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ABSTRACT

An ice sheet model was constrained to reconstruct the evolution of the Greenland Ice Sheet
(GrIS) from the Last Glacial Maximum (LGM) to present to improve our understanding of its response to
climate change. The study involved applying a glaciological model in series with a glacial isostatic
adjustment and relative sea-level (RSL) model. The model reconstruction builds upon the work of
Simpson et al. (2009) through four main extensions: (1) a larger constraint database consisting of RSL
and ice extent data; model improvements to the (2) climate and (3) sea-level forcing components; (4)
accounting for uncertainties in non-Greenland ice. The research was conducted primarily to address data-
model misfits and to quantify inherent model uncertainties with the Earth structure and non-Greenland
ice. Our new model (termed Huy3) fits the majority of observations and is characterised by a number of
defining features. During the LGM, the ice sheet had an excess of 4.7 m ice-equivalent sea-level (IESL),
which reached a maximum volume of 5.1 m IESL at 16.5 cal. ka BP. Modelled retreat of ice from the
continental shelf progressed at different rates and timings in different sectors. Southwest and Southeast
Greenland began to retreat from the continental shelf by ~16 to 14 cal. ka BP, thus responding in part to
the Bglling-Allergd warm event (c. 14.5 cal. ka BP); subsequently ice at the southern tip of Greenland
readvanced during the Younger Dryas cold event. In northern Greenland the ice retreated rapidly from the
continental shelf upon the climatic recovery out of the Younger Dryas to present-day conditions. Upon
entering the Holocene (11.7 cal. ka BP), the ice sheet soon became land-based. During the Holocene
Thermal Maximum (HTM; 9-5 cal. ka BP), air temperatures across Greenland were marginally higher
than those at present and the GrIS margin retreated inland of its present-day southwest position by 40 to
60 km at 4 cal. ka BP which produced a deficit volume of 0.16 m IESL relative to present. In response to
the HTM warmth, our optimal model reconstruction lost mass at a maximum centennial rate of c. 103.4
Gt/yr. Our results suggest that remaining data-model discrepancies are affiliated with missing physics and
sub-grid processes of the glaciological model, uncertainties in the climate forcing, lateral Earth structure,
and non-Greenland ice (particularly the North American component). Finally, applying the Huy3
Greenland reconstruction with our optimal Earth model we generate present-day uplift rates across



Greenland due to past changes in the ocean and ice loads with explicit error bars due to uncertainties in
the Earth structure. Present-day uplift rates due to past changes are spatially variable and range from 3.5
to -7 mm/a (including Earth model uncertainty).

1. INTRODUCTION

Between 26.5 and 19 thousand years before present (ka BP) global ice volume reached and
maintained a maximum value resulting in global mean sea-level being 120-135 m below present (Clark
and Mix, 2002; Lambeck et al., 2002; Milne et al., 2002; Clark et al., 2009; Austerman et al., 2013).
During this period, known as the Last Glacial Maximum (LGM), there was large-scale glaciation across
North America and Eurasia as well as more extensive ice in Greenland and Antarctica. The subsequent
deglaciation and transition to a warmer interglacial climate saw the disappearance of the North American
and Eurasian ice complexes, glaciers and ice caps shrank and withered away, and the mass of the
Antarctic and Greenland ice sheets was significantly reduced. This change in the distribution of ice has
left its mark on the landscape. Resultant features such as recessional moraines provide a direct means of
reconstructing ice extent (e.g. Dyke and Prest, 1987). The transfer of water to oceans that accompanied
these changes lead to a global-scale visco-elastic response of the solid Earth (e.g. Peltier and Andrews,
1976; Clark et al., 1978). Vertical land motion in previously glaciated areas resulted in raised marine
deposits and landforms which provide valuable indirect information on changes in ice extent (e.g.
Lambeck et al., 1998). Information from ice core records has also been used to constrain past ice
thickness changes (Vinther et al., 2009). In this study, we apply a range of direct and indirect observations
of ice extent and relative sea-level (RSL) to reconstruct the Greenland ice sheet (GrlS) during its most
recent deglaciation.

The rapid change in global RSL and climate following the LGM had dramatic consequences for
the evolution of the GrIS. Geological observations suggest that during the LGM the GrIS extended across
large portions of the continental shelf and, in some areas, extended as far as the shelf break (e.g. Larsen et
al., 2010; O’Cofaigh et al., 2012). This LGM maximum for the GrIS has been affiliated with an increase
in volume of 2-3 m ice equivalent sea level (IESL) relative to present (Clark and Mix, 2002). In this study
the term IESL refers to barystatic sea level, which is defined as the global mean sea-level change
associated with the change of mass in the ocean (Gregory et al., 2013), additionally we account for a
changing ocean area since the LGM (It is important to note, however, that this definition of IESL does not
account for the increase in ocean basin volume associated with the retreat of marine-based ice. It is used
here only to provide an additional measure of ice volume). During the subsequent deglaciation, the GrIS
retreated initially through the calving of its marine-based ice as sea levels rose (Funder and Hansen, 1996;
Kuijpers et al., 2007). By approximately 10 cal. ka BP, the GrIS was mainly land-based with the
exception of some outlet glaciers (e.g. Funder et al., 2011a), after which time, retreat slowed and was
dominated by surface melt. During the Holocene Thermal Maximum (HTM), between about 9 and 5 cal.
ka BP, air temperatures across Greenland were warmer than present (Kaufman et al., 2004). It has been
suggested that, in some areas, the GrlS retreated inland of its present-day margin in response to the HTM.
It attained a post-LGM ice volume minimum around 4 cal. ka BP (Simpson et al., 2009). During the
subsequent Neoglacial readvance (Kelly, 1980), all direct geomorphological evidence pertaining to the
minimum configuration was overridden. Thus, the ice sheet’s minimum configuration can only be
inferred from RSL and ice-core records.

The motivation of this research is to more accurately understand the response of the GrIS to past
climate change to better predict its future. For example, better constraining the response of the ice sheet to
the HTM (a part analogue for future regional climate) is one clear application of using the past behaviour



of the ice sheet to assess and inform how it will respond in the future. The necessity to understand the
current state of the GrIS is becoming increasingly evident. The GrIS is in dynamic and thermodynamic
disequilibrium (on millennial and longer time-scales). This must be accounted for to accurately predict its
future behaviour. Furthermore, future projection of GrIS mass loss for a given climate scenario relies on
accurate estimates of contemporary mass loss. In this regard, satellite altimetry, interferometry, and
gravimetry data sets have been applied to estimate the mass balance of the GrlIS (Shepherd et al., 2012;
Wouters et al., 2013); the results indicate that the GrIS lost mass at an accelerated rate with a total loss of
142 £ 49 Gt/yr between 1992 to 2011. However, prior to extracting mass loss using these data sets, it is
necessary to correct them for the present-day vertical motion of the solid Earth due to past load changes.
The glacial isostatic adjustment (GIA) model presented here, including uncertainties in the ice chronology
and Earth structure, can be used directly for this purpose.

Several distinct approaches have previously been used to reconstruct the most recent GrlS
deglaciation (Huybrechts, 2002; Tarasov and Peltier 2002; Fleming and Lambeck, 2004; Peltier, 2004;
Simpson et al., 2009), each having advantages and disadvantages. The disadvantages include a lack of
glaciological self-consistency (Peltier, 2004) to the use of a small set of observational constraints
(Huybrechts, 2002). The current study builds upon the work of Simpson et al. (2009) (henceforth
referenced as the Simpson study). They employed a three-dimensional ice sheet model forced by
prescribed climatic conditions (e.g. Huybrechts, 2002). Output from the glaciological model was
constrained to ice extent observations and RSL observations.

In this study, we initially adopt the Simpson model reconstruction of GrlS evolution (termed
Huy2) and then improve it. The Huy?2 reconstruction was achieved by simultaneously tuning/calibrating a
3-D thermomechanical ice sheet model in series with a GIA model of sea-level change. The ice sheet
model was tuned through its ensemble parameters to generate hundreds of GrIS evolution histories, while
the GIA model of RSL change was calibrated to yield a probability distribution based on data-model fits
with respect to model parameters. As in the Simpson study, this procedure is herein referred to as simply
calibrating the model. Our new reconstruction adopts this methodological approach but with four
extensions. Firstly, we employ additional RSL and ice extent constraints, which are detailed in Section 2.
Key additions are an up-to-date Greenland-wide marine limit data base (K. Kjeldsen and S. Funder,
personal communication) and ice-core derived thinning curves (from GRIP, NGRIP, Dye-3, and Camp
Century), which constrain elevation changes of the ice surface for the period 8 cal. ka BP to present
(Vinther et al., 2009; Lecavalier et al., 2013). We also employ two improvements in the ice model: these
are (1) a better parameterization of the positive degree day (PDD) algorithm for computing surface mass
balance changes (Wake et al., 2014) and (2) consideration of spatial variability in the sea-level forcing to
better match the observed marine retreat chronology. Finally we assess the extent to which RSL changes
around Greenland are due to uncertainties in the deglacial history of the North American ice complex
(NAIC; Tarasov et al., 2012). This study involves sensitivity analyses to investigate the level of non-
uniqueness in the model calibration and to more accurately and precisely determine the optimal solution.

The article structure is as follows: Section 2 covers the pertinent datasets; Section 3 provides an
overview of the models; Section 4 presents the modelling results and sequentially introduces the main
extensions of this study resulting in the Huy3 model; finally Section 5 discusses the main features of the
Huy3 model and remaining data-model misfits.

2. DATA

In this study we consider a range of field observations to constrain key model parameters. There
are four sets of constraints: (1) past ice extent; (2) past changes in RSL; (3) ice-core derived thinning; (4)



the present-day configuration of the GrIS. As background to Sections 4 and 5, we review aspects of these
observational constraints in the following sub-sections. The locations of the ice-core sites and sea-level
data are shown in Figure 1a and the locations mentioned in the text are labeled in Figure 1b. The source
references of the sea-level data are provided in Table 1. Henceforth, all dates given are listed in thousand
calibrated years before present (ka BP) unless stated otherwise.

2.1 ICE EXTENT DURING DEGLACIATION

Geological and geomorphological field evidence constrains the past lateral and vertical extent of
the GrIS; here we focus only on constraints used to infer margin positions since the LGM (Funder, 1989;
Funder and Hansen, 1996; Alley et al., 2010; Funder et al., 2011a Funder et al., 2011b). During the LGM,
Northwest Greenland ice was dynamically connected to the Innuitian ice sheet on Ellesmere Island.
Marine-based ice in Nares Strait was fed by ice streams from both ice sheets and did not recede until
~12.5 ka BP (Blake, 1999, England, 1999). It was not until 11.2 ka BP that ice streams sustaining marine-
based ice in the Strait retreated to their respective fjord mouths leading to a saddle collapse by ~10 ka BP
(Kelly and Bennike, 1992; Zreda et al., 1999). In contrast, North Greenland had ice extending far onto
the mid-outer continental shelf where it was buttressed against stationary multi-year sea ice (Moller et al.,
2010; Jakobsson et al., 2013). Ice started to retreat between 16 to 10.3 ka BP before the final breakup of
marine-based ice in this region by 10.1 ka BP (Larsen et al., 2010). Moraines on the Northeast Greenland
continental shelf (Evans et al., 2009; Winkelmann et al., 2010) are interpreted as a minimum LGM extent
with a plausible earliest retreat at 10 ka BP (Landvik, 1994; Hjort, 1997; Wilken and Mienert, 2006;
Evans et al., 2009; Winkelmann et al., 2010). The marine sedimentary record near Kejser Franz Joseph
Fjord on the East Greenland coast suggests glaciation of the continental shelf; a mid-shelf moraine
defines a plausible LGM extent for the region (Evans et al., 2002) while mass-wasting deposits from
submarine channels suggest grounded ice reaching the outer shelf (O’Cofaigh et al., 2004). Ice retreat
here commenced after ~16.5 ka BP with the mid-shelf free of grounded ice by 13 ka BP. The inner shelf
was most likely free of ice by ~8.5 ka BP (Evans et al., 2002; O’Cofaigh et al., 2004).

