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Global mean sea level has been steadily rising over the last
century, is projected to increase by the end of this century, and
will continue to rise beyond the year 2100 unless the current
global mean temperature trend is reversed. Inertia in the climate
and global carbon system, however, causes the global mean
temperature to decline slowly even after greenhouse gas emis-
sions have ceased, raising the question of how much sea-level
commitment is expected for different levels of global mean
temperature increase above preindustrial levels. Although sea-
level rise over the last century has been dominated by ocean
warming and loss of glaciers, the sensitivity suggested from
records of past sea levels indicates important contributions should
also be expected from the Greenland and Antarctic Ice Sheets.
Uncertainties in the paleo-reconstructions, however, necessitate
additional strategies to better constrain the sea-level commitment.
Here we combine paleo-evidence with simulations from physical
models to estimate the future sea-level commitment on a multi-
millennial time scale and compute associated regional sea-level
patterns. Oceanic thermal expansion and the Antarctic Ice Sheet
contribute quasi-linearly, with 0.4 m °C"" and 1.2 m °C™" of warming,
respectively. The saturation of the contribution from glaciers is over-
compensated by the nonlinear response of the Greenland Ice Sheet.
As a consequence we are committed to a sea-level rise of approxi-
mately 2.3 m °C~" within the next 2,000 y. Considering the lifetime
of anthropogenic greenhouse gases, this imposes the need for fun-
damental adaptation strategies on multicentennial time scales.

climate change | climate impacts | sea-level change

Sea-level projections show a robust, albeit highly uncertain,
increase by the end of this century (1, 2), and there is strong
evidence that sea level will continue to rise beyond the year 2100
unless the current global mean temperature trend is reversed
(3-6). At the same time, inertia in the climate and global carbon
system causes the global mean temperature to decline slowly
even after greenhouse gas emissions have ceased (6), raising the
question of how much sea-level rise we are committed to on
a multimillennial time scale for different levels of global mean
temperature increase. During the 20th century, sea level rose by
approximately 0.2 m (7, 8), and it is estimated to rise by signif-
icantly less than 2 m by 2100, even for the strongest scenarios
considered (9). At the same time, past climate records suggest
a sea-level sensitivity of as much as several meters per degree of
warming during previous intervals of Earth history when global
temperatures were similar to or warmer than present (10, 11).
Although sea-level rise over the last century has been dominated
by ocean warming and loss of glaciers (7), the sensitivity sug-
gested from records of past sea level indicates important con-
tributions from the Greenland and Antarctic Ice Sheets. Because
of the uncertainties in the paleo-reconstructions, however,
additional strategies are required to better constrain the sea-
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level commitment. Here we describe the models used and the
resulting estimates of long-term sea-level rise from each com-
ponent of the Earth system. We combine simulations from
process-based physical models for the four main components
that contribute to sea-level changes to give a robust estimate of
the sea-level commitment on multimillennial time scales up to
a global mean temperature increase of 4 °C. Our results are then
compared with paleo-evidence, with the good agreement pro-
viding an independent validation of our modeling results.

Modeled Components of Sea Level

Thermal Expansion. The thermal expansion of the ocean has been
investigated by a spectrum of climate models of different com-
plexity, ranging from zero-dimensional diffusion models (12, 13)
via Earth System Models of Intermediate Complexity (EMIC)
(6, 14) to comprehensive general circulation models (15, 16).
Although uncertainty remains, especially owing to uncertainty
in the ocean circulation and thereby the distribution of heat
within the ocean, the physical processes are relatively well
understood even if not fully represented in all models. On multi-
millennial time scales as applied here, the application of com-
prehensive climate models is not feasible because of the required
computational effort. Because the general processes responsible
for oceanic expansion are, however, also integrated into lower
resolution ocean models as used in EMICs, the range of long-
term thermal expansion is likely to be covered by these models.

