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Abstract 
 

The Antarctic ice sheet is a complex system highly influenced by global and local processes and 

characteristics including a varying bedrock elevation and structure of the solid Earth and a 

changing climate. Sea level rise has a high impact on society and the improvement of forecasts are 

vital to generate both adaptation and mitigation strategies. A recent comparison of 15 ice sheet 

models projected that the Antarctic Ice Sheet could contribute -7.8 to 30 centimeters of sea level 

rise between 2015 and 2100, meaning that sea level rise could increase a lot although the 

uncertainty is high. To better predict the future of the AIS, more accurate simulations of the 

evolution of the AIS are needed. 

The Antarctic ice sheet consist of three main components: grounded slow-moving ice, fast 

flowing ice streams or outlet glaciers and floating ice shelves. Over glacial-interglacial cycles, the 

evolution of an ice sheet is influenced by Glacial Isostatic Adjustment (GIA) via two negative 

feedback loops. First, vertical bedrock deformation due to a changing ice load alters ice-sheet 

surface elevation. Second, bedrock deformation will change the location of the grounding line of 

the ice sheet. GIA is mainly determined by the viscosity of the interior of the solid Earth which is 

radially and laterally varying. Underneath the Antarctic Ice Sheet (AIS), there are relatively low 

viscosities in West Antarctica and higher viscosities in East Antarctica, which affect the response 

time of the above-mentioned feedbacks. However, most ice-dynamic models do not consider 

lateral variations of viscosity in the upper mantle in GIA feedback loops when simulating the 

evolution of the AIS. 

 

The main research question of this study is: 

• What is the effect of the interaction between Glacial Isostatic Adjustment and ice sheet 
dynamics on the Antarctic Ice Sheet growth during the last glacial cycle? 

 

This study presents a new method to investigate 3D GIA feedback effects in detail at any chosen 

period during the last glacial cycle. The method is applied using ANICE and a 3D GIA FEM model. 

This led to the development of a fully coupled ice dynamic-3D GIA model with coupling timesteps 

of 1000 and 5000 years. Following the new method, the model computations alternate between 

the ice-sheet model, ANICE, and a 3D Finite Element Method model until convergence of the ice 

thickness occurs at each timestep. We simulate the evolution of the AIS from 120 000 years to 

115 000 years before present, considering 1D and non-linear 3D rheologies.  

The results of the coupled model are discussed in detail for the period 120,000 years to 

115,000 years before present with a focus on the Siple Coast and the Ross Ice Shelf. The maximum 

difference between the uncoupled deformation (iteration 1) and the coupled deformation 

(average between the last two iterations) for the period 120,000 to 115,000 years BP is 3 to 8 

mm per year, depending on the viscosity of the upper mantle. The maximum difference in ice 

thickness at 115,000 years BP is 50 meters close the Ronne Ice Shelf and the Ross Ice Shelf. The 

grounding line position differs up to 80 meters when applying the coupling method compared to 

the uncoupled result. 

The increases in deformation using a 3D wet rheology with a grain size of 10 mm are highest 

at the Siple Coast, the Ronne Ice Shelf, and several other locations along the grounding line of the 

AIS. The results of this study emphasize the importance of the 3D GIA feedback effects when 

simulating the evolution of the AIS during the last glacial cycle. Therefore, the GIA feedback effects 

should be taken into account in future studies.
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1 

 

Introduction 
 

Antarctica is a continent of approximately 14 million square kilometers lying at the south pole of 

planet Earth and is circulated by the Southern Ocean. Atmospheric temperatures can go down to 

-90 degrees Celsius. The ocean has the strongest current in the world (Bell & Seroussi, 2020) and 

plays an important role in the global climate system (Stark et al., 2019). An immense ice sheet 

rests on the continent, which is currently the driest dessert in the world. At some places in East 

Antarctica, the ice thickness grew up to 5 kilometers during the last glacial cycle. The melting of 

the full ice sheet would account for approximately 58 meters of mean global sea level rise 

(Morlighem et al., 2020). There is a mountain range separating East and West Antarctica and 

there are multiple lakes hidden under the ice (Creyts et al., 2014). The current shape of the 

continent, including the names of many floating ice shelves and the seas around the continent, is 

shown in Figure 1.1. Although this remote continent inhabits only a thousand people, it is home 

to many species of penguins, birds, seals, fish, and crustaceans that have adapted to this extreme 

environment.  

 
Figure 1.1: Southern Ocean bathymetry, regional seas, and ice shelves. Red squared markers indicate 
permanently occupied Antarctic Stations, blue squared markers indicate seasonally occupied stations. 
Ice shelves: 1, Filchner; 2, Riiser-Larsen; 3, Fimbul; 4, West; 5, Shackleton; 6, Getz; 7, Abbott; 8, 
George VI; and 9, Wilkins. Figure after Stark et al. (2019). 

E
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https://www.sciencedirect.com/topics/earth-and-planetary-sciences/bathymeter
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Section 1 provides the basic knowledge needed to understand why this study is important 

(subsection 1.1), the history and current state of the Antarctic Ice Sheet (subsection 1.2) and the 

dynamics of the Antarctic Ice Sheet and the solid Earth (subsection 1.3). Background information 

about ice dynamic models and GIA models is provided in subsection 1.4. The research questions 

of this study and the outline of the report are presented in subsection 1.5. 

 

1.1 Antarctica 

1.1.1 From emergence to present day 

The Antarctic continent became tectonically isolated and found its place where it is now about 

100 million years ago (Barret, 1996). From seismic data it is known that the crust at East 

Antarctica was still relatively thin and the upper mantle had a relatively low viscosity compared 

to present day. Nowadays, the structure of the Earth’s mantle is very different between West 

Antarctica and East Antarctica, where the crust is thicker and the viscosity higher (Heeszel et al., 

2016). The bedrock topography of Antarctica is continuously changing due to erosion, 

sedimentation, and tectonic activity (Whitehouse et al., 2019).  

The first ice formations started 34 million years ago on high elevations due to a cooling 

climate forced by a drop of global atmosphere and ocean temperatures and a drop of CO2 

concentrations in the atmosphere (Bell & Seroussi, 2020). For the next 20 million years, East 

Antarctica remained glaciated, but the ice sheet has been growing and melting caused by changing 

climate conditions and changes in the Earth’s orbit around the sun. Changing climate conditions 

arose naturally due to feedback loops. The albedo of the Earth represents its reflectivity. An 

increasing ice sheet area leads to a higher albedo and consequently to a cooler climate. On the 

other hand, more ice cover and reduction of precipitation during glacials reduces the amount of 

flora and the uptake of CO2. An increased concentration CO2 in the atmosphere leads to the 

enhancement of the greenhouse effect (Meredith et al., 2019). 

Between 14 and 10 million years ago, the climate cooled down even further and the bedrock 

experienced high uplift rates due to tectonic movements. Consequently, the West Antarctic ice 

sheet (WAIS) began to grow on what was first a shallow sea (Bell & Seroussi, 2020). During some 

warm periods, the WAIS retreated beyond its current extent and in some instances completely 

collapsed (Naish et al., 2009). From 10 million years ago, glacial and interglacial periods were 

mostly forced by insolation cycles as the result of a changing orbit of the Earth around the sun 

(Petit et al., 1999). The last glaciation period, starting around 120,000 years before present (BP), 

had a fast growth of ice at the start and stabilizes closer towards the Last Glacial Maximum (LGM) 

between 21 to 27 thousand years BP. From LGM till present day, the ice sheet has been decaying. 

 

1.1.2 Measuring and simulating 

To study Antarctica, the research stations shown in Figure 1.1 are built as a basis from which all 

types of measurements are performed, such as seismicity, gravimetry, photogrammetry, ice core 

boring and many more. These measurements provide data to study the current state of 

Antarctica, and in some cases to study the history of Antarctica. The long-term evolution of the 

Antarctica Ice Sheet (AIS) can be simulated by using ice dynamic models. Ice core and sediment 

analyses provide information that can be used to validate the models.  

One of the tools to compute recent changes of ice mass and ice sheet surface elevation is 

remote sensing data from satellites. Global Positioning System (GPS) measurements can be used 

to measure surface elevation of the ice sheet and satellite gravimetry observations can be used to 

measure changes in ice mass. However, these measurements are influenced by deformation of 

the Earth’s surface. For example, GPS measurements show an uplift rate of the Earth’s surface at 

the Amundsen Sea Embayment of 4 centimeters per year (Barletta, 2018). The uplift is composed 

of a response of the elastic crust of the Earth to recent ice mass loss and a response of the visco-
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elastic mantle of the Earth to recent and historic ice mass loss. The deformation of the Earth’s 

interior in response to changes in ice and ocean loading is called Glacial Isostatic Adjustment 

(GIA). To compute changes in the ice thickness, the measurements of ice sheet elevation should 

be corrected for GIA. Even more important is the correction for ongoing solid Earth deformation 

of satellite gravimetry observations to compute present day changes of mass. 

Several models are developed to simulate recent and historical deformation rates. Because 

remote sensing data are only available since 40 years and not all parameters of ice mass change 

can be measured, a combination of remote sensing data and models is required to compute the 

ice sheet evolution and to determine current rates of ice mass change. 

 

1.1.3 The impact of the Antarctic Ice Sheet 

The AIS is an important part of the climate system of the Earth and acts as a thermostat (Meredith 

et al., 2019). Incoming solar radiation is reflected to space due to the high albedo of the surface of 

the ice sheet. On the other hand, the ice sheet protects the atmosphere from radiation from the 

Earth and therefore prevents warming of the atmosphere. This way, the melting of the AIS affects 

the global climate, and therefore also the glaciers worldwide and the Greenland ice sheet. 

Observations from satellite measurements show several regions of Antarctica where ice mass 

decays and where outlet glaciers are retreating and flowing faster where ice is exposed to warm 

ocean waters (Shepherd et al., 2018). The time frame of natural melting and growing processes 

is 40,000 to millions of years. Consequently, the typical ice melt and growth rates forced by 

natural processes are several millimeters year. However, satellite data gathered in the last two 

decades show more rapid ice mass change of -10 meter/year in West antarctica and +0.5 meter 

per year in East Antarctica and the Ross sea embayment (Smith et al., 2020). The estimated ice 

mass loss between 1992 and 2017 is 2.7 ± 1.4 billion tons of ice, corresponding to a contribution 

to sea level rise of 7.6 ± 3.9 millimeters (Shepherd et al., 2018). 

Due to the shape of the bedrock topography and the big volume of ice shelves floating on 

ocean water, Antarctica could be highly vulnerable to projected increases in ocean temperatures 

(Turney et al., 2020). A recent comparison of 15 ice sheet models projected that the Antarctic Ice 

Sheet (AIS) could contribute -7.8 to 30 centimeters of sea level rise between 2015 and 2100, 

meaning that sea level rise could increase a lot although the uncertainty is high (Seroussi et al., 

2020).  

A changing climate and sea level have a large impact on all living beings worldwide. The flora 

and fauna at Antarctica are facing locally and globally induced anthropogenic climate change 

(Chown & Brooks, 2019). An increasing sea surface temperature and changing wind direction and 

strength has a broad influence on ecosystems and aspects of the biology of animals, including 

their breeding phenology, foraging success, survival, and reproductive performance (Constable 

et al., 2014). For example, Antarctic marine mammals are dependent on krill as their main source 

of food. As sea temperature is rising and sea ice is decreasing, the krill stock also decreases 

(Atkinson, 2004). An increasing accuracy of ice sheet evolution projections lead to more accurate 

predictions of the effect of climate change on life.  

Sea level rise puts pressure on coastlines and cause cities at coastlines around the world to 

subside (Muis et al., 2020; Oppenheimer et al., 2019). This has a high impact on society and the 

improvement of sea level change forecasts are vital for adaption of protective initiatives against 

sea level rise. These forecasts can help policymakers to decide on what investments should be 

done to protect both people and the environment.  

To be able to forecast future sea level change, it is necessary to understand how the AIS 

responds to a changing climate and how the Earth responds to a changing ice and ocean load. This 

knowledge is gained by using ice sheet evolution models that simulate the history of the AIS and 

GIA models that simulate the Earth’s response to loading. Thus, to improve sea level change 

projections, accurate simulations of the history of the AIS are needed. This thesis discusses the 
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ice dynamics of the Antarctic ice sheet, the resulting bedrock deformation, and a new method to 

simulate the interaction between these processes. 

 

1.2 Dynamics of the Antarctic Ice Sheet and the solid Earth 

1.2.1 Ice dynamics 

The Antarctic ice sheet consist of three main components: grounded slow-moving ice, fast flowing 

ice streams or outlet glaciers and floating ice shelves. East Antarctica mainly consists of grounded 

slow-moving ice. Recent remote sensing measurements indicate low velocities of 1 meter per 

year for grounded ice, compared to velocities of 4 kilometers per year of ice streams and outlet 

glaciers (see Figure 1.2) (Mouginot et al., 2017).  

 

 
Figure 1.2: Horizontal velocities of the Antarctic ice sheet measured with remote sensing. Figure taken 
from Mouginot et al. (2017). 

The climate and sea level are the main factors causing the ice sheet to grow or decay. The ice sheet 

gains mass through snowfall at its surface and loses mass primarily by melting beneath its floating 

ice shelves and by calving icebergs, but also by surface melt driven by solar radiation. When 

grounded ice thickness increases, a flow towards the outer parts of the ice sheet is created. This 

flow brings ice formed at the ice sheet towards floating ice shelves. In return, the ice shelfs exert 

a resistive stress on the grounded ice called buttressing (Goldberg et al., 2009). Buttressing, 

together with a high horizontal speed of ice shelves up to 3 kilometers per year, play a key role in 

ice dynamics (Mouginot et al., 2017; Gagliardini et al., 2010).

The line where grounded ice is no longer connected to the bedrock and becomes floating ice, 

is called the grounding line. Circumpolar deep water of 4 degrees Celsius reach grounded ice at 

the grounding line and melts the ice shelf from below (Pattyn & Morlighem, 2020). Due to melt 

from below, the ice shelf thinners and at some point, the outer parts break into ice bergs. The line 

where ice shelves break into ice bergs is called the calving line.  

Relatively warm circumpolar deep water not only causes the ice shelf to thinner, it also causes 

the grounding line to retreat. Since the topography of Antarctica lies partly below current sea 

level, and some regions have a downward going bedrock slope when going inland, the grounding 

line retreat continues, and the ice sheet becomes unstable (Schoof, 2007). This is known as the 

Marine Ice Sheet Instability (MISI) and is shown in Figure 1.3A. A few places exist, such as the 

Crane Glacier in the Antarctic Peninsula, where the ocean and the atmosphere are warming 

quickly enough to melt the ice shelf quicker than the seaward flow. If reverse-sloping bedrock is 

more than 1000-meter-deep, grounding line cliffs that are not being covered by ice shelfs could 

break and form icebergs (DeConto & Pollard, 2016). This is known as the Marine Ice Cliff 
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Instability (MICI) and is shown in Figure 1.3B. An instable ice sheet could lead to the Antarctic 

collapse where grounded ice continuously melts fast due to the disappearance of ice shelfs and 

consequently the lack of buttressing (DeConto & Pollard, 2016).  