Ice extent in Scoresby Sund during the LGM reached Kap Brewster (Héakansson et al., 2007b;
Hakansson et al., 2009). Marine cores off Scoresby Sund identify a maximum in ice-rafted debris
deposition on the continental slope between 22 and 14 ka BP, which coincides with the retreat of ice from
its LGM extent (Stein et al., 1996; Funder et al., 1998). By 12 to 10 ka BP, the outer fjord basins were
ice-free (Funder et al., 1998). The South East margin of the GrIS reached the shelf edge at LGM as
indicated by terminal moraines (Sommerhoff 1981; Andrews, 2008; Dowdeswell et al., 2010). The ice
margin at Kangerlussuaq is inferred to have reached the shelf edge by 21 ka BP and began to retreat
shortly after 17 ka BP (Andrews et al., 1997; Andrews et al., 1998; Jennings et al., 2006; Andrews, 2008).
During the LGM, ice south of Helheim Glacier reached the shelf break and maximum values of coarse-
grained, ice-rafted debris occurred during the period between 19 and 15 ka BP, which coincides with
rapid ice retreat from the shelf after 16 ka BP (Nam et al., 1995; Kuijpers et al., 2003; Long et al., 2008);
the present coastline was reached by the start of the Holocene (Roberts et al., 2008). Southern Greenland
has a narrow shelf and ice reached the shelf break during the LGM; the initial retreat occurred at 15 ka
BP, with surface exposure dates and RSL data suggesting that the ice-margin reached its present position
by 10 ka BP (Bennike et al., 2002; Sparrenbom et al., 2006a,b; Larsen et al., 2011; Woodroffe et al.,
2013). In West Greenland, sub-marine moraine-belts have suggested an LGM margin near the shelf break
(Robert et al, 2009). Although the age of these moraines is not resolved (Funder et al, 2011a), evidence
from cross-shelf troughs suggest that ice streams during the LGM reached the shelf edge and break
(O’Cofaigh et al., 2012; Dowdeswell et al., 2013). Ice streams that extended out onto the shelf persisted
into the early Holocene but had receded by 11.6 to 10.2 ka BP causing ice free conditions north of and in



Disko Bugt (Ingolfsson et al., 1990; Long and Roberts, 2003; Lloyd et al., 2005; Kelley et al., 2013; Lane
et al., 2013).

The observational constraints indicate the initial retreat of the GrIS from its maximum extent
varies in space and time. This variability likely reflects a variety of controlling processes and boundary
conditions, such as rising sea-level, ocean and air temperatures, shelf bathymetry, sea-ice extent. The use
of different proxies which have different sensitivities to margin position is also a factor to be considered
when estimating post-LGM margin retreat. In general, however, marine-based portions of the ice sheet
retreated from the shelf during the period 17 to 11.5 ka BP. The Younger Dryas cold event (YD; 12.8 to
11.7 ka BP (Steffensen et al., 2008)) caused a modest re-advance (or still-stand) of the ice margin in the
Scoresby Sund region (Hall et al., 2010; O’Cofaigh et al., 2013) but no signal has been detected in many
others (Kuijpers et al., 2003; Jennings et al., 2006; Sparrenbom et al., 2006b). Following the YD, air
temperatures over the interior of the GrIS rose abruptly by as much as 10 degrees Celsius (Steffensen et
al., 2008; Walker et al., 2009). That warming coincided with the establishment of a predominantly land
based ice sheet (Funder and Hansen 1996; Bennike and Bjorck, 2002; Jennings et al., 2006; Sparrenbom
et al., 2006b; Hall et al., 2008; Long et al., 2008a; Wagner et al., 2010; Larsen et al., 2010). During the
Early Holocene the GrIS continued to retreat, driven by surface melt and calving of fjord glaciers. From
11 to 8 ka BP, large land-areas were uncovered by the retreating ice sheet in West Greenland (Funder and
Hansen, 1996; Funder et al., 2004; Weidick and Bennike, 2007; Long et al., 2006).

Threshold lake data has been used to date the onset of ice free conditions, which can represent the
timing at which the present-day margin is reached, the minimum configuration of the ice sheet, as well as
periods of Holocene readvance (Briner et al., 2010, 2013; Larsen et al., 2011, 2013). The timing of the
minimum GrIS configuration during the HTM is also inferred using C'*-dates of reworked material in
moraines (Bennike and Weidick, 2001; Weidick et al., 2004; Weidick and Bennike, 2007; Levy et al.,
2012). A wide range of proxies with differing sensitivities record a cooling trend across Greenland after
approximately 5 to 3 ka BP which led to spatially variable regrowth of the ice sheet in most areas of the
west and southwest culminating in a maximum extent during the Little Ice Age (0.7 to 0.1 ka BP) ) as
suggested by ‘historical’ moraines, assumed to have formed during the 1700s or at the end of the
1800s (Seidenkrantz et al., 2008; Jakobsen et al., 2008; Klug et al., 2009; Long et al., 2009; Ngrgaard-
Pedersen and Mikkelsen, 2009; Kelly and Lowell, 2009; Ren et al., 2009; Bennike et al., 2010; Schmidt et
al., 2010; Kobashi et al., 2011; Weidick et al., 2012).

2.2 RELATIVE SEA LEVEL AND THE MARINE LIMIT

For this modelling study we are interested in millennial scale sea-level changes on the order of
tens of meters. In Greenland, past sea levels have been reconstructed using a variety of indicators:
1solation basins, raised beaches and deltas, marine shells, drift wood, whale bones, and lower elevational
limits of perched boulders. Figure 1a illustrates the locations of the RSL observations used in this study
and Table 1 lists the related source references.

The sea-level observations with the highest precision are those from isolation basins (Long et al.,
2011). Isolation basin studies yield 122 relevant data points for this study (e.g. Long et al., 2011; Bennike
et al., 2011; Woodroffe et al., 2013). In comparison, the Simpson study incorporated only 73 isolation
basin sea-level index points. The limited number and uneven spatial distribution of these data requires the
use of additional less precise sea-level proxies. The remaining sea-level proxies applied (360 data points)
consist of marine shells (molluscs), drift wood, and whale bones that provide a limiting constraint on
RSL. The temporal and height measurement uncertainty associated with these data points can be large



given the precision of present-day measurement techniques and apparatus (over +1 ka and £1 m,
respectively). The marine limit (ML) for a given location defines an upper limit of RSL which constrains
the timing and magnitude of the isostatic response due to the unloading of ice (Weidick 1972; Ingolffson
et al., 1990; Funder and Hansen 1996; Rasch, 2000). The ML is often defined by the lower limit of
perched boulders above wave-washed bedrock. Lakes that lack a marine phase have also been used to
define the ML in some locations (e.g. Long and Roberts, 2003; Woodroffe et al., 2013). A total of 629
ML observations have been compiled covering the whole of Greenland (Figure S1) with characteristic
dome features of high ML values (Weidick, 1976; Funder, 1989; Funder and Hansen, 1996; K. Kjeldsen
and S. Funder, personal communication). These data are valuable in regions where other RSL
observations are lacking, particularly in northwest and southeast Greenland, as illustrated in Figure 1a.

2.3 HOLOCENE THINNING CURVES

Vinther et al. (2009) applied a novel procedure to determine ice surface elevation curves at four GrIS
ice-core locations (GRIP, NGRIP, DYE-3 and Camp Century; see Fig. 1a). These data-constrained curves
depict a Holocene thinning history that is considerably more rapid and of greater amplitude than that
indicated from numerical ice models. Recently, this analysis was revisited by Lecavalier et al. (2013) who
concluded that the ice-core derived thinning curves have larger uncertainties than previously thought, and
that prior to 8 ka BP the thinning curves cannot be defined due to the influence of the Innuitian Ice Sheet.
However, regardless of these limitations, we include these constraints (see Section 4.5) given that they
provide the only information available on past ice thickness changes in the interior of the ice sheet.

3. MODEL DESCRIPTION

The key model components and set-up applied in this study are shown in Figure 2. The
calibration is initialized with a 3-D thermomechanical ice sheet model which freely simulates the
evolution of the GrlIS and is compared to lateral extent data and the present-day ice sheet geometry. The
ice model output is then amalgamated to a global ice chronology to act as a primary input to the GIA
model. In conjunction with a global ice chronology, a global Earth model is prescribed for the GIA model
to produce sea-level and vertical land motion predictions. A sweep of a dozen key model parameters
samples the range of model predictions which are compared to observations. Finally a statistical analysis
yields optimal model parameters, those which minimize the misfit between model predictions and
observations. The thermomechanical ice sheet model and GIA model operate independently in series and
so are not coupled.

3.1 ICE SHEET MODEL

The glaciological model simulates the evolution of the GrIS in response to changes in past
climate and sea-level over the last two glacial cycles. The model is described in detail in Huybrechts and
de Wolde (1999) and Huybrechts (2002) and so only a brief overview of the most relevant aspects
relating to ice dynamics, isostasy and mass balance are provided here. The model consists of 31 vertical
layers and has a lateral resolution of 20 by 20 km which is represented by 11,703 lateral grid cells for the
region. The ice dynamics are modelled using the shallow ice approximation (Hutter, 1983).
Gravitationally-driven non-linear viscous flow represented using Glen’s flow law governs internal
deformation (Glen, 1955) while a parameterisation of basal sliding defines the flow over bedrock.
Longitudinal stresses are ignored and grounding-line dynamics are not modelled but are expressed as
parametric equations within the sea-level forcing component of the model. These parametric equations are
tuned to fit geological and geomorphological evidence (see Section 4.2.3). This marine ice



parameterisation predicts to first-order inferences of northern hemispheric large-scale ice margin changes
(Zweck and Huybrechts, 2003, 2005).

The isostatic component of the ice model differs to that employed in the GIA model of RSL
change; it is based on a more simplistic elastic lithosphere overlying a relaxed asthenosphere with a single
decay time of 3 ka. The mass balance of the ice model is defined as incoming precipitation minus
meltwater runoff and calving. Due to the millennial timescale of the analysis, the surface runoff is
calculated using a PDD algorithm (e.g. Braithwaite, 1995). The surface air temperatures are derived from
the GRIP 3'0 record which is applied to generate a temperature profile across Greenland. Subsequently,
the temperature profile is applied to generate a Gaussian distribution for monthly temperatures (see
Section 4.2.2). The melt rate is correlated to the predicted degree-day total via the degree-day factor
(DDF), and the amount of runoff, refreezing and water retention is calculated using the adjusted runoff
model of Janssens and Huybrechts (2000). The ice sheet model is run from the Last Interglaciation
(Eemian; 123 ka BP) at which time we adopt the reduced extent (compared to present) modelled in
Huybrechts (2002). The glaciological model generates the Greenland component required for the
subsequent GIA and RSL computations.

3.2 GLACIAL ISOSTATIC ADJUSTMENT AND RELATIVE SEA LEVEL MODEL

Our GIA model computes Earth deformation, gravity and sea-level changes resulting from the
interaction between ice sheets and the solid Earth (e.g. Farrell and Clark 1976; Milne and Mitrovica 1998;
Mitrovica and Milne 2003, Kendall et al., 2005). The model uses a global ice model and an Earth model
as primary inputs. The background global ice loading chronology used is ICE-5G (Peltier, 2004). The
ICE-5G chronology is revised by removing the original Greenland component (variant of GrB; Tarasov
and Peltier, 2002; Peltier, 2004) and replacing it with our own reconstructions as noted in the previous
section. As demonstrated in previous studies, RSL changes in Greenland are significantly influenced by
the deglaciation of North America (Fleming and Lambeck, 2004; Simpson et al. 2009). To assess this
sensitivity, we replace the North American component of ICE-5G by a high-variance sub-set of a data-
calibrated distribution of glaciological reconstructions (Tarasov et al., 2012).

The Earth model adopted is typical in GIA modelling studies (Peltier, 1974), with a spherically
symmetric geometry and Maxwell visco-elastic rheology. The elastic and density structure is given by the
seismic Preliminary Reference Earth Model (PREM; Dziewonski and Anderson, 1981) with a depth
resolution of 10-25 km; the viscous structure is more crudely defined into three shells - lithosphere, upper
mantle, and lower mantle — given the uncertainty in this structure and the limited depth resolving power
of RSL observations (Mitrovica and Peltier, 1991). The lithosphere was assigned a relatively high
viscosity to simulate an elastic outer shell with a thickness that was varied (LT) when seeking an optimal
model fit to the RSL data. The upper-lower mantle boundary was defined at a depth of 670 km and the
viscosity in these two regions was also varied (UMV and LMV, respectively) to optimise model fits to the
RSL data (e.g. Milne et al., 2001). The GIA model output includes the influence of ocean loading due to
sea-level changes by solving the sea-level equation as presented in Mitrovica and Milne (2003) using the
Kendall et al. (2005) algorithm. Furthermore, the model includes GIA-induced perturbations in Earth
rotation due to a shift in the Earth’s rotational inertia tensor based on the revised theory in Mitrovica et al.
(2005). The model was run using a spherical harmonic truncation of degree and order 256, which
corresponds to a surface spatial resolution of ~75 km in the Greenland region. A total of 243 Earth
viscosity models were considered in seeking an optimal data-model fit for each ice model reconstruction.
The results of the Earth model calibration exercise are given in section 4.4.