We take the thermal expansion of the ocean on multimillen-
nial time scales from 10,000-y integrations with six coupled
climate models. The results, which were used in the Fourth
Assessment Report of the Intergovernmental Panel on Climate
Change (figure 10.34 in ref. 1), yield a rate of sea-level change in
the range of 0.20-0.63 m °C™" (Fig. 14). For reference, a ho-
mogenous increase of ocean temperature by 1 °C would yield
a global mean sea-level rise of 0.38 m when added to reanalysis
data (17). Uncertainty arises owing to the different spatial dis-
tribution of the warming in models and the dependence of the
expansion on local temperature and salinity.

Glaciers. A number of different approaches have been used to
estimate the contribution from glaciers to global sea level for the

Author contributions: A.L. designed research; A.L, P.U.C, B.M., GAM.,, D.P,, V.R, and
AR. performed research; B.M., G.A.M.,, D.P., V.R., and A.R. contributed new reagents/
analytic tools; and A.L. and P.U.C. wrote the paper.

The authors declare no conflict of interest.

This article is a PNAS Direct Submission. J.C.M. is a guest editor invited by the
Editorial Board.

Freely available online through the PNAS open access option.
See Commentary on page 13699.

"To whom correspondence should be addressed. E-mail: Anders.levermann@pik-potsdam.de.

PNAS | August20,2013 | vol. 110 | no.34 | 13745-13750

g
=
H
[
H
=
o
v}
1]
o
wv

-
<
2
= W0
58
=S

w
O =
E
>
=
w



mailto:Anders.levermann@pik-potsdam.de
www.pnas.org/cgi/doi/10.1073/pnas.1219414110

Downloaded by guest on April 6, 2021

2 0.42 m/K

Il

Sea level (m)

1.2 m/°C-

1 2 3 4
Temperature (°C)

Fig. 1. Sea-level commitment per degree of warming as obtained from
physical model simulations of (A) ocean warming, (B) mountain glaciers and
ice caps, and (C) the Greenland and (D) the Antarctic Ice Sheets. (E) The
corresponding total sea-level commitment, which is consistent with paleo-
estimates from past warm periods (PI, preindustrial, Plio, mid-Pliocene; see
text for discussion). Temperatures are relative to preindustrial. Dashed
lines and large dots provide linear approximations: (A) sea-level rise for
a spatially homogeneous increase in ocean temperature; (A, D, E) constant
slopes of 0.42, 1.2, and 1.8 and 2.3 m/°C. Shading as well as boxes repre-
sent the uncertainty range as discussed in the text. (A-C) Thin lines pro-
vide the individual simulation results from different models (A and B)
or different parameter combinations (C). The small black dots in D rep-
resent 1,000-y averages of the 5-million-year simulation of Antarctica
following ref. 36.

21st century, including extrapolations of either current rates of
mass loss or current acceleration of rates of mass loss (18),
estimates based on either constant or constantly declining ac-
cumulation area ratios in the future (19), and estimates based on
explicit modeling of future glacier mass balances (20, 21).
Although these approaches differ to a certain extent in the
outcome for the 21st century, the total sea-level contribution
from glaciers is limited by their total ice volume, which is small
compared with that of the ice sheets on Greenland and Ant-
arctica. Glaciers thus have a minor role on multimillennial time
scales compared with the large contribution from oceanic ex-
pansion and the ice sheets. To our knowledge, there are no
published global estimates of glacier contribution to sea-level
change on time scales longer than a few centuries, or of the
equilibrium response of glaciers to climate change.
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The total possible contribution of glaciers (i.e., all of the land
ice excluding the ice sheets) is limited to ~0.6 m (22). We use
two models (20, 21) to compute the long-term contribution for
different levels of global mean temperature. Both models couple
surface mass balance with simplified ice-dynamics models and
are forced by temperature and precipitation scenarios for each
glacier in the world. Radi¢ and Hock’s model (20) is forced by
modified monthly temperature and precipitation series for
2001-2300 from four general circulation models (GCMs) of the
coupled model intercomparison project CMIP-3 (U.K.MO-
HadCM3, ECHAMS5/MPI-OM, GFDL-CM2.0, and CSIRO-
MK3.0), using the A1B emission scenario, whereas the model by
Marzeion et al. (21) is forced by temperature and precipitation
anomalies from 15 GCMs of CMIP-5, using the representative
concentration pathway (RCP)-8.5.

