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Towards a modular framework to quantify 
uncertainties in sea level rise and coastal flooding

is 143 6 10Sv (1 Sv 5 106m3 s21), which matches quite
well with the mean and variability of observational es-
timates of 134 6 11Sv (Cunningham et al. 2003) and
141 6 13Sv (Koenig et al. 2014). The ACC volume trans-
port is likely important to on-shelf heat transport, especially
where the ACC impinges on the shelf break (e.g.,
Amundsen–Bellingshausen sector), as fully eddy-resolving
models have shown a relationship between the shelf-break
jet speed and the on-shelf heat transport (e.g., St-Laurent
et al. 2013). Eddy kinetic energy (EKE; Fig. 2) computed
for a model layer near, but below, the surface (layer 26:
;100m deep over the abyssal ocean and 20m deep over
the continental shelf), matches well the magnitude and
locations of enhanced variability along the ACC and the
western boundary current along Argentina shown in
satellite estimates fromaltimetry (Fig. 2). TheEKE in the
model takes about 1.5 years to fully develop (not shown).
The mean model EKE for the 10-km resolution model is
2.5 times greater than in a test simulation of the same
model at 20-km resolution. While the current 10-km
model resolution is not eddy resolving on the Antarctic
continental shelves, it well represents the eddy variability
over the rest of the Southern Ocean.
The model monthly SST is compared (Fig. 3 and Fig. S1

in the online supplement) to three different estimates of
the ocean SST [WOA09, SODA, and the Estimating the
Circulation and Climate of the Ocean, phase II (ECCO2),
ocean reanalysis (Menemenlis et al. 2008)]. Root-mean-
square error (RMSE) over the entire model domain is
1.158C when compared to WOA09 (source of the model
lateral boundary conditions), 1.428C for SODA, and
1.468C for ECCO2. The error peaks in summer during the
period of the strongest meridional SST gradients but does
not grow over time. The model average salinity over the
continental shelves over the last 5 years only changes by
1024 yr21, which is well below the annual variation (stan-
dard deviation 5 1.89 3 1022) and any measured fresh-
ening over either the Ross Sea (33 1023 yr21; Jacobs and
Giulivi 2010) or northwesternWeddell Sea (53 1023 yr21;
Hellmer et al. 2011) continental shelves, thus indicating
that the processes that govern water mass formation on
the continental shelves are not significantly out of balance
in the simulation. The sea ice area over the entire model
domain matches extremely well with observations (Fig. 4)
and shows little sign of drift over time.Model sea ice extent
in February and August (Fig. 5) does not quite match
observations in a few areas (especially the summer extent
in the Ross Sea and the lack of summer sea ice along the
East Antarctic coast), but the mean patterns generally
compare well.
The total modeled annual average ice shelf basal melt

around the entire continent is 664Gt yr21 with a very
strong seasonal cycle (Fig. 6), but little year to year

(standard deviation 5 8Gt yr21) variability (likely be-
cause of the recycling of the atmospheric forcing every
year) after the first few years (Fig. 7). The model total
basal melt is low compared to observation-based esti-
mates that range from 750 to 1450Gt yr21 (Table 2). The

FIG. 2. (top) Model EKE (m2 s22) over the last 5 years of the
ERA-Int simulation. (bottom) EKE computed from AVISO sat-
ellite altimetry estimates of geostrophic velocity anomalies for
2010. Note the lack of altimetry data because of sea ice cover close
to Antarctica.
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Toy example:  Antarctic sea level rise

Global ocean warming [°C]
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4. Probabilistic, multi-model Antarctic 
sea level rise projections
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Adding process fidelity:  numerical model ensembles

ROMS ocean model @ 5 km

is 143 6 10Sv (1 Sv 5 106m3 s21), which matches quite
well with the mean and variability of observational es-
timates of 134 6 11Sv (Cunningham et al. 2003) and
141 6 13Sv (Koenig et al. 2014). The ACC volume trans-
port is likely important to on-shelf heat transport, especially
where the ACC impinges on the shelf break (e.g.,
Amundsen–Bellingshausen sector), as fully eddy-resolving
models have shown a relationship between the shelf-break
jet speed and the on-shelf heat transport (e.g., St-Laurent
et al. 2013). Eddy kinetic energy (EKE; Fig. 2) computed
for a model layer near, but below, the surface (layer 26:
;100m deep over the abyssal ocean and 20m deep over
the continental shelf), matches well the magnitude and
locations of enhanced variability along the ACC and the
western boundary current along Argentina shown in
satellite estimates fromaltimetry (Fig. 2). TheEKE in the
model takes about 1.5 years to fully develop (not shown).
The mean model EKE for the 10-km resolution model is
2.5 times greater than in a test simulation of the same
model at 20-km resolution. While the current 10-km
model resolution is not eddy resolving on the Antarctic
continental shelves, it well represents the eddy variability
over the rest of the Southern Ocean.
The model monthly SST is compared (Fig. 3 and Fig. S1