4. MODELLING RESULTS

4.1 INTRODUCTION

Since we build upon the Huy2 model of the Simpson study (Figure 3), we begin by comparing
predictions from this model to our new constraint database in order to identify key weaknesses. We
present in Figure 4 the sea-level predictions produced from our GIA model using the Huy2 reconstruction
joined to ICE-5G with the Earth model identified as providing optimal fits to the RSL data base
considered in the Simpson study. This Earth model consists of a 120 km lithosphere (LT120), upper
mantle viscosity of 0.5x10*' Pas (UMVO0.5), and lower mantle viscosity of 1x10*' Pas (LMV1). The
optimal Earth model was determined by minimizing the data-model misfit using a  statistic. The Huy2
model is biased towards fitting data on the west Greenland coast due to the high number and precision of
RSL data found there. Furthermore the y” results suggested a different optimal Earth structure for the
West and East coasts (LT120, UMVO0.5, LMV1 and LT120, UMVO0.3, LMV50 respectively). The
existence and influence of lateral Earth structure was attributed as one of the major unknowns and model
weaknesses which could have profound consequences on the accuracy of the ice chronology. Marine-
based ice retreated from its maximum LGM shelf extent more or less simultaneously in all regions in the
Huy?2 model (Fig. 3); however geological observations suggest an asynchronous retreat on the East and
West coast. As suggested in the Simpson study, the improvements in data-model fits by adopting different
viscosity parameters for the east coast might also be achieved by revising the ice chronology such that
there is asynchronous retreat on the east and west coasts. This is an issue we explore below (see Section
4.2.3).

The Huy2 RSL predictions are shown in comparison to another widely used Greenland
reconstruction — the ICE-5G variant of the GrB model (Tarasov and Peltier, 2002; Peltier, 2004) — in
Figure 4. The GrB model is the Greenland component in the global ICE-5G reconstruction (Peltier, 2004).
The RSL predictions for this model were generated using the Earth model it was developed with, the
“viscosity model 2” or VM2, which comprises an elastic and density structure defined by PREM
(Dziewonski and Anderson, 1981) and a viscosity profile with an average upper mantle viscosity of
~0.5x10*" Pas and lower mantle of ~2x10*' Pas (See Fig 1 from Peltier, 2004). The GrB model
predictions are shown for comparison in Figure 4 by the grey curve. Compared to the Huy?2 results, the
GrB model exhibits larger data-model discrepancies. This is most likely because less field data were
available when it was developed and uncertainty in Earth viscosity structure was not considered.

We begin by focusing on the Huy2 RSL predictions denoted by the black curves in Figure 4.
Data-model discrepancies will be discussed for all of Greenland, starting in west Greenland and working
anti-clockwise. Around Disko Bugt, many isolation basin studies have demonstrated that after a rapid
early Holocene fall, RSL fell below present by 5-4 ka BP to reach a lowstand at ~2 ka BP before rising to
present (Long et al., 1999, 2003, 2006). Generally, the West Greenland Huy2 RSL predictions reproduce
the RSL observations well with the exception of a few minor misfits in the rate of RSL fall and/or
lowstand at Kangerluarsuk (1), Pakitsoq (3), Upernivik (4), Orpisook (5), Qegertarsiatsuaq (7),
Sisimiut(8), and Sondre (9). For example, the Huy2 prediction for Sisimiut suggests a RSL fall that is too
gradual with a Late Holocene lowstand that does not sufficiently capture the data.

In the Nuuk region, the Huy2 model fails to produce the shape and amplitude required to fit the
RSL limiting dates and index points. Continuing southwards along the southwest coast there is a



transition away from the characteristic type of RSL curve found in the west (e.g. Disko Bugt) starting at
Paamiut (Fig. 4b) where sea-level was at an elevation equivalent to that at present, between 10-9 ka BP
and remained below present thereafter. In southern Greenland, sea levels reached present at 10-8 ka BP
and attained a lowstand sometime during the Mid Holocene. The Huy2 model does not capture well the
ML, when present-day sea-level is first reached nor the lowstand amplitude at a number of locations in
this region, specifically Paamiut (13), Qaqortoq (14), Tasiusaq (15), and Nanortalik (16) (Fig. 4b). The
sea-level index points are seldom reached by the model predictions. The Simpson study noted the poor
model fits in this region as they cannot be explained by model parameter uncertainties in the Earth
structure. A similar result was obtained by Fleming and Lambeck (2004) with their GREEN1 Greenland
model.

There are few RSL data from southeast Greenland and for those that exist (Ammassalik (17)), the
timing of retreat from the shelf (12 ka BP) is too late compared to the geological evidence (Jennings et al.,
2006; Andrews, 2008; Long et al., 2008). Additionally, the Huy2 model predicts relatively high RSL
values and a rate of sea-level fall that is too late (site 17. Amm; Figure 4c). Similar misfits are evident in
the East and Northeast where the model over-predicts the limiting dates (Fig. 4c). As mentioned above,
the ice model was not revised in the Simpson study; instead a different viscosity structure was invoked to
better fit the observations along the east coast. The alternate (East coast) viscosity structure produces an
excellent fit to observations in the Scoreby Sund area; however, discrepancies are still evident at
Wollaston (23) and Germania (24) where the initial timing of sea-level fall fails to capture the data
(dashed black curves in Fig. 4c). In Northeast Greenland the Huy2 RSL predictions do fit the observations
with the east coast Earth model from Hvalros @ (26) to Ingelbord Halvg (31) (Fig. 4d), however, we note
that these sites consist mainly of limiting dates and so the observational constraints are not precise.

In North Greenland the RSL observations are largely comprised of limiting dates. However,
predictions based on the Huy2 model do not capture the timing nor the magnitude of the initial RSL fall
indicated by the data (Fig. 4e). The initial timing of RSL fall is insensitive to variations in the adopted
Earth structure which suggests that the misfit is due to the regional deglacial history. The fact that the
Huy2 model does not simulate the coalescence of the Greenland and Innuitian ice sheets leads to thinner
ice and therefore a smaller RSL fall, which is also an important issue to explore.

The RSL observations more effectively constrain the ice margin retreat history while the ice-core
derived thinning curves provide complementary constraints in the interior. Thinning curves for the Huy2
model consist of both ice thinning and vertical land motion (based on the regional-wide optimal viscosity
model). As discussed in Section 4.5, these results suggest that the model misrepresents the chronology by
over-responding to the HTM at the DYE-3 site and, conversely, not responding enough at Camp Century.
At the more central NGRIP ice-core sites, the Huy2 model captures the inferred thinning within the
observational uncertainty (Lecavalier et al., 2013), however the summit of the GrIS (GRIP) does not thin
sufficiently at ~8 ka BP.

The discrepancies noted in this section are primary targets used to guide the calibration of an
improved deglaciation model for Greenland.

4.2 HUY3 CALIBRATION

All the changes introduced below were sequentially incorporated into the original Huy2 model.
Firstly, the LGM ice extent is evaluated and a sensitivity analysis is conducted to arrive at a revised LGM
ice mask. Subsequently, the climate and sea-level forcings are discussed and a sensitivity analysis
focusing on these model aspects is presented. We then investigate the impact of the North American ice



complex on near-field Greenland RSL predictions by consideration of a suite of ice histories for this
region. Finally, using our constraint database and the results of the sensitivity analyses we select optimal
model parameters, highlight key parameter trade-offs and model weaknesses. The present study involved
a total of over 300,000 sets of model predictions which were compared to the constraint data base. The
workflow which resulted in this ensemble of predictions is delineated in Figure S2.

4.2.1 LGM MASK

The Simpson study experimented with three different LGM ice extent scenarios; (1) the original
Huyl LGM extent as the minimum extent, (2) a maximum extent mask which extended to the shelf edge
around the periphery of Greenland, and (3) a hybrid extent based on some field evidence and combined
elements from (1) and (2). The LGM mask acts as a direct boundary condition in the glaciological model
meaning that if the ice sheet experiences positive mass balance, it can only grow to the maximal LGM
mask extent. Based on the literature of the time, it was determined that the hybrid LGM mask was most
appropriate and it also produced the best fits to RSL observations.

As discussed in section 2.1, new geological evidence has made a compelling case to re-evaluate
the Greenland LGM mask (e.g. O’Cofaigh et al., 2012; Dowdeswell et al., 2013). In Figure 5, the Huy2
hybrid LGM mask is plotted in red. Recently Funder et al. (2011a) reviewed the literature and proposed
an LGM ice extent (henceforth called the Funder extent) shown in green which is regarded as a
“minimum” extent. The Funder extent more or less coincides with the Huy2 hybrid LGM extent. The
differences between these two reconstructions are generally found in East and Northeast Greenland where
Funder et al. (2011a) propose an inner-mid shelf LGM extent as opposed to outer shelf in the Huy2
hybrid LGM mask (see section 2.1). The accuracy of the two extent scenarios can be tested by comparing
model predictions and observations for the ML as this quantity is highly sensitive to the magnitude of ice
unloading and therefore the LGM extent. Figure S3a shows the location of relevant ML observations used
to test which of the two extent scenarios is more accurate in Northeast Greenland. The Huy2 RSL
predictions produce MLs which are substantially too high (Figure S3b) even when parametric
uncertainties in the sea-level forcing and the Earth’s viscosity structure are considered. In contrast, the
Funder LGM mask results in lower RSL values which fall within the ML data (Fig. S3b). We note that
while there remain ML data-model discrepancies for the Funder LGM mask, the residuals are within
parametric uncertainties (e.g. climate and sea-level forcing).

The Huy2 LGM mask was also revised in the West and Northwest of Greenland (compare blue
and red contours in Fig. 5). Along the west coast, between approximately 67 and 75 degrees North, we
extend the LGM mask out towards the shelf break in order to capture the constraints of O’Cofaigh et al.
(2012) and Dowdeswell et al. (2013) (see Section 2.1). Since the data only constrain the margin position
near the Disko and Uummannaq Troughs, with the former accommodating the Jakobshaven Isbra outlet
glacier (approx. 68 degrees North), we use ML data to test the accuracy of a more extensive LGM margin
north of this location (Figure S3c and d).

In contrast to the results for the Northeast region, the Huy2 optimal LGM mask predicts ML
values that are, in general, too low in the Northwest (even when considering parametric uncertainty) thus
supporting the more extensive LGM margin scenario. We note that this revision is not inconsistent with
the Funder LGM mask as it was intended to represent a minimum plausible scenario in regions that
remain unconstrained by direct observations. In the far North, the LGM mask was also pushed father out.
While there are no RSL data to support this revision, it was made to compensate for the lack of a
dynamically connected Greenland and Innuitian ice sheet.



Numerous other LGM extent scenarios were investigated in addition to the final revised scenario
(blue line in Fig. 5) to assess parametric trade-off between ice extent and sea-level forcing (Section 4.2.3)
on the resulting RSL predictions (see Figure S2). Based on this sensitivity analysis and results described
above, we adopt the blue contour line in Fig. 5 as the LGM mask for our new model since it is consistent
with the majority of direct geological observations and optimises the fit to the RSL data.

4.2.2 TEMPERATURE FORCING

The temperature reconstruction based on the GRIP 8'%0 record (Dansgaard et al., 1993) is used to
generate a temperature profile across Greenland to force the ice model (as described in Simpson et al.,
2009). The GRIP §'®0 record is converted to temperature using a conversion factor (Cuffey, 2000) and
corrected for latitude and elevation changes across Greenland. However the conversion does not consider
the influence of elevation changes on the sensitivity of this isotope to climate which can be non-negligible
over periods of small temperature change (Huybrechts, 2002). This is one explanation for the lack of a
clearly defined HTM in this temperature reconstruction compared to those reconstructed from other ice-
cores and other archives in the northern hemisphere (Dansgaard et al., 1971; Koerner and Fisher, 1990;
Cuffey et al., 1995; Dahl Jensen et al., 1998; Bennike and Weidick, 2001; Kaufman et al., 2004;
Lecavalier et al., 2013). This is accounted for in the Simpson study by superimposing a parabolic function
to incorporate a pronounced HTM in the temperature forcing. We adopt their revised GRIP temperature
record but consider departures from it by scaling the HTM amplitude to investigate the sensitivity of the
model to uncertainty in this forcing component and find the forcing that optimises the fit to observations.
Figure 6 illustrates the GRIP temperature record and Huy2 and Huy3 HTM scaling from which a
temperature profile is derived across Greenland. The amplitude of the HTM parabola in the revised GRIP
record is adjusted to maximize the fit to the ice extent and RSL observations that suggest a response of
the ice sheet to the HTM. Previous modelling studies have suggested that the southwest region responded
most dramatically to the HTM (Tarasov and Peltier, 2002; Simpson et al., 2009). The imposed HTM
causes a margin retreat inland of its present-day location and a subsequent re-growth which causes a
change from RSL fall to rise in the southwest of Greenland during the late Holocene. RSL along the west
and southwest coasts is well constrained during the Holocene suggesting that it might be possible to infer
a minimum ice margin configuration. The results of this modelling exercise are presented in Section
5.1.2.

