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ABSTRACT

Projections of future global sea level depend on reliable estimates of changes in the size of polar ice
sheets. Calculating this directly from global general circulation models (GCMs) is unreliable because the
coarse resolution of 100 km or more is unable to capture narrow ablation zones, and ice dynamics is not
usually taken into account in GCMs. To overcome these problems a high-resolution (20 km) dynamic ice
sheet model has been coupled to the third Hadley Centre Coupled Ocean—Atmosphere GCM (HadCM3).
A novel feature is the use of two-way coupling, so that climate changes in the GCM drive ice mass changes
in the ice sheet model that, in turn, can alter the future climate through changes in orography, surface
albedo, and freshwater input to the model ocean. At the start of the main experiment the atmospheric
carbon dioxide concentration was increased to 4 times the preindustrial level and held constant for 3000 yr.
By the end of this period the Greenland ice sheet is almost completely ablated and has made a direct
contribution of approximately 7 m to global average sea level, causing a peak rate of sea level rise of 5
mm yr~! early in the simulation. The effect of ice sheet depletion on global and regional climate has been
examined and it was found that apart from the sea level rise, the long-term effect on global climate is small.
However, there are some significant regional climate changes that appear to have reduced the rate at which
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the ice sheet ablates.

1. Introduction

Past changes to the Greenland ice sheet have been
studied using ice core measurements and suggest that
Greenland has been generally stable through the last
glacial cycle, but may have been substantially smaller in
the last interglacial (the Eemian) when the climate was
several degrees warmer than today (Letreguilly et al.
1991; Cuffey and Marshall 2000; Huybrechts 2002).
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Over the full course of its existence it appears that the
ice sheet has experienced a range of climate conditions.

The question as to whether the ice sheet is currently
in a state of equilibrium has been addressed in a num-
ber of ways. The surface mass balance has been esti-
mated using surface climate fields from the high-
resolution European Centre for Medium-Range
Weather Forecasts (ECMWF) operational analyses
(1992-98), together with meteorological and glaciologi-
cal models of snow accumulation and surface melt wa-
ter runoff/retention (Hanna et al. 2002). An alternative
method is to use a regional climate model (e.g., 50-km
resolution) of the Arctic, forced at the lateral boundary
by large-scale atmospheric conditions from GCMs. Es-
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timates of the regional net balance of precipitation and
ablation may then be made from the model simulations
(Kiilsholm et al. 2003; Wild et al. 2003; Box et al. 2004).
Both techniques suggest that the Greenland ice sheet is
currently losing mass. These model analyses are sup-
ported with observations. Satellite passive microwave
imagery (Mote 2003), provides estimates of runoff
based on the spatial and temporal extent of surface
melt, and airborne laser altimeter surveys (Krabill et al.
2000; Thomas et al. 2001; Paterson and Reeh 2001),
indicate a thinning in the ice sheet margins (lower than
2000 m) and neutral mass balance at higher elevations.
Both models and observations show a high spatial and
interannual variation in accumulation and ablation
rates, with a standard deviation of ~10%.

In the future, increases in atmospheric greenhouse
gas concentration are predicted to cause a rise in global
mean temperatures (Cubasch et al. 2001). Furthermore,
it is expected that the changes will be more pronounced
in high northern latitudes than in the global mean,
mainly due to the positive feedback of reduced sea ice
extent and snow cover on the ice-free landmasses, and
consequently reduced albedo (Cubasch et al. 2001). A
potential consequence of the temperature rise is the
melting of the Greenland ice sheet accompanied by a
large sea level increase of approximately 7 m in the case
of its entire disintegration (Church et al. 2001). There is
also concern that loss of the ice sheets will lead to
additional changes in global climate, for instance by
changing the Atlantic Ocean thermohaline circulation
through the freshening effect of the ice sheet meltwater.

