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Ice Sheet Model Intercomparison Project for CMIP6 
(ISMIP6)

• Standalone ice sheet experiments for Greenland and Antarctica, 
using CMIP6 model-derived forcing to estimate past and future sea 
level rise and explore uncertainty

• Coupled climate – ice sheet experiments to explore ice sheet 
impacts and feedbacks

ISMIP6 project leads:  Sophie Nowicki (overall), Heiko Goelzer (Greenland), 
Hélène Seroussi (Antarctica)

http://www.climate-cryosphere.org/wiki/index.php?title=ISMIP6_wiki_page

ICE SHEET MODEL INTERCOMPARISON
PROJECT (ISMIP6)

Nowicki et al., 2016

INTRODUCTION

CESM2.1 contribution to ISMIP6
the following coupled AOGCM-ISM runs: 

• piControl-withism [300 yrs]
• 1pctCO2to4x-withism [350 yrs]
• historical-withism [1850-2014]
• ssp585-withism [2015-2300]

http://www.climate-cryosphere.org/wiki/index.php?title=ISMIP6_wiki_page


ISMIP6 Greenland projections

Goelzer et al. (TC, 2020)
• 21 submissions from 14 modeling groups; atmosphere and ocean forcing 

derived from CMIP models running RCP 2.6 and 8.5 scenarios
• SLR by 2100: 32 ± 17 mm (RCP2.6), 90 ± 50 mm (RCP 8.5), mainly from 

increased surface ablation, with good agreement across models3080 H. Goelzer et al.: Multi-model ensemble study of ISMIP6

Figure 7. Ensemble sea-level projections. (a) ISM ensemble mean projections for the core experiments (solid) and extended experiments
(dashed). The background shading gives the model spread for the two MIROC5 scenarios and is omitted for the other GCMs for clarity but
indicated by the bars on the right-hand side. (b) Model specific results for MIROC5-RCP8.5. The colour scheme is the same as in previous
figures. The dashed line is the result of applying the atmosphere and ocean forcing to the present-day ice sheet without any dynamical
response (NOISM).

SMB-height feedback that is propagated according to height
changes due to the applied SMB anomaly itself and due to
local thinning at the margins where the retreat mask is ap-
plied. In this approach, biases in the initial state are reduced
to measurement uncertainties, while dynamic changes are ig-
nored by construction. If the dynamic response of the ice
sheet to the retreat mask forcing is expected to increase the
mass loss, one could suggest that for the observed geome-
try and for a given forcing, NOISM should serve as a lower
bound to a “perfect” projection in our standard framework.
Because NOISM currently tracks the ensemble mean of the
projections, the argument could be extended to suggest that
taking the model mean for the best guess could imply a low
bias.

We do not have a dedicated core experiment to separate
the effect of the parameterized SMB-height feedback from
the ensemble of models. But such analysis will be possible
with some of the extended experiments that are in prepara-
tion. If we were to rely on results of NOISM, the feedback
accounts for 6 %–8 % of the total sea-level contribution in the
year 2100 for RCP8.5 experiments, confirming similar num-
bers from earlier studies (Goelzer et al., 2013; Edwards et al.,
2014a, b). However, the NOISM figures are subject to small
biases due to missing dynamic height changes that would,
for example, thin the marine margins and relatively thicken
land-terminated ice sheet margins that are steepening in these
projections in response to the anomalous SMB forcing.

4.3 Uncertainty analysis

In this section we analyse uncertainties in ice sheet response
due to ISM differences, forcing scenarios and GCM bound-
ary conditions on a regional basis. We use an existing basin
delineation (IMBIE2-Rignot, Rignot et al., 2011) that sepa-
rates the ice sheet into six drainage basins, which has been
extended outside the observed ice mask to accommodate

larger-than-observed ice sheet model configurations (see in-
set in Fig. 8).

