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Abstract

The Ice Sheet Model Intercomparison Project for CMIP6 (ISMIP6) brings to-
gether a consortium of international ice-sheet and climate modellers to simulate
the contribution from the Greenland and Antarctic ice sheets to future sea-level
rise. In this document (supplementary to [Seroussi et al. 2020), we describe the
ISMIP6 Antarctica Tier-1 and Tier-2 experiments carried out with the ice-sheet
model SICOPOLIS. First, we conduct a paleoclimatic spin-up over the last glacial-
interglacial cycle until the year 1990. In this spin-up, we employ a nudging tech-
nique for the topography and aim at optimizing the match between simulated and
observed surface velocities by adjusting the amount of basal sliding for individual
drainage systems. Then, we carry out a historical run to bridge the gap between
1990 and 2015. The future climate projections run from the beginning of 2015 until
the end of 2100. Results reveal a non-uniform response of the Antarctic ice sheet:
for both employed future climate scenarios (RCP8.5/SSP5-8.5, RCP2.6/SSP1-2.6),
mass losses and gains occur, depending on the specific forcing (provided by CMIP5
and CMIP6 global climate models). This is due to the counteracting effects of in-
creasing ocean temperature (leading to a loss) and increasing precipitation (leading
to a gain). For RCP8.5/SSP5-8.5, the ensemble mean is a mass loss of 18.5 mm SLE
(sea-level equivalent) by 2100, and for RCP2.6/SSP1-2.6 it is 8.4 mm SLE. However,
the uncertainty range is quite large, including the possibility of a mass loss of more
than 100 mm SLE under RCP8.5/SSP5-8.5.



1 Introduction

The Coupled Model Intercomparison Project Phase 6 (CMIP6) is a major international
climate modelling initiative (Eyring et al.|[2016). As a part of this project, the Ice Sheet
Model Intercomparison Project for CMIP6 (ISMIP6) was devised to assess the likely sea-
level-rise contribution from the Greenland and Antarctic ice sheets until the end of this
century (Nowicki et al.[2016, [2020)).

Seroussi et al.| (2020]) describe the set-up and results of the ISMIP6 projections for the
Antarctic ice sheet. The ensemble of simulations is based on 21 sets of ice-flow simulations
submitted by 13 international institutions. The design of the experiments is sketched
in Fig. [ An initial state of the ice sheet is produced by either assimilation or spin-
up techniques or a combination of both (Goelzer et al| 2018, [Seroussi et al.2019). The
initialization date varies between the different models (here 1990 CE). A single historical
run with a forcing that can be chosen freely bridges the gap between the initialization
and the start date of the projections in January 2015. All projections run from this date
until December 2100. The atmospheric forcing consists of anomalies for the surface mass
balance (SMB) and surface temperature (ST), derived from selected CMIP5 and CMIP6
global climate models (Barthel et al.|2020). The oceanic forcing is a parameterization
for ice-shelf basal melting that depends on the thermal forcing at the ice—ocean interface,
which, in turn, is derived by extrapolating the oceanic fields simulated by the climate
models into the ice-shelf cavities (Jourdain et al|2020). A parameterization for ice-shelf
fracture triggered by surface melting (Trusel et al.|[2015) is also tested.

Initialization Historical 2015 CE Projections 2100 CE

1990 CE

ilk.’

Figure 1: ISMIP6 experimental design. A model-specific initialization is followed by a
historical simulation from 1990 until 2015. The several projections run from 2015 until the
end of 2100. (Credit: Martin Riickamp, AWI Bremerhaven, Germany.)

Here, we describe the ISMIP6 future projections for the Antarctic ice sheet carried out
with the ice-sheet model SICOPOLIS (SImulation COde for POLythermal Ice Sheets). The
emphasis is on the model-specific features that are not covered in detail in the community
papers (Seroussi et al.|2020, Payne et al.2020). For the ISMIP6 future projections for the
Greenland ice sheet, see the companion document by |Greve et al.| (2020).

2 Ice-sheet model SICOPOLIS v5.1

The three-dimensional, dynamic/thermodynamic model SICOPOLIS was originally cre-
ated in a version for the Greenland ice sheet (Greve|[1995, [1997ab). Since then, the model
has been developed continuously and applied to problems of past, present and future
glaciation of Greenland, Antarctica, the entire northern hemisphere, the polar ice caps of




the planet Mars and others, resulting in more than 120 publications in the peer-reviewed
literature (www.sicopolis.net, last accessed 2020-08-12).

Here, we apply SICOPOLIS v5.1 (Greve and SICOPOLIS Developer Team [2019) to
the Antarctic ice sheet. The model domain covers the entire area of Antarctica and the
surrounding oceans. We use the EPSG:3031 grid, based on a polar stereographic projection
with the WGS 84 reference ellipsoid, standard parallel 71°S and central meridian 0°E. The
stereographic plane is spanned by the Cartesian coordinates x and y, and the coordinate
z points upward. It is discretized by a regular (structured) grid with Az =8, 16 or 32km
resolution. In the vertical, we use terrain-following coordinates (sigma transformation)
with 81 layers in the ice domain and 41 layers in the thermal lithosphere layer below.