in the online supplement) to three different estimates of
the ocean SST [WOA09, SODA, and the Estimating the
Circulation and Climate of the Ocean, phase II (ECCO2),
ocean reanalysis (Menemenlis et al. 2008)]. Root-mean-
square error (RMSE) over the entire model domain is
1.158C when compared to WOA09 (source of the model
lateral boundary conditions), 1.428C for SODA, and
1.468C for ECCO2. The error peaks in summer during the
period of the strongest meridional SST gradients but does
not grow over time. The model average salinity over the
continental shelves over the last 5 years only changes by
1024 yr21, which is well below the annual variation (stan-
dard deviation 5 1.89 3 1022) and any measured fresh-
ening over either the Ross Sea (33 1023 yr21; Jacobs and
Giulivi 2010) or northwesternWeddell Sea (53 1023 yr21;
Hellmer et al. 2011) continental shelves, thus indicating
that the processes that govern water mass formation on
the continental shelves are not significantly out of balance
in the simulation. The sea ice area over the entire model
domain matches extremely well with observations (Fig. 4)
and shows little sign of drift over time.Model sea ice extent
in February and August (Fig. 5) does not quite match
observations in a few areas (especially the summer extent
in the Ross Sea and the lack of summer sea ice along the
East Antarctic coast), but the mean patterns generally
compare well.
The total modeled annual average ice shelf basal melt

around the entire continent is 664Gt yr21 with a very
strong seasonal cycle (Fig. 6), but little year to year

(standard deviation 5 8Gt yr21) variability (likely be-
cause of the recycling of the atmospheric forcing every
year) after the first few years (Fig. 7). The model total
basal melt is low compared to observation-based esti-
mates that range from 750 to 1450Gt yr21 (Table 2). The

FIG. 2. (top) Model EKE (m2 s22) over the last 5 years of the
ERA-Int simulation. (bottom) EKE computed from AVISO sat-
ellite altimetry estimates of geostrophic velocity anomalies for
2010. Note the lack of altimetry data because of sea ice cover close
to Antarctica.
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Ocean projections driven by CMIP5 multi-model atmosphere-ocean 
boundary conditions + reanalysis variability 

Ice projections driven by assumed basin-specific basal melt trajectories

Sensitivity of an Antarctic ice sheet model 
to sub-ice-shelf melting

William Lipscomb1, Gunter Leguy1, Mira Berdahl2, Nathan Urban2 

Theory and observations suggest that marine-based sectors of the
Antarctic ice sheet could retreat rapidly under ocean warming and
increased melting beneath ice shelves. Numerical models of marine ice
sheets vary widely in sensitivity, depending on grid resolution and
physics parameterizations.

Here we present early results from a study of Antarctic ice sheet
sensitivity to sub-shelf melting, using the Community Ice Sheet Model
(CISM). We first spin up the model, aiming to match observed Antarctic
ice thickness, velocity, and grounding-line locations as closely as
possible given model physics, grid resolution, and forcing. We relax
toward the observed thickness by inverting for basal friction parameters
(for grounded ice) and basal mass balance (for floating ice shelves).

Using the inverted parameters, the spun-up 8-km model is forced for
200 years with a basal melt rate based on the initMIP-Antarctica
experiments. Relative to a control run, the ice mass drops by about 500
Gy/yr for a moderate melt rate and by more than 2500 Gt/yr for an
extreme melt rate. The majority of lost mass is already floating; for the
extreme melt rate, the loss of mass above flotation is about 600 Gt/yr.
The next step is to repeat the experiments on finer grids for more
accurate simulation of grounding lines.

Abstract Inversion method

References

Community Ice Sheet Model Antarctic spin-up

Version 2 of the Community Ice Sheet Model (CISM2) is a 3D, parallel,
higher-order ice sheet model that runs on a structured horizontal mesh.
For the experiments described here, we ran on an 8-km mesh,
initialized with observed thickness (Figure 1), with the following options:
• A depth-integrated higher-order solver based on Goldberg (2011)
• A basal sliding law based on Schoof (2005), combining power-law

and Coulomb behavior
• A grounding-line parameterization verified for the MISMIP3d and

MISMIP+ experiments (Pattyn et al. 2013, Asay-Davis et al. 2016)
• A no-advance calving criterion, with a subgrid calving-front scheme

similar to Albrecht et al. (2011)
• Surface mass balance from late 20th century simulations with the

RACMO2 regional climate model (Noël et al. 2017)
CISM previously participated in the initMIP-Greenland experiments
(Goelzer et al. 2017). This is CISM’s first use for Antarctic simulations.

In order to simulate a steady-state Antarctic ice sheet without large
thickness and velocity errors, we developed an inversion scheme
similar to that of Pollard and DeConto (2012):
• For grounded ice we invert for a 2D field of basal friction parameters

in the Schoof (2005) sliding law. Friction is increased where the ice
is thinner than observed and/or is thinning; friction is decreased
where the ice is thicker than observed and/or is thickening.

