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Abstract

In this thesis we constrain a three-dimensional thermomechanical model of Greenland ice sheet
(GrlS) evolution from the Last Glacial Maximum (LGM, 21 ka BP) to the present-day using, primarily,
observations of relative sea level (RSL) as well as field data on past ice extent. The new model (Huy2)
fits a majority of the observations and is characterised by a number of key features: (i) the ice sheet
had an excess volume (relative to present) of 4.1 m ice-equivalent sea level at the LGM, which
increased to reach a maximum value of 4.6 m at 16.5 ka BP; (ii) retreat from the continental shelf
was not continuous around the entire margin, as there was a Younger Dryas readvance in some
areas. The final episode of marine retreat was rapid and relatively late (c. 12 ka BP), leaving the ice
sheet land based by 10 ka BP; (iii) in response to the Holocene Thermal Maximum (HTM) the ice
margin retreated behind its present-day position by up to 80 km in the southwest, 20 km in the
south and 80 km in a small area of the northeast. As a result of this retreat the modelled ice sheet
reaches a minimum extent between 5 and 4 ka BP, which corresponds to a deficit volume (relative to
present) of 0.17 m ice-equivalent sea level. The results suggest that remaining discrepancies
between the model and the observations are likely associated with non-Greenland ice load,
differences between modelled and observed present-day ice elevation around the margin, lateral

variations in Earth structure and/or the pattern of ice margin retreat.

Predictions of present-day vertical land motion generated using the new Huy2 model are highly
sensitive to variations of upper mantle viscosity. Depending on the Earth model adopted, different
periods of post-LGM ice loading change dominate the present-day response in particular regions of
Greenland. These results will be a useful resource when interpreting existing and future

observations of vertical land motion in Greenland. In comparison to the sparse number of GPS
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observations available, predictions from the Huy2 model are in good agreement to the absolute
measurements from south and southwest Greenland. This suggests that the response of the ice
sheet to the HTM is reasonably well produced by the Huy2 model and, thus, corroborates our earlier
findings. Uplift predictions generated using a surface mass balance reconstruction of the GrlS (Wake
et al., 2009), which covers the period 1866-2005, show that decadal-scale ice mass variability over
the last c. 140 years plays a small role in determining the present-day viscous response (it is as large
as £0.2 mm/yr). Results from the same reconstruction show that high rates of peripheral thinning in
west and southwest Greenland from 1995 to 2005 (due to surface mass balance changes) generate

elastic uplift rates over 6 mm/yr.

In the final part of the thesis, we examine how non-Greenland ice mass loss influenced vertical land
motion and sea-level change around Greenland over the last deglaciation and consider the
implications for GrlIS evolution. Results from this analysis suggest non-Greenland solid Earth
deformation had little impact on the evolution ice sheet. Sea-level change around Greenland which
is driven by non-Greenland ice mass loss departs from the associated eustatic signal; largely because
of the close proximity of the late North American ice sheets (NAIS). Non-Greenland RSL change is
also spatially non-uniform and is characterised by a distinct east-west gradient. For example, we find
that from 16 to 14 ka BP rates of sea-level rise remained relatively low in the west (0-2 m/ka),
whereas, those in the east reach values between 6 and 8 m/ka (although these results are sensitive
to the source of meltwater, in particular, the relative partitioning of meltwater pulse 1A (mwp-1A,
14.2 ka BP) between the North American and Antarctic ice sheets). If the marine breakup of the GrIS
was forced by non-Greenland RSL change, then we would expect the retreat of the ice sheet to
reflect the sea-level changes described. A preliminary modelling study suggests that, assuming a
conventional ice sheet model calving treatment, a more realistic sea-level forcing results in a pattern

of ice margin retreat which is at least partly due to spatial variations in non-Greenland RSL change.
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Thus, the modelled marine retreat is generally earlier in east Greenland and later in the west than
for when non-Greenland RSL change is not accounted for - this pattern of ice margin retreat is

generally consistent with observations from the continental shelf.
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Chapter 1:

Introduction.

1.1. Background

1.1.1. Quaternary glacial history: A brief overview

The onset of extensive glaciations in the Northern Hemisphere, including the inception of the
Greenland ice sheet (GrlIS), began around 3 million years ago (Maslin et al., 1998; Bartoli et al., 2005;
Lunt et al., 2008). Since that time, Greenland has experienced large fluctuations in ice mass as the
Earth has passed through successive glacial cycles. Glacial cycles can largely be explained using
Milankovitch theory; this describes the orbital changes of the Earth and how they result in variations
in solar forcing, which drives long-term climate change (e.g. see Berger and Loutre, 1991).
Observations from deep-ocean cores (e.g. Hays et al., 1976) and, more recently, cores drilled in ice
sheets (e.g. Dansgaard et al., 1993; Petit et al., 1999; Andersen et al., 2004) have shown that records

of palaeoclimate are in good agreement with this theory, which has led to its wide acceptance.

Data derived from drilled ice cores, in particular, has been a very valuable source of information on
Late Quaternary climate change. Ice cores contain a number of proxy data but it is the composition
of air bubbles trapped within the ice (and the measurement of oxygen and hydrogen isotope values)
that has provided some of most valuable palaeoclimate data. Cores drilled in Antarctica have

provided the longest time series; Figure 1 shows a temperature reconstruction based on isotope
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measurements from the Vostok ice core, which covers the last c. 420 ka. A stack of benthic §®0
records from 57 globally distributed sites is also plotted for comparison (Lisiecki and Raymo, 2005).
These data show that global climate change (and Late Quaternary glaciation) has been characterised
by a 100 ka cycle. We can also see that climate (and ice volume) change follows a sawtooth wave
pattern; during glacial-interglacial cycles the build up of ice volume is relatively gradual whilst

deglaciation (sometimes called a glacial termination) occurs far more rapidly.

Eemian

Temperature (°C)

dote

=400 -300 =200 =100 0
Time (ka)

Fig. 1. Upper panel shows temperature reconstruction from the Vostok ice core drilled in Antarctica
(Petit et al., 1999). Values shown are relative to modern mean temperatures. No correction for ice
elevation changes was applied. Lower panel shows a stack of benthic "0 records from 57 globally
distributed sites (Lisiecki and Raymo, 2005). Dashed lines mark the Eemian period (125 ka BP) and
the Last Glacial Maximum (21 ka BP).
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The last interglacial period, commonly referred to as the Eemian, is dated to around 125 ka BP. At
this time global mean sea level was 4 to >6 m higher than today (e.g. Stirling et al., 1998) and the
GrlS is thought to have been considerably smaller than it is at present (Cuffey and Marshall, 2000;
Tarasov and Peltier, 2003). After the Eemian interglacial period, there was the onset of a new glacial
cycle which culminated in the Last Glacial Maximum (LGM, 21 ka BP). At the LGM there was
extensive glaciation and large parts of the northern hemisphere were ice covered. The GrlS is
thought to have extended to cover parts of the continental shelf (Funder and Hansen, 1996) and
reached an excess volume (compared to present) of 2-3 m ice-equivalent sea level (Clark and Mikx,

2002).

The focus of this thesis is the behaviour of the GrlS from the LGM up until present-day. Since the
LGM, the Earth has seen the decay of the great ice sheets covering North America and Eurasia, ice
mass loss in Greenland and Antarctica and the reduction of mountain glaciers. Over this time, global
mean sea level has risen c¢. 120 m (e.g. Fairbanks, 1989; Yokoyama et al., 2000). This large ice-ocean
mass exchange together with rapid climate change in Greenland (e.g. Cuffey et al., 1995; Cuffey and
Clow, 1997) has played a part in the evolution of the GrIS over this period. The last 10 ka (the
Holocene) has been characterised by relatively stable climatic conditions which have continued up

until present-day (see Fig. 1).

1.1.2. The Greenland ice sheet at present-day

At present, the GrlS covers an area of approximately 1.71 million km? and holds enough ice volume
to raise mean global sea level by c. 7 m (Bamber et al., 2001). Accumulation largely occurs in the
interior of the ice sheet where snowfall undergoes compaction and forms ice. The ice sheet flows

outward from its central region through a combination of internal deformation and basal sliding,
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mass is lost through surface melting and calving of icebergs. Generally speaking, the pattern of ice
mass change shows that the GrlS is thickening or near balance in the interior (elevations above 2000
m) (e.g. Thomas et al., 2000, 2008) whilst on the flanks and at the margin of the ice sheet rapid mass
loss has been observed. Indeed, recent mass balance estimates generally indicate an accelerated

mass loss from Greenland over the last decade (Fig. 2) (Lemke et al., 2007).
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Fig. 2. Mass balance estimates for the GrIS — taken from Lemke et al. (2007). The coloured boxes
indicate the time over which the observations were taken and the uncertainty in the mass balance
measurement. Letters and colours correspond to the following publications: B Orange — Box et al.,
2006, H brown — Hanna et al., 2005, T dark green — Thomas et al., 2006 and including new results
and revisions of Krabill et al., 2004, Z violet — Zwally et al., 2005, R red — Rignot and Kanagaratnam,
2006, V blue — Velicogna and Wahr, 2005, RL blue — Ramillien et al., 2006, ] magenta dashed —
Johannessen et al., 2005. Arrows indicate additional mass loss from ice flow acceleration.

The latest work suggests it is variations in ice sheet flow that dominate the overall mass balance of

the GrIS (Rignot et al., 2008). Across most of Greenland ice flow has been observed to have
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accelerated over the last decade (Rignot and Kanagaratnam, 2006) and many of the ice sheet’s
major outlet glaciers are thinning and/or in retreat (e.g. Joughin et al., 2004, 2008; Krabill et al.,
2004; Howat et al., 2005; Stearns and Hamilton, 2007). Investigations examining surface ice mass
changes (snowfall minus meltwater runoff) have shown increased melting over the last few decades
(Hanna et al.,, 2005, 2008; Box et al., 2006). The seasonal ablation area has also become more
extensive over this time (Krabill et al., 2000; Abdalati and Steffen, 2001; Paterson and Reeh, 2001).
Recently, attention has been focussed on meltwater that pools on the surface of the ice sheet.
Observations have shown that in some circumstances this meltwater propagates to the ice-bedrock
interface which has led to increased ice sheet flow (Zwally et al., 2002; Das et al., 2008). In summary,
almost all investigations of the GrlS indicate that it is in a state of negative mass balance and in some
areas (notably the southeast, e.g. Wouter et al. (2008)) very rapid mass loss has been observed.
However, due to the short time span of these observations it remains contested if these changes are

the beginning of a sustained response of the ice sheet to recent warming.

1.1.3. The Greenland ice sheet in the future?

Greenland will likely make a positive contribution to future sea-level rise because increased ablation
will outweigh increases in accumulation as temperatures get higher (e.g. Van de Wal et al., 2001;
Huybrechts et al., 2004). Ice sheet model predictions of the future evolution of the GrlS suggest that,
depending on different greenhouse gas emission scenarios, it will contribute between 1 to 12 cm
ice-equivalent sea-level by the end of the 21* century (Meehl et al., 2007). This is a relatively modest
contribution to predicted global sea-level rise. Thermal expansion is predicted to dominate the sea-
level budget over the next hundred years but contributions from ice sheets are expected to become
increasingly important. However, it is important to note that future predictions are limited because
the current generation of ice sheet models do not take into account processes driving the

contemporary rapid changes observed at the ice margin (see above Sub-Section) (e.g. Alley et al.,
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2005). Recent work has aimed to address this issue; Pfeffer et al. (2008) indicate that with high
increases in ice sheet flow the GrlS could contribute as much as 54 cm to sea-level rise by 2100, a
figure considerably higher than the estimates of Meehl et al. (2007). Long-term predictions suggest
that for the ice sheet to be eliminated completely would require sustained warming in Greenland
exceeding 4.5 * 0.9 °C (relative to preindustrial temperatures) (Gregory and Huybrechts, 2006).
Ridley et al. (2005) found that it would take around 3000 years for most of the ice sheet to disappear
if carbon dioxide levels were increased to 4 times the preindustrial level (a high CO, climate) and

held constant.

1.2. Aims and outline of this thesis

In this thesis | examine the evolution of the GrIS from the LGM up until present-day. To achieve this
aim, use is made of glaciological and glacial isostatic adjustment (GIA) models. The output of these
numerical models is constrained by and compared to a number of datasets and observations. A
description of the methodology and models used is given below (see Section 1.4), modelling work
features in all subsequent Chapters of the thesis. The data is introduced in the relevant chapters; the
relative sea level (RSL) data and ice extent data at the beginning of Chapter 2 and GPS data at the

start of Chapter 3.

The core of the work comprising this thesis is contained in Chapter 2; the aim of which is to calibrate
a glaciological model of GrIS evolution since the LGM using inferences of RSL and past ice extent
from field data. A key aspect of this work is a detailed modelling sensitivity analysis and the
comparison of our results to other modelling studies and independent observations of the ice
sheet’s past behaviour. The reader should note that Chapter 2 is now published material (see

Simpson et al., 2009) and that this work was conducted largely by the author of this thesis — co-
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authors provided guidance and useful comments on the written manuscript before submission.
Using the new ice model developed in Chapter 2, | then go on in Chapter 3 to generate predictions of
present-day vertical land motion in Greenland. The main aim of this chapter is the examination of
different aspects of the loading history (in both time and space) and how they contribute to the
present-day pattern of uplift. The uplift predictions generated using the new ice model are also
compared to some of the published GPS data. The results presented in Chapter 4 examine how non-
Greenland (i.e. outside of Greenland) ice mass loss influenced vertical land motion and sea-level
change around Greenland over the last deglaciation and consider the implications for GrlS evolution.
In Chapter 5 | summarise the overall findings and discuss future work that would build upon the

research presented in this thesis.

1.3. Applications of the research

There are three primary applications of the research presented in the following chapters:

(i) The development of a post-LGM model of GrIS evolution can provide important insights into how
the ice sheet reacted to past sea-level and climate change - thus informing us how the ice sheet
might behave in the future. In that regard, a particular focus of Chapter 2 is the reaction of the ice
sheet to the peak warming period known as the Holocene Thermal Maximum (HTM), during which
mid-Holocene temperatures were c. 2.5 °C higher than at present (Dahl Jensen et al., 1998). Climate
model predictions suggest that global mean temperatures could well exceed such an increase by

2100 (see Meehl et al., 2007).

(i) As stated above, one application of our model is to predict the pattern of present-day solid Earth
deformation in Greenland (Chapter 3). Contemporary geodetic measurements require a correction

for the ongoing vertical motion of the Earth which comes from GIA models (e.g. Velicogna and Wabhr,
20



2005; Thomas et al., 2006; Zwally et al., 2005). Measurements of the Earth’s gravity field are
particularly sensitive to contamination by this solid surface signal due to the relatively high density
of the Earth (c. 3300 kg/m?®) when compared to the overlying ice (c. 910 kg/m?). Furthermore,
predictions of present-day solid Earth deformation can also assist in the interpretation of GPS data
(e.g. Khan et al., 2008) by providing information to aid in separating the signal due to past (viscous
component) and present (elastic component) ice thickness changes. It is clear that a good
understanding of past GrIS evolution is required if present-day observations are to be interpreted

correctly.

(iii) Calibrating a model to field data will highlight any particular weaknesses in the ice and Earth
model adopted and can therefore guide future research into model development. Some examples
highlighted in this thesis are the inclusion of lateral structure in GIA Earth models and a more

accurate treatment of sea-level change in modelling the retreat of marine-based ice.

1.4. Methodology

Three approaches can be employed to reconstruct the deglaciation history of ice sheets:

(1) Three-dimensional ice sheet models that are forced by prescribed climatic conditions and freely
simulate past ice sheet evolution (e.g. Huybrechts, 1990, 2002; Letréguilly et al., 1991; Siegert et al.,
2001; Charbit et al., 2002; Forsstrém and Greve, 2004; Zweck and Huybrechts, 2005). The workings
of three-dimensional ice sheet models are briefly described in Sub-Section 1.4.1 (see below). These
ice sheet models are typically forced in two ways; by time series of past climate change derived from
ice cores (e.g. Dansgaard et al., 1993) and by records of past sea-level change. For sea level it is usual
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that a record pertaining to eustatic changes is prescribed (e.g. see Fairbanks, 1989). The outputs of
the model are the three-dimensional geometry of ice sheet and other physical characteristics (e.g.

ice velocity and temperature) as a function of time.

(2) Observations of GlA-induced sea-level change in the near-field of past or presently glaciated
regions that are used to quantitatively infer the loading history of grounded ice sheets (e.g.
Tushingham and Peltier, 1991; Peltier, 1994; Lambeck et al., 2006). In the near-field RSL change is
significantly influenced by isostatic adjustment (so reflects ice loading changes over time). The sea
level and Earth model components of such GIA models are described below (see Sub-Section 1.4.1).
Note that, in most cases, this method involves the application of ice models that contain little
glaciology (i.e. no treatment of surface mass balance or ice flow; at best simplistic parabolic
equations are used to determine the geometry of the past ice load). The resulting ice sheet
reconstructions have also been used to study Earth structure and dynamics (e.g. Kaufmann and

Lambeck, 2002).

(3) Directly constraining the lateral and/or height extent of past ice from field observations made on
land and adjacent continental shelves (e.g. Dyke and Prest, 1987; Evans et al., 2002; Bentley et al.,
2006). For example, glacial landforms (such as moraines) and stratigraphical data provide evidence
of past ice sheet extent and flow. Other features, such as trimlines, mark the former altitude of the
ice sheet surface and constrain ice height. If these geomorphological landforms can be dated then

they give us a valuable understanding of past ice sheet evolution.

22



Previous studies have, in general, combined only two of these approaches; normally (1) and (3) (e.g.
Marshall et al., 2002) or (2) and (3) (e.g. Tushingham and Peltier, 1991). The Greenland GrB model of
Tarasov and Peltier (2002) first demonstrated that by adopting (1) a 3-D ice sheet model with (2) a
GIA forward model is a powerful tool that reduces the uncertainty of past ice sheet evolution. In
Chapter 2, we combine and apply all three methods (e.g. Tarasov and Peltier, 2004) to the Greenland
ice sheet. Using, primarily, observations of relative sea level (RSL) complemented by geological and
geomorphological data we constrain the millennial-scale spatial changes of a 3-D thermomechanical

ice sheet model (Huybrechts, 2002) from the LGM to the present-day.

1.4.1. Description of the glacial isostatic adjustment model

The GIA forward model is comprised of an ice sheet model, a sea-level model and a model of Earth
rheology. The first two model components define the ice-ocean mass exchange which represents the
forcing, whilst the isostatic response is governed by the prescribed Earth structure and rheology.

Each component is described, in turn, below.

We adopt the three-dimensional thermomechanical ice sheet model of Huybrechts (2002) as a
starting Greenland ice load (hereafter referred to as ‘Huyl’). The Huyl model simulates the
evolution of the Greenland ice sheet over the last two glacial cycles in response to changes in past
climate and eustatic sea level. The model is comprised of three parts; calculating ice-dynamics, solid
Earth (isostatic) response and surface mass balance (see Huybrechts and de Wolde (1999) for a full
description). There are 31 layers in the vertical and a horizontal grid resolution of 20 km, which
corresponds to 83 x 141 horizontal grid cells for Greenland. Ice-dynamics are simplified to the
shallow ice approximation for large ice masses (Hutter, 1983). Grounded ice flows through internal

deformation and basal sliding. Longitudinal stress is ignored and grounding-line dynamics are not
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modelled. The Earth model of Huyl should not be confused with the one employed in this thesis;
Huyl has an asthenosphere with a single relaxation time (3000 years) overlain by an elastic
lithosphere. Overall mass balance is considered as the net contribution of the input (snowfall
accumulation) and outputs (meltwater runoff and calved ice) to the ice sheet system. Meltwater
runoff is calculated using the positive degree day method (e.g. Braithwaite, 1995) which takes the
melt rate to be proportional to the surface air temperature. Huyl uses the recalibrated runoff model
of Janssens and Huybrechts (2000). The sea-level and climate forcing are outlined in Sub-Sections
3.2.2 and 3.2.3, respectively. The non-Greenland component of the ice load is represented by the

global ice sheet model ICE-5G (Peltier, 2004).

Farrell and Clark (1976) presented the seminal work on sea-level change as a result of Earth
glaciation. Their theory is encompassed by the ‘sea-level equation’, which has undergone a number
of developments over the last 30 years that have improved the method of solution and/or extended
the theoretical basis (e.g. Nakada and Lambeck, 1987; Mitrovica and Peltier, 1991; Johnston, 1993;
Milne and Mitrovica, 1996; Milne et al., 1999; Mitrovica and Milne, 2003). We do not go into
theoretical detail in this study; the most recent advances and a review of the sea-level equation (as
applied in this analysis) are described by Mitrovica and Milne (2003) and Kendall et al. (2005). In
general terms, the sea-level model predicts the vertical deflection of both the ocean surface and the
Earth’s solid surface due to changes in ice-ocean mass configuration. Height shifts of the ocean
surface are determined by computing perturbations to the geopotential. Changes to this field can be
split into: (i) the direct effect — the gravitational effect caused by changes in ice-ocean mass
configuration and GlA-induced changes in the rotational potential and (ii) the indirect effect — the
gravitational effect caused by internal mass flux of the solid Earth driven be the ice-ocean loading
and GlA-induced changes in the rotational potential. Note that these terms will be used at various

points throughout this thesis. Perturbations to the rotation vector and the resulting feedback of this
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forcing on sea level and land motion are computed as described in Milne and Mitrovica (1998) and

Mitrovica et al. (2001a). Global ice/water mass is conserved in the model.

To model the Earth’s response to changes in surface load the impulse response formalism of Peltier
(1974) is applied. The impulse response formalism requires three relations to be satisfied; the
momentum equation, the continuity equation (i.e. conservation of mass) and Poisson’s equation
(which describes the influence of mass changes on the potential field). A Maxwell visco-elastic
rheology is used and the Earth model is spherically symmetric, self-gravitating and compressible. The
procedure to calculate the Earth’s response is very briefly described here: The unknown
perturbations of the density and stress fields as described by the momentum equation are
expressed, respectively, in terms of displacement using the continuity equation and strain using the
constitutive equation for the rheology. Poisson’s equation must be solved simultaneously to ensure
that the solution is gravitationally consistent. The time domain form of the solutions to the visco-
elastic problem are then expressed as a series of Legendre polynomials. These give solutions to the
radial and tangential components of Earth displacement and also to perturbation of the
geopotential. Instead of using these, however, solutions are given in terms of surface load Love
numbers. These describe the temporal response in terms of an instantaneous elastic component and
a slower viscous response which is represented by a series of exponential functions with a number
of decay times. Finally, the GIA ice-ocean forcings are convolved, in space and time, with the impulse

response Love numbers to give solution for a generalised surface load.

The elastic and density structure are taken from seismic constraints (Dziewonski and Anderson,
1981) and depth parameterised with a resolution of 15-25 km. The radial viscosity structure is depth
parameterised to give an elastic lithosphere (i.e. very high viscosity values are assigned), an
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isoviscous upper mantle bounded by the base of the lithosphere and the 670 km deep seismic
discontinuity, and an isoviscous lower mantle continuing below this depth to the core-mantle
boundary. For convenience we define a reference Earth model with a lithospheric thickness of 96 km
and upper and lower mantle viscosities of 5 x 10%° Pa s and 10** Pa s, respectively. These parameters
fall near the middle of the range of values inferred in recent GIA modelling studies (e.g. Mitrovica
and Peltier, 1993, 1995; Peltier, 1996; Peltier and Jiang, 1996; Mitrovica and Forte, 1997, 2004,
Lambeck et al., 1998; Kaufmann and Lambeck, 2000, 2002) and so our reference model can be

considered as a useful intermediate model for comparison purposes.

For the GIA loading computations, the ice-ocean loading increments are every 6000 years from 122
to 32 ka BP, every 1000 years from 32 to 17 ka BP and every 500 years from 17 to 0.5 ka BP. The final
loading step before present is 100 years BP. Note that the timing of the loading increments are the

same as with the ICE-5G model (Peltier, 2004).
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Chapter 2:

Calibrating a glaciological model of the Greenland ice sheet
from the Last Glacial Maximum to present-day using field

observations of relative sea level and ice extent.

2.1. Introduction

At the LGM (as previously briefly discussed), the GrlS is thought to have extended to cover parts of
the continental shelf (Funder and Hansen, 1996) and reached an excess volume (compared to
present) of 2-3 m ice-equivalent sea level (Clark and Mix, 2002). The retreat of the GrlIS is
hypothesised to have occurred in two key stages (Funder, 1989); initial retreat was driven by sea-
level rise, causing the calving of ice grounded below sea-level and breakup of the marine portions of
the ice sheet. By c. 10 ka BP (all dates given are in calibrated years) the GrlS was essentially at or
inland of the present-day coastline (Funder and Hansen, 1996; Bennike and Bjorck, 2002). The
second phase of retreat during the Holocene (10 ka BP to present) was slower and driven, primarily,
by surface melting. As mentioned, of particular interest is the reaction of the GrlIS to peak warming
during the HTM. The response of the ice sheet to this forcing may be a useful analogue for its future
behaviour in a warming climate. The HTM occurred, broadly, between 9 and 5 ka BP in Greenland
(Kaufman et al., 2004) causing the ice sheet to retreat behind its present-day position and reach a
minimum post-LGM volume. It is not clear where and how far the ice margin retreated inland of its

current position, as subsequent to reaching this minima the GrlIS experienced a neoglacial readvance
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(Kelly, 1980), and so all geological and geomorphological evidence of the minimum configuration

was overridden by advancing ice.

Two previous studies have constrained the evolution (LGM to present-day) of the GrIS using RSL
data. First, as mentioned above, Tarasov and Peltier (2002) presented their GrB model which forms
the Greenland component of the global ice sheet reconstruction ICE-5G (Peltier, 2004). Second,
Fleming and Lambeck (2004) presented their GREEN1 model which has a deglaciation history based
on several stages of linear interpolation between an LGM reconstruction (Denton and Hughes, 1981)
and the observed present-day ice sheet (Ekholm, 1996). We extend these previous studies in two
main respects: (i) we make use of an RSL and ice extent dataset that is significantly improved over
those used in these past two analyses. In particular, previous models were constrained primarily
using sea-level observations derived from molluscan assemblages which have a large altitude
uncertainty. We focus on the growing number of RSL observations reconstructed from isolation
basins (e.g. Long et al., 2006, 2008, 2009; Sparrenbom et al., 2006a, b) which are more precise and
consequently provide a more powerful model constraint (see Section 2.2); (ii) we provide a more

detailed sensitivity analysis which targets key Earth and ice model parameters.