In addition to testing the sensitivity of the ice sheet to the form of the HTM, this study also makes
changes to the calculation of melt potential using the PDD method, which is necessary to calculate
surface runoff using the retuned runoff model of Janssens and Huybrechts (2000). The standard deviation
of the Gaussian temperature distribution generated from the temperature record is traditionally held
constant (4.2°C)) in the PDD algorithm. Recently, weather station observations have been used to define a
relationship between the standard deviation and temperature (Wake et al., 2014). This relationship was
adopted in the glaciological model applied here. Notably, this modification allowed us to keep degree-day
factors fixed for the duration of the model run, in contrast to the Huy?2 study. Although there is a scientific
basis for the reduction of degree-day factors (DDFs) from the Holocene until present due to declining
incoming isolation (Hock, 2003), it is not possible to constrain this relationship at present. In Huy3, DDFs
act uniformly across the ice sheet and are, respectively, for snow and ice, 3 and 8 mm/day/degree C
(water equivalent) (Braithwaite, 1995; Janssens and Huybrechts, 2000; Hock, 2003). In the original Huy1
and Huy?2 studies, the DDFs were tuned over the Holocene period and subsequently reset so that the
model reproduced the present-day ice sheet geometry. A sensitivity analysis was conducted on the DDFs
and it was determined that few permutations could simultaneously reproduce present-day ice volume and



compare relatively well against the constraint database. These developments had the effect of removing
the need to apply tuning of DDFs to reproduce the present-day ice sheet geometry (Figure S4).

4.2.3 SEA LEVEL FORCING

As discussed in section 3.1, the interaction of sea level and marine-based ice is expressed by
parametric equations which reproduce to first-order large-scale ice margin changes (Zweck and
Huybrechts, 2003, 2005). These equations correlate sea level to the grounding line ice thickness through
an empirical formulation that defines a maximum grounding depth beyond which the ice calves. The
empirical relationship produces periods of ice advance over the shelf when barystatic sea level is low,
enabling the expansion of the GrIS to its LGM position. Conversely, as sea level rises the ice sheet
retreats landward. The position of the grounding line is parameterised as a function of barystatic sea level
which is taken from the SPECMAP stack of marine oxygen-isotope values (Imbrie et al., 1984). In
section 2.1, several geological records indicate a spatially and temporally varying retreat of marine-based
ice across the shelf. Even though the spatial coverage of these data is low and the timing at which the
retreat occurs is poorly constrained in many areas, there is enough information to demonstrate the
limitation of this aspect of the Huy2 model, which results in a similar timing of retreat around the entire
margin (minor variations in the timing of the marine retreat in the Huy2 model reflects ocean
bathymetry).

In the Simpson study, three different sea-level forcings were applied that were based on
parametric equations composed of linear and quadratic expressions (see their equations 3, 4 and 5). The
three retreat scenarios are generalized to represent early, mid, and late cases (initial retreat by 16, 14, and
12 ka BP; respectively). The rate at which the ice retreats varies substantially; the late case produces an
abrupt and rapid retreat while the early case yields a more gradual withdrawal from the shelf. The sea-
level forcing clearly has a strong control on the resulting RSL predictions, affecting the amplitude and
timing of the initial RSL fall. The Simpson study chose their late retreat equation since it optimised the fit
to the highest quality data in the Disko Bugt area; however, it was clear that RSL data from the East and
Northeast favoured an earlier retreat. RSL and other data suggest a range of different times for the onset
of retreat around Greenland and these cannot be captured by applying a single sea-level forcing across the
entire GrIS. Therefore, a spatially variable sea-level forcing was implemented for the development of
Huy3 by allowing regional variation in the applied parametric equations to capture the timing of initial
retreat and rate of retreat suggested by geological evidence, and to maximize the fit to the RSL data
(Figure S5). Even though this approach is crude in the sense that the underlying physical processes that
cause marine grounding line retreat are not modelled (Cornford et al., 2013), it presents the opportunity to
match the growing field evidence and produce a more accurate deglaciation history. The forcing
mechanism responsible for the observed retreat cannot be explicitly considered given the simple nature of
the parameterisation.

In West Greenland, evidence from cross-shelf troughs suggests that the ice extended out to the
shelf break during the LGM and initially retreated around ~14 ka BP to reach the present-day coastline by
~10 ka BP (O’Cofaigh et al., 2012). This chronology is in good agreement with an intermediate sea-level
forcing scenario which also happens to achieve the strongest fit to the RSL observations, similar to the
original Huy1 forcing. Southern Greenland also experiences a better fit to the RSL observations with this
forcing, with an initial retreat ~16 ka BP and ice reaching the present-day coastline by 12 to 10 ka BP and
present-day extent shortly thereafter (Bennike et al., 2002; Sparrenbom et al. 2006a,b; Larsen et al., 2011;
Woodroffe et al., 2013). Margin retreat in Southeast Greenland is constrained by a small collection of



RSL observations at Ammassalik (south of the Helheim Glacier; Long et al., 2008) as well as ice-rafted
debris, both of which suggest a rapid retreat shortly after 16 ka BP (Nam et al., 1995; Kuijpers et al.,
2003). An intermediate sea-level forcing (black curve from Figure S5), similar to that adopted for West
Greenland, best fits the geological record and RSL observations in this region. Observations from East
Greenland suggest a rapid and relatively late retreat and so favour a sea-level forcing that lies between the
original Huyl “intermediate” and Huy2 “late” parameter values (Figure S5). This East Greenland sea-
level parameterization results in the deglaciation of outer Scoresby Sund by 12 ka BP and all of it by 10
ka BP, exactly as suggested by Funder et al. (1998). Northeast Greenland marine-based ice initially
retreated by 10 ka BP (Evans et al., 2009; Winkelmann et al., 2010) whereas in North Greenland the
retreat started sometime during 16 to 10.3 ka BP (Larsen et al., 2010). Furthermore, the high ML
observations in North Greenland suggest a late retreat which is best encapsulated by the lower bound sea-
level forcing parametric equation found in Figure S5. The deglaciation of the Nares Strait is also captured
best by a late forcing scenario.

The ability to apply regionally specific sea-level forcing parameterisations across Greenland to
better match the field constraints has led to an important result: optimal fits to RSL data from both the
East and West coasts can be achieved using a single viscosity model. That is, there is no need to invoke
lateral variations in Earth viscosity structure to fit the RSL data as done in the Simpson study. We believe
this is one of the more significant contributions of this study since the Huy3 chronology does not hide
model weaknesses in poorly constrained lateral Earth structure. In certain regions of Greenland there is
either a lack of data or relatively poor constraints making it difficult to discriminate between the different
sea-level forcing parameterisations (see section 2.1). Also, it is important to note that, even given the
broad range of parameters considered, the marine retreat does not occur before 16 ka BP or after 12 ka BP
which simply reflects the fact that the input barystatic curve does not change sufficiently before or after
this time interval.

In the following sections, the revised ice extent mask from section 4.2.1 is applied and the
improvements in the climate (Section 4.2.2) and sea-level forcing are adopted with their optimal
parameterizations. The resulting GrIS reconstruction defines the Huy3 model with the ice margin
chronology shown in Figure 7.

4.3 NORTH AMERICAN ICE SHEET

As mentioned above, previous studies have demonstrated the influence of the NAIC on
postglacial RSLs around Greenland (Fleming and Lambeck, 2004; Simpson et al., 2009). Therefore, to
accurately reconstruct the evolution of the GrlS, it is necessary to consider the influence of this adjacent
body of ice. By incorporating our GrlS reconstruction within the ICE-5G global model, the influence of
the NAIC is implicitly considered. However, all ice model reconstructions have inherent uncertainty and
to account for this we adopt a series of alternative NAIC models. Specifically, we consider a high
variance subset of NAIC deglacial histories from a large-ensemble Bayesian calibration of a
glaciologically self-consistent and dynamical ice sheet model (Tarasov et al., 2012). These models were
constrained using a number of different data types, including ice extent, RSL histories and rates of
present-day land uplift. The model calibration procedure applied by Tarasov et al. (2012) produces a
probability distribution of NAIC deglaciation scenarios. We selected an 11 member high variance subset
of the best-scoring reconstructions from this distribution to replace the NAIC component of the global
ICE-5G reconstruction.

Figure 8 shows the differences between ICE-5G (Peltier, 2004) and the best-scoring nn9927
solution from Tarasov et al. (2012). It illustrates the proximity of the NAIC to the GrlIS and its relevance



to Greenland near-field RSL. The two NAIC models shown in Figure 8 demonstrate clear differences in
grid resolution, where ICE-5G suffers from significant discontinuities between grid cells resulting in
glaciologically unphysical slopes. For example, at 16 ka BP the ICE-5G NAIC has neighbouring grid
points with differences in ice thickness of 3000 metres. Additionally, the NAIC models exhibit very
different ice volumes, thicknesses, and chronologies. At 16 ka BP, both models cover a comparable areal
extent, however, their respective ice thicknesses differ in many places by over one kilometre with the
ICE-5G component providing larger thickness estimates. At 12 ka BP, the best-fitting Tarasov et al.
(2012) nn9927 model exhibits a larger ice volume and extent with the Cordilleran ice sheet remaining,
which contrasts to the NAIC in ICE-5G. By 8 ka BP, the ICE-5G NAIC is all but gone while the nn9927
model has large ice caps scattered across eastern and northern Canada. Figure 8 clearly illustrates the
resulting differences in chronology between a loading model (Peltier, 2004) and glaciologically self-
consistent model (Tarasov et al., 2012). Figure 9 compares the non-Greenland RSL contribution from
ICE-5G and nn9927 at 16 ka BP. The difference of these two NAIC RSL contributions around the
periphery of Greenland is shown in Fig. 9c.

The uncertainty in Greenland near-field RSL due to the inherent uncertainties in NAIC
reconstructions is shown in Figure S6 using a high variance subset of NAIC reconstructions from Tarasov
et al. (2012) and ICE-5G. The uncertainty is spatially variable with the greatest amplitude in Northwest
and South Greenland of up to 60 m and 15 m at 16 ka BP (Figure S6b and e), respectively. In comparison
there are regions such as East Greenland where RSLs are relatively unaffected by the NAIC during
deglaciation. Northwest Greenland RSL predictions are highly sensitive to changes in the Innuitian ice
sheet while South Greenland is most sensitive to the Laurentide ice sheet. The North American Bayesian
calibration yields a wide range of reconstructions which fit the observations. The envelope of uncertainty
on Greenland RSL resulting from these NAIC reconstructions (Figure S6) should be considered when
gauging the accuracy of our GrlS reconstruction based on fits to these data.

4.4 RSL PREDICTION

In this section, the revised ice model resulting from the previous sections (4.2.1-4.2.3; referred to
as Huy3) is applied to generate RSL predictions with the Tarasov et al. (2012) best-fitting NAIC model
(nn9927). We compute RSL for the Huy3 model using a suite of 243 Earth viscosity models. The data-
model discrepancies are encapsulated within the y* values shown in Figure 10. Using the RSL data
described in Section 2.2, the minimum %’ values for Huy2 and Huy 3 are 708.3 and 377.4, respectively,
indicating a statistically significant improvement in the data-model fits for the Huy3 model. The optimal
Huy3 Earth model was found to have a 120 km lithosphere, an upper mantle viscosity of 0.5x10*' Pas and
lower mantle viscosity of 2x10*' Pas. Our study investigated a broader range of viscosity models than the
Simpson study; however the general pattern in the %’ results remains similar. As in Simpson et al. (2009),
temporal uncertainty in the RSL observations were not considered when computing the y° values.
Incorporating dating uncertainty into the y* analysis will most likely result in lower y* values and
a smaller variation in these values when changing model input parameter values. Inspection of
Fig. 10 indicates that the model fits are more sensitive to changes in upper rather than lower mantle
viscosity which is compatible with the spatial scale of the loading changes (Figure S7). There are a
number of Earth models which produce comparable fits to the observations based on an F-test (nominal
95% confidence interval). We cannot discriminate between these Earth models; therefore they represent
the uncertainty in Earth viscosity structure on the RSL predictions. It should be noted that the optimal
Earth model found by the Simpson study falls within the nominal 95% confidence interval of the Huy3 y°
result (Table 2).