The large ice sheets can take millennia to fully re-
spond to changes in climate (Drewry and Morris 1992),
which makes them difficult to simulate with complex
models because of the large computational costs in-
volved. Instead, simpler earth system models of inter-
mediate complexity (EMICs), have been used to simu-
late climate over such time scales. Loutre (1995) forced
the Louvain la Nueve two-dimensional model (LLN-
2D) EMIC, which includes relatively simple interactive
ice sheets, with an elevated atmospheric carbon dioxide
concentration scenario for the next 5000 yr, producing
an almost complete melting of the Greenland ice sheet
by the end of the simulation.

Some greenhouse warming experiments have also
been conducted using a Greenland ice sheet model
driven “offline” by prescribed climate warmings or by
the output from an energy-balance climate model.
Greve (2000) found that the decay of the ice sheet is a
smooth function of forcing temperature with +12°C re-
sulting in near total disintegration in 1000 yr. Variations
of =10% in precipitation applied over Greenland leads
to an uncertainty of 20% of its current mass on the
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amount of ice sheet remaining after 1000 yr. Ice dynam-
ics in these models have the effect that surface slopes at
the margin are steepened in response to increased bal-
ance gradients (Huybrechts and de Wolde 1999). These
can only be matched by larger ice fluxes across the
equilibrium line and thus induce an increased transfer
of ice mass into the melting zone, which leads to a
thickening. This causes a higher surface level of the
ablation zone, and consequently less melting than
would be the case when ice dynamics were not in-
cluded.

The disadvantage of using prescribed climate model
output to drive an ice sheet model in “offline mode”
(one-way coupling) is that changes in the ice sheet are
unable to influence the climate, omitting potentially im-
portant feedbacks. For instance, changes in orographic
height and surface albedo could alter atmospheric cir-
culation (Toniazzo et al. 2004; Lunt et al. 2004), tem-
perature, and precipitation. In addition, freshwater in-
put to the ocean could change ocean circulation, with
potential changes to the thermohaline simulation of
particular concern (Cubasch et al. 2001). The latter ef-
fect was demonstrated by Fichefet et al. (2003), who
coupled the Huybrechts Greenland ice sheet model to
Laboratoire du Météorologie Dynamique—Coupled
Large-scale Ice Ocean model (LMD-CLIO) and simu-
lated the twenty-first century, including ocean freshwa-
ter input but not orographic height change. In the ex-
periment, a strong and abrupt weakening of the North
Atlantic thermohaline circulation occurs at the end of
the twenty-first century. This feature is triggered by an
enhanced freshwater input arising mainly from in-
creased melting on the Greenland ice sheet. As a con-
sequence of the circulation decline, a marked cooling
takes place over eastern Greenland and the northern
North Atlantic. This result underlines the potential role
of the Greenland ice sheet in the evolution of climate
over the twenty-first century.

In this paper we investigate the effects of a two-way
coupling between the Greenland ice sheet model and
an atmosphere—ocean general circulation model
(AOGCM). Starting from preindustrial conditions the
atmospheric carbon dioxide concentration will be qua-
drupled then stabilized while a long simulation of 3000
yr is performed. The resulting ice sheet, and the local
and global climates, will be compared with the results
from a simpler experiment with a prescribed ice sheet.

2. Model description

The third Hadley Centre Coupled Ocean—Atmosphere
GCM (HadCM3) has an atmosphere resolution of 2.5°
latitude X 3.75° longitude and 19 vertical levels, and an
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ocean resolution of 1.25° X 1.25° and 20 vertical levels
(Gordon et al. 2000; Pope et al. 2000). The model
has been run successfully without flux correction for
long periods. In the standard HadCM3 the ice sheets
have fixed extent and orography, based on the United
States Geological Survey (USGS) dataset (available
online at http://dss.ucar.edu/datasets/ds754.0/), with a
surface cover of deep snow. Variations in ice albedo as
a result of surface snow aging and wetness are not in-
cluded. Surface melting can occur on the ice sheet and
the runoff is instantaneously mapped to river outflow
points in the ocean component of HadCM3. Since stan-
dard HadCM3 has no ice sheet dynamics, there is no
iceberg production. Instead, the climatological average
of the simulated net surface mass balance of Greenland
is spread as an equivalent flux of freshwater over a
fixed area of the surrounding ocean, corresponding to
the region in which icebergs are observed (Bigg et al.
1996; Gordon et al. 2000).