The overall aim of this work is to calibrate a glaciological model of GrIS evolution since the LGM
using inferences of relative sea level (RSL) and past ice extent from field data. The work is structured
as follows; in Section 2.2 we describe the nature of the data employed to calibrate the ice model and
provide an overview of the observed sea-level history of Greenland. We start our modelling (Section
2.3) by comparing predictions generated using the ice model published by Huybrechts (2002).
Adopting this as our preliminary ice model, we consider the sensitivity of sea-level predictions to
wide ranges in the more important Earth model parameters and identify an optimal set of values.
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Based on this Earth model sensitivity study, we are able to isolate data-model misfits that are due to
limitations in the ice model. We then explore key aspects of the ice history that might explain the
misfits of our starting ice model (Sub-Section 2.3.2). A central element of our analysis is the careful
examination of trade-offs between ice and Earth model parameters. In Sub-Section 2.3.3 we show
fits to the RSL data for our new calibrated ice model, before discussing the key aspects of our new
model (Sub-Section 2.4.1) and possible sources for any remaining data-model residuals (Sub-Section
2.4.2). The conclusions are listed in Section 2.5. The reader should note that a version of this chapter

has been published (see Simpson et al., 2009).

2.2. Nature of the data

In our modelling analysis we use data on past RSL and past ice extent. The primary focus is upon RSL
data, the locations and source references of which are shown in Fig. 3 and Table 1, respectively. In
total there are 214 observations used for RSL reconstruction; 73 of which have a well defined height
and age relationship to former sea level and a further 141 that provide limiting constraints. Sea-level
index points are derived from field evidence that has a defined (c. £50 cm) vertical relationship to
past mean sea level. This height relationship is referred to as the ‘indicative meaning’ (e.g. Shennan,
1986). In Greenland, the most precise sea-level index points are derived from dating the sediments
preserved in isolation basins (e.g. Bennike, 1995; Long et al., 1999; Sparrenbom et al., 2006a) and
thus provide a precise measure of past sea level in both time and height. By analysing a staircase of

basins that occur below the marine limit, a well constrained RSL reconstruction can be produced

(e.g. Fig. 4).

A variety of other field evidence lack an indicative meaning (a defined height relationship to a former

tidal datum) and so provide a less precise height constraint on past sea level; these are referred to as
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limiting dates. Radiocarbon dates from marine shells within raised beaches or deltas are typical

examples of limiting dates. It is often uncertain how far below past sea level the shells lived and in

most instances they provide only a lower height limit for RSL reconstructions (Gotfredsen and

Mgberg (2004) detail the height relationship to mean sea level for specific molluscan species).
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Fig. 3. Map showing the locations of the RSL observations used in this study as well as place names

referred to in the text. Circles and inverted triangles mark, respectively, the locations of index point
data and limiting data used in this analysis. Stars mark locations of ice core sites mentioned in the

text. The crosshatched areas mark cross-shelf troughs associated with the named outlet glaciers.
Table 1 lists RSL observations used and source literature.
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However, for a number of shell dates plotted on a time-height diagram the upper height envelope of

these observations can often tentatively be interpreted as past mean sea level. Fig. 4 shows a

comparison of limiting dates (Rasch and Jensen, 1997) with index point data from an isolation basin

study from Innaarsuit (Inn, Fig.1) in southern Disko Bugt. We select limiting dates that are close to

the isolation basins to keep spatial differences in RSL small. Using only the isolation basin data as a

guide we reconstruct past sea level on the time-height diagram (dashed line, Fig. 4) and on top of

which the limiting dates are also plotted. Mostly we find the upper height envelope of the shell

dates corresponds (within age error) to the past sea-level reconstruction. With more and better

time-height coverage of the data we can have increasing confidence that the upper height envelope

of the shell dates can be interpreted as past sea level.

Region Site | Site name Source Publication
West 1 | Arveprinsen (Arv) Long et al., 1999
2 | Pagitsoq (Paq) Long et al., 2006
3 | Upernivik (Upe) Long et al., 2006
4 | Orpissooq (Orp) Long and Roberts, 2002
5 [ Innaarsuit (Inn) Long et al., 2003
6 | Qeqgertarsvatsiaq (Qeq) Long and Roberts, 2003
Southwest 7 | Sisimiut (Sis) Kelly, 1979; Weidick, 1972
8 | Nagtoralinguaq (Nag) Long et al., 2009
South 9 | Qaqgortoq (Qaq) Sparrenbom et al., 2006b
Bennike et al., 2002;
10 | Nanortalik (Nan) Sparrenbom et al., 2006a
Southeast 11 | Ammassalik (Amm) Long et al., 2008
East 12 | Jameson Land (Jam) Funder and Hansen, 1996
Washburn and Stuiver, 1962;
13 | Mesters Vig (Mes) Trautman and Willis, 1963
Northeast 14 | Hvalrosodden (Hva) Landvik, 1994
South Hovgaard @ and north-
15 | eastern Lambert Land (Hov) Bennike and Weidick, 2001
16 | Blasg (Bla) Bennike and Weidick, 2001
17 | Kronprins Eijland (Kro) Hjort, 1997
North 18 | Jorgen Brunlund Fjord (Jor) Funder and Abrahamsen, 1988
Northwest 19 | Lafayette Bugt (Laf) Bennike, 2002
20 | Humboldt Gletscher (Hum) Bennike, 2002

Table 1. RSL observations used in this study to constrain our GIA model. The locations are marked in

Fig. 3.
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All of the limiting dates presented in the following analyses are assigned a height error that relates
to the elevation sampling error and, importantly, not to their indicative meaning. Unless otherwise
stated in the source literature we follow previous authors by ascribing a sampling elevation height
error of £5 m for marine shells and +2 m for archaeological or freshwater organic material (Rasch
and Jensen, 1997). Given the uncertainties inherent in the limiting dates we quantify data-model fits
in two ways; (i) that limiting dates only provide a height limit and (ii) on the assumption the upper
height envelope of the shell dates lies close to past mean sea level. For most of the analyses we
consider limiting dates as only a height limit. In this case an RSL prediction would give fit to a shell
date if it plotted either within the elevation error or above the date. For the analysis in Sub-Section
2.4.2.3 we assume that, for a given locality, the upper height envelope of the shell dates lies close to
past mean sea level and a fit is achieved only if the prediction plots within the elevation error of

these specific dates.
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Fig. 4. A comparison of isolation basin data (index points) and marine shell and archaeological data
(lower and upper limiting dates) from southern Disko Bugt. Lower limiting dates are shown as grey
triangles. Upper limiting dates are shown as inverted white triangles. Sea-level index points are
represented by both time and height error bars. The black dashed line represents the sea-level
reconstruction based on the isolation basin data. An overall fall in RSL indicates that the solid Earth
has rebounded and thus the ice sheet has undergone a local mass loss.
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All radiocarbon dates used in this study have been calibrated using the programme CALIB Rev5.0.1
(Stuiver and Reimer, 1993) with the Intcal04 curve (Reimer et al., 2004) and are cited with a two-
sigma age range. All dates given are in calibrated years. As adopted by Bennike and Bjorck (2002) a
reservoir correction of 400 years is applied to marine samples from the west coast and a correction

of 550 years to samples from the north and east coasts.

An additional RSL constraint that we use is the height of the Holocene Marine Limit (HML). The HML
is traditionally thought to have formed immediately after deglaciation and is often marked by the
lowest limit presence of perched boulders. The HML represents the highest point of past sea level
for an ice-free region. In Greenland traceable contours of the HML define uplift domes that run
parallel to the coast and characterise the emergence of the solid Earth from the sea surface (Funder
and Hansen, 1996; Weidick and Bennike, 2007). It is possible to date the HML but organic material is
often sparse and so, in many localities, it is necessary to extrapolate dates of material found at lower
altitudes. Alternatively, lakes above the HML can be dated to determine the onset of organic

accumulation and thus establish when an area became ice-free (Long et al., 2008).

As indicated above, we also consider field evidence pertaining to the past lateral extent of the GrlS.
Geological and geomorphological features show how the ice sheet retreated from its maximum
extent on the continental shelf (e.g. Evans et al., 2002) and radiocarbon dates can provide the

minimum age of deglaciation for presently ice-free areas (e.g. Bennike and Bjorck, 2002).
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2.3. Modelling results

2.3.1. Sea-level predictions based on the Huy1l model

Here we present sea-level predictions generated from our GIA model using the ice history Huy1 (see
Sub-Section 1.4.1). The aims of this section are to: (i) examine sensitivity of the predictions to
changes in Earth viscosity structure; (ii) determine a best-fit Earth model to partner Huyl and (iii)
assess whether acceptable data-model fits can be obtained using the Huyl ice model and a

spherically symmetric Earth model.

2.3.1.1. Sensitivity of predictions to Earth viscosity structure

Making changes to Earth parameters alters the isostatic response to a given surface load. We start
by focussing on one site - Arveprinsen in west Greenland (Arv, Fig. 3) - to provide a general example

and explain how the envelopes of predictions shown in subsequent analyses are generated.

Fig. 5 shows RSL predictions at Arveprinsen for our reference model (dashed-dotted black line) and
six other models which are the same as the reference model except for one parameter value. The
solid lines show predictions for a model Earth in which the lithospheric thickness has been increased
to 120 km (grey) or decreased to 71 km (black). Comparing these curves shows that this range of
lithospheric thickness has a significant influence on the magnitude of the RSL prediction but little
impact on the shape of the curve. In contrast, changing the value of viscosity in the upper or lower
mantle affects both the magnitude and the shape of the curve. The dashed lines show the sensitivity
of the predictions to changing the viscosity in the upper mantle from a value of 3 x 10%° Pa s (black)
to 10* Pa s (grey). The dotted lines show the influence of varying lower mantle viscosity from 10*

Pa s (black) to 5 x 10% Pa s (grey). In general, lower viscosity values permit a more rapid isostatic
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response to a given loading event (e.g. note the more rapid sea-level fall of the black dashed line
compared to the grey dashed line following local ice unloading at c. 15 ka BP). One important point
to note from this sensitivity study is that the timing of the initial RSL fall is not affected by these

Earth model changes and so is controlled by changes in ice load.
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Fig. 5. Sensitivity of sea-level predictions at Arveprinsen to changes in Earth viscosity structure. All
changes are relative to our reference Earth structure which has a 96 km thick lithosphere, upper
mantle viscosity of 0.5 x 10°* Pa s and lower mantle viscosity of 10°* Pa s. Predictions for this model
are shown by the dashed-dotted black line. Shown are predictions for lithospheric thicknesses of 71
km (solid black) and 120 km (solid grey), upper mantle viscosities of 0.3 x 10°* Pa s (dashed black)
and 10*' Pa s (dashed grey) and lower mantle viscosities of 10> Pa s (dotted black) and 50 x 10°* Pa s
(dotted grey). The grey shaded region denotes the variation in RSL for 108 model runs that sample
the viscosity parameter ranges defined above.

We generated predictions at Arveprinsen for a suite of 108 different Earth viscosity models that
sample the range of values specified above. The grey shaded region in Fig. 5 bounds the suite of
predictions generated from these model runs and so illustrates the sensitivity of the predictions at
this site to a large range of plausible Earth viscosity models. Note that the bounds of these
envelopes may well be defined by more than one prediction. The envelopes can be considered as a

measure of the uncertainty in the predictions associated with limited knowledge of mantle viscosity
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structure. We show these envelopes for all the data sites in Section 2.3.1.3 to examine whether the

Huy1l model is consistent with the data to within this uncertainty.

2.3.1.2. Determining an optimal viscosity model

We compute RSL at all 20 data sites considered for each of the 108 Earth models introduced above

and quantify the goodness of fit for each Earth model using the x> criterion:

n yipr_yiobs 2
7’ =%§[TJ _ (Egn. 1)

The ¥* value indicates the difference between predicted (y*) and observed sea level (y°*) for a
specified observational error (o) and given RSL data point (i). A value of one or less indicates a fit to
the data (within error) whilst a misfit can produce a very large value due to the squared term. In this
first analysis limiting dates are considered only as height limits and therefore can still give fit even
when there are large differences between the model results and the elevation height error. If
predicted sea level passes above a shell date, for example, then a fit is still achieved due to the
associated uncertainty of lower limiting data and its relationship to contemporaneous sea level. In
this situation the X’ value is assigned a value of one. Fig. 6 shows how the goodness of fit varies with
upper and lower mantle viscosity for lithospheric thicknesses of 71, 96 and 120 km. We see a general
pattern of increasing data-model misfit for smaller upper mantle and larger lower mantle viscosities.
The misfit also increases as the lithosphere is thickened. The 71 km pane shows a zone of relatively
good fit for middling values of upper and lower mantle viscosities; this area represents the best-fit
Earth model for Huyl. Specifically, a model characterised by a 71 km lithosphere, an upper mantle
viscosity of 5 x 10”° Pa s and a lower mantle viscosity of 5 x 10** Pa s provides the optimum fit. It is
worth noting that the x* test and best-fit model will have a bias toward fitting the west Greenland

dataset as: (1) there are numerous data from this region and (2) the data here are mostly from
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isolation basins which have good height precision and so the x* values will increase quickly with an

increasing misfit.

Lithospheric thickness

96 km 120 km

Lower mantle viscosity (102! Pas)

03 04 05 06 07 08 089 10 03 04 05 06 07 08 09 10 03 04 05 06 07 08 08 10

Upper mantle viscosity (10%' Pas)

Fig. 6. The Chi-squared results for the Huyl ice model and 108 different Earth viscosity models (see
text for details). Each frame is based on a fixed value for lithospheric thickness (as indicated). The
scale bar for the Chi-squared results is shown in the right-hand frame. The 95% confidence level is
marked by the white dashed line.

2.3.1.3. Comparison of Huyl model to RSL observations

In the near-field of Greenland we can expect that a primary control on past sea-level change is the
isostatic adjustment of the solid Earth due to changes in the load distribution of the GrlS. This is
reflected in the field observations which, at most localities, show an overall fall in RSL from
Lateglacial time to the present-day (Fig. 7), indicating that the solid Earth has rebounded and thus
the ice sheet has undergone a mass loss. Clearly, patterns of past sea-level change vary across
Greenland — a more detailed discussion of regional sea-level variation follows in this sub-section.
These inter-regional differences in RSL change can be used to infer the pattern of ice sheet evolution
at various levels of sophistication: from the direct interpretation of maps of the HML to identify
regions that have experienced greatest ice load loss (Funder and Hansen, 1996; Weidick and
Bennike, 2007) to the more involved geophysical modelling studies that constrain 3-D models of GrIS

history (Tarasov and Peltier, 2002; Fleming and Lambeck, 2004).
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Isolation basin studies (e.g. Long et al.,1999; Bennike et al., 2002; Sparrenbom et al., 2006a) have
shown that in some areas Holocene RSL fall continued to a height below present-day sea level (e.g.
Fig. 5a, site 1). When RSL does fall below present-day sea level it is followed by a small rise which
gives the curve a characteristic ‘J-shape’. This shows that sea level in some areas of Greenland
underwent a late Holocene transgression; a change also evident from archaeological studies of
paleo-Eskimo sites which are now partly submerged (e.g. Hjort, 1997; Rasch and Jensen, 1997,
Mikkelsen et al., 2008). Eustatic sea-level change is thought to have decelerated during the mid-
Holocene from a rate of c¢. 1 to 0 m/ka by 2 ka BP (e.g. Lambeck and Purcell, 2005) and so the RSL
switch likely represents a change from rebound to subsidence of the solid Earth surface. Past sea-
level investigations have attributed the RSL switch to a downward deflection of the solid Earth as the
result of both/either (i) the collapse of a forebulge and/or (ii) the neoglacial ice loading in Greenland

(Kelly, 1980; Weidick, 1993; Long et al., 1999).

Beginning in west Greenland and working anti-clockwise we briefly review the RSL history of each
region and compare predictions to the observations (Fig. 7). In grouping the data into single RSL
curves we used the model to check that spatial differences in RSL predictions were small. In general,

for a given site, the data are clustered within an area of dimension less than a few 100s km?.
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Fig. 7a. RSL predictions and observations at the 20 sites considered in this analysis. Predictions,

based on the Huyl ice model and 108 Earth models, fall within the light grey shaded area (see Sub-
Section 2.3.1.1). The dark grey line denotes the RSL prediction for the best-fit Earth model of Huy1;
characterised by a 71 km thick lithosphere, upper mantle viscosity of 5 x 10%° Pa s and lower mantle

viscosity of 5 x 10°! Pa s (see Sub-Section 2.3.1.2). Lower limiting dates are shown as grey triangles.
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Upper limiting dates are shown as inverted white triangles. Sea-level index points are represented by
both time and height error bars. The HML at each site is indicated by a horizontal dashed line; if two
lines are shown their vertical displacement represents the uncertainty in this value.

Situated on the central west Greenland coast, the marine embayment of Disko Bugt has become a
classic area for sea-level investigations. Studies on Disko Island (Ingolfsson et al., 1990) and in Disko
Bugt (Rasch, 2000) show a clear decline of the HML from c. 120 m in southeast Disko Bugt to c. 60 m
in northwest Disko. It is well established that Disko Bugt sits upon the northern flank of a high uplift
dome that runs parallel to much of the ice-free southwest coast (first mapped by Weidick (1976)).
Numerous RSL isolation basin investigations (Long et al., 1999, 2003, 2006) have shown conclusively
that after a rapid early Holocene fall, RSL fell below present-day sea level c. 5-4 ka BP to reach a
lowstand c. 2 ka BP before rising 1-5 m to present. Comparing the predictions to the data in this area
(sites 1-6, Fig. 7a) indicates that the fall from the HML occurs too early and at too low a rate. In
addition, at all of these sites the best-fit sea-level prediction fails to provide fit to the oldest index

point.

In southwest Greenland (sites 7 and 8, Fig. 7a) best-fit predicted sea level reaches a height of c. 100
m, this is around 20 m below the HML (Funder and Hansen, 1996). It should be noted that for
Sisimiut (site 7) we have omitted the partially published dates of Petersen and a dated whale
cranium which is presumed to be contaminated (Kelly, 1979). The lower limiting dates from Sisimiut
suggest a rapid fall in RSL from c. 100 m at 10 ka BP to close to present-day sea level by 6 ka BP.
Further south at Nagtoralinguaq (site 8) new sea-level index points have revealed that RSL dipped c.
4 m below present-day sea level at around 2 ka BP (Long et al., 2009). For southwest Greenland,
modelled RSL fall is too early and too slow, while the magnitude of the signal is under predicted (in

contrast to sites in the central west).
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Fig. 7b. (Continued). Qaqortoq (site 9) includes additional observational constraints, indicated by two
extra horizontal dashed lines. The line at -8.7 m marks a marine basin that shows no evidence of
freshwater incursion and defines a lower bound on RSL change. The line at 39.7 m and traced from
9.5 ka BP to present-day marks the minimum age of deglaciation for a basin and defines an upper
bound on RSL change.
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A map of the HML in south Greenland (Fig. 5 in Weidick et al., 2004) shows a drop from c. 60 m near
the Qassimiut lobe to c. 20 m at the southern tip of Greenland. At Qaqortoq and Nanortalik (sites 9
and 10, Fig. 7b), RSL falls below present-day sea level at c. 10-9 ka BP, earlier than recorded
anywhere else in Greenland. At Qaqortoq the prediction shows some agreement with the index
point data but does not reach the HML. Other evidence from a drowned isolation basin at this site
indicates that RSL fell 6-8 m below present-day sea level (Sparrenbom et al., 2006b) - this is not
captured in the model predictions. RSL at Nanortalik is predicted to be largely negative and the best-
fit prediction is 30-40 m below the HML. The two earliest index points from Nanortalik come from a
lake situated offshore which is c. 15 km from the cluster of other lakes cored and so including these

on the same RSL plot is not strictly appropriate (Sparrenbom et al., 2006a).

Ammassalik (site 11, Fig. 7b) represents the only RSL data from the southeast of Greenland. Two
cored lakes show that ice-free conditions were established here c. 11 ka BP, which is also interpreted
to be the time RSL fell from the HML (c. 70 m) (Long et al., 2008). There is a c. 50 m misfit between
the HML and best-fit predicted sea level at this time. The lowest lying lake is at c.1 m and shows no
marine incursion from 6.7 ka BP to present-day. During this period RSL must have been below the
height of the lake. These results indicate that Huy1 significantly underestimates the magnitude of ice

unloading in this area.

In east Greenland, RSL predictions for Jameson Land (site 12, Fig. 7b) are not consistent with the
earliest lower limiting dates and do not capture the rapid fall suggested by the data. A similar
mismatch exists at Mesters Vig (site 13, Fig. 7b). In addition, at this site, a number of late Holocene
upper limiting dates suggest RSL was close to present-day sea level at c. 6 ka BP and best-fit

predicted sea level at 6 ka BP reaches no lower than 30 m.
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Fig. 7c. (Continued).

Largely, the data from the northeast consist of lower limiting dates so we cannot be sure of their
contemporaneous relationship to RSL. At Hvalrosodden and Hovgaard (sites 14 and 15, Fig. 7b)
predicted RSL fails to reach above the HML and also fails to plot above some of the early lower
limiting dates. The prediction at Blasg (site 16, Fig. 7b) is broadly consistent with the data but does
not produce the expected rate of sea-level fall. The RSL observations are insufficient to show a fall
below present-day sea level but c. 100 km northward of this site, archaeological findings suggest a
minor late transgression may have happened at Kronprins Eijland (site 17, Fig. 7c) (Hjort, 1997). Here
also the prediction does not reach the HML or produce the observed rate of Holocene RSL fall; which
is well constrained by upper and lower limiting dates. The data at this site were collected along a
broad stretch of coastline (across which there may have been differential isostatic response) and so

should be treated with caution.
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In the north of Greenland RSL observations from Jurgen Bronlund Fjord (site 18, Fig. 7c) suggest a
very rapid fall in sea level at c. 8 ka BP. The prediction for Huyl shows a very late switch to RSL fall
when compared to the early data from this site. As a consequence, the best-fit prediction grossly
misfits the upper limiting dates that lie close to present-day sea level and are dated to the mid-

Holocene.

Across Washington Land in the northwest of Greenland, investigations have shown that the HML
declines from c. 100 m in the north to c. 60 m in the southwest (Bennike, 2002). The RSL data are
grouped into Lafayette Bugt (site 19, Fig. 7c) and Humboldt Gletscher and Cass Fjord (site 20, Fig.
7c). The sparse time-height coverage of the data in this region means that past RSL change is not
well defined. At our final site, the best-fit prediction is inconsistent with some of the older minimum

limiting dates (i.e. RSL is too low too early).

We summarise the above discussion with the following conclusions. At seven sites, predicted RSL
does not reach the HML (even considering the spread associated with mantle viscosity sensitivity). In
west, south (at Nanortalik) and southeast Greenland sea level does not reach high enough to fit the
earliest index point data. At the majority of sites the timing of the predicted RSL fall is too early and
rate of the fall too slow when compared with the observations. The exception to this is north
Greenland where predicted sea-level fall is too late. Observations across Greenland indicate RSL was
very close to or even below present-day levels for some part of the Holocene; predicted sea level

either does not produce this result or incorrectly produces the timing and magnitude of this fall.
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Inspection of the results in Fig. 7 indicates that a significant portion of the data-model misfit cannot
be accounted for by varying Earth viscosity parameters within the ranges considered. An important
result of our Earth model sensitivity analysis is that the timing of RSL fall at most localities is
insensitive to changes in viscosity structure and so must be driven by the ice model. We conclude
that the Huyl model is not capable of providing acceptable fits to the RSL observations for a broad
suite of Earth viscosity models. We therefore proceed, in the next section, to address some of these

ice model-related misfits by altering key ice model parameters.

2.3.2. Calibrating the ice model

In the following Sub-Sections (2.3.2.1-2.3.2.3) we outline the changes made to the Huyl model to try
and address the data-model misfits discussed above. It is important to note that each change
introduced to the Huyl model is retained and implemented in all following Sub-Sections. We begin
with the LGM extent of the GrIS and then go on to examine two aspects of the ice model forcing: sea
level and temperature. We justify and constrain each of these forcings using a combination of both
independent evidence and RSL data-model misfits. We demonstrate the sensitivity of the ice model

output as well as the RSL response to plausible parameter variations where appropriate.

2.3.2.1. LGM extent

The maximum extent of the Huyl model is limited by a mask which acts to confine the growth of the
ice sheet across the continental shelf. The mask is based upon sparse evidence of the LGM extent
taken from Funder (1989), Funder et al. (1998) and Solheim et al. (1998). The Huyl mask allows the
LGM ice model to reach (approximately) the mid-shelf in the west, the outer shelf in the south and

southeast and only the fjord mouths and inner shelf in the east and northeast (Fig. 8). More recent

45



studies, however, are elucidating a pattern of LGM extent that is somewhat larger than these

previous findings suggest.

310"
028
0ge

Fig. 8. The three LGM ice mask extents considered in this analysis: the original mask of Huy1 (solid
grey); the shelf break mask (black dashed; which roughly coincides with a 400 m bathymetric depth)
and our chosen (hybrid) mask (solid black). See main text for more information. Modelled present-
day coastline is shaded light grey.

Marine observations from northeast Greenland have produced perhaps the most compelling new
evidence. Geophysical surveys and gravity cores taken from the continental margin in this region
(the area approximately 72-75°N) indicate that LGM ice extended to the mid-shelf (Wilken and
Mienert, 2006) or even to the outer shelf and may have reached the shelf break (O’Cofaigh et al.,
2004). Geophysical data have shown a moraine on the mid-shelf, which may define maximum LGM

ice extent (Evans et al., 2002), or it is a recessional feature and so marks a post-LGM margin position.
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Further north, at Nioghalvfjerdsfjorden, Bennike and Bjoérck (2002) suggest that LGM ice may have
reached the shelf edge. Whilst at Scoresby Sund, where LGM ice is thought to have reached no
further than the fjord mouth (Dowdeswell et al., 1994), recent cosmogenic dates suggest that in east
Greenland LGM ice may have also reached to the outermost shelf (Hdkansson et al., 2007). These
recent findings are in contrast to the coastal position of LGM ice extent defined by the mask of Huyl
for northeast and east Greenland. The continental shelf is wide and shallow in the northeast and so
the changes suggested by these new observations are significant (e.g. compare grey and black
dashed lines in Fig. 8). If the ice margin was positioned on the outer shelf rather than the coast we

would expect a marked difference in LGM ice load over this region.