• For floating ice shelves, an artificial basal mass balance is applied to
hold the thickness at its observed value.

Future Work

After the spin-up, we ran forward experiments for 200 years with
basal friction parameters and sub-shelf melt rates prescribed from
the inversion. The left panel of Figure 5 shows the applied basal melt
rate from initMIP-Antarctica (Seroussi et al. 2017). The center and
right panels show changes in ice thickness for the Amundsen Sea
region and all of Antarctica, respectively.

Thinning is greatest in the Amundsen Sea sector, which has the
largest melt rates (~14 m/yr) along with reverse-sloping beds that
favor retreat. Several large East Antarctic ice streams thicken as a
result of grounding-line advance; this is possible because the
inverted basal melt is applied only to floating ice during forward runs.

We also applied an extreme melt rate, 10 times larger than the
initMIP rate. This rate drives mass loss of about 2500 Gt/yr over 200
years. About one-fourth of this mass loss would increase sea level;
the other lost ice was already floating.

• Repeat the spin-up and melt experiments on finer grids. With
available computing resources, CISM can be run for many
centuries for all Antarctica at resolutions as fine as 2 km.

• Replace the schematic melt rates with sub-shelf melt rates derived
from the ROMS regional ocean model, forced by atmospheric
output from global climate change experiments.

• Incorporate the results in statistical and reduced models that can
translate large-scale Earth-system model projections to changes in
Antarctic ice mass and global mean sea level.

Albrecht, T. et al. (2011), The Cryosphere, 5, 35-44.
Asay-Davis, X. S. et al. (2016), Geosci. Model Dev., 9, 2471-2497.
Goelzer, H. et al. (2017), The Cryosphere, in review.
Goldberg, D. N. (2011), J. Glaciol., 57, 157–170.
Leguy, G. R. et al. (2014), The Cryosphere, 8, 1239–1259.
Noël, B. et al. (2017), The Cryosphere, in review.
Pattyn, F. et al. (2013), J. Glaciol., 59 (215).
Pollard, D, and R. DeConto (2012), The Cryosphere, 6, 953-971.
Rignot, E. et al. (2011), Science, 333 (6048), 1427-1430.
Schoof, C. (2005), Proc. R. Soc., 461, 609-627.
Seroussi, H. et al. (2017), Fall AGU Meeting, Abstract C41C-1231.

The model was spun up to quasi-equilibrium over 20,000 years. The ice
thickness gradually approaches a steady state as basal friction
parameters and internal temperatures evolve. Figure 2 shows the
modeled surface ice speed (right) compared to observations (left).
CISM captures the main flow features, including fast-flowing ice
streams such as Pine Island and Thwaites Glaciers. On the Siple
Coast, the inversion yields ice streams in areas that are now stagnant
but may have been active in the recent past.

Figure 3 shows the thickness error at the end of the spin-up. In most
regions the model thickness differs from observations by ~100 m or
less, although some regions (e.g., the Siple Coast) are too thick, and
others (e.g., the Transantarctic Mountains) are under-resolved and
noisy. Figure 4 shows the 2D field of ‘beta’, defined as the ratio
between basal shear stress and velocity.

Sensitivity to sub-shelf melting

Figure 5. Applied basal melt rate (m/yr) 
(left). Change in thickness (m) after 200 
years: Amundsen Sea region (center), 
all Antarctica (right).

Figure 1. Left: Antarctic basal topography (m), courtesy of M. Morlighem. 
Right: Antarctic ice thickness (m).

1 Climate and Global Dynamics Laboratory, National Center for Atmospheric Research,  2 Group CCS-2, Los Alamos National Laboratory

Figure 2. Left: Observed surface ice speed (m/yr, log scale; Rignot et al. 2011).
Right: CISM surface ice speed at the end of a 20,000-year spin-up. 

Figure 3. Thickness difference (m),
model spin-up vs. inversion target.

Figure 4. Basal friction coefficient ‘beta’ 
(Pa (m/yr)-1/3, log scale) at end of spin-up.