 

 
Figure 1.3: Schematic Figure of the ice melting process and grounding line retreat for a retrograde slope 
(Figure A) and a prograde slope (Figure B). Figure taken from Pattyn and Morlighem (2020). 

 

1.2.2 Glacial Isostatic Adjustment 

Besides climate and sea level as the main factor that causes the ice sheet to grow or decay, the 

evolution of the ice sheet also depends on the response of the Earth to changes in the thickness 

of the ice sheet. As explained in section 1.1.2, the interior of the Earth partly consists of 

viscoelastic material and deforms over time due to loading, called GIA. The Earth acts elastic on 

short time scales and viscous over long time scales. The load of the ice sheet pushes the Earth’s 

surface down. The material under the ice sheet subside and moves outwards towards the margins 

of the ice sheet, causing an uplift of the Earth’s surface around the ice sheet, called the forebulge. 

The load on the Earth’s surface causes radial and, in lesser extent, lateral movements of the 

material. 

The solid Earth can be divided into approximately six layers based on material properties. 

From the center of the Earth to the Earth’s surface: the inner core, outer core, lower mantle, 

asthenosphere, upper mantle, and crust. The upper mantle and the crust together are called the 

lithosphere, which is the rigid layer on top of the more ductile viscoelastic asthenosphere. The 

lower mantle behaves elastic as well as viscoelastic. The outer core is fluid and the inner core is 

solid. 

The core provides a buoyancy force to the lower mantle. The upper mantle gives an upward 

force towards the crust, which floats on the mantle at an elevation that depends on its thickness 

and density. If the load is low, elastic crust will still react, but the viscoelastic mantle will not 

change much. When load is removed due to melting of the ice sheet or a decrease in sea level, 

material in previously ice-covered areas rises until the crust and the upper mantle are in isostatic 

equilibrium. The isostacy of the buoyancy of the crust (floating on the mantle) depends on the 

crust’s density and thickness. It takes ten thousands of years to reach isostatic equilibrium after 

a glaciation period. Since the load is changing on shorter timescales, this equilibrium is never 
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reached. Therefore, today’s observed deformation is the result of multiple glacial loading cycles 

(Whitehouse, 2009). 

Deformation is controlled by two components. First, the thickness of the lithosphere 

influences the wavelength of deformation. Second, the viscosity of the mantle controls the rate of 

deformation. Subduction of oceanic plates transports water into the upper mantle. The material 

in the upper mantle is olivine and controls the viscosity, as well as the temperature profile of the 

mantle and water content in the upper mantle (Karato, 1986). A temperature profile can be made 

based on seismic models. Seismic wave speed relates to temperature distribution in the mantle 

and that relates to mantle viscosity.  

The Earth is not only radially varying but also laterally. Low viscosity regions are likely to 

occur at active plate boundaries (Alaska, Iceland, Northern Antarctic Peninsula, Patagonia) 

because of the high mantle temperatures. Here, viscous deformation will be dominated by the 

response to recent ice mass change. To correct satellite observations for ongoing GIA, it is often 

assumed that GIA is linear in time and reflects the viscous response to long-past ice sheet change 

and any non-linear effect reflects the elastic response to contemporary ice-sheet change. 

However, the bedrock deformation has a short relaxation time in low-viscosity regions so the 

response may not be linear over the period of geodetic measurements. Recent deformation rates 

may therefore contain both elastic and viscous signals. 

Nield et al., (2014) showed this effect in the Antarctic peninsula where the bedrock uplift is 

the viscoelastic response of the Earth caused by recent ice unloading. The viscosity of the 

lithosphere is much lower in West Antarctica than in East Antarctica due to a difference in 

temperatures of the mantle, in water content and in grain size (Nield et al., 2018; Heeszel et al., 

2016). Recent studies estimate the viscosity of the upper mantle under certain regions in West 

Antarctica, for example Amundsen Sea Embayment, to be two orders of magnitude lower than 

previously assumed (Barletta et al., 2018; Wolstencroft et al., 2015). The presence of such low 

mantle viscosities has effects on the millennial time scale and has important implications on 

collapse scenarios of West Antarctica and on the development of ice sheet evolution models and 

GIA models (Barletta et al., 2018). 

 

1.2.3 Interaction between ice load and deformation 

The interaction between the vertical deformation of the Earth’s surface and a changing ice load is 

referred to as GIA feedback effects. The interaction occurs in two ways. First, the load of the ice 

sheet causes downward vertical deformation of the Earth’s surface, leading to a lower elevation 

of the ice sheet surface. Precipitation patterns are different at different elevation and the 

atmospheric temperature increases at lower elevations. As a result, the ice mass loss or gain at 

the top of the ice sheet surface changes. A change in ice mass will lead to a change in deformation 

of the Earth’s surface. On its turn, deformation affects the ice mass change again. This is called a 

GIA feedback loop.   

Second, deformation of the Earth’s surface not only affects the surface elevation of the ice 

sheet directly, but also the sea level. Figure 1.4a shows the ice sheet and the ice shelf in 

equilibrium, where h1 is the thickness of the ice and d1 is the sea level at the position of the 

grounding line. A thinner ice sheet thickness as a result of surface melt leads to an increased ice 

flux towards the ice shelf (shown in Figure 1.4b). The thickness is proportional to the water depth, 

resulting in a large reduction in grounded ice caused by a small increase in water depth at the 

grounding line (Whitehouse et al., 2019). On its turn, a reduction in grounded ice leads to upward 

deformation of the Earth’s surface and the local sea level lowers due to the diminishing 

gravitational attraction of the ice on the surrounding water (de Boer et al., 2017). The local 

shallowing of water reduces the loss of ice across the grounding line (shown in Figure 1.4c). 

The effect of the GIA feedback on the grounding line migration is dependent on the 

deformation rate, the bedrock slope, and ongoing viscous uplift of the Earth’s surface 
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(Whitehouse et al., 2019).  A lower sea level, because of the GIA feedback, reduces the ice loss 

around the grounding line. Therefore, the GIA feedback effect stabilizes, and in some cases halting, 

migration of the grounding line along reversed bed slopes (Larour et al., 2019; Gomez et al., 2012). 

Ongoing viscous uplift of the bedrock could even initiate a readvance of the grounding line 

(Pollard et al., 2017). 

Since bedrock deformation rates are highly dependent on the viscosity of the interior of the 

Earth, also the GIA feedback effect is dependent on the viscosity. The stabilizing GIA feedback 

effect is quick at regions containing relatively low mantle viscosities because the mantle 

approaches isostatic equilibrium 1-2 orders of magnitude faster compared with global-average 

timescales, resulting in high deformation rates (Whitehouse et al., 2019). The GIA feedback effects 

play an important role in regional ice sheet evolution of the AIS because of the strong relation 

with the viscosity of the Earth (Larour et al., 2019; Whitehouse et al., 2019; Pollard et al., 2017;). 

 

 

 
 

Figure 1.4: The stabilizing effect of GIA feedbacks. a) The equilibrium situation where the ice sheet is 
not gaining or losing mass, where h1 is the ice thickness and d1 is the sea level at the position of the 
grounding line. The ice flux, q1, is a function of the ice thickness. b) The top of the ice sheet melts, 
leading to a thinner ice shelf and grounding line retreat. c) The situation after the GIA feedback. Figure 
taken from Whitehouse et al. (2019).
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1.3  Numerical modelling of GIA feedback effects 

1.3.1 GIA models 

GIA can be simulated by calculating the response of a model of the Earth by applying a certain 

load. A GIA model computes the stress within the Earth model over long timescales of ten 

thousands to hundred thousands of years by using the ice load history results from ice dynamic 

models. The level of detail in terms of, among others, radial and lateral resolution and material 

properties of the model of the Earth differs per model and is dependent on the goal of the study, 

the available computational power and the available resources to develop a GIA model. The 

calculation of laterally and radially varying deformation over time is a computationally expensive 

model and takes a long time to finish a simulation. Therefore, deformation is often simulated with 

GIA models that do not include a laterally varying Earth structure, called 1D GIA models. GIA can 

be included in several ways in an ice dynamic model, which are discusses in this section.  

For example, the bedrock respond to load can be calculated using an Elastic Lithosphere 

Relaxing Asthenosphere (ELRA) model (Le Meur & Huybrechts, 1996). This is a two-layer model 

that contains a local elastic lithosphere and a relaxing asthenosphere using a constant relaxation 

time. The elastic lithosphere is modelled as a thin plate with flexural rigidity that deforms linearly. 

The relaxing asthenosphere is simulated more accurately by using the diffusion equation for 

mantle movement. The ELRA model is effective in computing the bedrock response and therefore 

favorable to compute the evolution of an ice sheet on long timescales.  

Radially varying self-gravitating visco-elastic spherical Earth models compute the complete 

Earth composition with an inviscid core, viscoelastic lower and upper mantle and elastic 

lithosphere, accounting for gravity field perturbations and displacements using spherical 

harmonics (De Boer et al., 2014; Le Meur and Huybrechts, 1996) When a load is placed on a visco-

elastic body, the body deforms by stress and strain, which are dependent on the viscosity of the 

mantle and the elastic parameters of the crust, such as density and rigidity. Rheological models 

are used to describe the relation between stress and strain.  

There are different ways to calculate the spatially time-dependent response of the Earth to 

surface load. For example, the Maxwell rheology and the Burgers rheology assume the Earth is a 

linear viscoelastic body. The response can be calculated using viscoelastic Love numbers. These 

Love numbers reflect the assumed viscosity profile of the mantle.  

Non-linear stress-strain relationships form the basis of the power-law approach (Wu, 1998). 

The power-law approach assumes the Earth is a nonlinear viscoelastic body where the effective 

viscosity depends on the stress field throughout the mantle, which depends on the surface load 

change and on internal changes due to mantle convection. The effective viscosity can be described 

by diffusion creep and dislocation creep that can be derived from seismic models. Diffusion creep 

is linearly dependent on stress caused by pressure and largely dependent on grain size (the 

material of the asthenosphere consists of grains). Various vacancies exist within the crystal 

lattice. Given a certain stress, the vacancies migrate from their sources to vacancy sinks (Gordon, 

1965). At lower temperatures, grain boundary diffusion allows for mass transport along the grain 

boundaries themselves (Ranally, 1995). 

Dislocation creep is the main process of material movement when the applied load is high 

and is mainly dependent on the water content (Ranally, 1995). Dislocation creep is linearly 

dependent on grain size and nonlinearly dependent on stress due to the time dependent effective 

viscosity (Hirth & Kohlstedt, 2003). The relation between stress and diffusion and dislocation 

creep is dependent on grain size, water content, melt content and temperature.  
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1.3.2 Coupling of a GIA model and an ice model 

The GIA feedback effects can be simulated using a coupled ice dynamic - sea level model by 

incorporating the gravitationally self-consistent sea level equation (de Boer et al., 2014). The sea 

level model computes the bedrock deformation and the relative sea level change and forwards 

this to the ice sheet model. The ice sheet model uses the bedrock deformation to determine the 

change in topography. This adjusted topography is used to compute the ice sheet evolution. 

Currently used sea level models do not account for laterally varying mantle viscosities. It is 

shown that ice thickness varies when more sophisticated GIA models are used due to a highly 

varying viscosity in the mantle under Antarctica (Heeszel et al., 2016; Nield et al., 2018). There 

are different ways to model a laterally varying Earth structure. For example, Oude Egbrink (2017) 

divided Antarctica in different regions based on the viscosity of the mantle. Here, locations with 

similar mantle viscosities will form 1 region. The average viscosity per region is transformed to 

relaxation times, which can be used by the ice model to determine the new topography.  

Another way of including the laterally varying Earth structure is by using probabilistic 

methods. Bulthuis et al. (2019) introduced two characteristic relaxation times for East and West 

Antarctica. An uncertainty range was defined for both regions and the ice model was tested using 

this range of relaxation times. When including a range of relaxation times from a few decades to 

a few millennia, the contribution of the bedrock response to the change in global mean sea level 

is 10% (Bulthuis et al., 2019). This asks for a more sophisticated method to include lateral 

variation so that a wide variety of viscosities can be used on much smaller spatial scales. 

Laterally varying visco-elastic Earth models, called 3D GIA models, compute deformation of 

the Earth’s surface on a spatial resolution of several to a few hundred kilometers. Deformation 

can be determined analytically for a homogenous stratified Earth or a heterogenous stratified 

Earth with relatively low perturbations in viscosity (Tromp and Mitrovica, 1999). A numerical 

model such as the finite element method (FEM) or finite volume method is required to model a 

heterogenous Earth with relatively large perturbations in viscosity to solve for the Earth’s 

response to loading. 

Numerical 3D GIA models are computationally expensive. To reduce computational 

complexity and time, the ice load applied on the Earth model is prescribed and not dependent on 

the bedrock deformation. Thus, excluding the stabilizing GIA feedback effects. However, a recent 

study from Gomez et al. (2018) developed a method to include the feedback effect between GIA 

and ice load. A 3D, finite volume sea level and Earth deformation model were used to simulate the 

evolution of the Antarctic ice sheet using the following iterative method.  

First, the sea level model simulates the period 40,000 years BP till modern date. Second, the 

GIA model ran the same period, using the ice load history provided by the sea level model. The 

topography used in the sea level model was adjusted based on the difference between the 

computed present day topography and the observed present day topography. Third, the sea level 

model simulates the full period using the new topography. The iterations are continued until the 

computed present day topography equals the observed topography. The results show significant 

differences in local ice thickness between the simulations using 3D GIA and 1D GIA (Gomez et al., 

2018).  

The coupling approach from Gomez et al. (2018) couples the ice dynamic and sea level model 

at a timescale of 40,000 years. However, the feedback effect occurs continuously, forced by large 

changes in deformation and ice thickness at timescales of 500 to 5000 years (Konrad, 2015). It 

would therefore be interesting to include the feedback effects in a coupled model at timesteps 

smaller than 40,000 years. Since no current method exists that allows for iterations at relatively 

small timesteps, this asks for the development of a new method that includes the GIA feedback 

effects.  
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In this study, a new method has been developed using a forward modelling approach to allow for 

simulation of the ice evolution including the GIA feedback effect by iterating an ice dynamic and 

GIA model at relatively small timesteps. The used ice-sheet-shelf model is ANICE. The research 

group Institute for Marine and Atmospheric research in Utrecht, The Netherlands, developed an 

ice-sheet-shelf model called ANICE (de Boer, 2013). Relatively small adjustments had to be made 

to include bedrock deformation from the GIA model instead of computing bedrock deformation 

using the ELRA model. More information about ANICE and the modifications that are done can be 

found in Appendix A.  

The used GIA model is a numerical 3D GIA model based on the FEM using a prescribed ice 

load, developed by the research group at the Faculty of Aerospace Engineering at the Technical 

University of Delft, The Netherlands (Hu et al., 2017; Blank, In prep). Adjustments had to be made 

to make the model suitable for forward modelling, to restart timesteps and to use a dynamic ice 

load input instead of a prescribed ice load input. This is done using the restart concept developed 

by Weerdesteijn (2019). More information about the GIA model and the modifications that are 

done can be found in Appendix B.  

