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ABSTRACT. The response of the Antarctic ice sheet to climate change over the next
500 years is calculated using the output of a transient-coupled occan—atmosphere simul-
ation assuming the atmospheric CO, value increases up to three times present levels. The
main effects on the ice sheet on this time-scale include inereasing rates of accumulation,
minimal surface melting, and basal melting of ice shelves. A semi-Lagrangian transport
scheme for moisture was used to improve the model’s ability to represent realistic rates of
accumulation under present-day conditions, and therchy increase conlidence in the
anomalies calculated under a warmer climate. The response of the Antarctic ice sheet to
the warming is increased accumulation inland, offset by loss from basal melting from the
floating ice, and increased ice flow near the grounding line. The preliminary results of this
study show that the change to the ice-sheet balance for the transient-coupled model for-
cing amounted to a minimal sea-level contribution in the next century, but a net positive
sea-level rise of 0.21 m by 500 years. This new result supercedes earlier results that showed
the Antarctic ice sheet made a net negative contribution to sea-level rise over the next
century. However, the amplitude of the sea-level rise is still dominated by the much larger
contributions expected from thermal expansion of the ocean of 0.25 m for 100 years and

1.LOO m for 500 years.

INTRODUCTION

It is predicted (e.g. Warrick and others, 1993) that under a
warmer climate caused by increasing CO. in the atmos-
phere, the cold air over Antarctica will contain more moist-
ure, and precipitation will therefore increase. This will have
an impact on the mass balance of the ice sheet. In the next
century, the increase in accumulation is predicted to offset,
to some extent, the increase in ice loss at the ice margin [rom
a warmer ocean and increasing air temperatures (Budd and
Simmonds, 1990). However, until the present, ice-sheet mod-
cllers have estimated the rate and pattern of future increases
in precipitation in their calculations, because these are
poorly represented in many climate models.

T'his paper provides a link between the improved repre-
sentation ol the accumulation in climate models, the
changes in accumulation, and sub-surface ice-shelf melt
under a transient increase in atmospheric CO, concentra-
tion, and the ice-sheet response over a 500 year period. This
is achieved by using output from a transient climate-change
simulation of a coupled ocean atmosphere model (Gordon
and O’Farrell, 1997: Dix and Hunt, 1995) to force a high-
resolution model of the Antarctic ice sheet. The ice-sheet
model simulates the growth and retreat of the ice sheet as a
response to changes in net accumulation, melting at the
margins, and changes in sea level (see Budd and Jenssen
(1989) for details). The issues addressed concern only the
short time-scale response of the ice sheet to the warming
signal over the next 500 years. Potential changes to ice-sheet
dynamics [rom changes to internal shear, strain rates and
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basal sliding are beyond the scope of this paper and have
been addressed elsewhere (see Budd and others (1987) for a
review ). The ice-sheet model starts with a close representa-
tion to the present ice sheet, near steady-state balance.

IMPROVEMENTS TO SIMULATED-ACCUMUL-
ATION RATE WITH SEMI-LAGRANGIAN ADVEC-
TION AND HIGHER-RESOLUTION TOPOGRAPHY

The CSIRO atmospheric general circulation model (GCM)
used in these experiments has 9 vertical levels, and a spec-
tral resolution of R21 (approximately 3.2° in latitude by 5.6°
in longitude ). A full deseription of the Mark 1 (Mk]) version
of the model is provided by McGregor and others (1993).
The Mark 2 (Mk2) version differs from Mkl in several re-
spects, principally the introduction of a more sophisticated
land—surface scheme (Kowalczyk and others, 1991) and an
improved treatment of sea ice (O'Farrell, in press).

The earlier CSIRO9 Mkl model climatology of annual
accumulation ol snow calculated using the precipitation
minus the evaporation (P-E) is shown in Figure la. There
are major problems in the model representation of accum-
ulation rate over the Antarctic continent. The minimum
snowfall is too high (by a factor of 6) in comparison with
observations (Giovinetto and Bull, 1987), and there is an
unrcalistic gradient in accumulation across the continent,
The model does correctly reproduce some observed feat-
ures, namely the inereasing accumulation over the Antare-
tic Peninsula and a minimum in accumulation over the
Ross lee Shell: The likely source of the errors in the precipi-
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Mk1 accumulation (R21)
0

Mk2 accumulation (R21)
0

Fig. 1. Accumulation (mm a ’}. for (@) Mkl simulation; (b) simulation, R21 resolution; (¢) Mk2 simulation, R42 resolution.

