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Abstract. The largest uncertainty in projections of future sea-level change results from the potentially chang-
ing dynamical ice discharge from Antarctica. Basal ice-shelf melting induced by a warming ocean has been
identified as a major cause for additional ice flow across the grounding line. Here we attempt to estimate the
uncertainty range of future ice discharge from Antarctica by combining uncertainty in the climatic forcing, the
oceanic response and the ice-sheet model response. The uncertainty in the global mean temperature increase i
obtained from historically constrained emulations with the MAGICC-6.0 (Model for the Assessment of Green-
house gas Induced Climate Change) model. The oceanic forcing is derived from scaling of the subsurface with
the atmospheric warming from 19 comprehensive climate models of the Coupled Model Intercomparison Project
(CMIP-5) and two ocean models from the EU-project Ice2Sea. The dynamic ice-sheet response is derived from
linear response functions for basal ice-shelf melting for four different Antarctic drainage regions using experi-
ments from the Sea-level Response to Ice Sheet Evolution (SeaRISE) intercomparison project with five different
Antarctic ice-sheet models. The resulting uncertainty range for the historic Antarctic contribution to global sea-
level rise from 1992 to 2011 agrees with the observed contribution for this period if we use the three ice-sheet
models with an explicit representation of ice-shelf dynamics and account for the time-delayed warming of the
oceanic subsurface compared to the surface air temperature. The median of the additional ice loss for the 21st
century is computed to 0.07 m (66 % range: 0.02-0.14 m; 90 % range: 0.0-0.23 m) of global sea-level equiva-
lent for the low-emission RCP-2.6 (Representative Concentration Pathway) scenario and 0.09 m (66 % range:
0.04-0.21 m; 90 % range: 0.01-0.37 m) for the strongest RCP-8.5. Assuming no time delay between the atmo-
spheric warming and the oceanic subsurface, these values increase to 0.09 m (66 % range: 0.04—0.17 m; 90 %
range: 0.02-0.25m) for RCP-2.6 and 0.15m (66 % range: 0.07-0.28 m; 90 % range: 0.04-0.43 m) for RCP-8.5.
All probability distributions are highly skewed towards high values. The applied ice-sheet models are coarse
resolution with limitations in the representation of grounding-line motion. Within the constraints of the applied
methods, the uncertainty induced from different ice-sheet models is smaller than that induced by the external
forcing to the ice sheets.
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272 A. Levermann et al.: Antarctic ice discharge from SeaRISE response functions

1 Introduction Coupled Model Intercomparison Projection, CMIPTay-

lor et al, 2012. To this end, we derive response functions

for the five ice-sheet models from a standardized melting
The future evolution of global mean and regional sea 'eVe|experiment (M2) from the Sea-level Response to Ice Sheet
is important for coastal planning and associated adaptatiofg|ytion (SeaRISE) intercomparison projeBtr{dschadler
measures (e.d-allegatte et a).2013 Hinkel et al, 2014 gt 1, 2013. This community effort gathers a broad range of
Marzeion and Levermanr2014. The Fourth Assessment girycturally different ice-sheet models to perform a climate-
Report (AR4) of the Intergovernmental Panel on Climate forcing sensitivity study for both Antarctic&pwicki et al,
Change (IPCC) provided sea-level projections explicitly ex- 20133 and Greenlandowicki et al, 20130). A suite of pre-
cluding changes in dynamic ice discharge, i.e. additional icescriped numerical experiments on a common set of input data
flow across the grounding line, from both Greenland andyepresents different types of climate input, namely enhanced
Antarctica @lley et al, 2007. These contributions might  gyp-shelf melting, enhanced sliding and surface temperature
however be significant for the next century, which would in- jhcrease combined with enhanced net accumulation.
fluence global mearvan den Broeke et 31201 as well as The spread in the response of the participating models to
regional sea-level changedifrovica et al, 2009, especially  these experiments originates from differences in the stress-
since contribution from the ice sheets is clearly relevant onpzjance approximations, the treatment of grounding line mo-
longer timescalesLevermann et a].2013. While the part  tjon, the implementation of ice-shelf dynamics, the compu-
of the ice sheet directly susceptible to warming ocean watersgation of the surface-mass balance, and in the computational
on Greenland is limited, marine ice sheets in West Antarc-gqemand which sets strong limits on the spin-up procedure.
tica alone have the potential to elevate sea level globally by, approach allows us to identify the sensitivity of the
several metresBamber et al.2009. Previous projections  yesponse of coarse-resolution ice-sheet models to changes
of the Antarctic ice-sheet mass balance have used fully coup, different types of climate-related boundary conditions.
pled climate—ice-sheet models (ettuybrechts et al201%  ap interpolation analysis of the results is performeing-
Vizcaino et al. 2009. These simulations include feedbacks gchadler et al2013 in order to provide a best-guess estimate
between the climate and the ice sheet and thereby providgs the future sea-level contribution from the ice sheets.
very valuable information especially on a multi-centennial  Here we use linear response theory to project ice discharge
timescale. However, on shorter (i.e. decadal to centennial}or\,arying basal melt scenarios. The framework of linear re-
timescales, the direct climatic forcing is likely to dominate sponse theory has been used before, for example to gener-
the ice-sheet evolution compared to the feedbacks betweeglize climatic response to greenhouse gas emissi@osd
ice dynamics and the surrounding climate. For 21st cenvt ), 2011). The probabilistic procedure for obtaining pro-
tury projections it is thus appropriate to apply the output of jections of the Antarctic dynamic discharge due to basal ice-
comprehensive climate models as external forcing to the ic&helf melt and its uncertainty range is described in Séct.
sheet, neglecting feedbacks while possibly improving on theanq jijustrated in Figl. There are clear limitations to this
accuracy of the forcing anomalies. Here we follow this ap- gpproach which are discussed in the conclusions section at
proach. the end. In light of these limitations, which range from the

In order to meet the relatively high standards that are set by;se of |inear response theory to missing physical process in

climate models for the oceanic thermal expansion and glaciefhe ice sheet but also in the oceanic models, the results pre-
and ice-cap models which use the full range of state-of-thesented here need to be considered as a first approach towards

art climate projections, it is desirable to use a set of differenty estimate of Antarctica’s future dynamic contribution to
ice-sheet models to increase the robustness of the projectionga-level rise.

of Antarctica’s future sea-level contribution. While changes

in basal lubrication and ice softening from surface warming

and changes in surface elevation through altered precipitatioa Brief description of the ice-sheet and ocean

can affect dynamic ice discharge from Antarctica, changesin models

basal melt underneath the ice shelves are here assumed to be

the dominant driver of changes in dynamic ice loss. All ice-sheet models are described in detailRindschadler
Here we combine the dynamic response of five differ- et al. (2013 (Table 2). Here we provide a brief summary

ent Antarctic ice-sheet models to changes in basal icefeferring to relevant publications from which more detailed

shelf melt with the full uncertainty range of future climate descriptions can be obtained. All models applied are conti-

change for each of the Representative Concentration Patmental ice-sheet models and coarse in resolution. As a con-

ways (RCPsMoss et al. 2010 Meinshausen et al2011h sequence, these models have deficiencies in the represen-

using an ensemble of 600 projections with the climate emu-+ation of the motion of the grounding line. This is doc-

lator MAGICC-6.0 Meinshausen et al20113 which cover  umented in the Marine Ice Sheet Model Intercomparison

the range of projections of the current simulations from theProjects (MISMIP and MISMIP-3-D)Kattyn et al. 2012,
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Figure 1. Schematic of procedure for the estimate of the uncertainty of the Antarctic dynamic contribution to future sea-level chang
each stage of the procedure, represented by the four boxes, a random selection is performed from a uniform distribution as indig
the following. This procedure was carried out 50 000 times for each RCP scenario to obtain the uncertainty ranges described thrg
the study. First, one time evolution of the global mean temperatuyg, was selected randomly out of an ensemble of 600 MAGICC-6.(
simulations. Second, 1 of 19 CMIP-5 climate models was selected randomly to obtain the scaling coefficient and time delay betwe
global mean temperature surface warmingy,, and the subsurface oceanic warmingy,. Third, a basal melt sensitivity, was selected
randomly from the observed interval to translate the oceanic warming into additional basal ice-shelf melting. Finally, one of the ice
models is selected randomly to use the corresponding response furigtidn,obtain an ice discharge signal which is given in sea-leve
equivalent. The formulas describe the corresponding signal transformation at each step.