In southeast Greenland radiocarbon dates from the shelf adjacent to the Kangerlussuaq outlet
glacier (Jennings et al., 2006) imply LGM ice terminated near the shelf break (also see a review of the
evidence by Andrews (2008)). Farther south and close to the Helheim outlet glacier, new cosmogenic
exposure ages (Roberts et al., 2008) and other radiocarbon dates from the shelf similarly indicate
that the ice margin was at or close to the shelf break (Kuijpers et al., 2003). Moreover, a GIA
modelling study constrained by new RSL data from Ammassalik has shown that the LGM position of
the Huyl model is insufficiently extended onto the shelf in southeast Greenland (Long et al., 2008).
Similar modelling studies in south Greenland have found that the LGM ice margin reached the shelf
break (Bennike et al., 2002; Sparrenbom, Ph.D. thesis). Across west and southwest Greenland there
are no new observations to challenge or validate the traditional model of LGM extent as reflected in
the Huyl mask. Two distinct moraine systems have been identified on the inner and outer shelf in
this region (Brett and Zarudzki, 1979). Kelly (1985) uses the height of a nunatak moraine system in
southwest Greenland to infer that the ice margin terminated on the inner shelf. Other moraine
systems from south Disko (Ingolfsson et al., 1990) are interpreted as LGM extent, although it cannot

be ruled out that these mark a readvance or are recessional features (Weidick and Bennike, 2007).

47



The current evidence is insufficient to precisely define the LGM position of the ice margin across
Greenland. Given this uncertainty, it is appropriate to examine the sensitivity of RSL predictions to a
small suite of plausible LGM ice margin configurations to see if some of the misfits discussed above
can be reconciled through this aspect of the ice model. We introduce two alternative masks that
delimit the LGM ice extent. The first allows the ice sheet to expand, if in positive mass balance, to
the shelf break (dashed black line — Fig. 8). The second mask is a hybrid scenario that most closely
reflects the new geomorphological and modelling evidence outlined above (solid black line — Fig. 8).
This allows the ice sheet to expand to the mid-to-outer shelf in the northeast, the shelf edge from
east to south Greenland and follows the original Huyl mask elsewhere. Even though there remains
considerable uncertainty in the LGM extent of the ice sheet, we consider this hybrid scenario as the
most accurate at this time. We note that in each case the ice model grows to completely cover the

area defined by the mask.

We show, in Fig. 9, the modelled ice volume and spatial extent for the past 80 ka BP based on the
three LGM masks introduced above. These results indicate that there are large differences in LGM
volume and spatial extent for the different scenarios considered. For example, the Huyl model
predicts 2.7 m excess ice-equivalent sea level at the LGM, compared to 5.2 m for the maximum

(shelf break) extent model and 4.1 m for our preferred hybrid model.

48



6.0

-1t - 5.0

5
TR
S

|
iy
w
Ice volume (105 m?)

T 1 T 1 T T T 3.0

3.2

lce-sheet area (102 m2)

Time (ka)

Fig. 9. Ice sheet volume and extent changes for the three different LGM extent scenarios shown in
Fig. 7: Shelf break (black dashed), our chosen (hybrid) LGM extent (solid black) and Huyl mask (solid
grey).

The sea-level predictions generated from the three LGM extent scenarios considered are illustrated
for eight representative RSL sites in Fig. 10 (note that the colour and style of the lines shown
correspond to those in Figs. 8 and 9 for a given LGM mask). In general (and unsurprisingly) we find
the largest differences in the RSL response where the distances between the masks are largest. For
northeast Greenland where the shelf is at its widest and the original Huyl mask hugs the coastline,
there is a c. 100 m difference between RSL predictions at 10 ka BP for Hovgaard (site 15, Fig. 10). The
comparison was made at 10 ka BP because this is when the largest discrepancy occurs during the
period that observational constraints exist at this site. Using this same approach in south Greenland,
the RSL response at 15.5 ka BP for Nanortalik (site 10, Fig. 10) varies by c. 20 m. Here the shelf is

narrow c. 30-60 km and so the differences between the masks are relatively small.
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Fig. 10. The influence of LGM extent on the sea-level predictions for our reference Earth model. The
shelf break (black dashed), our chosen mask (solid black) and original Huyl mask (solid grey). Lower
limiting dates are grey triangles. Upper limiting dates are inverted white triangles. Sea-level index
points are represented by both time and height error bars. The HML at each site is indicated by a
horizontal dashed line; if two lines are shown their vertical displacement represents the uncertainty
in this value.
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Changes to the LGM mask do not influence the timing of predicted RSL fall; a similar finding as from
our Earth model sensitivity analysis. Our preferred LGM hybrid mask is most different to the original
Huyl mask in southeast, east and northeast Greenland. Here our preferred hybrid mask generally
predicts higher RSL and a more rapid RSL fall. The revision of the mask improves the data-model fit
for northeast Greenland where lower limiting observations now show fit to predicted RSL for our
reference Earth model. For southeast Greenland predicted sea level now reaches to the HML. But in
both the southeast and east, however, the observations still indicate that RSL fall is mistimed and/or
the rate of RSL fall is too low. For areas where the mask is little changed or its position not revised

the data-model misfits described in Section 2.3.1.3 remain.

2.3.2.2. Sea-level forcing

At present there is no reliable way to simulate the grounding-line (Vieli and Payne, 2005) or the
position of the calving front if there is no ice shelf. The application of simple marine
parameterisations has been shown to successfully reproduce first-order ice margin changes in areas
below sea level (Zweck and Huybrechts, 2003, 2005). The sea-level forcing of Huy1 uses an empirical
formulation that parameterises the maximum grounding depth of the ice sheet (H.) as a function of

eustatic sea-level change (AH):

H, =-0.25x(AH,, +80)% + 2AH ;, for AH, <-80,

H, =2AH, for AH, >-80. (Eqn. 2)

This assumes that water depth is the sole control on the extent of the marine margin and that
beyond the maximum grounding depth all ice is calved. It should be noted that the eustatic sea-level
record (AHy) used in Huyl is derived from the SPECMAP stack of marine oxygen-isotope values
(Imbrie et al., 1984). The empirical relationship, given in Eq. (2), is hybridised to reproduce the

51



advancement of the ice sheet over the continental shelf. During times of low eustatic sea level this
relationship allows the ice sheet to expand onto the continental shelf and reach the maximum
margin extent (as defined by the mask). Conversely, rising eustatic sea level will force the ice margin

landward.

Observational evidence on the timing of ice margin retreat across the continental shelf is generally
limited. In northeast Greenland retreat commenced after c. 18 ka BP and had abandoned the inner
shelf by c. 14.6 ka BP (Evans et al., 2002). The beginning of deglaciation is dated to c. 18.6 ka BP in
east Greenland (Nam et al., 1995). In southeast Greenland dates from the cross-shelf Kangerlussuaq
trough suggest the GrIS remained near to the shelf edge until 17 ka BP (Mienert et al., 1992). Other
dates from the trough indicate the mid-shelf became ice-free c. 16-15 ka BP (Smith and Licht, 2000;
Jennings et al., 2002, 2006). Just south of Ammassalik (site 11) another marine core study shows ice
margin retreat in this area occurred shortly before c. 15 ka BP (Kuijpers et al., 2003). The timing of
marine retreat in other areas of Greenland is less well known; in west Greenland the deglaciation of
the main part of Disko Bugt was dated to a minimum of 10.2 ka BP (Long et al., 2003; Lloyd et al.,

2005) but less is known about the shelf west of Disko Island.

Given the remaining uncertainty in margin retreat across the shelf in many areas, we follow the
procedure adopted in the previous sub-section and construct a small number of plausible but
contrasting retreat scenarios. We make changes to the marine extent parameterisation knowing that
(1) the ice model must be allowed to reach its newly defined maximum extent at LGM and (2) the ice
sheet had essentially retreated from the continental shelf by c. 10 ka BP (Bennike and Bjorck, 2002).

We apply three different parameterisations of Eq. (2) to consider three different shelf retreat
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scenarios. The first is a simple linear relationship between maximum grounding depth and eustatic

sea-level change:
AH,=10.27x(H +52) for AH, <-52,
AH_, =0for AH, >-52. (Eqn. 3)

The second produces an early retreat leaving large parts of the shelf ice-free by 14 ka BP - this

forcing creates a similar pattern of recession as the original sea-level forcing of the Huyl model:

H, =-0.185x (AH,, +80)* +5.14x (AH, +52) for AH <80,
H, =5.14x(AH +52) for —-80<AH_ <-52,

H,=0for AH, >-52. (Eqn. 4)

The third sea-level forcing produces a relatively late (c. 12 ka BP) and very rapid retreat of the ice

margin:

H, =6AH, for AH, <-80,

H, = 0.398x (AH, +80)° + 6AH,, for—80 < AH_, <52,

H, =0for AH, >-52. (Egn. 5)

In each case the marine retreat does not begin until after 16 ka BP. Further, in all experiments we
Prescribe the hybrid mask as detailed in the previous sub-section. The resulting GrIS extent changes

for each scenario are shown in Fig. 11.
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Fig. 11. Ice sheet extent changes for four different sea-level forcing scenarios: original Huyl model
(solid grey), linear retreat from shelf (dotted black), early retreat (dashed black), and late retreat
(solid black). Note that the predictions shown in black include the optimum LGM extent discussed in
Section 2.3.2.1.

On inspection of Fig. 12, it is clear that the changes made to the sea-level forcing exert a strong
control on the predicted timing of the initial RSL fall (note that the colour and style of the lines
shown correspond to those in Fig. 11 for a given sea-level forcing). The difference in this timing is
most pronounced in areas where the continental shelf is flat and wide and/or there is the presence
of cross-shelf troughs. In these areas a small change in the allowed maximum grounding depth of
the ice sheet (H.) can result in a very large migration of the modelled ice margin. In southeast
Greenland at Ammassalik (site 11, Fig.12) the timing of initial predicted RSL fall shows a c. 5 ka
difference depending on the sea-level parameterisation implemented. Ammassalik sits close to the
entrance of the Helheim outlet glacier and its associated cross-shelf trough. The trough is deeper
than the surrounding continental shelf and therefore rapidly calves ice once the ice margin reaches
its edge. Whereas in south Greenland at Nanortalik (site 10, Fig. 12), where the shelf is narrow, the

timing of initial RSL fall shows little sensitivity to changes of the sea-level parameterisation.
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Fig. 12. The influence of different sea-level forcing parameterisations on the sea-level predictions for
our reference Earth model. The linear parameterisation (dotted black), the relatively early marine
retreat (dashed black), relatively late retreat (solid black) and Huyl model (solid grey). Upper limiting
dates are inverted white triangles. Sea-level index points are represented by both time and height
error bars. The HML at each site is indicated by a horizontal dashed line; if two lines are shown their
vertical displacement represents the uncertainty in this value.
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Across west (site 1), southwest (site 7) and arguably southeast Greenland (site 11) the RSL data
favour a relatively late and rapid retreat from the shelf (Fig. 12). The timing of predicted RSL fall from
the HML is in better agreement with the sea-level data from these regions. If LGM ice terminated on
the inner shelf in west Greenland then we suggest retreat initiated c. 12 ka BP. Elsewhere in
Greenland the picture is less clear: with poorer quality limiting dates it is difficult to discriminate
between the different parameterisations as in some cases they all provide an adequate fit (e.g.
Hovgaard, site 15). If the limiting dates do correspond closely to past mean sea level, then RSL data
from the east and northeast could be interpreted as favouring the earlier retreat scenario. Care must
be taken when using RSL observations alone to discriminate between the different forcing scenarios
due to the sensitivity of the predictions to other poorly known input parameters (e.g. Earth viscosity
structure). However, the independent observational evidence discussed above suggests a relatively
early deglaciation down the entire east coast of Greenland. As different retreat scenarios are
favoured in different regions of Greenland then it indicates the pattern of retreat is not well
produced by the model. It is also possible that these differences reflect changes in lateral Earth
structure and rheology (see Sub-Section 2.4.3.3). Further, we note that the sea-level
parameterisation considers the maximum grounding depth to be a function of the eustatic signal
and the expected pattern of sea-level change across Greenland would likely depart significantly from
this. Changes to the sea-level parameterisation will only alter the timing of the marine retreat; the
spatial pattern of retreat from the continental shelf will remain fairly uniform. Given this, we opt for
the relatively late deglaciation scenario as this gives best-fit to the highest quality RSL data from

west, southwest, south and southeast Greenland.

Across southwest, south and southeast Greenland we find that the retreat from the shelf is not
continuous; the ice model undergoes a marine retreat and subsequent readvance from 14 to 12 ka

BP (Fig. 13). This change indicates that, over this period, the migration of the modelled ice margin is
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being driven by mass balance changes rather than sea-level rise (this is also evident from the
departure of the dark blue from the red line in Fig. 15). The initial retreat of the ice margin can be
correlated to Bolling—Allerod (c. 14 ka BP) warming whilst the subsequent readvance marks the
transition to the Younger Dryas (YD, c. 11.5 ka BP) cold period. This suggests that any sign of an YD
readvance of the ice sheet margin would have been recorded on the continental shelf in the
southern sectors of Greenland. Evidence for this can be found in south Greenland where Weidick et
al. (2004) argue that the Neria stade records an ice sheet readvance on the inner shelf that occurred
shortly before 11 ka BP. Weidick et al. (2004) note that past interpretation of the Neria stade is of
LGM age (Kelly, 1985) and that LGM ice extent in west Greenland was similarly interpreted and
therefore the chronology there requires similar revision. Indeed, very recent and preliminary
findings from a cosmogenic study in west Greenland suggest that a moraine 40 km offshore may be

tentatively correlated to the YD (Rinterknecht et al., 2009).
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Fig. 13. Modelled ice margin chronology for the new Huy2 model; pink - 16 ka BP, dark blue - 14 ka
BP, light blue - 12 ka BP, yellow - 10 ka BP, orange - 9 ka BP, red - 6 ka BP, green - 4 ka BP (minimum
extent) and black - present-day. Modelled present-day coastline is shaded dark grey.

2.3.2.3. Temperature forcing

The Huy1l ice model is forced using temperature changes inferred from the GRIP §'0 ice core record
(Dansgaard et al., 1993). The transformation from 60 to a temperature record (AT) (Eq. (6)) is
dependent on a conversion factor (d) and is corrected for elevation changes that occur at the ice

core site (ATg):

AT (t) = d(0"°0(t) +34.83) — AT, (t). (Eqn. 6)
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The conversion factor (d) is equal to the inverse of the climatic isotopic sensitivity (as described in
Cuffey (2000)) and taken as a constant. The transformation does not take into account the influence
of elevation changes on the climatic isotopic sensitivity. Such changes may well be important over
periods of small temperature change (Huybrechts, 2002). This may explain why the temperature

forcing of Huyl shows little evidence of warming over the Holocene period (Fig. 14).
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Fig. 14. The Huyl temperature record (grey) and our revised temperature forcing with imposed
Holocene thermal maximum (black) at the GRIP site. Spatial changes made to the temperature
forcing over the Holocene thermal maximum are outlined in the text. Annotations show the climatic
events of the Bolling-Allerod (BA, c. 14 ka BP), Younger Dryas (YD, c. 11.5 ka BP) and Holocene
Thermal Maximum (HTM, c. 9-5 ka BP).

Temperature profiles obtained from ice borehole studies are able to resolve Holocene surface air
temperature change at the GRIP and Dye3 sites (Dahl Jensen et al., 1998) and they indicate that the
HTM at summit (GRIP) had an amplitude of 2.5 °C (all temperatures are relative to present-day) and
that it was 1.5 times warmer to the southwest (Dye3). Another ice core study from summit
Greenland (GISP2) indicates a smaller amplitude HTM (Cuffey et al., 1995). To the north of
Greenland the amplitude of the HTM is observed to be 2 °C at the Agassiz Ice Cap on Ellesmere

Island in the Canadian Arctic (Koerner and Fisher, 1990). Given the clear and widespread evidence
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for the HTM, we superimpose a parabolic warming to the original temperature forcing of Huyl so
that the above data constraints are broadly reproduced. At GRIP the imposed amplitude of warming
is 2.5 °C and increases linearly with decreasing latitude to reach a value 1.5 times larger at the Dye3
site (the forcing remains fixed south of this). North of GRIP the forcing is decreased linearly with
latitude to the site of the Agassiz Ice Cap where it has a value of 2 °C. We also consider results from
Kaufman et al. (2004) (see their Fig. 9) to constrain the spatial and temporal pattern of the HTM in
Greenland. Much of the evidence described comes again from borehole studies (Dahl Jensen et al.,
1998) that indicate that the HTM peaked during the period 8-5 ka BP at GRIP and between 6 and 3
ka BP at Dye3. Other palaeoenvironmental evidence from lake cores and terrestrial archives
supports the finding that warming is generally thought to have occurred later in south Greenland
(e.g. Kaplan et al., 2002). In northwest Greenland, warming at the Camp Century site is thought to
have occurred between 8 and 4 ka BP (Dansgaard et al., 1971) with similar timing (at least when
considering millennial-scale changes) found in the northeast (Bennike and Weidick, 2001). The
duration of the imposed HTM changes linearly between 8 and 4 ka BP in the north, 8 and 5 ka BP at
summit to 6 and 3 ka BP in the south. Fig. 14 illustrates the temperature record at summit Greenland
(GRIP) as implemented for Huy1 (grey line) and for our revised record that includes an imposed HTM

(black line).

The Huyl model is tuned to fit the adapted (P. Huybrechts, personal communication) observations
of present-day ice sheet elevation and thickness of Bamber et al. (2001). Given our new imposed
HTM warming, the modelled present-day ice sheet elevation and thickness now differs from both
the Huyl model and the present-day observations. As part of the ice model’s melt- and runoff
treatment (Braithwaite, 1995; Janssens and Huybrechts, 2000); degree day factors (DDFs) are used
to calculate the amount of meltwater, eventually leading to runoff after saturation of the snowpack.

The DDFs are applied uniformly and for snow and ice melting are 3 and 8 mm/day/°C (water
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equivalent), respectively. We therefore make gradual changes to the DDFs over the Holocene period
to ensure the present-day ice sheet is produced as closely as possible (Fig.15). The DDFs are reset to
their original values over the last few thousand years so that the model evolves to its present-day
reference state and therefore matches the modelled present-day volume and extent of Huyl1 (which
is tuned to fit the observed ice sheet). We find that a reduction of the DDFs by 30% over the mid-
Holocene gives the best-fit to the present-day observations. This change to the DDFs is within the
typical uncertainty on these model parameters as inferred from direct ablation measurements

(Braithwaite, 1995).
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Fig. 15. Predictions of ice sheet volume and extent for the revised temperature forcing. Changes are
made to the degree day factors to obtain agreement with the observed present-day GrIS. Changes to
the degree day factors are 0% (dark green), -25% (light green), -30% (dark blue - which represents
the best-fit) and -35% (light blue). Note that the predictions shown include the optimum LGM extent
mask and sea-level forcing discussed, respectively, in Sections 2.3.2.1 and 2.3.2.2. The evolution of
the Huyl model is shown as grey. The maximum allowed ice extent as defined by the LGM mask and
sea-level forcing is shown for Huyl (dashed red) and the new ice model (red).
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The influence of the imposed HTM on the sea-level predictions is shown in Fig.16 (compare dotted
and solid black lines). It should be noted that for this experiment we prescribe the relatively late
deglaciation (c. 12 ka BP) and hybrid mask as detailed in the previous sub-sections. In regions where
the ice margin has a larger response to the increased HTM warming we find the RSL curve is lowered
over the mid-late Holocene. RSL data from west, southwest and south Greenland are well
constrained over this time period. As a result of the imposed warming, predicted mid-Holocene RSL
(using our reference Earth model) in west Greenland falls below present-day levels and is in better
agreement with the data. The data-model fit is also improved for both southwest and south
Greenland; bringing the curve lower and nearer the index point data situated below present-day sea
level. We note that RSL predictions are shown relative to present-day sea level, which is why the RSL
curve intercepts the y-axis at zero height. This means that imposing a HTM that changes both
Holocene and present-day predicted sea level will also impact predictions at earlier times (note

differences in the dotted and solid black lines prior to 9 ka BP).
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Fig. 16. RSL predictions at selected sites based on our standard Earth model and three different ice
models: one that includes a HTM (solid black; see main text for details), one that does not (dotted
black) and the original Huyl model (solid grey). Note that the predictions indicated by the solid black
and dashed black lines include the optimum LGM extent mask and sea-level forcing discussed,
respectively, in Sub-Sections 2.3.2.1 and 2.3.2.2. Upper limiting dates are inverted white triangles.
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Sea-level index points are represented by both time and height error bars. The HML at each site is
indicated by a horizontal dashed line; if two lines are shown their vertical displacement represents
the uncertainty in this value.

2.3.3. Sea-level predictions based on the Huy2 model

In this section, we adopt the new ice model resulting from the revisions described in Section 2.3.2

(hereafter referred to as Huy2) and compare the RSL data to predictions at all of the data sites.

2.3.3.1. Determining an optimal viscosity model

We computed model predictions for the Huy2 model using the suite of Earth viscosity models
described in Sub-Section 2.3.1.1. Comparing these predictions to the data gives the x* values shown
in Fig. 17. Comparison of these results to those of Huyl (shown in Fig. 6), demonstrates that the
Huy2 model gives an improved data-model fit. Additionally, it indicates that the class of viscosity
models providing good fits with the Huy2 ice model is distinct from those identified for the Huyl
model. For example, Earth models with a 71 km thick lithosphere no longer produce the best-fits;
the minimum ¥’ values are obtained by models with a 96 or 120 km thick lithosphere. For the 96 km
lithosphere model there is a large zone that indicates fit to the data. This is an unsurprising result
given that we have been largely focussing on and trying to reduce misfits between RSL observations
and sea-level predictions generated using our reference Earth model. The 120 km lithosphere panel
shows that the observations favour small values for the lower mantle viscosity and are generally
insensitive to upper mantle viscosities. For Huy2 the best-fit model is a 120 km lithosphere with an
upper mantle viscosity of 5 x 10%° Pa s and a lower mantle viscosity of 10°! Pa s. We note that a
model with a 96 km lithosphere, upper mantle viscosity of 5 x 10”° Pa s and a lower mantle viscosity
5 x 10°! Pa s (close to our reference model) gives almost the same fit so we cannot discriminate

between these two Earth models.
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Fig. 17. The Chi-squared results for the Huy2 ice model. The scale bar for the Chi-squared results is
shown how in the left-hand frame. The 95% confidence level is marked by the white dashed line.

2.3.3.2. Comparison of Huy2 model to RSL observations

In Fig. 18 we compare predictions for the Huy2 model to data at all sites considered in this analysis.
We show the envelope of predictions for the suite of Earth models discussed above (indicated by
dashed black lines) and isolate the prediction based on the best-fit 120 km lithosphere model
established in the previous subsection (solid black line). For comparison, we also show the
equivalent predictions for the Huyl model (as shown in Fig. 7). A visual inspection of the envelope
generated using the Huy2 model shows that across Greenland the data-model misfit has been
reduced and, in general, sea-level data lie inside and give fit to the envelope. In the following, we
address regional data-model fits of the Huy2 model, with focus on the best-fit result and
implications for regional ice histories. Given that constraining a GIA model with RSL data is a non-
unique inversion problem, we discuss crucial parameter trade-offs and further examine the
independent observational evidence that can help reduce this inherent ambiguity. Further, we
compare our results with other modelling work (here on a regional scale and with overall results in

Section 2.4).
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Figure. 18a. RSL predictions for the Huy1 (light grey shaded area) and Huy2 (area enclosed by black
dashed lines) ice models based on a suite of 108 Earth viscosity profiles. The solid dark grey line
denotes the RSL prediction for the best-fit Earth model of Huyl; characterised by a 71 km thick
lithosphere, upper mantle viscosity of 5 x 10%° Pa s and lower mantle viscosity of 5 x 10** Pa s (see
Sub-Section 2.3.1.2). The solid black line denotes the RSL prediction for the best-fit Earth model of

66



Huy2; characterised by a 120 km thick lithosphere, upper mantle viscosity of 5 x 10% Pa s and lower
mantle viscosity of 10** Pa s (see Sub-Section 2.3.3.1). Lower limiting dates are grey triangles. Upper
limiting dates are inverted white triangles. Sea-level index points are represented by both time and
height error bars.

Across west Greenland (sites 1-6, Fig. 18a), we find that the Huy2 best-fit prediction gives excellent
fit to the majority of index point data; although, as discussed above, the ¥’ results are biased toward
this part of the dataset and so this is not a surprising result. The central west coast of Greenland is
the location of the Jakobshavn Isbrae ice stream that drains c. 7% of the GrlIS (Bindschadler, 1984)
into Disko Bugt. It is well accepted that Disko Bugt was covered by ice at the LGM (Kelly, 1985;
Funder, 1989; Funder and Hansen, 1996; Weidick and Bennike, 2007) and likely housed a
predecessor of the Isbrae. There are also suggestions of a late ice shelf west of Disko prior to the last
deglaciation (Bennike et al., 1994). Our modelling results imply that if the LGM ice margin did
terminate on the inner shelf then the onset of deglaciation appears to be relatively late, starting c.
12 ka BP, followed by a very rapid retreat leaving the embayment ice-free by c. 10 ka BP (Fig. 13). In
a previous interpretation of the sea-level data, Long and Roberts (2003) hypothesised that the Isbrae
was able to survive the high rates of eustatic sea-level rise and remain on the shelf west of Disko
Bugt because of its high rate of ice discharge and the shallow water depths. The subsequent rapid
retreat may well be a consequence of the large bedrock trough that runs out of the entrance of
Disko Bugt. Models of tidewater glaciers, supported by observations, have shown that changes in
the bedrock topography are the dominant control on such episodes of rapid retreat (e.g. Vieli et al.,

2001; Schoof, 2007).