Developing the new method and applying the method allows to study GIA feedback effects in 

such detail that could not be done using any other model but introduces problems that asks for 

extensive testing and analysis to find a suitable solution. For instance, the resolution and the type 

of grid of ANICE and the FEM model differ. An interpolation method is needed to interpolate ice 

and ocean load from the ANICE grid to the FEM grid and to interpolate the deformation from the 

FEM grid to the ANICE grid. Also, an iterative process is needed to include GIA feedback effects. 

Therefore, a convergence criterium must be defined to decide how many iterations should be 

performed. More information about the performed interpolation tests can be found in Appendix 

C and more information about the performed convergence tests can be found in Appendix D. 

 

1.4 Research objective and questions 
By developing the coupled model, research can be performed on the effect of GIA feedbacks on 

ice dynamic characteristics over the past 120 000 years for the AIS. By knowing the effect of GIA 

feedback on local ice dynamics, better uncertainty estimates can be made for ice models that do 

not include the GIA feedback effects and for ice models that use prescribed ice loading. 

The goal of this study is to present a new method to fully couple an ice- and 3D GIA model at 

timescales of 1000 to 5000 years for the AIS. The model assesses the impact of a forward 

modelling coupling approach using a 3D rheology on the ice sheet evolution, compared to a 

laterally homogeneous rheology. The developed coupled model can be used to provide present 

day uplift rates on a high resolution to improve the correction for ongoing GIA to modern geodetic 

data.  

The analysis of the results will be useful for future modelling of the AIS evolution and for 

improving the accuracy of GIA models for Antarctica. The coupled model could contribute to a 

more precise simulation of the evolution of the AIS and to better estimates of the present-day ice 
sheet characteristics and GIA effect. Better estimates for GIA and ice sheet characteristics will 

ultimately lead to better calibration of forecasting models and a more precise correction for 

ongoing GIA to modern geodetic data.  

 

The main research question is: 

• What is the effect of the interaction between Glacial Isostatic Adjustment and ice sheet 
dynamics on the Antarctic Ice Sheet growth during the last glacial cycle? 

 

To be able to answer the main question, several underlying questions need to be answered: 

• How can the GIA FEM model and ANICE be coupled? 
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• What is the accuracy of the method? 
• What are the differences in ice sheet thickness, grounding line position and deformation 

when using a laterally varying Earth structure compared to a laterally homogeneous 
Earth structure for the Antarctic Ice sheet? 

 

Section 1 provides background information about the geology of Antarctica, the history of the AIS, 

the current state of the AIS, the ice dynamics occurring at Antarctica, the structure and 

deformation of the solid Earth at Antarctica and the current models that are used to simulate to 

evolution of the AIS.  

Section 2 includes the first draft of the article that is written from this study. The article 

includes an introduction (unavoidably, some overlap with section 1 occurs), a description of the 

method that is developed and applied on an ice model and GIA model, a presentation of the most 

important results to compare ice volume and ice growth using a coupled model with 1D viscosity 

of the Earth and 2 types of 3D viscosity. Due to time constraints, present day results of the coupled 

model will be shown using a 1D rheology. The first timestep, 120,000 to 115,000 BP, is analyzed 

in detail using two different 3D rheologies. The article concludes with the discussion of the results 

and recommendations for future studies. The reference section at the end of the article includes 

all references of the report. Since the developed method is complex and a completely new 

approach, supplemental figures are provided to further clarify the developed method.  

Section 3 is a general conclusion explicitly answering the research questions. Appendices are 

added to this report to provide more information about the models and the method. More 

information about the setup of the ice dynamic model, ANICE, that is used to compute the ice 

sheet evolution is provided in Appendix A. More information about the development and set up 

of the finite element model used to compute the deformation of the Earth’s surface is provided in 
Appendix B. The coupling of the ice and the GIA model asks for interpolation of the results of each 

model. Appendix C is describing the interpolation method used in this study. Appendix D is 

providing more details about the developed method. The developed method is tested and verified 

extensively. A presentation of the test results can be found in Appendix E. 
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Abstract. A recent comparison of 15 ice sheet models projected that the Antarctic Ice Sheet (AIS) could contribute -7.8 to 30 

centimeters of sea level rise between 2015 and 2100, meaning that sea level rise could increase a lot although the uncertainty 

is high (Seroussi et al., 2020). To better predict the future of the AIS, more accurate simulations of the evolution of the AIS 

are needed. Over glacial-interglacial cycles, the evolution of an ice sheet is influenced by Glacial Isostatic Adjustment (GIA) 10 

via two negative feedback loops. First, vertical bedrock deformation due to a changing ice load alters ice-sheet surface 

elevation. Second, bedrock deformation will change the location of the grounding line of the ice sheet. GIA is mainly 

determined by the viscosity of the interior of the solid Earth which is radially and laterally varying. Underneath the Antarctic 

Ice Sheet (AIS), there are relatively low viscosities in West Antarctica and higher viscosities in East Antarctica, which affect 

the response time of the above-mentioned feedbacks. However, most ice-dynamic models do not consider a laterally varying 15 

Earth structure when simulating the evolution of the AIS.  

This study presents a new method to investigate 3D GIA feedback effects in detail at any chosen period during the 

last glacial cycle. The method is applied using ANICE and a 3D GIA FEM model. This led to the development of a fully 

coupled ice dynamic-3D GIA model with coupling timesteps of 1000 and 5000 years. Following the new method, the model 

computations alternate between the ice-sheet model, ANICE, and a 3D Finite Element Method model until convergence of the 20 

ice thickness occurs at each timestep. We simulate the evolution of the AIS from 120 000 years before present to modern date, 

considering 1D and non-linear 3D rheologies.  

The maximum difference between the uncoupled deformation (iteration 1) and the coupled deformation (average 

between the last two iterations) for the period 120,000 to 115,000 years BP is 3 to 8 mm per year, depending on the viscosity 

of the upper mantle. The increases in deformation using a 3D wet rheology with a grain size of 10 mm are highest at the Siple 25 

Coast, the Ronne Ice Shelf, and several other locations along the grounding line of the AIS. The maximum difference in ice 

thickness at 115,000 years BP is 50 meters close the Ronne Ice Shelf and the Ross Ice Shelf. The grounding line position 

differs up to 80 meters when applying the coupling method compared to the uncoupled result. The results of this study 

emphasize the importance of the 3D GIA feedback effects when simulating the evolution of the AIS during the last glacial. 

1 Introduction 30 

Sea level rise has a high impact on society and the improvement of forecasts are vital to generate both adaptation and mitigation 

strategies and help policymakers decide on what investments should be done to protect people and the environment 

(Oppenheimer, 2020). A recent comparison of 15 ice sheet models projected that the Antarctic Ice Sheet (AIS) could contribute 

-7.8 to 30 centimeters of sea level rise between 2015 and 2100, meaning that sea level rise could increase a lot although the 

uncertainty is high (Seroussi et al., 2020). To better predict the future of the AIS, more accurate simulations of the evolution 35 

of the AIS are needed. 

Due to the declining bedrock elevation towards the center of Antarctica and the large ice volume of the AIS, the Antarctic 

collapse could increase future sea level rise severely (DeConto & Pollard, 2016). Glacial isostatic adjustment (GIA) changes 
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the bedrock topography and thus influences the evolution of the ice sheet. Several models are developed to include GIA in ice 

dynamic models. Firstly, changes in bedrock topography due to load can be included in an ice dynamic model using the Elastic 40 

Lithosphere Relaxing Asthenosphere model (ELRA) (Le Meur & Huybrechts, 1996). This is a two-layer model that contains 

a local elastic lithosphere and a relaxing asthenosphere using a constant relaxation time. This simplified model is effective in 

computing the bedrock response and therefore favorable to compute the evolution of an ice sheet on long timescales.  

Secondly, self-gravitating visco-elastic spherical Earth models compute the complete Earth composition with radially 

varying Earth models (1D GIA models), accounting for gravity field perturbations and displacements using spherical 45 

harmonics. When a load is placed on a visco-elastic body, the body deforms to stress as a function of viscosity, density, and 

elastic parameters. Rheological models are used to describe the relation between stress and strain. There are two ways to 

calculate the spatially time-dependent response of the Earth to surface load. First, The Maxwell rheology assumes the Earth is 

a linear viscoelastic body. The response can be calculated using viscoelastic Love numbers. These Love numbers reflect the 

assumed viscosity profile of the mantle. Second, the power-law approach (Wu, 1998) assumes the Earth is a nonlinear 50 

viscoelastic body where the effective viscosity depends on the stress field throughout the mantle, which depends on the surface 

load change. Non-linear stress-strain relationships form the basis of the power-law approach. Grain scale deformation of mantle 

material is described by diffusion and dislocation creep. These parameters describe a nonlinear relationship where strain rate 

depends on stress. This relation is dependent on grain size, water content, melt content and temperature.  

The relaxation time is shorter for lower viscosity's in the mantle. GIA models with radially and laterally varying viscosity 55 

(3D GIA models) show several orders of magnitude difference in relaxation time (Gomez et al., 2018). Since the viscosity of 

the mantle of the Earth laterally varies with three orders of magnitude in Antarctica, the uplift is underestimated in west 

Antarctica and overestimated in east Antarctica (Heeszel et al., 2016). Deformation can be determined analytically for a 

homogenous stratified Earth or a heterogenous stratified Earth with relatively low perturbations in viscosity. A numerical 

model such as the finite element method (FEM) or finite volume method is required to model a heterogenous Earth with 60 

relatively large perturbations in viscosity to solve for the Earth’s response to loading. Several models have been developed to 

simulate GIA using a lateral variable rheology in Antarctica (Kaufmann et al., 2005; A et al., 2013, van der Wal et al., 2015; 

Gomez et al., 2018). Blank et al (In prep) developed a 3D GIA model using the finite element method and the formulation 

from Van der Wal et al. (2013) to model the viscosity of the olivine (Hirth and Kohlstedt, 2003). The results of Blank et al. (In 

prep) show major differences in the use of 1D and 3D GIA models for the Amundsen Sea Embayment. Also, Hay et al. (2017) 65 

showed that the simulated Antarctic collapse could be occurring faster than previously computed when including 3D GIA in 

the model. Grounding line migration plays an important role in sea level projections (Gomez et al., 2010).  

The aforementioned ice-sheet models include 1D or 3D GIA effects but do not take into account the feedback effects 

following from the interaction between GIA and the evolution of the ice sheet. Namely, vertical deformation of the Earth’s 

surface and a changing ice sheet thickness influence each other in two ways (Whitehouse et al., 2019). First, vertical 70 

deformation of the Earth’s surface changes the surface elevation of the ice sheet directly. The surface of the ice sheet will be 

exposed to a change in snowfall and atmospheric temperature, leading to a change in growth or decay of the ice sheet.  

Second, deformation of the Earth’s surface will change the position of the grounding line of the ice sheet. A thinner ice 

sheet thickness as a result of surface melt leads to an increased ice flux towards the ice shelf. The thickness is proportional to 

the water depth, resulting in a large reduction in grounded ice caused by a small increase in water depth at the grounding line 75 

(Whitehouse et al., 2019). On its turn, a reduction in grounded ice leads to upward deformation of the Earth’s surface and the 

local sea level lowers due to the diminishing gravitational attraction of the ice on the surrounding water (de Boer et al., 2017). 

The local shallowing of water reduces the loss of ice across the grounding line. 

The effect of the GIA feedback on the grounding line migration is dependent on the deformation rate, the bedrock slope, 

and ongoing viscous uplift of the Earth’s surface (Whitehouse et al., 2019).  A lower sea level, because of the GIA feedback, 80 

reduces the ice loss around the grounding line. Therefore, the GIA feedback effect stabilizes, and in some cases halting, 
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migration of the grounding line along reversed bed slopes (Larour et al., 2019; Gomez et al., 2012). Ongoing viscous uplift of 

the bedrock could even initiate a readvance of the grounding line (Pollard et al., 2017). 

Since bedrock deformation rates are highly dependent on the viscosity of the interior of the Earth, also the GIA feedback 

effect is dependent on the viscosity. The stabilizing GIA feedback effect is quick at regions containing relatively low mantle 85 

viscosities because the mantle approaches isostatic equilibrium 1-2 orders of magnitude faster compared with global-average 

timescales, resulting in high deformation rates (Whitehouse et al., 2019). The GIA feedback effects play an important role in 

regional ice sheet evolution of the AIS because of the strong relation with the viscosity of the Earth (Larour et al., 2019; 

Whitehouse et al., 2019; Pollard et al., 2017;). 

The GIA feedback effects can be modelled using a coupled ice dynamic - sea level model by incorporating the sea level 90 

equation and visco-elastic love numbers (Larour et al., 2019; Konrad et al., 2015; de Boer, 2014; Gomez et al., 2013). The sea 

level model computes the bedrock deformation and the relative sea level change and forwards this to the ice sheet model. 

However, sea level models do not account for laterally varying mantle viscosities. The first model that couples 3D GIA with 

ice dynamics was developed by Gomez et al. (2018). Here, the method of Kendall et al (2005) was used to compute the self-

consistent sea level for ice mass change. The estimation of the ice thickness of the present-day ice sheet is dependent on the 95 

evolution of the ice sheet over the past ten thousands of years, which on its turn depends on the viscosity of the interior of the 

Earth. Thus, an iterative method is necessary between the ice history and the Earth model. The current topography can be 

validated by the measured topography and this leads via multiple iterations to an improved estimated initial topography and 

thus an improved ice sheet evolution. The two models are separately running with a fixed ice load and bedrock elevation 

history as input. The total contribution from Antarctica to sea level change has not changed much over the last deglaciation by 100 

using a coupled 3D Earth rheology instead of a 1D rheology. However, local ice thickness differs up to 200 meters when using 

a 3D GIA model instead of a 1D GIA model, leading to differences in relative sea level up to 80 meters (Gomez et al., 2018). 

The first coupling approach from Gomez et al. (2018) couples the ice dynamic and sea level model at a timescale of 40,000 

years. However, the GIA feedback effects occur continuously, forced by large changes in deformation and ice thickness at 

timescales of 500 to 5000 years (Konrad, 2015). It would therefore be interesting to include the GIA feedback effects in a 105 

coupled model at timesteps smaller than 40,000 years. Since no current method exists that allows for iterations at relatively 

small timesteps, this asks for the development of a new method that includes the GIA feedback effects.  

The goal of this study is to present a new method to fully couple an ice- and 3D GIA model at timescales of 1000 to 5000 

years. The new method uses a forward modelling approach to allow for simulation of the ice evolution including the GIA 

feedback effect by iterating an ice dynamic and GIA model at relatively small timesteps. To approach the realistic process of 110 

continuous feedback, the deformation and ice thickness are calculated every 5000 years for the glacial cycle from 120,000 

years before present (BP) to 20,000 years BP and every 1000 years for the period from 20,000 years BP to modern date. 

