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Preface

The cover image visualises Jakobshavn Glacier terminating within the UNESCO World Heritage Site Ilulis-
sat Icefjord in eastern Greenland. The jakobshavn glacier is a massive fast-moving outlet glacier which, in
my opinion, embodies Greenland’s grandeur. The cover image is a courtesy of ESA/Copernicus Sentinel-2.

Greenland’s ice sheet is subject to increased rates of ice loss caused by future (anthropogenic) climate
change. This will progressively get worse as global temperatures rise which is underpinned by research
regarding projected changes to Greenland’s ice sheet. Key in preparing for, living with, and potentially
mitigating some of the consequences of both ongoing and future changes to climate and sea level is under-
standing how these changes have historically affected Greenland’s ice sheet. Such understanding is both
extremely relevant and interesting. My intrinsic motivation to understand how the world around me is
changing made it so that I wanted to pick up a topic related to the cryosphere.

In this endeavour, Caroline van Calcar and Wouter van der Wal provided me with an excellent opportunity
by enabling me to study how Greenland’s ice sheet has evolved in a changing climate over the past 120,000
years. Ice sheet evolution affects, and is affected by, deflection of the Earth’s surface caused by changes to
the ice sheet’s mass. The significance of this interaction depends inherently on the Earth’s viscosity which
varies in three dimensions. To study how this 3D variability has affected the Greenland ice sheet’s past
evolution requires coupling of an ice sheet model with a solid Earth model. To this end, I’ve been able to
use such a coupled model developed by Caroline. We find that inclusion of 3D variations in the Earth’s
viscosity leads to a reduction in simulated historic ice loss at the ice sheet’s surface. Hence, inclusion of 3D
variations in the solid Earth’s viscosity may have a stabilizing effect on the ice sheet’s past deglaciation.

This result is both exciting, encouraging, and worrying at the same time. I cannot wait to see what the
future has in store for us. However, for me personally in the here and now, above all I consider overcoming
the complexity of the topic and the unexpectedness of the result as a wonderful outcome of more than a
year of arduous work. Having completed this phase of my life I feel that I can ward of any future difficulties,
be it professionally or privately. However, it is not something that I have done by myself. It is very much a
testament to the character of the people that have helped me throughout. It is no exaggeration that without
Caroline’s support, knowledge, and innumerable compliment sandwiches I would have not completed this
thesis. As such, I’d like to explicitly thank you for so much of your time and effort. you have been, truly,
very inspiring. I’d also like to thank Wouter for the opportunity to work on this topic and for the feedback
on both the process and the content of this thesis. There are also my friends and family to whom I owe
very much. Thank you for never doubting that I was soon going to wrap things up! J

Most importantly though, and instrumental in this success, has been my mother. Whom, with her unwa-
vering support of my desire to move forward and to be ultimately successful, also in the most difficult of
times, deserves my heartfelt gratitude.

Gydo Kempenaar, November 2022
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Abstract

The Greenland Ice Sheet (GrIS) is one of two major remaining ice sheets. Historic and projected mean sea
level variations are partially dependent on the variation in ice volume contained by the GrIS. Centennial
scale projected estimates of the GrIS’ contribution to rising sea levels vary upwards of 90± 50mm (Goelzer
et al., 2020). This variability in projected sea level rise contribution by the GrIS illustrates that a better
understanding of the GrIS’ evolution is required.

The GrIS’ evolution may be simulated with a 3D ice sheet model. The model used for this study is
ANICE as developed by De Boer et al. (2013). ANICE computes the GrIS’ ice mass balance and ice flow.
The ice mass balance is computed by determining the rate of ice ablation at the surface, ice accumulation
via precipitation, and retention of ice via refreezing of meltwater and rain. Ice flow is computed by esti-
mating horizontal flow velocities using a combination of simulated slow moving ice in central Greenland
and fast moving ice-streams at Greenland’s periphery. The implementation of ANICE does not allow ice
shelves, floating masses of ice fed by ice flow towards the periphery, to form. Thereby negating the effect
of sub-ice-shelf melt on the mass balance and the application of resistive stresses to the ice flow.

The GrIS’ evolution causes temporal variations in the load applied to the Earth’s surface. The change
in surface load causes the solid-Earth to deform. The extent of this deformation is described by Glacial
Isostatic Adjustment (GIA). The rate at which GIA occurs and the magnitude of the deflection depends
on the Earth’s lithosphere thickness and mantle viscosity. Lithosphere thickness and mantle viscosity de-
termine the GIA response to changes in surface loading.

Research has found that the interaction between GIA and ice dynamics has a profound effect on the ice
sheet’s evolution via two feedback mechanisms. First, GIA causes a vertical displacement of the ice sheet’s
surface which affects the surface temperature dependent mass balance. Second, GIA causes a change in
local water depth. This affects the rate of ice discharge and seawater induced ablation. These GIA-mass
balance and GIA-grounding line interactions establish two negative feedback loops between GIA and the
ice dynamics.

The significance of these feedback mechanisms can be studied by simulating the GrIS’ evolution with
an ice sheet model coupled with a solid-Earth model. Research has hitherto studied the GrIS’ evolution by
assuming that the sub-Greenland solid-Earth structure can be approximated by a laterally homogeneous
1D parameterisation of mantle viscoelasticity. However, seismic measurements suggest that the mantle
viscosity underlying Greenland is not laterally homogeneous. Thus, a laterally homogeneous 1D parame-
terisation of the sub-Greenland mantle viscoelasticity negates the dependence of the GrIS’ evolution on 3D
variations in the solid-Earth’s structure which introduces an uncertainty in the simulated GrIS’ past and
projected state. The results presented in this thesis include lateral variability in the sub-Greenland Earth’s
structure by introducing a composite solid-Earth structure that describes the stress-strain relationships in
the mantle via a linear and a non-linear component. Results are obtained a 3D GIA model (Blank et al.,
2021) coupled to ANICE using the routine developed by (Van Calcar, 2020).

The GrIS’ evolution is simulated for three solid-Earth structures. A commonly adopted 1D laterally
homogeneous solid-Earth structure and two 3D solid-Earth structures differing in the definition of their
composite rheology. Comparison of the simulated ice thickness and bedrock elevation at the Last Glacial
Maximum (LGM), the epoch associated with the GrIS’ maximum volume, and at Present Day (PD) provide
the first concrete insight into the significance of lateral variations in the sub-Greenland Earth’s structure
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on the GrIS’ evolution. In so doing the following research question is addressed: How do lateral variations
in sub-Greenland rheology affect the GrIS’ evolution since the mid-Eemian?

The inclusion of lateral variations in sub-Greenland rheology results in a viscosity that varies several orders
of magnitude and a lithosphere thickness that varies ten of kilometers underneath Greenland. The 3D
viscosity is higher in northwestern Greenland and lower in southeastern Greenland when compared with a
commonly adopted 1D solid-Earth structure.

The effect of a lower viscosity and thinner lithosphere underlying southeastern Greenland on the GrIS’
evolution is marginal. The difference in simulated ice thickness between coupled simulations does not ex-
ceed two meters at both LGM and at PD. The interaction between GIA and ice dynamics via the GIA-mass
balance and GIA-grounding line feedback mechanisms is negligible for southeastern Greenland causing this
negligible difference in ice thickness.

Conversely, the increased viscosity and increased lithosphere thickness underlying northwestern Green-
land have a significant effect on the GrIS’ simulated evolution. In a cooling climate, GIA-mass balance
feedback cause the GrIS’ growth to be diminished, causing decreased subsidence and therefore also causing
the ice sheet’s surface to be in a cooler atmosphere. This difference in the GrIS’ growth leading up to LGM
has a profound effect on its subsequent evolution. The increased surface elevation leads to a large reduction
in ice ablation and the decreased ice thickness leads to a reduction in initial ice discharge. The inclusion
of lateral variations in sub-Greenland rheology cause the simulated ice thickness to be up to 900 meters
larger than the ice thickness obtained for a commonly adopted 1D sub-Greenland rheology. Thus, lateral
variations in sub-Greenland rheology can have a stabilizing effect on the GrIS’ simulated evolution at the
start of a warming climate, thereby delaying the onset of rapid ablation. Illustrating that the exclusion
of lateral variations in sub-Greenland rheology may lead to an overestimation of the estimated ice melt in
northwestern Greenland.

The significance of including lateral variations in the sub-Greenland rheology depends on the definition
of the Earth’s composite rheology. The composite rheology is based on assumed values for sub-Greenland
mantle water content and mantle material grain size. The water content and grain size are poorly con-
strained which introduces an uncertainty in the simulated results. The results presented in this study
are obtained for two composite rheologies that covers a limited range of feasible values of grain size and
water content. Future research should consider a wider range of possible mantle definitions to improve
understanding of the effect of lateral variations in sub-Greenland rheology on the GrIS’ evolution.
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Chapter 1

Introduction

The GrIS’ waxing and waning in response to climate change contributes to changes in global sea level (Alley
et al., 2010). The extent of this sea level contribution has both local and global societal and ecological
implications (Pörtner et al., 2022). Accurate modelling of the GrIS’ evolution is necessary to determine the
magnitude of the GrIS’ past and future contribution to sea level change. The ice sheet’s evolution depends
partly on a complex interaction between the GrIS, the solid Earth, and climate (Whitehouse, 2018). Such
interaction is accounted for in studies of the GrIS’ evolution by coupling an ice sheet model forced by climate
change with a solid Earth model as discussed in subsection 1.2.2. The purpose of the results presented in
this report is to improve understanding of the GrIS’ evolution by studying the effects of varying the solid
Earth’s structure in three dimensions in a coupled ice sheet and solid Earth model.

Locally, the ramifications of GrIS waxing and waning is illustrated by Greenland’s settlement history. First
settled in 2,500 B.C. by Paleo-Inuits, Greenland has seen various cultures colonize and retreat from its
(ice-free) shores Sørensen and Gulløv (2012). Recent Greenland’s history is characterised by first Norse
settlement in 985 A.D. at Igaliku and then its subsequent collapse in the 1400s (Buckland et al., 2008). The
collapse of these different societies has been, in part, the consequence of the adverse effects associated with
climate change (Dughmore et al., 2007; Sørensen and Gulløv, 2012). Conversely, PD ice retreat provides
contemporary Greenlanders with novel economic opportunities (Bjork et al., 2021; Bendixen et al., 2022).
This illustrates that climate change and subsequent GrIS waxing and waning has a significant societal and
ecological impact locally.

Globally, the IPCC foresees that ecosystems, biodiversity, and societies will be adversely affected by
ongoing and accelerated GrIS ice volume reduction in the near- and long-term (Pörtner et al., 2022). This
adverse effect is evident when considering coastal-settlements, -infrastructure, and -ecosystems which are
subject to complete destruction in response to rising sea levels. Severe flooding, increased precipitation,
and other climate hazards are further consequences of the GrIS’ waning induced sea level rise (Pörtner
et al., 2022). These adverse effects underpin the global societal and ecological relevance of changes to the
GrIS’ ice volume.

The severity of the aforementioned consequences depends on the extent of future ice lost by the GrIS.
A total of 7.42 meters Sea Level Equivalent (SLE) of ice is contained within the GrIS (Morlighem et al.,
2017). In the short term, projected sea-level contributions over the Twenty-first century can amount up to
90±50mm depending on the greenhouse gas concentration scenario (Goelzer et al., 2020). Furthermore, the
rate at which the GrIS loses ice mass continuous to accelerate (Mouginot et al., 2019; Boers and Rypdal,
2021). In the long term, temperature change of several degrees above industrial-era temperatures could
lead to the reduction of the PD GrIS’ ice volume by 39% and may even cause the complete collapse of
the GrIS (Alley et al., 2010; Zeitz et al., 2022). Thus, the historic precedent of significant deglaciation,
ongoing accelerated and widespread ice loss, the future potential complete deglaciation of Greenland, and
the severity of the associated consequences are a strong indication of the societal, ecological, and scientific
importance of understanding the GrIS’ behaviour completely.
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Research that studies the GrIS’ evolution with a coupled ice sheet and solid Earth models has hitherto
assumed that the solid Earth’s structure can be sufficiently described by a laterally homogeneous 1D struc-
ture (Bradley et al., 2018; Zeitz et al., 2022). The implementation of a 1D solid Earth structure negates
the lateral variation in the solid Earth’s structure underlying the GrIS, which is known to exist (Mordret,
2018; Milne et al., 2018), and which is known to affect an ice sheet’s evolution (Milne et al., 2018; Gomez
et al., 2018; Whitehouse et al., 2019; Van Calcar, 2020). Therefore, a complete understanding of the GrIS’
behaviour requires an understanding of the significance of lateral variations in the solid Earth’s structure
on the GrIS’ evolution. The results presented in this research includes, for the first time, the effect of such
lateral variations in the Earth’s structure on the GrIS’ evolution simulated with a coupled ice sheet and
solid Earth model.

First, the ice dynamics that describe the GrIS’ evolution are introduced in section 1.1. Second, modelling
of the response of the solid Earth to changes in the GrIS’ state are are discussed in section 1.2. Also
discussed in section 1.2 is the feedback that exists between the solid Earth’s deformation and the simulated
ice dynamics. Finally, a research question is postulated in section 1.3.

1.1 Ice Dynamics

Modelling ice sheet evolution on longer than millennial timescales depends on the ability to numerically
determine an ice sheet’s ice mass changes and ice flow when the ice sheet is subject to climate and sea
level forcing. A numerical solution of temporal variations in the GrIS’ extent and ice thickness on these
timescales can be obtained with an ice sheet model (Huybrechts, 2007; Goelzer et al., 2017). Ice sheet
modelling approximates an ice sheet’s evolution relative to an initial state by computing the rate at which
ice is accumulated, the rate at which ice is lost, and the rate at which ice is displaced via horizontal ice
flow velocities when forced by climate and sea level change. Ice sheet modelling is introduced in this section.

1.1.1 Ice sheet mass balance

Modelling the rate at which the GrIS loses and accumulates ice depends on several processes at the ice
sheet’s base, the ice sheet’s surface, and at the ice sheet-ocean interface. Ice loss is driven by ice melt at
the surface and subsequent meltwater runoff in lower elevation regions, ocean-induced ablation of ice in
segments of the ice sheet extending into the ocean, and calving of icebergs at sections of the ice sheets char-
acterised by floating ice (Goelzer et al., 2017). Ice gain is dominated by the rate at which ice accumulates
at higher elevations via precipitation and is affected to a lesser extent by the rate at which ice is retained
through refreezing of meltwater (De Boer et al., 2013; Goelzer et al., 2017). Ice sheet models describe the
net change in simulated ice mass by computing the sum of the net change in ice mass at the ice sheet’s
surface (the Surface Mass Balance: SMB), at the ice sheet’s base (the Basal Mass Balance: BMB), and at
the ice sheet’s ocean interface.

Simulated rates of ice loss and ice gain depends on a multitude of factors. Simulated ice loss via ice
melt at the surface depends on the surface albedo and on the temperature at the ice sheet’s surface and
by extension of the ice sheet’s surface elevation (Reeh, 1991; De Boer et al., 2013). GrIS ice mass loss via
ice ablation at the ocean-ice sheet interface is driven by ocean-induced melting which depends primarily
on the ocean’s depth adjacent to marine grounded portions of the GrIS, the Relative Sea Level (RSL), and
on both the water temperature and ice temperature at this interface (Malyarenko et al., 2020). Ice shelf
formation at an ice sheet’s periphery leads to an increase in ice ablation via basal melt, the ablation of the
ice sheet underneath ice shelves and at the grounded ice’s bed (Van den Broeke et al., 2016; Pattyn and
Morlighem, 2020). A second consequence of ice shelf formation is ice discharge via the calving of icebergs
which affects the rate of ice loss of marine-terminating sections of an ice sheet (Goelzer et al., 2017; King
et al., 2020). Rates of iceberg calving depends partly on the rate of flow towards an ice sheet’s ice shelf and
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on local ice thickness but the process affecting calving are poorly resolved leading many ice sheet models
to implement calving at a fixed ice shelf thickness (Rignot et al., 2013a; Depoorter et al., 2013; Mankoff
et al., 2019). The loss of ice at Greenland’s surface and at the ocean-ice sheet interface via ice melt is offset
by refreezing of parts of the lost ice mass. Refreezing rates of ice depend on simulated vertical profiles in
temperature, ice density, and liquid water content within the ice sheet (Reijmer et al., 2012).

Rates of ice mass gain and ice mass loss depends on a complex interaction between climate forcing,
sea level forcing, ice thickness variations, and ice flow. Physics based ice sheet models take large scale
ice mass change processes over the modelled period of interest into account by defining or computing the
parameters that drive ice mass changes and by subsequently estimating the SMB, BMB, and ice discharge
at the ocean-ice sheet interface.

1.1.2 Ice flow dynamics

When a sufficiently large amount of ice is accumulated in a region the ice begins to flow through deformation
under its own weight and through sliding over the local bedrock (Goelzer et al., 2017). Ice sheet models
typically estimate gravity induced ice flow as a combination of slow moving ice in central ice sheet regions
and fast moving ice near outlet streams and ice shelves whilst also accounting for sliding of the ice sheet
where the ice is grounded to bedrock (Huybrechts, 2007).

Ice flow in central ice sheet regions can be estimated under the assumption that the horizontal scale
of the ice sheet is much larger than the ice thickness which allows for the simplification that longitudinal
variations in internal stresses, ice velocity, and ice temperature have no significant effect on the simulated
flow (Huybrechts, 2007). This approximation of ice flow is the Shallow-Ice Approximation (SIA) Hutter
(1983). Ice sheet models typically approximate the flow in central parts of the ice sheet by computing
the displacement resulting from the application of shear stresses to the ice by using the Glen’s flow law
under the SIA assumption(Huybrechts, 2007). The Glen’s flow law allows ice sheet models to determine
horizontal flow velocities by providing an empirical relation between the ice sheet’s strain in response to
applied stresses (Huybrechts, 2007). Slow moving ice flow velocities approximated with the Glen’s flow law
depend on the magnitude of the self-induced stresses by the weight of the ice sheet, bedrock slope, and on
the ice sheet’s rheological properties that govern the internal stress-strain relationships and are dependent
on temperature gradients in the ice sheet (Van der Veen and Whilliams, 1990).