The Sisimiut data (site 7, Fig. 18a) capture the broad sea-level changes over the early Holocene in
southwest Greenland. The best-fit prediction does not reproduce these RSL changes well; the

predicted sea-level fall is too gradual and the early-Holocene predicted RSL values are generally too
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low. However, the upper bound of the predicted envelope indicates that the majority of lower
limiting data could be fitted. Nearby at Nagtoralinguaq (site 8, Fig. 18a) the best-fit prediction does
not produce the expected late Holocene fall below present-day sea level. The ice margin is known to
respond to even moderate warming due to the low accumulation and low altitudes that characterise
this region (Letréguilly et al., 1991). Presently the southwest contains the largest area of ice-free
land in Greenland across which observational evidence of the Holocene retreat is well recognised.
Previous ice modelling studies compared with dated recessional moraine systems show there was a
fairly continuous Holocene retreat (Van Tatenhove et al., 1995) and the ice margin was behind the
present-day margin after c. 6 ka BP (Van Tatenhove et al., 1996). This is in reasonable agreement
with ice history of the Huyl and Huy2 models; Huy2 retreats behind the present-day margin in
southwest Greenland between 7 and 6 ka BP (Fig. 13 shows the 6 ka BP ice margin). The GrB
Greenland model of Tarasov and Peltier (2002) shows a good fit to the Inner and Outer Sgndre
Strgmfjord RSL data (Ten Brink and Weidick, 1974) from southwest Greenland but differs from Huy1
and Huy2 in its Holocene evolution; at 10 ka BP the modelled ice margin is at the coastline and by 8
ka BP has retreated well inland of its present-day position to reach its minimum state. After this
time, GrB undergoes a readvance in southwest Greenland; comparison of predictions from the ICE-
5G model to recent geodetic measurements suggests that this readvance is too large or mistimed

(Khan et al., 2008).

68



- 80

10. Nan - 0

= 20

200

|

160

120

80

LA L B B L B

T

40

T T

I
=

P I BRI AR AT

T

-40 T T T T

m)

RSL (

240
200
160
160

120 120

80 80

40
40

P TR R B B AR
L L L B
P NI I AT ANSTIT APNArS AArArS
LB L B L B e L

-40

240

240
200
200
160
160
120
120
80
80
40
40

ot b b b b 1y
L L L B B L L
ol lea g b by b by 1y
L L L e L

1
@
|
-
n
|
@
|
&

0 -16 -12 -8 -4
Time (ka)

Fig. 18b. (Continued). The dotted black line shown for sites 11-17 indicates the Huy2 best-fit Earth
model for regions across east Greenland; characterised by a 120 km thick lithosphere, upper mantle
viscosity of 3 x 10 Pa s and lower mantle viscosity of 5 x 10% Pa s (see Sub-Section 2.4.2.3).
Qaqortoq (site 9) includes additional observational constraints, indicated by two extra horizontal
dashed lines. The line at -8.7 m marks a marine basin that shows no evidence of freshwater incursion
and defines a lower bound on RSL change. The line at 39.7 m and traced from 9.5 ka BP to present-
day marks the minimum age of deglaciation for a basin and defines an upper bound on RSL change.
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In south Greenland the Huy2 best-fit model shows little improvement on the Huyl results. For
Nanortalik (site 10, Fig. 18b), the Huy2 envelope does not encompass the earliest two index points;
although, as mentioned previously, these data are from an area some distance from the other lakes
cored and so should perhaps be plotted on a separate graph (across the Nanortalik lake locations
there is a c. 7 m spread in predicted RSL at 14 ka BP). Similar to the GREEN1 Greenland model of
Fleming and Lambeck (2004), sea-level predictions for Huy2 suggest insufficient LGM ice load for
southern Greenland. Huy2 has LGM (21 ka BP) ice thicknesses of c. 1100 m at Qaqortoq (site 9, Fig.
18b) and c. 900 m at Nanortalik (site 10). A synthesis of the available data by Weidick et al. (2004)
suggests that the ice margin in south Greenland was behind its present-day position from c. 9 ka BP.
The retreat of Huy2 is not continuous but roughly commences after 16 ka BP and, with good
agreement to the observations, reaches the present-day modelled margin at c. 9 ka BP. Another GIA
modelling study, in which the best-fit prediction shows good agreement with the RSL data, indicates
the ice sheet started an earlier retreat from its LGM position at 22 ka BP and was inland of the

present-day coast by 12 ka BP (Sparrenbom, Ph.D. thesis).

The preliminary findings of Long et al. (2008) indicate that the LGM ice load in southeast Greenland
as represented in the Huyl and GrB models is insufficient. The analyses here show that if we allow
the GrlS to extend to the shelf edge with retreat off the shelf occurring c. 12 ka BP, the best-fit
prediction for Ammassalik (site 11, Fig. 18b) reaches the HML, but does not give fit to the index point
data. However, the rate of sea-level fall is reasonably well reproduced by Huy2 and the lower bound

of the envelope indicates a fit to the observations may be achieved.

In a similar manner, the lower bound of the predicted RSL envelope tracks the data quite well for
both Jameson Land (site 12, Fig. 18b) and Mesters Vig (site 13, Fig. 18b) in the east. Huy2 shows the
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fiord ice-free with ice having retreated to the present-day ice margin by 9 ka BP. A date of

deglaciation c. 8-7.5 ka BP (Funder, 1987) close to the ice margin suggests a slightly later retreat.

In northeast Greenland, results from Kronprins Eijland (site 17, Fig. 18c), where upper limiting dates
can further constrain the predictions, indicate a similar pattern of data-model misfit as seen from
southeast and east Greenland. This suggests there may be a common reason why a fit cannot be
achieved to RSL observations across the entire east coastline. Huy2 shows a retreat behind the
present-day ice margin close to Hvalrosodden (site 14, Fig. 18b) and the lower bound of the

envelope indicates that predictions could produce a fall below present-day sea-level.

In north Greenland the best-fit prediction of Huy2 does not fit the data at Jorgen Bronlund (site 18,
Fig. 18c). Given that the timing of initial predicted sea-level fall is largely insensitive to Earth
structure the trend of observations at Jorgen Bronlund suggests the data-model misfit cannot be

resolved using the Huy?2 ice history.

Washington Land is close to the Nares Strait which separates Greenland from the neighbouring
Ellesmere Island ice sheet. It is well established that these two ice sheets were coalesced at LGM
(England, 1999); the final deglaciation of the strait is dated to c. 10 ka BP (Zreda et al., 1999). This is
fairly consistent with the timing of ice retreat in Huy2. A synthesis of dates indicates that
deglaciation started at the entrances of the strait with the central parts becoming ice-free later
(England, 1999). The ice margin of Huy2 is made to terminate at the axis of the straits, it does not
coalesce with Innuitian ice and we do not see the pattern of retreat inferred from the HML data. The

Huy2 best-fit model shows a relatively good fit to lower limiting data that define a sea-level fall,
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although the temporal coverage of these data is poor. The Huy2 model does not show a fall below
present-day sea level for northwest Greenland. The nearby Humboldt Gletscher outlet glacier is

thought to have readvanced (Bennike, 2002) so we might expect a late transgression.
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Fig. 18c. (Continued).

When compared to RSL predictions based on Huyl, those generated from theHuy2 best-fit model
generally show an improved data-model fit. The Huy2 model improves the fit to the earliest RSL data
and in the majority of cases ascertains the HML (except in southwest and south Greenland). For
Huy2, the timing of predicted initial RSL fall is later and therefore more rapid than Huyl and shows
better agreement with the data. In west Greenland where RSL observations record a fall below

present-day sea level, the Huy2 prediction is able to reproduce this result well.
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2.4. Discussion

The Huy2 model was calibrated using RSL data and observations of ice extent. In performing this
calibration, we targeted ice model parameters that: (i) were effective in addressing large data-model
misfits and (ii) required revision from the previous Huyl model based on recent observational
constraints (LGM margin position, Holocene temperature forcing). Clearly, there are many other
parameters that can be varied in our adopted ice model and so the solution (Huy2) is non-unique.
However, a more complete sensitivity test goes beyond our aims in this study and so we refer the
reader to past analyses of the GrlS for more detail in this regard (e.g. Calov and Hutter, 1996; Greve,
1997; Huybrechts, 1994, 1996, 2002; Ritz et al., 1997; Van de Wal, 1999). In addition, we note Zweck
and Huybrechts (2005) performed a comprehensive sensitivity study of northern hemisphere ice
sheet evolution in which 11 important parameters were varied. They found that climate parameters
are the most important control on ice sheet evolution and extent, suggesting it is uncertainties in the
climate forcing, rather than in the ice-dynamic model, that will introduce the largest errors. Changes
to the parameters affecting ice flow have the largest influence on ice thickness and the profile of the
ice sheet (see also Ritz et al., 1997). Parameter variations in the treatment of isostasy, marine calving
and basal processes impacted ice evolution to a lesser degree. Making changes to some of these
parameters, therefore, could lead to an alternative solution that provides an improved fit to the

data.

It is also plausible that some of the data-model misfits are due to limitations in our adopted ice and
Earth models. With regard to the Earth model, the assumption of a laterally homogeneous Earth is
likely one of the more significant (see Sub-Section 2.4.2.3). As outlined in the description of the ice
model (see Sub-Sections 2.2.2 and 2.3.2), physical processes such as calving and ice stream dynamics
are either poorly represented or absent, partly because some of these processes are not fully

understood. The Huybrechts (2002) model is built upon the shallow ice approximation, as are the
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majority of current ice sheet models. Numerous studies have applied this approximation to
successfully simulate the long-term behaviour of continental ice sheets like the GrIS (e.g. Greve,
1997; Huybrechts, 1996, 2002; Letréguilly et al., 1991; Ritz et al., 1997; Van de Wal, 1999). Although
this approach can satisfactorily simulate large-scale dynamics, the approximation is inaccurate at the
ice margin (Baral et al.,, 2001) and so could significantly impact our RSL predictions as these are
sensitive to relatively small changes in margin position (see also Sub-Section 2.4.2.2). This issue is
therefore an important target for future research. We note that there are a few three-dimensional
ice sheet models which include higher-order stress gradients (e.g. Pattyn, 2003; Saito et al., 2003)
but these are computationally intensive and so cannot be used effectively in the type of analysis

presented here (which requires the generation of multiple simulations over 100 ka time intervals).

2.4.1. GrlS ice history and palaeoclimate: Huy2 model

2.4.1.1. Large-scale changes since the LGM

Broadly speaking the Huy2 model indicates a larger LGM extent and volume, a more rapid retreat
from the continental shelf and larger retreat in response to the HTM when compared to the Huyl
model (Fig. 15). Ice thickness evolution for the times 18, 10 and 4 ka BP illustrates the major changes
of the Huy2 model (Fig. 19). Accompanying plots of RSL evolution show that the 10 ka BP time-slice
gives a close match to maps of the HML (Funder and Hansen, 1996; Weidick and Bennike, 2007).
Huy2 has an LGM (21 ka BP) volume of 4.1 m (Huy1 has 2.7 m) excess ice-equivalent sea level; larger
than the estimates of between 2 and 3 m from Clark and Mix (2002). Huybrechts (2002) finds, by
altering crucial ice model parameters, LGM ice-equivalent sea level for Huy1 varied between 1.9 and
3.5 m (that is £30% of his best estimate of 2.7 m).We would expect a similar £30% variation in LGM
ice-equivalent sea level for Huy2 if these sensitivity experiments were performed again. As with

Huy1, the Huy2 model reaches its maximum volume at 16.5 ka BP, when it contains 4.6 m excess ice-
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equivalent sea level (Huyl has 3.1 m). The volume is predicted to be a maximum at this time as
increased accumulation rates in Greenland (Cuffey and Clow, 1997) still outweigh the larger ablation
from increased temperatures. The sea-level forcing of Huy2 means the marine retreat does not
begin in earnest until after 12 ka BP; changes to the ice sheet before this time are therefore driven,
mainly, by temperature and accumulation changes. For comparison, the GrB model maintains its full
glacial extent until 12 ka BP and reaches its maximum volume just prior to the Holocene, while
GREEN1 favours a deglaciation starting at 14 *C (c. 16.3 ka BP). The subsequent marine retreat of
Huy?2 is very rapid and largely a consequence of the sea-level forcing. However, there is a difference
between the maximum extent allowed by the marine parameterisation and the output from the
model (Fig. 15), indicating that some aspects of the retreat were caused by increased temperatures.
Warming that took place after the YD was abrupt and temperatures may have increased by 10 + 4 °C

in central Greenland (Grachev and Severinghaus, 2005).
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Fig. 19. Top frames show spatial plots of RSL (metres) generated from Huy2 with our reference Earth
model for the times (a) 18, (b) 10 and (c) 4 ka BP. Actual coastline is outlined by the grey line.
Bottom frames show Huy2 ice thickness evolution (in metres) for the times (d) 18, (e) 10 and (f) 4 ka
BP. Modelled present-day coastline is outlined by the green line.
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2.4.1.2. The retreat behind present-day ice margin and neoglacial regrowth

For Huy2, the timing of retreat behind the present-day modelled margin is between 8 and 6 ka BP in
west and southwest Greenland and around 9 ka BP in the south (Fig. 13). This is in good agreement
with both the regional observations described above and a synthesis of deglaciation dates taken
from close to the present-day ice margin (Bennike, 2008). Huy2 reaches a minimum state at 4-5 ka
BP with a retreat of up to 80 km in the southwest, 20 km in the south and 80 km near Hvalrosodden
(site 14) in the northeast of Greenland. We note that the horizontal resolution of the model (20 km)
limits the accuracy and reliability of margin prediction over these relatively short distances. The
response to the HTM corresponds to a deficit volume of 0.17 m ice-equivalent sea level (relative to
present-day); illustrating that changes in the ice margin position, of the order of 10s km, correspond
to small changes in eustatic sea-level. In comparison, Huyl predicts a minimum state at 3 ka BP with
a 50 km retreat in southwest Greenland but with very little change in ice volume. Some
observational evidence at the ice front has enabled the reconstruction of past glacial transport
routes that suggest the ice margin in west Greenland was 15-20 km inland of its current position
(Weidick et al., 1990). Previous ice modelling studies that compared model output with dated
recessional moraine systems (Van Tatenhove et al.,1995,1996) place the retreat up to 50 km behind
the present-day modelled margin in southwest Greenland. Fleming and Lambeck (2004) introduce a
neoglacial component to GREEN1 which suggests a retreat of c. 40 km behind the observed present-
day margin in west Greenland. Tarasov and Peltier (2002) show ice volume and margin changes for
GrB that indicate the ice model reached a minimum state around 8 ka BP (the magnitude of margin
retreat was not specified). These latter two studies concluded that a neoglacial regrowth of the GrIS
is required to fit RSL data from west Greenland. We note that Sparrenbom (Ph.D. thesis) reached the

same conclusion for the south of Greenland.

77



2.4.2. Data-model misfits

The results shown in Fig. 18 show that the Huy2 ice model cannot account for all data-model misfits
evident from Huyl in Fig. 7 (for a wide range of plausible 1-D viscosity models). Here we briefly
consider the influence of non-Greenland ice load, the mismatch between present-day observed and

modelled ice surface elevation and lateral changes in Earth structure.

2.4.2.1. Role of non-Greenland ice load

The total global ice load, as outlined previously, is the amalgamation of Greenland ice (Huyl or
Huy2) and non-Greenland ice (ICE-5G). Given the close proximity of some ice sheets to Greenland,
most prominently the Laurentide ice sheet, it is not surprising that they have an effect on the sea-
level history of Greenland (this issue is the focus of Chapter 4). Fleming and Lambeck (2004)
demonstrated that together the North American and European ice sheets made a contribution to
sea-level change around Greenland on the order of 10s of metres. It should be noted that in the ICE-
5G reconstruction, North American ice load has an LGM volume of 74 m ice-equivalent sea level and
is characterised by a multidomal structure (see Peltier (2002) for the model description). The
influence of the ICE-5G loading history, minus the Greenland component, on RSL predictions is
shown in Fig. 18. For Arveprinsen (site 1), Nanortalik (site 10) and Mesters Vig (site 13), we find that
non-Greenland ice mass loss and the associated direct effect dominate the predictions at early times
and this results in RSL fall. After 8 ka BP, North American ice has largely melted and so the dominant
effect is vertical land motion associated with subsidence of the peripheral bulge leading to a net RSL
rise. This pattern of RSL change is broadly similar to the results of Fleming and Lambeck (2004);
although we note that there are significant differences in northwest Greenland. At Humboldt

Gletscher (site 20, Fig. 20), for example, we find predictions show a continuous fall from c. 150 m at
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20 ka BP. Lafayette Bugt is in such close proximity to Ellesmere ice that the solid surface undergoes

postglacial rebound rather than forebulge collapse.
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Fig. 20. The influence of Greenland ice load (Huy2; solid black), non-Greenland ice load (ICE-5G; grey
line) and their sum (black dotted) on sea-level predictions at four sites around Greenland for our
reference Earth model. The black dashed line represents eustatic sea level for the total (Greenland
plus non-Greenland) ice model.

Over the Holocene period we find that RSL change driven by non-Greenland ice load changes can
sometimes be equal and opposite to that driven by Greenland ice load changes. This effect is
particularly marked for sites in the west and south. At Nanortalik (site 10, Fig. 20), for example, at 8
ka BP the predictions for non-Greenland and Greenland ice load are -30 and 30 m, respectively. Two
spatial plots show the influence of vertical land motion on RSL from Greenland and non-Greenland

ice at 10 ka BP (Fig. 21).
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Fig. 21. Spatial plots of RSL predictions (in metres) generated using our reference Earth model and
showing the vertical land motion component at 10 ka BP; for (a) non-Greenland ice (ICE-5G) and (b)
Greenland ice (Huy2).

2.4.2.2. Comparison to present-day ice sheet

Huy2 gives a root mean square fit to the observed surface elevation and ice thickness of 292.1 and
239.3 m, respectively (the Huyl model gives very similar values of 293 and 238.7 m). Observations of
present-day ice sheet elevation and thickness have been adapted (P. Huybrechts, personal
communication) from Bamber et al. (2001). The difference between observed and modelled (Huy2)
ice surface elevation (Fig. 22) is small over the central parts of the ice sheet and large at the ice
margin. The model clearly over-predicts present-day ice elevation (and thickness although not
shown) along the margin. This misfit appears largely due to differences between the location of the
modelled and observed ice margin. The gradient at the margin is steep and a misfit between

observed and modelled ice margin location will result in large differences between the
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corresponding observed and modelled ice elevation. This will have repercussions for the predicted
RSL histories since they are very sensitive to changes in the ice margin position. The misfits between
observations and model are a combination of the simplifications made in the climatic forcing, the
physics of ice flow (see start of Section 2.4), and shortcomings in the observational data used as
input. It is difficult to ascertain exactly which factors are dominant and therefore explain certain
features in Fig. 22a. Another likely reason for the misfit is the ice model grid spacing, which is too
large to resolve or account for small-scale processes at the margin. The 20 km ice model
discretisation, which is standard in many glacial cycle simulations, is now regarded as too coarse.
Moreover, conventional numerical schemes are known to introduce systematic errors at the ice

margin (Huybrechts et al., 1996; Van den Berg et al., 2006).
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Fig. 22. (a) Observed minus modelled (Huy2) ice surface elevation (metres). Modelled present-day
coastline is outlined in dark grey. (b) Huy2 modelled present-day ice thickness (metres). Modelled
present-day coastline is outlined in green.

2.4.2.3. Lateral changes in Earth structure

The Earth models used in this and the majority of GIA studies are 1-D only and so do not account for
lateral variations in Earth structure. This model limitation may offer another explanation as to why
data-model misfits cannot be reconciled. The geology of Greenland is largely Precambrian in age
with flood basalts present on the central west and east coastline that define the past track of the
Iceland plume beneath the continent (Henriksen et al., 2000; Storey et al., 2004). The trace of the
plume track may indicate why there is a general trend of decreasing seismological lithospheric

thickness as you move from west to east (Kumar et al., 2005). Farther east in Iceland, rapid rates of
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postglacial rebound indicate a very thin mechanical thickness (Sigmundsson, 1991). Darbyshire et al.
(2004) find a similar pattern of decreasing seismological lithospheric thickness; they also find that
the lithosphere exhibits higher shear wave velocities than the seismic model PREM (on which our

Earth model is based) (Dziewonski and Anderson, 1981).

In order to make a preliminary assessment of the magnitude of lateral structure required to address
some of the remaining data-model misfits, we divide the RSL data between west Greenland (sites 1-
8) and regions across east Greenland (sites 11-17). Data outside these regions are omitted. For these
separate datasets the x° test is repeated and, in this case, the observational error of the limiting
dates is taken into account. For the case of a 120 km thick lithosphere, the east Greenland data very
clearly favour a reduced upper mantle viscosity when compared to west Greenland (Fig. 23). A plot
of the east Greenland best-fit model (Fig. 18, dotted black line) illustrates the excellent fit that can
be achieved when fitting these data independently. This result certainly suggests that lateral
variation in Earth properties can accommodate at least some of the data-model misfit shown in Fig.

18.
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Fig. 23. The Chi-squared test based on the Huy2 ice model and assuming a 120 km thick lithosphere.
The two frames are based on data from either west (top) or east (bottom) Greenland. A scale bar for
the Chi-squared results is shown how in each frame (note the difference in magnitude between
frames. The 95% confidence level is marked by the white dashed line.

2.5. Conclusions

1. The new Huy?2 ice history for Greenland shows good agreement to the sea-level data and is also

well constrained by independent observations of ice extent.

2. The Huy2 model contains 4.1 m excess ice-equivalent sea level at the LGM (21 ka BP); this is larger

than previously found, mainly because the ice sheet now grounds further out on the continental
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shelf in the east. The ice sheet did not reach its maximum volume of 4.6 m excess ice-equivalent sea

level until 16.5 ka BP.

3. Our results suggest that the ice margin retreat from the continental shelf may not have been
continuous and a readvance may have occurred over the Younger Dryas period. Final retreat from
the continental shelf began late (c. 12 ka BP) and retreat was rapid such that the GrIS was inland of

the present-day coastline by 10 ka BP.

4. The reaction of the ice sheet to the Holocene Thermal Maximum may have produced a margin
retreat of up to 80 km across the southwest sector of the ice sheet. This corresponds to a deficit
volume of 0.17 m ice-equivalent sea level. This relatively large response of the GrIS to the imposed
HTM improves the RSL data-model fit but we cannot be sure that it is a robust constraint given

uncertainties in other model parameters.

5. The role of non-Greenland ice is significant. Especially over the last 8 ka BP across the southwest

sector where Greenland and non-Greenland contributions to RSL are equal and opposite.

6. The fit of Huy2 (and Huyl) to present-day observations indicates that the model does not
accurately reproduce the present ice terminus position and over-predicts ice load at the margin. This

will likely have a significant impact on the RSL predictions.
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7. A significant improvement to the RSL data-model fit was obtained when modelling data from the
east and west independently. This suggests an east-west change in Earth structure. On the other
hand, it is also plausible that these differences reflect inaccuracies in the modelled pattern of ice

margin retreat (see Sub-Section 2.3.2.2).
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Chapter 3:

Present-day vertical land motion in Greenland.

3.1. Introduction

The ongoing response of the Earth, in regions of past and present glaciation, records a unique
pattern of surface load change. The development of space-geodetic techniques over the last two
decades has enabled us to image this pattern of deformation to a high degree of precision. GPS
measurements are able to determine the rate of present-day Earth deformation to within a mm/yr.
In North America and Eurasia, GPS observations show that the Earth is deforming in response to
past ice mass loss that occurred from the LGM up until the eventual diminishment of these ice
sheets in the early Holocene (e.g. Milne et al., 2001, Sella et al., 2007). In these areas, the present-
day velocity field is governed, largely, by the deglaciation history and the Earth’s viscosity structure.
Generally speaking, the highest rates of uplift correspond to areas of thickest ice at the LGM. Whilst
present-day deformation in these regions is dominated by the continuing viscous relaxation of the
Earth’s mantle in response to past ice mass changes, in areas currently glaciated, like Greenland, the
rate of present-day deformation is complicated by the additional signal associated with the Earth’s
elastic response to contemporary ice mass changes. Recent GPS observations, for example, have
revealed very high rates of elastic uplift caused by current ice mass loss from outlet glaciers in the
southeast of Greenland (Khan et al., 2007). The present-day deformation field in Greenland,
therefore, is the sum of the viscous signal associated with past ice changes and the instantaneous

elastic signal due to mass changes during the monitoring period. As this pattern of Earth response is
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complex and given the small number and limited coverage of GPS observations (see Section 3.2),

Greenland GIA models have yet to be calibrated to GPS data.

The ongoing Greenland GPS Network project (GNET) aims to establish around 50 new continuous
GPS stations around the periphery of the ice sheet (see www.polenet.org). The number and
coverage of GPS observations, therefore, is set to dramatically increase in the coming vyears,
resulting in a far more extensive dataset. The accurate interpretation of this data set requires the
elastic and viscous components of the motion to be isolated. Khan et al. (2008) demonstrated one
method for achieving this goal: Altimetry and interferometry satellite data (e.g. Rignot and
Kanagaratnam, 2006; Stearns and Hamilton, 2007) can be used to estimate contemporary ice mass
change and therefore the corresponding elastic term. If the elastic term is then removed from the
observed rate of uplift, we can assume that the remaining signal is the viscous component, which
can then be compared to GIA model predictions to place constraints on both past ice mass changes
and Earth viscosity structure. An alternative approach to that adopted by Khan et al. (2008) involves
the reverse procedure; the use of a well-calibrated GIA model to predict and remove the viscous
component of the signal so that the residual can be employed to infer contemporary ice mass
changes. Regardless of the approach taken, GIA models have a central role to play in arriving at a

robust understanding of contemporary land motion in Greenland observed using GPS.