The model is applied to the Antarctic region to assess the impact of a forward modelling coupling approach using a 3D 

rheology compared to a laterally uniform rheology. Last Glacial Maximum (LGM) and present day results of the coupled 

model will be shown using a 1D  rheology. The first timestep, 120,000 to 115,000 BP, is analyzed in detail using two different 115 

3D rheologies. The model can provide present day uplift rates on a high resolution to improve the correction for ongoing GIA 

to modern geodetic data. The iterative scheme of the developed method is presented in this study. The analysis of the results 

will be useful for future modelling of the AIS evolution and for improving the accuracy of GIA models for Antarctica. 

2. Method 

In this study we present the results of simulations in which we couple an ice-sheet-shelf model to a GIA model that incorporates 120 

3D variation in the Earth structure. The simulation asks for global mean sea temperature and sea level timeseries, global mean 

atmospheric temperature timeseries, initial bedrock height, precipitation patterns, a geothermal heat flux map and 3D viscosity 
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maps of the Earth’s interior. The two models and the coupling procedure are described below. The results of the first timestep 

for all three experiments is discussed in this article. 

2.1 Ice dynamic model 125 

The ice dynamic model adopted, “ANICE”, is described in detail in de Boer et al. (2013) and in Appendix A of this thesis. 

ANICE is an ice-sheet-shelf model and is used in this study to simulate the Antarctic region at a resolution of 40 by 40 

kilometers. Multiple experiments have been done using ANICE (Berends et al., 2019; Berends et al., 2018; Bradley et al., 

2018, Maris et al., 2014).  

The ice sheet evolution is dependent on several climate factors. Time- and latitude- dependent insolation at the top of the 130 

atmosphere varies on time scales of 120,000 years (Laskar et al., 2004). The global mean temperature and sea level are used 

as input to force the ice-sheet-shelf model. The global mean atmospheric temperature is decreasing with 14 degrees Celsius 

between 120,000 years BP and 20,000 years BP. From 20,000 years BP till present day, the temperature increases with 15 

degrees Celsius to approximately 0. The assumed global mean temperature and sea level are shown in Figure S.1 in the 

supplementary materials. 135 

The mass balance of the ice sheet is calculated using present-day monthly precipitation as a function of free atmospheric 

temperature (Bintanja et al., 2005; Bintanja & van de Wal, 2008). The mass continuity of the ice sheet is calculated with 

Equation (1) where Hi is the height of the ice, u is the vertically integrated horizontal velocity profile, computed by using 

Equation (2), and B is the mass balance per unit of time, computed by using Equation (3).  

 ∂H

∂t
= −∇ ∙ (Hiu) + B (1)  

 u = usliding + udeformation (2) 

 B = precipitation − melt (3) 

ANICE uses the shallow shelf approximation (SSA) (Bueler and Brown, 2009) to solve mechanical equations for ice shelf 140 

dynamics and the shallow ice approximation (SIA) to solve for grounded ice (Morland, 1987; Morland & Johnson, 1980). 

Udeformation is determined using the SIA, whereas sliding and ice-shelf velocities are calculated using the SSA. 

A surface temperature-albedo-insolation parameterization is used to calculate ablation (Laskar et al., 2004). Global mean 

sea level and a combination of the temperature-based formulation by Martin et al. (2011) and the glacial-interglacial 

parametrization by Pollard and DeConto (2009) is used to compute sub-shelf melt. The results are tuned to produce realistic 145 

present-day Antarctic shelves and grounding lines (de Boer et al., 2013). Sub-shelf melt and grounding line migration effect 

calving. Calving is included in the model by removing ice shelf with a thickness lower than 200 meters. 

The initial topography at 120,000 years BP is taken from BEDMAP2 (Fretwell et al., 2013). GIA directly influences the 

surface height of the ice sheet and thus the precipitation and the mass balance. GIA affects sub shelf melt and grounding line 

migration as well due to a changing sea level. ANICE is adjusted for this study to include input of the GIA finite element 150 

model. The average deformation for one timestep of 5000 or 1000 years is computed by the coupled GIA model and linearly 

applied to the ice model at timesteps of 100 years.  

2.2 GIA model  

The adopted GIA model for this study is a numerical 3D GIA model based on the finite element method using a prescribed ice 

load (Hu et al., 2017; Blank, In prep). The finite element method (FEM) is the numerical method used in this study to determine 155 

displacements in the Earth model under surface loading and is chosen for its computational effectivity. The concept of a GIA 

model based on a commercial FEM was developed by Wu (2004) and applied using the software ABAQUS (Hibbitt et al., 
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2016). FEM is applied in several experiments, for example using a flat Earth model to simulate the West Antarctic Ice Sheet 

(Nield et al., 2018) and a spherical Earth model for Fennoscandia (van der Wal, 2013).  

It is assumed that the Earth is in isostatic equilibrium at the start of the simulation at 120,000 years BP, neglecting the 160 

ongoing deformation in response to the previous glacial cycle to reduce simulation time. The modelled sphere consists of 6 

layers, one layer representing an inviscid core, four layers representing a viscoelastic lower and upper mantle and one layer 

representing an elastic crust, and is divided in an irregular grid with an approximate resolution of 200 by 200 kilometers at the 

surface. This can be scaled up to a higher resolution, but this increases the computation time.  

The input for the GIA model is the ice and ocean load. The ice load is linearly interpolated from a regular grid of 0.25 165 

degrees latitude by 0.25 degrees longitude to the irregular grid of the modelled sphere. The applied load causes stresses in the 

Earth model. The FEM allows for modelling of deformation and stresses in the Earth using a modified stiffness equation and 

Laplace’s equation (Wu, 2004). These equations for a self-gravitating incompressible spherical Earth model are transformed 

to boundary conditions for each layer using the method from Wu (2004).  

Self-gravitation of the ice sheet and its effect on sea level, as well as the load from the North American, Eurasian and 170 

Greenland ice sheets is included in the coupled model but is not coupled to the GIA, nor is the ice dynamic model. Global 

relative sea level is computed using the ice history from Whitehouse et al. (2012) and a 3D rheology based on the seismic 

model from Schaeffer and Lebedev (2013) globally, and Heeszel et al. (2016) over Antarctica. The relative sea level is linearly 

decreasing between 120,000 years and 20,000 years BP, corresponding to an assumed linear increase of ice mass. The 

computed relative sea level is interpolated to the timesteps used in this study and applied as a load on the GIA model. 175 

The impact of lateral variations in lithospheric thickness and viscosity on GIA in West Antarctica is high (Nield et al., 

2018). Lateral and radial variations of the Earth’s mantle can be described by a combination of linear and non-linear 

viscoelastic behaviour, called the composite rheology. Diffusion creep, corresponding to linear viscoelasticity, and dislocation 

creep, corresponding to the non-linear relation between shear stress and strain rate, are components of the composite rheology 

and can be defined by the diffusion and dislocation creep parameters, respectively (Hirth and Kohlstedt, 2003).  180 

The dislocation and diffusion parameters used in this study are determined using the flow law from Hirth and Kohlstedt 

(2003) (van der Wal et al., 2013). Dislocation and diffusion parameters are derived from seismic models. Velocities anomalies 

are used to create an average of three seismic models (Becker & Boschi, 2002). Seismic velocity anomalies are converted to 

temperature, assuming that all seismic velocity anomalies are caused by temperature variations (Goes et al., 2000). Derivatives 

of seismic velocity anomalies to temperature anomalies are provided as a function of depth in Karato et al. (2008). The 185 

temperatures are converted to absolute temperatures and used in a flow law to obtain creep parameters (van der Wal, 2013). 

All parameters except grain size and water content are taken from Hirth and Kohlstedt (2003). 

The FEM model allows for assigning dislocation and diffusion parameters to each grid cell, which makes the model 

suitable to compare different 1D and 3D rheologies. The effective viscosity is computed for each grid cell using Equation (4) 

where Bdiff and Bdisl are the diffusion and dislocation parameters respectively, q is the von Mises stress, being 𝑞 =190 

 √
3

2
𝜎′𝑖𝑗𝜎′𝑖𝑗   and assumed to be 0.1 Mpa, and n is 3.5 being consistent with Hirth and Kohlstedt (2003) (van der Wal et al., 

2013). 

 
𝜂𝑒𝑓𝑓 =

1

3𝐷𝑑𝑖𝑓𝑓 + 3𝐵𝑑𝑖𝑠𝑙𝑞𝑛−1
 (1)  

Compressibility effects and the influence of sediment loading are not included in the GIA model as the interest of this 

study is the first-order effect of viscosity variation. Centrifugal effects flatten the Earth’s shape at the poles. However, the 

curvature of the Earth’s surface is small when focusing on the area of Antarctica, so this flattening effect has negligible effects 195 

on GIA and is therefore not included in the model. 
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Adjustments had to be made to make the model suitable for forward modelling, to restart every timestep several times and 

to use a dynamic ice load input per timestep instead of a prescribed ice load input at all timesteps. Therefore, the new model 

is rebuild using a restart concept developed by Weerdesteijn (2019). There, the model runs several iterations per timestep using 

a restart job. However, the model developed by Weerdesteijn (2019) is solely used to study the effect of polar wander on GIA, 200 

using a constant prescribed load without the possibility to stop after each timestep. Therefore, also this concept needed 

adjustments to allow for computation of only one timestep and to save all output needed for the next timestep. The output of 

the model provides, among others, radial displacement per timestep at the surface and the model database of the deformed 

Earth to use for the next timestep. More information about the GIA model and the modifications that are done can be found in 

Appendix B of this article. 205 

 

2.3 Coupling method 

ANICE and the GIA model are coupled using the forward modelling method to study the feedback effects between the 

evolution of the AIS and 1D and 3D GIA effects. The simulation starts at 120,000 years BP and iterates between the ice and 

GIA model until present day in fixed timesteps of 5000 years (120,000 years BP till 20,000 years BP) and 1000 years (20,000 210 

years BP till modern date).  

The simulation of ice dynamics for a certain timestep requires the deformation over the timestep. On the other hand, the 

computation of the deformation at this timestep, using the GIA model, requires the change in ice mass at that timestep. This 

asks for an iterative process. For the first timestep, the deformation is taken from an uncoupled ANICE simulation using 

ELRA. The final deformation of the timestep is taken as the initial guess for the next timestep. The iterative process where 215 

alternating simulations of the ice dynamic model and the GIA are done at every timestep is continued until convergence in 

deformation has been reached.  

The models compute the output on a different grid. Therefore, interpolation of the output is needed to use the output of 

one model as input for the other model. Oblimap is used to apply the quadrant method and the radius method to the data 

because the program works computationally fast and provides a very detailed result (Reerink et al., 2016). The quadrant method 220 

is used for gridding from a coarse grid to a fine grid. The region around the grid point of the fine grid is divided in four 

quadrants. The Shepard distance-weighted averaging is applied to the most close by coarse grid points in each quadrant using 

a Shepard’s power parameter of 2. A lower parameter will result in a smoother output but also less detailed.  

The radius method is used for gridding from a fine grid to a coarse grid. In case of a relatively coarse grid size, all fine 

grid points within a radius of the order of half the coarse grid size are included by a Shepard distance-weighted averaging 225 

interpolation method to obtain a representative value for this grid point. Detailed information about Oblimap and about the 

motivation for the choice of this interpolation can be found in Appendix C of this article. 

2.3.1 Iterative coupling process 

The iterative scheme is shown in Figure 1. The ice thickness and deformation at each timestep of the coupled model is 

computed as follows: 230 

1. The initial topography and deformation are used as input for ANICE. The ice evolution is computed for the first 

timestep.   

2. To compute the load used by the GIA model, the initial grounded ice thickness is subtracted from the grounded ice 

thickness at the end of the timestep and multiplied by the density of ice (assumed to be 931 kg/m3). The ice load is 

added to the relative sea level change from the W12 model and multiplied by the density of water (assumed to be 235 

1000 kg/m3). 
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3. The total load is passed to the GIA model. The model computes the deformation of the Earth’s surface for that 

timestep. The deformation is passed to ANICE and divided by the length of the timestep to obtain annual deformation. 

ANICE computes the new ice evolution for the timestep using the annual deformation. 

4. The iterative process described in step 3 continues until the convergence criterium, that is the difference in 240 

deformation between iterations is smaller than 2 mm/year, has been met. The conversion criterium is described in 

section 2.3.2. The average deformation of the last two iterations is taken as the final deformation to minimize the 

uncertainties in areas where the model does not converge to zero but alternates between positive and negative values. 

The average deformation is passed to ANICE to calculate the final ice sheet evolution over the current timestep. 

5. The average deformation will be used as initial guess and the final ice thickness and bedrock height will be used as 245 

initial values for the next timestep (used in step 1). The Finite Element Model includes the stresses introduced by 

former timesteps in the model at the new timestep. 

2.3.2 Convergence of the timestep 

The coupled model requires three to four iterations per timestep to converge when using a 1D rheology with a viscosity of 

1·1021 Pa·s for the upper mantle. The exact amount of iterations needed to convergence is dependent on the change in ice load. 250 

A high deformation rate and large changes in ice thickness affect the position of the grounding line. Glaciated grid cells of the 

ice dynamic model are defined as grounded ice or floating ice dependent on the grounding line. If the grounding line in the ice 

model keeps moving at every iteration due to high changes in deformation, the ice load transferred to the GIA model keeps 

alternating between no load and thick ice load at grid cells around the moving grounding line. Is this case, deformation in these 

grid cells does not converge to zero. However, an alternation of the same negative and positive value is reached for these 255 

Figure 1: Schematic overview of the developed forward coupling method. It is shown that several iterations occur within one timestep 

until the convergence criterium of a maximum difference of 10 meter of deformation has been met for all elements of the GIA model.  
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locations. Such an alternation occurs for example in the Antarctic Peninsula at the timestep 95,000 till 90,000 years BP when 

using a 1D rheology. The difference in deformation and load between iterations of this timestep is shown in Figure S.2 of the 

supplemental material. 

Since ice thickness can differ a lot between adjacent grid cells, the changes between iterations can also be big. Deformation 

converges better than ice thickness because of the smoothness of the deformation signal. To determine if the timestep is 260 

converged, the difference between the last iteration and the last one iteration is added to the difference between the last one 

and the second last iteration. The chosen convergence criterium detects when all grid cells have converged to a maximum of 

2 mm per year where certain grid cells have been alternating between the same positive and negative value. The average 

deformation of the last two iterations is used to compute the final ice load. Two convergence criteria are tested and described 

in section D.1 of Appendix D. 265 

A small timestep is desirable to increase the number of grid cells converging to zero. On the other hand, a large timestep 

is desirable to decrease the computation time. Tests were done with 3 different timesteps of 1000, 2500 and 5000 years using 

the 1D rheology. A timestep of 5000 years is chosen for two reasons. First, the GIA signal is not expected to change a lot 

within this period, although the deformation is highly dependent on the chosen mantle viscosity. Second, a timestep of 5000 

years is big enough to converge within 3 iterations to prevent an extremely long computation time. Since the change in ice 270 

load in the deglaciation period is much bigger, a smaller timestep of 1000 years was chosen for this period.  