CISM land ice model @ 4 km  
(8 km shown here)
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Uncertainty propagation through reduced models and 
response functions, informed by numerical models
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is 143 6 10Sv (1 Sv 5 106m3 s21), which matches quite
well with the mean and variability of observational es-
timates of 134 6 11Sv (Cunningham et al. 2003) and
141 6 13Sv (Koenig et al. 2014). The ACC volume trans-
port is likely important to on-shelf heat transport, especially
where the ACC impinges on the shelf break (e.g.,
Amundsen–Bellingshausen sector), as fully eddy-resolving
models have shown a relationship between the shelf-break
jet speed and the on-shelf heat transport (e.g., St-Laurent
et al. 2013). Eddy kinetic energy (EKE; Fig. 2) computed
for a model layer near, but below, the surface (layer 26:
;100m deep over the abyssal ocean and 20m deep over
the continental shelf), matches well the magnitude and
locations of enhanced variability along the ACC and the
western boundary current along Argentina shown in
satellite estimates fromaltimetry (Fig. 2). TheEKE in the
model takes about 1.5 years to fully develop (not shown).
The mean model EKE for the 10-km resolution model is
2.5 times greater than in a test simulation of the same
model at 20-km resolution. While the current 10-km
model resolution is not eddy resolving on the Antarctic
continental shelves, it well represents the eddy variability
over the rest of the Southern Ocean.
The model monthly SST is compared (Fig. 3 and Fig. S1

in the online supplement) to three different estimates of
the ocean SST [WOA09, SODA, and the Estimating the
Circulation and Climate of the Ocean, phase II (ECCO2),
ocean reanalysis (Menemenlis et al. 2008)]. Root-mean-
square error (RMSE) over the entire model domain is
1.158C when compared to WOA09 (source of the model
lateral boundary conditions), 1.428C for SODA, and
1.468C for ECCO2. The error peaks in summer during the
period of the strongest meridional SST gradients but does
not grow over time. The model average salinity over the
continental shelves over the last 5 years only changes by
1024 yr21, which is well below the annual variation (stan-
dard deviation 5 1.89 3 1022) and any measured fresh-
ening over either the Ross Sea (33 1023 yr21; Jacobs and
Giulivi 2010) or northwesternWeddell Sea (53 1023 yr21;
Hellmer et al. 2011) continental shelves, thus indicating
that the processes that govern water mass formation on
the continental shelves are not significantly out of balance
in the simulation. The sea ice area over the entire model
domain matches extremely well with observations (Fig. 4)
and shows little sign of drift over time.Model sea ice extent
in February and August (Fig. 5) does not quite match
observations in a few areas (especially the summer extent
in the Ross Sea and the lack of summer sea ice along the
East Antarctic coast), but the mean patterns generally
compare well.
The total modeled annual average ice shelf basal melt

around the entire continent is 664Gt yr21 with a very
strong seasonal cycle (Fig. 6), but little year to year

(standard deviation 5 8Gt yr21) variability (likely be-
cause of the recycling of the atmospheric forcing every
year) after the first few years (Fig. 7). The model total
basal melt is low compared to observation-based esti-
mates that range from 750 to 1450Gt yr21 (Table 2). The

FIG. 2. (top) Model EKE (m2 s22) over the last 5 years of the
ERA-Int simulation. (bottom) EKE computed from AVISO sat-
ellite altimetry estimates of geostrophic velocity anomalies for
2010. Note the lack of altimetry data because of sea ice cover close
to Antarctica.
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Sensitivity of an Antarctic ice sheet model 
to sub-ice-shelf melting

William Lipscomb1, Gunter Leguy1, Mira Berdahl2, Nathan Urban2 

Theory and observations suggest that marine-based sectors of the
Antarctic ice sheet could retreat rapidly under ocean warming and
increased melting beneath ice shelves. Numerical models of marine ice
sheets vary widely in sensitivity, depending on grid resolution and
physics parameterizations.

Here we present early results from a study of Antarctic ice sheet
sensitivity to sub-shelf melting, using the Community Ice Sheet Model
(CISM). We first spin up the model, aiming to match observed Antarctic
ice thickness, velocity, and grounding-line locations as closely as
possible given model physics, grid resolution, and forcing. We relax
toward the observed thickness by inverting for basal friction parameters
(for grounded ice) and basal mass balance (for floating ice shelves).

Using the inverted parameters, the spun-up 8-km model is forced for
200 years with a basal melt rate based on the initMIP-Antarctica
experiments. Relative to a control run, the ice mass drops by about 500
Gy/yr for a moderate melt rate and by more than 2500 Gt/yr for an
extreme melt rate. The majority of lost mass is already floating; for the
extreme melt rate, the loss of mass above flotation is about 600 Gt/yr.
The next step is to repeat the experiments on finer grids for more
accurate simulation of grounding lines.

Abstract Inversion method

References

Community Ice Sheet Model Antarctic spin-up

Version 2 of the Community Ice Sheet Model (CISM2) is a 3D, parallel,
higher-order ice sheet model that runs on a structured horizontal mesh.
For the experiments described here, we ran on an 8-km mesh,
initialized with observed thickness (Figure 1), with the following options:
• A depth-integrated higher-order solver based on Goldberg (2011)
• A basal sliding law based on Schoof (2005), combining power-law

and Coulomb behavior
• A grounding-line parameterization verified for the MISMIP3d and

MISMIP+ experiments (Pattyn et al. 2013, Asay-Davis et al. 2016)
• A no-advance calving criterion, with a subgrid calving-front scheme

similar to Albrecht et al. (2011)
• Surface mass balance from late 20th century simulations with the

RACMO2 regional climate model (Noël et al. 2017)
CISM previously participated in the initMIP-Greenland experiments
(Goelzer et al. 2017). This is CISM’s first use for Antarctic simulations.