For the ice rheology, we use the regularized Glen flow law in the formulation by |Greve
and Blatter (2009, Sect. 4.3.2). Ice dynamics is modelled by the shallow-ice approximation
(SIA) for slow-flowing grounded ice, hybrid shallow-ice-shelfy-stream dynamics for fast-
flowing grounded ice and the shallow-shelf approximation (SSA) for floating ice. The
hybrid dynamics is a modified form of |Bernales et al.’s (2017) HS-1 scheme, for which the
horizontal-velocity field v is computed as follows:

1. Compute the SIA solution with basal sliding (see below) — velocity vgia.

2. Slip ratio

r— Up,SIA (1)
Us,SIA

(where subscripts ‘b’ and ‘s’ refer to the base and surface, respectively).

3. Fast-flowing ice (streaming point) if > 7y, (threshold slip ratio chosen as ¢, = 0.5),
then continue. Otherwise, use the SIA solution, v = vga.

4. Compute the solution for the shelfy-stream approximation (SStA) with the same
basal-sliding law used for the STA solution — velocity vgsia .

5. Auxiliary factor

T — T'thr

T = (€ [0, 1] for streaming points) . (2)

1-— T'thr

6. Weight factor
= f5(7), (3)

where the quintic function f5 is defined by
fs5(z) = 2° [10 — (15 — 6 2)] (4)
(Fig. [2). Thus, for streaming points, 7 € [0, 1].

7. Weighting
v = (1 —f) VsIA + T UsstA - (5)
Due to the staggered grid used by SICOPOLIS (Arakawa C grid, Arakawa and Lamb
1977), this must be done separately for the z- and y-components.
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Figure 2: Quintic function f5(z) according to Eq. (4)).

Compared to the original HS-1 scheme by Bernales et al.| (2017)), the new feature is using
the quintic function f5 in step 6 (SICOPOLIS parameter SSTA _SIA_ WEIGH FCT = 3).
Since both the first and second derivatives of this function at the end points x = 0 and
x = 1 are equal to zero, this guarantees a very smooth transition between slow- and fast-
flowing grounded ice (7 = 0) and between fast-flowing grounded and floating ice (# = 1).

In contrast to the STA, the SStA and SSA require stress or velocity boundary conditions
at the lateral margins of the domain. For the SSA, the boundary condition at the calv-
ing front states that the stress is equal to the hydrostatic pressure from the ocean water
(e.g., |Greve and Blatter||2009, Eqs. (6.62)—(6.64)). For the SStA, we distinguish between a
marine-terminating and a land-terminating grounded ice front. For a marine-terminating
front (in contact with the ocean), the boundary condition is essentially the same as for
SSA /calving front; however, the floating condition is not fulfilled (a larger percentage of
the ice column is above the water line). For a land-terminating front, we do not prescribe a
stress boundary condition, so that the system merely sees the adjacent ice-free grid points
with zero velocity (SICOPOLIS parameter BC_.SSA_LTGF =1). [The alternative, also im-
plemented via BC_SSA _LTGF =2, would be to impose a stress-free condition acting on the
vertical face of the land-terminating front. However, this sometimes leads to unrealistically
high velocities, so that we refrain from it.]

At the grounding line (transition between grounded and floating ice), we compute the
surface (h) gradients at staggered-grid points by one-sided differences into either grounded
or floating ice, depending on whether the staggered-grid points are grounded or floating
(SICOPOLIS parameter GL_.SURF_GRAD =2). For instance, for the z-direction with grid
index 1, if the point 7 is grounded and the point ¢ 4+ 1 is floating, then the gradient at the
mid-point ¢ + % is discretized as

hivi/2 — hic1y2

A , if point 7 + % grounded,

x

~ 6

i11/2 hivsja — hig1)2 0
Ax

@
ox

, if point @ + % floating.

This is illustrated in Fig. . The decision whether the point 7 + % is grounded or floating is
done by linear interpolation of the ice topography between ¢ and 7+ 1. For the y-direction
(grid index j), the scheme is analogous.
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Figure 3: One-sided gradients of the discretized ice surface at the grounding line. Depend-
ing on whether the staggered-grid point 7 + % is diagnosed as grounded or floating, either
the one-sided gradient “GR” (pointing into the grounded ice) or “FL” (pointing into the
floating ice) is used for (Oh/0x)|it1/2.

Ice thermodynamics is modelled by the one-layer melting-CTS enthalpy scheme
and Greve 2015, (Greve and Blatter|2016)). The temperature-dependent rate factor for cold
ice is by |Cuffey and Paterson| (2010, Sect. 3.4.6), and the water-content-dependent rate
factor for temperate ice is by [Lliboutry and Duvall (1985)).