2.4 Experiments 

Three experiments are done to analyze the performance of the coupled model: 

1. Computation of the ice sheet evolution using a 1D GIA model. The viscosity of the upper mantle and the 

asthenosphere is set to 1·1021 Pa·s.  275 

2. Computation of the ice sheet evolution using a 3D dry rheology model. 

3. Computation of the ice sheet evolution using a 3D wet rheology model.  

 

The chosen 1D viscosity is shown in Figure 2A. The chosen 3D rheological models shown in Figures 2B and 2C represent 

realistic viscosity values derived from seismic models (van der Wal et al., 2013). It can be seen that the commonly used 1D 280 

rheology is up to 2 orders of magnitude higher than viscosities derived from seismic data in West Antarctica and 1 to 2 orders 

of magnitude lower than viscosities derived from seismic data in East Antarctica. The viscosities for the dry rheology with 4 

mm grain size (Figure 2B) is approximately one order higher than the viscosities for the wet rheology with 10 mm grain size 

(Figure 2C). 

The initial load and climate conditions are equal for the three tests. During the period 120,000 to 115,000 years BP, 285 

it is assumed that the mean global atmospheric temperature decreases with approximately 1.5 degrees Celsius per 1000 years. 

The sea level decreases relatively less with 1 mm per year, compared to 20 mm per year in the next period from 115,000 to 

110,000 years BP. The global mean sea level and atmospheric temperatures are shown in Figure S.1 and the initial load is 

shown in Figure S.3 in the supplemental materials. 

 290 
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Figure 2: Differences between 1D and 3D rheologies of which the viscosity is shown in Figures A-C at a depth of 246 kilometers. 

Figure A corresponds to the 1D rheology. The blue ellipse encircles the Siple Coast. Figure B corresponds to a dry rheology with a 

grain size of 4 mm. Figure C corresponds to a wet rheology with a grain size of 10 mm. 

2.4.1 Main assumptions and uncertainties 295 

Relative sea level 

The relative sea level is computed assuming a linear growth of the AIS between 110 000 years and 20 000 years BP. This is 

not consistent with non-linear growth of the AIS computed by ANICE during this period. As a result, the ocean load and the 

effect of self-gravitation are underestimated in the beginning of the period and overestimated at the end of the period. However, 

the effect of self-gravitation, the ocean load and the change in mass from other ice sheets globally on deformation at Antarctica 300 

is relatively small compared to the load of the AIS. Consequently, the uncertainties following from this assumption are small 

as well. 

 

Application of load and deformation on models 

For this study, it is assumed that the ice growth and deformation change linearly over time within one timestep. However, the 305 

deformation and ice dynamic equations are both solved on much smaller timescales and are nonlinear. When applying a load 

linearly over time, the deformation is lower until a constant rate is reached. In this study, the average deformation rate over 

the whole timestep is used as input for ANICE, where deformation is linearly applied every 100 years. Therefore, the 

deformation is slightly overestimated at the beginning of the timestep. This effect is higher at locations with a higher viscosity 

of the mantle due to a longer relaxation time and thus a longer time to reach a steady state (Barletta, 2018). Also, the ice 310 

dynamics computed by ANICE result in a nonlinear decay or growth dependent on the change in temperature and sea level 

forcing within the timestep. This is done using a dynamic timestep. In this study, the total change in grounded ice thickness is 

taken and applied on the FEM model linearly over time. This over- or underestimates the ice thickness, dependent on the 

temperature and sea level forcing at that time.  

 315 

 Convergence 

Since the timesteps often not converge to approximately zero but to alternating values, this method introduces an uncertainty 

range that should be considered. For example, if in one grid cell the total deformation over 5000 years keeps alternating 

between -15 and 15 meters, the uncertainty range is 30 meters. The average of the last two iterations is taken to decrease the 

uncertainty range by 50 percent. The chosen allowable uncertainty range is 2 mm/year per timestep. The uncertainty introduced 320 

by the convergence criterium can be determined for every grid cell at every timestep. Adding these uncertainties per grid cell 

over time reveals which areas are highly uncertain. 

A.      B.              C. 
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3. Results 

The coupled model has been used to simulate the full glacial cycles with a 1D Earth structure. The cooling trend in atmospheric 

temperature over the first 100,000 years of the simulation and the decrease of global mean sea level during this period (Figure 325 

S.1 in the supplemental materials) caused an extensive growth of the AIS. The atmospheric temperature and the global mean 

sea level rose between 20,000 years BP and present day, causing an ongoing melting epoch of the AIS. This results in a 

retreating grounding line, which can be observed when comparing the black line in Figures 3A and 3B.  

The average vertical deformation around the LGM varies with 40 mm per year across Antarctica (Figure 3A). The average 

vertical deformation over the past 1000 years varies with 20 mm per year across Antarctica (Figure 3B). The deformation 330 

changed from negative to positive around the grounding line in large parts of East Antarctica. The present day bedrock height 

resulting from the coupled model simulation using a 1D rheology is similar to the present day observed bedrock height from 

BEDMAP2 with a maximum difference of 10 meter at the Ross Ice Shelf and the Ronne Ice Shelf close to the present day 

grounding line (Fretwell et al., 2013).  

 335 

 

 

3.1 The effect of 3D viscosity 

The results of the 3D coupled model are discussed in detail in this section for the period 120,000 years to 115,000 years BP 

using three different Earth structures introduced in the method section. To be able to study solely the effect of using a different 340 

rheology, the deformation is computed using an isostatic Earth model and the same ice load is applied at the start of the coupled 

simulations (Figure S.3 in the supplemental materials). The resulting deformation is used to simulate changes in ice thickness 

using the same climate forcing.  

The assumed ice mass loss (Figure S.3 in the supplemental materials) is maximum at the Ronne Ice Shelf causing a local 

deformation of maximum 20 mm per year using a 1D rheology (Figure 4A). Considering the 3D dry rheology, the viscosity in 345 

West Antarctica is lower when using the 3D dry rheology than using the 1D rheology (Figure 2A and 2B) and therefore the 

negative deformation increases at the Ronne Ice shelf and even doubles at some locations in the peninsula (Figure 4B). On the 

other hand, the viscosity is higher in East Antarctica when comparing the 3D dry rheology with the 1D rheology. This leads 

to a lower deformation rate in East Antarctica for the 3D dry rheology compared to the 1D rheology (Figure 4B). 

For the wet rheology, the viscosities beneath West Antarctica are even lower compared to the dry rheology. Therefore, the 350 

deformation increases compared to the 1D rheology (Figure 4). The deformation rate increases at the Antarctic Peninsula, the 

Ronne Ice Shelf and the west side of the Ross Ice Shelf from maximum 20 mm per year to maximum 30 mm per year when 

A. 20 000 to 19 000 years BP              B. 1000 to 0 years BP 

Figure 3: Mean deformation rate over a certain timestep. Figure A shows the mean deformation rate over the period 20,000 

years to 19,000 before present. Figure B shows the mean deformation rate over the last 1000 years until modern date. Note 

that the scales are different.  
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using the 3D wet rheology instead of the 1D rheology (Figure 4C). There are locations in East Antarctica where the deformation 

doubles from approximately 10 mm per year to 20 mm per year (Figure 4C).  

The differences in deformation when using different Earth structures lead to differences in ice thickness between 1D and 355 

3D rheologies as well. At regions where the viscosity of the wet rheology is lower than the viscosity of the dry rheology, the 

difference in ice thickness between the two 3D rheologies is the highest (Figures 4D-F). The ice thickness is more than 100 

meters higher at the Ronne Ice Shelf and the western side of the Ross Ice Shelf when using the wet rheology compared to 

using a 1D earth structure (Figure 4F). Also, the ice thickness differs by 50 meters in East Antarctica. Thus, lower viscosities 

of the Earth’s mantle result in a bigger change of ice thickness and deformation over time. 360 

 

Figure 4: Figures A-C show the deformation of the Earth’s surface when applying the same load using the 3 different rheologies at 

the first timestep from 120,000 years to 115,000 years before present. Figure B and C show the difference with Figure A. The 

grounding line is shown with the black line. Figures D-F show the effect of the change in deformation on ice thickness where Figures 

E and F show the difference between the 3D simulation and the 1D simulation. The green and orange line correspond to the 365 
grounding and calving line, respectively. A yellow grounding line and a black calving line are shown in Figures E and F at locations 

and correspond to the line resulting from the 3D rheology. Note that the black and yellow line are only visible around the Ronne Ice 

Shelf and the Ross Ice Shelf. 

The green and orange lines in Figure 4D show the grounding line and the calving line respectively at 115 000 years BP. 

These lines are shown in Figures 4E and 4F as well, together with the yellow grounding line and black calving line 370 

corresponding to the 3D simulation. Note that the black and yellow lines are only visible around the Ronne Ice Shelf and the 

Ross Ice Shelf. At several places at the Ross Ice Shelf and the Ronne Ice Shelf, the ice shelf can be 1500 meters thick very 

close to the grounding line. If the grounding line migrates toward the ice shelf with 40 kilometers per 5000 years, the ice load 

on the Earth’s surface increases with approximately 1,500,000 kg per m2 causing a subsidence up to 40 mm/years when using 

a wet 3D rheology with a grain size of 10 mm. There is a considerable ice mass transported towards the ice shelf when taking 375 

into consideration horizontal velocities of the ice mass of up to 1 kilometer per year, for example at the Lambert Ice Shelf.  

At most locations, the calving and grounding line do not change more than 20 kilometers when using different 1D and 3D 

rheologies. However, local grounding line position variances of more than 20 kilometers do exist. The differences in ice 

thickness and grounding and calving lines in West Antarctica between the 1D rheology and the 3D rheologies are shown in 

D.      E.              F. 

A.  1D rheology               B.   3D dry rheology – 1D            C.   3D wet rheology – 1D 
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detail in Figure 5. The grounding line differs at places where the ice thickness decreases or increases with more than 380 

approximately 50 meters. The grounding line only changes over time at places where the change in ice thickness over time is 

big or at regions with high horizontal velocities of ice. For example, at the Lambert Ice Shelf in East Antarctica, where the 

topography is deep, and the ice flow is fast. 

The calving line differs only at places where the ice thickness change over time passes the critical calving point of 200 

meter. Since the difference in ice thickness between using the 1D and the 3D dry rheology is almost nowhere higher than 50 385 

meters, there is almost no difference in grounding line migration between the 1D and 3D dry rheology (Figure 5A). The 

grounding line difference between the 1D rheology and 3D wet rheology can go up to 200 kilometers at locations where the 

difference in ice thickness is 100 meters or more, such as the Ross Ice Shelf and the Ronne Ice Shelf (Figure 5B). At places 

where the ice thickness difference between 1D and 3D wet rheology is approximately 50 meters, the grounding line differs 

with approximately 50 kilometers (Figure 5B). An outward grounding line migration of 80 meters at the Siple coast due to ice 390 

thickening affects deformation due to the increase of grounded ice load of maximum 950,000 kg per m2. The results show an 

increase in ice load of a maximum of 1,500,000 kg per m2 due to grounding line migration. 

 

 

Figure 5: Close up at grounding line migration differences between the 1D simulation and the 3D simulations. Figure A shows the 395 
difference in grounding line migration and ice thickness between the 1D simulation and the 3D dry simulation. Figure B shows the 

difference in grounding line migration and ice thickness between the 1D simulation and the 3D wet simulation.  

3.2 The effect of coupling an ice dynamic model to a GIA model on the Ross Sea embayment 

The results of the simulation of the first timestep from 120,000 years to 115,000 years BP show that deformation of the Earth’s 

surface does not influence whether the ice mass grows or decays, independent of the different rheologies that are tested (Figures 400 

2A-C). However, the deformation does have an important impact on the rate of change of the ice mass balance, depending on 

the viscosity. This section describes the effect of each iteration on ice thickness and deformation for the Ross Sea embayment 

and shows results when using the 3D wet rheology for the coupled model 

The Ross Ice Shelf is bounded by the Transantarctic Mountain range on the eastside and by the Siple Coast on the westside. 

The bedrock elevation under the Ross Ice Shelf is approximately 500 meters below sea level. The bedrock elevation of the 405 

Siple Coast is more complex (Fretwell, 2013). The bedrock has a retrograde slope that goes down to 2500 meters below sea 

level at the northern part of the Siple Coast and a prograde slope going up to 3000 meters above sea level at the southern part 

of the Siple Coast. At present day, a fast-flowing ice stream with a horizontal velocity of about 4 kilometers per year lies at 

the boundary between the retrograde and the prograde slopes of the Siple Coast (Mouginot et al., 2017). 

At iteration 0 of the first timestep of the coupling method, the deformation in centimeters per year is assumed to be 410 

approximately zero. Using this deformation rate, grounded ice at the Siple Coast grows with up to 20 cm per year when using 

A.     3D dry rheology – 1D             B.   3D wet rheology – 1D 
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this deformation (Figure S.3 in the supplementary materials). To analyze the effect of the coupling in detail, one area of 40 by 

40 kilometers in the Siple Coast region is chosen around the latitude -84.7480 and longitude 219.2894.  

During the first timestep, the ice thickness is increasing at every iteration, causing subsidence of the Earth’s surface at 

every iteration. However, the rate of thickness and subsidence differs per iteration. The subsidence in this area increases at 415 

iteration 1 and 2 but decreases in iteration 3 (Table 1). The same trend can be seen at the whole Siple coast (Figures 6A-E). 

Following the change in deformation, the ice thickness increased more at iteration 2 compared to less increase at iteration 3 

(Table 1). This trend for the whole Siple coast region is similar to the trend of the chosen area (Figures 6A-E). 

Table 1: Deformation rate and change in ice thickness for an area of 40 by 40 kilometers with latitude -84.7480 and longitude 

219.2894 in the Siple Coast region, as a result of the coupled model using the 3D wet rheology. 420 

 Iteration 0 Iteration 1 Iteration 2 Iteration 3 

Grounded ice thickness 

change [cm/year] 
 13 16 15 

Deformation rate [cm/year] ±0 -1 -1.5 -1.2 

 

After three iterations, the mean deformation and ice thickness are computed over the last two iterations. The converged 

bedrock elevation at the chosen area subsides with 2 mm/year extra compared to iteration 1 (Figure 6G). The mean deformation 

over the last two iterations mainly differs from iteration 1 at the Siple Coast, the Ronne Ice Shelf, and several other locations 

along the grounding line (Figure 6G). 425 

The mean change in ice thickness of 15.5 cm per year in the chosen area equals an ice growth of 770 meters in 5000 years. 

In the considered area, the ice thickness at the start of simulation, 120,000 years BP, was 757 meters so the ice sheet thickness 

doubled during the first timestep. In iteration 1, the computed change in ice thickness was 13 cm per year and thus 

underestimated the change in ice thickness. The mean ice thickness over the last two iterations mainly differs from iteration 1 

at the Ross Ice Shelf, the Ronne Ice Shelf, and the mountain range in between (Figure 6H). 430 

 

 

A. Iteration 1                    B. Iteration 2 - 1     C. Iteration 3 – 2 D. Mean – Iteration 1 

E. Iteration 1                F. Iteration 2 - 1              G. Iteration 3 - 2              H.  Mean – Iteration 1 

Figure 6: Iterative process of timestep 1, 120,000 to 115,000 years BP, using the wet 3D rheology with a grainsize of 10 mm. 