2013. Furthermore, the basal-melt sensitivity experimentslating ice velocity across the grounding line to local ice
which were used to derive the response function (as detailethickness is imposed as an internal boundary-layer cond
in Sect.3 were started from an equilibrium simulation and tion, so that grounding-line migration is simulated reason-
might thereby be biased towards a delayed response conably well without the need for very high, i.e of the order
pared to the real Antarctic ice sheet which has evolved fromof 100 m, resolution $choof 2007). Ocean melting below
a glacial period about 10 000 years ago. ice shelves and ice-shelf calving use simple parameterizg
AlF: the Anisotropic Ice-Flow model is a 3-D ice-sheet tions, along with a sub-grid parameterization at the floating
model incorporating anisotropic ice flow and fully coupling ice edge Pollard and Decont®009 Pollard and DeConto
dynamics and thermodynamic®véng et al. 2012. It is 2012. The PennState-3D model shows the best performang
a higher-order model with longitudinal and vertical shear of grounding line motion within the MISMIP intercompari-
stresses but currently without an explicit representation ofson compared to the other models applied here.
ice shelves. The model uses the finite difference method to PISM: the Parallel Ice Sheet Modelw.pism-docs.orp
calculate ice-sheet geometry including isostatic bedrock adused here is based on stable version 0.4, which incorpg
justment, 3-D distributions of shear and longitudinal strainrates the Potsdam Parallel Ice Sheet Model (PISM-PIK
rates, enhancement factors which account for the effect ofWinkelmann et a].2011; Martin et al, 2011). Ice flow is ap-
ice anisotropy, temperatures, horizontal and vertical velociproximated by a hybrid scheme incorporating both the SIA
ties, shear and longitudinal stresses. The basal sliding is deand SSA approximation8(eler and Brown2009. An en-
termined by Weertman'’s sliding law based on a cubic powerthalpy formulation Aschwanden et 31.2012 is used for
relation of the basal shear stress. As the model lacks icghermodynamics, and the model employs a physical stres
shelves, the prescribed melt rates are applied to the ice-shebbundary condition to the “shelfy-stream” approximation
perimeter grid points whenever the bed is below sea levelat ice fronts, in combination with a sub-grid interpolation
The ice-sheet margin, which is equivalent to the grounding(Albrecht et al, 2011) and a kinematic first-order calving law
line in this model, moves freely within the model grid points (Levermann et al.2012 at ice-shelf fronts. In PISM-PIK,
and the grounding line is detected by hydrostatic equilibriumthe grounding line is not subject to any boundary conditions
(i.e. the floating condition) without sub-grid interpolation.  or flux corrections. Its position is determined from ice and
PennState-3D: the Pennsylvania State University 3-D icebedrock topographies in each time step via the floatation cri
sheet model uses a hybrid combination of the scaled shalterion. The grounding line motion is thus influenced only in-
low ice approximation (SIA) and shallow shelf approxima- directly by the velocities through the ice thickness evolution.
tion (SSA) equations for shearing and longitudinal stretch-Since the SSA (shallow shelf approximation) velocities arg
ing flow respectively. The location of the grounding line computed non-locally and simultaneously for the shelf ang
is determined by simple flotation, with sub-grid interpola- for the sheet, a continuous solution over the grounding line
tion as inGladstone et al(2010. A parameterization re- without singularities is ensured and buttressing effects ar

www.earth-syst-dynam.net/5/271/2014/ Earth Syst. Dynam., 5, 271-293, 2014

e. At

ated in
ughout
en the

sheet

1

b

11°



www.pism-docs.org
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accounted for. The PISM model shows good performance of
the grounding line motion within the MISMIP intercompar-
isons only at significantly higher resolution (1 km or finer)
than applied here. ‘
SICOPOLIS: the Simulation COde for POLythermal Ice | .
Sheets is a three-dimensional, polythermal ice-sheet model * N : EAIS
that was originally created byreve (1995 1997 in a R /
version for the Greenland ice sheet, and has been devel-
oped continuously since theB4to and Grevye2012) (www.
sicopolis.nél It is based on finite-difference solutions of the
shallow ice approximation for grounded iceutter, 1983
Morland, 1984 and the shallow shelf approximation for
floating ice Morland 1987 MacAyeal 1989. Special at-
tention is paid to basal temperate layers (that is, regions with Afgggdse
a temperature at the pressure melting point), which are po-
sitioned by fulfilling a Stefan-type jump condition at the in-
terface to the cold ice regions. Basal sliding is parameter-
ized by a Weertman-type sliding law with sub-melt sliding
(which allows for a gradual onset of sliding as the basal
temperature approaches the pressure melting pGirgve
20059), and glacial isostasy is described by the elastic litho-

Figure 2. The four different basins for which ice-sheet response

sphere/relaxing asthenosphere (ELRA) approdehNeur f_unctlons are derived from the SeaRISE_ M2 experiments. Green_
lines enclose the oceanic regions over which the subsurface oceanic

and Hgybrgcht§199®. The position and _eVOIUtlor_] _Of the temperatures were averaged. Vertical averaging was carried out over
grounding line is determined by the floating condition. Be- 5 109 m depth range centred at the mean depth of the ice shelves in

tween neighbouring grounded and floating grid points, thethe region taken frorhe Brocq et al(2010 as provided in Tablé.
ice thickness is interpolated linearly, and the half-integer aux-

iliary grid point in between (on which the horizontal ve-
locity is defined, Arakawa C grid) is considered as either
grounded or floating depending on whether the interpolateccondition is changed to a specified temperature, and a basal
thickness leads to a positive thickness above floatation or nomelt rate is calculated from the amount of latent heat of fu-
SICOPOLIS was not part of the MISMIP experimen®at-  sion that must be absorbed to maintain this specified temper-
tyn et al, 2012. The performance of the ice-shelf solver was ature. Conversely, if the basal temperature drops below the
tested against the analytical solution for an ice-shelf ramppressure melting point where water is already present at the
(Greve and Blatter2009 Sect. 6.4) and showed very good bed, a similar treatment allows for the calculation of a rate
agreement of the horizontal velocity field already at low res-of basal freezing. A map-plane solution for conservation of
olution, as discussed b8ato (2012. The grounding line  water at the bed, whose source is the basal melt or freeze-on
motion of the model has however not been systematicallyrate provided by the temperature solution, allows for move-
tested yet. ment of the basal water down the hydrostatic pressure gra-
UMISM: the University of Maine Ice Sheet Model con- dient Johnson and FastopR002. Areas of basal sliding
sists of a time-dependent finite-element solution of the cou-can be specified if known, or determined internally by the
pled mass, momentum and energy conservation equationsodel as regions where lubricating basal water is present,
using the SIA Fastook 1990 1993 Fastook and Chap- produced either by melting in the thermodynamic calcula-
man 1989 Fastook and Hughe$99Q Fastook and Prentice tion or by movement of water beneath the ice sheet down the
1994 with a broad range of applications (for examg#as-  hydrostatic gradient. Ice shelves are not modelled explicitly
took et al, 2012 2011 The 3-D temperature field, on which in UMISM. However, a thinning rate at the grounding line
the flow law ice hardness depends, is obtained from a 1-Dproduced by longitudinal stresses is calculated from a pa-
finite-element solution of the energy conservation equationrameterization of the thinning of a floating slalvgertman
at each node without direct representation of horizontal heal957. No sub-grid grounding line interpolation is applied.
advection. This thermodynamic calculation includes verti- The oceanic forcing that is applied to the response func-
cal diffusion and advection, but neglects horizontal move-tions as described in Seetis derived from a scaling of the
ment of heat. Also included is internal heat generation pro-oceanic subsurface temperature in four large-scale oceanic
duced by shear with depth and sliding at the bed. Bound-basins along the Antarctic coast (FR)with the global mean
ary conditions consist of specified surface temperature andemperature increase under greenhouse-gas emission scenar-
basal geothermal gradient. If the calculated basal temperaos. To this end, 19 global climate models from the Coupled
ture exceeds the pressure melting point, the basal boundamglimate Model Intercomparison Project, Phase 5 (CMIP-5)
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were used. These models typically apply an oceanic resolufable 1. Mean depth of ice shelves in the different regions denoted
tion of several degrees both in latitude and longitude. This re4n Fig. 2 as computed frorhe Brocq et al(2010. Oceanic temper-
sults in the fact that major climate variability processes suchgture anomalies were averaged vertically over a 100 m range around
as the El Nifio—Southern Oscillation (ENSO) phenomenonthese depth.
are not accurately represented. Important for the results dis-

cussed here is that these models are most likely not able to Region Depth [m]
accurately represent the effects of mesoscale eddy motion. Amundsen Sea 305
As shown, for example, biellmer et al (2012 these might Ross Sea 312
be crucial for abrupt warming events which may have signif- Weddell Sea 420
icant impact on basal ice-shelf melt. This is a major limita- East Antarctica 369