The primary aim of this Chapter (Section 3.3) is to use the Huy2 model to predict contributions to
the present-day vertical land motion in Greenland associated with different aspects of the loading
history (in both time and space). Deconstructing the signal in this manner will be useful when using
the model in the above-described applications. The predictions generated using the Huy2 model are
also compared to some published GPS data. Recent work has shown predicted present-day uplift

88



rates are potentially very sensitive to ice mass changes over the last two millennia (lvins and James,
2005). As a secondary aim of this Chapter (Section 3.4), we explore this issue for Greenland but focus
on the shorter timescale of a few centuries. RSL data used to calibrate Greenland GIA models (e.g.
Long et al., 1999), are largely dated to the Holocene period and are unable to resolve changes over
century-scales (or less). Thus, for models such as Huy2, there is little constraint on changes over the
past millennia, particularly over century timescales. Recent analyses have considered changes of the
GrlS over the last hundred years or so (e.g. Hanna et al., 2002, 2005; Huybrechts et al., 2004; Box et
al., 2006; Rignot et al., 2008; Wake et al., 2009). Therefore, improved models of recent ice sheet
behaviour are available to consider what role ice mass changes over the past few centuries play in
determining the present-day Earth response. Of these new models, we use the surface mass balance
(SMB) reconstruction of Wake et al. (2009), which covers the period 1866-2005. We show predicted
present-day uplift rates generated using the Wake et al. (2009) model and compare these results to
predictions of the Huy2 model for the last 100 years of loading change. In the final part of Section
3.4 we amalgamate the loading history of the Huy2 model with the reconstruction of Wake et al.

(2009) and compare the resulting predictions to the GPS data.

3.2. GPS observations

There are only a small number of GPS stations in Greenland that have been operational for more
than a few years and therefore yielded useful results (e.g. Wahr et al., 2001a; 2001b; Dietrich et al.,
2005; Khan et al., 2007; 2008). Figure 24 shows the locations of the GPS stations considered in these
past studies. Initial work was conducted by Wahr et al. (2001a); they analysed data from Kellyville
and Kulusuk and determined uplift rates of -5.8 + 1 mm/yr and -2.1 * 1.5 mm/yr, respectively. The
high rate of subsidence observed at Kellyville was attributed to a neoglacial regrowth of the
southwest margin of the GrIS over the last 3-4 ka BP. A following study included GPS data from

Thule, in northwest Greenland, which determined an uplift rate of -0.7 + 0.9 mm/yr (Wahr et al.,
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2001b). Dietrich et al. (2005) showed results from a GPS network of 10 sites, spread across the ice-
free coast of southwest Greenland. Campaign-style (repeated) observations were made at these
sites; the locations of which are shown by the circles in Figure 24. Data from the central site
(Kangerlussuaq) - situated close by to Kellyville (see Fig. 1) - produced an absolute uplift rate of -3.1 +
1.1 mm/yr. They also computed relative rates of uplift and established that the southwest region has
an east-west gradient of present-day vertical Earth motion. Areas close to ice margin are subsiding
but this changes to uplift as one moves west and towards the outer coast (see Fig. 8, Dietrich et al.,
2005). This pattern of response was also ascribed to a readvance of the GrlS in southwest Greenland
over the last 3-4 ka BP. The advantage of examining relative rates of uplift across a regional network
is that issues surrounding the stability of the reference frame are minimised. The error term is
estimated to be 1 mm/yr for all the relative rates presented by Dietrich et al. (2005). Most recently,
Khan et al. (2008) extended the work of Wahr et al. (2001a,b) by reanalysing longer time series from
Kellyville, Kulusuk and Thule. They also had access to data from GPS stations at Scoresby Sund in east
Greenland, Qaqortoq in the south and also data from a tide gauge at Nuuk, which is on the
southwest coast. We show the tide gauge and GPS locations (Fig. 24, stars) and corresponding
secular uplift rates (Table. 2) determined by Khan et al. (2008). Note that the error terms reported in
Table 2 are based on one-sigma formal errors but include other effects to provide a more realistic

error estimate (see Khan et al., 2008).
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Fig. 24. Locations of GPS sites discussed in the text. The red box on the map to the right outlines the
zoom box shown on the left. Observations made by Khan et al. (2008) and Dietrich et al. (2005) are
marked by stars and circles respectively. In reality, the tide gauge and GPS campaign position at

Nuuk lie in the same location, the star has been moved slightly to make sure both symbols are

distinguishable.

The results from the GPS data reanalysis by Kahn et al. (2008) differ significantly from the earlier

results of Wahr et al. (200143, b); most notably for Kellyville. The rate determined for Kellyville is also
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different to that obtained by Dietrich et al. (2005) for the nearby station (c. 20 km) at Kangerlussuag.
These differences can be attributed to the use of different reference frames for these separate
analyses and/or also a consequence of the use of different processing techniques (Dietrich et al.,
2005; Khan et al., 2008). Further, we note that Khan et al. (2008) corrected for elastic uplift arising
from present-day ice mass change when calculating secular uplift rates. They account for the large
contemporary ice mass loss occurring in southeast Greenland; principally at the major outlet glaciers
of Helheim and Kangerlussuaq but also from the regions coastal glaciers (see also Khan et al., 2007).
In their most recent analysis (Khan et al., 2008) they also correct for ice mass loss from Jakobshavn

Isbrae in central west Greenland (Fig.24).

We analyse only vertical rates of uplift as observed horizontal rates are unpublished. Given that
there is a large range in past solutions for absolute uplift rates in Greenland, we are cautious when
comparing these data to model results. In terms of absolute rates, we focus on the results presented
by Khan et al. (2008) as we consider these to be most accurate at this time (in addition, they are the
only authors that correct for the contemporary elastic term). We also compare our results to the

relative rates presented by Dietrich et al. (2005).

3.3. Modelling: Huy2

We refer the reader to Sub-Section 1.4.1 for a description of the GIA model components. The
predictions of present-day uplift rates were calculated using an algorithm based on that detailed by

Mitrovica et al. (1994).
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3.3.1. Predicted present-day uplift rates

Figure 25 shows predicted present-day uplift rates generated using the complete Huy2 ice loading
history (122 ka BP to present-day) with its corresponding best-fit Earth model; characterised by a
120 km thick lithosphere, an upper mantle viscosity of 5 x 10%° Pa s and a lower mantle viscosity of
10* Pa s. This Earth model produced best fit to the sea-level data considered in Chapter 2 (see Sub-
Sections 2.3.3.1 and 2.3.3.2). The predictions in Fig. 25 also take into account changes in non-
Greenland ice (the ICE-5G model of Peltier (2004)) and the ocean load. Inspection of Fig. 25 shows
the Earth is largely uplifting across the north and east of Greenland, with highest rates of uplift in the
northeast that are in excess of 4 mm/yr. The central parts of Greenland are subsiding at around -0.5
mm/yr, the central west and southeast coasts exhibit a weak response that is less than £ 0.5 mm/yr.
In contrast, the southwest is subsiding, with the lowest rates around -5 mm/yr. Generally, we find
the Huy2 best-fit prediction exhibits a pattern of response broadly similar to that produced by the
ICE-5G(VM2) global model of Peltier (2004) (see Fig. 9, Khan et al., 2008). As mentioned previously, it
is the GrB model of Tarasov and Peltier (2002) which forms the Greenland component of the ICE-5G
model. We note that the magnitude of our predictions are somewhat smaller than those generated

using ICE-5G(VM2).
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Fig. 25. Predicted present-day vertical crustal velocities (mm/yr) generated using the Huy2 ice
history; including non-Greenland ice evolution (ICE-5G) and ocean load changes. The Earth model is
characterised by a 120 km lithosphere, an upper mantle viscosity of 5 x 10°° Pa s and a lower mantle
viscosity of 10** Pa s (our best-fit model; see Sub-Section 2.3.3.1).

3.3.2. Sensitivity to changes in Earth viscosity structure

Figure 26 shows the sensitivity of the predicted present-day uplift rates to changes in Earth viscosity
structure. In coastal and ice-free areas of Greenland (areas that have experienced most ice thickness
change) the difference in predicted uplift rates is generally between 3-6 mm/yr; indicating that the
predictions are strongly dependent on the adopted Earth model. The largest predicted differences
are found in the southwest; in this region modelled ice thickness changes during the Holocene are

larger than anywhere else in Greenland.
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Fig. 26. The maximum difference in predicted present-day uplift rates (mm/yr) generated using Huy2
ice history and a suite of Earth models. All changes were made relative to our reference Earth model
which has a 96 km thick lithosphere, upper mantle viscosity of 0.5 x 10°' Pa s and lower mantle
viscosity of 10?2 Pa s. Each Earth model parameter was varied independently; lithospheric thickness
from 71 to 120 km, upper mantle viscosity from 0.3 x 10°' to 10* Pa s and lower mantle viscosity
from 10* to 50 x 10** Pas.

The uplift predictions are very sensitive to changes in upper mantle viscosity; the differences shown
in Fig. 26 are essentially due to variations in this Earth model parameter. Figure 27a shows the
present-day viscous response for an Earth model with a relatively weak upper mantle. The pattern of
uplift shows high rates of subsidence in southwest Greenland; this indicates the predictions are
sensitive to ice thickness changes that have occurred over the late Holocene period. Figure 27b
shows the present-day viscous response for an Earth model with a relatively stiff upper mantle. In

this case, the predictions appear more sensitive to ice-ocean loading changes that occurred between
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the LGM and the early Holocene. Over this period, the evolution of the Huy2 model is characterised
by ice margin retreat from the continental shelf and thickening of the central dome (see Sub-Section

2.4.1.1).

-12-10-8 -6 -4 -2 0 2 4 6 8 10 12
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Fig. 27. Predicted present-day vertical crustal velocities generated using the Huy2 ice history; we
show the viscous component of deformation only. Results are based on the reference viscosity
model with the upper mantle viscosity reduced to 0.3 x 10?* Pa s (a) or increased to 10%* Pa s (b).

3.3.3. Non-Greenland ice load changes

In the previous Chapter we showed how non-Greenland ice load change significantly influenced land

motion in Greenland over the last 10 ka (see Fig. 21). Figure 28 shows predicted present-day uplift
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rates generated using only the non-Greenland ICE-5G ice history (Peltier, 2004); in general, the uplift
rates in Greenland are generally less than + 1 mm/yr. In west and ice-free southwest Greenland the
Earth is subsiding, with rates here reaching as low as -1.5 mm/yr. This response is due to the collapse
and migration of a forebulge developed during the evolution of the North American ice sheet.
Present-day uplift rates associated with forebulge collapse are most sensitive to variations in mantle
viscosity structure (e.g. Peltier, 1974). In the northwest of Greenland the solid surface is uplifting as

a result of past ice mass loss on Ellesmere Island (see also Sub-Section 2.4.2.1).

T T T m
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Fig. 28. Predicted present-day vertical crustal velocities (mm/yr) generated using the non-Greenland
components of the ICE-5G model and corresponding ocean load changes. The Earth model is
characterised by a 120 km lithosphere, an upper mantle viscosity of 5 x 10%° Pa s and a lower mantle
viscosity of 10%* Pa s (our best-fit model; see Sub-Section 2.3.3.1).
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3.3.4. Stages of post-LGM ice load change in Greenland

Figure 29 shows the influence of different periods in the post-LGM loading history of Huy2 on
predictions of present-day vertical crustal velocities. Figure 29a shows a plot of the present-day
viscous uplift rate generated using the complete ice load history of Huy2 Greenland model (123 ka
BP to present-day). It shows a complicated pattern of uplift and subsidence. To understand how the
Huy2 Greenland ice load history produced this result we examine how several different periods of
the model’s evolution contribute to the present-day rate of viscous deformation (Fig. 29b-e). The
reader is also referred to Figure. 13 in the previous Chapter, which illustrates the ice margin
chronology of Huy2 (see Sub-Section 2.3.2.2). During the period 21-10 ka BP, the ice sheet retreats
from its LGM extent to become entirely land based. This retreat produces a belt of uplift around the
coastline of Greenland (see Fig. 29b). Also over this time period, the dome of the GrlS thickened as
accumulation rates increased (Cuffey and Clow, 1997) producing a central region of subsidence. The
size of the present-day vertical velocities generated from the period 21 — 10 ka BP are not much

larger than £ 1 mm/yr.
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Fig. 29. Predicted present-day vertical crustal velocities generated using the Huy?2 ice history only (no
non-Greenland ice). The panels (a)-(e) illustrate how different periods of past loading contribute to
the present-day viscous Earth response: (a) the full ice model history from 123 ka BP to present (b)
21 - 10 ka BP (c) 10 — 4 ka BP (d) 4 — 0.5 ka BP and (e) 0.5 ka BP to present. Panel (f) shows the
elastic response to ice loading changes over the last 100 years. The Earth model is characterised by a
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120 km lithosphere, an upper mantle viscosity of 5 x 10%° Pa s and a lower mantle viscosity of 10> Pa
s (our best-fit model; see Sub-Section 2.3.3.1).

Over the period 10 - 4 ka BP (Fig. 29c) the model is in continuous Holocene retreat. The most
significant retreat is in southwest Greenland where the ice sheet retreats c. 80 km behind the
present-day margin which produces a bull’s-eye of uplift exceeding 6 mm/yr. The ice sheet also
retreats from the outer coast at Kronprins Eijland (Fig. 13) during this time producing uplift of
around 2 mm/yr in northeast Greenland. By 4 ka BP the GrIS has reached its minimum volume and
extent (Fig. 15). The period 4 - 0.5 ka BP (Fig. 29d) marks the switch from retreat to neoglacial
regrowth of the ice sheet as it advances back towards its present-day position. This causes
subsidence in the southwest at a rate in excess of magnitude 10 mm/yr. The changes in the model
over the most recent period 0.5 - 0 ka BP (Fig. 29e) are relatively minor as the ice sheet continues to
evolve toward its present-day state. Continued regrowth in southwest Greenland over the last 500
yrs causes subsidence but this signal is relatively small (not much larger than 1 mm/yr in magnitude).
The elastic response (Fig. 29f) to loading changes over the last 100 years is within + 1 mm/yr (we

discuss this result further in Sub-Section 3.4.1).

3.3.5. Comparison to the GPS data

Table 2 shows observed secular uplift rates from five GPS receivers analysed by Khan et al. (2008).
For comparison, corresponding rates of uplift generated using the Huy2 model are also shown.
Starting in southwest Greenland and working anti-clockwise we examine the observed and predicted
absolute uplift rates. As mentioned in Chapter 2, Khan et al. (2008) compare GPS observations from
across Greenland to predictions from the ICE-5G(VM2) model. They show that the ICE-5G(VM?2)
model overestimates subsidence in southwest Greenland. This leads them to suggest that the ICE-5G
modelled readvance that occurs from c. 8 ka BP in southwest Greenland is too large or mistimed.
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Observed uplift Predicted uplift rates (mm/yr)
rates (mm/yr)
GPS locations | Khan et al., 2008 | Huy2 best-fit Huy2 best-fit east
Kellyville -1.2+1.1 -0.94 N/A
Nuuk -2.2+13 -2.06 N/A
Qaqortoq -03+1.1 -0.66 N/A
Scoresby Sund 0+1.1 1.17 -1.14
Kulusuk -04+1.1 0.23 -1.72
Thule 36+1.1 0.02 N/A

Table 2. Observed and predicted absolute rates of uplift at the GPS sites analysed by Khan et al.
(2008). The best-fit Earth model of Huy2 is characterised by a 120 km thick lithosphere, upper
mantle viscosity of 5 x 10° Pa s and lower mantle viscosity of 10> Pa s (see Sub-Section 2.3.3.1). The
Huy2 best-fit Earth model for regions across east Greenland is characterised by a 120 km thick
lithosphere, upper mantle viscosity of 3 x 10°° Pa s and lower mantle viscosity of 5 x 10** Pa s.

At Kellyville and Nuuk, the Huy2 best-fit model predicts subsidence of -0.94 mm/yr and -2.06 mm/yr,
respectively; these results are within error of the observations. This suggests that the Huy2 model of
Holocene ice evolution in southwest Greenland, with a readvance of up to 80 km over the last 4 ka,
is reasonably accurate. In the south of Greenland at Qaqortoq, the Huy2 best-fit model predicts
subsidence of -0.66 mm/yr; this is also within error of the observations (-0.3 + 1.1 mm/yr). Huy2
predicts subsidence in this area as the modelled ice margin undergoes a readvance of 20 km over
the last c. 4 ka. Khan et al. (2008) indicate that a similar sized c. 33 km readvance of the Qassimuit
lobe during the last c. 3 ka is required to reconcile data-model misfits between the ICE-5G(VM2)
model and their GPS observations. In southeast Greenland at Kulusuk, the Huy2 best-fit model
predicts uplift of 0.23 mm/yr; this is within error of the observations which indicate slight subsidence
of -0.4 £ 1.1 mm/yr. It is in the southeast where the largest contemporary ice mass loss in Greenland
has been observed (e.g. Rignot and Kanagaratnam, 2006). Khan et al. (2008) calculate that the elastic
uplift resulting from this recent mass loss to be 5.6 mm/yr at Kulusuk. This elastic signal is removed
from the GPS data to determine the observed secular uplift rate of -0.4 mm/yr. Errors in the

estimated elastic correction could therefore influence the observed secular rate significantly.
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As shown in Sub-Section 2.3.2.2 the RSL data from across the east Greenland coast favour a
distinctly different Earth model to that determined for the Huy2 best-fit model. In Table 2 we also
show predicted uplift rates using the east Greenland best-fit Earth model. For Kulusuk, the Huy2 east
best-fit model predicts subsidence of -1.72 mm/yr; this result is slightly outside the error of the
observations. At Scoresby Sund in east Greenland the Huy2 best-fit model predicts uplift of 1.17
mm/yr; a little too large when compared to the observed value of 0 = 1.1 mm/yr. In comparison, the
Huy2 east best-fit model predicts subsidence of -1.14 mm/yr; in this case the model slightly under
predicts the observed uplift velocity. As neither result agrees with the GPS observations, this
suggests that the timing of the Huy2 modelled retreat from the continental shelf is incorrect (see
also Sub-Section 2.3.2.2). At Thule in northwest Greenland the Huy2 best-fit model under predicts
uplift by c. 4 mm/yr. A similar result was found for the ICE-5G(VM2) model, which suggests that
modelled ice thicknesses are insufficient in northwest Greenland at the LGM (Khan et al., 2008). In
the Huy2 model, ice extends only to the axis of Nares Strait at the LGM, although observations have
shown Greenland and Ellesmere Island ice coalesced at this time (England, 1999). It is also possible
the GrIS extended farther onto the continental shelf west of Thule and this may explain the
discrepancy between the GPS data and our predictions. It is also worth noting that the Huy2 model is
not well constrained in the northwest as the temporal coverage and height precision of the RSL data

in this region is poor (see Sub-Section 2.3.3.2).
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On considering the observations of Dietrich et al. (2005) we find that the Huy2 best-fit model does
not show agreement to most of the data. Figure 30 shows their observed and our predicted relative
rates of uplift for the network of GPS sites in southwest Greenland. As an example, observations
show that relative to Sisimiut (SIS1) on the outer coast the GPS site at Kangerlussuag (KAN1) is
subsiding by -4.1 mm/yr. For these same sites Huy2 predicts a far smaller relative subsidence rate of
-0.39 mm/yr. This suggests the regional pattern of Holocene ice load change is not accurately
captured by the Huy2 model. Although predicted relative rates of uplift for specific GPS sites are not
in agreement with the observations, our predictions (Fig. 25) exhibit a similar east-west pattern as
shown by Dietrich et al. (2005) (see their Fig. 8). We note that, whilst the Huy2 uplift predictions
show poor agreement to the observations of Dietrich et al. (2005), they do show fit to the
observations of Khan et al. (2008) from southwest Greenland. This difference could be due to the
discrepancy between absolute uplift rates determined for these two data sets (as discussed above).
Additional new data from the GNET project will help resolve such observational discrepancies. As the
observations of Dietrich et al. (2005) have not been corrected for contemporary ice mass change

(i.e. the elastic term); this may also explain some of the data-model misfit.
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Uplift rate (mm/yr)

Fig. 30. Relative rates of uplift across southwest Greenland. The observations of Dietrich et al. (2005)
are marked by open circles and have vertical error bars (which denote the rms error value). The
predictions of the Huy2 best-fit Earth model (see Sub-Section 2.3.3.1) are marked by dark grey
squares.

3.3.6. Summary and discussion; the Huy2 model

We have presented predictions of present-day uplift generated using the Huy2 ice history coupled
with our best-fit Earth model (sea-level predictions made using this Earth model show best-fit to the
RSL data; see Sub-Section 2.3.3.2). Our Earth model sensitivity study showed the predicted present-
day rates are strongly dependent on the adopted Earth viscosity structure; the predictions are most
sensitive to changes in upper mantle viscosity. Results from Chapter 2 (see Fig. 23), show that the
current RSL data set is not able to place a useful bound on upper mantle viscosity, this suggests that:
(1) the accuracy of uplift predictions made using GIA models constrained by RSL data will be limited
in accuracy and (2) the extended GPS data should provide an additional means of arriving at better
constraints on this parameter. Predictions made using a relative stiff upper mantle generate a
pattern of present-day uplift that reflects ice thickness changes between the LGM and early
Holocene period. On the other hand, predictions made using a relatively weak upper mantle

generate very high rates of uplift and correspond to ice loading changes that have occurred in
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southwest Greenland over the last few thousand years. Ivins and James (2005) found similar Earth
model sensitivities in a study of the Antarctic ice sheet. These findings have important implications
with regard to the loading period that dominates the present-day response in a given region and the
potential importance of very recent ice sheet changes (which are poorly resolved in millennial-scale

models like Huy2). This latter issue is considered more fully in Section 3.4.

In response to past non-Greenland ice load change, the ongoing collapse and migration of a
forebulge developed over west Greenland causes subsidence. These non-Greenland present-day
uplift rates are no larger than £ 1 mm/yr. However, we did not show how this signal is sensitive to
changes in Earth model parameters; past studies have shown that the dynamics of a forebulge are
strongly controlled by mantle viscosity structure (e.g. Peltier, 1974). Analysis of post-LGM Greenland
loading change shows how different periods of loading change dominate in particular regions of
Greenland. The present-day viscous Earth response in the North of Greenland is most sensitive to
the early-mid Holocene evolution of Huy2 while the east is most sensitive to changes from the LGM
to beginning of Holocene period. The present-day viscous signal in southwest Greenland is highly
sensitive to the predicted ice thickness changes over the Holocene period. These results are
illustrated in Fig. 29; which will be a useful resource when interpreting existing and future

observations of vertical land motion in Greenland.

In comparison to the secular uplift rates presented by Khan et al. (2008), the uplift predictions show
good agreement to some sites. Although, it is difficult to draw firm conclusions about the
performance of the model as there are so few data. One noticeable data-model misfit was found at
the Thule GPS station; this result strongly suggests that the modelled LGM ice thicknesses are
insufficient in northwest Greenland. At Kellyville and Nuuk in southwest Greenland and Qaqortoq in
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south Greenland the Huy2 model predicts rates of ongoing subsidence which agree with the
observed values (Khan et al., 2008). Note that it is in west and south Greenland where the Huy2
model is best constrained by numerous and high quality RSL data (see Chapter 2). In contrast,
comparison to the relative rates observed across a network in southwest Greenland (Dietrich et al.,
2005), reveals relatively poor data-model agreement. However, we note our predictions show a
similar east-west pattern as described by Dietrich et al. (2005). These results suggest that although
the Huy2 model is able to reproduce the broad features of the ice sheet’s Holocene evolution in
southwest Greenland, the exact nature of the neoglacial readvance may not be accurately captured.
Of course, as discussed above, uplift predictions in this region of Greenland are highly sensitive to
changes in the adopted Earth model. Furthermore, the observations of Dietrich et al. (2005) have
not been corrected for contemporary ice mass change (i.e. the elastic term); which may also explain

some of the data-model misfit (see Section 3.4).

3.4. Modelling: The influence of the last c. 100 years of ice load change

As mentioned, a recent study of Antarctic GIA showed that predicted present-day uplift rates are
potentially very sensitive to ice mass changes over the last two millennia (lvins and James, 2005).
This indicates that to generate accurate uplift predictions, we require a sound understanding of the
relatively recent history of the Antarctic ice sheets. In this Section and as the secondary aim of the
analysis, we address this issue for Greenland. However, we focus on the ice sheet’s more recent
history; the last century (or so). We begin by examining the Huy2 model (as detailed in Chapter 2).
As mentioned previously, the 100 year BP ice-ocean loading increment marks the last timestep prior
to present-day for this GIA model. For comparison with Huy2, we also show uplift predictions for the
Wake et al. (2009) surface mass balance reconstruction, which covers the period 1866-2005 and is

forced by more accurate climate data.
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3.4.1. The Huy2 model

As with other millennial-scale ice sheet models the temperature record used to force Huy2 is derived
from ice core 60" isotope data (see Sub-Section 2.3.2.3). The time resolution of the GRIP §0*® data
(Dansgaard et al., 1993) as input to the Huy2 ice model is 100 years and so Huy2 does not capture
sub-century scale variability. Unsurprisingly, closer inspection of the Huy2 model output (every 20
years) reveals almost no change in the surface mass balance over the last century. For Huy2 we find
the average rate of ice volume change over this period is -16 km?/yr; indicating that the ice sheet is
in negative mass balance. Modelled ice thickness changes over the last 100 years are mostly less
than £ 20 m; the spatial pattern is characterised by accumulation of < 10 m in the interior with ice
mass loss around the majority of the margin (figure not shown). In some marginal areas this ice
thickness loss is as large as 80-100 m; the most extensive and largest negative changes are in central
west Greenland. The largest mass gain is in southwest Greenland, ice thickness increases here are
between 20-40 m. Previous studies that have used millennial-scale ice sheet models to predict the
most recent evolution of the GrIS have shown similar patterns of ice thickness change (Huybrechts,
1994; Le Meur and Huybrechts, 1998; Huybrechts and Le Meur, 1999; Huybrechts et al., 2004). The
Huy2 model exhibits essentially the same pattern of ice thickness change as shown in Fig. 8a of
Huybrechts et al. (2004). This is not surprising as the Huy2 model is adapted from the ice model
presented by Huybrechts (2002) and the ice sheet’s evolution over the last 100 years should not

differ significantly from these earlier results.