In order to simulate a steady-state Antarctic ice sheet without large
thickness and velocity errors, we developed an inversion scheme
similar to that of Pollard and DeConto (2012):
• For grounded ice we invert for a 2D field of basal friction parameters

in the Schoof (2005) sliding law. Friction is increased where the ice
is thinner than observed and/or is thinning; friction is decreased
where the ice is thicker than observed and/or is thickening.

• For floating ice shelves, an artificial basal mass balance is applied to
hold the thickness at its observed value.

Future Work

After the spin-up, we ran forward experiments for 200 years with
basal friction parameters and sub-shelf melt rates prescribed from
the inversion. The left panel of Figure 5 shows the applied basal melt
rate from initMIP-Antarctica (Seroussi et al. 2017). The center and
right panels show changes in ice thickness for the Amundsen Sea
region and all of Antarctica, respectively.

Thinning is greatest in the Amundsen Sea sector, which has the
largest melt rates (~14 m/yr) along with reverse-sloping beds that
favor retreat. Several large East Antarctic ice streams thicken as a
result of grounding-line advance; this is possible because the
inverted basal melt is applied only to floating ice during forward runs.

We also applied an extreme melt rate, 10 times larger than the
initMIP rate. This rate drives mass loss of about 2500 Gt/yr over 200
years. About one-fourth of this mass loss would increase sea level;
the other lost ice was already floating.

• Repeat the spin-up and melt experiments on finer grids. With
available computing resources, CISM can be run for many
centuries for all Antarctica at resolutions as fine as 2 km.

• Replace the schematic melt rates with sub-shelf melt rates derived
from the ROMS regional ocean model, forced by atmospheric
output from global climate change experiments.

• Incorporate the results in statistical and reduced models that can
translate large-scale Earth-system model projections to changes in
Antarctic ice mass and global mean sea level.

Albrecht, T. et al. (2011), The Cryosphere, 5, 35-44.
Asay-Davis, X. S. et al. (2016), Geosci. Model Dev., 9, 2471-2497.
Goelzer, H. et al. (2017), The Cryosphere, in review.
Goldberg, D. N. (2011), J. Glaciol., 57, 157–170.
Leguy, G. R. et al. (2014), The Cryosphere, 8, 1239–1259.
Noël, B. et al. (2017), The Cryosphere, in review.
Pattyn, F. et al. (2013), J. Glaciol., 59 (215).
Pollard, D, and R. DeConto (2012), The Cryosphere, 6, 953-971.
Rignot, E. et al. (2011), Science, 333 (6048), 1427-1430.
Schoof, C. (2005), Proc. R. Soc., 461, 609-627.
Seroussi, H. et al. (2017), Fall AGU Meeting, Abstract C41C-1231.

The model was spun up to quasi-equilibrium over 20,000 years. The ice
thickness gradually approaches a steady state as basal friction
parameters and internal temperatures evolve. Figure 2 shows the
modeled surface ice speed (right) compared to observations (left).
CISM captures the main flow features, including fast-flowing ice
streams such as Pine Island and Thwaites Glaciers. On the Siple
Coast, the inversion yields ice streams in areas that are now stagnant
but may have been active in the recent past.

Figure 3 shows the thickness error at the end of the spin-up. In most
regions the model thickness differs from observations by ~100 m or
less, although some regions (e.g., the Siple Coast) are too thick, and
others (e.g., the Transantarctic Mountains) are under-resolved and
noisy. Figure 4 shows the 2D field of ‘beta’, defined as the ratio
between basal shear stress and velocity.

Sensitivity to sub-shelf melting

Figure 5. Applied basal melt rate (m/yr) 
(left). Change in thickness (m) after 200 
years: Amundsen Sea region (center), 
all Antarctica (right).

Figure 1. Left: Antarctic basal topography (m), courtesy of M. Morlighem. 
Right: Antarctic ice thickness (m).

1 Climate and Global Dynamics Laboratory, National Center for Atmospheric Research,  2 Group CCS-2, Los Alamos National Laboratory

Figure 2. Left: Observed surface ice speed (m/yr, log scale; Rignot et al. 2011).
Right: CISM surface ice speed at the end of a 20,000-year spin-up. 

Figure 3. Thickness difference (m),
model spin-up vs. inversion target.

Figure 4. Basal friction coefficient ‘beta’ 
(Pa (m/yr)-1/3, log scale) at end of spin-up.
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Features of a modular UQ approach

• Synthesis:  response functions or “links” can be based on 
• high resolution coupled simulations 

• low resolution ensembles (e.g. LENS, CMIP) 

• standalone component models with prescribed forcing (e.g. CISM) 

• idealized process studies (CISM-MOM local shelf studies?) 

