1: In previous tests we have analyzed the uplift rates in the Antarctic region and outside Antarctica. These tests motivated the M1DEA
and the sensitivity analysis presented in this paper.

In these tests we solved the SLE for each load component (ICE-6far, ICE-6ant, W12) for all 192 Earth structures. The difference between the
rotating and the non-rotating solutions yields the RFB contribution for each combination of load component and Earth structure. For comparison, we
calculated the Ly-norm of uplift rates within the region Reg: IIJRegIIZ = /Zp uy, ¥ p € Reg, where the rates u, are computed at pixels p within the
region Reg. Gathering the values of this regional L,-norm depending on the observed region, the applied load component, and the non-rotating and
RFB contributions, yields 12 distributions of Lo-norms each with a sample size of N = 192 (Fig. B.1).

It can be observed that uplift rates are dominated by their local component of ice loss — (nearly) independently of the Earth structure (Fig. B.1(a)
1st panel, (b) 2nd panel). This supports our initial assumption for the M1DEA (Fig. 1). Furthermore, Antarctic long-term ice loss is not able to induce
a significant RFB contribution to the total rates in any component on a postglacial time scale (=1%) (Fig. B.1 4th panel).

40
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PTN=192 i 1 N =192
1 71 1
20+ 1 1
ICE-6ant 1 501 1 B ICE-6ant
107 w12 h w 25 i w12
0 . . . 1 . 04— } I ! I
101 10° 10! 102 101 100 10! 102 103
50 30
40 | NOonANT-ice non-rotating NonANT-ice non-rotating
20 N =108 20l N=108
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201 i 10
G o o
o °
o o ! ; , S o : ! : .
£ 107 100 10! 102 £ 107 100 10! 102 103
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o 40| RFB from NonANT-ice - S RFB from NonANT-ice
= N =107 Z 4 {N=107 I
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0 v " —— B 0+ : - :
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201 : w12 257 : w12
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1071 100 10! 102 107! 10° 10! 10? 103
L,-norm of Antarctic region ||dantll> [S5] Lp-norm outside Antarctic region ||ragll2 [57

(a) (b)

Fig. B.1. Regional average uplift rates in (a) the Antarctic region (south of 60°S), and (b) the Non-Antarctic region (north of 60°S). Each panel shows the distribution
of the regional average uplift rate for the 192 tested Earth structures for a specific load contribution. The four panels from top to bottom show the contributions from
the Antarctic ice load on a non-rotating Earth, the Non-Antarctic ice load on a non-rotating Earth, the RFB induced by the Non-Antarctic ice load, and the RFB
induced by the Antarctic ice load. Each value in the different distributions represents the regional L,-norm of uplift rates of one load-Earth-combination. The red lines
mark the mean values of the distributions for each contributor (red solid: ICE-6 components, red dashed: W12 component). (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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(a) W12 EL-variations
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(c) W12e EL-variations (d) W12w EL-variations
0 o
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(e) W12e vsc-variations (f) W12w vsc-variations
. o

180° 180°

90°

Fig. B.2. Mean impact Au (Eq. (5)) of Earth structure variations on present-day GIA uplift rates, for the different components of the W12 loading scenario. See Fig. 5,
which shows the same analysis for the ICE-6G loading scenario, for an explanation of the figure. (The colored figure is available in the web version of this article.)



R. Hartmann, et al.

w12

mm/yr

o
(b)
5 8
180°

Journal of Geodynamics 135 (2020) 101695

o
(c)
5 8 3
180"

mm/yr

10.00 2.50
7.50
5.00 1.00
2.50 0.75
1.00
0.75 0.50
0.50
0.25
0.25
0.00 0.00
-0.25 o
-0.50 (e) -0.25
-0.75 -0.50
-1.00
-2.50 -0.75
-5.00
s ‘ 1.00
-10.00 3 -2.50

w12
+
WANT, o

180°

180"

180"

Fig. B.3. Similar to Fig. 6 of the main text, but using W12 ice loads instead of ICE-6G. (The colored figure is available in the web version of this article.)

Appendix C. Implementation of rotational feedback in SELEN

The repository https://github.com/r-hartmann/RFBupdate_for SELEN/ provides:

o All subprograms (modified and new) that are required to include the RFB option in SELEN 2.9.12

® An installation guide
e Implementation details
e Theoretical background of the calculation scheme for RFB
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