Ice flow velocities in regions of fast moving ice near outlet ice streams and ice shelves depend on longitu-
dinal stresses in the ice sheet. The ice flow becomes dependent on the stress imparted on the ice by adjacent
regions of ice and can therefore no longer be computed under the assumed SIA (Huybrechts, 2007). The
flow in regions of fast moving ice where the effect of the ice sheet’s friction with the bedrock, basal friction,
is minimal or nonexistent can be approximated with the Shallow Shelf Approximation (SSA) (Morland,
1987). The SSA is applicable under the assumption that horizontal flow velocities and strain rates are
vertically constant such that ice flow is computed under the assumption that shear stresses are negligible
(Huth et al., 2021). Ice flow modelled by ice sheet models under the SSA depend primarily on vertical
temperature gradients and vertical stress gradients (Weis et al., 1999).

A tertiary component describing ice flow is the rate at which the ice sheet slides over local bedrock,
the basal sliding. Basal sliding is an important component of describing the ice flow near fast moving ice
streams. The presence of basal sliding depends on the formation of a lubricating layer of water at the
ice sheet’s base where pressure melting criteria are met and on the characteristics of the local bedrock
(Huybrechts, 2007). Ice sheet models frequently describe basal sliding by using the SSA and a variety of
sliding laws such as (regularised) Coulomb type and Weertman type sliding laws (Weertman, 1979; Bueler
and Brown, 2009; Schoof, 2010; Winkelmann et al., 2011).

The flow in the transition zone between regions characterised by slow moving and fast moving ice is
typically coupled via a continuity equation (De Boer et al., 2013). Ice sheet models then describe the
deformation of ice, and therefore ice flow velocities, by computing internal stresses in the ice based on the
different flow velocity regimes and ice thickness and by coupling these regions via the continuity equation.
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Ice sheet evolution described with ice sheet models typically include the possibility of simulating ice
shelf formation when the SMB is sufficiently positive and the increased ice mass forces the ice sheet to grow
towards the continent’s coastline. If the advance of the ice sheet is sufficiently far into the ocean then the
ice begins to float as described by the flotation criterion (Schoof and Hewitt, 2013). The location where
the ice sheet transitions from grounded ice in contact with the bedrock to floating ice is defined as the
grounding line. Ice shelf formation simulated with ice sheet models thus depends on the ice sheet’s mass
balance and on the rate at which ice flows towards the coastline. The formation of ice shelves is significant
for the simulated ice sheet’s evolution because it leads to buttressing of the ice sheet, the formation of
resistive stresses, which impede on the ice flow towards the ocean thereby affecting the rate of ice discharge
(Rignot et al., 2013b).

Ice sheet evolution modelling is possible with ice sheet models which estimate ice mass variations and ice flow
velocities. Simulated rates of ice mass accumulation and ice mass loss strongly depend on the temperature
conditions at the ice sheet’s surface and ocean-ice sheet interface and on the rate of ice discharge via ice flow
towards the ocean and the ice sheet’s rheological properties and temperature gradients. Ice flow modelled
with ice sheet models depends primarily on stresses introduced in the ice sheet by the ice sheet’s weight,
on the conditions at the ice sheet’s base, and on rheological properties and temperature gradients in the
ice. This strong dependence of ice dynamics on gradients of temperature in the ice and the ice sheet’s
properties imply that the ice sheet may be coupled with a climate model when simulating long-term,
longer than millennial, ice sheet evolution. However, here, as with many models, climate forcing is used to
determine the ice sheet’s waxing and waning.

1.2 Glacial Isostatic Adjustment

Changes in the global mass distribution lead the solid Earth to deform, the Earth’s gravity field to become
perturbed, and sea levels to adjust regionally. The deformation, gravity field perturbations, and sea level
adjustment, associated with this change in global ice mass and melt-water redistribution is Glacial Isostatic
Adjustment (GIA) (Whitehouse, 2018). This section will introduce key concepts of GIA, how GIA may
be determined, how GIA depends on the Earth’s assumed structure, how GIA affects ice dynamics in a
coupled ice dynamics and GIA model, and how lateral variations in the Earth’s rheology may affect the
simulated GrIS’ evolution.

1.2.1 Glacial isostatic adjustment modelling

Temporal variations in ice sheet extent and volume, resulting from ice sheet waxing and waning in a changing
climate, leads to variations in the surface load on the Earth by both ice mass changes and a redistribution
of meltwater. The change in appliged surface load results in a deviation away from isostatic equilibrium
which causes the viscoelastic Earth to deform through a redistribution of mantle material (Van der Wal
et al., 2015). This deformation translates into a vertical and horizontal displacement of the Earth’s surface.
GIA, dependent on the Earth’s structure and changes in surface loading, is prevalent on a (multi-)millennial
timescale and affects an ice sheet’s evolution (Whitehouse, 2018). As such, GIA is a crucial component in
studies of the GrIS’ evolution (Stuhne and Peltier, 2015; Kappelsberger et al., 2021; Goto-Azuma et al.,
2021; Zeitz et al., 2022), studies of the viscosity underlying Greenland (Van der Wal et al., 2015; Mordret,
2018; Milne et al., 2018; Adhikari et al., 2021; Bagherbandi et al., 2022), and vice-versa (Khan et al., 2015;
Whitehouse, 2018).

There are two principal methods for determining GIA. GIA may be derived with a geophysical model
tied to an ice loading history or coupled with an ice sheet model (Whitehouse, 2018). Alternatively, GIA
may be inferred from contemporary observations of vertical bedrock displacement using GPS or satellite
altimetry (Van der Wal et al., 2015). When using a geophysical model, simulated GIA differs between mod-

4



els due to differences in the physics which are implemented in the model, the computational approach to
resolving the GIA, and the defined Earth rheology (iMBIE, 2020). Various solid Earth models are available
to determine the Earth’s deformation in response to ongoing and historic changes in local ice mass. The
deformation in response to changes in the applied surface load is typically determined with a bi-layered
solid Earth structure, a (semi-)spherical radially stratified laterally homogeneous solid Earth structure, or
with a laterally heterogeneous solid Earth structure (Whitehouse, 2018).

Bi-layered solid Earth models include Elastic Lithosphere Relaxing Asthenosphere (ELRA) and Lingle-
Clarke models which simulate GIA using an elastic lithosphere applied over a relaxing viscous mantle
layer (Lingle and Clark, 1985; Le Meur and Huybrechts, 1996). Alternatively, solid Earth deformation is
commonly simulated with a laterally homogeneous radially varying solid Earth structure such as a linear
Maxwell viscoelastic (and more recently elasto-brittle) body (Christmann et al., 2021; Adhikari et al., 2021;
Olason et al., 2022), where the deformation is determined in response to the application of a number of
applied point loads, or by using a less common bi-viscuous Burgers rheology (Caron et al., 2017; Ivins
et al., 2021), which determines deformation by differentiating between a short-term and long-term viscosity
component. These 1D solid Earth structures yield a better estimate of the GIA signal than ELRA models
whilst being computationally efficient but negate the effects of a possible laterally varying 3D solid Earth
structure which can have a profound influence on the simulated GIA signal (Blank et al., 2021). As a third
method, deformation which includes the effect of lateral variations in rheology can be determined with
a power-law approach where the deformation is computed as a function of a time-varying mantle-stress
described by a stress-strain relationship that includes a linear (diffusion creep) and non-linear (dislocation
creep) component (Van der Wal et al., 2013; Blank et al., 2021; Van Zelst et al., 2022).

The simulated GIA depends, for all models, on the Lithosphere Thickness (LT) and on the effective
mantle viscosity. The lithosphere is modelled as a (visco-)elastic layer that responds (largely) elastically to
variations in the applied surface loading. Conversely, the mantle is allowed to respond to changes in the
applied surface loading. Variations in LT define the wavelength of the simulated GIA signal and thereby
determine the spatial extent to which changes in the applied surface loading cause vertical and horizontal
deformation of the solid Earth’s surface (Spada et al., 2006; Nield et al., 2018). The rate at which the Earth
deforms is determined by the magnitude of the viscosity of the mantle. Where a lower viscosity leads to
increased rates of modelled GIA. However, this dependency of the GIA signal on mantel viscosity decreases
with depth (Mitrovica and Forte, 2004). Thus, viscosity variations near the solid Earth’s surface in either
the lithosphere or the upper mantle have a stronger influence on an ice sheet’s evolution meaning that high
variability in the Earth’s structure near the surface can have a strong influence on modelled GIA.

A bi-layered model such as ELRA may lead to a gross underestimation of ice volume variations and does
not incorporate effects of local sea level change via a gravitationally self consistent meltwater redistribution
(Konrad et al., 2014). 1D Maxwell rheologies typically do account for such a meltwater redistribution
leading to better simulation results but negate the effect of lateral variations in rheology on GIA which, for
Antarctica, were found to have a significant effect on the ice sheet’s evolution (Gomez et al., 2018). Lateral
variations in rheology are also present in the sub-Greenland’s Earth structure and lead to a 3D variation
in lithosphere thickness (Zhong et al., 2003; Nield et al., 2018) and mantle viscosity (Khan et al., 2016;
Milne et al., 2018; Mordret, 2018; Weerdesteijn et al., 2022). Thus, to accurately resolve spatial variations
in GIA and to study its effect on the GrIS’ evolution it is necessary to include lateral variations in the
sub-Greenland rheology.

1.2.2 Glacial isostatic adjustment and ice dynamics feedback for the Greenland Ice
Sheet

Using a 3D solid Earth structure when modelling the GrIS is only meaningful if the effect of a spatially
variable GIA response has a demonstrable effect on the GrIS’ evolution. The interaction between the
GrIS and GIA is reflected in the interaction between negative elevation-precipitation feedback, negative
elevation-melt feedback, and negative grounding line feedback on the GrIS’ evolution.
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In section 1.1 the dependence of the ice mass balance on precipitation via the SMB is introduced. The
SMB depends on the rate of ice accumulation which is affected by variations in simulated precipitation and
retention of snowfall and rainfall at the surface. Rates of precipitation vary spatially and temporally over
the GrIS with increased precipitation at lower elevations and lower latitudes (Bales et al., 2001; Roe, 2002;
Wong et al., 2015). In addition, precipitation over the GrIS is found to be dependent on the ice sheet’s sur-
face elevation which affects temperature at the surface and which affects large scale atmospheric circulation
(Edwards et al., 2014). Reduced temperature at the ice sheet’s surface leads to a reduction in atmospheric
water content which adversely affects rates of precipitation (Roe, 2002). This elevation-accumulation effect
may be non-negligible in simulating the GrIS’ evolution (Malyarenko et al., 2020). Furthermore, rates of
precipitation depend on the interaction between atmospheric circulation and the ice sheet’s surface topog-
raphy (Pettersen et al., 2018). Precipitation also depends on the interaction between the GrIS’ surface
topography and wind direction, however. this effect is found to be limited for the GrIS (Reeh, 1991). The
rate of precipitation is also subject to climate change. When global temperatures increase the effect of
GIA on precipitation will increase because of the increased water content in the atmosphere. However, this
precipitation does not lead directly to an increase in GrIS wide ice accumulation because of a decrease in
snowfall relative to rainfall in low elevation regions (Fettweis et al., 2013).

The apparent dependence of precipitation over the GrIS on the ice sheet’s surface elevation and surface
topography implies that there may be a feedback mechanism between the simulated GrIS’ state and the
simulated ice mass balance via the amount of precipitation received at the ice sheet’s surface. This feedback
is then affected by GIA which leads to a vertical displacement of the ice sheet’s surface and which affects the
ice sheet’s topography, thereby influencing such elevation-accumulation feedback. The inclusion of lateral
variations in sub-Greenland rheology may affect the simulated GIA by introducing regional differences in
mantle viscosity and LT. Thus, the elevation-precipitation feedback for the GrIS which is affected by GIA
may also depend on lateral variations in the sub-Greenland rheology. However, the explicit effect of GIA
on elevation-precipitation feedback for the GrIS has not yet been studied.

Climate change induced increase in global mean temperatures, which does not necessarily lead to in-
creased ice accumulation via increased precipitation (Van den Broeke et al., 2016), does lead to an increase
in GrIS wide surface melt by affecting both the low-elevation and high-elevation ice loss (Poinar et al., 2015;
Herman et al., 2020). Ice melt at the surface and subsequent meltwater runoff increase exponentially in a
warming climate (Fettweis et al., 2013). This exponential increase in surface melt causes the GrIS’ surface
elevation to reduce in ablation zones (low elevation areas dominated by ice melt) leading to higher sur-
face temperatures which causes increased ice melt via a negative elevation-melt feedback (Edwards et al.,
2014; Levermann and Winkelmann, 2016). The rate of GrIS meltwater runoff further depends on large
scale atmospheric circulation, bringing in warm air from remote regions, on an ice-albedo feedback, where
increased ice melt at the surface exposes bare ice leading to further ice melt, and on decreased retention
of precipitation, which are also processes that are affected by elevation-melt feedback in low elevation re-
gions of the GrIS (Edwards et al., 2014; Kuipers Munneke et al., 2015; Zeitz et al., 2021). Melt-elevation
feedback, which has a significant influence on the ice sheet’s mass balance, is affected by GIA (Zeitz et al.,
2022). However, the effect of GIA on melt-elevation feedback does not take into account the effect of lateral
variations in sub-Greenland rheology which, as with precipitation, may affect the regional significance of
elevation-melt feedback.

Simulated GIA, which affects the GrIS’ evolution via the ice sheet’s mass balance, also affects the ice
sheet’s ice flow dynamics. Elevation-melt and elevation-precipitation feedback, which are influenced by
GIA, change the GrIS’ surface geometry leading to a change in ice sheet surface slopes towards peripheral
regions which has implications for the ice flow velocity towards the GrIS’ coastal regions (Le Clec’h et al.,
2019). In addition, GIA affects the bedrock slope which further influences the rate of ice flow towards
coastal regions (Rémy et al., 1999; ADikhari et al., 2014; Gao et al., 2020). A secondary consequence of
these GIA induced changes in ice flow dynamics is a variable ice thickness at the grounding line (Mal-
yarenko et al., 2020) which drives the rate of solid ice discharge (Schoof, 2007). The ice thickness at the
grounding line is also affected by grounding line migration which is dependent on the RSL and is directly
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affected by GIA induced vertical displacement of bedrock underlying marine-grounded ice sheets. When
the RSL increases as a result of a global rise in eustatic sea level or because of GIA the grounding line will
retreat inland leading to increased ice shelf (Winkelmann et al., 2011; Pattyn and Morlighem, 2020) and
a subsequent increase of solid ice discharge and ice sheet melting at the ice sheet-ocean interface (Slater
et al., 2013). Thus, GIA is an important factor in accurately describing ice flow dynamics in peripheral
regions of the ice sheet by affecting the mass balance, bedrock slope, and the grounding line’s position.
Observational evidence indicates that the GrIS must have grown onto the continental plate and towards the
shelf break and that significant ice shelf formation must have been present at the GrIS’ maximum extent
(Vasskog et al., 2015; Van Dam et al., 2017; Bradley et al., 2018; Gowan et al., 2021; Couette et al., 2022).
As such, the GrIS’ ice flow dynamics must also be affected by GIA and is therefore possibly susceptible to
lateral variations in the sub-Greenland rheology.

The potential importance of lateral variations in GIA on GrIS modelling may become evident when consider-
ing the current state of GrIS modelling. Currently, The GrIS covers eighty percent of Greenland’s landmass
and contains 2.9 km3 or 7.42m SLE of water-ice (Alley et al., 2010; Vasskog et al., 2015; Morlighem et al.,
2017). Modelling of the GrIS shows that the ice volume contained by the GrIS oscillates between lows
and highs on glacial timescales (Miller et al., 2011; Bradley et al., 2018). At present, the GrIS is more
extensive than during the LIG but is much reduced in size compared to the Last Glacial Maximum (LGM)
(Alley et al., 2010; Bradley et al., 2018). The ice retreated inland during the LIG exposing vast areas of
Western- and Northern-Greenland as substantiated by simulated ice histories and through observational
evidence (Goelzer et al., 2016; Bradley et al., 2018; Plach et al., 2019). Subsequent climate cooling lead to
the GrIS’ advancement towards Greenland’s coastline and to the formation of ice shelves and grounded ice
along much of the GrIS’ periphery (Vasskog et al., 2015; Bradley et al., 2018; Gowan et al., 2021). Although
trends in ice sheet waxing and waning in response to climate change are generally well understood, the
magnitude and timing of the GrIS’ contribution to a global mean sea level budget at both LIG and LGM
are poorly constrained (Stone et al., 2013; De Boer et al., 2013; Plach et al., 2019). Additionally, projected
centennial and multi-millennial scale contributions to the global mean sea level budget are also subject to
large uncertainties (Goelzer et al., 2020; Zeitz et al., 2022). The increasing prevalence of melt-elevation
feedback in a warming climate, the possible significance of regional differences in ice accumulation in a
cooling climate, substantial ice loss via solid ice discharge near the grounding line, a historic precedence for
large ice volume fluctuations, and the possible ramifications of lateral variations in sub-Greenland rheology
on simulated GIA which influences these processes, demonstrates that a study of the GrIS’ evolution using
a coupled 3D ice dynamics and 3D GIA model that integrates lateral variations in sub-Greenland rheology
may lead to improved understanding of the GrIS’ evolution as a whole.

1.3 Research and Report Outlook

Contemporary climate change causes the GrIS to rapidly lose ice volume. Estimates on its minimum extent
during the LIG are a strong indication that much ice may yet be lost. Existing uncertainty in projected
estimates of the GrIS’ sea level contribution on centennial and multi-millennial timescales imply the need for
improved understanding of the GrIS’ evolution. A factor that is not included in GrIS evolution modelling
using coupled ice dynamics and solid Earth models is the effect of lateral variations in the sub-Greenland
rheology. This negates the potential effect of such a 3D structure on the GrIS’ evolution through feedback
via the rate of ice accumulation, ice melt, and grounding line migration.