The three-dimensional Greenland ice sheet model
(GISM) employed here has full thermo-mechanical
coupling and includes a visco-elastic model of the solid
earth to simulate the isostatic adjustment process (Huy-
brechts and de Wolde 1999). The GISM dynamics com-
ponent includes ice deformation and basal sliding, but
not deformation of subglacial sediment. The melt and
runoff model is based on the degree-day method in
which the surface melt is parameterized as a function of
surface air temperature, rather than performing a de-
tailed surface energy balance calculation. The precipi-
tation fraction that falls as rain is also determined by
the surface air temperature. The liquid water produced
by the model (meltwater and rain), will at first refreeze
and produce superimposed ice, the amount of which is
determined by the heat required to raise the winter
snowfall to the melting point. Subsequent liquid water
will fill the pore volume of the snowpack until satura-
tion is reached, after which runoff takes place (Janssens
and Huybrechts 2000). The model is driven by monthly
anomalies of 1.5-m temperature and by annual values
of precipitation minus evaporation (P — E), interpo-
lated on to the GISM model grid. The GISM calculates
ice dynamics on a regular 20 X 20 km grid with 26 sigma
levels. Although the GISM can be run offline using
output from GCM simulations to drive it (one-way cou-
pling) we have embedded it within HadCM3, in order
to include the climate feedback mechanisms (two-way
coupling). We will refer to the resulting composite
atmosphere—ice sheet—ocean model as HadCM3-
GISM, to distinguish it from standard HadCM3. Such a
coupling of an ice sheet model has previously been un-
dertaken with climate models of reduced complexity
(Weaver et al. 1998; Yoshimori et al. 2001) or using an
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AOGCM (Huybrechts et al. 2002; Fichefet et al. 2003),
but with fixed Greenland orography. This is the first
time a complete two-way coupling has been used with a
complex climate model, and for a multimillennial pe-
riod.

In these experiments HadCM3 is coupled to GISM
once every model year. A schematic of the exchanges
between HadCM3 and GISM is shown in Fig. 1.
Monthly mean 1.5-m temperatures in HadCM3 are dif-
ferenced from a 100-yr HadCM3 control climatology to
produce temperature anomalies that are applied to
GISM. The temperatures over Greenland in the
HadCM3 control run, similar to many AOGCMs, do
not compare well with observations. The central ice
sheet winter temperatures are too cold by ~10°C (Mur-
phy et al. 2002), and consequently, the use of monthly
temperature anomalies rather than temperatures di-
rectly is required to eliminate climate model biases. As
the ice sheet surface elevation changes during a simu-
lation, the model temperatures must be referenced
back to a fixed ice sheet orography to determine the
true temperature anomaly, a process that requires an
estimate of the surface temperature lapse rate. Rela-
tively small changes in this lapse rate can introduce
biases in the derived temperature anomaly. The surface
temperature lapse rate over Greenland, which is driven
by energy balance, was fixed at 8°C km ™' for the pur-
poses of adjusting the changing surface elevation to cli-
matology only. This is within the annual range in sur-
face temperature lapse rate observed by Steffen and
Box (2001). Free atmosphere lapse rates change within
the AOGCM and are reflected in the temperature
anomalies used for surface forcing. The monthly mean
HadCM3 precipitation is applied directly as the clima-
tology shows good agreement with current observations
(Murphy et al. 2002).

After performing surface mass balance and ice dy-
namic calculation, GISM returns a new orography, ice
surface runoff, basal ice melting, land surface runoff,
and iceberg-calving mass flux, which are interpolated
back to the HadCM3 grid. The new orography is used
to check for changes in the ice mask such that a
HadCM3 grid cell is deemed to have changed from ice
covered to ice free or vice versa if a threshold of 50%
cover has been passed. When this occurs, the param-
eters of the HadCM3 land surface scheme [Met Office
Surface Exchange Scheme (MOSES); Cox et al. 1999]
are modified appropriately, defining the surface albedo,
roughness length, soil (dark clay) and dominant vegeta-
tion type (tundra), temperature, and moisture profiles.
The orographic heights are updated and the orographic
roughness characteristics, required by the HadCM3
boundary layer scheme, are recalculated. Runoff from
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F1G. 1. Schematic of the coupling between (top grid) HadCM3 and (lower grid) GISM. Blue arrows denote field transfers, via an
interpolative coupler, between HadCM3 and GISM.