In Figure 11 we show predicted RSL patterns around Greenland for the optimal Huy3 model.
Output from this model is compared to our RSL database in Figure 12. We show the envelope of
predictions due to uncertainties in the NAIC deglacial history in Figure S6 and due to uncertainties in the
Earth viscosity model as defined above (Fig. 12). The Huy3 predictions are shown with the Huy2 optimal
East and West predictions in Fig. 12 (dotted and solid black lines, respectively). In the remainder of this
sub-section we discuss the data-model fits with a focus on the Huy3 results and the implications of these
results for the ice chronology. It is well known that constraining a regional GIA model is a non-unique
inverse problem; therefore, we discuss parameter trade-offs and highlight, when possible, independent
observational evidence that reduces the possible solution parameter space.

Starting in West Greenland and working anti-clockwise we discuss data-model discrepancies. The
best-fitting Huy3 predictions produce an excellent fit to the western sites 1-6 (Fig. 12a & S6a); this is not
surprising since the % results are heavily weighted to this region due to the high density of precise sea-
level index point data. Compared to the Huy2 RSL predictions, the Huy3 model achieves a slightly better
fit to the sea-level lowstand (e.g. compare results for site 4. Upe, in Fig. 4a, 12a & S6a) and rate of RSL
fall (e.g. site 5. Orp, Fig. 12a), especially when taking into consideration the uncertainty in Earth structure
(Fig. 12a) and non-Greenland ice (Fig. S6a). There remain two persistent data-model discrepancies at
Kangerluarsuk (1) and Pakitsoq (3) where Mid-Holocene RSL observations are under predicted. Overall,
the west Greenland Huy3 RSL predictions have much higher amplitude; however they remain consistent
with the ML observations since the relevant sites became ice-free sometime between 12 to 9 ka BP
(Funder et al., 2011a). At Sisimiut (8) and Sgndre (9) the Huy3 predictions improve upon the Huy2 model
in most respects: capturing the ML, rate of RSL fall and the Late Holocene lowstand. The western shelf
and Disko Bugt were covered at the LGM and this area was probably the site of a Jakobshavn Isbrae
precursor which extended out to the shelf edge (Funder and Hansen, 1996; Long and Roberts, 2003;
Weidick and Bennike, 2007; O’Cofaigh et al., 2012; Dowdeswell et al., 2013). In contrast to the Huy2
reconstruction which adopts an inner shelf LGM extent, we found that a more extensive LGM extent
improved the fit to the geomorphological observations while maintaining a high quality fit to RSL
observations. Furthermore, the Huy2 model has a late deglaciation in West Greenland starting at 12 ka BP
leaving the shelf ice free by 10 ka BP. Recent marine geological data (O’Cofaigh et al., 2012) have
suggested an earlier deglaciation, which is explicitly incorporated into the Huy3 model. This consistency
between multiple lines of evidence gives a high level of confidence in the accuracy of the Huy3 model in
this region.

South of Disko Bugt in the Nuuk area (Sites 10-12), the Huy2 model fails to fit the RSL
observations with its optimal Earth model. The Huy3 reconstruction remains consistent with its Earth
model and produces an adequate fit to the observations, falling within the limiting dates and capturing a
good number of the sea-level index points; however the predicted RSL amplitudes fall short of the ML
observations (Figl2b, S6b). At present the southwest margin is the largest ice-free land area in Greenland
where observational evidence of the Holocene retreat is well documented with recessional moraine
systems and threshold lake data (e.g. Van Tatenhove et al., 1995; Larsen et al., 2013). In areas with little
fjord-drainage such as the Kangerluussuaq area in West Greenland, the present ice-margin position may
not have been attained until 6 ka BP (Van Tatenhove et al., 1996), whereas in other areas with a fjord
setting the present-day margin was reached by 9 ka BP (Larsen et al., 2013). Results from both Huy2 and
Huy3 broadly agree with the observations.

Southwest and South Greenland are areas of high quality data, but also where the largest Huy2
and Huy3 RSL data-model discrepancies exist (Figure 12b). Compared to the Huy2 model, the Huy3 RSL
predictions achieve an improved fit to the observations at all four sites, Paamiut (13), Qaqortoq (14),
Tasiusaq (15), and Nanortalik (16), especially when considering uncertainties in non-Greenland ice



(Figure S6b). The Huy3 RSL predictions capture the Middle to Late Holocene lowstand, reaching
present-day values of sea-level between 10 to 8 ka BP. However, the MLs are not reached at any of the
southern sites and the amplitude of rapid RSL fall from 12 to 10 ka BP is not captured at Paamiut,
Tasiusaq and Nanortalik. Several sensitivity analyses were conducted in this region by varying the sea-
level and climate forcing. The results indicated that a late retreat of marine-based ice would not
sufficiently increase the amplitude of RSL change given that it produces a very rapid unloading of ice
from the narrow continental shelf which limits the overall magnitude of unloading (Woodroffe et al.,
2013). In addition, several parameters in the climate forcing were tuned to examine the impact of a
Younger Dryas readvance. We inspected a spectrum of scenarios ranging from no readvance to a
pronounced regrowth to the continental edge. This was found to influence the characteristic shape of the
RSL prediction in terms of initial fall in RSL but the overall amplitude was left relatively unaffected. As
shown by the grey envelop in Fig. S6b, the NAIC has a significant impact on South Greenland RSL and it
has the potential to improve the fit to the Holocene sea-level index points, though it does not sufficiently
increase predicted MLs by 12 ka BP. The very rapid RSL fall around 9 ka BP at these sites is also
compatible with the influence of postglacial faulting which can produce displacements on the order of 10
metres (Steffen et al., 2014). This process is not simulated in the model applied here. Though a weak
viscosity structure under South Greenland could account for some of the discrepancies, we chose to avoid
considering models outside of the nominal 95% range of the ¥° minimum given the lack of evidence to
support the existence of low viscosities in this part of Greenland.

In the southeast, the Ammassalik (17) sea-level observations are predicted accurately with the
Huy3 reconstruction within uncertainties of the Earth viscosity structure and NAIC (Figure 12c, S6c).
Furthermore, we emphasise that this result is achieved using an Earth model which is consistent
Greenland-wide. This dramatically improved fit for a single Earth model persists for the remaining
eastern and northeastern sites, suggesting that the inferred eastern viscosity structure in the Simpson study
was masking inaccuracies in the ice chronology. We note, however, that there are a few sites where the
Huy2 model and its alternate (East) Earth structure produce a marginally better fit to the observations
such as at Mesters Vig (20). The Huy3 predictions do not capture the upper RSL constraints, nor do they
capture the fall in early Holocene RSL to reach present-day by ~7 to 6 ka BP. In East Greenland, the
present-day margin was reached by approximately 8 to 7.5 ka BP (Funder, 1987) with the outer fjord ice
free by 12 to 10 ka BP (Funder et al., 1998). This is represented well by the Huy3 chronology. North of
Scoresby Sund, the Huy3 RSL predictions produce a better fit to observations compared to the Huy2
model, especially considering our consistent Earth structure. Some data-model discrepancies remain,
however, even when taking uncertainties in Earth structure into account. At site 23 (Wollaston; Figure
12c) the ML is reached; however the timing and rate of RSL fall is inaccurate causing predicted RSL to
fall above the upper limiting dates.

The Huy3 RSL predictions fit the majority of observations in Northeast Greenland within
uncertainty of the Earth structure (Figure 12d). In contrast, North Greenland has a number of significant
data-model misfits. The data is of low precision but they generally indicate a late and rapid fall in RSL
(Figure 12e). Results for Northwest Greenland indicate a similar data-model discrepancy where the model
fails to produce a sufficiently late RSL fall (Figure 12f). Neither the Huy2 nor Huy3 models satisfactorily
fit the observations in these regions, even though both adopt a late sea-level forcing parameterisation.
However, as previously stated, the model can only produce a retreat of marine-based ice as late as ~12 ka
BP. Furthermore, the ice model applied to reconstruct the GrIS does not account for the dynamic
connection to the Innuitian ice sheet, which would act to produce a thicker ice sheet in North and
Northwest Greenland, and hence greater Holocene rebound and RSL fall.



4.5 ICE SHEET INTERIOR

A valuable boundary condition which has significant constraining power, particularly in the ice-
sheet interior, is the topography of the present-day GrIS. Bamber et al. (2001) applied ice thickness data
from ice-penetrating radar measurements to derive the present-day ice geometry with a volume of c. 7 m
barystatic sea level. The present-day Huy3 comparison to the Bamber et al. (2001) present-day ice
thickness is shown in Figure 13. The misfits shown in Figure 13a and their potential sources are discussed
in greater detail in Section 5.2. With optimal ice and Earth models, present-day vertical land motion
predictions are generated across Greenland (Fig. 13b; Figure S8). These can be applied with geodetic
observations to interpret contemporary behaviour of the GrIS. Dome features of crustal uplift across
North and East Greenland where rates are up to 3 mm/yr illustrate the viscous response of the Earth to a
retreating and thinning ice margin. Moreover, a large area of subsidence in Southwest Greenland
(minimum -6 mm/yr) highlights the significance of the neoglacial regrowth, combined with the on-going
collapse of the Laurentide Ice Sheet forebulge.

Ice-core derived thinning curves at GRIP, NGRIP, Camp Century, and DYE-3 provide a further
constraint on the GrIS interior (Lecavalier et al., 2013). The Huy3 thinning curve predictions (dashed
black curve) are in Figure 14. The evolution of the surface elevation is generated using the Huy3 ice
thickness chronology and model predictions for vertical land motion from the nominal 95% confidence
interval from the y” analysis (grey envelop; Figure 14). Given the uncertainty of the ice-core derived
thinning curves, the model predictions generally remain within error. Compared to the Huy?2 results, the
primary improvement for those of Huy3 is the improved fit at Dye-3. The misfit at Camp Century is not
resolved with either model, as the rapid thinning between 8 and 6 ka BP and the subsequent maximum
response to the HTM are not captured. As noted above, thicker ice across northeast Greenland and rapid
thinning after the disintegration of the Nares strait ice stream could account for the remaining discrepancy
at the Camp Century thinning curve. Additionally, it is possible that we misrepresent the timing and
magnitude of the HTM in North Greenland where it is poorly documented. A warmer HTM in this region
could explain RSL data-model misfits. Furthermore, at the GRIP site the thinning curve is marginally
under predicted at 8 ka BP, similar to the Huy2 prediction. This could be due to poorly constrained
boundary conditions at the bedrock allowing for more rapid transport of ice and permitting the present-
day summit to thin more quickly during the Holocene. Additionally, as suggested by the Camp Century
thinning curve and misrepresented by Huy3 model, significant thinning in North Greenland could
propagate to the interior of the ice sheet and thus produce enhanced thinning at the summit.

5. DISCUSSION

5.1 GREENLAND ICE SHEET EVOLUTION

5.1.1 ICE VOLUME AND MARINE RETREAT

The Huy3 model features a number of distinct large scale characteristics. Figures 15 and S9
illustrate the evolution of the ice volume and areal extent of the Huy3 deglaciation and Figure 16 shows
ice thickness at the times 16, 12, 8 and 4 ka BP. The Huy3 model has a relatively large LGM volume (4.7
m excess IESL) and areal extent compared to previous estimates: 2-3 m (Clark and Mix, 2002), 1.9-3.5 m
(Huybrechts, 2002), 4.1 m (Huy2). The general trend to a larger Greenland LGM volume is consistent
with recent geological findings from the continental shelf (e.g. O’Cofaigh et al., 2012). As in Huy2, Huy3
reaches a maximum volume after the global LGM at 16.5 ka BP with 5.1 m excess IESL compared to 4.6



m for Huy2. The timing of this volume maximum is controlled by the relative pacing of accumulation and
ablation (Cuffey and Clow, 1997). Following the maximum volume at 16.5 ka BP, the Huy3 model
predicts a spatially variable retreat from the shelf; the southern half of Greenland underwent a slow
gradual retreat from ~16 to 10 ka BP while in the north, retreat is rapid and late starting at ~12 ka BP. In
comparison, the GREEN1 model begins to retreat from the shelf at 16.3 ka BP while the GrB and Huy?2
models do so at 12 ka BP. By 10 ka BP the Nares Strait was ice free and, regardless of region, the Huy3
margin had retreated to the present-day coastline, as shown by the predicted deglaciation dates (Fig. S10)
and supported by field observations (Funder et al., 2011a). By incorporating a spatially variable sea-level
forcing, the Huy3 marine retreat history better encapsulates the regional variability reflected in the
observations compared to previous studies.