tion of the results presented here. The models used are likely
missing any abrupt warming and are only able to capture
large-scale warming signals. Outside the Southern Ocean, resolution decreases to 50 km
Besides the probabilistic projections we apply the ice-along the coasts and to about 250-300 km in the vast basins
sheet response functions to subsurface temperature projeef the Atlantic and Pacific oceans, while on the other hand
tions from two different ocean models, namely the Bremer-some of the narrow straits that are important to the global
haven Regional Ice Ocean Simulations (BRIOS) model andhermohaline circulation (e.g. Fram and Denmark straits, and
the Finite-Element Southern Ocean Model (FESOM). the region between Iceland and Scotland) are represented
BRIOS is a coupled ice—ocean model which resolves thewith high resolution Timmermann et a).2012. Ice-shelf
Southern Ocean south of 58 zonally at 1.5 and merid-  draft, cavity geometry, and global ocean bathymetry have
ionally at 1.5 x cosp. The water column is variably divided been derived from the RTopo-1 data SEtifmermann et aJ.
into 24 terrain-following layers. The sea-ice component is a2010 and thus consider data from many of the most recent
dynamic—thermodynamic snow/ice model with heat budgetssurveys of the Antarctic continental shelf.
for the upper and lower surface layePatkinson and Wash-
ington, 1979 and a viscous—plastic rheologiibler, 1979.
BRIOS considers the ocean—ice-shelf interaction underneat

10 Antarctic ice shelvesBeckmann et al.1999 Hellmer | order to use the sensitivity experiments carried out within

2004 with time-invariant thicknesses, assuming flux diver- he seaRISE projecB{ndschadler et al2013, we assume
gence and mass balance to be in dynamical equilibrium. Thenat for the 21st century the temporal evolution of the ice
model has been successfully validated by the comparisogjischarge can be expressed as

with mooring and buoy observations regarding, e.g. Wed-

dell gyre transportBeckmann et al.1999, sea ice thick- !

ness distribution and drift in Weddell and Amundsen seasg(r) = /df R(t—17)m (1), (1)
(Timmermann et al.2002a Assmann et al.2005 and sub- o

ice-shelf circulation Timmermann et al 20028.

FESOM is a hydrostatic, primitive-equation ocean modelwheresS is the sea-level contribution from ice discharge,
with an unstructured grid that consists of triangles at the suris the forcing represented by the basal-melt rate Riglthe
face and tetrahedra in the ocean interior. It is based on th&e-sheet response functianis time starting from a period
finite element model of the North Atlanti©génilov et al, prior to the beginning of a significant forcing. The response
2004 2005 coupled to a dynamic—thermodynamic sea-ice function R can thus be understood as the response to a delta-
model with a viscous—plastic rheology and evaluated in apeak forcing with magnitude one.
global setup Timmermann et al.2009 Sidorenko et al.
2017). An ice-shelf component with a three-equation sys-
tem for the computation of temperature and salinity in the Ss(?) = /df R(t—1)d(r)=R()
boundary layer between ice and ocean and the melt rate at the 0
ice-shelf baseHellmer et al, 1998 has been implemented. _ . _ _
Turbulent fluxes of heat and salt are computed with coeffi-We express ice discharge throughout the paper in units qf
cients depending on the friction velocity followirtdplland global mean sea-level equivalent. That means that in deriving
and Jenking1999. The present setup uses a hybrid vertical the response functions we only diagnqse ice loss above flota-
coordinate and a global mesh with a horizontal resolution belion thatis relevant for sea level. As a simple consequence the
tween 30 and 40 km in the offshore Southern Ocean, whicHesponse function is unitless. The basal ice-shelf melt signal
is refined to 10 km along the Antarctic coast, 7 km under the@S well as the ice-discharge signal used to derive the response
larger ice shelves in the Ross and Weddell seas and to 4 krfyinctions are anomalies with respect to a baseline simulatiop

under the small ice shelves in the Amundsen Sea. under present-day boundary conditioBéndschadler et a|.
2013.

ﬁ Deriving the response functions

t
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Figure 3. Linear response functions for the five ice-sheet models of Antarctica for each region as defined2)yakd.as obtained from

the SeaRISE-M2 experiments. The projections up to the year 2100, as computed here, will be dominated by the response functions up to
year 100 since this is the period of the dominant forcing. For completeness, the inlay shows the response function for the full 500 years, i.e
the period of the original SeaRISE experiments. As can be seen fronL)E¢he€ response function is dimensionless. While the response
functions are different for each individual basin and model when derived from the weaker M1 experimeh)(Fite uncertainty range for

the sea-level contribution in 2100 is very similar, since it is dominated by the uncertainty in the climatic forcing (compat® Fig.

Linear response theory, as represented by Bgcénonly  homogeneous basal ice-shelf melting of 20mh and for the
describe the response of a system up to a certain point istrong warming scenario RCP-8.5 which is particularly rel-
time; 100 years is a relatively short period for the responseevant for an estimate of the full range of ice-discharge pro-
of an ice sheet and the assumption of a linear response igctions. In this study, we project only for 100 years with a
thereby justified. During this period of validity, Ed)(s also  time-delayed oceanic forcing of several decades (as detailed
capable of capturing rather complex responses such as irregn Tables2-5) for the full coast line of Antarctica. For this
ular oscillations (compare Fig); the method is not restricted particular setup, the linear response approach will provide
to monotonous behaviour. However, Etj). implies that mul-  insights into the continental response of the ice sheet.
tiplying the forcing by any factor will change the response by  There are a number of ways to obtain the system-specific
the same factor. This can only be the case as long as there aresponse functionk (e.g. Winkelmann and Levermann
no qualitative changes in the physical response of the systen2013. Within the SeaRISE project, the switch-on basal-melt
Furthermore, any self-amplifying process such as the marine@xperiments can be used conveniently since their response
ice-sheet instability will not be captured accurately by By. (  directly provides the time integral of the response function
if the process dominates the response. Linear response th&r each individual ice-sheet model. Assuming that over a
ory can still be a valid approach in this case if the forcing forcing period of 100 years the different topographic basins
dominates the response of the system. The weak forcing limin Antarctica from which ice is discharged respond indepen-
itation is particularly relevant for the low emission scenario dently, we diagnose the additional ice flow from four basins
RCP-2.6. The forcing is likely to dominate the response forseparately (Fig2) and interpret them as the time integral of
the relatively strong SeaRISE experiment M2 with additional the response function for each separate basin. The response
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Table 2. Amundsen Sea sector: scaling coefficients and time dela
At between increases in global mean temperature and subsurfal

ocean temperature anomalies.

277

ce

Model Coeff. 2 At Coeff. 2
K 2 Amundsen Sea ) without Az [y with Az
! A\ ACCESS1-0 017 08 0 017 086
0 ~555 700~ 0 ACCESS1-3 0.30 094 0 030 094
1t =—— RCP-2.6 1 BNU-ESM 0.37 0.88 30 0.56 0.92
— RCP-4.5 | CanESM2 0.15 0.83 30 0.24 0.88
__ REPe0 i ccsM4 022 08 0 022 089
0 : 0 CESM1-BGC 0.19 0.92 0 0.19 0.92
CESM1-CAM5 0.12 0.92 0 0.12 0.92
) , Ross Sea CSIRO-MKk3-6-0 0.16 079 30 028 0.83
2t 1 2 FGOALS-s2 0.24 0.90 55 0.54 0.93
— GFDL-CM3 0.26 0.81 35 0.49 0.85
§ 0 300 /2100 0 HadGEM2-ES 0.23 0.70 0 0.23 0.70
o] 1} — RCP-26 1 INMCM4 0.67 0.90 0 0.67 0.90
g — RCP-4.5 IPSL-CM5A-MR 0.07 0.22 90 0.44 0.45
% RCP-6.0 / ! ! MIROC-ESM-CHEM 0.12 0.74 5 0.13 0.75
o L——RCP8S5 J 0 MIROC-ESM 011 055 60 035 061
% MPI-ESM-LR 0.27 0.80 5 0.29 0.82
= MRI-CGCM3 0.00 0.02 85 -0.07 0.04
‘é o2 2 Weddell Sea ) NorESM1-M 030 094 0 030 094
& 1 1 NorESM1-ME 0.31 089 0 0.31 0.89
8 0550 /2100 0
©
“g 1r =—— RCP-2.6 1
2 — sg;:g-g | Table 3. Weddell Sea sector: scaling coefficients and time dalay
A — RCP-85 o | | between increases in global mean temperature and subsurface ocean
0 0 temperature anomalies.
2 l 2 East Antarctica Model Coeff. 2 At Coeff. 2
214 1 2 without Ar [yl with Ar
0%0—400 0 ACCESS1-0 0.07 073 35 014 080
1+ =—— RCP-2.6 1 ACCESS1-3 0.07 0.73 35 0.15 0.81
— RCP-45 I BNU-ESM 0.37 0.89 0 0.37 0.89
—_ REPe _/ i CanESM2 011 082 55 031 091
0 : CCsMm4 0.37 0.95 20 0.49 0.96
1900 2000 2100 CESM1-BGC 0.37 095 25 053 096
Year CESM1-CAM5 0.23 0.79 50 0.63 0.88
. . . . CSIRO-Mk3-6-0 0.19 0.80 55 0.60 0.90
Figure 4. Oceanic subsurface-temperature anomalies outside the r5oal 552 0.09 073 85 0.39 0.86
ice-shelf cavities as obtained from scaling the range of global GgpL-cm3 0.11 055 60 0.31 0.62
mean temperature changes under the different RCP scenarios to theHadGEM2-ES 0.31 092 0 0.31 0.92
oceanic subsurface outside the ice-shelf cavities. For the downscal- INMCM4 0.26 0.83 10 0.30 0.83
ing, the oceanic temperatures were diagnosed off the shore of the IPSL-CM5A-MR -0.02 0.00 85 -0.06  0.03
ice-shelf cavities within the four regions defined in Fyat the MIROC-ESM-CHEM 0.07 050 65 032 077
depth of the mean ice-shelf thickness as defined in Tablhese MIROC-ESM 0.03 0.27 65 0.18 0.59
temperature anomalies were plotted against the global mean tem- m;llizhé;g 8'22 8'22 ig 8'2% 8'22
perature increase for each of the 19 CMIP-5 climate models used NOrESM1-M 0.26 0'90 5 0.28 0'92
here. The best scaling was obtained when using a time delay be- \oESM1-ME 025 085 50 064 092