Greenland is computed by the GISM surface melt and
refreezing scheme where there is ice but the GISM land
surface runoff is replaced by MOSES over the ice-free
area. Since the river outflow points do not change sig-
nificantly between ice surface and bedrock drainage ba-
sins, the outflow points were kept fixed as in standard
HadCM3, and drainage to interior lakes was not al-
lowed. The iceberg-calving flux in GISM is assumed to
equal the flux of ice that crosses the grounding line, and
is applied to the same region of the ocean as in standard
HadCMa3. The coupling of HadCM3-GISM conserves
water within the system of atmosphere, land, and ice
sheet but the ocean does not since it has a rigid lid and
therefore a fixed volume.

For part of the coupled simulation an asynchronous
technique was used in which 10 yr of the GISM were
run for each year of HadCM3. This will not greatly
affect the results because the additional impact of the
ice sheet runoff on the ocean circulation was observed

in the synchronous part of the experiment to be negli-
gible. In addition, the orographic changes, and conse-
quent feedback from the atmosphere, were found to be
slowly varying and continuous functions. Since the ice
sheet integrates interannual variability, the asynchro-
nous coupling will alter the power spectrum of ice sheet
volume changes, tending to produce larger fluctuations
over longer time scales. However, the fluctuations re-
main small compared with the forced change.

3. Design of Greenland deglaciation experiments

The purpose of the first set of experiments is to in-
vestigate Greenland deglaciation in a warmer future
climate using the two-way coupled modeling approach.
A total of four HadCM3 simulations and one GISM
offline simulation are required.

1) Controll (1800 HadCM3 yr): The standard
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HadCM3 control run (Gordon et al. 2000; Pardaens
et al. 2003), which has the atmospheric greenhouse
gas composition appropriate to 1860. GISM is not
included.

Control2 (150 HadCM3 yr): HadCM3-GISM con-
trol simulation, also with greenhouse gases appro-
priate to 1860. The initial state of the Greenland ice
sheet is configured through spinning up the GISM
for 225 000 yr (the last two glacial cycles) using per-
turbed P — E fields from Controll and spatially uni-
form temperature changes derived from ice cores.
Control2 is required to obtain an internally equili-
brated ice sheet model, and to determine the influ-
ence of the orography of GISM on the regional cir-
culation.

GHGI1 (1130 HadCM3 yr): This simulation uses
standard HadCM3. The atmospheric carbon dioxide
volume concentration is held constant at 1160 ppm,
4 times the preindustrial value. The climate warms
rapidly to begin with, and then at a decreasing rate,
but is not in equilibrium by the end of this simula-
tion due to continuing deep-ocean warming (Greg-
ory et al. 2004). The initial state of (greenhouse gas)
GHGT1 is produced by a preceding experiment, in
which carbon dioxide is increased by 2% yr~ ! for 70
yr starting from controll (Thorpe et al. 2001).
GHG2 (735 HadCM3 yr, > 3000 GISM yr): This
simulation uses HadCM3-GISM with a carbon di-
oxide volume concentration of 1160 ppm. It is ini-
tialized by incorporating GISM into the initial state
of GHGI1. After 350 yr of synchronous operation,
the coupling is made asynchronous with 10 yr of ice
sheet simulation for each year of HadCM3. The dis-
equilibrium in the global mean temperature, due to
the oceanic heat capacity, is statistically indistin-
guishable from that in GHGI.

ALONE (3000 GISM years): This simulation uses
GISM alone driven by HadCM3 temperature
anomaly and P — F fields from the GHGI1 simula-
tion. As in the GHG2 experiment, asynchronous
coupling was used after 350 yr. To a large extent this
simulation emulates similar forward coupled experi-
ments (Huybrechts and de Wolde 1999) so as to
provide a baseline for comparison with two-way ice
sheet coupling.