The ice surface is assumed to be traction-free. Basal sliding under grounded ice, vy,
is described by a Weertman-Budd-type sliding law accounting for sub-melt sliding (Hind-
marsh and Le Meur|2001) and the subglacial water-layer thickness (Kleiner and Humbert
2014, |Calov et al.[2018):

"
Up = —Obﬁg s (7)
with T "
— 0 _b — _ W
C’b—C’beXp(v) {1+c(1 eXp( HVOV))] . (8)

In Eq. , (), is the sliding function, 7, the basal drag (shear stress), NV, the basal normal
stress (ice stress minus water pressure, counted positive for compression), and p and ¢ are
the sliding exponents. In Eq. , CyY is the sliding coefficient, T}, the basal temperature
relative to pressure melting (in °C, always < 0°C), 7 the sub-melt-sliding parameter, ¢ the
coefficient for water-layer-enhanced basal sliding, H,, the subglacial water-layer thickness
and H? the threshold water-layer thickness. Optionally, the simulated ice sheet can be
divided into n = 1... N regions, for which individual basal sliding coefficients (C}),, are
set. We do this for the N = 18 IMBIE-2016 basins (Rignot and Mouginot| 2016| The|
IMBIE Team/[2018) (see below, Sect. [3.2.3)). The water-layer thickness H,, is computed by
a steady-state routing scheme for subglacial water that receives its input from the basal
melting rate under grounded ice (Le Brocq et al.[2006, 2009).




The sliding law features a singularity for N, — 0 (when grounded ice becomes
nearly floating close to the grounding line). To avoid this, we impose a limiter such that
N, > 0.35P,, where P, = pgH is the hydrostatic pressure of the ice column (ice thickness
H). However, the limiter is only applied for the SIA. For the SStA, the sliding law appears
in its inverse form (solved for 7,), so that the singularity does not appear, and the limiter
is thus not required (SICOPOLIS parameter SLIDE_LAW = 3).

Quantity Value

Density of ice, p 910kgm™3

Density of sea water, pey 1028 kgm™3

Gravitational acceleration, g 9.81ms2

Length of year, 1a 31556 926 s

Power-law exponent, n 3

Residual stress, oy 10kPa

Flow enhancement factor, £ grounded ice: 5, floating ice: 1
Melting temperature

at low pressure, Ty 273.16 K

Clausius-Clapeyron gradient, 8 8.7x107*Km™!

Universal gas constant, R 8.314 Jmol 1K1

Heat conductivity of ice, & 9.828 ¢~ 0-0057 T[K] Wy py — 1K1
Specific heat of ice, ¢ (146.3 + 7.253 T[K]) J kg ' K~!
Latent heat of ice, L 3.35 x 10° J kg !

Sliding exponents, (p,q) (3,2)

Sub-melt-sliding parameter, 1°C

Coefficient for water-layer-enhanced

basal sliding, ¢ 9

Threshold water-layer thickness, H ~ 5mm
Density x specific heat of the

lithosphere, pic) 2000 kJ m—3K~!
Heat conductivity of the
lithosphere, 3WmtK!

Thickness of the thermal upper
boundary layer of the lithosphere, Hy; 2km
Flexural stiffness of the

lithosphere, K 10 Nm
Asthenosphere density, p, 3300kgm~3
Time lag for the

relaxing asthenosphere, 7, 3000 a

Table 1: Physical parameters used for the simulations of this study.

The bed topography is Bedmap2 (Fretwell et al. 2013). Glacial isostatic adjustment
(GIA) is included using an elastic-lithosphere-relaxing-asthenosphere (ELRA) model (pa-
rameters by Sato and Greve|2012)). The geothermal heat flux is by Martos et al.| (2017),
applied at the base of the thermal lithosphere layer (rather than directly at the ice base)
to account for the thermal inertia of the lithosphere (Ritz[1987). The physical parameters
are listed in Table [l



3 Initialization via paleoclimatic spin-up

A crucial prerequisite for future projections is a reasonable initial state of the ice sheet
regarding ice geometry, surface velocities and englacial temperature (Goelzer et al. 2018,
Seroussi et al.2019)). Here, we produce this initial state by carrying out a paleoclimatic
spin-up over a full glacial cycle (140ka) until the year 1990 CE (which corresponds to the
time t = 0).

3.1 Climate forcing

The climatic forcing for the spin-up consists of time-dependent distributions of the surface
temperature and precipitation. Like in the study by |Sato and Greve| (2012), the mean
annual and mean summer surface temperatures (7,,, and T,,s, respectively) are decomposed
into present-day spatial distributions plus a purely time-dependent anomaly AT(t),

Twa(h, &,t) = TR (h, ¢) + AT(1),

Tns(h, ¢,1) = TR (R, ¢) + AT(1) o

where ¢ is time and ¢ geographical latitude. The present-day parameterizations are by
Fortuin and Oerlemans| (1990)),

7.405 —0.014285h — 0.180¢, for A > 1500m,

TPresent — 0 36,689 — 0.005102h — 0.725 ¢, for 200m < h < 1500m,  (10)
49.642 — 0.943 ¢, for h < 200m,
TPresent — 16,81 — 0.00692 h — 0.27937 6, (11)

where temperatures are in °C, surface elevations in m AMSL (above mean sea level) and
latitudes in °S (counted positive). The time-dependent anomaly AT () results from the
Vostok 6D record converted to temperature with the relation by [Petit et al.| (1999).

We equate the present-day precipitation distribution PP*™(\ ¢) (where X is geograph-
ical longitude) to the surface accumulation data by |Arthern et al.| (2006), |Le Brocq et al.
(2010). For any other time ¢, the precipitation P(\, ¢,t) is computed by PP*™ and a
temperature-dependent factor via the parameterization by |Huybrechts et al. (2007). Con-
version from precipitation to snowfall rate (solid precipitation) is done on a monthly-mean
basis using the linear function by Marsiat| (1994)).