The results presented in this research provide, for the first time, a study of the significance of lateral
variations in the sub-Greenland rheology on the GrIS’ evolution through a comparison with simulated
results obtained for a commonly adopted laterally homogeneous Earth rheology. The period considered is
between the mid-Eemian (120,000 years before present) to PD. Leveraging understanding of past climate
change, developments in coupled 3D GIA and 3D ice sheet modeling, and understanding of PD Greenland
topography and the GrIS’ current state. This facilitates improved understanding of the effect of GIA on the
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GrIS’ past evolution and by extension on its future evolution. The following research question is postulated:

• How do lateral variations in sub-Greenland rheology affect the GrIS’ evolution since the mid-Eemian?

Three characteristics of the GrIS’ evolution which may depend on lateral variations in sub-Greenland
rheology are of interest. First, the potential effect of lateral variations in sub-Greenland rheology on the
ice sheet’s simulated surface mass balance via induced changes in rates of precipitation and ablation is of
interest. Second, the effect on GIA-grounding line feedback which may affect local ice growth and rates
of ice discharge is of interest. Finally, the uncertainty in the modelled lateral variations in sub-Greenland
rheology may affect the outcome of this study. The significance of which can be evaluated by comparing
the GrIS’ evolution obtained for two differently defined 3D solid Earth structures. Thus, insights derived
from the following three sub-questions are to provide a template for answering the research question:

• How is the GrIS’ elevation-mass balance feedback affected by the inclusion of lateral variations in
sub-Greenland rheology?

• How is the GrIS’ grounding line evolution affected by the inclusion of lateral variations in sub-
Greenland rheology?

• What are the ramifications of uncertainty in mantle water content on the GrIS’ evolution?

The model used for simulating a coupled 3D Earth model and 3D ice sheet model is developed by Van Calcar
(2020). The coupled model, adaptations to the coupled model in order to simulate the GrIS, and the
modelled sub-Greenland rheology are discussed in chapter 2. The obtained simulation results are analysed
and discussed in chapter 3. First, the applicability of the simulated results in describing the effect of 3D
GIA on the GrIS’ evolution is discussed in section 3.1. Then, the effect of including lateral variations in
sub-Greenland rheology on the ice sheet’s mass balance will be discussed in section 3.2. Subsequently, the
ramifications of lateral variations in sub-Greenland rheology on the grounding line’s migration and feedback
on the GrIS’ evolution are discussed in section 3.3. Finally, a discussion of the significance of uncertainty in
the modelled sub-Greenland’s rheology on the simulated GrIS’ evolution is introduced in section 3.4. Results
are aggregated in a concluding chapter and recommendations for future work are provided in chapter 4 and
chapter 5 respectively.
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Chapter 2

Method

Studying ice sheet behaviour when coupled with a 3D solid-Earth model on glacial timescales necessitates the
implementation of a fully coupled 3D ice sheet and GIA model. Nuance in modelled physics, ice dynamics
parameterisation, model input, Earth’s modelled approximation, and coupling approach affect simulation
results. As such, clarification on the implemented model is required for understanding of the significance
of the simulated ice sheet and topographic evolution. The models used to simulate the ice sheet’s evolution
and the Earth’s deformation, as well as the coupling method of these models, are described in section 2.1.
Simulation input, required to initialise the simulation, is discussed in section 2.2. One dimensional and
three dimensional Earth structure approximations are introduced in section 2.3.

2.1 Coupled 3D Ice Sheet and 3D GIA Modelling

The method for coupling 3D ice sheet with 3D GIA is taken from Van Calcar (2020) and adapted to apply
to the GrIS. The Finite Element Method (FEM) approach to determine the 3D GIA response to lateral
variations in Earth rheology is also adapted from Van Calcar (2020). The FEM’s initial implementation
modified by Van Calcar (2020) is described by Blank et al. (2021). The simulated ice dynamics are modelled
with an adapted version of ANICE as developed by De Boer et al. (2013) and coupled to the GIA model
by Van Calcar (2020). The modelled results are interpolated between the ice sheet grid and FEM grid
using OBLIMAP as discussed by Reerink et al. (2016). The coupled model and adaptations to the model
(components) are introduced in this section.

2.1.1 ANICE

The GrIS’ ice dynamics are simulated using the 3D ice sheet model ANICE developed by (De Boer et al.,
2013). The model determines both ice flow and the ice sheet’s mass balance. The GrIS can be described
by regions of fast moving ice flow near glacier outlet and at marine terminating grounded ice and slow
moving grounded ice in central Greenland regions (Aschwanden et al., 2016). Thus, to realistically describe
the ice dynamics, ANICE needs to implement difference methods for simulating these flow regimes. The
implementation determines flow by using the Weertman sliding law and differentiates between types of flow
through a combination of SSA and SIA. This implementation for ANICE is visualised in Fig. 2.1 (De Boer
et al., 2013). Modelling of the GrIS’ mass balance depends on the rate of precipitation and ablation at the
ice sheet’s surface. We adopt the method used by De Boer et al. (2013) where accumulation is modelled
as a fraction of the precipitation (Equation 2.1) which depends exponentially on the temperature at the
inversion layer and is directly affected by the temperature at the surface (Equation 2.2). Combined with
ablation (Equation 2.3 and refreezing this described the ice sheet’s SMB = Accumulation - Ablation +
Refreezing.
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P = PPD1.04
TI−TI.PD (2.1)

TI = 88.9 + 0.67Ts (2.2)

A =
∆t(ϵatm(1− α)Q+ 10Ts + Cabl)

ρfwL
(2.3)

Here, P [m/yr] is the precipitation, T [K] is the temperature above the atmospheric inversion layer, and
subscript PD describes present day reference values. A is ablation [Water equivalent/yr], ∆t [yr] is the
timestep, ϵatm is the atmos[here’s average transmissivity, α [-] is the surface albedo, Qsw [W/m2] is the
incident radiation at the TOA , Ts [K] is the surface temperature, Cabl is the Greenland specific ablation
coefficient (40), ρfw [kg/m3] is the fresh water density, and L [J/kg] is the latent heat of fusion. These
equations as defined and implemented in ANICE are taken directly from (De Boer et al., 2013).

Figure 2.1: Visualisation of the implementation of different flow regimes in ANICE as introduced by De Boer
et al. (2013). The simulated ice flow is described by the SSA in regions characterised by slow moving ice,
the SIA in regions characterised by ice shelves, and a combination of SIA and SSA in the transition zone
between slow moving ice and ice shelves.

Accurate ice dynamics simulations require the simulation of ice shelves which are significant in buttressing
the ice sheet and affect ice motion, ice loss through calving, ice loss through basal melting, and ice discharge
at the grounding line. Furthermore, the ice dynamics are affect by the potential onset of marine ice sheet
instability and are significant in increasing stability of the GrIS through re-advancement of the grounding
line.

Inaccuracies in ANICE’s Greenland specific implementation results in simulated ice growth onto the
continental plate as reflected in Fig. 2.2. The visualised results are obtained at t=-115ka BP and differ
in the inclusion of ice shelves. The results with shelves grow beyond the maximum extent observed at
LGM and ground into Baffin Bay resulting in the formation of a continuous ice mass between Greenland
and Ellesmere Island. Varying flow enhancement parameters to reduce growth towards the periphery or
increased calving (up to 200 meters) does not affect the results. This effect is caused by a combination of
erroneous flow description in response to the complex local geography and because of an improper descrip-
tion of the SMB. The result is rampant ice sheet growth visualised in Fig. 2.2.

Resolving this is non-trivial and requires a dedicated parameter study and a revision of the implemented
flow description and mass balance definitions. This is outside of the scope of the current research. As such,
ice shelves are not simulated and the growth of ice shelves is truncated by the immediate calving of any ice
shelf formation. The resultant growth in the absence of ice shelf formation is also visualised in Fig. 2.2 over
the initial 5,000 year period and shows the much reduced and, for the purpose of this study, acceptable
ice growth. The exclusion of ice shelf formation from this study has important ramifications for the effect
of grounding line feedback on the GrIS’ evolution because it leads to the exclusion of ice shelf buttressing

11



which affects ice flow towards Greenland’s periphery.

The inability to accurately simulate ice shelf formation has consequences for the GrIS’ mass balance.
The mass balance implemented in ANICE is described by MB = SMB + BMB - Ice Discharge (De Boer
et al., 2013). The exclusion of ice shelves in ANICE results in the exclusion of basal melt. Consequently,
the relevance of marine-grounded ice growth onto the continental shelf and variations in relative sea level
do not affect the rate of basal melt. It does, however, still affect the rate of ice discharge.

In addition, the SMB is affected by the exclusion of ice shelves through the increased growth of ice
on the periphery. The increased surface load causes a stronger GIA signal which theoretically leads to
increased subsidence of coastal bedrock. A change in ice thickness and change in bedrock elevation combine
to change the surface elevation which leads to differences in elevation dependent accumulation and abla-
tion. Furthermore, Increased subsidence leads to an increased RSL and therefore increased ice discharge.
In addition, the increased ice thickness at the periphery leads to increased ice thickness at the grounding
line which further affects the ice discharge. Thus, the effect of excluding ice shelves is significant by affect
the MB through the changes to the SMB, the basal mass balance, ice discharge, and has ramifications for
the ice dynamics.

Nevertheless, the effect of GIA on grounding line migration feedback and GIA-elevation-mass balance
feedback is diminished but not absent. As such, the choice to exclude ice shelf formation from ANICE will
affect the accuracy of the ice growth and will affect the extent of the aforementioned feedback mechanisms
but will not completely eliminate these effects from the coupled simulation results. Therefore, allowing a
study of the research question via the subquestions postulated in section 1.3.

Figure 2.2: A comparison of the difference in ice growth when including ice shelves (left) and excluding ice
shelves (right) using ELRA to determine vertical bedrock deformation. Inclusion of the ice shelves leads to
rampant ice growth leading to ice shelf formation beyond Iceland and grounding into Baffin Bay.

2.1.2 3D Earth Modelling - FEM

The coupled 3D ice sheet and 3D GIA model uses a FEM approach that computes the modelled Earth’s
deformation in three dimensions to determine GIA. The deformation depends on internal stresses within
the Earth model that are dictated by the applied loading history. The loading history is obtained with
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ANICE.
The FEM approach used by Van Calcar (2020) simulates deformation globally at a low resolution and

underneath the AIS at a high resolution. The high resolution mesh is applied to all model layers above
the core-mantle interface as defined by a half-angle relative to the -Z axis (south). This method is efficient
because the AIS is largely centered on the south pole. This is not true for the GrIS which exists south of the
North Pole and which is present in a single quadrant of the northern hemisphere. Consequently, application
of high resolution meshing by seeding a section of the spherical Earth approximation characterised by a
half angle about the +Z axis (north) would be inefficient. This reduces the computational performance of
the coupled 3D GIA and 3D ice sheet simulation by needing to compute the GIA at a high resolution for
an area ∼160 times larger than the 2.166 km2 covered by Greenland.

To improve efficiency of the FEM by reducing the area meshed at a high resolution two novel approaches
are implemented. The first approach takes an arbitrary shape and uses ABAQUS to create N-3D compo-
nents of the shape with a thickness corresponding to each of the N-layers above the core-mantle interface
included with the Earth model. These shapes are defined by their basic geometry (e.g. cylindrical to create
a spherical-section cutout and rectangular to create a slab cutout) and the depth of the N th layers. The
shapes are used to create similar sized cutouts in ABAQUS’ assembled Earth model at a location specified
by ϕ and λ relative to the local coordinate system (see Fig. 2.3). This allows for increased flexibility and
control over the application of a high mesh resolution with a radially and laterally homogeneous seeding as
defined by the user. However, the consequence of creating cutouts using such shapes at arbitrary locations
is the warping of the mesh adjacent to the applied cutout (see Fig. 2.4). Simulated GIA signals in response
to the application of a slab load to the warped mesh diverged from results obtained for a smooth mesh by
upwards of 6.5 meters. The difference can have significant repercussions for ice growth on long timescales
which necessitated the development of a second approach.

Figure 2.3: The application of a high mesh at an
arbitrary location is defined by the longitudinal
(ϕ) and latitudinal (λ) position relative to the
local (x,y,z) with the high resolution mesh char-
acterised by the basic geometry of the required
shape (e.g. circular defined by radius R relative
to the defined coordinate). Image: gettyimages.

Figure 2.4: Application of a cutout at an arbi-
trary location leads to ireggular mesh warping
due to a mismatch in the alignment of the high
resolution mesh and the adjacent low resolution
mesh. The irregular warping may affect the in-
terpretation of results and precents the method
from being employed.

The second approach that was developed uses the same cutout principle to create a high resolution mesh at
any of the intersections between the local axis system and the solid-Earth model. Subsequently, a second
local coordinate system (x̂) is made by rotating the original coordinate system (x) about the positive X
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(north locally) and positive Z (Greenwich locally) axis by 14 and 14.4 degrees respectively. The new co-
ordinate system is then defined as x̂ = Rx(14)Rz(14.4)x using basic rotations described by Equation 2.4.

Application of the load relative to this novel coordinate system, consistent with the interpolation from
the computed surface load using ANICE as defined by the latitude and longitude taken from the ANICE
grid, leads to the application of the load over the high resolution grid defined in the original coordinate
system. Therefore, rather than bringing the high resolution area to Greenland, Greenland is taken to the
high resolution area. The consequence is a homogeneous mesh at the surface with slight irregularity in
meshing with depth resulting from the incompatibility of the seeding in radial direction with the defined
layer thickness. A cutout off the high resolution mesh is visualised in Fig. 2.5. The difference in simulated
GIA following the application of a slab load reduces to less than 3 meters. The result of the application
of the load associated with the simulation’s first timestep is visualised in Fig. 2.6 and demonstrates the
proper implementation of the method for simulating the GrIS at a high resolution cutout characterised by
a small area (half angle of 15◦ relative to the positive Z axis).

Finally, the method for determining the GIA disables part of the spherical harmonics. Consequently,
the application of the surface load at the north pole creates a misalignment with the Earth’s spherical
harmonics. Thus, the entire system is rotated a second time such that the applied load is aligned with
the spherical harmonics. Furthermore, the method by Blank et al. (2021) for determining the effect of a
stress dependent viscosity through a composite rheology characterised by creep and dislocation parameters
also needs to be alligned with the novel coordinate system. Thus, when determining the dislocation and
diffusion parameters using the method by Van der Wal et al. (2010) and subsequently assigning them to
the FEM mesh, a third rotation is required. This concludes the changes to the FEM approach necessary
to efficiently simulate the GIA for Greenland.

Rx(α) =

1 0 0
0 cos(α) − sin(α)
0 sin(α) cos(α)

Ry(β) =

 cos(β) 0 sin(β)
0 1 0

− sin(β) 0 cos(β)

Rz(γ) =

cos(γ) − sin(γ) 0
sin(γ) cos(γ) 0

0 0 1

 (2.4)

Figure 2.5: The application of a high resolution
mesh at the spherical FEM model’s north pole
using a method of cutting the layers and replac-
ing the cutout with an equivalent sized high reso-
lution mesh shape. The cutout leads to warping
of the mesh with depth and a smooth mesh at
the surface.

Figure 2.6: The application of the load, interpo-
lated from ANICE to FEM, is correctly applied
at the high resolution cutout by defining the po-
sition of the applied load relative to a secondary
coordinate system rotated relative to the original
coordinate system by: x̂ = Rx(14)Rz(14.4)x.
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2.1.3 Model Interpolation - Oblimap

Oblimap’s implementation is taken from (Reerink et al., 2016). It provides a method for the rapid inter-
polation of data between two grids. The original implementation accounts for the input of data onto an
ANICE grid of 141 by 91 grid cells with cell sizes of 20x20 kilometers. However, adaptations to ANICE have
changed the scale of the simulation to a 141 by 77 grid of the same 20x20km cell size. This necessitated an
update of the input fields for bedrock topography, ice thickness, and surface elevation. However, back and
forth interpolation between the ANICE and GIA grid causes a shift in the applied surface loading and the
computed deflection. This occurs because the center of the input fields has become misaligned with the
assumed center of the interpolation. Thus, the applied load is displaced relative to the original load and
the computed GIA will reflect on this translation in load by under- and over-estimating the simulated GIA
in relation to the misalignment.

To remedy this, a series of tests were run that allowed for the unperturbed input of the ice thickness.
The twice interpolated (ANICE to FEM, FEM to ANICE) ice thickness was subtracted from the original
ice thickness and the resulting difference can be used as a gauge for the necessary shift in the assumed
center of the interpolation. Visual observation of the first run demonstrated that the input was estimated
to be further south-west than the actual input. As such, the latitude and longitude of the interpolation was
incrementally increased to to replicate the necessary shift in the assumed center of the interpolation. In
addition, the standard parallel of the projection (α) was iterated for each combination of λ and ϕ. Using
this iterative procedure the best performing combination of λ, ϕ, and α were found to be λM = 319◦, ϕM =
72◦ α=7.1◦C. For future reference: this describes the center of the projected input bedrock, ice thickness,
surface elevation, surface velocity, ice temperature, and mass balance fields for Greenland.

2.1.4 Model Interpolation - Coupling

The ANICE and FEM models, adapted for Greenland, are coupled using the approach developed by
Van Calcar (2020). The method is visualised in Fig. 2.7. The timesteps used to iterate on are 5,000
year steps for the initial simulated 100,000 years since the mid-Eemian and steps of 1,000 years over the
last 20,000 years.
The coupled model’s implementation iterates between ANICE and FEM until the convergence criteria
is satisfied. Initial simulation results for a coupled 3D ice sheet and a laterally homogeneous 3D Earth
model demonstrate that the simulated bedrock deflection approaches the converged solution’s mean bedrock
elevation within 98.5% following on the first iteration of ANICE. The variation in convergence with every
simulated timestep is visualised in Fig. 2.8. The notable improvement in performance following timestep
19 is a consequence of the reduction in timestep size from 5,000 to 1,000 years.

Also visualised in Fig. 2.8 is the maximum difference in vertical bedrock displacement on the simulated
77x141 ANICE grid. Comparison of the difference in maximum vertical displacement demonstrates that the
difference does not exceed 2.5 meters for every timestep, anywhere on the simulated field. Thus, there are no
significant regional differences in the simulated deflection that are not reflected in the percent convergence
towards the converged solution of the iteration ANICE-FEM run. The single iteration approximates the
converged solution very well.