The results in Fig. 8 show the projected contribution to
sea-level rise in the year 2100, indicating a north–south gra-
dient with larger contributions from the south. The basin with
the largest contributions is “SW” due to an extended ablation
zone in south-west Greenland, which is the region with the
largest source of sea-level contribution from changes in SMB
already observed (The IMBIE Team, 2019; Mouginot et al.,
2019). However, note for this comparison that the basins do
not all have the same area. When we interpret the ensemble
standard deviation relative to the ensemble mean as a mea-
sure for ice sheet model uncertainty, the largest uncertainty of
⇠ 40 % is present in the “NO” and “SE” basins and the lowest
uncertainty of 17 % in the “SW” basin. The good agreement
between models for “SW” can be explained by the domi-
nance of the SMB forcing in this basin, which is prescribed
in our experiments, so that variations between models mainly
occur due to differences in ice sheet mask.

Comparing results for RCP8.5 between the three GCMs
side by side (Fig. 8) shows that the SW basin has the low-
est ISM interquartile range in all cases but is also one of the
two basins (SW and NE) with the largest difference between
GCMs. While the large GCM difference in the SW can be
explained by the GCM-specific warming pattern and their in-
fluence on the SMB forcing, differences in the NE basin are
governed mainly by the ocean forcing.

Ocean sensitivity

Uncertainty in the tidewater glacier retreat parameteriza-
tion is sampled with three experiments under forcing sce-
nario MIROC5-RCP8.5. Results for the three experiments
are again compared per region (Fig. 9). The largest impact of
differences in ocean forcing is visible in region CW, which
is dominated by the response of Jakobshavn Isbrae, one of
the largest outlet glaciers in Greenland. In the SW region,
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Ensemble mean sea-level projections.  Left: All climate models.  Right: MIROC-RCP8.5.



ISMIP6 Antarctic projections

Seroussi et al. (TC, 2020)
• 16 submissions from 13 modeling groups; atmosphere and ocean forcing 

derived from CMIP models running RCP 2.6 and 8.5 scenarios
• Mass loss up to 180 mm SLE by 2100 from West Antarctic Ice Sheet
• Mass change of -61 to 83 mm SLE for East Antarctic Ice Sheet (more snowfall)
• Large uncertainty in climate forcing and ocean-forced melting
H. Seroussi et al.: ISMIP6 Antarctica projections 3045

Figure 5. Regional change in volume above floatation (in mm SLE)
and integrated SMB changes over the grounded ice (diamond
shapes, in mm SLE) for the 2015–2100 period under medium RCP
8.5 forcing from NorESM1-M RCP 8.5 scenario (exp01 and exp05)
relative to ctrl_proj.

simulations relative to ctrl_proj. Most Antarctic ice shelves
thin by 20 m or more over the 86-year simulation, with the
Ross ice shelf experiencing the largest thinning of about 75 m
on average (Fig. 6a). This thinning does not propagate to
the ice streams feeding the ice shelves, except for Thwaites
Glacier in the Amundsen Sea sector and Totten Glacier in
Wilkes Land. Many coastline regions, on the other hand, ex-
perience a small thickening, as is the case for the Antarctic
Peninsula, Dronning Maud Land and Kemp Land, where the
relative thickening is about 6 m next to the coast. Variations
between the simulation are large and dominate the signal in
many places (Fig. 6c). Changes in velocity (Fig. 6b) over ice
shelves are more limited and not homogeneous, with accel-
eration close to the grounding line areas and slowdown close
to the ice front, as observed for the Ross and Ronne-Filchner
ice shelves. Some accelerations are observed on grounded
parts of Thwaites, Pine Island and Totten glaciers as well.
However, there is a large discrepancy in velocity changes
among the simulations, and the standard deviation in veloc-
ity change is larger than the mean signal over most of the
continent (Fig. 6d).