Figures A-D show the ice thickness at 115,000 years BP where Figures B and C show the difference ice thickness of the 

corresponding iteration with the iteration before. Figures E-H show the deformation rate when applying the load shown in 

Figures A-C, where Figures F and G show the deformation difference of the corresponding iteration with the iteration before. 
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During the first timestep, ice thickness is mostly increasing around the grounding line. Consequently, the grounding line 

is moving outward over time with a maximum of approximately 80 kilometers. Since the ice thickness increase was 

underestimated in the first iteration, the grounding line at the converged iteration differs with approximately 60 kilometers 435 

compared to iteration 1.  

Although deformation and grounded ice thickness influence each other directly, also the ice shelf thickness changes per 

iteration (Figures 6D-H). Since calving occurs when the ice shelf thickness equals 200 meters, the calving line is also 

influenced by the coupling process. When grounded ice increased less compared to the former iteration, the ice shelf is thicker 

at the end of the timestep and the calving line position more outward. On the other hand, when grounded ice increased more 440 

compared to the former iteration, the ice shelf is thinner at the end of the timestep.  

Similar effects can be observed when using the 1D and the 3D dry rheologies (Figure S.4 and S.5 in the supplementary 

material). For all three tests, the timestep results in an increased subsidence rate at the Ross Ice Shelf and the Ronne Ice Shelf 

compared to iteration 1. However, the deformation rate is lower for the 1D and dry 3D rheologies compared to the wet 3D 

rheology. Especially the number of iterations needed to reach convergence differs per rheology that is used. When simulating 445 

the full glacial cycle using a 1D rheology, two to three iterations are required per timestep to meet the convergence criterium. 

The first timestep using the 1D rheology is already converged with a difference smaller than 2 mm per year after two iterations. 

The dry 3D rheology converges after 3 iterations because the difference between iteration two and three is smaller than 2 mm 

per year. The wet 3D rheology does not convergence within 3 iterations at the Ross Ice Shelf and the Ronne Ice Shelf (Figure 

6E). The required amount of iterations depends on the change in ice thickness within the timestep, which vary when using 450 

different rheologies. The required amount of iterations increases when lower viscosities are assigned to certain regions because 

the change in ice thickness increases for a changing viscosity. 

Since the iterations do not perfectly convergence to zero, an uncertainty is introduced at every timestep. The uncertainty 

accumulates over time and reveals certain regions where the deformation rate is too high or the mantle viscosity too low to 

reach convergence to zero at every timestep. The accumulated convergence uncertainty of the coupled model using a 1D 455 

rheology is calculated for two time periods from 120 000 years to 20 000 years BP and from 20 000 years BP to modern date. 

The uncertainty of the convergence method in the first 100 000 years is concentrated to four regions: the Weddell sea 

embayment, the Ross sea embayment and, to a lesser extent, the peninsula and the Lambert Ice Shelf in East Antarctica (Figure 

7A). 

The uncertainty is maximum 8 mm per year in the first period towards LGM (Figure 7A), and maximum 4 millimeter per 460 

year in the period from LGM to modern date (Figure 7B). The deformation in the areas where the uncertainty is highest is 

mostly 1 to 2 cm per year. During the last period, the uncertainty extends a little further from the Weddell sea embayment 

towards East Antarctica along the grounding line. The uncertainty never exceeds 1 mm per year per timestep. However, the 

cumulative uncertainty at modern date goes up to 8 mm per year for certain areas of the Ross Ice Shelf and the Ronne Ice Shelf 

and several ice shelves of the East Antarctic Ice Sheet (Figure 7C). Considering the higher deformation rates at these regions, 465 

the accumulated uncertainty is acceptable but not neglectable. 

 

 

 

 470 

 

 

 

 

Figure 7: A) Accumulated convergence uncertainty at Last Glacial Maximum B) Added convergence uncertainty during the period 475 
20 000 years BP to modern date. C) Accumulated convergence uncertainty at modern date. 

A.      B.                C. 
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4. Discussion  

The coupled model developed for this study allows to study the feedback loops between 3D GIA and ice sheet evolution at 

every chosen time step between 120,000 years BP and present day. The full glacial cycle is simulated using the coupled model 

with a 1D rheology. Since LGM, the results of the 1D coupled model show a steady uplift around the grounding line, the Ross 480 

Ice Shelf and the Ronne Ice Shelf up to 15 ± 3 mm/year and a steady subduction in East Antarctica of about 3 ± 0 mm/year. 

To better understand the results of the full glacial cycle, the first 5000 years of the simulation, from 120,000 to 115,000 years 

BP, is analyzed in detail using the 3D coupled model. Differences in the results of the first timestep when using different 

rheologies can fully be assigned to the coupling effect because the initial conditions remain the same for each test.  

4.1 The influence of the GIA feedback effects on regional ice sheet dynamics 485 

The importance of the effect of using a 3D rheology to simulate the ice sheet evolution depends on the rheological model that 

is used. A higher water content, smaller grain size and higher temperatures in the upper mantle lead to increasing deformation 

rates. It follows from the results that the increasing deformation rates lead to increasing changes in ice thickness for both 3D 

rheologies when compared to ice thickness using a 1D rheology. The deformation pattern is similar when using three different 

rheologies, but the magnitude differs. The results of this study emphasize the importance of using a realistic range of rheologies 490 

for the analyses of the local ice sheet evolution. 

The results of all three tests using different rheologies show a decay in ice mass in East Antarctica between 120,000 years 

and 115,000 years before present. This leads to a decrease in normal stresses along the ice sheet and thus a decrease of 

horizontal velocities, ultimately leading to a decrease of ice transported to the ice shelfs (de Boer et al., 2013). On the other 

hand, the results show subsidence of the Earth surface at the Ronne Ice Shelf and the Ross Ice Shelf. Based on the Marine Ice 495 

Sheet Instability (MISI) process, increased ice shelf melt and fast grounding line retreat can be expected due to a retrograde 

bedrock slope and an increasing sea level caused by subsidence (Schoof, 2007). However, this effect is not observed in this 

study when using the deformation following from the first iteration of the coupled model.  

It is demonstrated for the Ross Sea embayment that an increased subsidence in combination with a prograde bedrock slope 

does not necessarily result in Marine Ice Sheet Instability. This could be explained by increasing horizontal velocities. Due to 500 

the uplift at higher ice sheet surface elevations, the subsidence at lower elevations and an increasing stress in the ice sheet 

caused by an increasing ice mass, horizontal velocities of the ice sheet increase. This leads to a thickening ice sheet around the 

grounding line due to buttressing from the Ross Ice Shelf (Gagliardini et al., 2010).  

Opposed to what was found in the first iteration, the MISI effect can be observed in the second iteration. The increased 

subsidence causes the sea level to rise fast enough to increase sub shelf melt from the ocean. Consequently, buttressing is 505 

decreased and the ice sheet thinners. In the next iteration, the feedback effect is observed where the thinning ice sheet, and 

thus a decreasing ice mass, leads to a decrease in subsidence.  

After convergence, subsidence and uplift areas are both increased compared to iteration 1. The maximum difference 

between the uncoupled deformation (iteration 1) and the coupled deformation (average between the last two iterations) for the 

period 120,000 to 115,000 years BP is 3 to 8 mm per year, depending on the viscosity of the upper mantle. Furthermore, the 510 

GIA feedback effect enhances deformation and ice dynamic processes at high elevations in East Antarctica and around fast 

flowing ice sheets like the Ronne Ice Shelf, the Ross Ice Shelf, and the Amery Ice Shelf. The GIA feedback effect weakens 

the deformation signal at the embayment’s of the Bellinghausen, Lazarev, Riiser-Larsen, and Mawson seas.  

Several studies emphasize the importance of accurate grounding line migration simulations on sea level rise projections 

and the simulation of the Antarctic Collapse (Gomez et al., 2010; Hay et al., 2017; Larour et al., 2019). A thickening ice sheet 515 

will drive the grounding line outward up to 200 kilometers. It can be concluded from the results that a relatively small change 

of tens of kilometers of the grounding line position over time, compared to the total area of Antarctica, results in a high increase 

of ice load over time. Since the change in ice sheet thickness is enhanced by the coupling effect, the grounding and calving 
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line migration is highly influenced by the feedback effects, emphasizing the importance of simulating the GIA feedback effect. 

This study shows that the 3D GIA feedback effect should be considered when computing ice dynamics between the grounded 520 

ice sheet and the ice shelf to obtain more realistic results. 

When simulating the ice sheet evolution with timesteps of 5000 years using a range of realistic rheologies, the coupled 

model is not capable of reaching a convergence of zero at each element of the models at regions where the change in ice 

thickness is high. This uncertainty should be considered since the regions where the change in ice thickness is high are more 

reactive to the GIA feedback effect. The uncertainty of the deformation rate does never exceed 1 mm per year per timestep for 525 

the tested rheologies, which is relatively low compared to the time averaged deformation rate itself. However, the model is 

using past results to simulate the new timestep. Therefore, uncertainties accumulate over time and become a significant 

percentage of the computed deformation rates that should be considered when analyzing the results.  

High changes in grounded ice thickness over time occur often in some areas like the Ross Ice Shelf and the Ronne Ice 

Shelf, leading to a higher accumulated convergence uncertainty at present day. Since the change in ice thickness increases 530 

when using a rheological model with lower viscosities, also the convergence uncertainty increases when using 3D rheologies. 

Increasing the number of iterations by decreasing the convergence criterium of 2 mm deformation per year will lead to a 

smaller range of elements that alternate between a positive and negative value. It also decreases the range of deformation itself. 

However, convergence to zero cannot be reached solely by decreasing the convergence criterium. Decreasing the timestep or 

using relatively high viscosity values for the upper mantle does decrease the required number of iterations to reach 535 

convergence. This also decreases the area that does not convergence to zero, and thus decreases the uncertainty. 

4.3 Future approaches 

The interactions between the ice sheet, ice shelf and the solid Earth in Antarctica are complex, dynamic, and challenging to 

model. Up till now, there was no model that includes GIA feedback effects on relatively short timescales of a thousand years 

in combination with 3D viscosities of the mantle under Antarctica. The highly varying viscosities of the mantle under 540 

Antarctica in combination with the importance of the GIA feedback effects asks for a new method that can include these effects 

on relatively short timescales. This study presents a new method to investigate 3D GIA feedback effects in detail at any chosen 

period during the last glacial cycle. The method is applied using ANICE and a 3D GIA FEM model. This led to the development 

of a fully coupled ice dynamic-3D GIA model with coupling timesteps of 1000 and 5000 years. The results of this study 

emphasize the importance of the 3D GIA feedback effects when simulating the evolution of the AIS. Therefore, the GIA 545 

feedback effects should be taken into account in future studies.  

Including the Sea Level equation in the ice dynamic model allows to observe local changes in sea level (de Boer, 2014).  

This could be an important effect since subsidence of the bedrock leads to an increase of sea level and thus to an increase of 

ice shelf melt from below (Schoof, 2007). The effect of relative sea level on the evolution of the ice sheet using a coupled 

model is shown to be significant in Gomez et al. (2018). This effect is included in the coupled model used in this study but the 550 

change in sea level is not coupled to the ice dynamic, nor to the GIA model. The GIA model could be used to compute the 

geoid at the end of each timestep by using the sea level equation. Furthermore, local changes in sea level could be implemented 

in ANICE to include the effect of self-gravitation on the evolution of the ice sheet.  

Deformation of the bedrock alters ice thickness and grounding line migration, dependent on the bedrock shape (Adhikari 

et al., 2019). Strong spatial variability in uplift rates, especially is West Antarctica and the Antarctic peninsula, imply a high 555 

variability in bedrock slope (Gomez et al., 2013; Konrad et al., 2013). Low resolution bounds of tens to hundreds of kilometers 

do not capture the complex bed topography of the ice streams of West Antarctica (Larour et al., 2019). However, the local 

differences in dynamics are observed in this study using the ice model on spatial scales of 40 by 40 kilometers and using the 

GIA model on spatial scales of 200 by 200 kilometers. These spatial scales are acceptable to study ice sheet evolution for the 



44 

 

whole AIS but higher resolution models are necessary to simulate an accurate grounding line migration patterns and to study 560 

local uplift rates and changes in the ice balance in detail for a small region.  

The resolution of ANICE can easily be increased to 20 by 20 kilometers for the whole region. The 3D GIA model used in 

this study can also easily be increased in any chosen area to any chosen resolution, while maintaining a coarser global 

resolution. However, an increased resolution also increases the computation time up to several weeks compared to the currently 

used grid. It is recommended to accept the long computation time in order to obtain results on a high resolution. Detailed 565 

analysis of different areas can provide new insights on ice dynamics and its implications on climate change globally. 

Another effect on local sea level could be sediment deposition. This is not accounted for in this study but could cause a 

systematic uplift of the Earth’s surface (van der Wal & IJpelaar, 2017). Detailed recommendations to improve the coupled 

model can be found in section D.2 of Appendix D.  

Simulations of the full glacial cycle from 120,000 years BP till present day using a high-resolution grid and a laterally 570 

varying rheology are ready to start but these simulations are computationally expensive and take several weeks to finish. For 

this reason, these simulations are not performed here. However, simulations of the full glacial cycle using laterally varying 

rheologies provide realistic present-day uplift rates and changes in the mass balance of the AIS using an ice history that is 

consistent with a 3D Earth rheology. This allows a more detailed analysis of the 3D GIA feedback effects on long timescales, 

including long- and short-term deformation caused by GIA. This is particularly important to validate currently used uplift rates 575 

to correct GPS measurements for GIA. The simulations are not bounded to the Antarctic region. Since the GIA model and the 

ice dynamic model are both global models, the model can also be used to study the Greenland Ice Sheet.  
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Supplemental material 

 

Figure S.1: Atmospheric temperature (black) and eustatic sea level relative to present day (red). Both are shown over time, starting 

120 000 years BP. 775 

 

 

Figure S.2: Overview of the iterative process of the coupling method for timestep 5; 95 000 till 90 000 years before present (BP). 

Antarctica is shown on an equidistant, Asia centred, grid at all longitudes. The black line is the grounding line at 90 000 years BP of 

iteration 3 and is the same in every Figure to allow for comparison. A) Relative sea level and ice thickness in meters multiplied by 780 
the assumed density of water and ice respectively computed by ANICE. The difference is shown between the final load at step 4 and 

the first iteration of step 5. The input for iteration 0 is the final deformation of step 4. B) Computed deformation by the GIA model 

using the load from Figure A as input. The difference is shown between iteration 0 of step 5 and the final deformation of step. This 

shows the effect of the change in load shown in Figure A. C-G) Difference in load and deformation with former iteration. G) Addition 

of Figures D and F. H-I) Difference in load and deformation with former iteration. J) Addition of Figures F and I. The difference is 785 
everywhere smaller than 10 meters and the convergence criterium has been met. K) Difference between final load of step 5 and the 

load from iteration 0. The final load of step 5 is calculated by taking the average at each grid cell from iterations 2 and 3. L) Difference 

of final deformation between timestep 4 and 5. The final load of step 5 is computed by ANICE using the final deformation of step 5 

as input. Figures K and L show the total effect of the full iteration process.  
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 790 

Figure S.3: The assumed change in ice and ocean load for the period 120,000 years BP to 115,000 years BP, following from a 

deformation that is close to zero. 

