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Supplementary text

Description of the ice flow model
The 3D thermomechanical ice sheet model applied is a first-order approximation of the Stokes-

equations adopted from Blatter (1995) by Hubbard (2000, 1999) and is an approach that has been 

independently used by Marshall et al. (2000) to model the Laurentide ice sheet, Pollard and DeConto 

(2007) for the Antarctic ice sheet, and most recently by Morlighem et al. (2016) to model the 

evolution of a major Greenland outlet glacier. It has previously been applied to Iceland (Hubbard, 

2006), the British Isles (Golledge et al., 2009; Hubbard et al., 2009; Kuchar et al., 2012; Patton et al., 

2013) and Patagonia (Hubbard et al., 2005) to investigate the build-up, extent and deglaciation of the 

LGM ice sheets that occupied these regions. The approach adopted to solve the stress/strain field 

equates to the L1L2 classification of higher-order models defined by Hindmarsh (2004), and includes 

longitudinal (membrane) stresses. Including higher order stresses becomes increasingly important 

over steep terrain and/or under conditions of low basal traction. The model performs well in the 

ISMIP-HOM benchmark experiments when compared to second-order and full-Stokes schemes 

(Pattyn et al., 2008) and has been applied and validated against observations of 3D ice flow at Haut 

Glacier d’Arolla (Hubbard et al., 1998) and Glacier de Tsanfluron (Chandler et al., 2006; Hubbard et 

al., 2003) under complex ice rheologies. 

Boundary conditions include: i) a present-day reference climate comprising monthly mean air 

temperature and precipitation, ii) basal topography, and iii) the geothermal heat flux. The model is 

integrated forward in time on a finite-difference grid with a resolution of 10 km through 

perturbations in temperature and eustatic sea-level. Gridded input and output is projected under an 

equal area Lambert Azimuthal projection, with a central meridian of 73ºE. Common model 

parameters, constants, and values are presented in Supplementary Table 1. Model construction, 

assumptions and limitations are fully described in the references above; detailed description here is 

limited to where its implementation is specifically different from previous applications.

Surface mass balance
The mass balance of a glacier is determined as the difference between gains (accumulation) and 

losses (ablation), usually over one year. In simple terms, these net changes are dominated by 

precipitation and melting across the ice surface, and through the loss of icebergs at marine-

terminating margins. In the model, surface mass balance is determined by a positive degree-day 

(PDD) scheme applied according to Laumann and Reeh (1993), and derives total melt from integrated 

monthly positive temperatures. Monthly temperature is calculated from the mean annual air 

temperature (MAAT) data, assuming a sinusoidal function with maximum and minimum peaks 

equating to mean monthly July and January temperatures. Cumulative PDDs for each month are 

calculated using a probability function based on a relationship between the standard deviation of 

daily to mean monthly temperature. Despite the limitations of such schemes (Golledge et al., 2010; 

Seguinot, 2013; van der Veen, 2002), their general ability to simulate glacier responses in 

contemporary Arctic environments (Braithwaite, 1995; De Woul and Hock, 2005; Jóhannesson et al., 

1995) lends confidence in their use. Palaeo-climate forcing is implemented from the NGRIP δ18O 

record (Andersen et al., 2004), that is linearly scaled between a maximum prescribed temperature 

depression and present-day conditions. Bulk precipitation is distributed evenly throughout the year 

and accumulates as snow when the surface temperature falls below a threshold of 1 °C. Winter 

expansion of sea ice across the North Atlantic probably impacted upon precipitation seasonality 

during stadial conditions, leading to a summer bias in the annual precipitation distribution across 

maritime sectors (Koenigk et al., 2009; Thomas et al., 2008). Annual precipitation totals were thus 
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likely greater than implied by the effective precipitation volumes recorded by glacier geometries here 

due to the increased losses from the system associated with summer rainfall (Golledge et al., 2010).

Spatial and temporal patterns of temperature and precipitation are dynamically coupled with the 

evolving ice sheet through applied temperature/precipitation – elevation (lapse-rate) relationships.  

These are derived from multiple-regression of meteorological data from the WorldClim database 

(Hijmans et al., 2005; Version 1.4) during the climatic reference period 1950 to 2000 (Supplementary 

Table 2). To account for the broad-scale variability between maritime conditions across western 

Europe and the continental climate of eastern Europe and northern Russia, the modelled climate is 

calculated across three prescribed sub-domains. Their extents are determined by the probable 

maximum extent and influence of each ice sheet, with a broad overlap given to avoid sharp climatic 

contrasts. Where transitions occur between sub domains, changes in climate parameters such as 

MAAT suppression and bulk precipitation are calculated assuming a linear gradient. Primary climate 

differences between these sub domains include a northwards decrease in temperature cooling and 

northwards increase in precipitation availability.

A limitation of the model is that we do not calculate the general circulation. Large-scale changes in 

climate related to shifts in atmospheric circulation are thus not accounted for, although broad scale 

distributions, for example rain shadow effects, can be incorporated manually by the application of 

linear gradients.