2)

3)

4)

5)

The change in climate variables resulting from the
quadrupling of atmospheric carbon dioxide is given by
(GHG2-Control2) for HadCM3-GISM and by
(GHG1-Controll) for standard HadCM3. The impact
of the GISM then follows as (GHG2-Control2) —
(GHG1-Controll). That the surface temperature has
not reached equilibrium in 3) and 4) is handled by com-
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paring corresponding AOGCM years between the two
cases.

4. Results and discussion of the Greenland
deglaciation experiments

Using these experiments we address the following
connected questions.

1) How does the GISM preindustrial ice sheet differ
from the Greenland ice sheet of standard HadCM3?

2) How does the ice sheet evolve when coupled to the
climate model?

3) Do changes in the Greenland ice sheet cause signifi-
cant changes in local and global climate?

4) How important are the feedbacks between the ice
sheet and climate to the evolution of the ice sheet?

a. How does the GISM preindustrial ice sheet differ
from standard HadCM3?

At 840 X 10" kg yr ! HadCM3 has a similar total
precipitation on Greenland to that indicated in the
ECMWEF reanalysis (Appenzeller et al. 1998). How-
ever, because of the low spatial resolution and conse-
quently lower orographic slopes at the coast, the accu-
mulation on the ice sheet, rather than the ice-free
coastal region, is somewhat greater than that observed
(about 695 X 10" kg yr~! versus ~520 X 10" kg yr ™ %;
Church et al. 2001). The initial Greenland topography
in Control2, which is calculated using the GISM model,
implies a total ice sheet volume of 3.19 X 10° km?®, 11%
larger than recent estimates of its actual volume
(Church et al. 2001). It nonetheless has a realistic form,
and is within 100 m of that derived from the U.S. Navy
surface orography, used in standard HadCM3, at the
summit and most of the central region (Fig. 2). The
largest differences are along the eastern margin, espe-
cially in the northeast and at the southern tip of Green-
land, where the simulated topography reaches 500 m
above the U.S. Navy orography. Differences of this size
are enough to alter the atmospheric circulation through
an increased blocking of the westerly flow. This, in turn,
leads to changes in the pattern of mean sea level pres-
sure with raised surface pressure on the western side
and lowered surface pressure on the eastern down-
stream side. A consequence of this altered atmospheric
circulation is a redistribution of sea ice, which brings
about significant changes in surface air temperatures
over the ocean (Fig. 3). The sea ice cover in the Labra-
dor Sea increases, reducing surface air temperature,
whereas the reverse happens in the Greenland and Bar-
ents Seas.

Ablation and calving in Control2 amount to 410 X
10" and 300 X 10> kg yr ', respectively, which may be
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Fi1G. 2. (left) The standard HadCM3 Greenland orography based on U.S. Navy 10-min dataset, used in Controll/
GHGT and (right) its difference from the HadCM3-GISM orography, spun up using HadCM3 precipitation and

1.5-m temperature fields, used in Control2/GHG2.

compared with observationally derived estimates of 297
X 10" and 235 X 10" kg yr ! from Church et al.
(2001). Hence HadCM3-GISM has roughly the right
balance of liquid runoff and iceberg production. In
standard HadCM3 (Controll) the calving is set to 488
X 10" kg yr~! to close the mass budget.

b. How does the ice sheet evolve when coupled to
the climate model?

Under a 4 X CO, climate forcing the Greenland ice
sheet volume and area undergo a continuous reduction.
By year 3000 less than 5% of the original ice sheet
volume remains. The decline can be divided into four
phases, which are shown in the volume change timeline
in Fig. 4. The spatial evolution of the ice sheet mass is
shown in Fig. 5.

e Phase 1: The ice sheet melts in the regions least con-
strained by coastal mountains (i.e., where the ice
margin is near sea level), that is, the north and the
southwest. The melt rate is so great in these relatively
low-lying regions (>20 m yr ') that the ice undergoes
considerable retreat at a constant rate for some 300
yr. Although the plateau has a net positive mass bal-
ance, the ice sheet as a whole has ablation 3 times

greater than precipitation. Volume and area decrease
at the same fractional rate, because the ice sheet is
contracting without losing height.