The convergence performance of a single iteration coupled run demonstrates that multiple iteration
simulations (up to 9) which force the model towards convergence is not required. Consequently, a ∼threefold
improvement in coupled simulation performance may be obtained by assuming that the single iteration
simulation results are descriptive of the studied behaviour. Thus, similar to Van Calcar (2020), convergence
is assumed at the end of the first iteration for every timestep for both literal homogeneous and laterally
heterogeneous Earth approximations.
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Figure 2.7: A block diagram describing the forward modelling procedure by which the ANICE and FEM
are coupled and iterated (Van Calcar, 2020).

2.2 Coupled model input

Coupled ANICE-FEM simulations require model input to replicate the environment in which the GrIS
evolves. Necessary model input is taken from a variety of sources and crucial input is reiterated here. This
does not include an extensive discussion on model parameterisation which is largely defined in cited papers
or as used in previous version of ANICE and FEM iterations unless stated otherwise.

2.2.1 Ice sheet model input

Present day ice thickness (Hi [m]), bedrock elevation (Hb [m]), and surface elevation (Hs [m]) are adapted
from Bamber et al. (2013) and are visualised in Fig. 2.9. These fields are taken as model input at the
mid-Eemian simulation start (-120ka BP) for first iteration coupled runs and a reference ANICE run using
ELRA as mechanism for computing bedrock deflection. Second and third iteration coupled model runs
append the input fields for bedrock elevation and surface elevation using the difference in output from the
preceding run with the bedrock visualised in Fig. 2.9. Bedrock input is updated with Equation 2.5 and
elevation input with Equation 2.6. Where Hbi and Hsi are the ith iteration’s input bedrock elevation and
surface elevation respectively, where HbPD Observed

and HiPD Observed
are the observed present day bedrock

elevation and ice thickness respectively, and where SL, ρice, and ρsea are the sea level, ice density, and
sea water density respectively. Finally, note that the ice sheet is assumed to be in isostatic equilibrium at
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Figure 2.8: A comparison of the performance of a 120,000 year converged coupled 3D ice sheet and 3D GIA
model run by considering the convergence of the first iteration ANICE-FEM output with the final iteration
ANICE-FEM output and by considering the maximum difference in vertical bedrock displacement between
the first and final iteration.

simulation start and the horizontal surface velocity and rate of melt at the ice sheet’s bedrock are set to
zero at simulation start.

Hbi = HbPD observed
− (HbPD i−1

)−HbPD observed
(2.5)

Hsi = HiPD observed
+MAX

(
SL− ρice

ρsea
∗HiPD observed

, Hbi

)
(2.6)

The model is forced by a time varying global temperature and eustatic sea level estimate taken relative to
PD. These values are obtained from the ERA-40 monthly averaged dataset by Uppala et al. (2005) and
are visualised in Fig. 2.10. Temperature and sea-level forcing is invariant between different model runs and
iterations. The applied insolation forcing is taken from Laskar et al. (2004). Regional variations in precipita-
tion, surface temperature, and heat flux are also adapted from the ERA-40 re-analysis (Uppala et al., 2005).
Other model input includes the deflection computed with FEM and interpolated using Oblimap which is
applied as a linear bedrock elevation change over the timestep at the start of the ANICE run. Other ANICE
model input and model parameterisation is defined in De Boer et al. (2013, 2014) This includes the pa-
rameterisation of e.g. water salinity, water density, ice density, sliding coefficients, atmospheric lapse rates,
Earth geometry, frictional heating coefficients, Greenland specific ablation, Greenland specific flow laws, etc.

2.2.2 FEM input

Relevant FEM input includes information on the to-be-applied initial load and the definition of the 3D
Earth’s structure, viscosity, and elastic parameters. The first iteration coupled model runs are provided

17



Figure 2.9: Model input ice thickness (left), bedrock elevation (middle) and surface elevation (right) adapted
from observed present day values described by Bamber et al. (2013) using Oblimap2.0 by Reerink et al.
(2016).

Figure 2.10: Input variation in global temperature changes and sea level changes relative to present day
used for model forcing (Uppala et al., 2005)

an estimate of the applied surface load over the first timestep in accordance with the coupling method
described in Fig. 2.7. The estimated load is obtained using ANICE which uses ELRA as mechanism for
computing the bedrock deflection. Each subsequent timestep is then forwarded a new surface load which
is computed with ANICE over the i+1th timestep. The estimated load is applied to the FEM as a linearly
increasing load over the simulated timestep. Similarly, the computed deflection is applied to the ice sheet
model as a linearly changing deformation. This processes of successively computing deformation and load
changes and applying them to ANICE and the FEM model respectively is repeated until the simulation
ends at PD. One consequence of the chosen routine is an overestimation of the changes in applied surface
loading. Ice sheet waxing and waning in marine-grounded sections of the ice sheet causes ice to occupy
space previously occupied by water. The model does not consider the previous application of load by the
replaced ice or water. Thereby overestimating the applied variation in surface loading leading to larger
simulated GIA. However, this effect is small and can be neglected.
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Large parts of central Greenland’s ice mass redistributes to the periphery and where significant growth
at the periphery up to the coastline establishes an alternating pattern of positive and negative applied
loads. The simulated load in meter-ice equivalence (MIEQ) is then applied to the FEM which computes
an estimated pattern of uplift and depression in response to the visualised change in surface loading.
The estimated deflection is applied to ANICE to obtain an improved loading scenario which is used as
starting point for the coupled ANICE and FEM simulation. All first iteration simulation results employ
the visualised divergence from equilibrium as initial loading scenario. Each subsequent iteration, where the
first timestep’s model input at the mid-Eemian is iterated using the previous iteration’s output at PD, are
provided a novel loading estimate obtained with ANICE using ELRA. Thus, the first iteration coupled runs
have equivalent loading of the first timestep and the applied loading diverges for each subsequent timestep
and iteration in response to the defined sub-Greenland viscosity. The first iteration-first timestep’s surface
load estimated with ANICE using ELRA is visualised in Fig. 2.11.

FEM input also requires the definition of the 3D Earth’s structure. Two laterally homogeneous and two
laterally heterogeneous Earth structures are used for the purpose of this study. These are introduced in
section 2.3.
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2.3 1D and 3D Earth Structure Definitions

Essential in understanding the effect of lateral heterogeneity on the GrIS’ evolution is a representative 3D
Earth model. Three models are used to construct a framework for discussion. First, a bi-layered Elastic
Lithosphere Relaxing Asthenosphere (ELRA) is used with ANICE to generate initial load estimates for
simulation initialisation. Second, two stratified radially varying one dimensional Earth structures are de-
fined through layer viscosity and elastic parameters. Finally, a number of three dimensional (3D) Earth
structures are defined by the definition of element-wise dislocation and diffusion creep parameters depen-
dent on mantle water content and grain size estimates. The models are defined and elaborated on in this
section.

2.3.1 ELRA Earth structure approximation

Initial reference GrIS evolution results are obtained using ANICE which approximates bedrock deformation
with Elastic Lithosphere Relaxing Asthenosphere. This reference simulation does not couple the 3D ice
sheet model ANICE with a Finite Element Model. Instead, bedrock evolution is obtained by "internally"
computing bedrock deformation in response to a changing ice load at 10 year intervals.

ELRA approximates the Earth’s response to changes in surface loading by computing elastic deformation
of a linearly elastic lithosphere top layer and the deformation rate of a viscous asthenosphere bottom layer
Le Meur and Huybrechts (1996); De Boer et al. (2013).

The magnitude and wavelength of the computed deformation, W (m), depends on the lithosphere’s
definition as described by Equation 2.7. Here, q is the applied load, Lr the relative stiffness, De is the
lithosphere’s flexural rigidity, and χ the zero order Kelvin function. The computed response rate, ∂W

∂t (m
yr−1), to changes in applied load is dictated by the asthenosphere, detailed by Equation 2.8. Where the
rate of uplift depends on the divergence from the simulation’s equilibrium state W −W0 and the inverse of
the relaxation time τ−1 (De Boer et al., 2013).

The bedrock adjustment computed with ELRA at step i+ 1 is then a product of the combined elastic
and viscous response Le Meur and Huybrechts (1996); De Boer et al. (2013). The implemented ELRA is
then defined by Table 2.1 and a lithosphere thickness of 100 kilometers.

W (z) =
qL2

r

2πDe
χ(z) ; Lr =

(
De

ρag

)1/4

(2.7)

∂W

∂t
=

−(W −W0)

τ
(2.8)

Lithosphere Asthenosphere
Constant - definition Value unit Constant - definition Value unit
De - flexural rigidity 1 · 1025 kg m−2 s−2 τ - relaxation time 3000 yr
ρa - mantle density 3300 kg m−3

g - gravitational accel. 9.81 m s−2

Table 2.1: ELRA parameterisation

ANICE with ELRA as specified by Table 2.1 is used to approximate the first timestep’s initial divergence
from an assumed isostatic equilibrium at simulation start. Using input as specified in section 2.2 and
computing bedrock elevation change at 10 year intervals over a period of 5,000 years results in the changing
surface loads visualised in Fig. 2.11.
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Figure 2.11: First iteration-first timestep estimated surface load for model initialisation obtained using
ANICE with ELRA for a given initial topography and ice thickness

2.3.2 One dimensional Earth approximation

Computing surface deflection in response to changes in applied surface loading is possible using ELRA. In
addition, ELRA allows for the simulation of lateral variation in sub-Greenland rheology through laterally
varying relaxation times. ELRA thus provides a means for computing the response to a bi-layered 1D and
a bi-layered 3D varying Earth rheology. However, ELRA computes a linear response to changes in surface
loading. Furthermore, ELRA is an inherently simplified flat-Earth approximation that negates the effects
of mantle variability with depth.

Conversely, computing the Earth’s deformation using a Finite Element Methods (FEM) permits the
analysis of the effects of including full spherical 3D visco-elastic Earth models characterised by both radi-
ally and laterally varying (non-)linear rheologies. In addition, computing deflection for such Earth models
allows for the inclusion of self-gravitation and in extension of a perturbed gravity field. This results in
temporal- and spatial-variability in the computed deformation in response to changes in applied surface
loading which cannot be resolved, to this extent, with ANICE when using ELRA.

Therefore, studying the ramifications of variability in Earth rheology on the GrIS’ evolution benefits
from a higher fidelity FEM approach in the context of coupled ice sheet and solid Earth modelling. Two
1D Earth models are defined for analysis. Uncertainty in sub-Greenland Earth rheology and mantle com-
position has resulted in the definition of a relatively strong and a relatively weak 1D sub-Greenland Earth
rheology. A relatively strong rheology is specified to simulate the response to a commonly accepted "real-
istic" sub-Greenland 1D viscosity profile and will be used as benchmark. The weak 1D rheology is defined
to study the response of the GrIS in extreme scenarios where (rates of) depression and uplift are large and
feedback between the GrIS and the GIA may be assumed strongest. The strong 1D rheology will henceforth
be labeled as 1DR1 and the weak 1D rheology as 1DR2.

The 1DR1 model is defined as a 5-layered radially varying Earth structure. The layers are characterised by
their depth, viscosity, shear modulus, and density. Table 2.2 describes the 1DR1 Earth structure.
Studying the effects of radially varying and laterally varying Earth rheology on the GrIS’ evolution requires
the definition of a realistic sub-Greenland rheology. Such a rheology must result in simulated Earth de-
formation and sea-level changes that show good agreement with recorded sea level histories and observed
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PD GIA signals when using a global ice loading chronology. Varies authors have defined different ice histo-
ries for which various sub-Greenland 1D rheology definitions have been postulated. 1DR1 is then defined
by considering these rheologies and isolating a "most common" sub-Greenland rheology as benchmark for
initialising the coupled ANICE-FEM study. This method is required because the coupled model is not
constrained by ice histories, where both the GIA and ice sheet are to evolve, meaning a reference must be
used.

Lecavalier et al. (2014) introduces a spherically symmetric Maxwell viscoelastic rheology to compute the
Earth’s deflection underneath the GrIS. The approach combines insights from the Preliminary Reference
Earth Model (PREM) on elastic and density parameters with layer-differentiated viscosity to generate sim-
ulation results differentiated by their fit of available RSL estimates. An optimal fit of available RSL data
is obtained when defining a 1D Maxwell rheology characterised by a 120 kilometer Lithosphere Thickness
(LT) with a viscosity of υLV = 1E44 Pa · s, a 550 kilometer upper mantle with an Upper Mantle Viscosity
(UMV) of υUMV = 5E20 Pa · s, and a lower mantle extending to the outer core’s interface with the lower
mantle (at 2891 kilometers below the surface) with a Lower Mantle Viscosity (LMV) of υLMV = 1E21 for
the Huy2 ice history. The optimal fit for the improved ice history Huy3 is obtained by varying the LMV
to Pa · s or υLMV = 2E21 Pa · s (Lecavalier et al., 2014). A similar 1D viscosity was obtained for PREM
which defines the optimal rheology as υUMV = 5E20 Pa · s and υLMV = 2E21 Pa · s (Dziewonski, 1981).
Further research on Greenland specific GIA demonstrates that the same 120km LT, 5E20 UMV, and 2E21
LMV structure yields good results for simulating GIA in Greenland (Milne et al., 2018; Adhikari et al.,
2021).

Thus, the little variability in optimal viscosity for ice histories Huy2, GrB, and Huy3 demonstrated
by Lecavalier et al. (2014) and the precedent of using rheologies similar to that found by Lecavalier’s in
Greenland specific GIA studies by Milne et al. (2018); Adhikari et al. (2021) underpins the definition of a
1D Earth rheology benchmark as defined by Table 2.2. Where two sections of upper mantle are defined as
"Upper Mantle-1" and "Upper Mantle-2" to reflect on a discontinuous shear modulus and density variation
with depth. The elastic parameters and density parameters are defined by using PREM and the model is
made incompressible.

Earth Layer Layer Depth Viscosity Shear Modulus Density
km Pa · s Pa kg ·m−3

Core [0-3480] 0 1E-20 10750
Lower Mantle [3480-5701] 2E21 2.28340E11 4978
Upper Mantle - 2 [5701-5951] 5E20 1.05490E11 3871
Upper Mantle - 1 [5951-6311] 5E20 0.70363E11 3438
Lithosphere [6311-6371] 1E44 0.50605e11 3037

Table 2.2: One dimensional radially stratified solid Earth model (1DR1) definition based on work by
Dziewonski (1981); Lecavalier et al. (2014); Milne et al. (2018); Adhikari et al. (2021).

The results obtained by Lecavalier et al. (2014) are skewed towards western Greenland by the large number
of GPS stations in this region. The optimal 1D Maxwell rheology is therefore skewed towards matching
the signal on the western coast. The spread of feasible combinations of LT, UMV, and LMV underpins the
uncertainty in defining a 1D sub-Greenland rheology. Adhikari et al. (2021) finds that an optimal fit for
eastern Greenland may be obtained for a 1D rheology defined by a LT of 120km, an UMV of 3E20 Pa · s ,
and a LMV of 5E22 Pa · s. Adhikari et al. (2021) also indicates that a viscosity as low as 6E19 Pa · s may
be required to accurately reflect recent changes in GIA following the Little Ice Age.

The possibility of a far reduced UMV is supported by results presented by Milne et al. (2018); Mordret
(2018) which are indicative of such low UMV in (south)eastern Greenland due to the presence of a sup-
posed "hot-spot track". Consequently, to gauge the difference in GrIS evolution when the upper mantle is
described by a low viscosity a second 1D profile is defined to reflect on the possibility of this low 6E19 Pa ·s
UMV. The possibility of a significant reduction in lithosphere thickness underlying southeastern Greenland,
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evident in work by Zhong et al. (2003); Milne et al. (2018), is translated into a reduced LT for the 1DR2
model. As such, the 1DR2 will be described by Table 2.3. The elastic parameters and density parameters
are invariable relative to 1DR1.

Earth Layer Layer Depth Viscosity Shear Modulus Density
km Pa · s Pa kg ·m−3

Core [0-3480] 0 1E-20 10750
Lower Mantle [3480-5701] 2E21 2.28340E11 4978
Upper Mantle - 2 [5701-5951] 6E19 1.05490E11 3871
Upper Mantle - 1 [5951-6311] 6E19 0.70363E11 3438
Lithosphere [6311-6371] 1E44 0.50605e11 3037

Table 2.3: One dimensional radially stratified solid Earth model (1DR2) definition using the low UMV
estimate postulated by Adhikari et al. (2021) and a low-end lithosphere thickness derived from Zhong et al.
(2003); Milne et al. (2018)

2.3.3 Three dimensional Earth approximation

A study of the effects of lateral variability in sub-Greenland rheology on the GrIS’ evolution necessitates the
definition of a global 3D Earth rheology. The model developed by Van der Wal et al. (2010) and expanded
on in Van der Wal et al. (2013, 2015) is used for defining a 3D composite Rheology through the assignment
of dislocation and diffusion creep to every element in the FEM model developed by Van Calcar (2020) based
on work by Blank et al. (2021).
The 3D viscosity profiles are defined by their lithosphere thickness and dislocation and diffusion creeps. The
dislocation and diffusion creep are dependent on the mantle material grain size and mantle water content.
As such, a realistic bound on mantle material water content and mantle material grain size need to be
established.

Both the mantle material grain size and mantle water content underlying Greenland are spatially vari-
able and poorly constrained. A mantle material water content ranging from 0 to 100 ppm is considered
realistic, however, studies of mid ocean ridge basalt and ocean island basalt have found that a water content
in excess of 100 ppm may be feasible (Ohtani, 2019). The presence of ocean island basalt near Greenland
may indicate the local presence of a (semi-)wet mantle (Ohtani, 2019). This observation is supported by
Karato (2003) who finds that the potential hotspots underlying Greenland may be referenced as "wet-spots"
which can have a water content varying from 600-1000 ppm (Behn et al., 2019).

Mantle material grain size is depth dependent and can vary up to centimeters in size (Behn et al.,
2019). A plausible sub-Greenland grain size can be obtained by considering work by Mordret (2018) who
finds that the grain size underlying Greenland at 180 kilometers depth can vary from 1 to 20 millimeters.
Thus, mantle material grain size can vary from a sub-millimeter scale to tens of millimeters and is depth
dependent. Additionally, water content is found to vary from dry (0 ppm) to wet (1000 ppm).