Calculated from 20 year control simulations.

tation is in the method used to advect moisture in the model.
In the Mkl model, an Eulerian approach is employed.

The Eulerian calculation of moisture advection using
spectral methods can result in negative moisture values,
due to truncation errors, particularly in the region of sharp
gradients (the Gibbs phenomenon, e.g. Hack, 1992). Since
moisture is a positive definite quantity, a correction is made
to remove these negative values whilst conserving overall
moisture content. Though invoked globally, this “negative
fix up” is made most frequently over Antarctica, where, in
addition to the sharp gradients of moisture that occur over
the continental margins, the air is very dry.

To address these problems, semi-Lagrangian treatments
of moisture advection have heen found to be beneficial in
spectral-atmospheric GCMs (e.g. Williamson and Rasch,
1989). The scheme used in the CSIRO GCM incorporates
an cconomical scheme for the caleulation of the departure
points of trajectories (McGregor, 1993), and uses cubic
Lagrangian interpolation to calculate the moisture values
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at the departure points. A quasi-monotone scheme (Bermejo
and Staniforth, 1992) is used to prevent the generation of
spurious overshoots, and to ensure non-negativity of the
interpolated moisture values. A posterior adjustment is made
to ensure global moisture conservation, but this adjustment
is much smaller than the negative fix up required by the Lu-
lerian scheme. Such schemes for moisture transport improve
the representation of the precipitation pattern in the model.
The improvement is most noticeable at the poles, where the
decrease in errors in the advection reduces the need for a
negative-correction term.

The semi-Langrangian moisture-transport calculation
has had a significant effect on the precipitation pattern over
Antarctica, with the improved accumulation results from
the CSIROY Mk2 model presented in Figure Ib. This figure
shows that the model now correctly predicts very low
accumulation amounts of <30 mma ' over much of the
high eastern part of the continent. The accumulation
increases towards the coast in a more realistic fashion than
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in the Mkl model. The maximum snowfall on the continent
1s 383 mma

However, a major precipitation error occurs every
month over the continental rise of West Antarctica, between
0" and 30 W, in the region of Pensacola Mountains. The
error appears to be due to the steep topography of the ice
sheet in this region. Figure le shows the annual accum-
ulation for an interim version of the model operating at
twice the horizontal resolution (R42). The error is no longer
present as the topography 1s now better resolved. Turther-
more, the minimum in snowfall over East Antarctica, and
the maximum over the Antarctic Peninsula (881 mma ')
are more realistic, The model also resolves the accumulation
minima over the Ross and Filchner-Ronne lee Shelves.

The improvement in simulated precipitation over
Antarctica with a semi-Lagrangian moisture scheme was
also reported in the NCAR CCM2 model by Bromwich
and others (1995). The new models better capture the atmos-
pheric processes that affect the precipitation and evapora-
tion distributions in the drier conditions of high latitudes.

RESPONSE TO INCREASING CO, CONCENTRATION

The change in P-FE over Antarctica in several climate-
change experiments using the CSIRO9 GCM has been
examined to sece how use of precipitation patterns that are
more realistic (at least [or the current climate) alters the
predictions corresponding to increased CO, concentra-
tions. These results are obtained {rom equilibrium climate-
change experiments, where the atmospheric model is
coupled to a fixed-depth, mixed-layer occan. The CO, con-
centration in these experiments is instantaneously doubled,
then the model is allowed to reach a new equilibrium
climate. The average annual accumulation rate (in mma )
for selected latitudes for 1 x CO, conditions and the per-
es for 2 x CO, are tabulated inTable 1 for
several experiments.

centage mere:

ISTROY Mkl, which has poorer climatology for the
accumulation pattern, showed an increase of accumulation
between 23 and 35% over the continental margins with
smaller increases (about 15%) over the interior ice sheet.
The results from the Mk2 experiments with the semi-
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Lagrangian scheme show much greater increases (80%)
near the Pole, where the control simulation of the model
now has a realistic minimum in precipitation. There is also
a greater percentage increase in accumulation across the
continental margins (20-30%) and an opposite gradient in
P E percentage changes to that seen in the Mkl doubled-
COy simulation. Similar results are seen with the higher re-
solution (R42) model, with greater percentage increases in
accumulation in the drier parts of the continent. This con-
sistency between models of different horizontal resolutions,
using the semi-Lagrangian scheme, indicates that the large
precipitation error seen in the R21 results (Fig, 1b) has not
biased the results for changes in accumulation.

The final set of columns in Table | shows the accum-
ulation changes in the Mk2 model with a transient increase
in €Oy at a rate of 1%, compounding using a fully coupled
atmosphere—ocean—sea-ice model (Gordon and O’Farrell,
1997). The pattern of accumulation change in the transient
simulation is similar to the equilibrium result (Mk2), in that
the maximum percentage increase occurred nearest the
Pole. However, the amplitude of both the accumulation res-
ponse and the temperature rise (21°C) are considerably
weaker as the COy is gradually increased.

SCENARIO FROM THE IS92A TRANSIENT
EXPERIMENT

Further transient experiments were undertaken with the
CSIRO coupled model using the IS92A scenario (Leggett
and others, 1992) for the rate of effective CO. increase. The
IS92A scenario is thought to represent a more realistic
growth rate of CO, for the next century, with doubling of
the CO, concentration in 129 years, as opposed to 70 years
for the 1% compounding case. The global mean temper-
ature increase at the time of doubling 1s 21°C for the 1%
compounding case and 2.27C for the IS92A case. The regio-
nal pattern of warming is similar in both transient simula-
tions. The slight increase in warming is due to the slightly
greater uptake ol heat by the ocean over the longer time-
scale of the simulation. This simulation was continued to
3 x €Oy, a further 52 years, when the global warming
reached 3.8 C. An overview of the response of many of the

Table 1. Comparison of global { GL) and Southern-Hemisphere ( SH ) warming ai 2 x COs (in °C ), annual aceumulation (in
mma ') and percentage increase in accumulation for Mkl ( Eulevian ). ME2 (Semi-Lagrangian ), R42 and transient CO dou-
bling experiments. The Mkl model has annual average accumulation of 396 mma ' in the Antarctic region with an average
increase of 17% under doubled COs conditions, while in the Mk2 model, the accumulation is 267 mma ' and the increase under

doubled CO » conditions is 50%

Ml Mk2 R2] R42 Transient
GL warming +.84 432 509 210
SH Warming 450 +.06 1.68 1.74
Latitude aceum. 2 x CO, accum, 2 x €O, accum. 2 x GOy aceum, 2 x CO,
1 x €O, increase 1 x CO, increase I x CO, increase 1 % GOy increase
87°8 296 14.2% 102 796% 093 121.% 089 20,2%
84S 273 151 79.2% 153 107.% 136 174%
a1°s 251 21 127 91.4% 199 13.6%
78S/ 297 219 63.5% 185 88.2% 204 09.3%
79" S 370 322% 201 33.3% 269 71.0% 183 09.0%
7258 432 23.0% 241 319% 355 41.3% 224 11.7%
68 S 170 11.0% 326 19.6% 432 33.0% 307 10.7%
63°S 464 03.1% 367 05.4% 252 15.9% 375 08.3%
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atmospheric and oceanic variables for the standard case is
provided by Dix and Hunt (1995).

The reduction in sea-ice volume around Antarctica, and
the polar amplification of the warming signal, is less in
coupled-model simulations than in earlier equilibrium-
model results (Watterson and others, in press). This is due
to reduced warming over the Southern Ocean that occurs
through greater uptake of heat and the mixing of the signal
into the ocean interior following deep convection (Manabe
and others, 1991; Gordon and O’Farrell, 1997). However,
even though there are still some uncertainties in the coupled
models, particularly due to the dependence on flux correc-
tions, the prediction of the impact of global warming on the
Antarctic ice sheet developed [rom a transient model will
probably be more realistic than, for example, that estimated
by Budd and others (1994).