5.1.2 LAND-BASED RETREAT AND REGROWTH

In response to the HTM, the margin of Huy3 in some areas retreated inland of the present-day
margin (Figure 7). As in the Huy2 model, the Southwest margin responded most dramatically and had
retreated behind the present-day margin by 8 to 6 ka BP, which is in agreement with deglaciation dates
(Bennike, 2008; Levy et al., 2012; Larsen et al., 2013; Briner et al., 2013). In response to the HTM, the
Huy3 model reconstruction lost mass at a maximum century-average rate of c. 103.4 Gt/yr at 7.8 ka BP
when modelled temperatures across Greenland were peaking. While there are some discrepancies
between Huy3 and observed deglaciation dates, these are mostly related to the model resolution
(20x20km) which limits the accuracy of margin predictions. The minimum areal extent of Huy3 is
reached between 5 to 3.5 ka BP with the greatest volume deficit of 0.16 m IESL occurring at 4 ka BP
(Figure 16d and S10). While the Huy2 model produced a similar ice volume deficit at minimum extent
(0.17 m), it had too great of a response to the HTM, particularly in the southwest as suggested by the
DYE-3 thinning curve (Figure 14). In the Huy2 reconstruction, the southwest margin responded by
receding 60 to 100 km past the present-day margin position; in comparison the Huy3 model produces a
more modest retreat of 20 to 60 km. The Huy3 model exhibits more widespread thinning in the Southwest
compared to Huy2 which compensates for the more modest margin response and results in similar [ESL
deficits in the two models. In comparison, the GrB model (Tarasov and Peltier, 2002) reached an extent
minimum considerably earlier at 8§ ka BP with a significant and widespread retreat behind the present
margin by 60 to 160 km in the Southwest. In the GREEN1 model (Fleming and Lambeck, 2004) a retreat
of 40 km in the southwest was imposed in order to fit RSL observations in this region. In general, the
Huy3 model is more consistent with the observational evidence compared to other modelling studies.
Based on the sensitivity tests performed in generating Huy3, we agree with the conclusions arrived at in
previous studies, that a Neoglacial regrowth of the GrIS is required to fit RSL observations from West
Greenland (Kelly, 1985; Tarasov and Peltier, 2002; Fleming and Lambeck, 2004; Simpson et al., 2009).

5.2 DATA-MODEL MISFIT

While the Huy3 GrlS reconstruction does account for a number of data-model misfits shown by
the Huy2 model (Figures 12 and 14), there remain a number of outstanding data-model discrepancies (e.g.
Figure 12e). Here we discuss these discrepancies in the context of parameter trade-off, model limitations
and model uncertainty, which highlights avenues of future research.

The Earth model applied here is spherically symmetric and so cannot accurately account for
heterogeneity in the Earth structure. This model limitation is undoubtedly a source of some data-model
discrepancy due to the likely existence of lateral Earth structure beneath Greenland (e.g. Darbyshire et al.,
2004; Yakovlev et al., 2011; Petrunin et al., 2013). In the Simpson study, the existence of lateral Earth



structure was proposed as one possible source of the data-model discrepancies with the Huy2 model. The
Simpson study also proposed that RSL misfits given a single Earth structure along the East coast could
have been due to the unrealistic limitation of a spatially uniform sea-level forcing resulting in
synchronous marine retreat. Subsequent studies have supported this idea (e.g. Funder et al., 2011a) and so
an important element of our work was the implementation of a regionally variable sea-level forcing to test
this hypothesis further. Our results show that the West-East data-model residuals can be addressed with
this model extension, thus providing further support for this hypothesis. However, this does not rule out
the likely influence of lateral Earth structure in some areas of Greenland.

The non-Greenland ice with greatest influence on Greenland RSL is the NAIC. During
deglaciation of the NAIC, the net effect on Greenland sea-levels was a fall due to the influence of
gravitational changes acting to lower the ocean surface. By 8 ka BP, North American ice was mostly gone
and thus the prevailing contribution to sea-level was vertical land motion related with subsidence of the
peripheral forebulge causing a rise in RSL. Due to Northwest Greenland’s proximity to Ellesmere Island
and the Innuitian ice sheet, postglacial rebound due to deglaciation of this area dominates over the
collapse of the Laurentide forebulge leading to a sea-level fall in this part of Greenland (see Fig. 9). As
previously stated in the Simpson study, once the GrlS was predominantly land-based, the contribution to
local RSL from changes in non-Greenland ice can be equal or opposite to changes driven by the GrIS.
Thus RSL predictions around Greenland can be highly sensitive to the adopted NAIC model as illustrated
in Figure S6 where we plot predictions for the ICE-5G North American component and a high variance
subset of NAIC models from Tarasov et al. (2012). This figure illustrates that some previous model
discrepancies can be accounted for given uncertainties in the NAIC reconstructions. However, this
uncertainty does not account for the relatively large residuals in Northwest Greenland.

The Huy3 ice model is compared to the present-day ice sheet extent from Bamber et al. (2001).
The differences are shown in Figure 13. Calculating the root mean square of the differences between the
modelled and observed ice thicknesses gives a value of 214.1 m. This is comparable to the Huy2 value of
239.3 m. When comparing the Huy3 model to the present-day geometry, negligible discrepancies are
noticed over the interior of the GrIS but large differences are evident at the margins. Fig. 13 indicates that
the Huy3 model over predicts ice thickness at the margins. This is expected given the margin is not
simulated at the right position everywhere. The margin has a steep horizontal gradient in thickness, small
changes in extent quickly translate in large thickness changes (a 20 km mismatch in extent is
approximately a 500 m thickness mismatch farther inland). The modelled position of the margin is almost
entirely determined by the surface mass balance and less so by the flow law or basal sliding. Therefore, a
small mismatch in ice extent introduces large discrepancies when comparing to present-day ice
geometries. Additionally, this produces RSL data-misfits for misrepresenting the unloading of ice at the
margin. Also, ice streams are not well resolved due to the grid spacing adopted and so the discharge of
ice at the margins is under-estimated, which will also lead to an overestimate of ice thickness at the
margins. These model limitations are common to a number of recent analyses (e.g. Tarasov et al., 2012;
Whitehouse et al., 2012). Therefore, there is a need to improve the model resolution particularly in
marginal areas with short wavelength, high amplitude topography. Also, given the importance of surface
mass balance in governing margin position, there is a clear need to obtain regionally constrained
temperatures to avoid the reliance on a single temperature record from the ice sheet interior. Climate
reconstructions from marginal lakes show good potential in this regard (e.g. Axford et al., 2013).
Furthermore, the climate forcing is the largest source of uncertainty on the modelled deglacial
chronology. Exploring this uncertainty source more fully requires a much more extensive analysis than
that carried out here (e.g. Tarasov et al., 2012).



Even though parameter variations in the treatment of ice flow, isostasy, marine calving and basal
processes have a considerable impact on the resulting reconstruction, there remain data-model
discrepancies not accounted for by parametric uncertainties, particularly in North and South Greenland.
This suggests limitations in our adopted glaciological, RSL and GIA model. Some physical processes are
not represented in our ice model. The grid spacing prevents a physical resolution of ice stream and outlet
glacier dynamics (e.g. Saito et al., 2003). With regards to marine-based ice, the model lacks a proper ice
calving law, and because it is not fully understood, our ice model applies a series of parametric equations
to simulate grounding line migration. Finally, given that a full-stokes solution to simulate ice dynamics
over the deglaciation is too computationally intensive (Gillet-Chaulet et al., 2012; Larour et al., 2012), a
shallow ice approximation is used. Even though the approximation is less accurate at the margins where
bedrock and surface slope are steep (Baral et al., 2001), it has been used many times to simulate the large-
scale evolution of an ice sheet over deglaciation (e.g. Van de Wal., 1999; Huybrechts, 2002; Tarasov et
al., 2012). Furthermore, there is no coupling between the glaciological model and GIA model of RSL
change which can have a significant impact on extent changes of marine-based ice (Gomez et al., 2013).
At present, these modelling challenges are a focus of current research. However, most of these recent
advances are computationally demanding and therefore target shorter timescales (order 100 a) than those
considered here (order 100 ka). The present study involved a total of over 300,000 sets of model
predictions to sample only a component of the parametric phase-space and thus partly assess solution
non-uniqueness (Figure S2).

6. CONCLUSIONS

1. A new deglacial model of the GrIS (Huy3) is presented. It incorporates several model developments
and a larger constraint database and produces significantly better agreement to a number of sea-level, ice
extent and elevation observations relative to previous reconstructions.

2. The Huy3 model exhibits an excess IESL of 4.7 m at the LGM and reaches a maximum volume of 5.1
m by 16.5 ka BP. These larger values are a product of revisions to the lateral extent of the LGM GrIS
margin.

3. By implementing a spatially variable ocean forcing, we considered a variety of marine margin retreat
scenarios that were consistent with the available constraint data. A best fit to the extent, elevation and
RSL data was achieved with the following chronology: in Southwest and Southeast Greenland, initial
retreat of the model occurs between 16 to 14 ka BP with some regions experiencing a readvance during
the Younger Dryas period. In contrast, the northern half of Greenland experienced a rapid and late retreat
at ~12 ka BP. The present-day coastline was reached across Greenland by ~10 ka BP. Implementation of
this chronology negates the requirement to invoke a strong East-West gradient in mantle viscosity
structure, which was a feature of the Simpson study.

4. The model response to the HTM is characterised by 40 to 60 km retreat inland of the present-day
margin in Southwest Greenland, which corresponds to a deficit volume of 0.16 m IESL. In comparison to
the Huy2 model, the optimal response was achieved using a decreased temperature forcing resulting in a
reduced margin retreat but increased marginal thinning to produce a similar IESL deficit. Thus, the Huy3
model exhibits a greater sensitivity to temperature change. Finally, in response to the HTM, our optimal
model reconstruction lost mass at a maximum centennial rate of c. 103.4 Gt/yr.

5. The isostatic response of the solid Earth to past changes in ice and ocean load is required to correct
geodetic satellite observations to obtain present-day mass balance of the GrIS. Using the Huy3



reconstruction with its optimal Earth model, predictions for present-day uplift rates are generated for past
changes in the ice sheet (Figure 13 and S8).

6. With regard to the influence of North American ice sheet on Greenland RSL, we expanded upon
previous studies (Fleming and Lambeck, 2004; Simpson et al., 2009) by considering a number of model
reconstructions for the NAIC. Our results show that this source of uncertainty is largest in North West,
West, and South Greenland and can account for some of the data-model misfits in these areas.