• global or local observations (can be process-level) 

• Commission new simulations designed to probe specific process relationships 
• e.g. eddy-driven ocean heat transport to Antarctic ice shelves, and its dependence on 

large-scale climate drivers; ensembles of ice simulations under ranges of ocean forcing 

• New climate scenarios that no single model produces 

• Novel combinations of model structures (e.g. highest SLR results from fastest 
warming ocean + fastest melting ice) 

• Sample “tail” scenarios outside the range of any model
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Goal:  quantitative, transparent, traceable synthesis

• IPCC synthesis is “gold standard”, but limited 
• Hard to interrogate, change assumptions (expert 

judgment can be opaque) 

• Hard to add new information post-publication 
(science is moving target) 

• Stakeholders already moving on 

• Can we devise a synthesis process that is more 
quantitative, transparent, and traceable (and 
“updatable”)? 

• Modular UQ decomposes problem into digestible 
questions about about system responses 
• What is the range of future global ocean warming?  

How does basal melt depend on ocean warming?  
How does ice disintegration depend on basal melt? 

• Formulate probabilistic, quantitative answers to 
each question; insert your own models/data/
judgments 

• Allow experts to study, challenge, change 
assumptions; examine impact on conclusions

Little, Urban, Oppenheimer (2013); 
Little, Oppenheimer, Urban (2013)

LETTERS

NATURE CLIMATE CHANGE DOI: 10.1038/NCLIMATE1845
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Figure 3 | Sensitivity analysis. a,b, Discharge assumptions that are compatible with a 95th percentile Antarctic ice-sheet mass loss of 27 cm (a) and
40 cm (b). Shading indicates the collapse discharge (c) in PIG and B15R at which each upper bound is reached for a given annual collapse probability (pc)
and positive shift in the growth rate distribution in a set of marine-based basins. In a, the set of marine-based basins includes both East and West
Antarctica (1, 8–11, 13–14 and 17 in Table 1); in b, the set of basins includes only West Antarctica (1, 13–14 and 17 in Table 1). Warmer colours indicate
increasingly high discharge associated with collapse; these rates of ice loss should be viewed as progressively less plausible. Symbols in a are discussed in
the text; blue symbols invoke a sea-level contribution from collapse in PIG and B15R.

projections. The median SLR of �1.1 cm is in agreement with
projections of a modest mass gain by Antarctica if changes in
discharge are not expected7.

This prior probability distribution is updated by applying an ob-
servational constraint12 on the 1992–2010 cumulative continental
mass balance (orange lines in Fig. 1; see Methods). The updating
process weights mass-balance baselines and discharge growth rates
(see Supplementary Discussion, Figs S2 and S6), resulting in a
narrowed range of projections; the median and 95th percentile
projections of ice loss increase to 2.4 and 13.3 cm, respectively (blue
shading in Fig. 2a). This weighting has only a weak influence on
upper bounds, but the likelihood of a sea-level fall decreases to
less than 15%, primarily because negative continental mass-balance
baselines are strongly favoured.

In Fig. 2b, we compare our base-case projections with EISs
and SEMs. Although the probability of individual EISs is unclear,
their low to moderate Antarctic ice-loss projections fall within
or near our weighted base-case range. The upper bounds of EIS
analyses are substantially higher than our projections, driven by
their underlying assumption of collapse in PIG and/or B15R.
Comparison with SEM projections remains clouded by the
uncertain partition between SLR sources over their historical
calibration, and the widely varying upper bounds obtained from
different studies and when alternative data sets are used for
calibration. However, after we apply a partition to their 95th
percentile projections (see Methods), SEMs imply a higher upper-
bound Antarctic ice loss (⇠14–65 cm, denoted by red bars in
Fig. 2b) than our base case. With a 2:1 Greenland/Antarctica
partition, the mean upper bound across the analyses included in
Fig. 2 is approximately 27 cm. With a 1:1 partition, the mean upper
bound is approximately 40 cm.

At the coarse scale examined here, changes in three assumptions
lead to 95th percentile ice-loss projections that are compatible
with SEM and EIS upper bounds: positive shifts in discharge
growth rate distributions (including their form and range, and
the set of basins to which they apply)10; increased inter-basin
spatial correlation10; and abrupt, persistent, collapse. Each of
these assumptions embodies different prior beliefs about plausible
changes in ice dynamics and/or underlying physical processes, and
has substantially different implications on regional and continental
ice discharge (Supplementary Figs S4 and S5).