The rate of retreat of sea ice in the model alters the sur-
face arca from which additional moisture can be made
available close to the continent, and hence the rate of sea-
ice retreat is critical to changes in accumulation rate under
doubled-CO, conditions. However, a small drift in the con-
trol run occurs in the standard version of the coupled model,
causing the air temperature slowly to decrease by 0.5°C
over two centuries, and leads to an increase in the mean
sca-ice volume of 25%. Another problem with the ocean
component of the standard coupled model is that the
coupled model may have too high a rate of convection; this
is indicated by experiments of tracer subduction into the
water masses of the Southern Ocean (England, 1995). A
sccond coupled model IS92A transient simulation (GM)
was undertaken by Hirst and others (1996), using a para-
meterization for eddy-mixing in the ocean (Gent and
McWilliams, 1990), which increases the density of the
bottom water and hence reduces the rate of Southern Ocean
convection, This simulation has the advantage that by pro-
viding a better estimate of ocean-heat uptake, the rate of
occan warming adjacent to the ice shelves is more realistic.
This new simulation also had minimal drift in the air temp-
erature and Southern Ocean sea-ice extent.

The ice-sheet model (Budd and Jensen, 1989) is forced
over the [irst 180 years with 10 year averages of the
coupled-model anomalies, defined as the difference between
the transient-model simulation and the control simulation
of P-E, air temperature, sea-surface temperature, and
ocean temperature at 250 m depth taken [rom the GM tran-
sient-coupled I1S92A run. After 180 years, these anomalies
are held constant for the following 320 years of the ice-sheet
simulation. The model output has been smoothed in the
arca of the West Antarctic precipitation error to ensure that
peak-accumulation anomaly values are no higher than
those in the Antarctic Peninsula region.

The anomalies in annual accumulation at the time of
COy tripling are given in Figure 2a. The anomaly is greatest
over the West Antarctic and Antarctic Peninsula region,
and weaker in the drier areas of the continent. Figure 2b
shows the atmospheric temperature-anomaly pattern over
the continent at the time of COy tripling. The temperature
anomaly over the continent ranges from 3-5°C, with a
larger anomaly around the area of sea-ice retreat ofl’ the
East Antarctic coast. Both temperature and accumulation
anomalies are smaller than those used by Budd and others
(1994).

Figures 2¢ and 2d show the ocean-temperature anoma-
lies averaged over the upper 100 m, and centred at 250 m,
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respectively. The ocean-temperature anomaly for the 250
750 m layer, which is in contact with the main ice shelves
(Hellmer and Jacobs, 1992, 1995; Jenkins and Doake, 1991),
is similar in amplitude and pattern to Figure 2d. The temp-
erature anomalies of Figure 2d are used to calculate melt
rates at the ice-shell edge, and also for underneath the ice
shelves. The surface layers in both the Ross and Weddell
Seas have a net cooling of >0.5°C at 3 x CO, in the transi-
ent simulation, while the same regions warm at depth by
1-2°C. The cooling of the occan surface and warming at
sub-surface levels are the result of the decrease in the con-
vection rate in the transient model, which is due in turn to
the strengthening of ocean stratification by the increased
fresh-water flux from P-E changes and melting sea ice. It
is possible, however, that an anomaly as large as 25°C (for
transient 2 x CO, conditions) will not impact directly on
the ice shelf for the whole of the last 320 years, because
earlier in the transient run a smaller temperature anomaly
will increase the melt rate and introduce a fresher layer be-
neath the ice shell. This may stratify the water column and
slow the rate of heat transfer to the ice shelf. 'Io investigate
fully the effect of ice-shelf fresh-water fluxes on the melt rate
in the future, one would have to include the fluxes in a new
transient-coupled simulation.