tween global mean temperature and oceanic subsurface temperature

anomalies. The scaling coefficients with the respective time delay
are provided in Tableg2-5. The thick red line corresponds to the
median temperature evolution. The dark shading corresponds to thgnction for each basin is shown in Fi§. The aim of this

66 % percentile around the median (red). The light shading correstudy is specifically to capture differences between individ-
%ial ice-sheet models, which are nicely illustrated by their dif-
ferent response functions. To obtdrwe use the response to

sponds to the 90 % percentile. Inlays show the temperature anom

lies without time delay.

www.earth-syst-dynam.net/5/271/2014/

the temporal stepwise increase in basal melt by 20h{de-
noted M2 experiment iBindschadler et al2013. The ice-

sheet response to a step forcing is equivalent to the temporgal
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Table 4. Ross Sea sector: scaling coefficients and time de&lay = Table 6. Projections of ice discharge in 2100 according to E®.
between increases in global mean temperature and subsurface ocedombers are in metres sea-level equivalent for the different global

temperature anomalies. climate RCP scenarios with and without time deleyy The models
PennState-3D, PISM and SICOPOLIS have an explicit representa-
Model Coeff. 72 At Coeff. 2 tion of ice-shelf dynamics and are denoted “shelf models”.
without Az [yr] with Az
ACCESS1-0 018 077 20 026 079 Setup RCP  Median 17% 83% 5% 95%
ACCESS1-3 0.09 0.76 15 0.12 0.77 Shelf models 2.6 0.07 0.02 014 0.0 0.23
BNU-ESM 0.28 0.83 20 0.36 0.84 with At 45 0.07 0.03 0.16 0.01 0.27
CanESM2 0.14 0.74 45 0.32 0.80 6.0 0.07 0.03 0.17 001 0.28
CCsm4 0.14 0.91 5 0.15 0.92 8.5 0.09 0.04 021 001 037
CESM1-BGC 0.14 0.90 0 0.14 0.90
CESM1-CAM5 0.16 0.85 0 0.16 0.85 Shelf models 2.6 0.09 0.04 0.17 0.02 0.25
CSIRO-Mk3-6-0 —0.06 0.28 0 —0.06 0.28 without Az 4.5 0.11 0.05 0.20 0.02 0.30
FGOALS-s2 0.18 089 60 045 093 60 011 005 021 002 031
GFDL-CM3 0.23 085 25 037 089 85 015 007 028 004 043
HadGEM2-ES 0.25 062 0 025 062 All models 26 008 003 017 001 0.27
INMCM4 0.59 083 0 059 083 with Az 45 009 003 020 001 033
IPSL-CM5A-MR 0.02 0.04 95 0.14 0.12 6.0 0.09 003 020 001 0.34
MIROC-ESM-CHEM 0.23 0.85 0 0.23 0.85 8.5 0.11 0.04 0.27 001 047
MIROC-ESM 0.23 0.78 0 0.23 0.78
MPI-ESM-LR 0.16 0.70 40 0.31 0.73 All models 2.6 0.11 0.05 0.19 0.02 0.29
MRI-CGCM3 0.08 0.04 0 0.08 0.04 without Az 4.5 0.13 0.06 0.24 0.03 0.36
NorESM1-M 0.12 079 0 012 0.79 6.0 013 006 025 0.03 038
NorESM1-ME 0.12 0.68 20 0.16 0.73 8.5 018 008 034 0.04 054

Table 5. East Antarctic Sea sector: scaling coefficients and time

delay Ar between increases in global mean temperature and subt-Ion from
surface ocean temperature anomalies. 1 dSg
R(t)=—— —=(. (2)
Amg dt

Model Coeff. r2 At Coeff. 2

without Az [yl with Az For the main results of this study we use the M2 experiment.
ACCESS1-0 0.20 092 30 035 094 While 20malis a strong additional melting, it is within
ACCESS1-3 0.27 092 0 027 092 the range of potential future sub-shelf melt rates as deter-
BNU-ESM 0.35 092 0 035 092  mined from the projected subsurface warming (see #ig.
CanESM2 021 096 0 021 096  gnq the empirical basal melt coefficients (7—16ThiE 2,
CCSM4 0.13 096 5 013  0.97 : . . C
CESM1-BGC 012 094 25 017 o095 Sect4.3. Itprovides a good signal-to-noise ratio in the ex-
CESM1-CAM5 0.15 094 0 0.15 094 periments, i.e. the response of the ice sheet to the forcing
CSIRO-Mk3-6-0 0.22 0.93 15 0.28 094 is dominated by the forcing and not by internal oscillations
FGOALS-s2 0.17 090 55 041 094  or|ong-term numerical drift. Since a linear relation between
GFDL-CM3 021 089 35 039 093 response and forcing is assumed (Bj.the forcing from
HadGEM2-ES 0.23 095 0 023 095 ! ) . -
INMCM4 0.55 097 0 055 o097  Which the response functions are derived should be simi-
IPSL-CM5A-MR 0.14 089 0 0.14  0.89 lar to the forcing applied in the projections. Basal ice-shelf
MIROC-ESM-CHEM 011 089 0 011 089 melt rates of the M1 (2m&d) and M3 (200 m al) experi-
mg%%ﬁsl_'\é g-gg g-gi fg 8-;2 g-gg ments are either too low or too high and consequently yield
MRI-CGC-MS 0.26 094 0 026 094 Slightly different results. Please note, however, that the ex-
NOrESM1-M 0.15 076 0O 015 o076 Plicit choice of the response function is of second-order im-
NorESM1-ME 0.15 074 60 049 085 portance with respect to the uncertainty range of the sea-level

projection. This can be seen when applying the response
functions as obtained from the M1 experiments (see the Ap-
integral of the response functigtwith t = 0 being the time  pendix). While the model- and basin-specific response func-
of the switch-on in forcing: tions may differ, the uncertainty range of the sea-level projec-

; ) tions until 2100 is very similar to the range obtained from the

M2 experiment. The reason for this similarity of the ranges

Sst(t) = /dt Rt =7) Amo -8 (v) = Amo '/dT R@©), is thatpmost of the uncertainty arises from )'Ehe uncertagi]nty
0 0 in the external forcing, while the response functions provide

where® () is the Heaviside function which is zero for neg- merely the magnitude of the continental-scale response. See
ativer and one otherwise. We thus obtain the response functhe Appendix for more details.
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Figure 5. Ice-thickness change after 100 years under the SeaRISE
experiment with homogeneous increase in basal ice-shelf melting

of 20ma ! (experiment M2 and Fig. 8 iNowicki et al, 20134.