¢ Phase 2: Now having a steeper surface profile at the
ice edge, coastward ice sheet dynamical flow in-
creases, lowering some plateau regions below the
equilibrium line. The southern summit starts to dis-
appear and the ice sheet volume-to-area ratio de-
creases.

o Phase 3: On the western side of the ice sheet, the ice
margin is not elevated (cooled) by mountain ranges,
and as this margin moves inland the bedrock eleva-
tion decreases, accelerating ablation. The exception
to this retreat is in the region of the western moun-
tains at 72°N where the retreat is slowed resulting in
a spur in the ice sheet in this region. The eastern
mountains act as a barrier, restricting the dynamical
flow of ice to lower elevation, and the ice here re-
mains above the ablation zone throughout the simu-
lation.

¢ Phase 4: The ice sheet retreats up the western flanks
of the eastern coastal mountains reaching a new
quasi-equilibrium maintained by the high elevation
and increased local precipitation. The ice sheet is now
so restricted in area that local climate variability has
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F1G. 3. The small difference in surface orography over Greenland between Control2 and
Controll results in a significant change in the annual mean 1.5-m temperature field. The
orographic change (an increase in elevation resulting in the cooling of the ice sheet surface)
alters the westerly flow and storm tracks, changing the winter sea ice cover, which conse-

quently influences the surface temperatures.

a significant impact on it, and it declines slowly but
with rapid bursts of ablation associated with regional
increases in surface temperature. It reaches a further
temporary equilibrium at 3% of its initial volume and
8% area, but then resumes a slow decline.

Changes in ablation, accumulation, and ice dynamics
all play a role in the evolution of the ice sheet (Lefebre
et al. 2002; Kiilsholm et al. 2003; Payne et al. 2000), and
we will consider each in turn.

In the first 150 yr, ablation increases by 65% to 2 m
yr~! of ice averaged over the ice sheet area—3 times
greater than the precipitation—at which it remains for
much of the simulation, but it declines absolutely with

the ice sheet area (Fig. 6). The large-scale positive de-
gree-day melt parameterization used here for the
Greenland ice sheet is highly sensitive to its parameters
(standard temperature deviation, snow, and ice degree-
day factors), which were obtained by calibrating the
melt and runoff model against available present-day
observations of equilibrium-line altitude, mass-balance
transects, and global estimates of accumulation rate,
calving rates, and bottom melting rates (Janssens and
Huybrechts 2000). Lefebre et al. (2002) found that the
snow and ice positive degree-day factors vary consid-
erably over the ice sheet. At low elevations, their mod-
eled snow degree-day factor closely approached the
generally accepted value of 3 mm water equivalent
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GHG?2 simulation. Different phases of the ice sheet evolution are described in the main text.

(w.e.) day ' °C™'. Higher up the ice sheet, Lefebre et
al. (2002) found large values up to 15 mm w.e. day '
°C~! were simulated. For ice melt, maximum values of
40 mm w.e. day ' °C ™" were found. The snow and ice
positive degree-day factor distributions were however
shown to peak, at 3 and 8 mm w.e. day ! °C™!, respec-
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tively, which are the values used here. Refreezing is of
small importance close to the ice sheet margin. Higher
up the ice sheet refreezing considerably lowers the
amount of net ablation (Janssens and Huybrechts
2000).

Observed accumulation rates can vary across the ice
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F1G. 5. The surface elevation for various snapshots of GHG2. Elevation is a combination of ice sheet thickness and bedrock height.
Sea level is shown in yellow, with some inland regions starting below sea level, but rising above it as the bedrock rebounds.
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F1G. 6. The freshwater budget of Greenland ice sheet in GHG2, compared with the mean values from Control2. Surface ablation
dominates the water budget, peaking at year 130. All component fluxes decline as the ice sheet area declines. The xs at the lower left

show the levels of the different fluxes in Control2 for comparison.

sheet and also in time. Winter precipitation shows a
low-frequency oscillation on a time scale of 100 yr that
is likely to be due to changing circulation patterns (An-
klin et al. 1998). Precipitation patterns have a strong
dependence on the North Atlantic Oscillation (NAO)
with the source regions for the precipitation changing
from the North to east Atlantic as the NAO goes from
a positive to a negative value (Schwierz and Davies
2002).