4.4 Projections under RCP 8.5 scenario with various
forcings

Outputs from six CMIP5 AOGCMs were used to perform
RCP 8.5 experiments (see Table 1). Figure 7 shows the evo-
lution of the simulated ice volume above floatation rela-
tive to ctrl_proj for all the individual RCP 8.5 simulations
performed, as well as the mean values for each AOGCM.
As seen above for NorESM1-M, changes are small for
most simulations until 2050, after which differences be-
tween AOGCMs and ice flow simulations start to emerge.
Runs with HadGEM2-ES lead to significant sea level rise,
with a mean ice mass loss of 96 mm SLE (standard devi-
ation: 72 mm SLE) for the 15 submissions of expA1 and
expA5. Runs performed with CCSM4 show the largest ice
mass gain, with a mean gain of 37 mm SLE (standard de-
viation: 34 mm SLE) for the 21 submissions of exp04 and

Figure 6. Mean (a and b) and standard deviation (c and d) of sim-
ulated thickness change (a and c, in m) and velocity change (b and
d, in m yr�1) between 2015 and 2100 under medium forcing from
the NorESM1-M RCP 8.5 scenario (exp01 and exp05) relative to
ctrl_proj.

Figure 7. Evolution of ice volume above floatation (in mm SLE)
over the 2015–2100 period with medium forcing from the six
CMIP5 models and RCP 8.5 scenario relative to ctrl_proj. Thin lines
show results from individual ice sheet model simulations, and thick
lines show mean values averaged for each CMIP5 model forcing.
Bars on the right show the spread of results in ice flow models and
mean values for the six CMIP5 forcings in 2100.

exp08. Results for CSIRO-MK3 and IPSL-CM5A-MR are
similar to CCSM4 at a continental scale but with slightly
lower mass gain on average, while results from MIROC-
ESM-CHEM simulate very little change, with a mean mass
loss of 3 mm SLE.

Figure 8 shows the regional differences in these contribu-
tions relative to ctrl_proj. Simulations suggest that WAIS will
lose mass on average with four of the CMIP5 model forcings
and gain mass with CSIRO-MK3 and IPSL-CM5A-MR. For
the EAIS, results from five out of six CMIP5 model forcings
lead to a mass gain on average, while HadGEM2-ES forcing
causes a mass loss in the EAIS, with 23±26 mm SLE. Uncer-
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Regional 
change in ice 
mass above 
flotation (mm 
SLE) under 
RCP 8.5 forcing 
from NorESM

Antarctica dominates 
the uncertainty in 
projected SLR.



Ocean-forced Antarctic projections with CISM

• Hypothesis:  Ocean warming that is 
projected to occur by 2100 could 
drive long-term retreat in West 
Antarctica, with most SLR after 2100.

• Method: Using CISM in the ISMIP6 
framework, find the range of multi-
century (1950-2500) retreat under a 
variety of basal melt schemes (more 
or less sensitive to warming near the 
grounding line) and ocean-only 
forcing scenarios (thermal forcing 
anomaly from 6 ESMs). Antarctic sectors (Jourdain et al., 

2020).  One thermal forcing parameter 
is tuned in each sector to fit modern 
grounding-line locations.

Lipscomb, W. H., Leguy, G. R., Jourdain, N. C., Asay-
Davis, X. A., Seroussi, H. and Nowicki, S.: ISMIP6-based 
projections of ocean-forced Antarctic Ice Sheet evolution 
using the Community Ice Sheet Model, The Cryosphere, 
15, https://doi.org/10.5194/tc-15-1-2021, 2021.

https://doi.org/10.5194/tc-15-1-2021


CISM Antarctic projections: Spin-up
• SMB from regional climate model (RACMO2); ocean thermal forcing from 

modern climatology (extrapolated beneath ice shelves)
• For each basal melt scheme, adjust basal friction parameters (beneath 

grounded ice) and basal melting parameters (beneath ice shelves) to 
match observed ice thickness.

• At the end of each 20-kyr spin-up, there is good agreement with observed 
ice thickness and surface speed.

Surface ice speed 
from observations 
(left) and 20 ky
CISM spin-up 
(right).