To obtain an estimate of the sea-level contribution on long
time scales, temperature and precipitation patterns were kept
constant at different levels of global warming. The uncertainty
range is obtained as the model spread across the 19 different
climate forcing and glacier model combinations. The resulting
sensitivity of sea-level commitment decreases for increasing
temperatures from 0.21 m °C™' at preindustrial temperature
levels to 0.04 m °C™" at 4 °C of warming (Fig. 1B). The decline in
sensitivity with higher temperatures is to a large extent explained
by loss of low-lying glacier surface area and to a lesser extent by
increasing precipitation adding mass to high-elevation glaciers.
Although glaciers and thermal expansion have contributed ap-
proximately equally to the sea-level increase of the last 40 y (7),
the sea-level commitment from glaciers is relatively small com-
pared with thermal expansion.

The Greenland Ice Sheet. Although it remains a challenge to sim-
ulate rapid ice discharge from the Greenland Ice Sheet in re-
sponse to oceanic forcing (23), these fast ice fluxes are not
crucial for a multimillennial estimate as attempted here. On
a time scale of tens of thousands of years, the Greenland Ice
Sheet shows threshold behavior with respect to the surrounding
atmospheric temperature (24-27). Because summer temper-
atures around the ice sheet’s margins are warm enough to
produce melt over a large area of the ice sheet, perturbations in
the climate strongly affect the surface mass balance of the ice
sheet. Although the associated changes are most likely not
abrupt in a temporal sense, they self-amplify owing to positive
feedbacks, particularly that between surface elevation and tem-
perature (28).

For the multimillennial contribution of the Greenland Ice
Sheet, we apply the recent results from an ensemble of simu-
lations from a regional energy—moisture balance climate model
coupled to an ice-sheet model that accounts for the positive
feedback between temperature and surface elevation (25).
The model’s parameters were constrained by comparison
with surface mass balance estimates and topographical data for
the present day and with estimated summit-elevation changes
from ice-core records for the Last Interglacial period (LIG)
(29), to ensure that the coupled model ensemble has a realistic
sensitivity to climatic changes. In the transient response to
global warming, simulated ice-sheet melting is comparable in
timing and distribution to that of a GCM coupled to an ice
sheet (24, 30).

The contribution to sea-level commitment from the Green-
land Ice Sheet is relatively weak (on average 0.18 m °C~" up to
1°C and 0.34 m °C~! between 2 and 4 °C) apart from the abrupt
threshold of ice loss between 0.8 and 2.2 °C above preindustrial
(90% credible interval) (Fig. 1C). This corresponds to a transi-
tion from a fully ice-covered Greenland to an essentially ice-free
state (i.e., a reduction in ice volume of approximately 10% of the
present-day volume, corresponding to a sea-level contribution of
more than 6 m). Compared with previous studies (24, 30) the
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model applied here shows a threshold at lower temperatures
than would correspond to a negative surface mass balance of
the entire ice sheet because of dynamic ice motion. This explains
the lower threshold temperatures compared with earlier studies.
However, the uncertainty range plotted here shows a significant
overlap with these earlier estimates.