 

 

Figure S.4: Iteration process of timestep 1, 120,000 to 115,000 years BP, using three different rheologies. For the three different 795 
rheologies, the same initial load is applied at iteration 1. Figures A-C show the deformation rate for the 1D rheology, where Figures 

B and C show the difference in deformation of the average of the last two iterations with iteration 1. Figures D-G show the 

deformation rate for the 3D dry rheology with a grain size of 4 mm. Figures H-K show the deformation rate for the 3D wet rheology 

with a grain size of 10 mm. 
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 800 

Figure S.5: Iteration process of timestep 1, 120,000 to 115,000 years BP, using three different rheologies. For the three different 

rheologies, the obtained deformation from Figure S.3 is used at iteration 1. Figures A-C show the ice thickness for the 1D rheology, 

where Figures B and C show the difference in ice thickness of that iteration with iteration 1. Figures D-G show the ice thickness for 

the 3D dry rheology with a grain size of 4 mm. Figures H-K show ice thickness for the 3D wet rheology with a grain size of 10 mm. 
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3 

 

Conclusions 
 

The goal of this study is to present a new method to fully couple an ice- and 3D GIA model at 

timescales of 1000 to 5000 years for the AIS. In this section, an overview is provided of the main 

conclusions that can be drawn from this study. 

 

How can the GIA FEM model and ANICE be coupled? 
Up to now, no method exists for the coupling of a 3D GIA model to an ice-sheet-shelf model on 

relatively short timescales of thousands of years. Therefore, there was a need for a new method 

to study the effect of 3D mantle viscosity on the Antarctic Ice Sheet growth during the last glacial 

cycle.  

To approach the continuous interaction between GIA and ice sheet dynamics, a period of 5000 

years is considered as coupling time step. However, to compute GIA over this period, the load of 

the ice should be known and to compute changes in ice sheet characteristics and grounding line 

migration, the deformation of the Earth’s surface should also be known. An iterative process can 

be used to find an equilibrium state at each timestep.  

To decide when the equilibrium state has been reached, a convergence criterium must be 

constructed. Two different criteria were tested, resulting in the choice for allowing a maximum 

deformation rate of 2 mm per year. The deformation rate, and therefore the number of iterations 

needed to reach convergence, depends on the length of the chosen timestep and on the chosen 

rheology of the Earth’s mantle. The length of the timestep must not be too short to provide a long 

computation time but a long timestep might not fulfill the convergence criteria.  Tests are done 

using different rheologies to investigate the optimal length of the timestep. 

It is assumed that the Earth is in isostatic equilibrium at the start of the simulation. Therefore, 

the iterative process starts at 120,000 years before present and runs forward till present day, 

starting with the ice-sheet-shelf model. Since the deformation is unknown for each timestep and 

the ice-sheet-shelf model requires the deformation, an initial guess for deformation must be done. 

The final deformation from the last timestep is chosen as initial deformation for the new timestep. 

For this reason, the length of the timestep must be chosen carefully. 

A timestep of 5000 years is chosen from 120,000 years till 10,000 years BP for three reasons. 

The rate of deformation does not vary significantly over 5000 year in the first 100,000 years of 

the simulation and thus fulfills the assumption for the initial guess at each timestep, the 

deformation converges for the chosen convergence criterium and the computation time for one 

timestep is realistic. However, similar deformation rates cannot be assumed shortly before and 

after LGM, therefore a coupling timestep of 1000 years is chosen for the period from 20,000 years 
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BP till present day. The number of iterations that is needed to fulfill the convergence criterium is 

highly dependent on the chosen viscosity but is mostly between the 3 and 6 iterations.  

The developed method is applied on a GIA FEM model and the ice-sheet-shelf model ANICE. 

The forward modelling approach required major adjustments of the GIA model. Also, ANICE 

required adjustments to include the deformation and to compute the grounded ice and ocean 

load. The load input for the GIA model must be defined on an equidistant grid using an Asia 

centered global projection with a resolution of 0.25 degrees latitude and longitude. The grid of 

AnIce is a polar centered grid for Antarctica with a resolution of 40 by 40 kilometers. Therefore, 

interpolation between the models is needed to couple the models. 

Linear interpolation, Green’s function and the quadrant method are tested for interpolation 

from ANICE to the FEM model. Linear interpolation, Green’s function and the radius method are 

tested for interpolation from the FEM model to ANICE. The quadrant method and the radius 

method are performed using Oblimap and provide the most detailed results. A great advantage is 

the fast computation time of Oblimap of only a few seconds. Oblimap is integrated in the coupled 

model to perform the interpolation. The final result is a new method to simulate the interaction 

between GIA and ice sheet dynamics and a fully coupled ice dynamic-3D GIA model with coupling 

timesteps of 5000 and 1000 years.  

 

What is the accuracy of the method? 
Since the iterations do not perfectly convergence to zero, an uncertainty is introduced at every 

timestep. The uncertainty accumulates over time, revealing certain regions where the 

deformation rate is too high or the mantle viscosity too low to reach convergence to zero at every 

timestep. The uncertainty of the convergence method in the first 100 000 years is concentrated 

to four regions: the Weddell sea embayment, the Ross sea embayment and, to a lesser extent, the 

peninsula, and the Lambert Ice Shelf in East Antarctica. The cumulative uncertainty at modern 

date goes up to 8 mm per year for certain areas of the Ross Ice Shelf and the Ronne Ice Shelf and 

several ice shelves of the East Antarctic Ice Sheet. Considering the higher deformation rates at 

these regions, the accumulated uncertainty is acceptable but not neglectable. The regions where 

the change in ice thickness is high are more reactive to the GIA feedback effect. Furthermore, the 

uncertainty of the deformation rate does never exceed 1 mm per year per timestep for the tested 

rheologies, which is relatively low compared to the time averaged deformation rate itself of up to 

30 mm per year. 

Increasing the number of iterations by decreasing the convergence criterium of 2 mm 

deformation per year will lead to a smaller range of elements that alternate between a positive 

and negative value. It also decreases the range of deformation itself. However, convergence to 

zero cannot be reached solely by decreasing the convergence criterium. Decreasing the timestep 

or using relatively high viscosity values for the upper mantle does decrease the required number 

of iterations to reach convergence. This also decreases the area that does not convergence to zero, 

and thus decreases the uncertainty. 

 
What are the differences in ice sheet thickness, grounding line position and deformation when using 
a laterally varying Earth structure compared to a laterally homogeneous Earth structure for the 
Antarctic Ice sheet? 
The importance of the effect of using a 3D rheology to simulate the ice sheet evolution depends 

on the rheological model that is used. A higher water content, smaller grain size and higher 

temperatures in the upper mantle lead to increasing deformation rates. The deformation rate 

increases at the Antarctic Peninsula, the Ronne Ice Shelf and the west side of the Ross Ice Shelf 

from maximum 20 mm per year to maximum 30 mm per year when using the 3D wet rheology 

instead of the 1D rheology. There are locations in East Antarctica where the deformation doubles 

from approximately 10 mm per year to 20 mm per year.  
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It follows from the results that the increasing deformation rates lead to increasing changes in 

ice thickness for both 3D rheologies when compared to ice thickness using a 1D rheology. A 

change in ice thickness impede changes in the grounding line migration as well. At most locations, 

the calving and grounding line do not change more than 20 kilometers when using different 1D 

and 3D rheologies. However, local grounding line position variances of more than 20 kilometers 

do exist. The grounding line difference between the 1D rheology and 3D wet rheology can go up 

to 200 kilometers at locations where the difference in ice thickness is 100 meters or more, such 

as the Ross Ice Shelf and the Ronne Ice Shelf. The deformation pattern is similar when using three 

different rheologies, but the magnitude differs. The results of this study emphasize the 

importance of using a realistic range of rheologies for the analyses of the local ice sheet evolution. 

 

What is the effect of the interaction between Glacial Isostatic Adjustment and ice sheet dynamics on 
the Antarctic Ice Sheet growth during the last glacial cycle? 
By developing the coupled model, research can be performed on the effect of GIA feedbacks on 

ice dynamic characteristics over the past 120 000 years for the AIS. The first timestep, 120,000 

to 115,000 BP, is analyzed in detail using a 1D rheology and two different 3D rheologies. The 

maximum difference between the uncoupled deformation (iteration 1) and the coupled 

deformation (average between the last two iterations) for the period 120,000 to 115,000 years 

BP is 3 to 8 mm per year, depending on the viscosity of the upper mantle. The maximum difference 

in ice thickness at 115,000 years BP is 50 meters close the Ronne Ice Shelf and the Ross Ice Shelf. 
The grounding line position differs up to 80 meters when applying the coupling method 

compared to the uncoupled result. 

The GIA feedback effect enhances deformation and ice dynamic processes at high elevations 

in East Antarctica and around fast flowing ice sheets like the Ronne Ice Shelf, the Ross Ice Shelf, 

and the Amery Ice Shelf. The GIA feedback effect weakens the deformation signal at the 

embayment’s of the Bellinghausen, Lazarev, Riiser-Larsen, and Mawson seas. 

By knowing the effect of GIA feedback on local ice dynamics, better uncertainty estimates can 

be made for ice models that do not include the GIA feedback effects and for ice models that use 

prescribed ice loading. The coupled model contributes to a more precise simulation of the 

evolution of the AIS and to better estimates of the present-day ice sheet characteristics and GIA 

effect. Better estimates for GIA and ice sheet characteristics will lead to a more precise correction 

for ongoing GIA to modern geodetic data and to better calibration of forecasting models. 

Ultimately, these new insights will help to estimate the effect that climate change will have on the 

lives of flora, fauna, and people worldwide.  
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A 

 

Ice dynamic model 
 

ANICE is a dynamic ice model that can simulate the evolution of the ice sheet at 4 regions 
Greenland, Eurasia, North America and Antarctica separately. For the coupled model, ANICE only 

simulates the Antarctic region. The change in ice height over time is dependent on the horizontal 

velocity profile over the whole height of the ice and the mass balance of the ice sheet. The mass 

increase through precipitation and refreezing and decrease through ablation and basal melt.  

The growth and decay of the ice sheet is driven externally forced the atmospheric 

temperature and the sea level. The global eustatic sea level and atmospheric temperature that are 

used to force ANICE are shown in Figure S.1 in the supplementary materials. ANICE does not 

include the Sea Level equation so a mean sea level is applied everywhere. Therefore, self-

gravitation of the ice sheet is not considered and regionally the sea level will be higher where the 

ice mass is bigger and lower than the mean where the ice is thinner. This effect can be several 

tens of meter but is much smaller during last glacial maximum to present due to fast melting. The 

bedrock deforms due to this change in load as well, but this is a second order effect.  

As described in section 2.1 of the article, ANICE uses the SSA (Bueler and Brown, 2009) to 

solve mechanical equations for ice shelve dynamics and the SIA to solve for grounded ice 

(Morland, 1987; Morland & Johnson, 1980). Shear stresses are a result of the vertical differences 

in horizontal velocity. The SIA assumes that the horizontal shear stress is large with respect to 

normal and longitudinal stresses and that there is no basal sliding leading to less melt at the base 

of the sheet due to reduction of friction.  

The SSA assumes larger longitudinal stresses with respect to horizontal shear stress. The 

subwater system in West Antarctica leads to a lower friction because of erosion and melt, 

although is not fully incorporated in ANICE (Fricker et al., 2007). A grid point is modelled as a 

fluid where gravity causes spreading. 

 

 

A.1 Forcing 
Precipitation is dependent on the amount of water vapor in the atmosphere and melt on the top 

of the ice sheet depends on radiation and temperature of the atmosphere. Precipitation is defined 

monthly and increases during wintertime from March to September, especially at the Southern 

Ocean around East Antarctica and south of the peninsula. Precipitation over the East Antarctic ice 

sheet is approximately zero through all seasons.  

The surface temperature over the East Antarctic ice sheet is much colder during March till 

October and goes down to -60 degrees Celsius compared to approximately -20 during November 

till February. The surface temperature at the Antarctic peninsula is more stable over the year and 
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decreases to approximately -30 degrees Celsius during winter months, compared to 0 to -10 

degrees Celsius in summertime.  

A few assumptions have been done for initial values at 120,000 years BP. It is assumed that 

the bedrock topography, grounded ice thickness and the surface elevation are the same as they 

are at present day. It is assumed that the ice sheet was in equilibrium at the start of the simulation 

so vertical and horizontal velocities and bottom melt were zero.  

 

A.2 Including the calculated GIA file in ANICE 
In earlier versions of ANICE, GIA is included using the SELEN method by de Boer et al. (2017) or 

the ELRA method by Oude Egbrink (2017). The use of these methods can easily switched off by 

an option in the configuration file. The file ant_grice_module.f90 contains the main routine for the 

simulation. The routine is modified to read a file that contains the deformation over the full 

timestep, which is the output from the GIA model. In the original model used by Oude Egbrink 

(2017), the bedrock height at the end of the timestep was calculated using the ELRA method. In 

the coupled model, the bedrock height is calculated by adding the change in bedrock height to the 

initial bedrock height of the timestep. The new bedrock height is calculated using Equations A.1 

and A.2. 

Bedrock height per year =
Deformation

Total time of timestep
 A.1 

Bedrock height new

= Bedrock height + Bedrock height per year ∙ dynamic timestep 
A.2 

 

It is important that the option dt_bedrock_config in the file Config_file_ant is set equal to the 

timestep chosen in the GIA model because the deformation is divided by the timestep to compute 

deformation rates per year.  

The restart_file is an output of ANICE and is written at the beginning and end of the timestep. 

This file contains important variables that are needed for the next timestep like bedrock height 

and ice thickness.  

The grid of ANICE is a polar centered grid and the GIA model a global equidistant grid. 

Interpolation is done to calculate deformation on the ANICE grid (see Appendix C). 
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GIA model 
 

Two different approaches are used in literature to define a GIA model, the Finite Volume Method 
(FVM) and the Finite Element Method (FEM). An FVM model computes deformation on the center 

of cell (Figure B.1b). This allows for a higher spatial resolution (up to 6 km near the surface and 

50 km below 350 km depth) and solves the deformation effectively on an irregular grid (Gomez, 

2018). However, this method is computationally very expensive. The parametrization of an Earth 

model using a commercial FEM was developed by Wu (2004).  A FEM model computes 

deformation at the nodes of an element (Figure B.1a). This is computationally more effective than 

the finite volume approach. The finite element model approach is chosen for the GIA model used 

in this study because it is relatively easy to develop using ABAQUS and it is possible to adjust the 

resolution at the area of interest. 

 
Figure B.1: Difference between finite volume approach and finite element approach (Latychev et al., 
2005). 

 

B.1 Generation of a layered model 
First, the spherical model of the Earth is generated by Model_gen.py using model_data.py. 