Independent variables used in regression analysis to determine the spatial distribution of 

temperature include easting, northing, latitude, longitude, elevation and (maritime) proximity to the 

North Atlantic thermohaline current. To determine the spatial pattern of the precipitation, an 

additional independent parameter - δtemp - was used as a measure for continentality, being the 

residual between the summer and winter temperatures. R2 values are typically >90% for temperature 

across all three climatic domains, indicating temperature distributions can be readily parameterised 

within the model. Precipitation for CIS and FIS sectors yield weaker correlations for the present-day 

distribution with a R2 value of c. 60%, though the BSIS sector is better described with an R2 value of 

86% (Supplementary Table 2). 

Sublimation is also incorporated into mass balance calculations in the High Arctic. Net water vapour 

fluxes to and from the ice sheet surface are important components of ablation in cold continental 

settings where humidity is low (Box et al., 2004; e.g., Fujii and Kusunoki, 1982; Kameda et al., 1997). 

A modelling study over the Greenland ice sheet revealed that these components can account for up 

to 12.5% (74 km3 a-1) net reduction in accumulation from snowfall (Ohmura et al., 1999). Field based 

studies provide confirmation of these model results with sublimation accounting for a 12-23% total 

precipitation loss (Box and Steffen, 2001). Across the Greenland ice sheet, sublimation is controlled 

by two factors – latitude, which is a proxy for the length and intensity of direct solar radiation, and 

elevation, since high-elevation sites generally have stronger temperature inversions and lower 

surface winds as katabatic winds tend to accelerate towards the coast as the surface slope angle 

increases. Sublimation is calculated based on a multiple regression analysis of these two in situ 

measurements from the Greenland Climate Network (GC-Net) (One level method: Box and Steffen, 

2001). In the absence of more certain contributions of blowing snow sublimation rates on temporal 

and spatial trends of the surface mass balance (e.g., Déry and Yau, 2002), and for simplicity, 

calculated sublimation fluxes are applied evenly throughout the year.

Topography
Topographic and bathymetric datasets were melded from the International Bathymetric Chart of the 

Arctic Ocean (IBCAO) dataset (Jakobsson et al., 2012) above 60°N, and GEBCO_14 
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(http://www.gebco.net/) for areas south of 60°N. All topographic data were merged onto a custom 

Lambert Azimuthal equal-area projection and resampled to 10 km horizontal resolution using a 

nearest neighbour algorithm. Isostatic loading is implemented using an elastic lithosphere/relaxed 

asthenosphere scheme described by Le Meur and Huybrechts (1996) which provides a 

computationally pragmatic solution in the absence of a full spherical earth model. 

Calving and basal dynamics
Calving losses at marine terminating margins are coupled to changing sea level (Waelbroeck et al., 

2002) using a standard empirical function relating the calving flux (Uc) to ice thickness (H) and water 

depth, Wd (Brown et al., 1982; van der Veen, 1999). The sensitivity of calving to, for example, 

variations in ocean temperature (Luckman et al., 2015) and sea-ice buttressing (Hoff et al., 2016) can 

be controlled spatially and temporally through a variable calving coefficient, A c  (Hubbard, 2006) 

(Supplementary Table 1):

U c=AC HW d .

In the absence of explicit calculations of such external feedbacks, this depth-related calving 

coefficient provides a pragmatic and computationally efficient parameterisation for determining 

mass loss at marine terminating margins of the ice complex. 

Basal sliding is determined by a Weertman (1964) sliding law, adjusted using an exponential decay 

function to initiate basal motion at sub pressure-melting temperatures (e.g., Fowler, 1986; Kleman et 

al., 1999; Wilch and Hughes, 2000). The sliding rate factor for temperatures, θ ,  ≤ 0.75 K below 

the pressure-melting point, A s , is defined by: 

A s=A s
0 exp [−γ θm−θ ] ,

where A s
0

 is the sliding rate factor at the pressure-melting point temperature, θm , and the 

coefficient γ  is set to 1 K-1  (Hindmarsh and Le Meur, 2001). At 0.75 K below the pressure-melting 

point, sliding is 0.47 of its value at the pressure-melting point.

The model is applied to a 10 km finite-difference mesh with the inclusion of grounding-line dynamics 

based on the analytical boundary-treatment of Schoof (2007) and adapted in 2D by Pollard and 

DeConto (2007), which defines the ice flux at the grounding line as a  function of ice thickness 

linearly interpolated between the adjacent node that bracket floating and grounded ice (Hubbard et 

al., 2009).

A spatially-variable distribution of geothermal heat flux is applied, interpolated onto the model 

domain from core measurements sourced from the Global Heat Flow Data Base (Pollack et al., 1993). 