The Antarctic Ice Sheet. The total volume of the Antarctic Ice
Sheet is equivalent to 55-60 m of global mean sea level (31).
Most of the ice loss on Antarctica is due to solid-ice discharge,
and thus the representation of the ice flow and sliding is par-
ticularly important. For continental-scale models, as required for
estimates of the total sea-level contribution, a realistic repre-
sentation of the grounding line position is a challenge at hori-
zontal resolutions that allow for a simulation of whole Antarctica
(32-34). The model used here applies a parameterization of the
ice flux at the grounding line (35) that captures grounding line
motion realistically on multimillennial time scales as suggested
by comparison of the model’s simulation of the last 5 million
years (36) with local sediment records (37). Here we extract the
sensitivity of the ice sheet from this model simulation by corre-
lating the ice volume with the global mean temperature that
forces the simulation. To this end we average the yearly tem-
perature- and sea-level contribution data from the 5-million-year
simulation over periods of 1,000 y (small dots in Fig. 1D). The
sea-level contribution is then binned into temperature intervals
of 0.2 °C. The median of the distribution within each tempera-
ture bin is provided as an estimate of the temperature sensitivity
of the Antarctic ice sheet (thick red line in Fig. 1D). The un-
certainty range is estimate as the 66% percentile of the distri-
bution around the median (red shading). This uncertainty arises
from uncertainty in the forcing data, the ice physics represen-
tation but also from the time-dependent nature of the simu-
lation. For example, the existence of hysteresis behavior on
the subcontinental scale can lead to different contributions for
the same temperature increase.

The Antarctic Ice Sheet shows a relatively constant commit-
ment of 1.2 m °C™" (dashed line in Fig. 1D). This mostly involves
retreat of marine portions (grounded below sea level) of the ice
sheet due to increased sub-ice shelf oceanic melt, predominantly
in West Antarctica; it does not include future expansion of East
Antarctic volume due to anthropogenic increases in snowfall,
which is expected to be a minor effect on millennial scales (see
below). Although threshold behavior can occur during marine
retreat, the response shown is quite linear owing to temporal
smoothing and the rapidly varying paleo-climatic forcing in the
transient simulation. Future anthropogenic changes will occur on
even faster time scales, so this approach is arguably more rele-
vant than fully equilibrated sensitivity tests.

Similar to Greenland, the much larger East Antarctic Ice
Sheet, which is predominantly grounded above sea level, has the
potential of threshold behavior in response to increased surface
melting (38). Current models (4, 5) suggest that the required
warming is much larger than anticipated in the near future
(equivalent to ~4 times preindustrial level of CO, or higher).
Here we only discuss the commitment up to 4 °C of warming,
neglecting the possible deglaciation of East Antarctica. How-
ever, there is an apparent conflict with geologic evidence of up
to 20 m sea-level rise during the Miocene (39), which implies
substantial contributions from East Antarctica at times when
estimated CO, levels seem to have remained far below the
model-derived thresholds. More work is needed to confidently
rule out the possibility of East Antarctic threshold loss in the next
few millennia.

Paleo-Evidence

To compare the model results with past sea-level anomalies for
the temperature range up to 4 °C, we focus on three previous
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periods for which the geological record provides reasonable
constraints on warmer climates and higher sea levels than pre-
industrial: the middle Pliocene, marine isotope stage 11, and the
LIG (Fig. 1E).

During the obliquity-paced warm intervals of the middle Pli-
ocene (~3.3 to ~3 Ma), reconstructions of sea-surface temper-
atures (40) and climate model simulations (11, 41) suggest that
peak global surface air temperatures were 1.8-3.5 °C warmer
than preindustrial. Estimates of peak mid-Pliocene sea levels
based on a variety of geological records are consistent in sug-
gesting higher-than-present sea levels, but they range widely (5—
40 m) and are each subject to large uncertainties. For example,
coastal records (shorelines, continental margin sequences) are
influenced by glacio-hydro-isostatic (42) or global mantle dynamic
processes (43). Both signals are large (5-30 m) and uncertain, and
significant differences in published predictions of dynamic topog-
raphy suggest that the latter is particularly poorly constrained.