ICE-SHEET MODEL

The ice-sheet model used in this experiment operates at a
horizontal resolution of 20 km. A detailed description of
the physical processes included in the model is given by
Budd and Jenssen (1989) with additional information by Budd
and others (1994). Of particular interest to ice-sheet—occan
interaction is the ice-shell parameterization (Mavrakis,
1993), which does not include a marine ice layer from basal
freezing in the present climate. The rate of ice melt is a non-
linear function of temperature based on laboratory experi-
ments (Russell-Head, 1980), and observations of iceberg
melting rates (Budd and others, 1987). All ice-sheet melting
is applied as ice-shelf thinning, rather than calving at the ice
front, since both represent a direct loss and increased calv-
ing occurs with the thinning of the ice shelf as ice thinner
than 250 m is removed.

At 20 km resolution, the model is able to resolve the low
of the larger ice streams that feed into the ice shelf. Detailed
maps ol the velocities in these streams, showing values up to
300-500ma ' as compared with less than Sma ' for the
interior of the West Antarctic sheet, are given by Budd and
others (1984). For the present work, the ice-sheet model has
been modified to allow the ice-shell basal-melt rates to be
prescribed at each gridpoint, based on water temperatures
mapped (rom the adjacent coastal ocean into the ice-shell
cavities,

Budd and others (1987) examined the effect of increasing
strain rates on a hierarchy of models along flow lines in the
West Antarctic ice sheet-Ross Ice Shelf region, and also
used a coarse-resolution model of the whole continent to
examine changes to the ice dynamics and sea-level rise as
the climate warmed. The effects of ice-shelf melting and
increasing accumulation under a warmer climate (Budd
and Simmonds, 1991) were added to the forcing used for pro-
jections for ice-sheet change by Budd and others (1994).

The approach followed for the present ice-sheet model
simulations is similar to that outlined by Budd and others
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Temperature anomaly at 3xCO2
0

Fig. 2. External forcing imposed on an ice-sheet model for 3 % 0 conditions. (a) Accumulation anomaly (mmd ') (b) Air
temperature anomaly; (c) Ocean temperature anomaly above 100 m; (d) Ocean temperature anomaly belowe 100 m.

(1994). The dataset of Drewry (1983) 1s used to set the initial-
surface topography and bedrock of the ice sheet. The
internal parameters ol the ice-sheet model are adjusted to
maintain conditions close to this state, with external forcing
from present-day accumulation rates and an estimate of
current ice-shelf melt rates. The model is then allowed to
run forward; after an carly compatibility adjustment (Fig.
3), a near-equilibrium is maintained for several thousand
years. This near-equilibrium provides a useful control for
studies of the effects of climate-change [orcing, but does not
imply that the real ice sheet is in equilibrium with present
climate conditions.

The simulations, with the anomalies in external forcing
(accumulation rate and rate of ice-shelf melt), are then com-
pared to a control simulation with no changes to remove the
effect of any minor drilt (or genuine imbalance) that occurs
on 500 year time-scales. The effect of global warming on the
ice-sheet surface budget through melt has been neglected in
the ice model. This is justified as the temperature warming
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imposed is of the order of 5°C; hence the surface temper-
atures are still below melting point (Huybrechts, 1994).
Any areas ol snowmelt near the coast are not resolved by
the 20 km grid.

As well as the experiment driven by the coupled-maodel
data, three additional experiments have been undertaken to
test the sensitivity of the model to the increase in ice-shelf
basal melt. However, the arguments in the previous
section — that the [reshening of the ocean beneath the shell
may reduce the size of the temperature anomaly, and this
could affect the rate of melt of the glacial ice — have been
borne in mind. The sensitivity-study simulations include
the transient increase in accumulation derived from the
coupled model, and consider immediate ocean-warming
values of 0°C (MO0), 1°C (MI), and 2°C (M2), representing
ice-shell melt rates of Oma ', 66ma ', and 186ma ' by
the non-linear Russell-Head (1980) function.