The ice thickness changes over the past c. 100 years are thought to largely reflect the response of
the GrlS to increased temperatures following Little Ice Age cooling (Huybrechts, 1994). It should be
noted that predicted ice thickness changes over the last 100 years, to some extent, will also reflect
longer term changes to the GrlS. It is well accepted that the ice sheet is still reacting to past (c. 10 ka

BP) climate change (e.g. Abe-Ouchi et al., 1994; Huybrechts, 1994; Huybrechts and Le Meur, 1999). It
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has been suggested that the thickening that occurs in southwest Greenland may represent a long-
term ice-dynamic trend arising after the last deglacial transition (Huybrects, 1994). For the Huy2
model, it is possible that some part of this thickening may also be due to the continued recovery of
the GrlS following the Holocene Thermal Maximum (HTM) (see Chapter 2). However, we note that
Huybrechts (1994) demonstrated that the ice sheet’s evolution over the last 100 years appears

insensitive to the HTM.

Figure 31 shows both the elastic and viscous components of uplift generated using the last 100 years
of ice load change in the Huy2 model. The pattern of Earth response broadly reflects the ice
thickness changes as detailed above. The viscous response is around * 0.2 mm/yr; although this
signal is small it indicates that even relatively recent ice mass variability plays a role in determining
the long-term viscous signal accurately. The elastic response (+ 2 mm/yr) is an order of magnitude

larger than the viscous response, which is what we would expect over this relatively short period.
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Fig. 31. Predicted present-day vertical crustal velocities showing the viscous (a) and elastic (b)
response generated from the Huy2 model for the last 100 yrs of ice load change only. The Earth
model is characterised by a 120 km lithosphere, an upper mantle viscosity of 5 x 10*° Pa s and a
lower mantle viscosity of 10** Pa s (our best-fit model; see Sub-Section 2.3.3.1).

3.4.2. The Wake et al. (2009) model

The Wake et al. (2009) model is a surface mass balance reconstruction of the GrlS over the period
1866-2005. To calculate mass balance they use the runoff model of Janssens and Huybrechts (2000),
which is based upon the positive degree day method (Braithwaite, 1995). The model was forced
using monthly temperature and annual precipitation data. From 1866 to 1957 they input climatic
data from Box et al. (2006, 2008) and from 1958 to 2005 they input data from Hanna et al. (2008).

The horizontal grid resolution is 5 km, which corresponds to 329 X 561 horizontal grid cells for
109



Greenland. Ice dynamics were considered in a relatively crude sense by including a steady-state ice-

dynamic field (e.g. see Paterson, 1994).

-0.2 -0.1

Predicted uplift rate (mm/yr)

Fig. 32. Predicted present-day vertical crustal velocities generated using the surface mass balance
reconstruction of Wake et al. (2009) with a steady state ice-dynamic field. We show (a) the viscous
response to ice loading changes from 1866-2005 and (b) the elastic response to ice loading changes
from 1995-2005. The Earth model is characterised by a 120 km lithosphere, an upper mantle
viscosity of 5 x 10%° Pa s and a lower mantle viscosity of 10 Pa s (the Huy2 best-fit model; see Sub-
Section 2.3.3.1).

The SMB record presented by Wake et al. (2009) shows that over the c. 140 year study period the

GrlS has been losing ice volume at a rate of -0.89 + 0.15 km>/yr (they calculate this figure using a
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linear regression of the time series). Although the ice sheet has generally been in a state of slight
negative mass balance, we note the SMB record shows considerable temporal variability; between
1866 and 1922 the ice sheet is mainly in a state of positive SMB, the authors calculate the average
rate of mass gain over this time to be 37 + 11 km?/yr. From 1922 to 2005 this changes to a state of
largely negative mass balance, although several years in this latter period show the ice sheet having
a high amplitude mass gain (see Fig. 3 of Wake et al. (2009) for the SMB time series). The Wake et al.
(2009) SMB model also exhibits a considerable degree of spatial variability. In general, most ice
thickness is lost at the margins in the more southerly areas of Greenland; up to 100-200 m over the
study period (see Fig. 4 of Wake et al. (2009) for the cumulated SMB changes over the period 1866-
2005). In contrast, in the far southeast of Greenland, ice thicknesses have increased by 100-200 m

due to the high accumulation rates that characterise this region.

Figure 32a shows the viscous response to ice loading changes over the period 1866-2005. The spatial
pattern is characterised by subsidence of around -0.2 mm/yr in southeast Greenland and highest
rates of uplift from 0.1 to 0.2 mm/yr in the central west and north. Unsurprisingly, the viscous term
appears to largely reflect the general trend of ice mass change the Wake et al. (2009) model predicts
to occur over the 140 yr period (as described above). We note that this pattern of uplift shows
similarities to the prediction generated using the Huy2 model (see Fig. 31a). The size of the signal is
also similar to that predicted using Huy2; both predictions show that uplift rates do not far exceed +
0.2 mm/yr. This suggests that the last 140 years of ice mass change plays only a small role in

determining present-day viscous response.

Figure 32b shows the elastic response which was calculated using ice load changes over the period
1995-2005, which is approximately the same timeframe over which the GPS data were recorded
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(Dietrich et al., 2005; Khan et al., 2008). The spatial pattern is characterised by large rates of uplift
(over 6 mm/yr) in some areas close to the margin of the ice sheet, most notably in west and
southwest Greenland. These are driven by rates of peripheral thinning high as 5-10 m/yr (see Fig. 5
of Wake et al. (2009)); which dominate the SMB signal and result in an average rate of -69 km?/yr for
this 10 year period. As mentioned, the Wake et al. (2009) model does not account for non-steady-
state ice-dynamic features. Therefore, for areas of the GrlS where observations show that outlet
glaciers are losing mass (e.g. Joughin et al.,, 2004; Howat et al., 2005; Rignot and Karagaratnam,
2006; Stearns and Hamilton, 2007), our predictions will underestimate elastic uplift (see also Sub-
Section 3.4.4). Whilst the Wake et al. (2009) model has this limitation, it does show that surface
mass balance changes are generating a large elastic response. The highest rates of elastic uplift are
around 3 times larger than those generated using the Huy2 ice history (Fig. 31b), which highlights

the limitation of using a millennial-scale scale to determine sub-century variability.

3.4.3. A new hybrid model

In this section we attempt to reconstruct a more accurate loading history for Greenland by
amalgamating the long-term evolution of the Huy2 model (up until 140 yr BP) with the 1866-2005
SMB reconstruction of Wake et al. (2009). Hereafter, we refer to this resultant combined loading
history as the Huy2-Wake model. Figure 33 shows the predicted pattern of present-day uplift

generated using the Huy2-Wake ice history.
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Fig. 33. Predicted present-day vertical crustal velocities showing: (a) the long-term viscous response
generated using the Huy2 ice history (123 ka BP to 140 yrs BP); including non-Greenland (ICE-5G) ice
evolution and ocean load changes (b) the combined elastic and viscous response generated using
the surface mass balance model of Wake et al. (2009) — note that ocean load changes are not
included. (c) is the resultant visco-elastic signal when (a) is added to (b). The Earth model is
characterised by a 120 km lithosphere, an upper mantle viscosity of 5 x 10°° Pa s and a lower mantle
viscosity of 10** Pa s (our best-fit model; see Sub-Section 2.3.3.1).

The results suggest that SMB changes to the ice sheet over the period 1995 to 2005 play a significant
role in determining the present-day uplift rate. For example, in ice-free areas in west and southwest
Greenland we find that the solid Earth is mostly uplifting; this is largely due to the elastic response to
contemporary ice mass changes (see also Figure. 32b). In central southern areas we find the Earth is
subsiding; a consequence of both the longer-term response to the Holocene regrowth of the ice
sheet and also accumulation in southeast Greenland over the last 140 years. The more recent ice
mass changes in the southeast of Greenland cause subsidence rates of c. 4 mm/yr. The ice-free coast

from north to east Greenland is uplifting; a consequence of both the long-term response to ice
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margin retreat from the continental shelf (which is followed by continued Holocene retreat) and the

short-term response to recent ice mass loss.

3.4.4. Comparison to the GPS data

In Table 3 we show the observed secular uplift rates of Khan et al. (2008). As opposed to the results
shown in Table 2, the observed rates in Table 3 have not been corrected for the elastic response to
contemporary ice mass changes (see Table 2 of Khan et al. (2008)). These observations, therefore,
can be compared to uplift predictions generated using the Huy2-Wake hybrid model; in which
modern ice mass changes largely reflect the variations in surface mass balance as described by Wake
et al. (2009). We also show predictions from the Huy2 model to draw comparisons with the Huy2-
Wake hybrid model. As discussed above, because the Wake et al. (2009) model does not resolve
non-steady-state ice-dynamics, it will under estimate uplift in areas where outlet glaciers have been
observed in retreat (e.g. Joughin et al., 2004; Howat et al., 2005; Rignot and Karagaratnam, 2006;
Stearns and Hamilton, 2007). For example, at Kulusuk in southeast Greenland observations show the
Earth is uplifting at a rate of 5.2 £ 1.1 mm/yr. The Huy2-Wake model predicts a rate of 1.5mm/yr and
so under predicts uplift at this location (see Table 3). However, in comparison to the GPS data Khan
et al. (2008) corrected for contemporary ice mass changes, we earlier showed that the Huy2 model
provides fit to these observations from Kulusuk (see Table 2). The Huy2-Wake data-model
discrepancy, therefore, can mostly be explained by the rapid ice mass loss from the nearby Helheim
and Kangerlussuaq outlet glaciers (Khan et al., 2007). At Qaqgortoq in the south, we similarly find that
whilst the Huy2 model is able to provide fit to the observations presented in Table 2, the Huy2-Wake
model under predicts uplift (see Table 3). We suggest that this Huy2-Wake data-model discrepancy
can also be attributed to modern ice-dynamic mass loss in southeast Greenland (see Khan et al.,
2007). We also note that for Qaqortoq there is very little difference between the predicted rates for

the Huy2 and Huy2-Wake models.
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In southwest Greenland the Huy2-Wake shows good agreement to the GPS data from both Kellyville
and Nuuk. These results suggest that the Wake et al. (2009) model provides a reasonably accurate
recent ice loading history for this region of the GrlS. There are few large glaciers in the southwest of
Greenland as the ablation zone is broad and the slope of the ice sheet is shallow (Rignot and
Kanagaratnam, 2006). Contemporary ice-dynamic changes, therefore, are less important in this area
of the GrlS. At Thule, the Huy2-Wake under predicts the rate of uplift, although the data-model
misfit here can be explained by insufficient ice thickness at the LGM (see Sub-Section 3.3.5). Satellite
observations have shown that the glaciers in northwest Greenland have remained stable over the

last c. 10 years (Rignot and Kanagaratnam, 2006).

Observed uplift
rates (mm/yr) Predicted uplift rates (mm/yr)
. Khan et al., 2008 . ) .
GPS locations Huy2 best-fit | Huy2 best-fit east | Huy2-Wake best-fit
Kellyville 0211 -0.94 N/A 0.42
Nuuk -1.5+1.3 -2.06 N/A 0.2
Qaqortoq 1.1+1.1 -0.66 N/A 0.93
Kulusuk 52+1.1 0.23 -1.72 1.50
Scoresby Sund 09+11 1.17 -1.14 0.48
Thule 39+1.1 0.02 N/A -0.71

Table 3. Observed and predicted absolute rates of uplift at the GPS sites analysed by Khan et al.
(2008). The observed values have not been corrected for contemporary ice mass changes. The best-
fit Earth model of Huy2 is characterised by a 120 km thick lithosphere, upper mantle viscosity of 5 x
10” Pa s and lower mantle viscosity of 10** Pa s (see Sub-Section 2.3.3.1). The Huy2 best-fit Earth
model for regions across east Greenland is characterised by a 120 km thick lithosphere, upper
mantle viscosity of 3 x 10%° Pa s and lower mantle viscosity of 5 x 10?2 Pa s (see Sub-Section 2.4.2.3).

Across the GPS network examined by Dietrich et al. (2005) the Huy2-Wake hybrid model offers no
consistent improvement over the original results of the Huy2 model (Fig. 34). Most sites are affected
at the sub-mm/yr level; except for MAN1-SISO and SISO-KAN1 where the fit is worsened and

improved, respectively. Results from the Wake et al. (2009) model demonstrate that recent ice mass
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changes may influence present-day uplift rates in southwest Greenland significantly (see Fig. 32b).
However, we note that past studies have argued that observed present-day uplift rates in this region
largely reflect the readvance of the ice margin over the last 3 ka and not more recent centennial-

scale ice mass changes (Wabhr et al., 2001a; Dietrich et al., 2005; Khan et al., 2008).
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Fig. 34. Relative rates of uplift across southwest Greenland. The observations of Dietrich et al. (2005)
are marked by open circles and have vertical error bars (which denote the rms error value). The
predictions of the Huy2 best-fit Earth model are marked by dark grey squares. The predictions made
for our hybrid Huy2-Wake model (using the Huy2 best-fit Earth model; see Sub-Section 2.3.3.1) are
marked by the light grey crosses.

3.4.5. Summary and discussion; the last c. 100 years

The Huy2 modelled pattern of ice thickness change over the last century largely reflects the
response of the GrlIS to increased temperatures following Little Ice Age cooling (e.g. Huybrechts,
1994). To a lesser extent, changes in ice thickness can be attributed to the long-term reaction of the
ice sheet to past (c. 10 ka BP) climate change (e.g. Abe-Ouchi et al.,, 1994; Huybrechts, 1994;
Huybrechts and Le Meur, 1999). Uplift predictions show that Huy2 loading changes over the last
century contribute around + 0.2 mm/yr to the present-day viscous Earth response. In comparison to

Huy2, the Wake et al. (2009) model shows high variability in time and exhibits changes in the spatial
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pattern of melt and accumulation; this is because the model is forced by high temporal and spatial
resolution climate data (Box et al., 2006, 2008; Hanna et al., 2008). However, despite these
differences in ice mass changes, the uplift predictions generated using the 140 year Wake et al.
(2009) reconstruction show that the present-day viscous response is similar in size and (to a lesser
extent) pattern to that predicted using Huy2. This likely because the viscous Earth response is
insensitive to the variability shown in the Wake et al. (2009) model (i.e. it only reflects the general

trend of ice mass change over the 140 year period).

In contrast to Huy2, we note that the Wake et al. (2009) model has yet to be validated against RSL
observations and so we are less confident of the accuracy of the uplift predictions, particularly in
areas where the climate forcing is not well constrained. However, the model is consistent with a
number of observed changes in the GrIS over the past century as well as the past decade. Several
studies have detailed observed changes to the GrlS over the last 100 years, but these are limited to
only a few regions of Greenland: In west Greenland, the frontal of recession of Jakobshavn Isbrae (c.
25 km) since 1900 is well recognised (Weidick and Bennike, 2007) and geomorphological evidence
from southwest Greenland indicates that the ice front has retreated by c. 1-2 km over the last 100
years (Forman et al.,, 2007). Wake et al. (2009) find these observations agree well with their
modelled ice thickness changes. An important finding from our analysis of the Wake et al. (2009)
reconstruction is the suggestion that the present-day viscous signal is not significantly influenced by
ice thickness changes over the last 100 years or so. However, it remains unclear what role ice mass
variability over the last 500-1000 years, during which there were climate events such as the Little Ice
Age and Medieval Warming Period, plays in determining the present-day viscous response. Clearly,
future work should focus on improving the accuracy of ice sheet reconstructions of over this

relatively recent period. In this regard, new high resolution relative sea-level records obtained from
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salt marsh studies (Woodroffe and Long, 2009; Long et al., in press) can help constrain the behaviour

of the GrlS over the last millennia.

The elastic Earth response to Huy2 modelled ice loading changes (over the last 100 years) is around
+2 mm/yr. The elastic component of Earth uplift generated using a Greenland millennial-scale ice
sheet model has previously been examined by Le Meur and Huybrechts (1998). Using averaged ice
thickness changes over the last 200 years they found the corresponding elastic term was no larger
than + 0.5 mm/yr and is dominated by the long-term viscous signal (see Fig. 3 of Le Meur and
Huybrechts (1998)); although they acknowledged the elastic term is speculative. In terms of
contemporary mass loss, the Wake et al. (2009) reconstruction shows the ice sheet is in negative
mass balance and rates of peripheral thinning in west and southwest Greenland are as high as 5-10
m/yr over the period 1995-2005 (see their Fig. 5). Wake et al. (2009) find their modelling results
compare favourably to recent repeated laser-altimetry studies (Krabill et al., 2004; Thomas et al.,
2006). Unsurprisingly, in regions where there are high rates of thinning at the margin, we find
corresponding uplift rates are also large (> 6 mm/yr in southwest Greenland). Khan et al. (2007)
demonstrated that in areas close to major outlet glaciers, ice-dynamic mass loss has caused rapid
rates of elastic rebound. These bull-eye’s of local elastic uplift are presumably punctuated along the
ice margin of the GrlS. In addition to this signal, our results show that there will also be a large
elastic Earth response arising from surface mass balance changes. Uplift predictions generated using
the reconstruction of Wake et al. (2009) suggest that this signal is significant; we therefore suggest
that the elastic response to contemporary SMB changes is carefully considered when attempting to

isolate the elastic and viscous contributions to present-day vertical land motion.
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3.5. Conclusions

1. Predicted present-day uplift rates in Greenland are strongly dependent on the adopted Earth
viscosity structure; the predictions are most sensitive to changes in upper mantle viscosity. It is
important, therefore, that upper mantle viscosities are better constrained in future work (although,
results from Chapter 2 (see Fig. 23) show that the current RSL data set is not able to place a useful

bound on this parameter).

2. Analysis of post-LGM Greenland loading changes shows how different periods of ice mass
variation dominate in particular regions of Greenland. These results will be a useful resource when
interpreting existing and future observations of vertical land motion in Greenland. Of course, as
pointed out in our first conclusion, these results are highly sensitive to changes in upper mantle

viscosity.

3. The Huy2 model shows good agreement to the observed absolute uplift rates from southwest and
south Greenland (Khan et al., 2008). This suggests that the timing and magnitude of the neoglacial
readvance is reasonably well captured in these regions. However, the Huy2 model does not give fit
to the relative rates presented by Dietrich et al. (2005), which suggests some aspect of the regrowth

in the southwest is inaccurate.

4. Results from the Wake et al. (2009) model indicate that decadal-scale ice mass variability over the
last c. 140 years plays an small role in determining the present-day viscous response. However, the

Wake et al. (2009) model has yet to be validated against RSL observations and so we are not
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confident of the accuracy of the uplift predictions, particularly in areas where the climate forcing is

not well constrained.

5. Results from the Wake et al. (2009) model, over the period 1995 to 2005, show that
contemporary ice mass changes generate high rates of elastic uplift (c. 6 mm/yr). This suggests that
modern surface mass balance changes have a large influence on predicted present-day uplift rates in

some areas of Greenland.
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Chapter 4:

The influence of nhon-Greenland ice on the evolution of the

Greenland ice sheet.

4.1. Introduction

In this Chapter we examine how non-Greenland ice mass loss influenced vertical land motion and
sea-level change around Greenland over the last deglaciation and consider the implications for GrlS
evolution. A previous modelling study has briefly described how the regional RSL history of
Greenland was affected by the late North American Ice Sheets (NAIS) and, to a lesser extent, the
Eurasian ice sheet (Fleming and Lambeck, 2004). Since the LGM (c. 21 ka BP), the melting of ice
sheets predominantly in the northern hemisphere has caused a c. 120 m rise in global mean sea-
level (e.g. Fairbanks, 1989; Yokoyama et al., 2000). Of this, the NAIS contributed 60-75 m ice-
equivalent sea level (Tarasov and Peltier, 2004), which is approximately 50-62.5 % of the total melt.
It is not surprising that this huge ice-ocean mass exchange produced a significant GIA-induced RSL
signal across Greenland, given its close proximity to North America. It is important to note (and as
shown in the analysis below) that the nature of this non-Greenland RSL signal departs significantly
from eustatic sea level and is spatially non-uniform. In particular, this may have implications for our
understanding of the post-LGM retreat of the GrIS from the continental shelf. Past studies have
hypothesised that the marine retreat of the ice sheet was driven by sea-level rise (Funder, 1989;
Funder and Hansen, 1996). If the marine retreat was sea-level controlled, we therefore require
accurate knowledge of non-Greenland ice mass loss in order to understand the influence of sea-level

change on the early phase of Greenland ice retreat.
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The effect of non-Greenland ice on GrIS evolution can be thought about in two separate ways:
Vertical land motion and RSL change (which includes the former). Firstly, we consider the deflection
of the Earth’s solid surface. Changes to the elevation of the solid Earth and therefore ice elevation
will influence precipitation and melt rates, in turn affecting the mass balance of an ice sheet.
Isostatic adjustment can have either a negative or positive feedback on ice volume change (e.g.
Crucifix, 2001; Van den Berg, 2008). We showed in Chapter 2 that vertical solid Earth motion
resulting from non-Greenland ice mass loss is particularly important over the Holocene period (see
Sub-Section 2.4.2.1). We would expect, therefore, that the migration and collapse of non-Greenland
forebulges would have influenced the evolution of the GrIS to some degree. The isostatic influence
of ‘neighbouring’ ice sheets has not been considered in past modelling work. Indeed, studies that
have addressed late Quaternary ice evolution in the northern hemisphere did not raise this issue

(e.g. Tarasov and Peltier, 1997; Charbit et al., 2002; Zweck and Huybrechts, 2005).

GlA-induced RSL change can influence ice evolution if the ice sheet has a marine boundary, thus,
changes in RSL (including solid Earth motion) will effect ice-ocean interactions and calving. The
mechanism of calving at marine margins remains a poorly understood process and is difficult to
implement in millennial-scale ice sheet models (Benn et al., 2007). The treatment of calving in
northern hemisphere ice sheet models is, therefore, normally implemented as a simplistic
paramaterisation. Typically in such schemes calving is a function of water depth (e.g. Siegert and
Dowdeswell, 1995; Siegert et al., 1999, 2001; Huybrechts, 2002; Zweck and Huybrechts, 2003, 2005)
and/or ice margin thickness if the buoyancy and floatation of ice is taken into account (e.g. Ritz et al.,
1997; Charbit et al., 2002; Tarasov and Peltier, 2002). These parameterisations assume that water
depth is the most important control on the position of the grounding line. This assumption is largely
based on earlier results from the statistical analyses of tidewater glaciers (e.g. Brown et al., 1982;

Pelto and Warren, 1991) which showed that the calving rate is linearly related to the water depth at
122



the ice terminus. It has since been noted that these empirical relationships may not reflect a

causative correlation (e.g. Van der Veen, 1996; 2002, Warren et al., 2001).

Most Greenland and northern hemisphere ice sheet models use a sea-level forcing derived from
either coral based observations (e.g. Fairbanks, 1989) or oxygen-isotope data; for example, the
SPECMAP stack of Imbrie et al. (1984). The latter is often preferred if the ice model requires a sea-
level record that spans several glacial cycles (e.g. Huybrechts, 2002). As mentioned, the component
of RSL change around Greenland which is driven by non-Greenland ice mass variation departs
significantly from such observations and records (see below). Perhaps because of the difficulties in
modelling large-scale ice sheet response to changes in water depths, there has been almost no
consideration of the spatial variability in past sea-level change when adopting a sea-level forcing -
this is despite the existence of models which can accurately predict long-term sea-level change (e.g.

Mitrovica and Milne, 2003; Kendall et al., 2005).

The primary aim of this Chapter is to present and analyse post-LGM predictions of vertical land
motion and RSL change generated from non-Greenland ice load change and to consider the
influence of these signals on a glaciological model of GrIS evolution. For this purpose, we use the
global ice sheet reconstruction ICE-5G (Peltier, 2004) with the Greenland component removed. The
reader should note that the NAIS component of the ICE-5G reconstruction is represented by the
model of Peltier (2002). We begin, in Section 4.2, by examining the solid Earth motion component of
non-Greenland RSL change. We go on to conduct an experiment with the Huyl model to examine
the influence of this RSL signal on the evolution of the GrlS. In Section 4.3 we show how the non-
Greenland RSL signal departs from the eustatic signal and is spatially variable. We go on to examine
the separate processes that cause this spatial variability. In our second modelling experiment, we
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force the Huy2 model using a more realistic sea-level forcing, our results are discussed in Section 4.4

and summarised in Section 4.5.

4.2. The influence of non-Greenland solid Earth motion on the evolution of the GrIS

4.2.1 Nature of the non-Greenland solid Earth signal

As briefly described in Chapter 2 (see Sub-Section 2.4.2.1), non-Greenland solid Earth motion plays a
significant role in the RSL history of Greenland. In particular, over the Holocene period, we found
that in some areas solid Earth motion caused by Greenland and non-Greenland ice load change were
approximately of the same magnitude (Fig. 21). As mentioned, in most regions the solid Earth is
responding to the collapse and migration of peripheral forebulges (Fleming and Lambeck, 2004; Sub-
Section 2.4.2.1). The exception is the northwest of Greenland, here the solid Earth component of
non-Greenland RSL change records a net fall since the LGM. The response of the Earth in this region
is characterised by post-glacial rebound due to the close proximity of Ellesmere Island ice. In areas
outside of the northwest, however, our predictions of solid Earth deflection contribute to a net RSL
rise. In general, this net RSL rise shows a pattern of RSL fall up until 14 ka BP and then a rise which
continues up until present-day (see Fig. 40 below). Thus, the non-Greenland forebulges were highest
around 14 ka BP — we therefore show a spatial plot of the vertical solid Earth component of RSL
change at this time (Fig. 35a). This shows that the forebulge was around 30-60 m higher than at
present in most areas of Greenland. A relatively small deflection of the solid surface when we
consider local isostasy allows, if equilibrium is reached, the solid Earth to be depressed
approximately 1/3 of the ice thickness. Note that predictions shown in Figure 35 were generated
using our reference Earth model (the viscosity structure of which is characterised by a lithospheric
thickness of 96 km and upper and lower mantle viscosities of 5 x 10 Pa s and 10°* Pa s,

respectively). Of course, to some degree, variations in mantle viscosity structure will influence the
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size and dynamics of the non-Greenland forebulge (e.g. Peltier, 1974). Although this is likely
unimportant as modelling results indicate that the post-LGM evolution of the GrIS shows little
sensitivity to changes in the rate of isostatic uplift (and this is in response to changes in ‘local’

Greenland ice) (Huybrechts, 2002).