Benthic 5'®0 records are better dated than many coastal
records and provide a continuous time series, but the 80
signal reflects some unknown combination of ice volume and
temperature, with some contribution from regional hydro-
graphic variability also possible. During the mid-Pliocene warm
intervals, the LR04 benthic §'®0 stack (44) identifies low values
that exceeded present values by 0.1-0.25 per mil. If the signal
only records ice volume, then on the basis of the relationship of
the 8'80 of seawater to ice volume derived from pore water
chemistry (~0.08 per mil per 10 m of sea-level equivalent) (45),
and assuming this relationship still held during the Pliocene, the
lowest 8'%0 values in the LR04 stack suggest peak sea levels
~12-31 m higher than present. Dowsett et al. (40), however,
reconstructed Pliocene deepwater (>2,000 m) temperature
anomalies at 20 sites that ranged from —0.9 °C to 4.2 °C, with an
average of 1 + 1.2 °C (1 SD) warmer than present. A §'%0-
temperature sensitivity of 0.28 per mil per °C suggests that,
given these values, the lowest mid-Pliocene benthic "0 values
may be entirely explained by warmer deepwater temperature.
Attempts to constrain the temperature component in benthic
580 records indicate higher-than-present sea level during mid-
Pliocene warm periods (46, 47), but these have large uncer-
tainties (+15-25 m) (48).

Records of ice-rafted debris off Prydz Bay, East Antarctica
(49) and the sedimentary record from the Ross Embayment of
the West Antarctic Ice Sheet (37) provide the most direct evi-
dence that mid-Pliocene sea levels must have been higher than
present. This is consistent with mid-Pliocene Ross Sea surface
temperatures reconstructed from biological and geochemical
proxy methods, which have a range from 2 to 8 °C warmer than
present (50), with values of >5 °C being, according to one ice-
sheet model, above the stability threshold for ice shelves and
marine portions of the West Antarctic Ice Sheet (36). Finally,
ice-sheet models forced by warm-interval mid-Pliocene temper-
ature reconstructions and orbital forcing suggest near-complete
deglaciation of Greenland (7 m sea-level equivalent) (51, 52).

We conclude that the balance of evidence indicates higher sea
levels during the mid-Pliocene warm intervals, with the most
robust lines of evidence coming from sedimentary records that
suggest episodic deglaciation of the West Antarctic Ice Sheet
and from ice-sheet models that suggest near-complete de-
glaciation of the Greenland Ice Sheet under warm Pliocene
boundary conditions. We thus conclude that sea level was at least
7 m above present during mid-Pliocene warm periods, while,
allowing for uncertainties in less direct sea-level proxies, did not
exceed 20 m above present (39).

During marine isotope stage 11 (MIS 11; ~411-401 ka),
Antarctic ice-core and tropical Pacific paleo-temperature esti-
mates suggest that the global temperature was 1.5-2.0 °C warmer
than preindustrial (53). Published studies of the magnitude of
emergent shorelines attributed to MIS 11 have generated highly
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divergent estimates, from ~22 m above present (54) to levels
near present (55). After correcting sites for glacial isostatic ad-
justment (GIA), Raymo and Mitrovica (56) estimated that peak
sea level during MIS 11 was 6 m to 13 m higher than present.
Mubhs et al. (57) derived similar estimates for Curacao of 8.4 m to
10 m higher than present, a location for which the GIA effects
are small (56, 58). We thus assign a possible sea-level range of
6-13 m higher than present for the MIS 11. A substantial fraction
of this sea-level rise can be directly attributed to a substantial
reduction in the Greenland Ice Sheet, as suggested by pollen
records, which indicate development of a spruce forest over
Greenland at this time (59).

During the LIG (~130 ka to 116 ka), greenhouse gas concen-
trations were similar to preindustrial (280 ppm), but it experienced
stronger orbital forcing than the present interglaciation, resulting
in large positive insolation anomalies during boreal summer in the
Northern Hemisphere and austral spring in the Southern Hemi-
sphere. Temperature estimates suggest that global mean surface
temperature was ~1-2 °C warmer than preindustrial (60), with sea
surface temperature warming being 0.7 + 0.6 °C greater than
present (50).