The differences in ice volume from the control simul-
ation of the grounded, [loating, and total ice, as well as the
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Fig. 3. Grounded ice-sheet volume time series for control
(dashed line ), increased precipitation only ( M0, dotted line ),
transtent increase { MT, dash-dotted line), 1°C anomaly
( M1, solid line) and 2°C anomaly ( M2, long dashed line ).

contribution to sea-level change, are shown inTable 2. Fig-
ure 3 shows the time series of grounded ice volume for the
five ice-sheet simulations. Only changes in the grounded
ice, and its fraction above that required for floating, rep-
resent direct contributions to sea level.

Table 2. Comparison of ice-volume (10° km®) changes from
present conditions of tolal, grounded and floating ice, and the
contribution to sea level (cm), between (ransient warming
seenarios ( MNL, ML ), and idealized cases ( MO, precipila-
tion only; M1, 1°C warming under ice shelves; M2, 2°C

warming )
Tolal Floating Grounded Sea level

Present 2491 0.62 2429
100 yrs
MO +0.009 -0.001 +0.010 =250
MI 0496 0.264 0.232 +18.02
M2 0.782 —0.522 0.260 +20.04
MT 0.032 0.018 -0.014 ~(0.63
200 yrs
MO +0.047 +0.008 F0.039 11.88
M1 0.734 045 0.319 +27.24
M2 ~0.840 0.519 0.321 +26.24
MT ~0.656 0.429 0227 +12.58
500 yrs
MO +0.195 0.006 +0.201 5271
M1 0.847 0.536 0.311 +24,17
M2 0.932 0.569 0.363 +30.97
MT 0.857 0.554 ~0.303 +21.34

The higher melt-rate sensitivity runs (M1, M2) have lost
42 and 83% respectively of the floating-ice volume in the ice
shelves after only 100 years of warming, though the ice
shelves are replenished by further inflow from the ice
streams with significant changes in ice elevation occurring
near the grounding line of the Ross and Filchner—Ronne Ice
Shelves. The change in floating-ice volume for the transient
case is 3% after 100 years of simulation. The changes in
grounded ice for the Ml and M2 simulations lead to a
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contribution to sea-level rise of 18-20 cm over the first 100
years. The transient model shows little change in sca-level
height and grounded ice volume (Fig. 3) after 100 years, as
the warming signal at depth is insignificant for the first 70
years and only slowly increases in the following century.
T'his is because the coupled model suffers from a“cold start”
where it takes several decades for the transient model to
begin to warm due to thermal inertia in the ocean. The on-
set of the warming signal at depth is delayed even further
due to the rate of heat subduction into the ocean.

A new transient simulation, which accounts for the rate
of increase in CO, since the last century, is underway and
will give a more realistic estimate of the onset ol warming
at depth. The effect on the results presented here will prob-
ably be a shilt in the time axis in Figure 3, leading to a
slightly larger grounded-ice-loss—sca-level rise than in the
MTexperiment, but possibly offset by a corresponding shift
in the accumulation changes.

The results of the cases considered here ("Table 2, Fig. 3)
are closer to the carlier results of Budd and others (1994)
without the increased accumulation rate. The difference
between the simulations is the assumed rate of increase of
the accumulation rate, which is slower in the transient simu-
lations. The implication of this over longer time-scales is dis-
cussed further in the next section.

Simulations M1 and M2 show that the possible reduc-
tion in melt rate as the ocean freshens may not significantly
alter sea-level rise, as even a 1 "C warming causes significant
grounded-ice loss that is still higher than the transient
simulation after 500 years. The time series for M1, M2 and
MTalso shows that there is a limit to how much floating and
grounded ice is easily accessible to melting in the next 500
vears, with all three results giving a total loss in the range
0.84-093 x 10°km”. The M2 simulation acts as an upper
limit to the transient simulation, but the ocean will continue
to adjust beyond the 180 years of data used here, and will
eventually reach the higher values used in the M2 simul-
ation, The non-linearity response to the floating ice, secn in
Table 2, is primarily due to advances at the ice front, as well
as changes in the grounding line. This non-linearity in the
ice-sheet model causes [luctuations around the noise level,
and explains the opposing sign for changes of sea level and
grounded-ice volume in the MT simulation in the first 100
years, when the perturbation to the external foreing is small,