Surface melting is parameterized by Reeh’s (1991) positive degree day (PDD) method,
supplemented by the semi-analytical solution for the PDD integral by |Calov and Greve
(2005). The PDD factors are fice = SmmWEd ' °C~! and Bagow = 3mm WEd ' °C™!
for ice and snow melt, respectively (where WE means water equivalent). Furthermore,
the standard deviation of short-term, statistical air temperature fluctuations is ¢ = 5°C,
the saturation factor for the formation of superimposed ice is Py.x = 0.6, and we apply
an empirical firn-warming correction due to refreezing melt water with a coefficient p =
9.7155d °C (mm WE)~! (Reeh![1991).

For the part of the spin-up sequence prior to 2kaago with 32 and 16 km resolution
(see Sect. below), we use the parameterization for ice-shelf basal melting by |(Greve and
Galton-Fenzi| (2017) (SICOPOLIS parameter FLOATING_ICE_BASAL_MELTING =5).



It takes the melt rate as a function of both the depth of ice below mean sea level and ocean
temperatures outside the ice-shelf fronts at 500 m depth, tuned differently for eight Antarc-
tic sectors. However, for the most recent 2ka (8 km resolution), we switch to the “ISMIP6
standard approach” (SICOPOLIS parameter FLOATING_ICE_BASAL MELTING =6).
This is a non-local quadratic melt-rate parameterization for the 18 IMBIE-2016 sectors
(Rignot and Mouginot| 2016, 'The IMBIE Team|2018), where the two sectors feeding the
Ross ice shelf and the two sectors feeding the Filchner-Ronne ice shelf are combined,
leaving 16 distinct sectors. The thermal forcing at the ice—ocean interface is derived by
extrapolating the oceanic fields into the ice-shelf cavities. This melt-rate parameteriza-
tion and its calibration by observations is described in detail by [Jourdain et al.| (2020)).
In both cases, no time dependence is considered; the parameterizations are kept fixed at
their forms valid for present-day conditions during the entire model time of the spin-up.
Over the abyssal ocean, defined by a threshold sea-bed elevation of —2500 m AMSL, we
prescribe a large melt rate of 10m WE a~! to avoid that ice shelves spread out over these
areas.

We describe ice-shelf calving by a 50-m thickness threshold. Any floating ice at the
calving front that is thinner than this threshold is assumed to calve off instantaneously
(Sato and Greve|2012).

3.2 Spin-up sequence
3.2.1 32km resolution, t =—140...-9ka
(1) Simulation ant32_b2_spinup22_init001la

Short simulation over 0.01a, starting from the observed present-day topography,
no basal sliding, glacial temperature anomaly AT = —6.864°C (Vostok value for
t = —135ka). The initial temperature field is computed by the Robin| (1955) solution
for grounded ice columns with positive SMB and a linear profile otherwise (SICO-
POLIS parameter TEMP_INIT =4). Time steps: At = 0.01a (for dynamics and
topography), Atiemp = 0.01 a (for thermodynamics), Aty = 0.01 a (for steady-state
displacement of the elastic lithosphere). The purpose of this run is to produce a
slightly smoothed present-day topography (surface Atarget(7,y), bed barget(z,y)) of
the Antarctic ice sheet that serves as a target for the nudging technique of run (2).

(2) Simulation ant32_b2_spinup22_fixtopo

Time t = —140... — 9ka, starting from the output of run (1). Time steps: At = 1a,
Atiemp = 28, Atyss = 100a. Basal sliding with a constant sliding parameter 0 =
2.5ma ! Pa~! after —135ka. During the first 5ka (prior to —135ka), basal sliding
is ramped up as follows (Riickamp et al.|[2019):

Introducing a non-dimensionalized time valid for the first 5 ka:

t — (—140ka)

=
5ka

(thus £ € [0,1]), (12)

gradual increase of the sliding coefficient by the quintic function (4)):

Cp — f5(t) Cp. (13)



The computed topography (surface h(x,y), bed b(z,y)) is continuously nudged to-
wards the output of run (1) by first solving the normal evolution equations for the
bed and the ice thickness (e.g., Greve and Blatter|[2009, Eqgs. (5.55) and (8.5)) and
then applying the relaxation equations

8h _ h — htarget

— = 14
at Trelax ’ ( )
ab b— btarget

Z- 7 “target 15
at Trelax ’ ( )

with a relaxation time of 7.x = 100 a (Rezvanbehbahani et al.|2019, Riickamp et al.
2019). This nudging is equivalent to applying an SMB correction (Aschwanden et al.
2013}, 2016, |Calov et al.|2018]), which is diagnosed by the model.

3.2.2 16 km resolution, t =-9...—2ka

(3)

Simulation ant16_b2_spinup22_init001a

Similar to run (1): short simulation over 0.01 a, starting from the observed present-
day topography, no basal sliding, temperature anomaly AT = —6.864°C. Time
steps: At = 0.01a, Atiemp = 0.01a, Atys = 0.01a. Purpose: to produce a slightly
smoothed present-day topography that serves as a target for the nudging technique
of run (4).