7. The Huy3 model achieves an improved fit to the constraint database, particularly when considering a
single Earth model. There remain significant discrepancies, however, particularly on the Southern tip of
Greenland where one or more of the following might be the main factor(s): lateral Earth structure, non-
Greenland ice, postglacial faulting. Discrepancies also exist in North Greenland where the magnitude of
ice thinning is insufficient and most likely due the lack of buttressing from the Innuitian ice sheet in the
model simulations and/or poorly constrained climatic conditions.
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FIGURES AND TABLES

Region  Site Site name Source reference
West 1 Kangerluarsuk (Kan) Bennike, 1995; Long et al., 2011
2 Arveprinsen (Arv) Long et al., 1999
3 Pakitsoq (Paq) Long et al., 2006
4 Upernivik (Upe) Long et al., 2006
5 Orpisook (Orp) Long and Roberts, 2002
6 Innaarsuit (Inn) Long et al., 2003
7 Qegertarsiatsuaq (Qeq) Long and Roberts, 2003
Southwest 8 Sisimiut (Sis) Long et al., 2008; Bennike et al., 2011
9 Sondre (Son) Weidick, 1972; Ten Brink, 1974; van Tatenhove and van
der Meer, 1996
10 Godmouth (Gom) Weidick, 1976; Fredskild, 1983; Berglund, 2003
11 Nuuk (Nuu) Fredskild, 1983
12 Godhead (Goh) Fredskild, 1972; Weidick, 1976; Fredskild, 1983;
McGovern et al., 1996
13 Paamiut (Paa) Woodroffe et al., 2013
South 14 Qagqortoq (Qaq) Sparrenbom et al., 2006b
15 Tasiusaq (Tas) Fredh, 2008
16 Nanortalik (Nan) Bennike et al., 2002; Sparrenbom et al., 2006a
Southeast 17 Ammassalik (Amm) Long et al., 2008
East 18 Scoresby Sund (Sco) Funder and Hansen, 1996
19 Schuchert (Sch) Hall et al., 2010
20 Mesters Vig (Mes) Washburn and Stuiver, 1962; Trautman and Willis, 1963
21 Hudson (Hud) Hjort and Funder, 1974; Hjort, 1979; Hjort, 1981
22 Young Sound (You) Pedersen et al., 2011
23 Wollaston (Wol) Hjort, 1979; Christiansen et al., 2002
24 Germania (Ger) Bennike and Wagner; 2012
25 Hochstetter (Hoc) Bjorck et al., 1994
Northeast 26 Hvalroso (Hva) Landvik, 1994
27 Blaso (Bla) Bennike and Weidick, 2001
28 Hovgaard (Hov) Bennike and Weidick, 2001
29 Holm Land (Hol) Funder et al., 2011b
30 Kronprins (Kro) Hjort, 1997; Funder et al., 2011b
31 Ingebord Halvo (Hal) Funder et al., 2011b
North 32 Herlufsholm (Her) Funder et al., 2011b
33 Jorgen (Jor) Funder and Abrahamsen, 1988
34 Ole Chiewitz (Ole) Funder et al., 2011b
35 Constable (Con) Funder et al., 2011b
36 JPKoch (Koc) Kelly and Bennike, 1992; Landvik et al., 2001




Northwest 37 Nyboe (Nyb) England, 1985; Kelly and Bennike, 1992

38 HallEast (Hae) England, 1985; Kelly and Bennike, 1992
39 HallWest (Haw) England, 1985; Kelly and Bennike, 1992
40 Lafayette (Laf) Bennike, 2002

41 Humboldt (Hum) Bennike, 2002

42 Qeqgertat (Qeq) Fredskild, 1985

43 Saunders (Sau) Funder, 1990

44 Thule (Thu) Funder, 1990; Kelly et al., 1999

Table 1: The RSL observations applied in this study and their source references. The locations of these
observations are marked in Fig. 1.

LT (km) UMV (10*' Pas) LMV(10°' Pas)
120 0.5 1
120 0.5 2
120 0.5 3
120 0.5 5
120 0.5 8
120 0.5 10

Table 2: The sub-set of Earth structures considered in this study that are within the nominal 95%
confidence interval of the ¥* minimum, where LT, UMV and LMV are the lithospheric thickness, upper
and lower mantle viscosity, respectively. Values in bold face represent the optimal parameters.

Figure 1 — (a) The locations and names of RSL and ice-core data sites discussed and applied in this study.
The circles indicate the location of sea-level index point data while triangles refer to sea-level limiting
data. A list of RSL data site locations and the corresponding source literature used to compile the data
base used in this study is found in Table 1. (b) The locations of places mentioned in the text.

Figure 2: A flow diagram describing the modelling methodology of this study. Firstly, a glaciological
model simulates the evolution of the GrIS (Huybrechts and de Wolde, 1999; Huybrechts, 2002). The
Greenland ice model is then combined with a background global ice model lacking a Greenland
component (ICE-5G - GrB; Peltier, 2004). A sensitivity analysis on the global ice model was also
conducted by swapping the ICE-5G North American ice complex with a high variance set from Tarasov
et al. (2012). The global ice and Earth model were adopted in the GIA model to produce predictions of
RSL which are compared to observations. Optimal Earth model parameters were determined using a
analysis and an F-test.

Figure 3: The chronology of lateral ice extent for the Huy2 model (16 ka BP — pink; 14 ka BP — dark
blue; 12 ka BP — light blue; 10 ka BP — yellow; 9 ka BP — orange; 6 ka BP — red; 4 ka BP — green;
present-day — black ).

Figure 4: RSL predictions for the Huy2 and GrB ice models with their respective optimal Earth model(s).
The Huy2 model predictions are generated using its two optimal Earth models - the black curves denote
the optimal viscosity structure obtained using the entire regional RSL data set (120 km lithosphere, upper
mantle viscosity of 0.5x10*'Pas, and lower mantle viscosity of 10°' Pas) and the dashed black curves
represent the alternate viscosity structure obtained by considering data from the East coast only (120 km
lithosphere, upper mantle viscosity of 0.3x10*'Pas, and lower mantle viscosity of 50x10*' Pas). In
contrast, the Greenland ice model of ICE5G (variant of GrB; Tarasov and Peltier, 2002) is applied with
the VM2 Earth model to produce RSL predictions (grey curves). Sea-level index points are shown as



crosses with both time and height error bars. Lower limiting dates are denoted by grey upward pointing
triangles, while upper limiting dates are shown by white downward pointing triangles with both time and
height error bars. The black horizontal line highlights present-day sea-level. The grey dashed horizontal
line represents the marine limit which marks the highest point reached by sea-level during ice-free
conditions at each location. Data locations are shown in Fig. 1a.

Figure 5: The three LGM ice mask extents which are discussed in this study: the original Huy2 LGM
extent (red), the Funder extent (green) (Funder et al., 2011a), and the revised Huy3 LGM ice mask (blue).

Figure 6: The GRIP temperature record prescribed in the model is represented by the black curve
alongside the Huy2 revised HTM temperature forcing (upper bound of dark grey envelop). The Huy3
model HTM was parameterized within the grey envelop with an optimal imposed HTM scaling shown in
light grey. The following climatic events are annotated: Bglling-Allergd (BA), Younger Dryas (YD), and
Holocene Thermal Maximum (HTM).

Figure 7: The chronology of lateral ice extent for the Huy3 model (16 ka BP — pink; 14 ka BP — dark
blue; 12 ka BP — light blue; 10 ka BP — yellow; 9 ka BP — orange; 6 ka BP — red; 4 ka BP — green;
present-day — black).

Figure 8: The left panes show the glaciologically self-consistent Tarasov et al. (2012) optimal NAIC
model while the right panes show the ICE-5G NAIC component (Peltier, 2004). The two panes at the top,
middle and bottom represent the 16, 12, and 8 ka BP time slices, respectively. In all panes, the Greenland
component shown is the Huy3 model. There are clearly significant differences in the grid resolution, ice
volume, thickness, and chronology between the two reconstructions.

Figure 9: A spatial plot of RSL predictions for non-Greenland ice at 16 ka BP from the (a) ICE-5G
reconstruction and (b) ICE-5G with the NAIC component from the optimal Tarasov et al. (2012)
reconstruction. (c) Results in (a) minus those in (b) illustrate the propagating impact on Greenland RSL
predictions considering uncertainties in the NAIC. The optimum viscosity model for the Huy3 model was
used (see Fig. 10).

Figure 10: The y* results for the Huy3 model with each frame showing results for a fixed value of
lithospheric thickness (120 km (top), 96 km (middle), 71 km (bottom)). The optimal fit was achieved with
a lithospheric thickness of 120 km, upper mantle viscosity of 0.5x10*' Pas and lower mantle viscosity of
2x10*' Pas. A subset of best-fitting models (nominal 95% confidence interval) is listed in Table 2.

Figure 11: Spatial plots of RSL predictions (in meters) from the Huy3 reconstruction using the optimal
Earth model for the time slices: (a) 16 ka BP, (b) 12 ka BP, (¢) 8 ka BP, and (d) 4 ka BP.

Figure 12: RSL predictions generated by the Huy?2 reconstruction with the optimal Earth model (black
curves) and alternate eastern Earth model (dashed black curves). The Huy3 RSL predictions were
generated using the optimal Earth model (LT120, UMVO0.5, LMV2; see Figure 11) and are shown by the
dark grey curves with the light grey envelop representing the range in RSL predicted using Earth viscosity
structures within the nominal 95% confidence interval of the ¥ analysis (Table 2). Sea-level index points
are shown as crosses with both time and height error bars. Lower limiting dates are denoted by grey
upward pointing triangles, while upper limiting dates are shown by white downward pointing triangles
with both time and height error bars. The black horizontal line highlights present day sea-level. The grey
dashed horizontal line represents the marine limit which marks the highest point reached by sea-level
during ice-free conditions at each locality.



Figure 13: (a) Present-day observed (Bamber et al., 2001) minus modelled (Huy3) ice thickness in metres.
(b) Present-day uplift rates as predicted by the Huy3 reconstruction and its optimal Earth model. The
Earth structure uncertainty (upper and lower bound) on present-day uplift rates was generated using the
nominal 95% confidence interval of the x*analysis and is shown in Figure S8.

Figure 14: The ice-core derived thinning curves (darker coloured bands) along with the estimated 1-c
uncertainty (lighter coloured bands) compared to the Huy3 model predictions (dashed black curves) at
GRIP, NGRIP, DYE-3, and Camp Century. The predictions consist of ice thinning at each core site along
with vertical land motion due to glacial isostatic adjustment using the optimal Earth model (LT120,
UMVO0.5, LMV2). The subset of optimum Earth models that partner the Huy3 ice model (Table 2) were
also used but make very little difference to the model curves (grey band). Results for the Huy2 ice model
and its partnering Earth model (LT120, UMVO0.5, LMV1) are shown by the solid black curves.

Figure 15: The Huy3 model predictions (blue curves) for ice sheet volume (top) and areal extent (bottom)
compared to the Huy?2 predictions (black curves).

Figure 16: Huy3 ice thickness for the time slices: (a) 16 ka BP, (b) 12 ka BP, (c) 8 ka BP, and (d) 4 ka
BP.



SUPPLEMENTARY MATERIAL

Figure S1: A map showing the location of individual ML observations that supplement the RSL
observations shown in Fig. 1a; these observations are particularly useful where RSL data is sparse.

Figure S2: Schematic diagram that delineates the modelling workflow of this study, which involved
varying a number of key parameters and exploring uncertainties in boundary conditions. The LGM ice
extent was varied in poorly constrained regions to explore alternate extent scenarios which resulted in 16
substantially different LGM extents. The 16 LGM extent scenarios were combined with 10 spatially
uniform SLF parametric equations from the continuous spectrum shown in Figure S6. The resulting 160
Greenland reconstructions were individually amalgamated within the 11 alternate global ice model
scenarios described in Section 4.3 (ICE-5G with the high variance subset from Tarasov et al., 2012 and
the original ICE-5G NAIC component). A subset of 27 viscosity models was sampled from the full set of
243 to evaluate RSL variability with respect to this model input. The sensitivity analysis depicted in the
left-hand-side of the diagram yielded in a collection of 47,520 sets of model predictions. Comparison of
these to the observations described in Section 2 permitted the inference of spatial variability in the SLF
empirical equations; specifically a 'mid' SLF in south Greenland and 'late' SLF in north Greenland
(boundary at ~73° latitude). We note that small departures from these parametric equations were
permitted as consecutive reconstructions were refined. The resulting 10 alternate scenarios based on the
LGM extent and SLF analysis (top panel on right-hand-side of diagram) were then used with 10 different
HTM climate histories (Section 4.2.2; Figure 6) to produce 100 GrIS reconstructions. These
reconstructions were individually amalgamated into the 11 alternate global ice models and used to
compute RSL for all 243 viscosity Earth models. The workflow depicted on the right-hand-side of the
diagram resulted in a collection of 267,300 sets of model predictions that were compared against the full
constraint database. It is from this ensemble that the best fitting GrIS reconstruction and Earth structure
were selected.

Figure S3: The distribution of marine limit observations along (a) northeast and (c) northwest Greenland
which can indirectly constrain the LGM ice extent by bounding the amplitude of sea-level change. The
marine limit is shown by the grey horizontal line in (b) and (d). In addition, the optimal RSL predictions
from the Huy2 model (solid curve), the Funder et al. (2011a) LGM extent (dashed curve), and the
O’Cofaigh et al. (2012) revised extent (dotted curve) are shown. These results are based on the optimum
Earth model for Huy2 (LT120, UMVO0.5, LMV?2; see Fig. 11).

Figure S4: Predictions of ice sheet volume (top) and area (bottom) for the original Huy2 model with its
DDF tuning of minus 30% (solid curves) and with zero scaling (dashed curves) which produces a large
volume and extent deficit at present-day. The revised PDD algorithm incorporated in this study (dotted
curves) produced the present-day geometry well without tuning of the DDFs.