There are questions concerning how close both the
model and present-day observed ice sheet are to equili-
brium. In the model, there is some adjustment between the
amounts of grounded and floating ice, with changes of
0.007 x 10°km” in the first 100 years, and 0071 x 10°km”
over 500 years, even though the total ice amount in the con-
trol simulation has changed by only 0.02%. Over the time-
scale of ice-sheet growth and decay, this 0.02% would be
considered to be close to equilibrium. These internal
changes represent 16% of the signal for the MT simulation
alter 100 vears, 6.5% after 500 years, and the best estimates
of error that can be derived from the current study.

Simulations with different initial conditions show only
small differences in the amplitude of the contribution to
sea-level rise after 500 years. These small differences indic-
ate that the response at the grounding line and in the ice
streams can evolve differently, with the change in {low in
one ice stream impacting on the flow in neighbouring
streams. This 1s seen in simulations M1 and M2, where a
large ocean-temperature anomaly is imposed at the start,
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and the ice shelves melt rapidly with different ice streams
supplementing the remaining shelves (representing about
[5% of original floating-ice volume after 200 years). Tt is
these changes in the ice streams above the grounding line
that are critical to the change in grounded-ice volume, and
hence sea-level rise. The response of individual ice streams
to the warming signal is a key issue for further study by both
the observational and modelling glaciological communities.
From a numerical analysis perspective, the response of indi-
vidual ice streams in the model to perturbations about the
equilibrium also needs further study.

Despite the uncertainties outlined above, the conclusion
of the set of experiments in this study is that after 500 years,
the sea-level-rise contribution from the Antarctic ice sheet
will be in the range of 21 -31 cm. However, these rises from
Antarctic ice sheet net loss should be considered in relation
to the contribution from the thermal expansion of sea water.
The estimation of sea-level rise from thermal expansion in
the CGSIROY IS92A simulation is 25 cm for the period up to
doubling of CO, (McDougall and Jackett, 1995). For the
longer time-scale response, the calculations of Manabe and
Stoufler (1994) give a sca-level rise of 1 m if the CO, concen-
tration is doubled, and 1.8 m if'it is quadrupled over the next
500 years. It is clear from these comparisons that over the
next 300 years, the greater contribution to sca-level rise will
come from the thermal expansion of the ocean, with addi-
tional contributions from temperate glacial melt and the
Greenland and Antarctic ice sheets (Warrick and others,
1995).

DISCUSSION AND CONCLUSIONS

The results presented in this paper have considered only the
transient response of the ice sheet over the first 500 years to
global warming. Both the coupled ocean—atmosphere sys-
tem and the ice sheet will continue to respond to the increase
in CO,, even if levels become stabilized in the atmosphere
for several thousand years. To assess further transient
changes, one needs to examine the equilibrium response of
an atmospheric-mixed-layer-ocean—climate simulation,
the equilibrium response of the ice sheets to significant air
temperature warmings, and consider further the oceano-
graphic response in the vicinity of the ice shelves.

The results from equilibrium simulations with the

USIROY model, which used a mixed-layer ocean (Watter-
son and others, in press), show summer temperature anoma-
lies for 2 x COy of 5-6"C over Antarctica. For the model
equilibrating to 3 x CO, there is a global mean warming
of 6.6°C, with summer warmings over East Antarctica of
greater than 8”C and over the West Antarctic ice sheet and
the Antarctic Peninsula of more than 10°C.. Due to the eley-
ation of much of the continent, these temperature anomalies
only create arcas of potential surface melting over the Ant-
arctic Peninsula and the Filchner-Ronne Ice Shelf for
2 x CO,. By the time the model climate is in equilibrium
with concentrations at three times the current levels, the
region of surface melting has/will extend to the Ross Ice
Shelf, and much of the coastal parts of the West Antarctic
ice sheet, Palmer, Ellsworth, and Marie Byrd Lands.