Due to their coarse resolution, some models with explicit represen-
tation of ice shelves such as the PISM model tend to underestimate b
the length of the coastline to which an ice shelf is attached which ™

might lead to an underestimation of the ice loss. The UMISM model

279

of ice shelves. On the other hand, coarse-resolution ice-sheet
models as used here cannot capture small ice shelves as they
are present especially around East Antarctica. These mo
els thus have a tendency to underestimate the fraction of the
coastal ice that is afloat and thus the sensitivity to change
in ocean temperature might be also underestimated (con
pare, for exampleMartin et al.(2011) for the PISM model).

While we will also provide projections using all five models,
the main focus of the study is on the three models with ex
plicit representation of ice shelves (PennState-3D, PISM and
SICOPOLIS).

(2]

4 Probabilistic approach

We aim to estimate the sea-level contribution from Antarc-
tic dynamic ice discharge induced by basal ice-shelf melting
driven by the global mean temperature evolution. In order tq
capture the climate uncertainty as well as the uncertainty in
the oceanic response and the ice-sheet response, we follow
probabilistic approach that comprises four steps.

The schematic in Fidl illustrates the procedure. At each
of the four stages, represented by the four boxes, a random
selection is performed from a uniform distribution as indi-
cated in the following. The equations for each step are pro
vided in Fig.1.

a. For each scenario, a climate forcing, i.e. global meatr]
temperature evolution, that is consistent with the ob-
served climate change and the range of climate sensitiy
ity of 2—4.5°C for a doubling of C@ is randomly and
uniformly selected from an ensemble of 600 MAGICC-
6.0 simulations. This selection yields a global mean
temperature time seried,r, from the year 1850 to the
year 2100.

Second, 1 of 19 CMIP-5 climate models is selected ran
domly to obtain the scaling coefficient and time delay

assumes basal melting along the entire coastline which is likely to
result in an overestimation of the effect. Black contours represent
the initial grounding line which moved to the green contour during
the M2 experiment after 100 years. Lines within the continent show
the drainage basins as in FR.

The spatial distribution of the ice loss after 100 years .

through additional basal ice-shelf melting illustrates the dif-
ferent dynamics of the ice-sheet models resulting from, for
example, different representations of ice dynamics, surface
mass balance, basal sliding parameterizations and numerical
implementation (Fig5). Part of the individual responses re-
sult from the different representations of the basal ice-shelf
melt. In the UMISM model, basal melt was applied along the

entire coastline which yields a particularly strong response in d.

East Antarctica (Fig3). This is likely an overestimation of
ice loss compared to models with an explicit representation

www.earth-syst-dynam.net/5/271/2014/

between the global mean temperature surface warn
ing, Ar,, and the subsurface oceanic warmirgy, .
The global mean temperature evolution from step (a) ig
translated into a time series of subsurface ocean tempe
ature change by use of the corresponding scaling coe
ficients and the associated time delay.

Third, a basal melt sensitivityg, is selected randomly
from the observed interval, to translate the oceanidg
warming into additional basal ice-shelf melting. The
coefficient to translate the subsurface ocean tempera
ture evolution into a sub-shelf melt rate is randomly
drawn from the observation-based interval 7h K1
(Jenking1991) to 16 malK~1 (Payne et a).2007).

To translate the melt rate into sea-level-relevant ice los
from the associated ice-sheet basin, we randomly pic
one response function as derived in Sect. 3 (Bjgand

Earth Syst. Dynam., 5, 271-293, 2014
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combine them with random selections of the forcing ob- the temperature change were to be transported undiluted into
tained from steps (a)—(c). the cavity and through the turbulent mixed layer underneath

) ) the ice shelf, the simple formula
The procedure is repeated 50 000 times for each RCP sce-

. C

nario. m = POCpo¥T 8To ~ a2 -8To 3)
piLi akK

4.1 Global mean temperature evolution would lead to a much higher melt rate, whepg =

3 _ k-1 i
We here use the Representative Concentration Pathway1s028 kgt andc,, = 3974 Jkg=K ™" are the density and

. o 3 L
(RCPs) Moss et al. 2010 Meinshausen et al2011h. The heat capacity of ocean wateg =910kgnT™ and L =

range of possible changes in global mean temperature th§f35x 10° Jkg'* are ice density and latent heat of ice melt

—_10-4
result from each RCP is obtained by constraining the re—andVT = 107" as adopted frorhielimer and Olber¢1989.

sponse of the emulator model MAGICC 6 Bléinshausen _ _ _
et a|’ 201la with the observed tempera‘[ure record. This pro- 4.4 Translatlng melt rates into sea-level-relevant ice loss

cedure has been used in several studies and aims to cover tkﬁ"le response functions as derived in Sect. 3 allow translat-
possible global climate response to specific greenhouse—gqﬁg the melting anomalies into changes in dynamic ice dis-

emission pathways (e.gleinshausen et al2009. Here we o506 from the Antarctic ice sheet. By randomly selecting a
use a set of 600 time series of global mean temperature frorpesponse function from the derived set, we cover the uncer-
the year 1850 to 2100 for each RCP that cover the full rang&,inty from the different model responses. The main analysis
of future global temperature changes as detaileBdhewe 5 pa5eq on the response functions from the ice-sheet models
etal.(2019). with explicit ice-shelf representation. This choice was made
because the application of the basal ice-shelf melting signal
4.2 Subsurface oceanic temperatures from CMIP-5 was less well defined for the models without explicit repre-

We use the simulations of the recent Coupled Model Inter-fsem"’ltion of the ice shelves. As a consequence the melting

comparison Project (CMIP-5) and obtain a scaling relation-" these models was applied directly at the coast of the ice

ship between the anomalies of the global mean temperaturaheet in the first gro_unded gric_j ce!l. The area of melting was
and the anomalies of the oceanic subsurface temperature fo €Cted as the entire coast line in the case of the UMISM
each model. This has been carried out for the CMIP-3 experM©del and along the current shelf regions in the AlF model.
iments byWinkelmann et al(2012 and is repeated here for These modells were thus not included in the general uncer-
the more recent climate models of CMIP-5. tainty analysis.
Our scaling approach is based on the assumption that
anomalies of the ocean temperatures resulting from globab Application of ice-sheet response functions to
warming scale with the respective anomalies in global mean projections from regional ocean models
temperature. This approach may not be valid for absolute val-
ues. The assumption is consistent with the linear-respons¥éVe firstillustrate the direct application of the response func-
assumption underlying Eql). We use oceanic temperatures tion outside the probabilistic framework. We use melt rate
from the subsurface at the mean depth of the ice-shelf undeirojections from the high-resolution global finite-element
side in each sector (TablB to capture the conditions at the FESOM and the regional ocean model BRIOS to derive the
entrance of the ice-shelf cavities. dynamic ice loss from the Weddell and Ross sea sectors.
The surface warming signal needs to be transported to Regional climate-change scenarios available from simula-
depth; therefore, the best linear regression is found withions for these models have been presenteH&limer et al.
a time delay between global mean surface air temperaturé2012 andTimmermann and HellmgR013. We utilize data
and subsurface oceanic temperatures. Results are detailed ifpm the SRES A1B scenario, which represents greenhouse
Sect.6.1 For the probabilistic projections, the scaling coef- 9as forcing between the RCP-6.0 and RCP-8.5 and the E1

ficients are randomly drawn from the provided sets. scenario of the IPCC-AR4(ley et al, 2007), which is com-
parable to RCP-2.6. Both models were forced with bound-

ary conditions obtained from two global climate models un-
der these scenarios: ECHAM (European Centre/Hamburg
We apply an empirical relation to transform ocean temper-Model)-5 (full lines in Fig.6) and HadCM (Hadley Centre
ature anomalies to basal ice-shelf melt anomalies. ObservaZoupled Model)-3 (dashed lines in F&g). Note that temper-
tions suggest an interval of 7 maK 1 (Jenkins 1997 to atures decline in the Ross sector for HadCM-3 simulations
16 ma 1K1 (Payne et a).2007). SeeHolland et al.(2008 and the Weddell sea for ECHAM-5 driven FESOM simu-
for a detailed discussion and comparison to other observalations which leads to negative melt rates. Since such de-
tions. The coefficient used for each projection is drawn ran-clining melt rates or even refreezing corresponds to a dif-
domly and uniformly from this interval. For comparison, if ferent physical process, it is unlikely that the linear response