Figure S5: The sea-level forcing is based on parametric equations to define at what depth ice can remain
grounded. In Simpson et al. (2009), a total of three different sea-level forcings were investigated that
resulted in early (dashed curve), intermediate (solid curve), and late (dotted curve) retreat histories. In this
study we not only vary this parameterization spatially across Greenland but also sample a continuous
range of parametric equations (grey envelop) which share the same characteristic quadratic form as those
used by Simpson et al. (2009). From the continuous spectrum of SLF parametric equations, a total of 10
parametric equations were found to adequately sample a differentiable range of ice sheet responses.

Figure S6: The Huy3 RSL predictions are shown for the optimal Earth model (LT120, UMVO0.5, LMV2)
and the light grey envelop around these results represents the range in predictions when a series of
alternate NAIC components from a high-variance subset were adopted within the non-Greenland ice



model (Tarasov et al., 2012). The black dashed curve represents the Huy3 model predictions with the
original ICE-5G NAIC component in place. Sea-level index points are shown as crosses with both time
and height error bars. Lower limiting dates are denoted by grey upward pointing triangles, while upper
limiting dates are shown by white downward pointing triangles with both time and height error bars. The
black horizontal line highlights present day sea-level. The grey dashed horizontal line represents the
marine limit which marks the highest point reached by sea-level during ice-free conditions at each
location.

Figure S7: Changes in ice thickness for the Huy3 model: a) 12 ka minus 16 ka, b) 8 ka minus 12 ka, c) 4
ka minus 8 ka, d) present minus 4 ka.

Figure S8: The (a) lower and (b) upper bound in computed present-day uplift rates given uncertainties in
Earth viscosity structure generated using the nominal 95% confidence interval of the y” analysis and the
Huy3 ice model reconstruction. The (c) lower and (d) upper bound in computed present-day uplift rates
given uncertainties in the high-variance subset of NAIC reconstructions.

Figure S9: The ice-equivalent sea-level evolution of the Huy3 reconstruction. As noted in the
Introduction, this does not account for the increase in ocean basin volume associated with the
retreat of marine-based ice and so overestimates the actual global mean sea level change associated
with the addition of melt water to the oceans.

Figure S10: Deglaciation dates for the Huy3 reconstruction. The map indicates the time each grid cell
becomes ice free and does not include the influence of any subsequent regrowth of ice.









3D Thermo-mechanical

ice sheet model
* Climate forcing
* Sea-level forcing

|

Greenland ice model
l 4 . )\
p . Non-Greenland ice model
Global ice model < * ICE-5G minus GrlS
. . L Swap North American ice complex )
l’ [ Earth model )
arth mode
GIA and RSL model <— .
L ) * Viscosity structure
l . J

Output
* GrlIS chronology
* Vertical land motion
* Sea-level

!

Statistical analysis
* Optimal parameters

|

Optimal fits obtained?

Yes Huy3 model
——— * Sea-level histories
* Present-day uplift rates

l______________________________1







RSL (m)

-16 -12

0 -16 -12

160
120 -

80 - i
40

-
-m
Pl
.
-
mm="

200 +————
160
120 -

200 -
160
120

L e
.
-
"
-------

Time (ka)

0 -16 -12

- 160

- 120

- 160

- 120

80

40

- 200
- 160
- 120

80
40

- —40
- 160

- 120

80

40

L _40



RSL (m)

160

120

0 -16

-16

0 -16
Time (ka)

- 160

- 120

80

- 160

- 120

[ _40



RSL (m)

0 -16

160

120 -
80 -

40 -

160 -
120 -
80 -

40 -

0 -16
Time (ka)

- 160

- 120

80

- 160

- 120

80

40

- 160

- 120

80

40

L _40
- 160

- 120

80

40

[ _40



_16 _12 -8 4 0 -16 _12 -8 4 0
160 ] ) ) ] ) ) ) ] ) ) ) ] ) ) ) ) ) ) ] ) ) ) ] ) ) ) ] ) ) )

] : - 160

120 - - -
] i L 120

80 - -

40 -

v

S
u
~
L

- 160

- 120

~40 +——— I B : — T T T T T -40

e 120

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



-16

_16 _12

120 -
80 -

40

120

80—:

______

36. Koc

Yo
~
~
“a
u
L
e
------

Q
="

37. Nyb

e mE
3
-
==

.
~
~
~
LI
~a
ey

v 38. Hae

..
‘e
-

-8 4 0 -16
Time (ka)

-12

40

- 120

80

40

- 160

120

80

40

L —40
- 200
- 160
- 120

80
40

- -40



RSL (m)

-16 ~12 -8 -4 0 -16 ~12 -8 -4
160 1 L | L L L | L | L L L | | L L | 80
] 41. Hum 42. Qat
120 ] . 60
] — 40
80 B
] - 20
40 o .
i Vg T e
| 'm. ___________________________________
0 1. 20
_40 | ! | | | | ! | _40
60 ] ] ] ] ] ] ] ] 60
40 VA 43. Sau - . 44. Thu 40
_ A L
20 _ A _ 20
0= ~—— .. [ T N~_____— 0
204 T -4 T -20
T N S S _40
60 + T T e e e - T 1 -60
-16 ~12 -8 -4 0 -16 ~12 -8 -4






HTM

Time (ka)

BA YD

-16

-18

T T T T T T T T T T T
00 © T N O N ¥ O 0 O N «* o
S A

(Do) 8INJesadws |






| | |
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500
Ilce Thickness (m)



\
|




Lower Mantle Viscosity (x10%'Pas)

0.1 0.2 0.5 1 2 5

Upper Mantle Viscosity (x10%'Pas)
S

0 300 600 900 1200 1500 1800 2100 2400

x? (per d.o.f.)






RSL (m)

- 160

- 120

- 160

- 120

- 200
- 160
- 120

- —40

- 160
- 120
80

40

————1——————7————+ 40
-16 -12 -8 -4 0 -16 -12 -8 -4 0
Time (ka)




RSL (m)

-8 -4 0 -16

160

120 -

-16

-8 4 0 -16
Time (ka)

- 160

- 120

80

- 160

- 120

[ _40



RSL (m)

0 -16

120

160 -

0 -16
Time (ka)

- 160

- 120

80

- 160

- 120

80

40

- 160

- 120

80

40

- —40
- 160

- 120

80

40

- —40



-16

160 -

120 -

80

40 -

0 -16
Time (ka)

- 160

- 120

80

- 160

- 120

80

40

[ _40

120

80

40



-16

0 -16

120 -
80 -

40—_

120

0 -16
Time (ka)

120

- 160

- 120

80

40

L —40
- 200
- 160
- 120

80
40

- —40



RSL (m)

-16

0 -16

-12

160 -
120 -
80

40 -

.
_______
3

»
----
*

.
-
......

Ll
P
.
-
-
-
.
.
.
.
.
.
.
.
.
.*
.

-
2"

-
----
.

-
.
.
.
.
.
.
.
.*
.

.
.
.
......

60
40
20

-20

40



| o0

o
| | |

-1200 -800 -400 0 400 800 1200
Metres




2 3 4 5 6 7

Uplift Rate (mm/yr)

1

-1 0

6 -5 -4 -3 -2

-7



Site Elevation (m)

I
o)
o o
I L L I L L

150

100

50

Camp Century

- 300
- 200

- 100

- —100

- —200

Time (ka)



Ice volume (107> m3)

Ice sheet area (102 m?)

6.0

5.5 1

5.0

4.5

4.0 1

3.5

3.0

2.5

3.6

3.4 -
3.2

3.0

2.8 1
2.6
2.4 -
2.2
2.0 1
1.8 -
1.6 -

1.4

18 -16 -14 -12 10 -8

Time (ka)




1200 1500 1800 2100 2400 2700 3000 3300 3600

300 600 900

0

Ice thickness (m)



| o0

it

60° |

- —40°

40 60 80 100 120 140 160 180 200
Marine Limit (m)

20



Non-Greenland ice
model
ICE-5G minus GrlIS
11 NAIC chronologies

[

Earth model
27 viscosity structures

-

LGM extent
L 16 scenarios J

|

Uniform SLF

10 SLF scenarios |

!

( Greenland model |
160 chronologies

\ 4
4 . N\
Global ice model
1,760 global
chronologies

|

GIA and RSL

\

\.

(Inference of LGM )
extent and
spatial variability
in SLF
\_10 viable scenarios /

7

HTM history
10 scenarios

\ 7

|

f N\
Greenland model

100 chronologies

\, J

|

4 . )
Global ice model
1,100 global

model

!

Data-model
analysis
47,520 sets of
comparisons

. chronologies )

|

Non-Greenland ice

model
ICE-5G minus GrlS
11 NAIC chronologies

GIA and RSL
model

Earth model ]

243 viscosity structures

|

Data-model
analysis
267,300 sets of
comparisons




78°

75°



Relative Sea Level (m)

-12
200

North East Marine Limit. 1

200

North East Marine Limit. 2

North East Marine Limit. 3

North East Marine Limit. 4

200

North East Marine Limit. 5

200

North East Marine Limit. 6

-12

Time (ka)

200

150

100

50

200

150

100

50

200

150

100

50

200

150

100

50






Relative Sea Level (m)

100

100

50

o

100

50

50

-12

-12

North West Marine Limit. 8

100

50

100

50

100

50

100

50



6.0

5.5

(gW g,01) dwn|oA 89)

3.6

3.4

3.2

| | | |
®© © < o
Al Al Al Al

(zW ,01) B8R 198YS 8]

1.8

1.6

1.4

~16 _14 ~12 -10

-18

Time (ka)



Marine ice thickness (m)

Sea—level parametric equations

100 - 1 ] 1 1 1 ] 1 1 1 ] 1 ]

o
M

N

o

o
l

-2ooé
-3oo€
-4ooé
-5ooé
—600%

700 -

-800 | —71M - - . T T - - T T T T 1T T T T T
~120 -110 -100 ~90 -80 ~70 -60
Sea—level (m)



RSL (m)

200

160
120 -

200 -
160
120 -

0 -16
Time (ka)

-12

- 160

- 120

80

40

- 160

- 120

80

40

- 200
- 160
- 120

80
40

- —40
- 160

- 120

80

40

[ _40



RSL (m)

_16 _12 -8 4 0 -16 _12 -8 4 0
) ) ) ] ) ) ) ] ) ) ) ] ) ) ) ) ) ) ] ) ) ) ] ) ) ) ] ) ) ] 160

. - 120

160 4—————— L L 160

120 - - 120

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



RSL (m)

_16 12 i 4 0 -16 12 -8 4 0
120 . 1 1 1 | | 1 | 1 1 | 1 | 1 | 1
100 é 17. Amm ~ 18. Sco
] IAAS
FAN
| | | |

160 ] ] ) ] ] ] ] ] ]

] 19. Sch 20. Mes
120 -]

160 +————

120 -

21. Hud

<Ll
1

160 f————

120 -

23. Wo

0 -16
Time (ka)

- 160

- 120

80

40

- 160

- 120

80

40

- 160

- 120

80

40

- —40
- 160

- 120

80

40

- —40



-16 -12

-8

0 -16

160 -

120 -

- 160

- 120

- 160

- 120

120

[ _40

120

-12

0 -16
Time (ka)



120

80

40 -

120

80:

200

160
120

-16 -12 -8 -4 0 -16 -12 -8 -4
1 1 1 I I 1 1 I 1 1 1 I I 1 I 1
33. Jor

T T - T T T T

| | . | | | |
35. Con 36. Koc

T T T

| | |
38. Hae

.=’
.
-
.
.
.
o*
.

-
s

-
-

Piae

.

-

-
b ="

39. Haw

e
-
.
"‘
-
.
-
L ==

0 -16 -12
Time (ka)

- 120

80

40

- 160

- 120

80

40

L _40
- 200
- 160
- 120

80
40

- —40



RSL (m)

160 -

120 -

-
.
-
.
.
.

60

-16

-12

-8

-12

-8

80
60
40

60
40
20

—20
40



250 500 750 1000

0
thickness (m)

1250-1000 -750 -500 -250

-2000-1750-1500

In ICe

Changes



Q
\
»
A

)

6 -5 -4 -3 -2 -1
Uplift Rate (mm/yr)

-7



lce—equivalent sea level (m)

|
o
6)
|

o
o

e e A e g i i <
o O O 01 © O © O O 01 O O
P R N AU IR RN RN RN R S S R

[
—h
o

-18

-16

_14

-12

10 -8

Time (ka)




| o0

01 2 3 4 5 6 7 8 9 10 1112 13 14 15 16 17
Deglaciation Date (ka)



