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This supplement provides additional information on the parameters used for the regional and whole-

continent ensemble, figures on equilibrium and retreated ice-sheet states and a description of the

pressure adaption for basal melting. The parameters that are varied within the PISM ensemble to

cover the main uncertainties in ice-sheet flow are listed in Tab. S1 for the regional simulations and

Tab. S2 for the whole-continent simulations. In the PISM model the ice velocities are calculated by

superposition of two shallow stress balance approximations: the shallow ice approximation (SIA)

that is dominant in grounded regions and accounts for the shear deformation of the ice, see Winkel-

mann et al. [2011] equation (7), and the plug-flow type shallow shelf approximation (SSA) that

dominates the velocity field in ice shelves and ice streams, see Winkelmann et al. [2011] equations

(8) and (9). The pore water fraction (pw) determines to which part the thermodynamically-derived

basal water thickness is translated to basal water pressure, which in turn influences the effective

pressure and basal yield stress, see Bueler and Brown [2009] equation (20) where a fixed pore

water fraction of 0.95 is used.

Thickness calving removes all floating ice along the ice front that is thinner than the provided

threshold value in the tables. For the eigencalving mechanism see Levermann et al. [2012].

Fig. S1 shows the regional equilibrium state and the response of the ice thickness, calving front and

grounding line to strong melt forcing. Fig. S2 shows the same for the whole-continent simulations.

Equilibrium grounding line and calving front positions are free to evolve in the PISM model and

generally compare well to the observed state (panels a). Fig. S3 shows the difference between

two states that are representative for the (1) linear response valid for stronger forcings and the (2)

weaker response under relatively weak forcing.

As we apply basal melting from ocean model simulations that use a fixed geometry for the ice-shelf,

there is a need to correct the basal melt rates to the time-varying ice-shelf thickness of the PISM

simulations. We present a parametrization for the pressure-adaption of basal melt in the section

below.
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Table S1: Parameter combinations for regional simulations that yielded stable grounding lines not

significantly deviating from the observed state [Fretwell et al., 2013]. SIA, SSA and PW refer to

shallow ice approximation enhancement factor, shallow shelf approximation enhancement factor

and basal pore water fraction, respectively. For details on the pore water fraction in PISM see

(Martin et al. 2011). thk and eigenK refer to the thickness calving threshold and the eigencalving

parameter K (Levermann et al. 2012). Forcing experiments were branched from each of the listed

equilibrium states.

experiment id ice flow and basal friction calving

reg1 sia 2.0 ssa 0.8 pw 0.91 thk 200m eigenK 1e16

reg2 sia 4.5 ssa 0.8 pw 0.95 thk 200m eigenK 1e16

Table S2: Parameter combinations for whole-Antarctica equilibrium simulations that yielded

stable grounding lines around all Antarctica; SIA, SSA and PW refer to shallow ice approximation

enhancement factor, shallow shelf approximation enhancement factor and basal pore water

fraction, respectively. thk and eigenK refer to the thickness calving threshold and the eigencalving

parameter K. Forcing experiments were branched from each of the listed equilibrium states. See

Tab S1 for references.

experiment id ice flow and basal friction calving

ant1 sia 2.0 ssa 0.5 pw 0.90 thk 200m eigenK 1e15

ant2 sia 2.0 ssa 0.6 pw 0.92 thk 170m eigenK 1e17

ant3 sia 2.0 ssa 0.8 pw 0.94 thk 170m eigenK 1e15

ant4 sia 2.0 ssa 0.8 pw 0.90 thk 170m eigenK 1e17

ant5 sia 4.5 ssa 0.5 pw 0.90 thk 200m eigenK 1e15
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Figure S1: Regional equilibrium state (left panel) for parameter set reg2 and the response after 1000

yr to the strongest 2190-2200 melt forcing for 320 yr and equilibrium conditions applied afterwards

(right panel). Ice thinning is indicated by red shading. Contours show surface elevation, green line

the observed grounding line [Fretwell et al., 2013] and black line the modeled grounding line and

calving front. Equilibrium melt rates may be compared to Moholdt et al. [2014].
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Figure S2: Whole-Antarctica equilibrium state (left panel) for parameter set ant4 (left panel) and

the response after 1000 yr to the strongest 2190-2200 melt forcing for 320 yr and equilibrium

conditions applied afterwards (right panel). Ice thinning is indicated by red shading. Contours

show surface elevation, green line the observed grounding line [Fretwell et al., 2013] and black line

the modeled grounding line and calving front.
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Figure S3: Difference between two representative states from the linear regime (experiment reg2

320y forcing with 2140-2150 pulse; red cross in Fig. 4) and the weaker-response regime (experi-

ment reg1 160y forcing with 2100-2110 pulse; black cross in Fig. 4). The linear sensitivity over the

wide range of melt forcing is linked to the ungrounding of the ice plains as part of the Institute and

Möller ice streams. The ungrounding is indicated by the retreated grounding line (red) as compared

to the more stable grounding line (black). The difference in grounded ice thickness loss is shown as

red shading over grounded ice. Shading over the shelf indicates the basal melting for the retreated

state.
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Calving

We apply a physical stress boundary condition at the calving front to close the equation for the

shallow shelf approximation [Winkelmann et al., 2011]. The boundary condition features geo-

graphically confined ice shelves. Calving is calculated through the Eigencalving parametrization

[Levermann et al., 2012] and from an ice thickness condition [Albrecht et al., 2011]. The set of

parametrizations has been shown to yield realistic calving front positions [Martin et al., 2011].