Simulation ant16_b2_spinup22_fixtopo

Time t = —9... — 2ka, starting from the resolution-doubled output of run (2) at
t = —9ka. Time steps: At = 0.1a, Atiemp = 1a, Aty = 10a. Basal sliding with
a constant sliding parameter Cp = 2.5ma~!Pa~!. The computed topography is
continuously nudged towards the output of run (3) as described above for run (2)

[Eqgs. (14), and accompanying text.

3.2.3 8km resolution, t=-2...0ka

()

Simulation ant08_b2_spinup25_init10a

Similar to runs (1) and (3): short simulation over 10a, starting from the observed
present-day topography, no basal sliding, temperature anomaly AT = —6.864°C.
Time steps: At = 0.02a, Atiemp = 0.02a, Aty = la. Purpose: to produce a
slightly smoothed present-day topography that serves as a target for the nudging
technique of runs (6) and (7).

Simulation ant08_b2_spinup25_fixtopo

Time t = —2... — Oka, starting from the resolution-doubled output of run (4) at
t = —2ka. Time steps: At = 0.05a, Atiemp = 0.5a, Aty = 10a. Basal sliding
with a constant sliding parameter C = 2.5ma~! Pa™'. The computed topography
is continuously nudged towards the output of run (5) as described above for run (2)

[Eqs. (14), and accompanying text.



(7) Simulations ant08_b2_spinup25_fixtopo-{01,02,03,04,05,06 }

Each of these six runs reads the output of run (6) at ¢ = —100a and runs until
t = 0. Time steps: At = 0.05a, Atienp, = 0.5a, Atys = 10a. The basal sliding
coefficients (C2)* (n = 1...18) are iteratively adjusted for the 18 IMBIE-2016 basins
(Rignot and Mouginot||2016, The IMBIE Team|[2018), to achieve optimum agreement
between simulated and observed surface velocities in the basins. The index k counts
the iterations. The starting value (iteration no. & = 0) is the value from run (6),
(C2)2 =2.5ma! Pa~!. Except for the basal sliding, the set-up is the same as that
of run (6).

The k-th iteration of the run is called ant08_b2_spinup25_fixtopo-k. For each basin
n, a regression line through the origin with the slope a” is computed:

(Usim)i = a/’:l, (UobS)Z ) (16)

where v(sim obs} are the simulated and observed surface velocities, respectively. Only
velocities within [10ma~!,3000ma~!] for which the simulation predicts grounded
ice with a temperate base are considered. Taking the decimal logarithm yields

y=1v+b, (17)

with y = 1g (vgm)%, 2 = 1g (Vops)n and b = lg a* (indices k and n dropped for brevity).

This describes a line with a slope of unity and an intercept of b. The latter is
computed by the least-squares method:

> (yi — (x; 4+ b))* — min, (18)

=1

where the index ¢ = 1... I counts the grid points in the respective basin. This yields

[via (9/0b) (X...) = 0]
1 1
b= jZ(yi — i), (19)
i=1
which is the arithmetic mean of the misfit between simulated and observed logarith-
mic velocities. The slope a® is then

a¥ =10°. (20)
It is used to update the basal sliding coefficients for the next iteration according to

(gt = bl (21)

k
an

with a lower bound of (CP)pim = 0.1ma~! Pa~'. The target of the iterations is to

get the slopes a” as close to unity as possible.

The procedure is stopped after k = 6 iterations (ant08_b2_spinup25_fixtopo-06), when
the overall slope (for the entire ice sheet) has reached the interval [0.95,1.05]: a5, =
1.0473. Figure[dh demonstrates that the scheme has converged well; further iterations

10



Slope of regression line

would not lead to a significant improvement of the fit. The regional basal siding
coefficients (Fig. ) show a great variability. The largest values occur in basins
No. 9, 8 (draining from West and East Antarctica, respectively, into the Ross ice
shelf), 11 (containing the Pine Island and Thwaites glaciers) and 17 (draining from
East Antarctica into the Filchner ice shelf). By contrast, six basins (Nos. 1, 4, 6, 10,
12, 14) reach or come close to the lower bound of 0.1 ma~ Pa~!, thus showing very
little basal sliding.
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Figure 4: (a) Slope a®, of the regression line for the entire ice sheet and RMSD (root

mean

square deviation) of the logarithmic surface velocity lg (v) (in ma™!) for the entire

ice sheet after k iterations. (b) Resulting basal sliding coefficients (C),, for the 18 IMBIE-

2016

basins (Rignot and Mouginot 2016, The IMBIE Team [2018). (c) Location of the

basins, marked by circled numbers that correspond to the region number n in panel (b).

(8)

Simulation ant08_b2_spinup25-06

Time t = —500.. .0 a, starting from the output of run (6) at £ = —500 a. Time steps:
At = 0.02a, Atyemp = 0.5a, Aty = 10a. Basal sliding coefficients as determined
from the final run (7). Free evolution of the ice topography. Temporally constant
SMB correction applied, which is the 1960-1989 average SMB correction diagnosed
by the nudging technique of the final run (7).

Simulation ant08_b2_spinup25-06_120a

Time t = —120...0a, re-run of the last 120 a of run (8) with annual output of scalar
and 2D fields as requested by the ISMIP6 protocol. The final state of this run is our
initial ice sheet for the year 1990 CE.