Model_data.py contains the input settings and the time vector is defined here. The output is the 

ABAQUS model database Earth.cae. In the original model, this module generates the model with 

a certain grid and applies the load since the ice load is pre-known (Blank et al., in prep). The model 

developed for this study uses the same module to generate the model but since the load is 

unknown, the code is modified so that the load is applied in the module Iter_ult.py instead of 

Model_gen.py. 
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B.1.1 Generate inner and outer core, lower mantle and crust 

The inner and outer core are defined as one layer at depth 2891 to 6371 kilometers. The core is 

assumed to consist of incompressible isotropic elastic material. However, Abaqus cannot 

simulate with fully incompressible materials so a Poisson ration of 0.4999 is used instead of 0.5. 
The mantle is divided in 4 layers. The lower mantle consists of two layers at depth 670 to 1171 

kilometers and 1171 to 2891 kilometers and consisting of the same material properties. The crust 

is defined by one layer at depth 0 to 70 kilometers. The properties for the material in the core and 

the lower mantle are shown in table B.1. 

 
Table B.1: Material properties of the core, the lower mantle, and the crust. 

 
 Densit

y [kg/m3] 

Young

s modulus 

[Pa] 

Shear 

modulus [Pa] 

 

Poisso

n ratio [-] 

Viscosit

y [Pa*s] 

Core 10750 3-20 1-20 0.49 0 

Lower mantle 4978 3-20 2.283401

1 

0.49 2·1021 

Asthenospher

e     & upper mantle 

4978 3-20 2.283401

1 

0.49 Variable 

Crust 3037 0.5060

5 

0.506051

1 

0.49 1·1044 

 

B.1.2 Upper mantle & Asthenosphere 

The upper mantle and the asthenosphere are defined as two layers at depth 70 to 420 kilometers 

and 420 to 670 kilometers respectively. The properties for these two layers are equal and shown 

in table B.1. The viscosity of these layers has a big influence on the deformation of the Earth’s 

surface and therefore varies per simulation to test this influence, as explained in section 2 of the 

article. When using a 3D Earth structure, the material of the upper mantle and the asthenosphere 

is set to creep and a user_f routine is used to read in the creep parameters. 

Deformation takes place via 2 processes, diffusion and dislocation creep, as explained in 

section 1. The computation of the viscosity using creep parameters is based on the approach of 

van der Wal et al. (2013). Diffusion creep is mainly dependent on grainsize and is the deformation 

process for higher temperatures, high water content and a small grain size. Diffusion is linearly 

dependent on stress and largely dependent on grain size. Dislocation is caused by stress and is 

mainly dependent on the water content. When a high load is applied, dislocation is the main 

process of material movement. Dislocation is linearly dependent on grain size but nonlinearly 

dependent on stress. When the load is smaller, diffusion takes over.
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Dislocation and diffusion parameters are derived by using seismic models which is described 

in section 2 of the article. To assign the viscosity to an individual element in the FEM model, the 

following definition of effective viscosity is used (van der wal, 2013): 
 

η =  
1

3 ∙ 𝐵𝑑𝑖𝑓𝑓 + 3 ⋅ 𝐵𝑑𝑖𝑠𝑙 ⋅ 𝑞𝑛−1
 B.1 

Where q is the von Mises stress and n = 3.5. From the creep parameters, the User_2.f 

subroutine calculates the strain. Abaqus uses the calculated strain from de user subroutine as 

input.  

 

B.1.3 Assembly and mesh 

Each layer is divided in a grid. The resolution of the grid at the surface is approximately 200 

by 200  kilometers, but can easily be upscaled to 55 km and radially 70 km at the Antarctic region. 

The input is given on an equidistant grid of ¼ of 1 degree latitude and longtitude. 1 degree is 

approximately 100 kilometers in latitude direction so the resolution is approximately 25 

kilometers, dependent on the distant to the south pole. There is a tie build between each layer in 

Abaqus so stress can be transferred from one layer to the other. If there is a density difference 

between layer, the winkler foundation is applied to model the buoyancy stress. If the density 

between layers is equal, the buoyancy is zero. 

Element types are set to hybrid. Hybrid elements have an extra degree of freedom to 

approach incompressibility of the material, which is a main limitation of the approach of Wu 

(2004). 

 

B.2 Input: define ice and ocean loads 
Ice and ocean load are applied on the model with respect to the initial timestep. Ocean water has 

a density of 1000 kg/m3 and the density of ice is assumed to be 920 kg/m3. The load applied on 

the FEM model is calculated by multiplying the thickness of the layer of ice or ocean with the 

density and the gravitational acceleration of 9.81 m/s2. The load is applied linearly over time per 

timestep using the ramp load option in ABAQUS.  

The relative sea level corresponds to the geoid minus the change in thickness of the water 

column. As described in section 2.2 of the article, the relative sea level is calculated using 

Whitehouse et al. (2012), Schaeffer and Lebedev (2013), and Heeszel et al. (2016). However, the 

the relative sea level is computed for the period 110,000 years BP to modern date. Linear 

interpolation is used to calculate the relative sea level at each timestep chosen for this study, 

where conservation of mass is taken into account. At each timestep, the global relative sea level 

is multiplied with a land-mask for Antarctica to exclude elements that are land. 

 

B.3 Running the FEM model 
Spherical harmonics 0 and 1 are deleted from the ice and ocean load. Several tests are done to 

determine the variation of spherical harmonics 0 and 1 when computing the spherical harmonics 

with different maximum degrees. Spherical harmonics 0 and 1 are barely changing when 

increasing the maximum calculated degrees so a degree of 5 is chosen. The deformation at each 

grid point is computed by the routine Iter_ult.py.  

The iterations follow the routing from Wu et al. (2004) using the subroutine sph_tools.py to 

account for self-gravitation of the Earth. In sph_tools.py, again the spherical harmonics 0 and 1 are 

removed but this time the spherical harmonics are calculated till degree 90 because of the much 

higher influence on spherical harmonics 0 and 1. 

Every timestep, the deformation is calculated using the file "Iter_ult.py". At every grid point, 

the load is applied to the model and the deformation is calculated taking into consideration the 
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material properties of that grid point and the layers below till the center of the Earth. The 

deformation causes another deformation because of the self-gravitating effect. Therefor the 

deformation is calculated in a second iteration. In order to save computing time, the original 

model calculates the first iteration of every timestep and then calculates the second iteration. 

However, this concept cannot be used in the coupling method because the ice thickness for the 

next step is unknown. Therefor, the new model is rebuild using a restart concept by Weerdesteijn 

(2019). 
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C 

 

Interpolation between model grids 
 

The GIA model is defined on an equidistant grid using an Asia centered global projection with a 
resolution of 200 by 200 kilometers. The grid from ANICE is a polar centered grid for Antarctica 

with a resolution of 40 by 40 kilometers. Therefore, interpolation between the models is needed 

to couple the models. This appendix describes the influence of different interpolation methods.  

 

C.1 Interpolation ANICE to FEM 
Linear interpolation is a fast method to interpolate data. In this case, the geodetic coordinates 

specified by the latitudes and longitudes of the original grid (the ellipsoidal height is assumed to 

be zero) are transformed to the geocentric Earth-Centered Earth-Fixed Cartesian coordinates 

specified by X, Y, and Z. The reference spheroid for the geodetic coordinates is assumed to be 

WGS84 Ellipsoid. The original data is linearly interpolated to the new grid, which is a mesh grid 

specified by X, Y and Z (the radius of the sphere is assumed to be 6371 km). The minimum 

curvature spline solution provides re sampled data on a regular grid. The solution can be 

constructed as a sum of contributions from each data point, weighted by Green's function 

evaluated for each point. Surface gradients can be used as data constraints. A MATLAB script 

written by Wessel and Becker (2008) is used to apply Green's function method for a spherical 

surface spline. In case the constraining data are noisy or do not reflect a smooth phenomenon, 

unwanted oscillations in the solution can occur. Introducing tension can counteract the tendency 

of splines to oscillate away from data constraints. However, introducing tension increases the 
computation time significantly.   

For four different regions, North America, Eurasia, Greenland and Antarctica, ice thickness 

on a 20 km grid resolution is the output of the ice model. This is interpolated to a coarser grid of 

the Earth model, with a resolution of a quarter of a degree using the linear method, Greens 

method 

and the quadrant method. Since the ice model provides output of four separate regions, these 

regions are first separately interpolated to the coarse grid and consecutively summed up.  

To determine the best interpolation method in terms of detail and calculation time, the ice 

thickness output of 20 000 years before present of the ANICE model is chosen as the example. 

The ice thickness output of Antarctica can be seen in Figure C.1. The interpolated results of the 

linear method, Greens method and quadrant method can be seen in figures C.2, C.3 and C.4 

respectively. Linear interpolation results in a significant loss of detail as well as a decrease in 

maximum ice thickness with 1 kilometer. Greens method provides a detailed result of the data 

but oscillations can be seen. Introducing tension could prevent oscillations. However, this method 

is highly time consuming, especially when tension is introduced. This will delay the coupled 

model significantly. The quadrant method provides a very detailed result and the calculation 
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takes several seconds using Oblimap. Therefor Oblimap is chosen as the preferred method to 

couple the Earth and the ice model.  

 
 

Figure C.1: Ice tickness at Antarctica. Output from the ANICE model at a polar centered grid. 

 

 

 

Figure C.2 Ice thickness at all longitudes and latitudes at a resolution of a quarter of a degree, linearly 

interpolated. 
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Figure C.3: Ice thickness at all longitudes and latitudes at a resolution of a quarter of a degree, 

interpolated using Greens method. No plane tension is apparent, sinusoides are visible. 

 

Figure C. 4: Ice thickness at all longitudes and latitudes at a resolution of a quarter of a degree, 

interpolated using quadrant method. Note that the ice sheet are not integrated with each other in this 

version of Oblimap. This problem is addressed in the final version that is used for the simulations. 
 

C.2 Interpolation FEM to ANICE 
 

The deformation of the Earth’s surface is calculated on a irregular relatively coarse grid whereas 

the ice thickness is calculated on a regular relatively fine grid. To use the deformation output of 

the Earth model as input for the ice model and the ice thickness output of the ice model as input 

for the Earth model, the data must be interpolated. The output of the Earth model is the 

deformation of the Earth’s surface on a grid with a resolution of a quarter of a degree for a 

longitudes and latitudes. Since the ice model will only simulate Antarctica in the coupled model, 

the interpolation to the finer ice model grid is only been done for the region Antarctica. 
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Four gridding methods are considered: linear interpolation, Green’s function method for a 

spherical surface spline, quadrant method and radius method.To choose the best interpolation 

method, the deformation output at time 20 000 years before present, with input from the ice 

model w12 is used to test the interpolation methods (Figure C.5). The deformation is interpolated 

with the linear method and the radius method, this can be seen in figures C.6 and C.7 respectively. 

The radius method provides a more detailed result and it can be calculated in several seconds 

using Oblimap, therefor the radius method is chosen as the preferred method to couple the Earth 

and the ice model. 

Figure C.5: Deformation of the Earth’s surface from 120 000 till 20 000 years before present. 

 
Figure C.6: Deformation of Antarctica interpolated to a polarcentered grid using the linear method 
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Figure C.7: Deformation of Antarctica interpolated to a polar centered grid using the radius method. 
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D 

 

Method 
 

D.1 Conversion of the model 
Two different conversion criteria are tested and evaluated. First, the change in total grounded ice 

thickness should be smaller than 1 meter. However, when there is fast melting or growing of ice 

during the timestep, ice thickness is varying a lot. Especially around the grounding line. If ice 

thickness builds up more than 120 meters at the grounding line, the ice will calve and become an 

iceberg or an ice shelf. Depending on the deformation of the Earth’s surface, ice can be grounded 

in one iteration and floating in the next iteration. 

From the tests of these two criteria, it can be concluded that deformation and ice thickness 

converge to zero in most places but do not converge to zero at varying places around the 

grounding line where ice thickness change is high. At these places, the deformation and ice 

thickness will converge to a bigger range, dependent on the change of the ice thickness. Therefore, 

the last criterium is chosen to determine conversion and calculated with formula’s D.1 and D.2. 

 
 Difference1 = Deformationj  Deformationj1 D.1 

 Difference2 = Deformationj+1 + Deformationj D.2 

Convergence has been reached if the condition in formula D.3 has been met at each grid point. 

 
 | Difference1 +  Difference2 |  ≤ 2 D.3 

 

The converted ice thickness and deformation lies in between Deformationj and Deformationj+1. 

Therefore, the mean is calculated at every grid point and chosen as the converted ice thickness 

and deformation.  

A characteristic timestep for GIA is 5000 years. In West Antarctica, the relaxation time is 

about tens or 100 years. Tests have been performed using a timestep of 1000, 2500 and 5000 

years for the period 115,000 to 110,000 years BP. The uncertainty range is growing per timestep, 

but it still converges. The more change in ice thickness, the higher the uncertainty range. The 

error is not necessarily growing bigger with time because the elements that do not converge to 

zero change per timestep because of a different ice growth. However, the regions that do not 

convergence to zero always lie around the grounding line. A timestep of 5000 years has been 

chosen as the timestep but a different viscosity profile might need a different timestep.  
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D.2 Recommendations for model improvement 
The computation of deformation and ice dynamics by the FEM model and ANICE are done using 

dynamic time intervals to include nonlinearities. Due to time constraints, these nuances in 

changes over time are not included in the coupled model. The mean deformation and change in 

ice mass are computed over time and applied linearly on the model. This causes an 

underestimation of the deformation at the start of the timestep in the GIA model (Barletta et al., 

2018).  

The grid used by the GIA model is coarser than the grid used by ANICE. However, the input 

file for the GIA model that contains the load is on a finer grid than ANICE. The input data is then 

interpolated to the GIA grid using Abaqus. This causes unnecessary interpolation errors and could 

be solved by interpolating from the ANICE grid directly to the coordinates of the GIA grid. The 

same accounts for the deformation file. Deformation is computed on the model grid, interpolated 
to an output grid and then interpolated to the ANICE grid. One interpolation step could be avoided 

by interpolating directly from the model grid to the ANICE grid. 

One of the solutions to increase computational speed is to include less iterations within each 

timestep. Research should be done into the performance of the model when using less iterations. 

A dynamic amount of iterations could be implemented, dependent on ice thickness change. The 

higher the change in ice thickness, the more iterations should be done. 

The model is not tested for the effect of the initial topography (BEDMAP2).  Although the 

computed bedrock topography at present day is similar to the BEDMAP2 topography, the effect 

of a different initial topography is unknown. Recently, a new bedrock topography is developed by 

Morlighem et al. (2020). This topography could be used to test the sensitivity of the model to the 

initial topography. 

Since the coupled model is highly computational expensive and time consuming, it would be 

interesting to compare the coupling method to ANICE using the ELRA model to weigh up 

computation and time expensive factors to improvement of the results. A method developed by 

Oude Egbrink (2018) could be used calculate the relaxation time that coincides with the viscosity 

used in the 1D coupled model.  

The last timestep to calculate present day rates is 1000 years. This is not representative for 

the present day deformation rate. Therefore, an additional timestep of 10 years after present day 

should be simulated to compute present day deformation and ice decay rates.   

For this study, the assumption has been made that the Poisson ratio of the different layers is 

0.49 to approach compressibility, which is assumed by the method of Wu (2004). However, a 

value of 0.28 would be closer to the observed Poisson ratio. Therefore, testing with this Poisson 

ratio could lead to improved results.  