In Fig. 2b, we present probability distributions of Antarctica’s
mass balance associatedwith extreme changes in these assumptions.
First, we increase the correlation coefficient of discharge growth
rates across all ice-sheet basins to 1. Next, the discharge growth
rate distribution for all marine-based drainage basins in East and
West Antarctica (where sustained increases in discharge are more
physically justifiable)16,27,28 is shifted upwards by the historical
trend in PIG discharge (µPIG = 1.85% yr�1). We then increase
the probability of an abrupt change in PIG and B15R discharge
to 8⇥ SMB to 1: an immediate collapse. Although spatially
correlated discharge growth increases the spread of SLR projections,
its influence on upper bounds is limited relative to increases
in the likelihood of higher discharge in many drainage basins
and/or abrupt collapse.

To more clearly assess the dynamic implications of higher upper
bounds, we use this probabilistic framework to work backwards
towards sets of discharge assumptions that reach 27 and 40 cm SLR
equivalent ice loss with a 5% chance of exceedance (Fig. 3). Reach-
ing either upper bound without collapse requires high discharge
growth across many Antarctic drainage basins. To reach a 27 cm
upper bound (Fig. 3a), the prior distribution of discharge growth
rates in all marine-based basinsmust be increased by approximately
0.9% yr�1 (black circle), reflecting an expectation of discharge
growth half of that observed for PIG over more than 40% of the ice-
sheet area (with much higher growth rates possible in every basin).
Reducing the spatial extent of enhanced discharge implies higher
growth rates. For example, if discharge in East Antarctic basins is
assumed to be encompassed by our base-case assumptions, a 27 cm
upper bound requires a positive shift of 1.5% yr�1 in the growth
rate distribution of every West Antarctic basin, giving a 95–99.5%
chance of an increase in discharge (Supplementary Fig. S7).

Collapse in PIG and/or B15R decreases the requirement for
widespread discharge growth. Without changes in our base-case
assumptions in marine-based basins, a 27 cm upper bound for
Antarctica is achieved with a certain, instantaneous, increase of PIG
and B15R discharge to ⇠5⇥ SMB (blue circle), or a 1% annual
chance of collapse (equivalent to a 60% cumulative probability
before 2100) with a discharge ⇠8⇥ SMB (blue triangle). With a
1% annual collapse probability and discharge 5⇥ baseline SMB, this
upper bound is reached with an increase in discharge growth rates
of 0.4% yr�1 (blue star).
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RESERVED SLIDES 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Observations and questions

• More common than not:  science studies don’t influence decision 
makers except through large synthesis reports 

• Synthesis reports can be opaque from a science perspective 
• Hard to interrogate and change assumptions 

• Hard to add new information post-publication 

• Can we devise a synthesis process that is more quantitative, 
transparent, and traceable? 

• Would this lead to improved decision making down the line? 

• How can direct interaction with decision makers help? 

• Science-focused studies improve process understanding, which 
should lead to improved projections, but how can we actually do this? 

• Can research be directed to be more useful for decision makers?
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IPCC AR5

BA13
expert elicitation

CMIP5
GCMs

GIC SMB model

Tide gauge
data

Gaussian process
model

Ice sheet
melt

GIC melt

Non-climatic
background

Land water
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Oceanographic
processes

Local
sea level

Static-equilibrium
model

Historical
extrapolation

Figure 1. Logical flow of sources of information used in local sea-level projections. GCMs, global climate models; GIC, glaciers and ice
caps; SMB: surface mass balance.

2.1. Ice Sheets
Our projections of 21st-century changes in mass balance of GIS and the Antarctic ice sheet (AIS) are gener-
ated by combining the projections of AR5 and the expert elicitation of Bamber and Aspinall [2013] [BA13].
AR5 is used to characterize median and likely ranges of sea-level change, while BA13 is used to calibrate
the shape of the tails (Supporting Information Figure S1 and Table S1).

AR5 separately assesses AIS and GIS mass balance changes driven by SMB and ice sheet dynamics. For ice
sheet dynamics, AR5 determined that there was insufficient knowledge to differentiate between RCP 2.6
and 4.5 (and 8.5 for AIS). Projections of total ice sheet mass loss—given as a likely cumulative sea-level rise
contribution—are thus partially scenario-independent. BA13 probed more deeply into the tail of ice sheet
mass loss projections, inquiring into the 5th–95th percentile ranges of GIS, EAIS, and WAIS. However, BA13
does not differentiate between SMB and ice sheet dynamics or between RCPs.

We reconcile the projections as described in the Supporting Information. For AIS, the reconciled RCP
8.5 projections (median/likely/very likely [90% probability] of 4/−8 to 15/−11 to 33 cm) are significantly
reduced in range relative to BA13 (median/likely/very likely of 13/2 to 41/−2 to 83 cm); for GIS, the recon-
ciled projections are almost identical to those based directly on AR5 and have a likely range (8–25 cm)
close to the very likely range estimated from BA13 (9–29 cm) (Supporting Information Table S1).

Ice sheet mass balance changes do not cause globally uniform sea-level rise. To account for the differing
patterns of static-equilibrium sea-level rise caused by land ice mass loss, we apply sea-level fingerprints,
calculated after Mitrovica et al. [2011] (Supporting Information Figure S2). These fingerprints assume mass
loss from each ice sheet is uniform; in most regions, the error introduced by this assumption is minimal
[Mitrovica et al., 2011].