In Figure 35b we show the predicted size of the present-day non-Greenland deformation field. As
shown in Chapter 3, there is continuing present-day Earth response to past non-Greenland ice load
changes, which can be observed using GPS (see Sub-Section 3.3.3). Our predictions suggest the non-
Greenland peripheral bulge results in a perturbation to land height elevation between 10-40 m

today (relative to the equilibrium land height at the onset of surface loading - 123 ka BP).
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Fig. 35. Predicted land motion contribution to RSL change (metres) generated using non-Greenland
ice (ICE-5G) and our reference Earth model. We show the vertical land motion component for (a) the
relative change between 14 ka BP and present-day (b) the present-day deformation field (relative to
the equilibrium land height at the onset of surface loading - 123 ka BP).

4.2.2 The influence of non-Greenland solid Earth motion: Modelling results

In this Sub-Section we conduct an experiment with the Huyl model to consider how non-Greenland
solid Earth motion might have influenced the evolution of the GrlIS. As outlined in the description of
Huy1 (see Sub-Section 1.4.1), the ice model contains its own isostasy treatment, which is commonly
referred to as the elastic lithospheric relaxed asthenopshere (ELRA) model (see Huybrechts and de
Wolde (1999) for a full description). This is a more simplified and less computationally expensive
method than the spherically symmetric self-gravitating viscoelastic Earth model used to generate the
sea-level predictions throughout this thesis. The ELRA model has an asthenopshere with a single
relaxation time; for the Huyl model this is assigned a value of 3000 years. This figure is based on

results from an earlier study, which compared the ELRA model to more realistic isostasy treatments
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(Le Meur and Huybrechts, 1996). The Huyl model calculates isostatic adjustment every 20 years
over the period 123 ka BP to present-day (i.e. since the last interglacial) and accounts for Greenland
ice and ocean load changes. We generated predictions of non-Greenland solid Earth motion using
our GIA model (see Sub-Section 1.4.1 for a description) over the same period and linearly
interpolated the results so that they could be input to the Huyl model using a 20 year time

resolution.

Figure 36 shows the influence of non-Greenland solid Earth motion on modelled ice volume and
extent changes of the GrlS. These results suggest that non-Greenland solid Earth deformation had
little impact on the evolution ice sheet. This is not a particularly surprising finding given the relatively
small size of the non-Greenland solid surface elevation changes (c. 30-60 m since 14 ka BP).
However, we notice that the Holocene retreat of the ice sheet is somewhat slower and the model no
longer evolves to reach its present-day reference state. During this period, the difference in the ice
margin position between these two models runs is no larger than 20-40 km (figure not shown). The
largest differences are in southwest Greenland where the non-Greenland forebulge is highest (see
Fig. 35a) and where the Holocene retreat of the ice sheet was most prominent (e.g. Van Tatenhove
et al.,, 1995, 1996). We interpret this result as being due to the presence of the non-Greenland
forebulge which acts to raise the elevation of the ablation zone; at higher altitudes the temperature

is lower and thus melting is reduced.
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Fig. 36. Ice sheet volume and extent changes for the Huyl model (grey line) and for an ice model run
which includes non-Greenland solid Earth deformation (black line).

4.3. The influence of non-Greenland RSL change on the evolution of the GrIS

4.3.1 Nature of the non-Greenland RSL signal and eustatic sea level

In this Section, we examine the early period of post-LGM RSL change and the implications for the
marine retreat of the GrlS. Figure 37 shows a location map of the 6 sites we have chosen to focus on
for this purpose. They mark the locations of field investigations where past RSL changes have been
measured (see Section 2.2) and their distribution represents a fairly evenly geographic spread
around the coast of Greenland. For 5 of the coastal sites, we also mark a position that is seaward
from each location (roughly perpendicular to the coast) and situated close to the edge of the
continental shelf. This is done so we can examine how RSL change varied across the continental

shelf.
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Fig. 37. Stars show the locations from around Greenland where we generated our sea-level
predictions — they mark 6 coastal sites where RSL field investigations have been carried out (see
Section 2.2) and adjacent locations (approximately perpendicular to the coastline) situated close to
the edge of the continental shelf. The light grey shading defines bathymetric depths of < 400 m (i.e.
the continental shelf).

Figure 38 shows non-Greenland RSL predictions for the locations shown in the above Figure 37. We
also include plots of the eustatic signal from ICE-5G non-Greenland meltwater (Peltier, 2004) and the

eustatic signal as derived from the 60™® SPECMAP stack (Imbrie et al., 1984). As mentioned, the sea-
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level record used to force the Huybrechts (2002) model is derived from the SPECMAP data (a
conversion of —34.83 m of sea-level per thousandth of a percentage change in the isotope values). It
is worth noting that the Greenland component of the ICE-5G model contains an excess volume
(relative to present) of 2.8 m ice-equivalent sea level at the LGM (Tarasov and Peltier, 2002; Peltier,
2004) — i.e. this is a small amount when compared to total eustatic signal. Comparing the eustatic
contributions of the non-Greenland ICE-5G model and the SPECMAP record (which accounts for

Greenland ice), therefore, seems reasonable.

At the LGM (21 ka BP), both of the eustatic signals record a value of c. -127.5 m. After this time,
however, there are noticeable differences between the two curves (Fig. 38). The SPECMAP derived
curve indicates a near constant rate of sea-level rise during deglaciation with present-day sea-levels
reached by 4 ka BP. The rate of sea-level change is far more variable in time for the ICE-5G non-
Greenland eustatic signal and the curve is punctuated by two periods of rapid sea-level rise;
identified as meltwater pulses in the coral records (e.g. Fairbanks, 1989; Bard et al., 1990).
Meltwater pulse 1A (mwp-1A) is dated to around 14.2 ka BP and the smaller amplitude meltwater
pulse 1B (mwp-1B) follows the YD. Present-day sea levels are reached around 6-7 ka BP, this is in
good agreement to studies which have compared RSL observations to model predictions for the mid-
to-late Holocene period (Lambeck and Purcell, 2005; Milne et al., 2005). We assess the implications

of the differences between the two eustatic signals in Sub-Section 4.3.4.
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Fig. 38. Grey lines show predicted RSL generated using the non-Greenland ICE-5G (Peltier, 2004) ice
history and our reference Earth model — the solid and dotted lines mark predictions for the coastal
sites and their neighbouring shelf edge locations respectively (see Fig. 37). The black curves denote
the eustatic meltwater contribution from the non-Greenland ICE-5G model (solid black line) and the
eustatic signal as derived from the SPECMAP stack (Imbrie et al., 1984) which is used to force the
Huy2 ice model (dotted black line).

Figure 38 also illustrates that non-Greenland RSL change has distinct regional variability and is
significantly different from both eustatic signals. As discussed in the previous Sub-Section, non-

Greenland RSL change in the northwest of Greenland is markedly different to other parts of
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Greenland (it shows a net fall) due to its close proximity to Ellesmere Island ice (see Humbolt
Gletcher — site 20, Fig. 38). Outside of the northwest, however, non-Greenland RSL change between
the LGM and present-day shows a net rise. The size of this RSL rise varies across Greenland; for our
locations shown in Figure 37 it is in the range 70-120 m. So in some areas, for example the southern
sectors of Greenland, it is considerably less than the non-Greenland eustatic ICE-5G signal (an 80 m
net rise is c. 63 % of the total eustatic contribution). Further, we note that the size of the RSL rise
shows, in some cases, quite large differences between coastal and outer shelf locations. For
example, in northeast Greenland (site 15, Fig. 38) where the continental shelf is wide (c. 270 km),
the net RSL rise at the coastal site is ¢c. 93 m and at the outer shelf location is c. 119 m. In all regions
we find that the outer shelf position has experienced a larger RSL rise since the LGM than at the
coastal location. Our predictions also indicate that in areas outside of northwest Greenland, RSL
change during the early stages of deglaciation (20-15 ka BP) is much smaller than the 26 m rise

embodied in the eustatic ICE-5G curve over the same period.

There are also considerable spatio-temporal differences in the non-Greenland RSL signal moving
around the coast, particularly after 15 ka BP. At Arveprinsen (site 1, Fig. 38), for example, the RSL
prediction shows no evidence of the rapid increase in sea-level rise associated with mwp-1A. In
comparison, at other sites, the meltwater pulse is distinguishable in the predictions. In southern
Greenland at Nanortalik (site 10, Fig. 38), the size of mwp-1A pulse is c. 5 m whilst in the east at
Mesters Vig (site 13, Fig. 38) it is more pronounced and c. 9 m. Evidence from the Barbados coral
record identifies mwp-1A as a sea level rise of c. 20 m in around 500 years (Fairbanks et al., 1989);
there is a similar change in eustatic sea level for the ICE-5G model (see Peltier, 2004). After 14 ka BP
sea-level change appears more uniform across Greenland; the rise in sea level associated with mwp-

1B is of similar magnitude across all sites. These observations can be more clearly seen in Figure 39,
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which shows predicted rates of non-Greenland RSL change for the 6 coastal locations and also the

non-Greenland ICE-5G eustatic signal.
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Fig. 39. Predicted rates of RSL change generated using the non-Greenland ICE-5G (Peltier, 2004) ice
history and our reference Earth model: Arv (sitel) — dark blue, Nan (site 10) — red, Amm (site 11) —
purple, Mes (site 13) — orange, Hov (site 15) — green and Hum (site 20) — light blue. The black line
denotes the eustatic meltwater contribution from the non-Greenland ICE-5G model.

4.3.2 Non-Greenland RSL change: The component signals

To better understand why regional differences in non-Greenland RSL change occur, we split the non-

Greenland RSL predictions into their component signals (Fig. 40).
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Fig. 40. RSL predictions for the 6 coastal locations shown in Fig. 37 and generated using the non-
Greenland ICE-5G (Peltier, 2004) ice history and our reference Earth model. The solid line marks the
RSL contribution due to deflection of the Earth’s solid surface. The dashed and dotted lines denote,
respectively, processes that perturb the ocean surface due to mass transfer between ice and ocean
(direct effect) and the deformation of the solid Earth (indirect effect) (see also the description of the
GIA model in Sub-Section 1.4.1).

We briefly examined the role of non-Greenland ice load change in Chapter 2 (Sub-Section 2.4.2.1)
and found that, similar to the results of Fleming and Lambeck (2004), the direct effect dominates RSL

change in most areas of Greenland during the early part of deglaciation and deformation of the

134



Earth’s solid surface dominates during the Holocene period (see also above Sub-Section 4.2.1). It is
well established that an ice sheet will exert a gravitational attraction on the neighbouring ocean and
therefore water will be drawn towards it (e.g. Farrell and Clark, 1976) — the direct effect largely
reflects this process. As the NAIS retreats from its maximum LGM extent and rapidly loses mass,
therefore, the ice—ocean gravitational attraction becomes weaker. As a result, the area within c.
2000 km of the melting ice sheet will experience a fall in the height of the ocean surface (e.g.
Mitrovica et al., 2001b, 2009); as illustrated by predictions of the direct effect (dashed lines, Fig. 40).
This rapid RSL change occurs in concert with any ice mass variation; the other processes influencing
RSL change (the indirect effect on the ocean surface and the influence of solid Earth deformation on
vertical land motion) are governed by the viscoelastic response of the Earth, so will include both an
immediate (elastic) component and a delayed (viscous) component to the loading changes. The
indirect effect is the gravitational effect on the ocean surface which is caused by internal mass flux
of the solid Earth. The predictions of the indirect effect (dotted lines, Fig. 40) show a pattern of post-
LGM RSL rise before reaching and remaining at present-day sea levels at c. 8 ka BP. This rise is
probably due to the dominant influence of post-glacial rebound in North America. It should be noted
that predictions of the direct and indirect effects include sea-level changes associated with Earth’s
rotational feedback (Milne and Mitrovica, 1996), however, this effect is comparatively small in the
near-field of Greenland. It is interesting to note that, over the early part of deglaciation (c. 20-15 ka
BP), rates of predicted RSL change caused by the indirect effect and solid Earth motion are
approximately opposite in most areas of Greenland — they effectively cancel out. For this reason, RSL
change during this early period is dominated by the direct effect (Fleming and Lambeck, 2004; Sub-
Section 2.4.2.1). As shown in Figure 38, the RSL fall associated with the direct effect acts to offset the
eustatic sea-level rise, this results in predictions of relatively stable sea levels throughout most of

Greenland from 20 to 15 ka BP.
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4.3.3 The pattern of ice margin retreat and possible relation to the sea-level forcing

Figure 41 shows spatial plots of predicted rates of RSL change around Greenland up until 10 ka BP;
after which time the ice sheet was inland of the present-day coastline (Bennike and Bjorck, 2002;
Funder and Hansen, 1996). As discussed above, the early period of deglaciation (22-16 ka BP) is
characterised by relatively stable sea-levels around Greenland - rates in most ice covered shelf areas
less than + 1 mm/yr (Fig. 41a, b and c). From 16 to 14 ka BP (Fig. 41d), rates of RSL change show a
distinct east-west gradient: Rates of rise remain relatively low in the west, whereas, those in the east
reach values between 6 and 8 m/ka. This spatial gradient is due to the diminishing gravitational
signal of the NAIS. In the later periods (Fig. 41e and f), rates of rise generally increase but the east-
west gradient becomes smaller. If the marine retreat of the ice sheet was driven by non-Greenland
RSL rise; we would expect changes in the extent of the GrlS to reflect the RSL changes shown in

Figure 41.

136



N7
_;/Q ;
\
-
b -
| \
N ‘\
\
I
b 1.7 S
6 d
T \
|
N |
(a) |: (b) (©)
3 = 7.
1 ¥ t2
z
S L 07
. ) ) 7 2
: ol . 7
4 & 9 £
4 ) | 3
2. ) A%
3. \ .
» ‘ k"\\ {9)0‘
5 N \
A - .
1 \ \\ .‘“
\ B ' \
.I L ‘ \, ‘. }
: o L 'R
| ; \ l D\ )
L © '\l, . i 1 i \
0 ©
q
| ©
| 0
' 9 A
4 > \ - >
fi 9 ®
i S .
d e) \ ()
(@) ( »

Fig. 41. Predicted mean rates of RSL change (m/ka) generated using the non-Greenland ICE-5G
(Peltier, 2004) ice history and our reference Earth model; for the periods (a) 22-20 ka BP, (b) 20-18
ka BP, (c) 18-16 ka BP, (d) 16-14 ka BP, (e) 14-12 ka BP and (f) 12-10 ka BP. The light grey shading
defines bathymetric depths of < 400 m (i.e. the continental shelf).

It has been generally assumed that the retreat of the GrlS occurred sometime after the LGM (c. 21

ka BP). Past studies that have used RSL data to constrain the evolution of the GrlS have suggested
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different retreat scenarios; Tarasov and Peltier (2002) indicate retreat initiated as late as the early
Holocene period whilst Fleming and Lambeck (2004) propose the retreat began c. 16 ka BP. The
Huy2 model indicates the GrIS maintained its LGM extent up until 12 ka BP before undergoing a very
rapid retreat (see Sub-Section 2.4.1.1 and Fig. 15). In Chapter 2, we explored several different
marine retreat scenarios for the Huy2 model; the timing of the modelled marine retreat is controlled
by varying the sea-level parameterisation. In our experiment (see Sub-Section 2.3.2.2), we found
different sea-level parameterisations were favoured in different regions of Greenland: RSL data from
eastern Greenland generally showed better agreement to sea-level predictions generated using an
ice load history where the marine retreat began relatively early (c. 16 ka BP), whilst RSL data from
western Greenland favoured a late retreat scenario (c. 12 ka BP). Observations of the marine
deglacial chronology of the ice sheet generally support this finding (see below); although we note
these data are sparse and often pertain to minimum ages (see Sub-Section 2.3.2.2 for initial

discussion). It is therefore difficult to draw firm conclusions about the pattern of marine retreat.

Studies from the continental shelf in eastern regions of Greenland generally indicate that retreat
began a few thousand years after the LGM (c. 21 ka BP) (e.g. Mienert et al., 1992; Nam et al., 1995;
Andrews et al., 1997; Smith and Licht, 2000; Evans et al., 2002, 2009; Jennings 2002; 2006; Kuijpers
et al., 2003). As mentioned, a GIA modelling study suggests the southern tip of the GrlS started to
retreat from its LGM position at 22 ka BP (Sparrenbom, Ph.D. thesis). In southern Greenland
evidence from lake sediments obtained on an island c. 10 km offshore indicate that the area was ice-
free at or before 14.1 ka BP (Bennike and Bjoérck, 2000; Bennike et al., 2002). This is in agreement
with geochemical data obtained from a southern Greenland marine sediment core (Carlson et al.,

2008).
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Whilst evidence from eastern and southern Greenland indicates a relatively early retreat, data
obtained in central west Greenland suggests retreat from the continental shelf occurred somewhat
later. The deglaciation of the main part of Disko Bugt is dated to a minimum of 10.2 ka BP (Long et
al.,, 2003; Lloyd et al.,, 2005) and recent cosmogenic studies from central southwest Greenland
suggest that ice persisted on the inner continental shelf until the early Holocene (Rinterknecht et al.,
2009; Roberts et al., 2009). The above observations and modelling results suggest the marine retreat
of the ice sheet was asynchronous; with areas of the continental shelf becoming ice-free in the east
and south before regions in the west. This is qualitatively consistent with the spatial variation in the

sea-level forcing and we explore this possible connection further in the following Sub-Section.

4.3.4 The influence of non-Greenland RSL change: Modelling results

As briefly discussed in the Introduction, the treatment of calving in northern hemisphere ice sheet
models is normally implemented as a simplistic paramaterisation. The sea-level forcing of Huy1/2
uses an empirical formulation that parameterises the maximum grounding depth of the ice sheet
(H.) as a function of eustatic sea-level change (AH,) (see Sub-Section 2.3.2.2). The marine-extent
parameterisation is described by Huybrechts (2002) as a ‘phenomenological relationship’ as it allows
grounded ice to advance into deeper water during low eustatic periods (times when the climate was
colder). Conversely, during times of high eustatic sea level (i.e. when the climate was warmer) the
ice margin is forced landward. The eustatic sea-level record (AHy)) used is derived from the SPECMAP
stack of marine oxygen-isotope values (Imbrie et al., 1984) and is shown in Fig. 38. Note that the
Huy1/2 models account for solid Earth deflection arising from Greenland ice and ocean loading
changes when calculating water depths (this creates a feedback between the marine extent of the
ice sheet and grounding line migration). Eustatic sea-level changes are not included in the
calculation of water depths (when determining the ocean load) as they were found to have a

second-order effect when compared to Eq. 2 (see Zweck and Huybrechts, 2003).
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In this Sub-Section we attempt to build a more realistic sea-level forcing for the Huy2 model; based
upon our findings in the early parts of Section 4.3 and on the hypothesis that non-Greenland RSL
change controlled the marine retreat of the GrIS (we address this assumption in the following
Section). As discussed above, there are significant differences between the ICE-5G and SPECMAP
eustatic sea level curves. Of these two datasets, the ICE-5G curve represents the more accurate
record of eustatic sea-level change; it is in reasonable agreement with coral observations (e.g.
Fairbanks, 1989; Bard et al, 1990; Yokoyama et al., 2000), which provide a direct measurement of
past sea-level change (see Fig. 12a of Peltier (2004)). Whereas, the eustatic curve derived from the
SPECMAP isotope values is a proxy record of eustatic sea-level change and thus has limited accuracy.
To improve the accuracy of the sea-level record used to force the Huyl model, therefore, we replace
the SPECMAP curve with the predicted eustatic non-Greenland contribution of the ICE-5G model
over the period 22 ka BP to present-day. We also introduce two spatially variable RSL changes to the
sea-level forcing: (i) height shifts of the solid Earth, as detailed in the previous Sub-Section; (ii) height
shifts of the ocean surface resulting from gravitational effects (the direct and indirect effect). We
calculate non-Greenland RSL changes every 20 years over the period 123 ka BP to present-day (as
with the previous experiment on land height changes) and input them to the Huy2 model. The LGM
extent and sea-level parameterisation are as defined for the Huy2 model (see Sub-Sections 2.3.2.1

and 2.3.2.2 respectively).

Figure 42 shows the modelled maximum allowed extent of the ice sheet as defined by the sea-level
parameterisation (note that ice extent changes due to variations in mass balance can occur within
these bounds). In comparison to the Huy2 model, our new revised sea-level forcing produces a
slightly smaller extent at the LGM and during the early part of the retreat (up until c. 10.5 ka BP).

After this time, the new sea-level forcing allows a larger or as large an extent as the SPECMAP
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oxygen isotope proxy. We do not place much importance on these results as the timing of the

marine retreat is dependent on the formulation of the sea-level parameterisation.
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Fig. 42. Modelled maximum allowed ice sheet extent for Huy2 (grey line) and a model which has a
sea-level forcing based on the non-Greenland RSL predictions of the ICE-5G model (black line).

In the Huy1/2 models, the pattern of marine retreat is essentially governed by the bathymetry of the
continental shelf. However, making spatial changes to the sea-level forcing will also influence this
pattern. Figure 43 shows the chronology of modelled maximum allowed extent for the Huy2 model
and a model which includes spatial changes in non-Greenland RSL to the sea-level forcing. For the
latter model, we find that the marine retreat was generally earlier in east Greenland and later in the
west when compared to the results of Huy2. This finding is broadly consistent with the independent
observations (see above Sub-Section 4.3.3.) and supports the hypothesis that the pattern of retreat
was at least partly due to spatial variations in RSL change. A clear avenue for future work is to see
whether the data-model misfits shown in Sub-Section 2.3.2.2 (where we found different sea-level
parameterisations were favoured in different regions of Greenland) can be resolved by

implementing a spatially variable sea-level forcing.
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Fig. 43. Modelled maximum allowed ice sheet extent of a model which has a sea-level forcing based
on the non-Greenland RSL predictions of the ICE-5G model (a) and Huy2 (b). The chronology is as
follows; pink — 14 ka BP, dark blue — 12 ka BP, light blue — 11 ka BP, yellow — 10 ka BP, red — 9 ka BP
and green — 8 ka BP. Modelled present-day land area is shaded dark grey.

4.4. Discussion

In the following discussion we focus on non-Greenland RSL change in relation to the marine retreat
of the ice sheet. In the next Sub-Section (4.4.1) we examine the deglaciation of the NAIS and, in
particular, uncertainty regarding the contribution of the NAIS to mwp-IA and the consequent
implications for the above analysis. In Sub-Section (4.4.2) we discuss possible driving mechanisms of
the marine breakup and in Sub-Section (4.4.3) limitations of the modelling approach adopted above.

Issues to be explored in future work are to be highlighted in each Sub-Section.
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4.4.1 The North American Ice Sheets and origin(s) of mwp-1A

As discussed above, sea-level predictions generated using the ICE-5G model indicate that the
deglaciation of the NAIS had a strong control on post-LGM non-Greenland RSL change. The North
American component of the ICE-5G global ice model is detailed by Peltier (2002); this analysis
primarily uses observations of GIA-induced sea-level change to quantitatively infer the past
behaviour of the NAIS. In contrast to other modelling efforts (e.g. Tushingham and Peltier, 1991;
Peltier, 1998; Marshall et al., 2002), in which the LGM geometry of the NAIS has a monodomal
structure, the ICE-5G reconstruction is characterised by a multidomal form. Peltier (2002) found that
to reconcile modelling results with modern geophysical observations (Argus et al., 1999; Lambert et
al., 2001), required a dome in the west (the so called “Keetawin dome”) with a ridge of ice extending
southeast and surrounding Hudson Bay. Such a multidomal structure has previously been proposed
on the basis of geomorphological evidence (Dyke and Prest, 1987) and recent satellite gravity data

further support this assertion (Tamisiea et al., 2007).