Kopp et al. (10) made probabilistic estimates of the global
mean sea level from a large database of LIG sea-level estimates
and concluded that global mean sea level was at least 6.4 m
higher than present (95% probability) and that it is unlikely to
have exceeded 8.8 m (33% probability). Dutton and Lambeck
(58) restricted their analysis to well-dated sites but similarly
concluded that global mean sea level was 5.5 m to 9 m higher
than present. We thus assign a possible sea-level range of 5-9 m
higher than present for the LIG.

Sea-Level Commitment for the Next 2,000 Years

The ability of the physical models to reproduce paleo-climatic
records on a multimillennial time scale provides confidence in
applying them to a time frame that is relevant for the societal
discussion on future warming scenarios, as well as long enough
for the model to be a valid representation of the dynamics in-
volved. On a 2,000-y time scale, the sea-level contribution will be
largely independent of the exact warming path during the first
century. At the same time, 2,000 y is a relevant time scale, for
example, for society’s cultural heritage. As can be seen from
figure 10.34 in ref. 1, the oceanic heat content will be largely
equilibrated after 2,000 y (Fig. 24); the same is true for the
glacier component (Fig. 2B). The situation for Antarctica is
slightly more complicated, but as can be inferred from ref. 36
much of the West Antarctic retreat will have already occurred by
2,000 y, especially if the warming occurs on a decadal to cen-
tennial time scale. The opposite and smaller trend in East
Antarctic ice volume due to increased snowfall in a warmer
environment will also have largely equilibrated (61). The most
significant difference arises from the contribution of Greenland.
Consistent with previous estimates (3-6, 62), the rate of the
sea-level contribution from Greenland increases with temperature.

Table 1.
above preindustrial

Total after 2,000 Ocean warming

2 0.42 m/°C

o
[N

O
o AN w

Sea Level (m)

2.3 m/°C

1 2 3 4
Temperature (°C)

Fig. 2. Sea-level commitment per degree of warming as in Fig. 1 except for
sea-level contributions after 2,000 y. Results were obtained from physical
model simulations of (A) ocean warming, (B) mountain glaciers and ice caps,
and (C) the Greenland and (D) the Antarctic Ice Sheets. (E) The corre-
sponding total sea-level commitment. Temperatures are relative to pre-
industrial. Dashed lines and large black dots provide linear approximations:
(A) sea-level rise for a homogeneous increase in temperature; (D and E)
constant slopes of 1.2 and 2.3 m/°C. Shading represents the uncertainty
range as discussed in the text. The large green dot in C corresponds to the
sea-level contribution of Greenland (following ref. 3) after 1,000 y of in-
tegration with 560 ppm atmospheric CO, concentration and a standard
polar amplification of 1.5, which translates Greenland temperatures to the
global mean temperature.

The transient simulations for an instantaneous temperature in-
crease show a superlinear dependence of the sea-level contribution

Sea-level commitment from the different cryospheric components and ocean warming for different levels of global warming

Glaciers and ice Greenland Ice Greenland after  Antarctic Ice

Total sea level (m) y (m) (m) caps (m) Sheet (m) 2,000 y (m) Sheet (m)
Temperature (°C) Median Range Median Range Median Range Median Range Median Range Median Range Median Range
1 2.5 1.0-10.8 23 1.0-4.9 04 0.2-06 0.20 0.14-0.24 0.3 0.1-6.2 0.1 0.0-0.3 1.6 0.6-3.7
2 10.9 3.1-13.4 48 26-75 08 04-13 031 024043 65 05-68 04 0.0-09 33 1949
3 12.5 9.9-14.9 6.6 3.4-9.8 1.3 0.6-1.9 040 0.31-054 7 6.8-7 1.0 0.3-1.9 3.9 2.2-5.5
4 139 118159 9.0 57-121 1.7 08-25 045 0.38-059 7 7-7 21 0932 48 3658

The range corresponds to the uncertainty estimate as detailed in the text.
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Sea Level (m)