11



3.3 Simulated initial (1990 CE) ice sheet

The spin-up sequence produces an initial ice sheet with a total volume of 26.264 x 10% km?,
a volume above flotation of 57.149 m SLE (sea-level equivalent), a grounded ice area of
12.098 x 10%km? and a floating ice area of 1.593 x 10° km?. Due to the nudging technique
applied during the entire period of the spin-up except for the last 500 years, the simulated
ice thickness agrees well with its observed counterpart (Fig. . In the interior ice sheet,
the misfit is typically of the order of 10 m only. Closer to the coast, larger misfits occur,
typically in areas of fast-flowing ice streams like the Pine Island and Thwaites glaciers (too
thin) or the Lambert glacier (too thick). The RMSD (root mean square deviation) for the
whole ice sheet, including the ice shelves, is 69.3 m.
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Figure 5: Spin-up simulation: (a) Simulated initial (1990 CE) ice thickness. (b) Simulated
minus observed (Fretwell et al.|[2013)) ice thickness on a square-root scale.

The simulated surface-velocity field for the initial state of the Antarctic ice sheet is
shown in Fig. [l Overall, it agrees well with the observations. The large-scale structure,
as well as most of the smaller-scale features, in particular the major ice streams and outlet
glaciers, are well reproduced. The RMSD for the whole ice sheet, including the ice shelves,
is 101.3ma"!.

From the last 30 years of the spin-up, we extract a 1960-1989 reference climatology,
which is shown in Fig. [7] The SMB is the sum of the prescribed snowfall minus melting
rate (Sect. and the 1960-1989 mean SMB correction that results from the nudging
technique (Sect. . This yields desert-like conditions in central East Antarctica, more
Greenland-like conditions in central West Antarctica and generally larger positive SMB
values near the coast. However, patches of negative SMB also occur, for instance, inland of
Siple Coast or in the area of Lambert glacier. A conspicuous positive anomaly is present in
the Pine-Island /Thwaites area, where the topography nudging method adds several metres
per year of ice to prevent the area from destabilizing. The ST distribution results from
the parameterization described in Sect. and shows the expected pattern with very low
temperatures in central East Antarctica, moderately low temperatures in central West
Antarctica and milder conditions near the coast.
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Figure 6: Spin-up simulation: (a) Simulated initial (1990 CE) vs. (b) observed (Rignot|
et al.[2011}, 2017, [Mouginot et al.[2012)) surface-velocity fields. (c¢) Scatter plot of simulated
vs. observed surface velocities. All velocities are shown on a logarithmic scale.
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4 ISMIP6 future projections for Antarctica

We now describe the experiments that run from the initialization date 1990 CE into the
future. For all experiments, we use the regional basal sliding coefficients determined by
the spin-up runs (7) (Fig. db), and the time steps are the same as those of the spin-up
runs (8) and (9): At = 0.02a, Atiemp = 0.5a, Aty = 10a.

4.1 Control runs, schematic experiments, historical run

We carry out a constant-climate control run (‘ctrl’) from 1990 until the end of 2100.
It uses the ice sheet for 1990 that results from the spin-up as initial conditions. The
time-independent forcing consists of our 1960-1989 reference climatology and the oceanic
forcing from the ISMIP6 standard approach (see Sect. for the present day. Under
these conditions, the ice sheet remains nearly stable, featuring only a small mass loss of
13.1mm SLE during the 111 years model time (not shown).

We repeat the initMIP-Antarctica experiments ‘asmb’ and ‘abmb’ (Seroussi et al.|2019)
with the settings of this study. The set-up is that of ctrl, plus a time-dependent, schematic
anomaly for the SMB (asmb) and the ice-shelf basal melt (abmb), respectively. This
produces a notable response of the ice sheet (Fig. , black dashed and dotted lines): The
increased precipitation of asmb leads to a mass gain of 146.8 mm SLE, while the increased
ice-shelf basal melt of abmb leads to a mass loss of 94.2 mm SLE. While the quantitative
interpretability of these numbers is limited due to the schematic nature of the experiments,
they illustrate well two major, counteracting effects that can cause changes of the Antarctic
ice sheet in the near future.

The historical run (‘hist’) bridges the gap between our initialization time 1990 and the
start date of the projections in January 2015. Like ctrl, asmb and abmb, it starts from
the 1990 ice sheet that results from the spin-up. Following the ISMIP6 recommendation
(tinyurl.com/ismip6-wiki-ais, last accessed 2020-08-12), the climate forcing consists of the
1960-1989 reference climatology, NorESM1-M RCP8.5 SMB and ST anomalies as well as
NorESM1-M RCPS8.5 oceanic thermal forcing. The ice sheet reacts only slightly, losing
1.2mm SLE mass during the 25 years model time (Fig. [8] thick black solid line).

From the last 20 years of the historical run, we extract a 1995-2014 reference clima-
tology (SMB, ST). It is very similar to the 1960-1989 one (Fig. [7)) and thus not shown
separately.