4.3 Empirical basal melt coefficients

Earth Syst. Dynam., 5, 271-293, 2014 www.earth-syst-dynam.net/5/271/2014/



A. Levermann et al.: Antarctic ice discharge from SeaRISE response functions 281

Ross-Sea Sector

0.04l PennState-3D
7 — FES-E1
— FES - AlB
BRIO - E1
0.02f — BRIO - AlB |
O== n - -
PISM
0.02f — FEs-E1
— FES - AlB
BRIO - E1
g —— BRIO - A1B
~ ————
5 O—-—-‘E===.-.—=-=-.~-=:::"':::
§ ‘ - -
2
‘E SICOPOLIS
§ 0.02f — Fes-E1
5 — FES - A1B
c BRIO - E1
K] —— BRIO - A1B
g ettt T S T
3 TeszIZZIZZZ=
AlF
0.02f — FES-E1
— FES - A1B
BRIO - E1
0 ===
~‘— -3 - -
UMISM
0.02f — FEs-E1
— FES - A1B
BRIO - E1
— BRIO - A1B
0 = =]
-;—--_:-'_-‘-_-::: - ‘:::",
) ~ nilalling Pl
2000 2050 2100
Year

Figure 6. Ice loss as obtained from forcing the five response functions @igith the basal melt rates from the high-resolution global
finite-element model FESOM (FES) and the regional ocean model BRIOS (BRIO). The full lines represent simulations in which BH
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and FESOM were forced with the global climate model ECHAM-5; dashed lines correspond to a forcing with the HadCM-3 global clifnate

model. Results are shown for the strong climate-change scenario A1B and the relatively low-emission scenario E1. A medium bas
sensitivity of 11.5mal K1 was applied. The results illustrate the important role of the global climatic forcing.

functions from the SeaRISE experiments are applicable ir6 Probabilistic projections of the Antarctic sea level

such a case.

Though ocean model and scenario uncertainty are present,
Fig. 6 shows that the role of the global climate model in pro- 6.1  Scaling coefficients for subsurface ocean
jecting ice discharge is the dominating uncertainty as has al- temperatures

ready been discussed Bymmermann and Hellmg{2013.

It therefore encourages the use of the broadest possible spethe scaling coefficients and the time delay determined from
trum of climatic forcing in order to cover the high uncertainty the 19 CMIP-5 coupled climate models are detailed in Ta;

from the choice of the global climate model.

www.earth-syst-dynam.net/5/271/2014/

contribution

bles2-5. The highr? values support the validity of the linear
regression except for the IPSL model where also the slop
between the two temperature signals is very low. We explic
itly keep this model in order to include the possibility that
almost no warming occurs underneath the ice shelves.
Figure4 shows the median and the 66 and 90 % probabil/
ity ranges for the oceanic subsurface temperatures, denot
the likely and very likely range by the IPCC-ARSIPCC,
2013, as obtained from a random selection of global mean
temperature pathways combined with a randomly selecte

Earth Syst. Dynam., 5, 271-293, 2014
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Figure 7. Uncertainty range including climate, ocean and ice-sheet 0 = '
uncertainty for the projected change of the observational period 1900 2000 2100

1992-2011. Upper panel: probability distribution for the three mod- vear

els with explicit representation of ice shelves (PennState-3D, PISMgiq e 8. Uncertainty range of contributions to global sea level
SICOPOLIS). Middle panel: probability distribution with time de- fom hasal-melt induced ice discharge from Antarctica for the dif-

lay (dark red) and without (dark blue) for three the models with ferent basins. Results shown here include the three ice-sheet models
explicit ice-shelf representation (shelf models). The grey shading inyith explicit representation of ice-shelf dynamics and the global cli-
the upper two panels provides the estimated range from observayate forcing applied with a time delay as given in Tales. The

tions following Shepherd et a2012. The likely range obtained  f,| red curve is the median enclosed by the dark shaded 66 % range
with time delay is almost identical to the observed range. All dis- anq the light shaded 90 % range of the distribution for the RCP-8.5
tributions are highly skewed towards high sea-level contributionsgcanario. Coloured bars at the right show the other scenarios’ 66 %
which strongly influences the median (black dot at the top of the ange intersected by the median. The full distribution is given in
panel), the 66 % range (thick horizontal line) and the 90 % rangeriqy g The strongest difference between models with and without
(thin horizontal line). Lower panel: time evolution for the hindcast eypjicit representation of ice shelves occurs in East Antarctica as
projection using only the shelf models: with time delay, one obtainsexemplified in the lower panel. The dashed black line envelopes the

the red line as the median time series; the red shading provides thgg o/ range of all models, the full black line is the median and the
likely or 66 % range. The black line shows the median without time 4nited line the 90 % percentile.

delay together with the likely range for this case as dashed lines.

provide results without time delay to bracket the full range of
scaling coefficient and the associated time delayrom Ta- response. The oceanic temperature time series without time
bles2-5. Though physical reasons for a time delay betweendelay are provided as inlays in Fig.
the surface and the subsurface temperatures exist, we find a For comparisonyin et al. (2011 assessed output from 19
high correlation also without applying a time delay. As the atmosphere—ocean general circulation models (AOGCMs)
oceanic response of the coarse-resolution climate models apmnder scenario A1B to determine how subsurface tempera-
plied here is likely to underestimate some small-scale transtures are projected to evolve around the ice sheets. They show
port processes (i.d¢dellmer et al, 2012, it is useful to also  decadal-mean warming of 0.4-0.7 and 0.4-°@%round
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Ctm— 6.2 Projected sea-level contribution for the past
3000 . (1992-2011)
‘UE) 2000 Amundsen Sea Figure7 shows the uncertainty range of the sea-level project
3 — RCP-2.6 tion as obtained from this procedure for the sea-level chang
©) 1000 —RCP-4.5 between 1992 and 2011 together with the range for this quar
RCP-6.0 tity as obtained from observationStepherd et al2012.
— RCP-8.5 ) .
The bars in the upper panels show that the likely range (66 ¢
0 percentile) of the models with explicit ice-shelf representa-
3000 e tions (PennState-3D, PISM and SICOPOLIS) are in goog
agreement with the observed range. The median (black do
%) Ross Sea of each model is within the observed range. The middle pang
S 2000 — RCP-26 shows that the time delay plays an important role. The likely
8 — RCP-45 range obtained from the models with explicit ice-shelf rep-
1000 RCP-6.0 resentation (denoted shelf models for simplicity) is almost
- RCP-85 identical to the observed range when the time delay is ad
0 counted for (dark red) while it reaches higher than the ob
served range without the time delay (dark blue). While we
3000 . cannot claim that the ocean models or the ice-sheet mode
@ A Weddell Sea are capable of simul_ating the specific (aqd Ia}rgely unknown
€ 2000 —ReP-26 events that resulted in the sea-level contribution from Antarct
8 — ROP-45 tica between 1992 and 2011, the observed signal correspon
1000 RCP-6.0 well with our estimated range.
— RCP-8.5
0 6.3 Results for the different basins and different models
—G—
3000) s _— Figure8 shows the uncertainty range of the projected contri-
1% bution from the different oceanic sectors comprising uncer
€ 2000 tainty in climate and ocean circulation. While the individual
8 time series will differ from the non-probabilistic projections
1000 with the ocean models, FESOM and BRIOS, the order o
magnitude of the range of the sea-level contribution is thg
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Figure 9. Probability density function for the sea-level contribution
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same. For example, FESOM yields a particularly strong re
sponse in the Weddell sector when forced with the HadCM-3
model (dashed lines in Fig) and BRIOS a weak response

when forced with ECHAM-5. The response of the models

from basal-melt-induced ice discharge for each region for the yeat]crom the downscaled global simulations covers this range;

2100. Different colours represent the four RCP scenarios. Thick/Vhile we find the largest median response in the Amund
horizontal lines at the top of each panel provide the 66 % rangeS€N Sea sector which forces the Pine Island and Thwaits

of the distribution, the black dot is the median and the thin line glaciers, the contributions of all sectors are relatively simi-
the estimate of the 90 % range. Amundsen has the highest medialar with a scatter of the median from 0.01 to 0.03 m (Rig.
contributions though sectors are relatively similar. Scenario depenNote, however, that the contributions from the different re-
dency is strongest for the Amundsen region and East Antarcticagions are not independent and thus the median of the fu
The distributions are highly skewed towards higher sea-level con-ensemble cannot necessarily be obtained as the sum of t
tributions. Results are shown for the models with explicit ice'Shelfindividual medians of the basins. The histogram of the ice
representation only. discharge contribution for the year 2100 in Fégshows the
strongly skewed probability distribution.