Pressure melt adaption

We apply a parametrization that adjusts basal melting fields from ocean models coupled to static

ice shelves to the time-evolving ice-shelf geometry in ice models. It accounts for the pressure

dependence of the seawater freezing point and translates it to a melt-rate dependence on ice-shelf

thickness.

At present most large-scale ocean models are based on temporally fixed grids that cannot adapt to

evolving ice-shelf geometries. The existing coupled ice-ocean models apply an ice-sheet model

with fixed ice-shelf geometry [Hellmer, 2004, Losch, 2008, Timmermann and Hellmer, 2013,

Dutrieux et al., 2014]. The forcing of ice-sheet models with melt rates (uni-directional coupling)

excludes the feedbacks between ice and ocean, for example the steepness of the ice-shelf cavity in-

fluencing the sub-shelf ocean circulation [Hellmer and Olbers, 1989, Jenkins, 1991, Grosfeld et al.,

1997, Beckmann et al., 1999, Little et al., 2009] or the effect of ice-shelf meltwater on the sea

ice distribution [Bintanja et al., 2013]. One important feedback can however be easily included in

uni-directionally coupled runs, that is the pressure dependence of heat availability for basal melt-

ing. The presented parametrization adapts the basal melt rates to changing pressure, based on the

equilibrium boundary layer approach [Hellmer et al., 1998, Holland and Jenkins, 1999].

At the underside of an ice-shelf heat and salinity fluxes from the ocean balance the latent heat sink

and the freshwater input from melting in the boundary layer as well as the heat loss into the ice-

shelf. Temperature and salinity from the well-mixed ocean mainly determine the basal melt rate
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in this system in conjunction with the local pressure. These ocean fields are however not always

available for the coupling to ice-sheet models. Furthermore, picking ocean and salinity values at

right distance from the ice-shelf can be difficult as they need to represent well-mixed conditions and

the local water mass imprint at the same time. This is especially difficult if the ocean model was

coupled to a static ice-shelf model during runtime (as in the FESOM model from which we apply

the output in this study), because the mixing with melt water affects the salinity and temperature

outside the boundary layer.

Alternatively driving ice-sheet models directly with the ocean-model-derived melt rates does not

reflect the pressure dependence of the melting. Our parametrization helps to reduce this problem.

We show that the melt rate dependence on pressure can well be approximated as a function of the

melt rate alone. We provide an exponential fit of the function that serves as a simple pressure-

dependence parameterization. The fitted univariate function makes pressure adaption of melt rates

possible without the explicit knowledge of ocean salinity and temperature.

For the derivation of the melting rate an equilibrium approach for the boundary layer between ice

and ocean [Hellmer et al., 1998, Holland and Jenkins, 1999] has been widely adopted [Timmer-

mann et al., 2002, Holland et al., 2008, Timmermann and Hellmer, 2013, Dutrieux et al., 2014]. In

equilibrium, the heat and salinity flux from the ocean balances the salinity and temperature changes

due to melting and refreezing in the boundary layer at the ice-ocean interface as well as the heat

loss into the ice. The corresponding physical system can be described by three physical constraints

leading to three coupled equations. The three constraints are: the interface between ocean and ice-

shelf must be at the freezing point and both heat and salt must be conserved at the interface during

any phase changes. This system can be solved if a linearized freezing point equation is adopted.

Several solutions have been proposed and their main difference lies in the treatment of the heat

flux through the ice-shelf and the parametrization of turbulent fluxes between the boundary layer

and the ocean, see the discussion in Holland and Jenkins [1999]. Melting generates a nonlinear

temperature profile in the ice column. Here we adopt the solution of Wexler [1960] for melt rates
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larger than zero that incorporates vertical and neglects horizontal advection of heat, see also Eq. 13

in Hellmer et al. [1998] and Eq. 22 in Holland and Jenkins [1999]. The approach is not valid in

a refreezing situation. For this case we treat the ice-shelf as a perfect insulator with a temperature

gradient of zero in the ice, following Eq. 31 in Holland and Jenkins [1999]. We assume constant

exchange velocities for temperature and salinity with values taken from Hellmer et al. [1998].

Under these assumptions, the melting/refreezing rate m is primarily a function of ocean salinity,

ocean temperature and pressure.

m = m(Tocean,Socean,pressure, ...) (1)

The pressure enters through the linearized melting point equation and is a linear function of depth

z when water density is assumed constant:

Tmelt = aSbound +b+ cz (2)

For small changes in z, the z-dependence of the melting can be approximated as:

m(z) = m0+
dm
dz

∣∣∣∣
z0

· (z− z0) (3)

Where m(z) is the desired melt rate to interact with the ice-sheet model and m0 is the melt rate

available from the ocean model. The derivative is in general a function of the system’s variables.