In the GHG?2 simulation the area-average precipita-
tion over Greenland increases in both GHG1 and
GHG?2 with respect to their controls for the first 400 yr
(Fig. 7) as the climate warms. However, the increase in
GHG?2 is faster as the precipitation front follows the ice
edge inland. The bedrock orography exposed as the ice
sheet retreats is in general of low elevation, and conse-
quently water vapor can move considerable distances
inland following the retreat of the ice sheet edge before
orographic lifting eventually results in precipitation.
After 400 yr the annual precipitation over Greenland in
GHGT1 is 50% greater than the control (Controll), a

consequence of a warmer world and a stronger hydro-
logical cycle. In GHG2, the Greenland precipitation
continues to increase as the ice sheet declines, eventu-
ally reaching 90% above its control (Control2). In ad-
dition, the annual cycle of precipitation changes such
that after 3000 yr, winter precipitation has remained
constant, but the snow fraction has fallen from 94% to
88%. In summer total precipitation increases but the
snow fraction has fallen from 37% to 17%, causing a
small positive feedback on the rate of decline of ice
volume. That the precipitating region has moved, in
GHG?2, from the ocean to land is shown in Fig. 7. The
total precipitation falling over the ocean remains con-
stant, after the initial warming, in GHG1 but declines in
GHG?2 by a few percent as the ice sheet shrinks and the
precipitation front moves inland.

Ice dynamics are at first a counteracting effect in the
sense that ice sheet disintegration proceeds slower than
in experiments where ice dynamics are not allowed to
react to changes in the ice sheet geometry. The mecha-
nism involves a steepening of the margin in response to
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FiG. 7. The time series of fractional change in precipitation during GHG1 (solid line) and
GHG?2 (dashed line) with respect to their controls Controll and Control2 for the Greenland
region (increasing precipitation) and the adjacent ocean (decreasing precipitation). Error bars
show 95% confidence limits based on the interannual variability.

increased balance gradients, much as described in Huy-
brechts and de Wolde (1999) and Huybrechts et al.
(2002). The larger ablation rates at the margin com-
bined with higher precipitation rates on the central pla-
teau also allow for a larger height-to-width ratio that is
fundamental to sustain the high elevation of the central
plateau during the first few hundred years of the simu-
lation. It is only after phase 1 that this balance can no
longer be sustained and increased outflow eventually
becomes larger than central accumulation rates, result-
ing in a drawing down of the central plateau. This
makes the ice sheet more vulnerable to the imposed
warming through the height-mass balance feedback as
a larger fraction of the ice sheet ends up below the
equilibrium line and can subsequently waste away. As
the ice margins retreat from the coast, calving rates
approach zero (Fig. 6).

¢. Do changes in the Greenland ice sheet cause
significant changes in local and global climate?

Here we compare the differences between the GHG1
simulation and Controll, and GHG2 and Control2. At-
mospheric changes are discussed first, then ocean
changes.