Antarctica (25th to 75th percentiles of ensemble, West and The total ice discharge varies strongly between the differ

East respectively) between 1951-2000 and 2091-2100. ent ice-sheet models (Fig0) as can be expected from the
differences in the response functions of FBgThe weakest

ice loss is projected from the SICOPOLIS model while the
strongest signal is obtained from PennState-3D. As the thre
models with explicit representation of ice shelves (SICOPO
LIS, PennState-3D, PISM) span the full range of response
within the constraints of the applied methodology, they are
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Figure 10. Uncertainty range of contributions to global sea level . Yearzooo 2100

from basal-melt induced ice discharge from Antarctica for the dif-
ferent ice-sheet models. Lines, shading and colour coding as irFigure 11. Uncertainty range of contributions to global sea level
Fig. 8. Coloured bars at the right show the other scenarios’ 66 %from basal ice-shelf melt induced ice discharge from Antarctica
range intersected by the median. including climate-, ocean- and ice-sheet model uncertainty. Lines,
shading and colour coding as in Fig. Estimates with and with-
out the time delay between global mean surface air temperature
the base of our further analysis. The two models without ex-and subsurface ocean temperature (Ta®#&$ are presented. Shelf
plicit ice-shelf dynamics, AIF and UMISM, however, yield models are those ice-sheet models with explicit representation of
responses of the same order of magnitude. The stronger rédce shelves.
sponse of the UMISM model is due to the fact that basal
melt was applied along the entire coastline of Antarctica
(Fig. 5), which is likely an overestimation of the real sit- 6.4 Scenario dependence
uation. While there is a clear dependence on the climatic
scenario especially for the 90% percentile, the uncertaintylhe full uncertainty range including climate-, ocean- and
between different ice-sheet models is comparable to the scdce-sheet-model spread shows large uncertainty increasing
nario spread. The strongest difference between models withith time along the 21st century projections (F1d). While
and without explicit ice-shelf representation is observed inmodel uncertainty is large, there is a scenario dependence
East Antarctica (dashed line in Figprovides the range for which is visible in the median and the 66 % percentile but
all models). The difference results mainly from the strong most prominent for the 90% percentile of the distribution

contribution of the UMISM model which assumes basal melt (Table 6). This scenario dependence is independent of the
along the entire coastline. selection of the ice-sheet models or the inclusion of the time

lag in the scaling of subsurface ocean temperatures {2ig.
and Tables). The scenario dependence is not surprising since
it is inherent in the applied procedure. It was assumed that
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the sea-level contribution is driven by the temperature in-

crease in the atmosphere. Any natural variability in the at-
mosphere, ocean or the ice sheet was not taken into ac- 2000
count. Given this methodological constraint, the scenario de-
pendence is relatively small on these short timescales, espe- 2 1500 RCP-8.5
cially since it seems that on longer timescales the contribu- S
tion from Antarctica may depend significantly on the warm- S 1000
ing level (e.gLevermann et al.2013. The results are sum-
marized in Fig13. All distributions are significantly skewed 500
towards high sea-level contributions. This skewness strongly 0
influences the median of the distributions as well as the 66
and 90 % ranges. Consequently the median is not the value __——0———.
with the highest probability. The large tails makes an esti- 2000
mate of the 90 % range, i.e. the very likely range as denoted 2 1500 RCP-6.0
by the IPCC-AR5 PCC, 2013, very uncertain. S
3 1000
7 Conclusion and discussions 500
The aim of this study is to estimate the range of the potential 0
sea-level contribution caused by future ice discharge from T————
Antarctica that can be induced by ocean warming within the 2000 Tetemm— —
21st century within the constraints of the models and the " RCP-4.5
methodological approach. To this end, we include the full = 1500
range of climatic forcing with climate models that yield prac- 3 1000
tically no warming of the Southern Ocean subsurface (e.qg. )
IPSL) to extreme cases with more thafQ of warming 500
at the entrance of the ice-shelf cavities under the strongest
warming scenario (Figd). 0
In constructing the method using linear response theory, C—t——
the uncertainty ranges comprising climatic, oceanic and ice- 2000 —
dynamical uncertainty show a dependence on the global
climate-change scenario (Tal@g especially for the tails of 2 1500 RCP-2.6
the distribution, e.g. the 95% percentile. For the RCP-2.6 S = Shelf models w At
which was designed to result in a median increase in global & 1000 :in%'forgggeﬁg\o A
mean temperature below’€ in most climate models, the — All models w\o At
66 % range of ice loss is 0.02-0.14 m around a median of 500
0.07 m in units of global mean sea-level rise. This range in- 0
creases to 0.04-0.21 m for RCP-8.5 with a median contribu- 0 0.2 0.4 0.6
tion of 0.09 m. This compares to a likely range-60.01 to Sea level contribution (m)
0.16 m for the dynamic Antarctic discharge until 2100 in the
latest assessment report of the IPGThyrch et al.2013. Figure 12. Uncertainty range including climate, ocean and ice-

While the entire range was derived from a number of indi- sheet uncertainty. Different colours represent different setups fo
vidual studies, the upper limit was mainly based on a probathe total sea-level contribution from basal ice-shelf melt induced
b|||st|c approach W|th0ut Specrnc accounung for the Warm|ng ice diSCharge for the year 2100. Different panels prOVide estimate
induced forcind_ittle et al. (2013a b). This caused the limit for the four RCP scenarios. Red curves in each panel show the thrg
. ' 7 . dels with explicit representation of ice shelves (PennState-3D
to be independent of the scenario even though it was statelf/©
. p . _g . . @ISM, SICOPOLIS). Blue curves show all models. Dark colours
in the report that it is expected that the contribution will de-

d he | | of ing ind d furth drepresent simulations using the time delay of Tal#eS. Light
pend on the level of warming induced. It was further state coloured lines give distributions without time lag. All distribu-

that this likely range can be exceed by several decimetres ifions are highly skewed towards high sea-level contributions whicH
the marine parts of the Antarctic ice sheet become unstablestrongly influences the median (black dot), the 66 % range (thick

Our results are based on the three models with explicit rephorizontal line at top) and the 90 % range (thin horizontal line at
resentation of ice-shelf dynamics. The strongest difference taop). The scenario dependence of each of these estimates is al
the ice-shelf models arises in the UMISM model which ap- visible in the number provided in Tabée
plies melting along the entire coastline. For the main analysis
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It has to be noted that the ice-sheet models as well as the
== climate models used here are coarse in horizontal model res-
-RCP-85 olution. At this resolution the ice-sheet models are not able
RCP-6.0 to simulate the benchmark behaviour of the MISMIP inter-
1000 :Sgg:g:g comparison projectsPattyn et al.2012 2013. Two of the
with time delay models used (PennState-3D and PISM) are able to simulate
the grounding line behaviour in accordance with analytic so-
0 lutions or the full-Stokes solution in MISMIP when using
2000 a significantly higher resolution (around 1 km) than applied
for the SeaRISE experimentB4ttyn et al.2013 Feldmann
et al, 2014). However, for continent-scale simulations, these
high resolutions remain a challenge for ice-sheet models due
to either the high computational costs or inadequate data sets,
such as poorly known bedrock topography in the vicinity of
grounding lines.
0 0.2 0.4 Furthermore, a number of physical processes that might
Sea level contribution (m) be relevant for Antarctica’s future contribution are not in-
cluded in these models. Here we name only a few, but this
0.41 _ With time delay list is most likely not complete because modelling the effect
— Without time delay of basal topography, surface melt and interaction between the
: ice-sheet-shelf system and the ocean is still far from suffi-
cient. For example, the effect of ice calving from ice shelves,
but potentially even more importantly, from ice sheets into
the oceanBassis and Jacop8013 Levermann et al2012
0 Bassis 2011 Walter et al, 2010 is not properly represented
1900 2000 2100 in most models. The effect of changes in surface properties
Time (years) and resulting changes in basal lubrication or ice rheology
, ) _ ) ) ~are either not included or likely not sufficiently represented
Figure 13. U_ncertalnty range mcludn_ng climate, ocean and |ce_- (e.g. Box et al, 2012 Borstad et al.2012 Cathles et a).
sheet uncertainty fo.r the year 2100. D'ﬁe.rem C.c’lours represent dlf'201]). Feedbacks from the ice melt to ocean circulation and
ferent scenarios using the three models including an explicit repre-

sentation of ice shelves (PennState-3D, PISM, SICOPOLIS). Thdhe sea ice as well as possible water intrusion and interaction

upper panel shows the results with time delay as listed in Tables with the sediment are generally not represented (gognez
5. The middle panel shows the results without this time delay. Al €t @l, 2013 Muto et al, 2013 Macayeal et &.2012 Walter
distributions are highly skewed towards high sea-level contributions€t al, 2012 Gomez et al.201Q Hattermann and Levermann
which strongly influences the median, the 66 % range (thick hori-201Q Howat et al, 2010. While the focus of this study is
zontal line at the top of the panel) and the 90 % range (thin horizon-the role of the uncertainty in external forcing, the resolution-
tal line at the top of the panel). The scenario dependence is strongetfased deficiencies as well as the missing physical processes
in the higher percentile of the distribution as also visible in the num-jn the models need to be taken into account when interpreting
bers provided in Tablé. The lower panel shows the corresponding the results.
tl_me_ser_les of the meo!lan, th_e 66 % and the 90 % percentile of the At the same time, it needs to be noted that the uncertainty
distribution with and without time delay. estimates presented are limited to the 21st century. Accord-
ing to the 19 comprehensive climate models applied, the at-
mospheric warming arrives at the entrance of the ice-shelf
avities with a time delay of several decades. We apply a
road interval of coefficients to translate this time-delayed
temperature increase into basal melt rates. The ice sheet re-
ponds to the higher melt rates with an increase of the ice
lux across the grounding line. In some places this increased
lux leads to a thinning upstream of the grounding line that is
h sufficiently strong to let the grounding line retreat. The three
models applied are capable of simulating and show ground-
ing line retreat in response to the climatic forcing applied.
However, the signal from the enhanced ice flux across the
grounding line dominates in this study. It needs to be noted
that our estimates may not cover the full contribution from