This wide range in feasible mantle material grain size and water content combinations leads to differences
of several orders of magnitude in sub-Greenland stress dependent rheology. Consequently, additional input
is required to constrain the feasible range of values further. The external input is provided by a study
of GIA and GPS uplift rates in East-Greenland by V. R. Barletta. By studying a wide range of shallow
and deep upper mantle viscosity values Barletta creates an overview of model performance when looking
to replicate the recorded uplift in southeastern Greenland GPS measurement stations. The results for a
lithosphere thickness of 90 kilometers are visualised in Fig. 2.12. Darker colours reflect on improved fit
for the Deep-UMV and Shallow-UMV indicated on the y and x axis respectively. The best fit for a 90km
lithosphere thickness is obtained for a shallow upper mantle viscosity of 6E18 Pa · s and deep upper mantle
viscosity of 4E19 Pa · s.
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This provides the additional constraint required. The purpose of this study is to inquire into the effects
of lateral variability on the GrIS’ evolution. Of particular interest is the consequence of the locally decreased
sub-Greenland viscosity underlying southeastern Greenland. Therefore, by creating a 3D profile that em-
ulates the viscosity in the deep and shallow upper mantle at the KUAQ location a realistic description
of the GIA and therefore the lateral variability in rheology for this region should be acquired. Visualised
on Fig. 2.12 is the outline of possible combinations of shallow and deep upper mantle viscosity obtained
when simulating the range of feasible mantle material water content and grain size. Since the viscosity is
affected by stress contained within the mantle, two realistic stresses are used to make the outlines (1E5
Pa at model initialisation and 1.905E6 Pa at LGM). The best performing combination of Shallow-UMV
and Deep-UMV contained by the respective outlines defines realistic 3D models that describe the effect
of interest and is bound by a realistic grain size, a realistic water content, observed PD rates of uplift in
southeastern Greenland, and realistic stresses contained within the mantle.

Figure 2.12: Visualisation of the effect of mantle water content, mantle material grain size, and mantle
stresses on the range of feasible combinations of deep and shallow upper mantle viscosity on top of the
performance in replicating uplift on southeastern Greenland’s coast by V. R. Barletta. The 3DE5 and 3DE6
profiles including lateral variability in viscosity underneath Greenland are taken from the best performing
combination of Shallow-UMV and Deep-UMV contained for the two extremes of realistic mantle stresses

The best performing combination of grain size and mantle water content for a mantle stress of 1E5 Pa is
described by a 3 mm mantle material grain size and a water content of 75 ppm, henceforth labeled as 3DE5.
The best performing combination for a stress of 1.905E6 Pa is described by a 3mm mantle material grain
size and water content of 4.7ppm. The resulting viscosity profile underlying Greenland is visualised for an
assumed mantle stress of 1E5 Pa in Fig. 2.13 for 3DE5 and in Fig. 2.14 for 3DE6.
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2.3.4 3D and 1D solid Earth comparison

The reduced water content leads to a significant increase in viscosity for 3DE6 relative to 3DE5. The
inclusion of lateral variation in sub-Greenland rheology leads to increased lithosphere thickness underlying
western, northern, and central Greenland and reduced viscosity underlying southeastern coastal regions.

Two regions that are particularly important for the GrIS’ ice loss are northwestern Greenland (Chen
et al., 2011; Khan et al., 2016; Mouginot et al., 2019) and southeastern Greenland (Khan et al., 2016;
Bunce et al., 2018; Weerdesteijn et al., 2022). To study the effect of including lateral variations in the sub-
Greenland rheology a vertical viscosity profile is made for northwestern Greenland, southeastern Greenland,
and central Greenland as a reference. These profiles are included in Fig. 2.15. The profile demonstrates
that the viscosity in northwestern and in central Greenland is higher than the commonly adopted laterally
homogeneous sub-Greenland rheology (indicated by a vertical blue line) near the surface and decreases
below the 1D viscosity at increasing depths. In southeastern Greenland the viscosity profile is an order of
magnitude smaller than 1DR1 for 3DE5 and similar to 1DR1 for 3DE5.

Figure 2.13: 3D Viscosity (3DE5) profile visualisation at depths of 100, 200, 300, and 400 kilometers for a
mantle material water content of 75 ppm and an assumed grain size of 3 mm.
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Figure 2.14: 3D Viscosity profile (3DE6) visualisation at depths of 100, 200, 300, and 400 kilometers for a
mantle material water content of 4.7 ppm and an assumed grain size of 3 mm.

Figure 2.15: Vertical viscosity profiles associated with northwestern Greenland, central Greenland, and
southeastern Greenland. The inclusion of lateral variations in the sub-Greenland rheology causes an in-
crease in viscosity near the surface in northwestern and central Greenland and a decrease in southeastern
Greenland.
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Chapter 3

Results and Discussion

Four 3D Earth models have been defined to study the effect of lateral variations in sub-Greenland rheology
on the GrIS’ evolution in a coupled 3D ice sheet and 3D GIA model. The results will be discussed in this
chapter.

First, the applicability of the simulated results will be asserted by evaluating the results obtained for
the radially stratified laterally homogeneous viscosity profiles following the first iteration’s first timestep in
section 3.1. The same section will present a discussion on the need for, and process of, iterating the model
input to obtain realistic ice histories for a given viscosity profile. Subsequently, the effect of lateral varia-
tions in sub-Greenland rheology on GIA-elevation-mass balance feedback will be considered in section 3.2.
Thereafter, the effect of a 3D rheology on the grounding line migration and feedback on the ice sheet’s
growth and decline will be discussed in section 3.3. Finally, the ramifications of varying the mantle water
content on the GrIS’ evolution will be elucidated in section 3.4.

3.1 Applicability of the simulated results

The applicability of the simulated results depends on their ability to meaningfully describe the GrIS’
evolution within the context of a coupled 3D GIA and 3D ice sheet model. Here, the first iteration first-
timestep results will be analysed for the 1DR1 and 1DR2 laterally homogeneous Earth models to ascertain
the relevance of the simulated results. Subsequently, the iterated model input and convergence to PD
observed bedrock elevation is discussed.

3.1.1 One dimensional first iteration-first timestep simulation results

The simulated GIA response to the assumed ice loading obtained with ANICE using ELRA, see subsec-
tion 2.3.1, is visualised in Fig. 3.1. Consideration of the first timestep-first iteration’s output is meaningful
because input is equivalent and therefore any difference in the simulated GIA and subsequent ANICE is
exclusively dependent on the difference in the 3D solid-Earth model’s definition.

Comparison of the simulated GIA for 1DR1 and 1DR2 with the applied surface loading over the first
timestep shows that the pattern of bedrock uplift and subsidence correlates with the magnitude of the ap-
plied surface loading. GIA in central Greenland characterised by a negative surface load leads to a positive
vertical bedrock displacement and GIA on Greenland’s periphery characterised by a positive load leads to
negative vertical bedrock displacement. Furthermore, the magnitude in GIA for 1DR1 and 1DR2 aligns
with the magnitude of the applied surface loading. Where regions characterised by increased loads applied
over a large region result in increased bedrock displacement. The increased magnitude of the GIA simulated
for 1DR2 reflects on the lower UMV and the reduced LT. The reduced wavelength of the response, reflected
in the displacement of bedrock closer to the applied loads, is reflected in the difference in simulated GIA
between 1DR1 and 1DR2. Thus, the difference in sub-Greenland rheology is accurately reflected in the
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Figure 3.1: Visualisation of the bedrock response for 1DR1 (middle) and 1DR2 (right) to the estimated
surface loading (left) obtained with ANICE using ELRA over the first iteration’s first 5,000 year timestep.

computed GIA.

Coupling of GIA with ANICE through the inclusion of the simulated difference in GIA as a linear defor-
mation applied to the bedrock in ANICE results in the difference with bedrock elevation and ice thickness
results obtained for ANICE when using ELRA (ANICE:ELRA) as visualised in Fig. 3.2. Comparison of
1DR1 with ANICE:ELRA demonstrates that the increased lithosphere thickness and UMV leads to relative
subsidence in central Greenland and relative uplift on Greenland’s coastline. This is a consequence of the
reduced effect of GIA caused by the stronger rheology. The results obtained for the first 5,000 years demon-
strate that the difference in GIA leads to advancement of the grounding line through relative bedrock uplift
(i.e. decreased 1DR1 subsidence) and increased ice thickness inland of the advanced grounding line. Also
visible is the effect of GIA-elevation-accumulation feedback in a cooling climate which leads to increased
ice accumulation at lower surface elevations (central Greenland) and reduced ice accumulation at increased
surface elevations (coastal Greenland). Also represented must be the difference in ice ablation due to rel-
ative changes in surface elevation at lower altitudes. Thus leading to the inclusion of GIA-elevation-melt
feedback. The significance of the effect is proportional to the difference in computed GIA which becomes
apparent when comparing the difference in ice thickness in relation to the difference in GIA for 1DR1 and
1DR2 results. Thus, the simulation incorporates the effects of GIA-elevation-mass balance feedback and
grounding line advancement feedback on the GrIS’ growth starting from the first timestep. Differences in
simulated GrIS histories in the coupled 3D ice sheet and 3D GIA model therefore reflect on the effects
of variation in sub-Greenland rheology on the feedback mechanisms of interest. Thereby validating the
simulated results.
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Figure 3.2: Comparison of the simulated GIA and coupled effect on the ice thickness with ANICE results
obtained using ELRA for 1DR1 and 1DR2. Differences in GIA and ice thickness obtained are exclusively
dependent on the differences in the Earth model and reflect the effect on grounding line migration feedback
and GIA-elevation mass balance feedback.

3.1.2 Simulation convergence to present day observed bedrock elevation

The evaluation of the first iteration-first timestep coupled simulation results validates the correct imple-
mentation of the model’s intended functionality. The results demonstrate that variability in sub-Greenland
viscosity is accurately reflected in the simulated GIA and that the simulated GIA affects the ice thickness
via melt-elevation-mass balance and grounding line advancement following model initialisation. Thus, the
effect of both feedback mechanisms, which is the topic of this study, must also be included. However, a
large divergence in simulated bedrock elevation relative to the PD observed bedrock elevation is obtained
when simulating the GrIS to PD. The difference with PD observed bedrock elevation for the first iteration
simulated output is visualised in Fig. 3.3. This demonstrates, for a given viscosity, that the ice history is
unrealistic which leads to an over- or under-estimation of the simulated GIA. Thus, the simulated results
cannot be directly compared for the first iteration coupled 3D ice sheet and 3D GIA model runs.

The ice history can be improved by iterating the model input using the method discussed in section 2.2.
The iterated model input employs the difference observed at PD for the previous iteration coupled model
output to modify the initial surface elevation and bedrock topography. This differences in initial topography
leads to an improved ice history for a given viscosity which leads to improved convergence to the PD
observed bedrock topography for the second iteration coupled model run, visualised in Fig. 3.4. Then,
simulation results at any recorded timestep may be compared under the premise that the GrIS’ state and
sub-Greenland’s topography as recorded depends entirely on the used Earth model by eliminating the
propagation of errors introduced by uncertainties in the definition of the initial topography. Thus allowing
for a direct comparison of simulation results at the LGM and at PD.
Divergence from PD observed topography visualised in Fig. 3.4 demonstrates the inability of the coupled
model characterised by the 1DR2 Earth representation to converge to PD observed bedrock topography.
A third iteration of model input does not improve the convergence at PD as visualised in Fig. 3.5. Upon
closer inspection of the difference in bedrock elevation at PD it becomes obvious that the formation of
inland lakes through extreme subsidence under the positive applied surface loading leads to lake formation
in northwestern Greenland (NWG) which causes an unrealistic negative applied surface load. Thus, further
depression of the input bedrock elevation will result in increased lake formation which will reduce the
applied surface load further and lead to yet increased relative uplift. Consequently, the 1DR2 model’s
current definition cannot lead to convergence to PD observed bedrock elevation and is eliminated from the
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Figure 3.3: Assessment of the convergence of first iteration coupled ANICE:FEM simulation results towards
PD observed bedrock elevation by visualising the difference for 1DR1, 1DR2, 3DE5, and 3DE6 - PD bedrock
elevation

Figure 3.4: Assessment of the convergence of second iteration coupled ANICE:FEM simulation results
towards PD observed bedrock elevation by visualising the difference for 1DR1, 1DR2, 3DE5, and 3DE6 -
PD bedrock elevation

discussion. Therefore, the research question will be investigated by considering the simulated results for
3DE5 and 3DE6 relative to the simulated results obtained for 1DR1.
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Figure 3.5: Assessment of the convergence of third iteration coupled simulation results towards PD observed
bedrock elevation by visualising the difference for 1DR2 - PD bedrock elevation

3.2 3D GIA feedback on mass-balance

GIA leads to a vertical displacement of the bedrock which leads to a similar vertical displacement of the
GrIS’ surface elevation. Vertically displacing the ice sheet’s surface leads to a change in surface temperature
determined by a constant atmospheric lapse rate. Precipitation over the GrIS, introduced in section 1.1 and
section 1.2 and modelled as discussed in section 2.1, depends on the temperature at the inversion layer which
is directly affected by temperature at the ice sheet’s surface as described by Equation 2.1 and Equation 2.2
respectively. Ice melt at the ice sheet’s surface, described by Equation 2.3, is similarly dependent on the
surface temperature and thus the surface elevation. Therefore, an increased surface elevation caused by
GIA induced uplift leads to reduced precipitation and reduced melting of surface ice. The converse is
also true when the bedrock subsides. Thus, one consequence of GIA is to affect the ice sheet’s SMB by
establishing a negative feedback loop between ice mass changes and both precipitation and surface melt.
This section will discuss the effect of including lateral variations in the sub-Greenland rheology on the GrIS’
evolution via the mass balance. To this end, coupled simulation results obtained for a laterally varying sub-
Greenland rheology will be compared with results obtained for a commonly adopted laterally homogeneous
sub-Greenland rheology at both LGM and at PD.

3.2.1 Mass Balance: Mid-Eemian to Last Glacial Maximum

Global mean temperature decreased by 15◦C between the mid-Eemian and the LGM. As a result, this period
is characterised by a waxing ice sheet resulting from a net positive SMB. Simulated results demonstrate that
ice melt at the ice sheet’s surface becomes negligible as global temperatures decreased by approximately
4◦C in the initial 5,000 years following on the mid-Eemian. Thus, any difference in simulated GrIS waxing
up to LGM can be primarily attributed to differences in ice flow dynamics and ice mass accumulation.
Here, the effect of a difference in simulated GIA on the difference in ice accumulation is considered.

The applied surface loading is negative in central Greenland and positive at Greenland’s periphery, see
Fig. 2.11. Therefore, vertical bedrock displacement in central Greenland is characterised by uplift and
bedrock displacement in coastal regions is characterised by depression. The weaker GIA response to changes
in applied surface loading resulting from a relatively strong 3DE5 and 3DE6 upper mantle rheology leads to
a weaker uplift in central Greenland and a weaker depression in coastal regions relative to simulated 1DR1
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results. The decreased bedrock uplift in central Greenland will place the 3DE5 and 3DE6 bedrock below
the simulated 1DR1 bedrock. Conversely, the decreased 3DE5 and 3DE6 bedrock depression relative to the
1DR1 depression will place the 3DE5 and 3DE6 bedrock above the 1DR1 bedrock in coastal regions. The
simulated difference in bedrock elevation and ice thickness at LGM is visualised in Fig. 3.6. The difference
in bedrock elevation between between 3DE5 and 1DR1 (1DR1 results subtracted from 3DE5) is visualised
in Fig. 3.6A and the difference in ice thickness in Fig. 3.6C. The difference in bedrock elevation between
3DE6 and 1DR1 (1DR1 subtracted from 3DE6) is visualised in Fig. 3.6B and the difference in ice thickness
in Fig. 3.6D.

Results simulated for both 3DE5 and 3DE6 show a comparable pattern of variation with 1DR1 in terms
of both bedrock elevation difference and ice thickness difference at LGM. As such, processes that cause
3DE5 results to diverge from 1DR1 results at LGM also apply to 3DE6. Therefore, only 3DE5 results
will be compared with 1DR1 results and any insights can be extended to the 3DE6 results. Differences
between 3DE5 and 3DE6 will be discussed in section 3.4. The difference between 3DE5 and 1DR1 will be
discussed by considering three regions of interest for which the vertical viscosity profiles were introduced in
subsection 2.3.3: Southeastern Greenland, central Greenland, and northwestern Greenland.

Figure 3.6: Simulated difference in bedrock elevation and ice thickness at LGM for 3DE5-1DR1 and 3DE6-
1DR1 respectively.

Central Greenland is characterised by a negative difference in bedrock elevation (Fig. 3.6A.). This is a
consequence of the inclusion of lateral variations in sub-Greenland rheology which leads to an increased
mantle viscosity up to depths of 220 kilometers. This increased viscosity near the surface causes a weaker
GIA signal which results in reduced uplift in central Greenland when compared with 1DR1 causing a
negative difference in bedrock elevation at LGM. The region characterised by a negative difference in bedrock
elevation corresponds to a region of positive difference in ice thickness (Fig. 3.6C.). As such, simulated
ice thickness at LGM is larger for 3DE5 in central Greenland than for 1DR1 whilst bedrock elevation for
3DE5 is lower in central Greenland than for 1DR1. The difference in simulated ice thickness in central
Greenland is a consequence of either differences in the simulated ice sheet’s SMB (SMB = accumulation -
ablation + refreezing) or in the simulated ice flow. The waxing GrIS simulated for both 3DE5 and 1DR1
is not affected by ice melt at the surface after the initial simulated 5,000 years. Limited precipitation as
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rainwater and insignificant meltwater runoff cause refreezing to have a marginal effect on the GrIS’ waxing
in central Greenland.

The GIA induced vertical displacement of bedrock underlying the GrIS leads to an approximately
proportional vertical displacement of the ice sheet’s surface elevation. Therefore, the difference in bedrock
elevation between 3DE5 and 1DR1 translates into a comparable difference in surface elevation between
3DE5 and 1DR1. This difference in surface elevation is visualised at LGM in Fig. 3.7. The increased
viscosity underlying central Greenland which causes a decreased GIA signal translates into a lower surface
elevation of 3DE5 relative to 1DR1 in the southern portion of central Greenland. In the northern part
of central Greenland the increased viscosity results in reduced uplift but this does not translate into a
decreased surface elevation.