Fig. 3. Regional patterns of sea-level change computed using an isostatic surface loading model (see text for details) for scenarios of 1, 2, 3, and 4 °C of
warming. These results are based on the assumption that ice thinning was uniform over the ice sheets and progressed linearly for 2,000 y. The contribution of
glaciers and ice caps and ocean thermal expansion to the spatial pattern is not included; however, their global mean sea-level contribution is included (Table
1). These results are based on a spherically symmetric Earth model with 1D, depth-dependent viscosity structure. This structure comprises an elastic outer layer
of thickness 96 km (to simulate the lithosphere) and two sublithosphere layers with viscosity values 5 x 10%° Pas (96 km to 660 km depth) and 10?2 Pas (660 km
to 2,900 km). These parameters are compatible with those inferred in a number of studies (e.g. refs 72 and 73). The white contour in each frame denotes the

global mean sea-level value (Table 1).

after 2,000 y (Fig. 2C). The results are quantitatively consistent with
previous estimates on a millennial time scale (3).

Mass loss from land ice results in a spatially variable sea-level
change due to the resulting isostatic deformation and changes in
gravity (63, 64). Using a model that simulates these processes
(65-67), we computed global patterns of sea-level change asso-
ciated with mass loss from the Greenland and Antarctic Ice
Sheets based on the volume contributions in Table 1 (Fig. 3).
Information about the spatial distribution of mass loss from
within each ice sheet is not known, and so the model runs as-
sumed a uniform thinning of ice over a 2,000-y period with no
margin retreat. Although this simplification will affect the ac-
curacy of the results (68, 69), the general characteristics of the
pattern will not be affected. Over millennial time scales, the
dominant component of solid Earth deformation is nonelastic,
and so we used a viscoelastic Maxwell rheology (70). The pat-
terns will be sensitive to the adopted Earth viscosity profile (Fig.
3 legend) and the time span of the simulation (68).

We note that the spatial contributions from oceanic warming
and glaciers and ice caps are not considered in Fig. 3 (only the
global mean of these contributions is shown). Compared with the
global mean values (white contours in Fig. 3), the key charac-
teristic of the patterns is a fall near the ice margins, a reduced
sea-level rise (relative to the global mean) at intermediate to
high latitudes, and an enhanced rise at intermediate to low lat-
itudes. Note that the 1 °C scenario includes only a small amount
of melting from the Greenland ice sheet (Table 1) and so sea-
level rise in the Northern Hemisphere is relatively uniform.

Discussion and Conclusion

Although the ice-sheet and climate models used here are not
necessarily applicable to the fast time scales required to project
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sea-level rise of this century, their ability to simulate the long-
term signal has been validated against paleo-evidence on longer
time scales and is consistent with results from other models on
these time scales. In particular, model simulations providing the
separate contributions from ocean warming, glaciers, and the
Greenland and Antarctic Ice Sheets are consistent with paleo-
estimates of total sea-level rise in warmer periods. Together with
their underlying physical theories, this provides confidence in our
understanding of long-term sea-level commitments. It should be
noted that the transient response within the next century, espe-
cially of the Antarctic Ice Sheet, might be different even quali-
tatively, owing to increased snowfall in a warming environment
(61), which may induce dynamic responses of the ice sheet (71).
Consistent with paleo-records, however, Antarctica will con-
tribute to global sea-level on a multimillennial time scale.
Although the Antarctic Ice Sheet and the thermal expansion
of ocean water contribute quasi-linearly, with approximately
12 m°C7! and 0.4 m °C™}, respectively, Greenland shows a
threshold behavior with a stepwise increase of approximately
6 m on a time scale on the order of several ten thousand years.
After 2,000 y the model shows a superlinear response to the
temperature increase. The contribution of glaciers declines at
higher temperatures owing to the limited and decreasing ice
stored there. As a consequence, the total sea-level commitment
after 2,000 y is quasi-linear, with a sensitivity of 2.3 m °C™".
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