2000

Counts

1000

Counts

Sea level rise (m)
o O O
= N w

the models with explicit ice-shelf representation were se-
lected for three main reasons: first, these models allowed

direct application of the central forcing, i.e. basal ice-shelf
melting, without further parameterization of the effect of the
basal ice-shelf melting on the ice flow. Second, these model
capture the evolution of the ice-shelf area underneath whic
the melting takes place and third, the projected ice loss fro
Antarctica for the historic period of 1992 to 2011 agrees wit
observed contribution within the observational uncertainty.
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Figure 14. Response functions as obtained from the M1 experiment of the SeaRISE intercomparison with an additional uniform pasal
ice-shelf melting of 2mal. The upper four panels correspond to F3g.The lower two panels show the uncertainty range in sea-levell
projections with the M1 response functions from above. The ranges obtained are very similar to the ranges obtained with the M2 response
functions as shown in Fid.l. While the response functions are very different for the M1 experiment compared to the M2 experiment,|the
projected ranges of sea-level rise are similar which is consistent with the fact that the uncertainty arises mainly from the uncertainty|in the
external forcing of the ice sheets.

consecutive, potentially self-accelerating grounding line re-cant uncertainty in surface warming that is associated with
treat which may be significanFévier et al. 2014 Joughin  each emission scenario (RCP) translates into a subsurfagce
et al, 2014 Rignot et al, 2014 Mengel and Levermann oceanic warming where additional uncertainty in magnitude
2014. and timing arises. This oceanic warming at the entrance gf

However, the largest uncertainty in the future sea-levelthe ice-shelf cavities then leads to sub-shelf melting which ig
contribution estimated in this study arises from the uncer-subject to significant uncertainty. We here applied the full in-
tainty in the external forcing and here in particular from the terval of observed sub-shelf melting sensitivities as obtained
uncertainty in the physical climate system, not in the socio-from the observational literature. The combination of all of
economic pathways. This may arise due to the fact that onlythese uncertain processes is then applied as an external fofc-
few ice-sheet models were applied compared to the largeng to the continental ice-sheet models. While the models
number of climate models and warming paths. Further studneed to be coarse in resolution in order to be able to mode
ies are needed to assess whether large ice-sheet uncertairthe entire continent, the main uncertainty in this study arise
arises with higher-resolution ice-sheet models. The signifi-from the uncertainty in forcing not from the ice-sheet models

U7
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Internal variability was not accounted for, neither in the at- As discussed above, a time lag between the oceanic tem-
mosphere nor in the ocean or ice-sheet models. This is duperature change and the change in global mean tempera-
to the coarse resolution of the applied models and may sigture is physically reasonable and applied in our projections.
nificantly influence the contribution for the 21st century (e.g. However, the correlation between surface warming and sub-
Hellmer et al, 2012. surface temperature change improves only marginally when
The linear response approach sets further limits to the inintroducing the time lag and it is not clear whether small-
terpretation of our results. A significant response time of thescale processes may accelerate the heat transport at finer
sea-level-relevant ice flow to basal ice-shelf melting will be resolution Hellmer et al, 2012. It is thus worthwhile to
multi-decadal or longer which justifies the use of a linear re-consider the ice loss without a time lag (Fiblb). If the
sponse function to represent the full non-linear dynamics. Abasal ice-shelf melt rates are applied immediately, the 66 %
clear shortcoming is, however, that the method is not caparange of the sea-level contribution increases from 0.04-0.21
ble of capturing self-amplification processes within the ice.to 0.07-0.28 m for RCP-8.5. The simulations with the high-
As a consequence an irreversible grounding line motion willresolution finite-element ocean model FESOM and the re-
be captured only when it is forced and not if it is merely gional ocean model BRIOS (Fid@) illustrate that abrupt
triggered by the forcing and then self-amplifies. Thus, if the ocean circulation changes can have strong influence on the
ice loss due to an instability is faster than due to the exterbasal melt ratesHellmer et al, 2012. The comparably
nal forcing, then this additional ice loss will not be captured coarse-resolution ocean components of the CMIP-5 global
properly by the linear response theory. It is hypothesizedclimate models are unlikely to resolve such small-scale
that this is particularly relevant for weak forcing scenarios in changes. Estimates such as those presented here will thus be
which an instability might be triggered but the directly forced dominated by basin-scale temperature changes of the interior
ice loss is weak. It might be less relevant for strong forcing ocean.
scenarios like the RCP-8.5 when the forcing might dominate The probabilistic approach applied here assumes a certain
the dynamics. interdependence of the different uncertainties. The global cli-
Changes in the geometry of the ice-shelf cavity and salin-matic signal is selected independently from the oceanic scal-
ity changes due to meltwater cannot be accounted for in ang coefficient. However, the range of scaling coefficients
systematic way here. While the three ice-sheet models withis derived from the correlation within the different CMIP-
ice-shelf representation within the limitation of their res- 5 models. The ice-sheet uncertainty is again independent of
olution incorporate dynamic shelf evolution, the geometry the other two components. While there are other methods to
changes cannot feed back to the ocean circulation in oucombine the uncertainties, we find no clear way of judging
linear response approach. The computation of the basal icewhich method is superior.
shelf melt anomalies from the temperature anomalies is sim- The ice loss computed here is a response entirely to en-
plified as it excludes salinity changes. However, the simpli-hanced basal ice-shelf melting. There are other potential
fication well approximates the dominating dynamics as thechanges in the boundary conditions and dynamics of the ice
effect of salinity anomalies is smalP@yne et a).2007). To sheet such as softening through ice warming and enhanced
account for the feedbacks between ice thickness and salinitasal sliding as well as abrupt ice-shelf disintegration (not
changes due to meltwater and the ocean circulation, interaaecessarily induced by basal ice-shelf melting) which might
tive coupling of ice shelves models and global climate mod-play a significant role in future ice discharge from Antarctica.
els is needed. As dynamic ice-shelf models are not imple- The method presented here can easily be applied to other
mented in the CMIP-5 climate models applied, the feedbacksce-sheet models with improved dynamical representation as
cannot be reliably projected within the probabilistic approachthey become available. This study is merely a first step to-
taken here. We do not account for melt patterns underneatkvards comprising the full range of forcing uncertainty into an
the ice shelves as basal melt rates are applied uniformlyestimate of the future sea-level contribution from Antarctica.
While it has been shown that the melting distribution mat-
ters for the ice-sheet responstdlker et al, 2008 Gagliar-
dini et al, 2010, it is beyond the scope of this study as a
dynamic ocean model is not applied. The melt coefficients
applied here were derived for an ice-shelf average and new
uncertainty would be introduced with a spatially dependent
melt coefficient.
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Appendix A: Linear response function derived from
SeaRISE M1 experiment

Figure 14 shows the response functions as obtained from
the M1 experiment with 2 m& of additional basal ice-shelf
melting. Comparison with Fig3 shows significant differ-
ences between the response functions obtained from the M1
and M2 experiments.

The lower panels of Figl4 show, however, that the uncer-
tainty range of the sea-level projection is very similar to the
projections obtained with the M2 experiment (Fid). This
illustrates the fact that the uncertainty range is dominated
by the external forcing of the ice sheets, while the response
functions provide merely the magnitude of the ice-sheet re-
sponse to the forcing. For the ultimate uncertainty range, it is
herein not crucial whether the response function of one spe-
cific model is different for the M1 and the M2 experiments
as long as the range of responses spanned by all three models
is similar. This supports the use of the probabilistic approach
taken in this study.
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