While geothermal heat flux is largely dominated by low mean continental shield values close to 50 

mW m-2 throughout Eurasia, several hotspots exist offshore of northern Finnmark, Norway, and 

eastern Svalbard.
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Parameter Value Units

g Gravity 9.81 m s-2

ρ Density of ice 910 kg m-3

ρw Density of sea water 1028 kg m-3

N Glen flow-law exponent 3
Aweert Weertman sliding parameter 7.5 x 10-14

γ Sub-melt sliding coefficient 1 K
m Sliding-law exponent 1 – 3
SF Sliding factor 2.5
As Sliding-law coefficient 1.8 x 10-5 m kPa-3 a-1

A0 Deformation enhancement 50
a Material constant

T* < 263.15 1.14 x 10-5 Pa-3 a-1

T* ≥ 263.15 5.47 x 1010 Pa-3 a-1

Q Creep activation energy
T* < 263.15 60 x 103 J mol-1

T* ≥ 263.15 139 x 103 J mol-1

Ac Calving parameter 1.07-29.4 a-1

PDDice PDD coefficient for ice 0.007 m °C m-1 d-1

PDDsnow PDD coefficient for snow 0.003 m °C m-1 d-1

DDF Degree day factor 0.005
T Temperature - K
T* (pressure melt corrected) T – 8.7 x 10-4H K
Tsnow-rain Snow-rain threshold 1.0 °C
R Universal gas constant 8.314 J mol-1 K-1

ki Thermal conductivity 2115.3 + 7.93 (T-273.15) J m-1 K-1 a-1

Cp Specific heat capacity 3.1 x 108 exp(-0.0057T) J kg-1 K-1 a-1

φ Internal frictional heating - J m-3 a-1

G Geothermal heat flux 15 – 705 mW m-2

D Flexural rigidity 5.0 x 1020 N m
δt Time step 0.0034 a
δxi Finite difference interval 1 x 104 m

Central meridian 73 °E
Latitude of origin 90 °N

xmin

Domain dimensions

-4750000
Lambert azimuthal 
equal area (central 
meridian 73°E)

xmax 1600000
ymin -3000000
ymax -190000

STable 1: Principal parameters, constants and values used to force the ice-sheet model.
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Parameter Celtic Fenno-
scandia

Barents 
Sea

Dependent: Summer temperature
Intercept 10.75 3.578 1359

Independent: Easting -4.699E-5 -2.233E-5 3.093E-5
Northing 2.37E-5 -7.497E-5 4.946E-5
Latitude N/A N/A -15.74
Longitude 3.967 N/A -0.5979
Elevation -4.766E-2 -5.179E-2 -3.692E-2
Proximity N/A -4.843E-5 N/A

R2 value 89.43% 89.67% 92.93%

Dependent: Winter temperature
Intercept -348 -102.2 44.49

Independent: Easting -7.211E-5 5.575E-5 2.382E-5
Northing N/A 8.791E-5 N/A
Latitude 2.184 N/A -2.004
Elevation -5.781E-2 -4.911E-2 -1.398
Proximity -2.296E-5 7.19E-5 -2.088E-5

R2 value 92.2% 81.58% 96.0%

Dependent: Mean temperature
Intercept 13.4 404.9 644.4

Independent: Easting -2.197E-5 -5.401E-6 -1.365E-5
Northing N/A N/A 2.601E-5
Latitude -1.766 -5.823 -15.74
Longitude N/A N/A -0.5979
Elevation -5.294E-2 -4.994E-2 -3.692E-2
Proximity N/A -2.166E-5 N/A

R2 value 93.85% 93.85% 92.93%

Dependent: Annual precipitation
Intercept 6717 2.528E4 2887

Independent: Easting 6.6E-4 2.291E-3 1.521E-5
Northing -1.2E-3 N/A 8.751E-5
Latitude -58.94 -266.6 -31.07
Longitude -46.8 -37.92 -3.035
Elevation 0.4682 0.1614 0.1076
δtemp -7.153 -3.926 -0.3889
Proximity -9.323E-4 -1.037E-3 9.847E-5

R2 value 61.94% 60.17% 86.29%

STable 2: Parameters and R2 values from multiple-regression analyses of climate across the model 

domain, detailing the ability of the model to reproduce present-day climate patterns utilising 

relatively few parameters. Eastings, northings and proximities are regressed in Lambert Azimuthal 

projection units (m), and elevation in m a.s.l.
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Supplementary Fig. S1. Comparisons between relative sea level (RSL) data and model predictions 

from this study (blue) for the four regions – A) Svalbard (Sv); B) Franz Josef Land (FJL); C) Novaya 

Zemlya (NZ); and D) northern Fennoscandia (Fe). The black symbols and error bars show the 

empirical observations, with the black dashed line giving the elevation of the highest marine limit. 

The UiT_2016 model data (pink) refers to an earlier published iteration of the modelled deglaciation 

wherein ice retreat was more loosely constrained (Auriac et al., 2016).
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Supplementary Fig. S2.
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Supplementary Fig. S3.
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Supplementary Fig. S4.
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Supplementary Fig. S5.
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Supplementary Fig. S6.
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Supplementary Fig. S7.
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Supplementary Fig. S8.
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