As represented in the ICE-5G model; the NAIS contains 74 m ice-equivalent sea-level at the LGM (see
Fig. 10 of Peltier (2004)). Estimates from glaciological modelling suggest an LGM ice volume of this
size is plausible (Marshall et al.,, 2002; Tarasov and Peltier, 2004). During the early period of
deglaciation (21 to 15 ka BP), we showed that rates of non-Greenland RSL change remained low (< 2
m/ka), in contrast to the eustatic signal (Fig. 39). Over this same time, the ICE-5G reconstruction
indicates that the NAIS is steadily losing mass; from 21 to 15 ka BP the modelled ice sheet reduces in
volume by around 10 m ice-equivalent sea-level (see Fig. 10 of Peltier (2004)). Geomorphological
observations show that the NAIS did not significantly change in extent during this early period (Dyke
et al., 2003). If the ice sheet contributed to early sea-level rise, therefore, it was due to central

thinning rather than peripheral retreat (Dyke et al., 2002).
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One notable feature of the ICE-5G model is the large contribution of the NAIS to mwp-1A; the ice
volume loss from 15 to 14 ka BP corresponds to a eustatic sea-level rise of c. 20 m (Peltier, 2004). As
discussed above, this large ice-ocean mass exchange had a significant impact on the sea-level history
of Greenland (see Fig. 38 and Fig. 39). The source distribution of mwp-1A, however, remains
contested in the literature. Although traditionally assumed to be sourced from the NAIS, the work of
Clark et al. (1996) first suggested that a significant amount of mwp-1A might have originated from
the Antarctic Ice Sheets (AlS). This hypothesis was later directly tested using sea-level fingerprinting;
which supported the assertion that the AIS were the most likely dominant source of mwp-1A (Clark
et al.,, 2002; Bassett et al., 2005). However, Peltier (2005) argues that the sea-level data used in
these fingerprint studies does not rule out the possibility that mwp-1A had an entirely northern
hemisphere origin. Several studies have argued that a dominant Antarctic source of mwp-1A would
have strengthened North Atlantic Deep Water formation, thereby causing a warming of the
Northern hemisphere (e.g. Kienast et al., 2003; Weaver et al., 2003). This explanation is consistent
with observed Bolling-Allerod warming in the northern hemisphere; the onset of which was
concurrent with mwp-1A (Stuiver and Grootes, 2000). A recent study, which examined the
geochemical constraints on the runoff of mwp-1A from North America, concluded that less than 30%
of the meltwater pulse was sourced from Laurentide Ice Sheet (Carlson, 2009). Whilst glaciological
modelling results suggests that the eustatic contribution of the NAIS to mwp-1A is in the range of 7.7
to 10.2 m (Tarasov and Peltier, 2004, 2006), around half the size of the meltwater pulse embodied in
the ICE-5G model. We note that although a number of recent studies have argued for a large
Antarctic component of mwp-1A, field observations of the AIS, along with ice sheet modelling
results, indicate it made only a small contribution to mwp-1A (Licht, 2004; Price et al., 2007;

Macintosh et al., 2007).
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Given the uncertainty of the origin(s) of mwp-1A, we generate sea-level predictions using the global
ice history presented by Bassett et al. (2005). This model is an adaption of the ICE-3G model
(Tushingham and Peltier, 1991) and was revised to include a large (c. 15 m ice-equivalent sea level)
contribution from the Antarctic Ice Sheets to mwp-1A. Figure 44 shows the corresponding non-
Greenland RSL predictions at the 6 coastal sites we have examined — we also show predictions from
the ICE-5G model for comparison. Over the early period of deglaciation (21-15 ka BP), we find that in
areas outside of northwest Greenland predictions from the Bassett et al. (2005) model indicate a
slightly larger rise in RSL than shown from the ICE-5G model. A key difference between the curves is
the predicted RSL change during mwp-1A; the Bassett et al. (2005) model shows a uniform rapid rise
in RSL which is similar in size to that shown in the eustatic curve. This is an unsurprising finding given
that Greenland is in the far-field of Antarctica and suggests that in this scenario the corresponding
pattern of ice margin retreat would be earlier and more symmetric than for a dominant North
American source of mwp-1A. Unlike the ICE-5G model, the predictions from the Bassett et al. (2005)
model show no rise in RSL associated with mwp-1B. After this time the predictions show generally
similar changes in RSL up until present-day. These results show that the nature of sea-level change in
Greenland during mwp-1A is very dependent on the source distribution of the meltwater. It is

therefore important to better constrain the sources of mwp-1A in future work.
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Fig. 44. The grey solid line shows predicted RSL generated using the non-Greenland ICE-5G (Peltier,
2004) ice history and our reference Earth model. The grey dashed line shows predicted RSL
generated using the non-Greenland ice history of Bassett et al. (2005) — which includes a large
contribution to mwp-1A from the Antarctic ice sheets. The black curve denotes the eustatic
meltwater contribution from the non-Greenland ICE-5G model.

4.4.2. Possible driving mechanisms of the marine retreat

As discussed in the Introduction, past studies have hypothesised that the marine breakup of the GrlS

was driven by sea-level rise (Funder, 1989; Funder and Hansen, 1996). Although post-LGM sea-level
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change would have undoubtedly influenced calving, it is not yet clear to what extent it controlled the
retreat of the ice sheet. Of course, as widely demonstrated in other modelling studies, the ice sheet
is sensitive to changes in other climate parameters (e.g. Calov and Hutter, 1996; Greve, 1997,
Huybrechts, 1994, 2002; Ritz et al., 1997; Zweck and Huybrechts, 2005). However, recent
investigations have drawn attention to physical effects not normally considered in ice sheet
modelling analyses. The work of Alley et al. (2007), for example, has shown that sedimentation at
the grounding line of an ice shelf stabilises ice sheets against sea-level rises of at least several metres
(<10 m) — and as pointed out by the authors, sedimentary stabilisation of tidewater glaciers is well
recognised (e.g. Meier and Post, 1987). This would suggest that the GrlS may not have responded to
smaller sea-level changes of this order. Clearly, other physical processes of climate change will have
also influenced the marine breakup of the GrIS. Modelling studies of ice shelves, for example, show
that the melt rate is highly sensitive to changes in ocean temperature (Holland et al., 2008a). Indeed,
episodes of contemporary ocean warming in Greenland have been shown to correspond to the
retreat of outlet glaciers (Hanna et al., 2009) and modern hydrological observations from the west
coast of Greenland suggest that is the delivery of warm subsurface waters that initiated the
acceleration of Jakobshavn Isbrae in 1997 (Holland et al., 2008b). Paleo-evidence shows there has
been considerable post-LGM variability of the major oceanographic currents that circumnavigate
Greenland (e.g. Lloyd et al., 2005), so it seems plausible that ocean warming played an important

role in driving the marine retreat of the GrlS.

If the extent of the ice sheet was sea-level controlled, one assumption made in this work is that it
was non-Greenland RSL change which drove the marine retreat. There are clear potential couplings
between marine based ice sheet evolution and changes in relative sea levels —i.e. could there be a
feedback mechanism between ‘local’ GrlS loading changes and associated variations in RSL that

caused the marine retreat? Although not extensively studied, the few modelling works that have
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addressed this problem suggest that the coupling is limited. This is mainly because once marine
based ice retreats it is replaced by ocean water and so the surface load is not significantly changed
(Le Meur and Hindmarsh, 2001). Zweck (1998) examined the sensitivity of marine ice sheet evolution
to changes in Earth viscosity structure - he found that the ability of the ice sheet to advance varies
with changes in lithospheric thickness. We note that neither of these studies account for the other

processes that influence RSL change (i.e. the direct and indirect effect).

4.4.3. Limitations of the modelling and future work

In terms of our modelling work, an obvious limitation of the Huyl/2 models is that they do not
contain a physically coherent treatment of calving. This is a long standing problem with ice sheet
models, partly because some of the processes controlling grounding-line migration are not fully
understood. Further, calving is sensitive to small-scale processes; these cannot easily be determined
given that the horizontal grid resolution of millennial-scale ice sheet models is typically around 20
km. It is important to remember that the Huy1/2 models treat calving as a function of water depth
(see introduction), although we note that there is considerable discussion surrounding the accuracy
of this relationship (e.g. Van der Veen, 1996; 2002, Warren et al., 2001). As mentioned in Chapter 2,
models of tidewater glaciers, supported by observations, have shown that it is changes in the
bedrock topography that are the dominant control on episodes of rapid retreat (e.g. Vieli et al.,

2001; Schoof, 2007).

As discussed in the previous Sub-Section, there are potential coupling between marine ice sheet
evolution and changes in RSL. We note that the Huy1/2 models account for changes in Greenland ice
and ocean load when calculating water depths (see Sub-Section 4.3.4) — however, the adopted

formulation of the sea-level parameterisation clearly remains the control on ice sheets marine
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extent (and are therefore a function of eustatic sea-level or, in the case of our second experiment,
non-Greenland RSL change). Also as discussed above, changes in the height of the ocean surface (i.e.
the direct and indirect effect) due to ‘local’ ice mass variations have not been considered before and

should be investigated in future work.

Finally, we recommend that ice sheet modellers, when possible, adopt a sea-level forcing based on
coral observations which provide a direct measure of past sea-level change (e.g. Fairbanks, 1989;
Bard et al, 1990; Yokoyama et al., 2000). As mentioned, the eustatic curve derived from the
SPECMAP isotope values (Imbrie et al., 1984) and used within the Huy1/2 ice models is a proxy
record of sea-level change and thus has limited accuracy. Zweck and Huybrechts (2003) conduct a
modelling study of the northern hemisphere and, similar to the Huyl model (See Eqgn. 2), find a
hybridised sea-level parameterisation is needed to reproduce the correct timing of deglaciation.
They suggest several reasons as to why the parameterisation requires a non-linear form — that it
represents a switch from fast to slow calving, that is because the model does not account for the
floatation of ice and/or it represents a climate signal not encapsulated in the ice sheet model. We
suggest that, alternatively, the non-linearity may simply be related to the adopted sea-level forcing.
As with the Huy1/2 models, Zweck and Huybrechts (2003) use the SPECMAP derived eustatic curve
which is characterised by an almost linear rate of rise. Whereas, both observations of far-field sea
levels (e.g. Fairbanks, 1989; Bard et al, 1990; Yokoyama et al., 2000) and predictions of non-

Greenland RSL show the rate of change is variable with time.

4.5. Conclusions

Using the ICE-5G model, we have shown and analysed predictions of non-Greenland RSL change. We
have also considered how this signal may have influenced the post-LGM evolution of the GrlS. Based

on this work, we find the following:
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1. The influence of non-Greenland ice on solid Earth motion in Greenland (i.e. the collapse and
migration of peripheral forebulges) is relatively small. Our model predictions suggest that the
forebulges, at their largest, increase land height by around 30-60 m in Greenland. Their influence on

the evolution of the GrlIS is small but possibly slowed the Holocene retreat in southwest Greenland.

2. RSL change around Greenland which is driven by non-Greenland ice mass loss departs from the
associated eustatic signal; largely because of the close proximity of the late North American Ice
Sheets. Observations indicate that eustatic sea-level began to rise shortly after the LGM (c. 21 ka BP)
(e.g. Hanebuth et al., 2000; Yokoyama et al., 2000; Clark et al., 2004). In Greenland, however, our
model predictions indicate that the early period of deglaciation (22-15 ka BP) was characterised by
relatively stable sea-levels. After this period, specifically during the occurrence of mwp-1A, rates of
RSL change around Greenland show a distinct east-west gradient: Rates of rise from 16 and 14 ka BP
remained relatively low in the west, whereas, those in the east reach values between 6 and 8 m/ka.
This pattern arises because in the ICE-5G model the North American Ice Sheet contains a large
contribution (c. 20 m ice-equivalent sea level) to mwp-1A. If the meltwater pulse had a dominant
Antarctic source, however, then RSL change at this time would more closely resemble the eustatic

signal and be more uniform.

3. If the marine breakup of the GrlIS was forced by non-Greenland RSL change then we would expect
the retreat of the ice sheet to reflect the sea-level changes described in Conclusion 2. This suggests
that the ice sheet would not have been driven from the continental shelf until after c. 16 ka BP,
which is in agreement with the results of GIA modelling studies of the GrIS which are constrained by
RSL data (Tarasov and Peltier, 2002; Fleming and Lambeck, 2004, Chapter 2). Our modelling results
suggest that, assuming a conventional ice sheet model calving treatment, a more realistic sea-level
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forcing results in a pattern of ice margin retreat which is at least partly due to spatial variations in
RSL change. Thus, these results show that the marine retreat was generally earlier in east Greenland

and later in the west when compared to the results of Huy2.

4. An earlier deglaciation of eastern Greenland, when compared to other regions, is generally
consistent with observations from the continental shelf (see Sub-Section 3.3). In a past RSL field
investigation Long and Roberts (2003) hypothesised that the Jakobshavn Isbrae (situated in west
Greenland) was able to survive high rates of sea-level rise (including mwp-1A) and persist on the
shelf west of Disko Bugt until the early Holocene because of its high ice discharge and the relatively
shallow water depths. Our sea-level predictions indicate that there may not have been any sea-level
rise associated with mwp-1A. Indeed, the deglaciation of Disko Bugt can be tentatively correlated

with the later mwp-1B and/or rapid climate change following the YD.
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Chapter 5:

Summary and future work.

In this thesis we have made use of GIA and glaciological models to investigate the behaviour of the
GrlS from the LGM (21 ka BP) up until the present-day. We begin our final Chapter with a discussion
of the methodology applied in Chapter 2 (i.e. the Earth and ice model sensitivity analysis and ¥’ test)
to arrive at our resultant new ice history for Greenland (Huy2). Following this we readdress the
implications of the research (see Section 1.3) and summarise our most important findings. Possible
avenues of future work are detailed where appropriate. Given that summaries are provided at the
end of each chapter, the main aim here is to bring together the content of each chapter summary

and discuss the implications in terms of the main research aims and the implications for future work.

5.1. Review of methodology in arriving at Huy2 model

The primary aim of the work was to calibrate a glaciological model of GrlS evolution since the LGM
using inferences of RSL and past ice extent from field data (Chapter 2). As part of this analysis we
performed detailed ice and Earth model sensitivity tests with our GIA model - RSL predictions are
sensitive to changes in both the ice loading history and the adopted Earth model. The sensitivity of
our RSL predictions to variations in Earth structure (e.g. Sub-Section 2.3.1.1) is larger than previous
studies of Greenland have indicated because we sampled a wider range of Earth model parameters
(e.g. Tarasov and Peltier, 2002; Fleming and Lambeck, 2004; Long et al., 2008). We note there is little

information on mantle viscosity structure beneath the GrlS. Observations of GIA-induced RSL change
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that have previously been used to infer mantle viscosity structure (and determined the parameter
values explored in this thesis) have largely focussed on postglacial uplift curves from Fennoscandia
and/or from Hudson Bay in Canada (e.g. Mitrovica and Peltier, 1993; Mitrovica and Peltier, 1995;
Peltier and lJiang, 1996; Mitrovica and Forte, 1997, 2004). However, the Earth parameter values
derived from such investigations largely pertain to local viscosity structure (e.g. see Paulson et al.,
2005) and so may not reflect the Earth viscosity structure of Greenland — we therefore require

better constraints on these parameters for Greenland (see also Section 5.4).

In terms of the ice model, we performed a more limited sensitivity analysis; this is because there are
many ice model parameters that can be varied (see Section 2.4). We therefore targeted parameters
that were effective in addressing the large misfits between the RSL data and our sea level
predictions (LGM extent, the calving parameterisation and Holocene temperature forcing). It would
be interesting to extend our study with a more comprehensive test of climate parameters (i.e. those
related to temperature and precipitation) as these have a strong control on ice sheet evolution and
extent (see Zweck and Huybrechts, 2005). We also note that, unlike for the Earth model, there are a
number of independent observations available which helped us to better constrain the ice history.
While there a quite a few field observations which detail past changes in the position of ice margin
(e.g. Funder, 1989; Mienert et al., 1992; Van Tatenhove et al., 1995, 1996; Bennike and Bjorck, 2002)
there are relatively few that pertain to the past height extent of the ice sheet (e.g. Roberts et al.,
2008). Changes to the parameters affecting ice flow (deformation and sliding law coefficients and
geothermal heat flux) have the largest influence on ice thickness and the profile of the ice sheet (e.g.
see Ritz et al., 1997), so it would be useful to examine these along with the climate parameters in

future work.
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Following our sensitivity analyses we determined an optimum Earth viscosity model for Huy2 using
the ¥’ criterion. Determining a best-fit model in this manner is time consuming because of the wide
search of parameter space that must be performed. In future analyses, therefore, we may adopt a
probabilistic inversion method to reduce computation time (e.g. Cianetti et al., 2002). As discussed
in Chapter 2, the X* test has a bias toward fitting the west Greenland RSL dataset as: (1) there are
numerous data from this region and (2) the data here are mostly from isolation basins which have
good height precision and so the x* values will increase quickly with an increasing misfit (see Sub-
Section 2.3.1.2). Certainly, to better constrain our GIA model, we require more high quality RSL data
that have a well constrained height relationship to former sea-level (e.g. Long et al.,1999; Bennike et
al., 2002; Sparrenbom et al., 2006a) and which have better geographical coverage. In particular, this
is the case for areas in the northern and eastern parts of Greenland, where the observations consist
only of limiting dates (these data only provide a height limit on former sea level). An additional
important finding from the x° test was to show that the current RSL data set is not able to place a
useful bound on upper mantle viscosity — this has implications for the uplift predictions (Section 5.3)

and also indicates that we require additional data to better constrain this parameter.

5.2. GrlS ice history and palaeoclimate

An important motivation for our work was that our GIA model can provide insights into how the ice
sheet reacted to past sea-level and climate change. In the following Sub-Sections we review the

large-scale changes of the GrlS since the LGM and also its response to the HTM.
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5.2.1. Large-scale changes since the LGM

At the LGM, the Huy2 model shows that the ice sheet contained c. 4 m excess ice-equivalent sea
level, previous studies have indicated a excess volume closer to 3 m (e.g. see Clark and Mix, 2002;
Tarasov and Peltier, 2002; Fleming and Lambeck, 2004). The Huy2 model has a larger LGM volume
because the ice sheet grounds further out on the continental shelf in the east, which is in better
agreement with evidence from marine geophysical surveys (e.g. Evans et al., 2002). The modelled
post-LGM marine retreat of the GrlIS begins later (c. 12 ka BP) and is far more rapid than the original
glaciological predictions of Huybrechts (2002), this suggests that the ice model underestimates the
response of the GrlS to sea-level rise and/or rapid climate change (see also Sub-Section 5.4 below).
Results from the Huy2 model show that the retreat was largely driven by sea-level rise and misfits
between our sea-level predictions and the RSL data suggest that the marine retreat may have
initiated first in east Greenland and then later in the west (although this pattern is not well produced
by the ice model). The east-west pattern of marine breakup is consistent with sparse field
observations (e.g. see Sub-Section 4.3.3) and, as shown in Chapter 4, could be due to the non-
uniform nature of sea-level change associated with non-Greenland ice mass variations. If sea-level
change did play a significant role in the retreat of the GrlS then our findings in Chapter 4 suggest we
require a good understanding of non-Greenland ice melt (i.e. the source of the meltwater). In
particular, the origin(s) of mwp-1A need to be better constrained as sea-level change in Greenland is
sensitive to the relative partitioning of the source of meltwater between the Laurentide and

Antarctic ice sheets.

5.2.2. The retreat behind present-day ice margin and neoglacial reqrowth

A key aim of the work was to analyse the reaction of the GrlIS to warming during the Holocene. Our

modelling results suggest the ice sheet retreated largely in the southwest (by up to 80 km) and
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contributed 0.17 m ice-equivalent sea level in response to the HTM. This is a relatively moderate
response to the millennial-scale warming that occurred during the Holocene (Dahl Jensen et al.,
1998). The Huy2 model has an imposed warming of between 2 and 3.75 °C (all temperatures are
relative to preindustrial times) with spatio-temporal variations to reproduce the observed pattern of
warming (see Sub-Section 2.3.2.3). However, we note that the degree day factors (which govern
how the melt rate increases with temperature) had to be reduced by 30 % over the Holocene period
to ensure that the ice sheet model evolved to reach its present-day state. We also note a previous
modelling study of Huybrechts (1991) showed that area averaged warming in Greenland needs to
exceed 2.7 °C before the surface mass balance becomes negative. Given these results it is not
surprising that the modelled ice volume change during the HTM is quite small (i.e. a rise of 0.17 m
ice-equivalent sea level relative to present-day); such a sub-metre variation could not be resolved
using current observations of far-field sea level change that date to the Holocene period (e.g. see
Nakada and Lambeck, 1989; Fleming et al., 1998; Lambeck and Bard, 2000; Lambeck and Purcell,

2005; Milne et al., 2005).

Proxy climate records show mean summer temperatures in Greenland rose 1.7 °C between 1991 and
2006 (Hanna et al., 2008) and over the 21* century mean annual temperatures are predicted to rise
by around 4 °C (see Huybrechts et al., 2004). If the current warming trend continues, therefore, then
temperatures in Greenland will soon reach or exceed those observed for the HTM. If warming
follows a similar pattern to the HTM, then we expect that the results of the Huy2 model can be used
to some extent as a guide for the future long-term (i.e. millennial scale) behaviour of the GrlS.
However, we are somewhat cautious on this issue, as although predictions of the Huy2 model
provide good fit to the RSL data from west Greenland there remains considerable uncertainty on
Earth viscosity structure (RSL predictions are clearly sensitive to changes in Earth model parameters)

and also the influence of the non-Greenland GIA signal. These matters need to be more closely
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examined before the magnitude of retreat and subsequent neoglacial regrowth can be more tightly

constrained.

5.3. Predictions of present-day vertical land motion

One application of the Huy2 model is to predict the pattern of present-day solid Earth deformation
in Greenland (Chapter 3). Contemporary geodetic and altimetry measurements require a correction
for the ongoing vertical motion of the Earth which comes from GIA models such as the one
developed in this thesis (e.g. Velicogna and Wahr, 2005; Thomas et al., 2006; Zwally et al., 2005). In
this regard, we note that a recent study of Barletta et al. (2008) examined the sensitivity of such
mass balance estimates derived from gravity data to changes in both Earth model parameters and
the ice loading history. They found that the corresponding range of mass balance estimates for the
GrIS was between -122 and -50 Gt/yr for the period 2003 to 2006; this is larger than commonly

stated in the literature (see also Sub-Section 1.1.2).

Our analysis of post-LGM Greenland loading changes show how different periods of ice mass
variation dominate in particular regions of Greenland. These findings will be a useful resource when
interpreting existing and future observations of vertical land motion in Greenland. Furthermore, our
modelling results show that present-day uplift rates are strongly dependent on the adopted Earth
viscosity structure and particularly on the value of upper mantle viscosity. As discussed above, the
current RSL data set is not able to place a useful bound on upper mantle viscosity structure. In future
analyses, therefore, GPS observations could be used to address this problem and help constrain
mantle viscosity structure in Greenland (note that the GNET project aims to establish around 50 new
continuous GPS stations around the periphery of the ice sheet). Furthermore, we only examined

vertical uplift rates in Chapter 3. Analysis of horizontal crustal velocities should be included in future
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work; although we note that this component of motion appears far more sensitive to lateral
variations in Earth structure (e.g. see Latychev et al., 2005 and also Section 5.4). Comparison of uplift
predictions generated using the Huy2 model are generally in good agreement with the most recent
absolute GPS observations from southwest Greenland (Khan et al., 2008). This finding corroborates
our findings from Chapter 2 and suggests that broad features of the ice sheet’s Holocene evolution
in this region are well reproduced. However, our predictions do not agree with the relative rates
recorded in southwest Greenland by Dietrich et al. (2005), which suggests that the pattern of the

neoglacial readvance is not accurately reproduced.

Results from the Wake et al. (2009) model indicate that decadal-scale ice mass variability over the
last c. 140 years plays a small role in determining the present-day viscous response but surface mass
balance changes from 1995 to 2005 significantly influence present-day elastic uplift rates. Future
studies should focus on improving the accuracy of ice sheet reconstructions over the last few
hundred years, or even earlier - recent work has shown predicted present-day uplift rates are
potentially very sensitive to ice mass changes over the last two millennia (lvins and James, 2005). As
mentioned, new high resolution relative sea-level records obtained from salt marsh studies
(Woodroffe and Long, 2009; Long et al., in press) can help in this regard and be used to constrain the

behaviour of the GrlS over the last millennia.

5.4. Limitations of ice sheet and Earth models

As mentioned above, the original Huyl model of Huybrechts (2002) was found to underestimate the
response of the ice sheet to past climate change. This point was previously discussed in Chapter 2
and could be due to uncertainties in the palaeoclimate forcing and/or because physical processes

such as calving and ice stream dynamics are poorly represented in the current generation of ice
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sheet models (see Section 2.4). Furthermore, we noted that the horizontal (20 x 20 km) of the ice
model is too coarse (Van den Berg et al., 2006). These issues may mean that the ice model
underestimates rates of change (especially ice-dynamic changes) (e.g. Alley et al., 2005). In
particular, we note that it is the speed of the ice sheet’s marine retreat that is underestimated by
the original Huyl model; this suggests that it is ice-ocean interactions which are not properly
captured by the ice model (see Section 4.1 and Sub-Section 4.4.2). Three-dimensional ice sheet
models which include higher-order stress gradients are available (e.g. Pattyn, 2003; Saito et al.,
2003; Payne et al., 2004) - as a first step in addressing the above issues we therefore recommend the
application of such models for the type of analysis presented in this thesis (although far longer

computation times will restrict this work).

A particular limitation of the Earth model used in this study is the assumption of a 1-D depth
dependent viscosity structure. As shown in Chapter 2 (see Sub-Section 2.4.2.3), misfits between the
RSL data and our model predictions could possibly be explained by lateral variations in Earth
viscosity structure. Indeed, as mentioned, there is good evidence from seismic studies that in
Greenland lateral variations in Earth structure exist (e.g. Darbyshire et al., 2004). Such lateral
variations can, to some extent, be detected using 1-D Earth models if the RSL data is divided into
small geographical regions (see Kaufmann and Wu, 2002). We also note that predicted uplift rates
are likely to be very sensitive to these lateral variations (see Chapter 3). Early work that addressed
the issue of lateral variations in Earth viscosity structure made use of 2-D Earth models. These
investigations showed that land motion close to the periphery of an ice load is extremely sensitive to
lateral variations in upper mantle viscosities (e.g. Sabadini et al., 1986; Kaufmann et al., 1997).
Furthermore, using observations of GlA-induced sea-level change to infer Earth viscosity structure
will result in incorrect values if performed using a 1-D model that does not account for lateral

variations (e.g. Martinec et al., 2001). These results have since been reproduced and confirmed
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using more recent models that incorporate 3-D Earth viscosity structure (e.g. Kaufmann et al., 2000;
Kaufmann and Wu, 2002; Steffen et al., 2006). Thus, there is increasing evidence that 3-D Earth
structure needs to be considered in GIA modelling analyses. A clear target for future work is to apply
a 3-D Earth model (e.g. Latychev et al., 2005) to Greenland and examine the influence on the RSL

predictions; we note that this has not been done before.

Finally, we briefly discuss the limitations of the methodology employed to the modelling work in this
thesis. As outlined in the model description (Sub-Section 1.4.1), the ice model contains its own
treatment of isostasy (the ELRA model; see Chapter 4) and sea-level (see also Chapter 4). Thus,
coupling the ice model to the Earth model and/or the sea level model employed in this thesis will
allow us to explore several avenues in future work: Firstly, the influence of isostasy on ice sheet
evolution. A recent case study of glacial cycles in Eurasia has illustrated that the ELRA model has
limitations in comparison to more realistic treatments such as the spherically symmetric, visco-
elastic, self-gravitating and compressible Earth model used throughout this thesis (Van den Berg et
al., 2008). A similar study should be applied to the GrIS — an obvious further extension of the work
would be to examine the influence of 3-D Earth structure on ice sheet evolution. Secondly, coupling
the sea-level model will provide a more accurate sea-level forcing and also allow us to examine the
potential coupling between marine ice sheet evolution and changes in RSL. Although, we note that
this second objective somewhat relies on developing a physically coherent treatment of calving (see
Chapter 4) - publications arising from the ice2sea project (www.ice2sea.eu) should help in this

regard.
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