Pine Island

Thwaites

Crosson

Dotson

Figure 3. Same as Fig. 2, but focused on the Amundsen sector.

Figure 4. Antarctic ice surface speed (my�1, log scale) from (left) observations (Rignot et al., 2011) and (right) the end of a 20-ky CISM

spin-up at 4-km resolution using the nonlocal-MeanAnt melt parameterization and calibration.
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CISM Antarctic projections: SLR by 2500

Figure 11. Sea-level rise (mm s.l.e.) from Antarctic ice loss in 550-year ocean-forced projection experiments. The three columns correspond

to the three melt parameterizations, and the two rows to the two calibrations. Each panel shows the SLR response to ocean forcing from six

AOGCMs, along with an unforced control run.

20

Melt scheme calibration.
Top: Lower sensitivity of melt rate to 
thermal forcing.
Bottom: Higher sensitivity.

Melt scheme physics.
Left:  Depends on local forcing only.
Center:  Depends on both local and 
regional forcing.
Right: Depends on local and regional 
forcing, and on basal slope.

In each panel, there is one line per 
climate model, plus a control.

SLR by 2500 ranges from 150 mm to 
1300 mm.



CISM Antarctic projections: Ice thinning and retreat

Ice thickness change 
(m) by 2500.
Left: Low melt sensitivity.
Right: High sensitivity.
Top : HadGEM2 (high 
ocean warming).
Bottom: CESM2 
(moderate ocean 
warming).

Most of the thinning 
and grounding-line 
retreat are in the Ross
and Filchner-Ronne
sectors.

Not much retreat in the 
Amundsen sector.

Figure 12. Difference in ice thickness (m) between years 2500 and 1950 in ocean-forced projection experiments. The left and right columns

show results from the nonlocal-MeanAnt and nonlocal-slope-PIGL melt combinations, respectively. The three rows show results with ocean

forcing from HadGEM2, NorESM1, and CESM2. Black lines show boundaries of floating ice at the end of each run. In the nonlocal

HadGEM2 run (upper left), retreat of the black line from the Ross calving front indicates shelf collapse. In the nonlocal CESM2 run (lower

left), the enclosed black contour shows that part of the Ross Ice Shelf interior has collapsed, without calving-front retreat. Boxes in the lower

left of each panel show the SLR contribution from the loss of grounded ice.
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Figure 12. Difference in ice thickness (m) between years 2500 and 1950 in ocean-forced projection experiments. The left and right columns

show results from the nonlocal-MeanAnt and nonlocal-slope-PIGL melt combinations, respectively. The three rows show results with ocean

forcing from HadGEM2, NorESM1, and CESM2. Black lines show boundaries of floating ice at the end of each run. In the nonlocal

HadGEM2 run (upper left), retreat of the black line from the Ross calving front indicates shelf collapse. In the nonlocal CESM2 run (lower

left), the enclosed black contour shows that part of the Ross Ice Shelf interior has collapsed, without calving-front retreat. Boxes in the lower

left of each panel show the SLR contribution from the loss of grounded ice.
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CISM Antarctic projections: Sensitivity

Low sensitivity to stress 
balance approximation   
(depth-integrated v. 3D)

Moderate sensitivity to grid 
resolution (2, 4 and 8 km) and 
prescribed ice-shelf collapse

High sensitivity to the basal 
friction law
• Power law: Large friction near 

grounding line (standard runs)
• Coulomb law: Zero friction at 

grounding line 

Figure 20. Difference in the ice thickness change (m) from two 550-year projection experiments, one with Coulomb basal friction (p= 1)

near the grounding line and one with power-law friction. Both runs use the nonlocal-slope-PIGL melt scheme with ocean forcing from

UKESM. The ice thins in both runs. Negative values indicate greater thinning in the Coulomb run than the power-law run. Black lines show

boundaries of floating ice at the end of the run with Coulomb friction.