Figure 3.7: Difference in simulated surface elevation between 3DE5 and 1DR1 at LGM.

The reduced surface elevation in the southern section of central Greenland leads to increased precipitation
and subsequent ice accumulation for simulation 3DE5 relative to simulation 1DR1. This is visible in the
cumulative difference in simulated Accumulation (Gigatonne) between 3DE5 and 1DR1 in the 40ka leading
up to LGM, visualised in Fig. 3.8A. Also visualised is the difference in simulated vertically averaged ice
flow velocity between 3DE5 and 1DR1 40,000 years before LGM (Fig. 3.8B.) and at LGM (Fig. 3.8C.).
Combined, these two dynamics describe the difference in simulated GrIS evolution up LGM and illustrate
the significance of a difference in precipitation on the GrIS’ growth. Cumulative differences in accumulation
prior to 60ka BP are not included because the accumulation is affected by a melt component for the initial
5,000 years, a component attributed to the difference in the initial bedrock elevation state, and because the
accumulation is subject to significant temporal variations due to the simulated ice flow resulting from an
initial GrIS state that is not in equilibrium.

The difference in the simulated ice accumulation leading up to LGM Fig. 3.8A demonstrates that the
positive difference in ice thickness between 3DE5 and 1DR1 in the southern section in central Greenland
(Fig. 3.6 C.) is the consequence of a positive difference in accumulation between 3DE5 and 1DR1. Increased
accumulation resulting from an increase in precipitation leads to a positive difference in mass accumulation
up to 50 Gigatonnes over the 40,000 years leading up to LGM. Furthermore, the difference in flow velocity
for this slow moving grounded ice is limited to less than 0.1 m/yr barring the formation of a number of
streams towards Greenland’s coast where flow velocity differences increase to approximately 1 m/yr as seen
in Fig. 3.8B and Fig. 3.8C. Also visible is that this difference in simulated flow velocity between 3DE5
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and 1DR1 does not vary significantly between 60ka BP and LGM. Thus, the effect of ice flow dynamics on
the GrIS’ evolution in the southern regions of central Greenland is limited and the majority of ice thick-
ness variations can be attributed to a difference in accumulation which relates directly to a difference in
simulated GIA caused by the inclusion of lateral variations in the sub-Greenland rheology. The simulated
results for the northern sections of central Greenland show an increase in ice thickness (Fig. 3.6C.) whilst
the increased surface elevation results in a decreased accumulation. The difference in ice thickness is a
consequence of the difference in ice flow towards Greenland’s periphery which is caused by a combination
of a decrease in bedrock slope and a decrease in surface slope.

The same observations apply to other regions. A difference in bedrock elevation (Fig. 3.6A.), which
is a result of the inclusion of lateral variations in the sub-Greenland rheology, largely translates into a
difference in surface elevation. This difference in surface elevation is directly correlated to different rates
of accumulation where an increased surface elevation leads to reduced precipitation because of a decrease
in surface temperature and where a decreased surface elevation leads to an increased surface temperature
and by extension increased precipitation (Fig. 3.8A). The difference in accumulation causes a difference in
ice thickness (Fig. 3.6C). Alternatively, a difference in bedrock slope and in the ice sheet’s surface slope
result in a difference in the vertically averaged flow velocity (Fig. 3.8C) which explains the observed dif-
ference in ice thickness where differences in simulated ice thickness cannot be related to the difference in
accumulation, such as in the northern parts of central Greenland. As such, the increase in mantle viscosity
in the upper section of the upper mantle underlying the GrIS (Fig. 2.15), through the inclusion of lateral
variations in the sub-Greenland rheology, cause the GrIS’ waxing to diverge from results obtained for a
commonly adopted laterally homogeneous rheology. One region where this does not apply is southeastern
Greenland where the inclusion of lateral variations in rheology results in a decreased viscosity in the upper
section of the upper mantle. The results presented here suggest that this decreased viscosity does not affect
the GIA signal and by extension does not affect the GrIS’ waxing in southeastern Greenland. A plausible
explanation for this will be proposed in subsection 3.2.2.

The difference in simulated results at LGM demonstrate that both the simulated bedrock elevation (Fig. 3.6A.)
and simulated ice thickness (Fig. 3.6C.) are affected by the inclusion of lateral variations in sub-Greenland
rheology. Increased viscosity underlying most of Greenland (Fig. 2.13) lead to reduced uplift in regions that
are unloaded and to reduced subsidence in regions that are depressed. Conversely, the decreased viscosity
underlying southeastern Greenland does not result in an increased GIA signal. The difference in bedrock
elevation between 3DE5 and 1DR1, as observed at LGM, is a consequence of the difference in the assumed
model input at simulation start (subsection 3.1.2, the difference in the simulated GIA rates resulting from
differences in the sub-Greenland viscosity (subsection 2.3.4), and a component can be attributed to the
difference in GrIS waxing caused by diverging rates of ice accumulation at different altitudes (Fig. 3.8A.).

Results indicate that the simulated SMB responds to a vertical displacement of the ice sheet’s surface
elevation with a corresponding change in precipitation and subsequent ice accumulation. A relative decrease
in surface elevation in central Greenland resulting from reduced uplift when including lateral variations in
the sub-Greenland rheology results in an increased surface temperature which causes increased precipita-
tion. Similarly, reduced subsidence in coastal regions results in reduced surface temperatures which causes
decreased precipitation. Thus, the simulated difference in surface elevation at LGM (Fig. 3.7), which is
partially due to different rates of GIA, correlates strongly with divergent rates of accumulation in the 40,000
years leading up to LGM (Fig. 3.8A.). This effect is self-reinforcing in regions characterised by a stronger
sub-Greenland rheology because the reduced GIA signal leads to a proportional ice thickness change which
leads to a yet reduced GIA signal. The result is a difference in accumulation of up to ±50 Gigatonnes. This
suggests that the inclusion of lateral variations in the sub-Greenland rheology is significant because the
locally increased viscosity leads to a large difference in the ice sheet’s waxing when compared with results
obtained for a commonly adopted laterally homogeneous sub-Greenland rheology.

This result is inevitable because of how precipitation is implemented in ANICE. Precipitation, discussed
in section 2.1, depends on the temperature at the inversion layer (Equation 2.1) which is a function of the
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Figure 3.8: Cumulative difference in simulated precipitation between 3DE5 and 1DR1 over the period -60ka
BP to LGM

temperature at the ice sheet’s surface (Equation 2.2) and responds proportionally to differences in surface
elevation via the constant atmospheric lapse rate. Therefore, over a glacial period, a small difference in
surface elevation will translate into a large difference in ice accumulation. This is possible, however, re-
search has found that the SMB above the equilibrium line can either decrease or increase with an increase
in surface elevation (Edwards et al., 2014). Furthermore, the differences in surface elevation are less than
50 meters. Such a small difference in surface elevation is poorly suited to resolve a difference in precipi-
tation (Fettweis et al., 2013; Edwards et al., 2014). Additionally, the effect of a difference in altitude on
precipitation is stronger in southern Greenland than in northern Greenland. A five-fold larger difference in
surface elevation between northern and southern Greenland (Fig. 3.7) results in a comparable difference in
simulated ice accumulation (Fig. 3.8A.) leading up to LGM. This is a consequence of the spatial variation
in precipitation over the GrIS which is stronger in southeastern Greenland and which diminishes towards
northwestern Greenland (Bales et al., 2001; Roe, 2002; Wong et al., 2015). An increased viscosity in lower
latitude regions will have a stronger effect on the elevation-precipitation feedback which is reflected in the
results. However, because the largest differences in accumulation are observed in northern Greenland, and
because the differences in surface elevation are small, the significance of elevation-precipitation feedback
resulting from the difference in the modelled sub-Greenland rheology is tenuous. Improved implementation
of precipitation and subsequent ice accumulation by consider e.g. the effects of an ice sheet’s albedo, large
scale circulation patterns over the GrIS, and wind direction in relation to the local topography, all of which
affect the atmosphere’s water content (Edwards et al., 2014; Kuipers Munneke et al., 2015) which drives
precipitation over the GrIS (Roe, 2002), should improve the significance of the results presented in this
section.

Finally, there exist regions along the GrIS’ grounding line that are characterised by both positive and
negative ∆Hi which cannot be correlated with differences in the local simulated SMB. Regions of positive
∆Hi near the grounding line, e.g. in northernmost Greenland, are a result of the difference in grounding
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line position between simulations 3DE5 and 1DR1 which affects the ice thickness at the grounding line
(Malyarenko et al., 2020) and therefore ice flow towards the periphery and subsequent solid ice discharge
(Schoof, 2007). These results will be discussed in section 3.3. Regions of negative ∆Hi where there is no
difference in simulated grounding line position between 3DE5 and 1DR1, e.g. southernmost Greenland, are
the result of a difference in locally simulated ice dynamics. This difference in simulated ice dynamics is a
consequence of a change in ocean facing bedrock slope. The simulated bedrock gradient increases for 3DE5
which causes increased flow towards the ocean. The relevance of such a difference in simulated glacier ice
flow is limited because of the insufficient resolution on which the 3D ice sheet model is simulated leading
to an inability to accurately resolve the dynamics of individual glaciers. Such regions of negative ∆Hi will
not be discussed.

3.2.2 Mass Balance: Last Glacial Maximum to Present Day

The inclusion of lateral variations in the sub-Greenland rheology which causes the reduced GIA signal
and subsequent effect on elevation-precipitation when the GrIS is waxing during glaciation, discussed in
subsection 3.2.1, also affects the GrIS’ waning when global temperatures increase following on the LGM.
The difference in simulated ice thickness at PD between 3DE5 and 1DR1 is visualised in Fig. 3.9A and
the difference in ice thickness between 3DE6 and 1DR1 is visualised in Fig. 3.9B. This discussion will be
limited to evaluating the difference in the GrIS’ evolution between 3DE5 and 1DR1 as the processes that
cause 3DE5 to diverge from 1DR1 also affect 3DE6.

Comparison of the difference in ice thickness at PD demonstrates that the effect of including lateral
variations in the sub-Greenland rheology is largely constrained to northwestern Greenland. Difference in
simulated ice thickness in other regions is limited. Some difference exists along Greenland’s grounding line
which is associated with the migration of the grounding line and will be discussed in section 3.3. difference
in ice thickness elsewhere is close to zero.

Figure 3.9: Simulated difference in ice thickness at PD for 3DE5-1DR1 and 3DE6-1DR1 respectively. Ice
thickness variation in NWG is in excess of 900 meters at the coastline and decreases to 0 when migrating
inland.

Upon closer inspection of the ice thickness in northwestern Greenland, visualised as a contour plot in
Fig. 3.10, we find that the simulated ice thickness for 3D is 900 meters larger than that simulated for 1D
near the coast. The difference decreases to zero when moving inland. This difference in ice thickness can be
identified when considering the difference in surface elevation at LGM visualised in Fig. 3.11. The increased
surface elevation in northwestern Greenland simulated for 3DE5 relative to 1DR1 is a consequence of the
reduced subsidence during the GrIS’ glaciation which is a result of the increased upper mantle viscosity
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underlying northwestern Greenland when including lateral variations in the sub-Greenland rheology, as dis-
cussed in subsection 3.2.1. The increased elevation at LGM results in reduced surface melt during the GrIS’
deglaciation when global temperatures increase because temperatures at the surface are reduced compared
to the lower elevation 1DR1’s surface. This reduced surface melt is reflected in the difference in simulated
mass balance visualised in Fig. 3.12A. The difference is characterised by a large positive ∆SMB in north-
western Greenland. The extent of this region correlates with the positive difference in elevation at LGM
visualised in Fig. 3.11. Illustrating that the difference in the GrIS’ state at LGM which is a consequence
of the difference in sub-Greenland rheology between 3DE5 and 1DR1 causes a significant divergence in the
GrIS’ decline during deglaciation.

Figure 3.10: Contour plot defined by 100 me-
ter increments illustrating regional variations in
PD simulated ice thickness for second iteration
3DE5 - second iteration 1DR1 results

Figure 3.11: Contour plot defined by 10 meter
increments illustrating regional variations in PD
simulated surface elevation for second iteration
3DE5 - second iteration 1DR1 results

The difference in SMB also illustrates that the increased ice thickness further inland cannot be a conse-
quence of the reduced ablation at the coast. The importance of ablation is constrained to the ablation
zone below the ELA indicated in Fig. 3.12A. Below which the self-reinforcing melt-elevation feedback
causes rapid decline of ice volume present in 1DR1 that is not present in 3DE5. This is evident in the
GrIS’ accumulation and ablation visualised in Fig. 3.13. The difference in ablation visualised in Fig. 3.13
demonstrates that the difference in ice loss via ablation progressively increases with time as melt-elevation
feedback causes increased ice loss in 3DE5. The relative increase in ice thickness further inland must be a
consequence of the difference in ice flow towards the periphery between 3DE5 and 1DR1 resulting from the
difference in the ice sheet’s surface slope. This difference in ice flow is visualised in Fig. 3.12C and confirms
that large volumes of ice are transported towards Greenland’s periphery in 1DR1 which is not true for 3DE5.

The results presented in this section demonstrate that the inclusion of lateral variations in sub-Greenland
rheology (3DE5, subsection 2.3.3) leads to a significant divergence from coupled simulation results obtained
for a commonly adopted laterally homogeneous 1D rheology (1DR1, subsection 2.3.2). Conversely, the
inclusion of lateral variations in the sub-Greenland rheology has a limited effect on the GrIS’ evolution
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Figure 3.12: Cumulative difference in simulated precipitation between 3DE5 and 1DR1 over the period
-60ka BP to LGM

Figure 3.13: Temporal variation in accumulation and ablation for simulated 3D-1D results since the LGM
up to PD. A negative difference in accumulation implies reduced ice volume aggregation by the GrIS and
a negative difference in ablation implies increased ice retention through reduced ice melt.

in western, central, and northern Greenland and a marginal effect on the GrIS’ evolution in southeastern
Greenland.

The inclusion of lateral variations in the Sub-Greenland rheology in southeastern Greenland leads to a
relatively low mantle viscosity when compared with 1DR1, as described in subsection 2.3.4. The reduced
viscosity underlying southeastern Greenland is associated with an observed and modelled increase in the
local GIA signal resulting from recent unloading of the Earth’s surface that cannot be explained with com-
monly adopted laterally homogeneous sub-Greenland rheologies (Khan et al., 2016; Van Dam et al., 2017;
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Mordret, 2018; Weerdesteijn et al., 2022). This increased GIA signal is likely to affect the ice sheet’s mass
balance and ice dynamics in southeastern Greenland (Wake et al., 2015; Weerdesteijn et al., 2022). This
is supported by a review of possible feedback mechanisms that indicate that increased GIA locally affects
the GrIS’ mass balance and ice flow dynamics via elevation-melt feedback and grounding line migration in
a warming climate, as discussed in section 1.2. However, results presented in this section demonstrate that
unloading of the Earth’s surface due to the GrIS’ waning in southeastern Greenland has a marginal effect
on the simulated GIA and the GrIS’ evolution. Simulated differences in ice thickness along Greenland’s
southeastern seaboard are less than three meters (Fig. 3.9C.) with a negligible effect on both the ice sheet’s
simulated mass balance (Fig. 3.12A.) and the simulated ice flow (Fig. 3.12C.).

The apparent insignificant effect of the low viscosity region underlying southeastern Greenland on the
GrIS’ waning in this region can be attributed to the geometry of the low viscosity region (Fig. 2.13) and
to the local topography combined with the ice sheet’s assumed initial state at the mid-Eemian (Fig. 2.9).
The simulated GIA and its effect on the ice dynamics near low viscosity regions is dependent on the low
viscosity region’s horizontal extent and on the viscosity’s magnitude (Weerdesteijn et al., 2022). The low
viscosity region, obtained through the inclusion of lateral variations in sub-Greenland rheology, is narrow
near the surface and becomes progressively wider with increasing depth, effectively curving underneath the
GrIS. Thus, the effect of the low viscosity region on the simulated GIA at Greenland’s southeastern coast
is limited as GIA is more sensitive to differences in viscosity near the surface. Furthermore, the assumed
ice sheet’s initial state is more extensive than common estimates for the ice sheet’s state at LIG (Plach
et al., 2018). The assumed initial state combined with the local topography, which is characterised by the
presence of mountain ranges along Greenland’s southeastern coast, constrains the GrIS’ potential for large
scale waxing and waning. The result is an alternating pattern of loading and unloading which varies by
-300 to +600 MIEQ over a 200 kilometer width along Greenland’s southeastern coast (Fig. 2.11). The
constrained spatial extent and constrained magnitude of loading and unloading, a lithosphere thickness
of 90 kilometers which dictates the GIA’s wavelength (Nield et al., 2018), and the narrowness of the low
viscosity region near the surface, lead to marginal differences in simulated GIA between 3DE5 and 1DR1.
Thus, the presence of a lower viscosity underlying southeastern Greenland has a negligible effect on the
GrIS’ waning because local differences in GIA are marginal and do not cause significant differences in the
simulated surface elevation or in the RSL which could cause a diverging rate in ice loss via melt-elevation
feedback or increased ice discharge across the grounding line.

These results do not take into consideration the formation of ice shelves and the propagation of the ice
sheet onto the continental shelf in southeastern Greenland between the mid-Eemian and PD (Van Dam
et al., 2017; Bradley et al., 2018). One of the principal effects of an increased rate of GIA associated with a
low viscosity region is the migration of the grounding line and the ramifications that this has on the local
ice thickness at the grounding line, ice discharge, and by extension on the mass balance, as introdu ced in
section 1.2. Thus, the insignificant effect of a reduced viscosity on the GrIS’ evolution identified in these
results may be biased because of the exclusion of ice shelf formation. This possible bias is not insignificant
because southeastern Greenland’s outlet glaciers are a primary contributor to Greenland’s PD observed
dynamic ice mass loss and because southeastern Greenland is associated with rapid changes in the ice
sheet’s ice dynamics over the past deglaciation period (Khan et al., 2016; Bunce et al., 2018; Weerdesteijn
et al., 2022). As such, future work should reconsider the significance of the low viscosity region underlying
Greenland’s southeast when including ice shelf formation which may lead to differing insights.