2.2. Glacier and Ice Caps
For each RCP, we generate mass balance projections for 17 different source regions of glaciers and ice caps
(described in the Supporting Information). For each source region, we employ a multivariate t-distribution
of ice mass change with a mean and covariance estimated from the process model results of Marzeion
et al. [2012]. Each source region has a distinct static-equilibrium sea-level fingerprint, calculated in the
same fashion as for ice sheet mass loss (Supporting Information Figure S2).

The projections based on Marzeion et al. [2012] are modestly narrower and have a slightly higher median
than those of AR5: a likely range of 9–15 cm from non-Antarctic glaciers by 2100 for RCP 2.6 (vs. 4–16 cm
for AR5) and 14–21 cm for RCP 8.5 (vs. 9–23 cm for AR5). We opt for the Marzeion et al. [2012] projections
because of the availability of disaggregated output representing projections based on a suite of global
climate models (GCMs) for each source region.

KOPP ET AL. © 2014 The Authors. 385

Quantitative synthesis approaches for SLR uncertainties

10

Little, Urban, Oppenheimer (2013)

Kopp et al. (2014)

Can we add: 

• Targeted simulations to of neglected 
processes to improve information sources 

• Expanded treatment of model structural 
uncertainties leading to extreme SLR 

• Calibrated model-data fusion

• Move toward IPCC-style synthesis within a formal statistical framework for 
combining different information sources 

• Goals:  propagation of quantified uncertainties, transparency, traceability



• Sea level rise and coastal impacts occur through a causal chain of processes 

• Associate a “response function” to each link 

• Propagate uncertainty through the network to predictions

11

Statistical network of 
response functions

Modular approach to SLR uncertainty
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Modular approach to SLR uncertainty

• Sea level rise and coastal impacts occur through a causal chain of processes 

• Associate a “response function” to each link 

• Propagate uncertainty through the network to predictions
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UQ process decomposition addresses both model 
overconfidence and underconfidence 

Model A 
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Explore scenarios outside the 
range of current models 
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• Reduced-order energy balance model (EBM) fits to complex Earth 
System Models (ESMs):

14

Reduced models as multi-model emulators

CS ṪS = F � �TS � �(TS � TD)

CDṪD = �(TS � TD)
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“Model blending”:  convert multi-model uncertainty 
to parameter uncertainty in a reduced model

• Fit reduced-model parameters to each ESM 

• Combine into single multi-model parameter distribution 

• Update ESM-based prior with observational data to correct model biases
Fig. 3: Hierarchical data-model combination
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Application:  climate sensitivity

Blended model-data 
parameter uncertainty Propagate to temperature projections

14 Jonko et al.

Fig. 3 (a) Comparison of ECS distributions derived using a Gaussian fit to analytical values
(blue), a mixture distribution obtained by combining individual inferences for the 24 ESMs
(gray) and the corresponding moment matching distribution (orange). The Cauchy prior is
also plotted for reference (black, dashed line). (b) Comparison of ECS posterior distributions
derived from hierarchical inference using (i) no observational update (green), (ii) an observa-
tional update with one temperature dataset at a time (light orange), and (iii) an observational
update using an average of the 4 datasets (purple).

← Individual model inferences →

⟶

Hierarchical Bayesian multi-model uncertainty 15

Fig. 4 90% ranges (5% to 95%) of joint predictive envelopes of EBM simulations of the
historical period + RCP8.5 forcing scenario for inference without (green) and with the average
observational update (purple) show a slight decrease in projected warming when observations
are incorporated in the inference. Compare to observational time series (black) and CMIP5
simulations (gray).
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Integrated coastal adaptation framework

Integrated natural-engineered systems modeling 
and risk management 
• Ocean-wetland-erosion-salt intrusion dynamics 

• Realistic large-scale electricity-water 
interdependent network optimization 

• Hierarchy of models for decision support 

• Extensive sensitivity and uncertainty analysis 

• Input sensitivity analysis 

• Process sensitivity analysis 

• Probabilistic calibration & prediction 

• Adaptation sensitivity analysis 

• Value-of-information studyWATER
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Coastal evolution matters to adaptation

Wetland loss model
can produce deepening of 
shallow parts of channels  

via erosion
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Damaged only w/ custom basin
Damaged only w/ Slosh basin
Damaged w/ both basins
No damaged,higher water depth
No damaged,lower water depth
No damage, no difference

• SLR / wave action accelerates erosion 

• Salt intrusion, storm damage, development can 
degrade wetland buffers 

• Coastline changes increase susceptibility to 
storm surge 

• Salt intrusion contaminates water supplies

• Erosion scenario changes number 
and location of damaged assets 
(relative to static coastline)