Following the ISMIP6 protocol, we conduct a second control run for January 2015 —
December 2100, the same period that is used for the actual future climate experiments
(see Sect. below). This projection control run (‘ctrl_proj’) starts from the final state
of the historical run. It uses the 1995-2014 reference climatology and the oceanic forcing
resulting from the ISMIP6 standard approach (see Sect. for the present day. Similar
to ctrl, the ice sheet remains nearly stable, showing only a slight mass loss of 1.0 mm SLE
during the 86 years model time (Fig. [§} thin black solid line).

The SICOPOLIS names of the simulations described above are antO8_b2_future25-
06_{ctrl,asmb,abmb,hist,ctrl_proj}.
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4.2 Future climate experiments

The future climate experiments start from the final state of the historical run, and the
model time is from January 2015 until December 2100. Their atmospheric forcing consists
of the 1995-2014 reference climatology (see above), plus space-time-dependent anomalies
for the SMB and the ST. For the core (Tier 1) experiments, these anomalies were derived
from three selected CMIP5 global climate models (GCMs) (Barthel et al.|2020). For the
extended ensemble (Tier 2), three additional CMIP5 GCMs were added, and a further
extension (also Tier 2) includes four CMIP6 GCMs, the latter mainly chosen on the basis
of early availability. The ISMIP6 projections focus on the pessimistic “business as usual”
scenarios RCP8.5 (CMIP5) or SSP5-8.5 (CMIP6). However, some experiments are also
devised for the optimistic RCP2.6 (CMIP5) or SSP1-2.6 (CMIP6) scenarios that repre-
sent substantial emissions reductions. [RCP: Representative Concentration Pathway, SSP:
Shared Socioeconomic Pathway.]

# exp.id Scenario GCM Ocean Ice-shelf

forcing fracture
5  exp0b RCP8.5 NorESMI1-M Medium No
6 exp06 RCP85 MIROC- Medium No

ESM-CHEM

7 exp07 RCP2.6 NorESM1-M Medium No Core
8 exp08 RCP85 CCSM4 Medium No . ¢
9 exp09 RCP85 NorESMI-M High No e??e“inen i
10 expl0 RCP8.5 NorESMI-M Low No (Tierl)
12 expl2 RCP85 CCSM4 Medium Yes
13 expl3 RCP85 NorESMI1-M PIGL- No

Medium
A5 expAb RCP8)5 HadGEM2-ES Medium No Extended
A6  expA6 RCP8.5  CSIRO-Mk3.6.0 Medium No ble
A7 expA7 RCP85 IPSL-CM5A-MR  Medium No effs.emQ
A8 expA8 RCP2.6 IPSL-CM5A-MR  Medium No  (Tier2)
B6 expB6 SSP5-8.5 CNRM-CM6-1 Medium No
B7 expB7 SSP1-2.6 CNRM-CM6-1 Medium No CMIP6
B8 expB8 SSP5-8.5 UKESMI1-0-LL Medium No extension
B9 expB9 SSP5-8.5 CESM2 Medium No (Tier 2)
B10 expB10 SSP5-8.5 CNRM-ESM2-1 Medium No

Table 2: ISMIP6-Antarctica Tier-1 and 2 future climate experiments discussed in this
study. See [Nowicki et al. (2020)) for references for the GCMs. The SICOPOLIS names of
these simulations are ant08_b2_future25-06_<exp_id>.

The oceanic forcing is not based on anomalies, but on absolute values of the oceanic
fields produced by the climate models. They are interpolated into the ice-shelf cavities,
which yields the space-time-dependent thermal forcing at the ice—ocean interface. It is
converted to ice-shelf basal melt rates by the same non-local quadratic melt-rate param-
eterization that we used for the last 2ka of the spin-up (“ISMIP6 standard approach”,
Sect. 3.1). In addition to the normal, “medium” calibration, “high” and “low” calibra-
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tions are tested, as well as a calibration in which only observed basal-melt values near
the grounding line of the Pine Island ice shelf are used (“PIGL-medium”) (Jourdain et al.
2020).

In one experiment, ice-shelf fracture triggered by surface melting is accounted for. This
is implemented by a time-dependent ice-shelf-collapse mask, computed on the assumption
that collapse occurs following a 10-year period with annual surface melt above 725 mm
(Trusel et al.|2015).

An overview of the ISMIP6 Tier-1 and Tier-2 experiments is given in Table [2l There
are 17 experiments, 14 of which are for RCP8.5/SSP5-8.5 and three for RCP2.6/SSP1-2.6.
In three experiments, the impact of different calibrations of the parameterization for ice-
shelf basal melting is tested, and one experiment includes ice-shelf hydrofracture. [Further
14 experiments employ an “open forcing”, in which the choice of the parameterization for
ice-shelf basal melting is left to the discretion of the individual modellers. We have not
conducted them with SICOPOLIS, so that they are not considered here.] For more details
on the forcing, we refer to Nowicki et al.| (2020)) and Seroussi et al.| (2020).