4.2.5 Amundsen sector sensitivity

Finally, we explore the sensitivity of the Amundsen sector, including the Thwaites Glacier basin. Grounding lines in this sector

have retreated rapidly in the past few decades (Rignot et al., 2019), and model simulations suggest that Thwaites Glacier

collapse might already be under way (Joughin et al., 2014). Rignot et al. (2014) predicted that the Thwaites grounding line will

continue retreating for hundreds of km along its reverse-sloping bed, with only a few shallow ridges to slow the retreat. In most5

of our CISM simulations, however, Thwaites Glacier does not collapse. The grounding line starts to retreat but is stabilized

by a large underwater ridge to the south and east of the present-day grounding line, between the Thwaites and Pine Island

basins. Only with a large increase in melt rates (e.g., the PIGL runs with a TF anomaly of 2�C, shown in Fig. 8), does the

grounding-line detach from this ridge, leading to collapse over several centuries.

The small Amundsen response in the standard projections can be attributed, in part, to the modest thermal forcing anomalies10

(⇠1�C or less in the Amundsen sector) in the ESMs. Melt rate increases are further moderated by the negative feedback

between basal melting and thinning; as the shelf thins, its base is exposed to reduced thermal forcing at shallower depths. Also,

the use of a power law for basal friction can inhibit retreat. As a result, the grounding line stabilizes without much ice loss.

31

Difference in ice thickness (m) at year
2500 between runs with Coulomb basal 
friction and power-law friction.  These runs 
use a high-sensitivity melt scheme and 
high-warming climate model (UKESM).



Threshold behavior for the Amundsen sector

• M

Figure 22. Difference in ice thickness (m) between years 2500 and 1950 in projection experiments with a Coulomb friction law (p= 1), and

with �Tsector = 0 for the Amundsen sector to provide a 2�C anomaly relative to the spin-up. No ESM ocean forcing anomaly is applied,

so the response is limited to the Amundsen sector. The four panels at each resolution correspond to the nonlocal and nonlocal-slope melt

parameterizations with the MeanAnt and PIGL calibrations. Black lines show boundaries of floating ice at the end of each run.
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Figure 23. Grounding-line retreat in the Amundsen sector during a 550-year projection experiment using the nonlocal-PIGL melt scheme,

corresponding to the black line in the lower left panel of Fig. 21. Seafloor topography (m) is shaded on a gray scale. The solid lines show

boundaries of floating ice in years 2100 (mauve), 2200 (cyan), 2300 (orange), 2400 (red), and 2500 (green).
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In most runs (upper left), Amundsen retreat is modest.

In some runs with Coulomb friction and high melt 
sensitivity (lower left, upper right), the Amundsen sector 
collapses, raising sea level by > 1 m.

Once the ice retreats past a shallow ridge between Pine 
Island and Thwaites Glaciers, collapse is inevitable.

Subsurface 
ridge

Ice thickness change (m) by 2500



Conclusions

• Antarctic mass loss in standalone ice sheet models is sensitive to 
poorly constrained factors in basal melt parameterizations and 
basal friction laws, and to the climate model providing the 
thermal forcing.

• Projected SLR by 2500 varies by more than an order of magnitude 
(150 mm to ~3 m) between low-end and high-end projections. 

• Ice in several sectors (Ross, Filchner-Ronne, and possibly 
Amundsen) could retreat irreversibly over several centuries, as a 
result of ocean warming that could occur by 2100.



Future work

• Use ice velocity data (in addition to ice thickness) to better 
constrain the initial state.

• Develop more realistic, physics-based schemes for basal friction, 
iceberg calving, and sub-ice-shelf melting.

• Follow-up ISMIP6 project: Long-term Antarctic projections and 
thresholds

• Support Antarctica and multiple ice sheets in CESM (talk by Bill 
Sacks)
• We can then run Antarctic projections with CISM forced by 

temperature and salinity from POP, and later from MOM6.
• The coarse resolution of global ocean models remains a challenge. 