A second region that causes a significant portion of Greenland’s observed sea level rise contribution is
northwestern Greenland (Chen et al., 2011; Khan et al., 2016; Mouginot et al., 2019). Northern Greenland
is also where Zeitz et al. (2022) finds that ice mass loss is initiated when simulating the GrIS’ future evolu-
tion with a coupled ice sheet and solid Earth model. Comparison of the simulated ice thickness difference
between 3DE5 and 1DR1 (Fig. 3.9C.) suggests that the increased viscosity in northwestern Greenland,
following on the inclusion of lateral variations in the sub-Greenland rheology, causes a reduction in ice
loss through a significant reduction in ice melt (Fig. 3.12A.) and a subsequent decrease in ice flow towards
Greenland’s northwestern coast from central regions of the GrIS (Fig. 3.12C.). The increased viscosity
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in northwestern Greenland leads to a simulated ice thickness difference at PD upwards of 900 meters at
the coast which gradually decreases to zero some 700 kilometers inland (Fig. 3.10). This is contrary to
what could be expected as an increased viscosity reduces the rate of GIA induced uplift when the surface
is unloaded, thereby diminishing the stabilizing effect of GIA on the ice sheet’s elevation-melt feedback
leading to progressively accelerating ice melt at the surface when compared with GIA obtained for a lower
viscosity (Levermann and Winkelmann, 2016; Zeitz et al., 2022).

The difference in the simulated SMB since LGM can be traced back to the difference in the ice sheet’s
surface elevation (Fig. 3.11), difference in bedrock elevation (Fig. 3.6A.), and difference in ice thickness
(Fig. 3.6C.) at LGM. The increased viscosity underlying northwestern Greenland is found to result in
decreased subsidence which causes a decreased prograde bedrock slope, a decrease in ice thickness, and
an increase in surface elevation, as discussed in subsection 3.2.1. The rate of ice melt depends on the
temperature at the ice sheet’s surface and melt in the ablation zone increases exponentially when global
temperatures increases (Fettweis et al., 2013; Poinar et al., 2015; Herman et al., 2020). The increased sur-
face elevation at LGM in northwestern Greenland results in a lower surface temperature as defined by the
atmospheric lapse rate which results in reduced ice loss via surface melt. This reduced loss in ice at the ice
sheet’s surface resulting from the increased surface elevation delays the onset of a negative elevation-melt
feedback which leads to progressive accelerated ice loss via surface melt below the ELA (Edwards et al.,
2014; Levermann and Winkelmann, 2016). The consequence is a difference in ice melt at the surface of
35 Gt/yr at PD (Fig. 3.13). Simulated differences in ice thickness are not constrained to low elevation
regions below the ELA as illustrated in Fig. 3.9. The increased rate of ice loss via surface melt that affects
1DR1 but does not affect 3DE5 causes the surface geometry to diverge leading to a relative decrease in
surface slope towards Greenland’s periphery over time for an increased viscosity. This difference results in
reduced ice flow towards the margin (Fig. 3.12C.) which depends on the ice sheet’s surface slope (Le Clec’h
et al., 2019). This decreased flow towards the ice sheet’s margin causes the difference in surface elevation to
propagate inland thereby affecting regions above the ELA. When the ELA increases in a warming climate
this difference in inland surface elevation causes the weaker viscosity to progressively lose yet more ice via
ice melt at the surface. Thus, the increased viscosity leads to a significant reduction in ice loss via surface
melt because of a difference in surface elevation in a warming climate. This is in line with the observation
that ice loss in northwestern Greenland is accelerated because of increased glacier discharge as opposed to
inland processes (King et al., 2020). The inclusion of lateral variations in sub-Greenland rheology and the
subsequent increased viscosity underlying northwestern Greenland leads to a significant reduction in simu-
lated ice loss, positively affecting the SMB. The apparent stabilizing effect of including lateral variations
in the sub-Greenland rheology on its simulated deglaciation does not extend towards the (long-term) future.
The increased viscosity will inevitably lead to an accelerated elevation-melt feedback that is not compen-
sated for by rapid GIA. Zeitz et al. (2022) finds that an upper mantle viscosity of 5E21 Pa·s combined with
a a sufficiently high lapse rate (≤5K/km) will lead to a complete loss or oscillation of the GrIS’ volume
initiated from the north for a temperature anomaly >1.5K. The increased viscosity underlying northwestern
Greenland when including lateral variations in the sub-Greenland rheology suggests that such a scenario
is probable and that the increased viscosity will have a destabilizing effect on the GrIS’ future evolution,
particularly in northern Greenland. However, the results presented here suggest that the increased viscosity
in northwestern Greenland may have a stabilizing effect on the GrIS’ waning through affecting its waxing.
Thus, the inclusion of lateral variations in sub-Greenland rheology has important implications for the GrIS’
future evolution as substantiated by Zeitz et al. (2022) and, based on the results presented in this section,
has important implications for the GrIS’ past evolution in northwestern Greenland between the LGM and
present day by reducing the rate of ice loss at the ice sheet’s surface.

The effect of lateral variations in the sub-Greenland rheology on the GrIS’ waning depends strongly on
the observation that there is a sufficiently large difference in modelled surface elevation at LGM to cause
a divergence in the rates of self-reinforcing elevation-melt feedback. This difference in surface elevation at
LGM is identified as a consequence of differences in simulated depression and in simulated ice thickness in
northwestern Greenland leading up to LGM. The latter is caused by a differences in simulated vertically av-
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eraged ice flow and by an elevation-precipitation feedback that leads to reduced ice accumulation at a higher
elevation. In subsection 3.2.1, we deduced that the significance of this elevation-precipitation feedback is
tenuous because of relatively small differences in the simulated elevation and because of the high latitude
of the region of interest. However, if there were no elevation-precipitation feedback, then the difference in
surface elevation would be increased because there would be no modelled decrease in ice thickness that can
be attributed to elevation-precipitation feedback. Therefore, the observations in this section are applicable
regardless of the existence of melt-precipitation feedback and depends, at the very least, on the difference in
simulated rates of subsidence leading up to LGM which are lower for an increased viscosity when including
lateral variations in the sub-Greenland rheology.

The effect of an increased mantle viscosity underlying other regions of the GrIS has a limited influence
on its evolution via the SMB and via the ice flow. Elevation-accumulation feedback causes ice gain and ice
loss in proportion to the difference in surface altitude in regions above the ELA for central and southern
Greenland. Regions below the ELA on Greenland’s western coast and on Greenland’s northern coast where
there are large differences in the SMB are a consequence of local increase in ice thickness following on the
different grounding line positions at LGM which will be discussed in section 3.3. The effect of a forebulge
formation and subsequent collapse caused by the waxing and waning of the Laurentide Ice Sheet which
affects the GrIS’ evolution are not considered (Wake et al., 2015). Also not considered are the effects of
large scale circulation, ice-albedo feedback, and decreased retention of precipitation in a warming climate
which affect the SMB (Edwards et al., 2014; Kuipers Munneke et al., 2015; Zeitz et al., 2021).

In conclusion, including lateral variations in the sub-Greenland rheology by modelling the solid Earth using
a composite rheology, as described in subsection 2.3.3, causes the GrIS’ evolution to diverge from the GrIS’
evolution obtained with a commonly adopted laterally homogeneous solid Earth structure, described in
subsection 2.3.2. Contrary to expectations, this divergence in simulated ice thickness and bedrock elevation
does not extend to southeastern Greenland. Differences in simulated ice thickness and bedrock elevation
in southeastern Greenland are marginal and do not exceed 3 meters at either LGM or at PD despite a
tenfold local reduction in viscosity underlying Greenland’s southeastern coast. Instead, the ramifications of
including lateral variations in the sub-Greenland rheology are most pronounced in regions where the local
viscosity increases above that of the commonly adopted laterally homogeneous solid Earth.

During glaciation, including lateral variations in the sub-Greenland rheology leads to a simulated reduc-
tion in subsidence in northern and western Greenland and reduced uplift in central Greenland. Reduced
uplift and decreased subsidence result in a corresponding decrease and increase in ice thickness respectively.
This is due to varying rates of precipitation caused by differences in temperature at the ice sheet’s surface.
The inclusion of lateral variations in sub-Greenland rheology has a non-negligible effect and can lead to a
regional difference in simulated ice accumulation of ± 50 Gigatonnes. This difference in accumulation also
has an effect on the simulated vertically averaged ice flow by changing the surface slope.

In a warming climate, deglaciation is also significantly affected by the inclusion of lateral variations
in the sub-Greenland rheology. The inclusion of lateral variations in the sub-Greenland rheology and the
corresponding increase in viscosity delay the ice sheet’s decline by reducing the effect of self-accelerating
elevation-melt feedback leading to a large positive difference in the simulated SMB up to the ELA when
compared with a laterally homogeneous sub-Greenland rheology (Fig. 3.12 A.). The retention of ice at
Greenland’s northwestern coast (Fig. 3.9 C.) by the reduction in surface melt leads to a substantial reduc-
tion in ice flow towards Greenland’s periphery from central regions of the ice sheet (Fig. 3.12 C.) causing
a positive difference in ice thickness above the ELA that is not directly dependent on the elevation-melt
feedback (Fig. 3.9C.). The decreased surface melt and decreased flow of ice towards Greenland’s periphery
causes the GrIS to retain ice relative to results obtained with a laterally homogeneous sub-Greenland rhe-
ology. As such, the inclusion of lateral variations in the sub-Greenland rheology has a significant effect on
both the ice sheet’s waxing during the glaciation phase and the ice sheet’s waning during the deglaciation
phase via both melt-precipitation and melt-elevation feedback processes. This affects the simulated ice
sheet thickness and topography meaning that accurate simulations of the GrIS’ past and possibly future
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evolution may benefit from the inclusion of lateral variations in sub-Greenland rheology. The same obser-
vations extend to a comparison of 3DE6 results with 1DR1 results. The difference between 3DE5 and 3DE6
will be discussed in section 3.4.

3.3 3D GIA feedback on grounding line migration

A marine-grounded ice sheet’s grounding line is defined by the location where it transitions to a floating
ice mass. The position of the grounding line and the rate of ice mass loss at the grounding line are both
dependent on the RSL and local ice thickness (). Both eustatic sea level change and GIA contribute to a
changing RSL. GIA is the dominant factor in local changes in RSL through vertical bedrock displacement
at the ice sheet’s periphery in response to increased or reduced surface loading (Whitehouse, 2018; Strunk
et al., 2018). Here, the ramifications of lateral variations in sub-Greenland rheology on the grounding line
and grounding line feedback on ice thickness are discussed.

3.3.1 Last glacial maximum

The variation in grounding line position at LGM is visualised for 1DR1 (purple), 3DE5 (red), and 3DE6
(green) in Fig. 3.14. Also visualised is the difference in bedrock elevation and ice thickness at LGM for
3DE5-1Dr1.

The variation in grounding line position at LGM is limited. The simulated grounding lines are charac-
terised by significant overlap. Approximately 97% of cells flagged as grounding line coincide at LGM. The
rapid ice growth following the mid-Eemian forces the GrIS to grow towards the coastline in all directions
over the initial simulated 5,000 year period. The out of phase global sea level response to an increase in
global ice volume combined with a steep prograde coastal bedrock slope means that the initial ice growth
towards the periphery is comparable for all simulated ANICE:FEM models. The simulated grounding line’s
position, forced by an equivalent change in temperature and sea level, is then dependent only on local dif-
ferences in bedrock elevation. Thereby explaining the significant overlap of the simulated grounding line at
LGM.

The difference in bedrock elevation which affects the grounding line position is a consequence of the in-
clusion of lateral variations in sub-Greenland rheology. The definition of a 3D rheology leads to an increased
depth-averaged viscosity which reduces the simulated GIA signal leading to the pattern of relative uplift
and subsidence visualised, as discussed in section 3.2. A consequence of the higher viscosity is the relative
uplift of coastal bedrock at the grounding line. The relative coastal uplift causes parts of the submerged
bedrock ahead of the 1DR1 grounding line to be elevated to within 20 meters of the geoid. Consequently,
marine-grounded ice becomes capable of migrating onto these cells. This results in the advancement of 260
kilometers of simulated 3DE5 grounding line beyond the 1DR1 grounding line (visualised as orange) and
is a result of the increased sub-Greenland viscosity. The relative coastal uplift for 3DE6- 1DR1 is stronger
at LGM (see Fig. 3.6). This results in the advancement of a further 100 kilometers of 3DE6 grounding line
beyond the 1DR1 and the 3DE5 grounding lines (visualised as green).

The limited relative advancement of the 3DE5 grounding line is a consequence of the local topography
and the magnitude of the relative uplift. The area outside the grounding line that is less than 60 meters
below sea level at LGM is 66,000 km2. The steep drop-off in bedrock near coastal areas prevents significant
advancement for the maximum relative uplift of 40 meters which decreases to a minimum relative uplift
of 1.2 meters. The relative uplift resulting from the increased sub-Greenland viscosity and the further
increase of uplift resulting from the GIA-elevation-accumulation feedback dependent decrease in coastal ice
thickness has a marginal effect on the advancement of the grounding line at LGM. The effect of ablation is
negligible leading up to LGM.

The effect of grounding line advancement on ice thickness becomes apparent when considering the differ-

43



Figure 3.14: Comparison of the variation in grounding line position (left) at LGM correlated with the
difference in bedrock elevation (middle) and ice thickness (right) at LGM for 3DE5 - 1DR1 second iteration
simulation results.

ence in ice thickness in coastal regions visualised in Fig. 3.14. Advancement of the 3DE5 grounding line
correlates with a relative increase in ice thickness locally. The advancement of the grounding line causes an
ice cliff to form ice cliff in the absence of shelf formation. This leads to the formation of an ice ramp which
leads to a reduction in ice thickness adjacent to the migrated grounding line and an increase in ice thickness
inland. The extent of relative ice thickness increase following the grounding line migration is dependent on
the local topography and is contained by valleys, fjords, and other relative low-lying topography. This is
evident when correlating input topography (see Fig. 2.9) with regions of increased ice thickness inland of
the migrated grounding line.

The increased ice thickness results in an increased surface load locally. The increased surface load causes
the relative uplift to decrease. Consequently, the relative increase in bedrock elevation resulting from the
higher viscosity and reduced ice thickness via GIA-elevation-accumulation feedback which in turn leads to
the advancement of the grounding line works to prevent the further advancement of the grounding line
by increasing the applied surface load. The bedrock’s steep coastal gradient combined with the negative
grounding line advancement-GIA feedback stabilises the position of the grounding line. As a consequence,
the regional variation in ice thickness remains limited and the effect on the coupled effect on GIA cannot
be inferred from the pattern of relative uplift and depression in bedrock elevation when compared with
1DR1. The topography is poorly suited for the effects of grounding line-GIA feedback because of the local
geography.

Grounding line advancement and subsequent local increase in ice thickness apply equally to the sim-
ulated 3DE6 results. The relatively strong 3D Earth rheology characterised by a lower estimated mantle
water content (4.7 ppm) demonstrates further propagation of the grounding line due to the reduced depres-
sion in response to a relatively higher viscosity and therefore further relative uplift.
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A secondary effect of the relative increase in bedrock elevation is a reduction in the RSL near marine
grounded ice. The ice discharge across the grounding line is dependent on the RSL and the ice thickness at
the grounding line. Therefore, a relative increase in bedrock elevation and the subsequent decrease in ice
thickness via GIA-elevation-accumulation feedback leads to reduced ice discharge. Conversely, the advance-
ment of the grounding line and the subsequent increase in ice exposure to ocean water leads to increased ice
loss across the grounding line. This reflects on the simulated difference in ice discharge (3D-1D) visualised
in Fig. 3.15. Where a decreasing trend in the difference reflects on increased ice loss at the grounding
line for 3D relative to 1D simulations. This is a consequence of the increased exposure by advancement
of the grounding line offset by a relative decrease in RSL and a relative reduction in ice thickness. Where
fluctuation in the trend is a consequence of the changing climate and sea level and the sudden advancement
of the grounding line. Note however, that the difference in discharge is marginal which reflects on the
limited extent of marine-grounding for both 3D and 1D models and the limited variation in grounding line
position.

A tertiary effect of the difference in RSL and ice thickness at the grounding line is reflected in the
difference in vertically averaged ice flow velocity near the grounding line. This is also affected by variation
in basal stress and flow velocity resulting in a difference in bedrock slope. A comparison of the effect at
LGM, visualised in Fig. 3.16, demonstrates that the 3DE5 experiences a reduction in ocean moving ice flow
velocity relative to 1DR1 in NWG and that there is an erratic change in locations where the grounding line
has advanced. The erratic change follows the negative trend in ice thickness increase and decrease behind
the migrated 3DE5 grounding line and reflect on the convergence to a new equilibrium ice thickness. The
difference in velocity is negative in NWG due to the reduced RSL of significant portions of marine grounded
ice near Humboldt and Petermann glaciers caused by a relative increase in bedrock elevation combined with
a local reduction in ice thickness.

Figure 3.15: Visualisation of the temporal variation in GrIS ice
discharge for 3DE5-1DR1 and 3DE6-1DR1 second iteration sim-
ulation results at LGM. A negative difference in ice discharge
implies a decreased discharge of 3D results relative to 1D results

Figure 3.16: Difference in
vertically averaged flow veloc-
ity distributed over Greenland
for 3DE5-1DR1 second iteration
simulation results at LGM

3.3.2 Present day

The difference in grounding line position at PD is visualised in Fig. 3.17. Also visualised are the difference
in bedrock elevation and ice thickness for second iteration 3DE5 - 1DR1 simulation results.