However, as we show in Fig. S4, these dependencies are largely incorporated in the dependence on

the meltrate itself over a wide range of depths, ocean temperatures and ocean salinities, it is thus

justified to approximate it as a univariate function of m, which is the approach that we follow here:

dm
dz

∣∣∣∣
z0

= f (m) (4)
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We can therefore parametrize the depth-dependence of melting as

m(z) = m0 + f (m) · (z− z0) (5)

We choose to fit f(m) with an exponential function, so that

f (m) =
dm
dz

∣∣∣∣
z0

= 0.030−0.024 · e−0.026·m (6)

with melting in units of m/year and positive values representing ice mass loss. The fit is shown as

a red line in Fig. S4. This parametrization relies only on an input meltrate m0, for example from an

ocean model, and the reference thickness z0 at which m0 has been calculated. It is consistent with

the equilibrium boundary layer approach and does not rely on the ocean salinity and temperature

fields directly.

In Fig. S5 we show the difference between the melt rate derived from solving the 3-equation system

and from the parametrization for a shelf thickness change of ±100m and ±200m, starting from

original ice-shelf thickness z0 between 500m and 2000m (Fig. S5 , x-axes). The temperature and

salinity tuples are representative for the different water masses around Antarctica. For most cases

the error is smaller than 1 percent. The error is generally higher when melt rates are reduced, that

is when the ice-shelf thins (Fig. S5 , lines with squares). For high melt rates the absolute error (Fig.

S5 , left panels) is higher, but the relative error very small. Relative errors (Fig. S5 , right panels)

are high for very small melting or refreezing close to zero, particularly at the transition between

melting and refreezing (red line with squares). Other errors are however probably dominant for

very small melt or refreezing. The parameterization and the full solution do not diverge even for

larger deviations from the original geometry.

The pressure-adaption parametrization approximates the pressure dependence of basal melting that

originates from the freezing point dependence on pressure. Open-ocean waters that carry heat and

salt typically arrive at greater depth and then rise towards the calving front while they entrain cold
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and fresh meltwater. This generally yields a typical pattern with higher temperatures and salinities

at the grounding line that decrease towards the calving front. We do not attempt to cover the melt

variation [Jenkins and Doake, 1991, Rignot, 2002] due to this temperature and salinity pattern

in our parametrization. The parametrization is designed for input fields from ocean circulation

models that explicitly model the circulation in the shelf cavity, so that the variance of temperature

and salinity fields is assumed to be covered in the ocean-model data. For parameterizations that

cover the indirect depth dependence of melting through the depth-dependent pattern of temperature

and salinity, we refer to [Hellmer and Olbers, 1989, Jenkins, 1991, Grosfeld et al., 1997, Beckmann

et al., 1999, Beckmann and Goosse, 2003, Little et al., 2009].

The pressure-adaption introduces a negative feedback for ice-shelf melting distant from the ground-

ing line since shallower shelves yield reduced melting. This may overestimate the stability of ice-

shelves as other potentially positive feedbacks with the ocean circulation are not covered. However,

near the grounding line the parameterization yields a positive feedback on a downsloping bedrock.

When the grounding line retreats into deeper basins the melting is increased under higher pressure.

This is particularly important for the forcing during a marine ice-sheet instability [Schoof, 2007].

Heat and salt is not conserved in the parametrization. This is a general problem of uni-directional

coupling as heat and salinity changes cannot be passed back to the ocean model. While the pressure

parameterization clearly cannot substitute fully coupled simulations, it improves the applicability

of static-geometry ocean field data to ice-sheet models with dynamic ice-shelves and covers the

feedback between ice-shelf geometry and ocean circulation that is accessible without a full ice-

ocean coupling.
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Figure S4: Dependence on the basal melt rate of dm/dz = f(m) calculated from the 3-equation sys-

tem for different salinities and temperatures (short coloured lines) and fitted with an exponential

function (red line). f(m) is largely independent of salinity and temperature and can therefore be

well approximated by the univariate exponential function. The fit can thus serve as a simple pa-

rameterization for the pressure-dependence of basal melting which allows to adapt the basal melt

rate to changing pressure without the knowledge of the salinity and temperature field. Coefficients

of the fit as in equation (6).
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Figure S5: Absolute (left panels) and relative error (right panels) between full basal-melt rate

according to the 3-equation-calculation and the approximation used here for different temperature

and salinity tuples that are representative for Antarctic water masses. Ice thickness deviates by +-

100m (upper panels) and +- 200m (lower panels) from the original thickness. The unbound relative

errors (red lines with squares, right panels) are due to the transition from melting to refreezing, so

the denominator passes zero. Legend entries show water mass properties and the tuple of fully-

derived melt rate (morig) and from the parametrization (mparam) for the depth where the error is

maximum.
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