160 1 1 1 1 1 1 1 I 1 1 I
NorESM1-M/RCP85 (Ocn-med/hiflow) —— CESM2/SSP585
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CCSM4/RCP85 NOrESM1-M/RCP26
CCSM4/RCP8S5 (ice shelf collapse) —— IPSL-CM5A-MR/RCP26
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Figure 8: ISMIP6-Antarctica historical run (hist), projection control run (ctrl_proj),
schematic initMIP experiments (asmb, abmb) and Tier-1 and 2 future climate experi-
ments: Simulated ice mass change, counted positively for loss and expressed as sea-level
contribution. The red and blue boxes to the right show the mean + 1-sigma ranges for
RCP8.5/SSP5-8.5 and RCP2.6/SSP1-2.6, respectively; the whiskers show the correspond-
ing full ranges.

The contribution to sea-level change produced by these experiments is shown in Fig.
(coloured lines). Over the entire period from 1990 until 2100, it is 18.5 £ 45.4mm
(mean + 1-sigma uncertainty) for the RCP8.5/SSP5-8.5 experiments (excluding Exp. #13,
see below) and 8.4+ 15.9mm for the RCP2.6/SSP1-2.6 experiments. Thus, for both path-
ways, mass losses and gains occur, depending on the GCM forcing. For RCP8.5/SSP5-
8.5, 6 out of 14 experiments, and for RCP2.6/SSP1-2.6, 1 out of 3 experiments produce
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slight mass gains (negative contributions to sea-level change), the most extreme case being
Exp. #B6 (CNRM-CM6-1/SSP5-8.5) with a value of —31.1 mm SLE. On the other end
of the range, the largest mass loss is produced by Exp. #A5 (HadGEM2-ES/RCPS8.5),
143.6 mm SLE. As already discussed in Sect. this is due to the interplay between in-
creasing precipitation, leading to a mass gain, and increasing ice-shelf basal melt, leading
to a mass loss. These counteracting drivers have different relative strengths in the different
GCM results, which leads to the inconsistent response of the ice sheet.

The influence of the calibration of the parameterization for ice-shelf basal melt is ex-
plored by Exps. #5, 9, 10 (NorESM1-M/RCP8.5 with “medium”, “high” and “low” cali-
brations, respectively). The results are shown by the green line and green-shaded region
in Fig. . By 2100, the simulated mass loss is 40.0 "' mm SLE. Thus, the uncertainty
due to these three calibrations is notable, but smaller than the uncertainty due to the
GCM forcings. A more extreme test is Exp. #13, which is NorESM1-M/RCP8.5 with
the “PIGL-medium” calibration described above. During the 86 years model time, this
leads to an, on average, ~ 2 times larger total ice-shelf basal melting than for Exp. #b5.
It has a pronounced effect on the mass loss of the ice sheet: By 2100, it is 216.7 mm SLE
compared to the initial 1990 state, and 176.6 mm SLE larger than that of Exp.#5. This is
the largest mass loss of the ensemble of simulations, thus highlighting the great sensitivity
of the Antarctic ice sheet to oceanic forcing.

Exps. #8 and 12 (CCSM4/RCP8.5) investigate the influence of ice-shelf hydrofracture
as described above (included in Exp. #12). Exp. #8 is actually one of the cases that
produce a mass gain of the ice sheet. Adding ice-shelf hydrofracture via the time-dependent
collapse mask in Exp. #12 reverts this behaviour to a mass loss, the difference between
the two experiments amounting to 46.1 mm SLE. Thus, the process can act as a significant
amplifier of the mass loss of the Antarctic ice sheet.

For a more detailed analysis of the future climate experiments, including results from
other ice-sheet models, regional patterns etc., we refer to the ISMIP6 community papers
by Seroussi et al.| (2020)) and |Payne et al.| (2020)).

5 Summary

We described the ISMIP6 future projections for the Antarctic ice sheet with the model
SICOPOLIS, with a focus on the model-specific methods and set-up. Our paleoclimatic
spin-up over 140 ka with successively refining resolution employed a topography nudging
technique and an optimization of the basal sliding coefficients for 18 different basins to
ensure a good match between the observed and the simulated initial (1990 CE) ice sheet.
A historical run, forced by NorESM1-M/RCP8.5, brought the modelled ice sheet from this
initial state to the projection start date January 2015. Our ensemble of 17 ISMIP6 Tier-1
and Tier-2 future climate experiments, forced by ten different CMIP5 and CMIP6 GCMs
for two different pathways (RCP8.5/SSP5-8.5, RCP2.6/SSP1-2.6), forked off from there
and was run until the end of the 21st century (December 2100).

The response of the Antarctic ice sheet is mainly determined by two counteracting
processes. Increasing ocean temperatures entail increasing ice-shelf basal melting, leading
to a mass loss (positive contribution to sea-level rise). By contrast, increasing precipitation
over the ice sheet leads to a mass gain (negative contribution to sea-level rise). The
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ensemble means for both pathways are small, positive sea-level contributions. However,
uncertainties in the calibration of the parameterization for ice-shelf basal melting and
hydrofracturing of ice shelves can potentially lead to a significantly larger mass loss of the
ice sheet.

Additional ISMIP6 Tier-3 experiments have already been defined (ISMIP6 Steering
Committee, personal communication 2019). They include experiments with atmosphere-
only and ocean-only forcing, more sensitivity tests for the oceanic forcing and further
experiments including ice-shelf hydrofracture. Further, we are planning to carry out simu-
lations extending beyond 2100 to assess the longer-term response of the Antarctic ice sheet
to climate-change conditions.
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