Comparison of the grounding line position at LGM with the grounding line position at PD demonstrates
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that the grounding line is characterised by a limited retreat in selection regions in response to an increased
global mean temperature and an increased eustatic sea level. First, consider southeastern Greenland. A
local increase in viscosity through the inclusion of lateral variations in sub-Greenland rheology caused the
advancement of the 3DE5 grounding line ahead of the 1DR1‘grounding line at LGM. The advancement of
the grounding line resulted in a local increase in ice thickness inland of the grounding line. The subsequent
increase in global eustatic sea level forced the retreat of the 3DE5 grounding line to the same position of the
1DR1 grounding line. The low-lying local bedrock topography caused the previously grounded ice sheet to
float and subsequently calve causing the retreat. However, the increased ice thickness previously inland now
results in a steep increase in ice thickness at the grounding line leading to increased ice discharge. Thus,
one consequence of an increased sub-Greenland viscosity in regions characterised by a deep submerged
topography is the initial advancement of the grounding line, the increase in ice thickness locally, and the
subsequent increased ice discharge because of an increase in ice thickness at the grounding line when it
is forced to retreat. This could be considered a form of ice cliff instability that is characteristic for high
viscosity regions where the local submerged topography is deep.

Alternatively, the advancement of the grounding line can persist if the local bedrock topography is shal-
low and the sub-Greenland viscosity is high. The increase in local ice thickness caused by the advancement
of the grounding line does not have a significant effect on coastal depression and therefore the higher viscos-
ity which caused the relative advancement of the grounding line causes the advancement of the grounding
line to persists. Such that a high local viscosity leads to both increased ice formation via the advancement
of the grounding line and increased ice retention through a local increase in surface elevation that is not
offset by the subsidence of local bedrock.

Finally, consider northwestern Greenland. The retreat of the 3DE5 grounding line relative to the 1DR1
grounding line along the Petermann glacier is reduced. The high viscosity which leads to increased ice
retention via GIA-melt-elevation feedback that is not observed for the weaker 1DR1 rheology also prevents
the retreat of the grounding line. However, one consequence is a large difference in ice thickness near the
grounding line. This results in a significant increased ice discharge across the grounding line upwards of -8
Gt/yr and is reflected in Fig. 3.18. The difference in flow velocity, visualised in Fig. 3.19, in NWG supports
this observation. The increased ice thickness at the grounding line results in a strong increase in ice flow
and thus ice discharge. However, the increased ice thickness at the grounding line serves to buttress the
3DE5 ice sheet which reduces inland flow towards the grounding line reflected in a large negative difference
in flow velocity. This buttressing of the 3DE5 ice sheet is thus a consequence of the increased ice retention
but cannot be ascribed to the difference in grounding line position. Other grounding line variations in NWG
are a consequence of the difference in bedrock elevation at PD and will be eliminated by a third iteration.

The same processes and observations affect the simulated 3DE6 GrIS’ evolution.

Thus, the inclusion of lateral variations in sub-Greenland rheology leads to the advancement of the ground-
ing line at LGM due to the reduced GIA response to changes in applied surface loading. The advancement
of the grounding line causes a regional increase in ice thickness constrained by the local topography. The
strong viscosity prevents significant depression of the local bedrock by the increased ice load which causes
the advancement of the GIA to persists in regions characterised by a shallow topography. In NWG the effect
of GIA-elevation-melt feedback is the dominant force which dictates the rate of grounding line retreat, leads
to increased discharge, and increased ice retention inland by diminishing the ice flow towards the ocean.
The effect of the increased viscosity through the inclusion of lateral variations in rheology is significant for
the grounding line’s migration but diminishes the effect of grounding line feedback on the GrIS’ evolution
except for regions where the local submerged bedrock is deep.
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Figure 3.17: Comparison of the variation in grounding line position (left) at PD correlated with the dif-
ference in bedrock elevation (middle) and ice thickness (right) at PD for 3DE5 - 1DR1 second iteration
simulation results.

Figure 3.18: Visualisation of the temporal variation in GrIS ice
discharge for 3DE5-1DR1 and 3DE6-1DR1 second iteration sim-
ulation results at PD.

Figure 3.19: Difference in
vertically averaged flow veloc-
ity distributed over Greenland
for 3DE5-1DR1 second iteration
simulation results at PD

3.4 Uncertainty in 3D GIA

Sub-Greenland mantle water content, mantle material grain size, and mantle material composition are
poorly resolved as discussed in subsection 2.3.3. The large uncertainty in mantle definition leads to a large
uncertainty in the estimated lateral variations in viscosity of the sub-Greenland rheology as visualised in
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Fig. 2.12. Thus, understanding the importance of the variation in parameters defining the sub-Greenland
mantle is meaningful. Here, the effects of varying the assumed mantle’s water content are considered.

The results discussed in section 3.2 and section 3.3 demonstrated that there is no difference in the processes
that affect 3DE5 and 3DE6. This is reflected in the difference in ice thickness at LGM visualised in Fig. 3.20
and at PD visualised in Fig. 3.21.

At LGM, the difference in ice thickness in central Greenland is a consequence of the difference in surface
elevation and associated GIA-elevation-precipitation feedback. The difference in ice thickness is caused by
the further advancement of the 3DE6 grounding line beyond the 3DE5 grounding line and the resultant
increase in ice thickness inland. Other differences relate to the inability to accurately resolve the dynamics
of individual glaciers.

at PD, the ice thickness differs in central Greenland in response to a difference in surface elevation. In
NWG, the same process affects both 3DE5 and 3DE6, however the lower sub-Greenland viscosity for 3DE5
results in a decreased surface elevation at LGM which causes a substantial decrease in ice thickness relative
to 3DE6 results. There are no processes that do not affect both simulations.

Both 3DE5 and 3DE6 are affected by identical processes and the difference in behaviour of 3DE5 relative
to 1DR1 is identical for 3DE6 relative to 1DR1. Any variability in the GrIS’ evolution between 3DE5 and
3DE6 that is a consequence of the difference in water content is the extent of ice loss in NWG and the
sporadic advancement of the grounding line. Decreasing water content will lead to increased ice retention
through an increase in depth-averaged viscosity and an increase in water content will lead to decrease in
water retention, forcing the simulated GrIS’ history to be closer to that of the 1DR1 model. As such, the
results for 1DR1 and 3DE6 presented in this section bind the possible range of GrIS evolutionary paths
well for the given model implementation. Thus, the ramifications of uncertainty in mantle water content
on the GrIS’ evolution are marginal.

Figure 3.20: Difference in simulated bedrock elevation, ice thickness, and surface elevation at LGM for
3DE5-3DE6 second iteration simulation results
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Figure 3.21: Difference in simulated bedrock elevation, ice thickness, and surface elevation at PD for 3DE5-
3DE6 second iteration simulation results
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Chapter 4

Conclusion

The inclusion of lateral variations in the sub-Greenland rheology has a non-negligible influence on the sim-
ulated GrIS’ evolution in a coupled 3D ice sheet and 3D GIA model. Regional differences in simulated
GIA when including a 3D viscosity relative to that obtained for a 1D viscosity affects regional rates of
precipitation, ice ablation at the ice sheet’s surface, grounding line migration, and ice flow, which leads to
a divergence in the simulated ice sheet extent at present day.

Realistic sub-Greenland mantle material grain size and water content parameterisation result in a vis-
cosity profile that is different from commonly adopted one-dimensional laterally homogeneous viscosity
profiles. The definition of creep and dislocation parameters by a 3 mm grain size and a water content less
that 75 ppm result in an increased upper mantle viscosity underlying central, northern, and western Green-
land at depths above 220 kilometers and below the lithosphere. Conversely, including lateral variations in
the sub-Greenland rheology leads to a reduction in the upper mantle viscosity underlying the southeastern
Greenland.

The effect of the reduced viscosity underlying southeastern Greenland on the GrIS evolution is non-
existent. The inclusion of lateral variations in sub-Greenland rheology does not affect GIA-elevation-mass
balance feedback via either precipitation or ablation in both the GrIS’ glaciation and deglaciation phases. It
also does not lead to variation in grounding line migration on this coast when compared to simulation results
obtained for a laterally homogeneous sub-Greenland rheology. Rather, the relevance of including lateral
variations in sub-Greenland rheology lies with the increased viscosity underlying northwestern Greenland.

During glaciation, the increased sub-Greenland upper mantle viscosity underlying central, northern, and
western Greenland leads to reduced subsidence of coastal regions and reduced uplift in central Greenland rel-
ative to results obtained with a 1D sub-Greenland rheology. The reduced uplift in central Greenland causes
the ice sheet’s surface to be placed in a warmer, lower elevation, atmosphere which leads to increased
precipitation and an increase in ice thickness in central Greenland via a self reinforcing GIA-elevation-
accumulation feedback during the GrIS’ glaciation leading up to LGM. Similarly, the decreased subsidence
in coastal regions causes the ice sheet’s surface to be placed in a cooler atmosphere which leads to reduced
ice accumulation which in turn causes a reduction in ice thickness relative to simulated results obtained
for a 1D sub-Greenland rheology. Including lateral variations in sub-Greenland rheology affects the GrIS’
glaciation by affecting the melt-elevation feedback which leads to significant differences in accumulation
upwards of 50 Gigatonnes relative to results obtained for a commonly adopted laterally homogeneous sub-
Greenland rheology.

In a warming climate, deglaciation is also significantly affected by the inclusion of lateral variations
in the sub-Greenland rheology. The inclusion of lateral variations in the sub-Greenland rheology and the
corresponding increase in viscosity delay the ice sheet’s decline by increasing the ice sheet’s surface elevation
at LGM relative to results obtained for a laterally homogeneous sub-Greenland rheology. This difference in
surface elevation at LGM delays and diminishes the effect of self-reinforcing elevation-melt feedback leading
to a large positive difference in the simulated SMB up to the ELA for the 3D rheology when compared
with results obtained for a 1D rheology. Furthermore, the reduction in surface melt leads to a substantial
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reduction in ice flow towards Greenland’s periphery from central regions of the ice sheet causing a positive
difference in ice thickness above the ELA that is not directly dependent on the elevation-melt feedback.
The decreased surface melt and decreased flow of ice towards Greenland’s periphery causes the GrIS to
retain ice relative to results obtained with a laterally homogeneous sub-Greenland rheology. As such, the
inclusion of lateral variations in the sub-Greenland rheology has a significant effect on both the ice sheet’s
waxing during the glaciation phase and by extension on the ice sheet’s waning during the deglaciation phase
via both melt-precipitation and melt-elevation feedback processes. The increased viscosity has an apparent
stabilizing effect on the ice sheet’s past deglaciation which implies that studies which use commonly adopted
laterally homogeneous viscosity structures with a lower upper mantle viscosity may overestimate the GrIS’
ice loss following LGM.

The increased viscosity also affects the grounding line migration. The relative uplift through decreased
subsidence of coastal Greenland leads to the advancement of the grounding line relative to a the grounding
line simulated for a weaker Earth rheology. Furthermore, the advancement of the grounding line is sustained
by the inclusion of lateral variations in rheology in regions characterised by a shallow submerged bedrock
due to the reduced effect of the increased loading caused by the relative advancement on vertical bedrock
displacement. Conversely, regions characterised by a deep submerged bedrock where grounding line has
advanced beyond the grounding line associated with a weaker rheology will see the inevitable retreat of said
grounding line. The original advancement causes increased ice thickness inland which, when the grounding
line retreats, results in ice cliff formation and increased thickness at the grounding line resulting in increased
ice discharge. Thus, an increased viscosity has a stabilizing effect on the GrIS in regions characterised by
grounding line advancement in shallow bedrock and a destabilizing effect on the GrIS in regions where
the grounding line advances in deep bedrock. Which may have a detrimental effect on the future GrIS’
evolution when RSL increases faster than GIA can compensate for because of the high local viscosity.

The ramifications of uncertainty in water content on these processes is limited. The results presented in
this thesis bind the upper and lower estimate of the UMV via lateral variations in sub-Greenland rheology
and via the commonly adopted 1D viscosity profile. As such, the processes described will affect a wide range
of water content with the extent of the observed processes being constrained by the effective viscosity and
lithosphere thickness. Thus, the uncertainty in water content extends to the magnitude of ice loss in north
western Greenland and the extent of grounding line advancement but does not affect the occurrence thereof.
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Chapter 5

Recommendations

The results and discussion presented in this thesis address the ramifications of including lateral variations
in sub-Greenland rheology on the Greenland Ice Sheet’s simulated evolution since the mid-Eemian. Re-
sults demonstrate the negligible consequence of a low viscosity region underlying Greenland’s southeastern
coast. Demonstrating that purported hot spot track underlying southeastern Greenland does not cause
simulation results to diverge from simulation results obtained with a commonly accepted laterally homoge-
neous one dimensional rheology. Conversely, the relatively high viscosity underlying central, northern, and
western Greenland is found to have significant repercussions for the simulated ice history. The increased
sub-Greenland viscosity leads to an effective increase in the ice sheet’s stability in a warming climate which
is attributable to the differences in ice sheet growth and subsequent GIA in a cooling climate. However,
the significance of the simulated results are subject to uncertainty in the solid-Earth’s 3D approximation,
uncertainty introduced by the exclusion of ice shelf formation, uncertainty in the initial topography and
the Greenland ice sheet’s initial state, uncertainty in the evolution of the applied surface loading applied,
uncertainty in the Greenland Ice Sheet’s interaction with the North American Ice Sheet, and uncertainty in
the evolution of individual glaciers. Here, a number of recommendations are put forward which should lead
to improvements in the realism of the simulated GrIS’ evolution and/or improvements in the significance
of the simulated results.

The results presented in this thesis are affected by uncertainty in the spatial variations in the defined
sub-Greenland rheology, the significance of which is something that future work can explore. The three di-
mensional laterally heterogeneous viscosity profiles generate good simulation results but are constrained in
their definition. The 3D solid-Earth approximations considered in this study are defined based on a study of
best fitting upper mantle viscosity profiles for two locations near Kangerdlugssuaq Glacier. Therefore, the
defined 3D solid-Earth approximation is skewed towards realistically describing southeastern Greenland.
As such, inference on the GrIS’ evolution based on simulated results elsewhere may be erroneous. Thus, a
future iteration of this study would benefit from the definition of a 3D viscosity profile by approximating
a variety of accurate 1D profiles that describe different regions and minimising the resultant error in the
estimated 3D viscosity. A future iteration of this study would also benefit from studying a wider range of
mantle material grain sizes and mantle material water content. The current study considers two profiles
characterised by a 3 millimeter grain size and a water content of either 4.7 or 75 parts per million. However,
uncertainty in sub-Greenland mantle material grain size ranges from sub-millimeter to 20 millimeter and
uncertainty in water content from 0 to 1000 ppm. As such, the range of values considered does not encom-
pass the complete range of feasible values. This is substantiated by the simulated ongoing GIA underneath
GPS measuring station KUAQ which underestimates the ongoing GIA by a factor 5 and which implies
strongly that a lower (regional) viscosity by increasing the water content or decreasing the grain size may
yield better results and addresses the uncertainty introduced by uncertainty in the mantle’s definition.

The exclusion of ice shelf formation from the current study provides an incomplete understanding of the
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ramifications of grounding line migration and grounding line feedback on the GrIS’ evolution. Thus, future
work should pivot towards the inclusion of ice shelves which are known to have existed during the last glacial
period and which affect the ice sheet’s evolution by buttressing the ice sheet and reducing flow towards
the ocean. Thereby introducing additional nuance in the effect of a regionally increased viscosity by the
inclusion of lateral variations in sub-Greenland rheology by reducing the significance of GIA-elevation-melt
(feedback) on the GrIS’ evolution through diminishing the flow towards the ocean. Reducing the uncer-
tainty introduced by the absence of ice shelves requires a revision of the mass balance by redefining the
rate of ice accumulation, rate ice ablation, rate of ice discharge, and through reevaluating ice dynamics
describing fast moving ice at low elevations.

The coupled model is initialised under the assumption that the present day observed Greenland topography
and the ice sheet’s extent reflect on the topography during the last inter-glacial. However, studies have found
that the ice sheet’s extent at LIG was much reduced compared to the present day observed GrIS’ extent and
simulation results demonstrate that the assumed initial topography is inaccurate. Consequently, studying
the implications of lateral variations in sub-Greenland rheology as discussed in this thesis will benefit from
a spin-up over an additional glacial-cycle whereby the accuracy of the coupled method is constrained by the
ability to replicate the GrIS’ extent at LIG, as defined by external sources, and the topography and rates
of GIA observed at present day. Thereby improving the accuracy of the results obtained by increasing the
realism of the simulated ice history for a given 3D viscosity profile. Leading to improved relevance of results
discussed within the context of lateral variations in sub-Greenland rheology. Furthermore, this allows future
work to consider ongoing and projected changes to the GrIS which is relevant because regional increases in
sub-Greenland viscosity will cause increased ice loss through the reduced negative GIA-elevation-melt and
GIA-grounding line feedback which may affect projections of ice volume loss.

Finally, three topics can be addressed for improving the significance and accuracy of the simulated GrIS
results further. First, the application of a constant seeding distance of 30 km when defining the high reso-
lution area results in an irregular mesh which causes discontinuity in the assigned dislocation and diffusion
parameters. Defining a depth-dependent seeding along the surface to create an equal number of seeds
at every layer interface and a layer-dependent seeding in radial direction consistent with layer depth will
prevent warping of the mesh and lead to improved simulation results. Second, the inclusion of major ice
sheets via proxy reflected in a eustatic sea level variation negates the effect of the nearby NAM’s waxing
and waning on the GrIS’ evolution by ignoring self-gravitation. A future iteration of the current model
will benefit from the inclusion of four fully coupled ice sheets and the implementation of which should be
considered. third, introducing a higher resolution on which the ice sheet’s dynamics and mass balanced are
resolved should be considered. This will lead to improved understanding of instances of ice loss in coastal
regions that can currently only be attributed to differences in bedrock slope near individual glaciers. To
understand such behaviour would require an increase in resolution from twenty kilometers to a sub-ten
kilometer scale for which model input data on the aforementioned resolution can be adapted from existing
sources.

Thus, future efforts should be directed to the reduction in uncertainty associated with the 3D sub-Greenland
viscosity profile, the inclusion of ice shelves, and the proper initialisation and sufficient complexity of the
coupled model. Allowing for yet improved understanding of the ramifications of sub-Greenland rheology on
the simulated results obtained with a coupled 3D GIA and 3D ice sheet model, paving the way for improved
ice histories and the potential for improved projections.
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