It will take several hundred years for the coupled ocean
atmosphere climate system even to approach global warm-
ings of this magnitude. The simulations of Manabe and
Stoulfer (1994) (the longest transient-climate simulations
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published so far) indicate time-scales around 500 years for
the surface ocean and atmosphere for each 350 ppm
increase in CO, though the deep ocean will take much long-
er to equilibrate to the warming signal. This means that, in
500- 1500 years from now, surface-melt processes will play a
role in the response of the ice sheet. Over 500010 000 year
time-scales, air temperature rises of 9-10°C have been pre-
dicted to lead the large-scale disintegration of the West Ant-
arctic ice sheet (Huybrechts, 1994) but to have minimal
impact on the East Antarctic ice sheet.

A [urther point is that, unlike the study by Budd and
others (1994), where the accumulation rate is doubled
throughout the simulations, the increase in accumulation
in the transient simulations is only 20% over the central
continent south of 78° S, and 10% on the continental mar-
gins and Peninsula after 130 years, and double these percen-
tage increases after a further 50 years. Table 1 shows that
even after the model has reached an equilibrium 2 x CO,
climate, the percentage increase in accumulation is only
75% in the central region, and 20-30% on the margins of
the continent. By the time the model climate has equili-
brated with an atmospheric concentration of 3 x CQO., the
accumulation increase has finally reached about double the
current values (110%) south of 787 S, whereas over the lati-
tude band of the Peninsula the increase is minimal. This
slow rate of increase in accumulation, together with the fact
that the majority of the increase is in the drier area of the
continent, implies that surface melting will become inereas-
ingly important by the time the accumulation increase
reaches its maximum. The conclusion reached in the past
(Budd and others, 1994; Warrick and others, 1995) that the
Antarctic mass balance will represent a net negative
contribution to sea-level rise over the next century, as
mcreases in accumulation will more than offset the ice
volume lost through the melting and calving of ice shelves,
no longer holds.

The relationship between ocean-temperature rise and
rates of ice melt used in the model is based on crude esti-
mates. It does not take into account the cireulation under
the ice shelves, the differing geometries that will allow water
masses to affect ice area closer to the grounding line under
the Filchner—Ronne Ice Shelf, or the differing arcas of ice
melt and growth under present-day conditions (Jenkins
and Doake, 1991). The circulation ol meltwater under these
shelves is complex, and any increase in melting from global
warming will initially introduce a freshened layer. This
could reduce further melting unless the current is strong
enough to flush the freshened layer, and tidal mixing and
other entrainment processes are able to mix the additional
meltwater with other water masses. The density of water
masscs formed close to the ice shelf are linked to the rate of
sea-ice production, which will reduce as the climate warms.

Until now, no transient climate-change experiment has
included the fresh-water flux from ice melt in its calcula-
tions, Tt is clear that ice melt from the Antarctic and the
Greenland ice sheets has the potential further to decrease
the thermohaline circulation of the Southern Ocean and
Greenland Sea beyond the decrease caused by the inereased
[resh-water flux that occurs at high latitudes from changes
in P — E (Gordon and O’Farrell, 1997). Manabe and Stouf-
fer (1994) caleulated a surface melt of ice-sheet contribution
for their 4 x CO, simulation, but did not include it in the
fresh-water flux to the ocean due to the uncertainties of
how much of this additional melt will drain off into the
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ocean. The signal for the Greenland ice sheet was about half
the additional P — E and runoff, while the Antarctic
contribution was about a third of the P — E'flux.

A quantitative estimation of the fluxes of fresh water
from ice-shell melt for given temperature increases can
now be made and potentially used in future transient
climate-change experiments, particularly those out to 500
years and beyond. The likely impact of this fresh-water flux
is to slow the rate of uptake of heat into the deep occan,
though potentially the surface ocean would warm more
quickly as additional feedbacks come into play. Additional
calculations could then be made for the likely sea-level rise
from thermal expansion and ice-sheet melt beyond the 500
year limit considered here. Changes to the thermohaline
circulation of the Southern Ocean, caused by additional
freshening from ice-shelf melt, will not only alter the predic-
tions of climate change over Antarctica, hut across the
Southern Hemisphere (Whetton and others, 1996).
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