Global mean 1.5-m air temperatures initially rise,
relative to the preindustrial control, but are very similar
in the two simulations, reaching +6.5°C by year 500 in
both GHG2 and GHG1 (Fig. 8). Over Greenland the
warming is greater in both simulations than the global
mean value, in line with the amplification of warming at
high northern latitudes (Holland and Bitz 2003). A sig-
nificant difference is caused by the inclusion of the ice
sheet changes, with the contraction of the ice sheet in
GHG?2 leading to an enhanced surface warming over
Greenland. The strongest initial warming, of more than
10°C, occurs along the margins where the ice sheet has
retreated and exposed low-lying land (Fig. 9). Geo-
graphically, the largest increases in temperature in
GHG?2 occur along the northern Greenland coast and
are probably enhanced due to the summer retreat of
sea ice from this coast. After 3000 yr, the average tem-
perature rise over Greenland is 18.8°C in GHG2, com-
pared with 10.3°C at the end of GHGI1. The removal of
the ice sheet results in a temperature increase of 7.8°C
in winter and 13.1°C in summer. This enhancement is
due to a combination of lower surface elevation and
reduced albedo (Crowley and Baum 1995; Toniazzo et
al. 2004; Lunt et al. 2004). As the GHG?2 ice sheet re-
treats up the eastern mountains, its mean surface eleva-
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F1G. 8. Annual mean 1.5-m temperature changes with respect to preindustrial control, Controll. The global temperatures continue
to rise, in both GHG1 and GHG2, as the ocean approaches equilibrium with the atmosphere. Changes in the Greenland ice sheet in
GHG2 do not have a significant global impact as the temperatures remain identical to that in GHGI1. The vertical line shows the
transition between synchronous and asynchronous simulation in GHG2. The Greenland mean temperature in Control2 is colder than
Controll because the mean surface orography is ~100 m higher in Control2. Similarly, GHG2 starts colder than GHG1 for Greenland,
but becomes warmer as the ice sheet elevation decreases and the ice sheet shrinks.

tion remains constant, but there is a slight drop in mean
surface temperature (Fig. 10).

Using the four experiments available, it is not pos-
sible to distinguish between temperature increase
from elevation—-temperature feedback and albedo-
temperature feedback. However, a simplistic analysis,
which ignores possible changes in heat transport into
the region, would attribute the winter temperature in-
crease to elevation changes and the difference between
winter and summer temperature rises to albedo
changes. Such an analysis indicates that the two tem-
perature feedback mechanisms are comparable in mag-
nitude.

The change in surface albedo drives a change in the
local atmospheric circulation during the summer, which
acts as a negative temperature feedback. We hypoth-
esize that the increase in summer surface temperature
in the ice-free regions drives convection generating a

local circulation by increasing landward surface winds
from the surrounding ocean (Fig. 11). The rising air
results in atmospheric descent over the ice sheet warm-
ing the high elevation ice sheet, which is too cold for it
to enhance ablation, and generates katabatic winds that
cool the lower regions. A cooling of the ice margin
reduces the ablation rate. The evidence for this summer
circulation pattern in HadCM3 is provided by analysis
of the circulation after 3000 yr. The ice-free area dis-
plays several regions (a few model grid cells in area) of
reduced surface air pressure (~ —5 hPa) and increased
surface air temperature, indicating an ascending air
mass. Coincident with the changes in the ice-free re-
gion, surface air pressure over the ice sheet increases by
~3 hPa and the surface cools by ~1°C. Low- and high-
altitude winds reflect these surface pressure changes, as
indicated by the maps of wind divergence at year 3000
in Fig. 12. An area of wind divergence at high model
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Fi1G. 9. Spatial changes in surface temperature after ~300 yr of GHG2 with respect to Control2. Main changes are around the edge
of the ice sheet where ablation is highest and slopes are steep. Enhanced warming in the north is due to an absence, in GHG2, of the

summer sea ice that is present in Control2.

levels combined with convergence at low model levels,
indicates airmass ascent, and the reverse for descent.
The regions of atmospheric ascent correlate well with
increased surface temperature and follow the retreat of
the ice edge in their general location. We suggest that
the development of the circulation cells may be trig-
gered by a minimum ice-free region, and consequently
may be a function of GCM spatial resolution. The de-
velopment of the circulation cells marks a change in the
time development in the pattern of ice sheet ablation.

The regional scale shows surface pressure changes
associated with changes in the westerly flow north of
Iceland, a response in the stationary Rossby waves to
orographic forcing (Cook 1992), which result in a shift
in the polar front (Fig. 13) and a southerly shift in the
mean storm tracks. The reduction in surface tempera-
ture results in an increase in winter sea ice cover in the
Barents Sea with a consequent positive feedback and
further surface cooling. There is no summer sea ice in
the Arctic in these simulations, and the small tempera-
ture changes relate directly to sea surface temperature.

The change in the Barents and Labrador Seas following
a decrease in the mean surface elevation of Greenland,
is opposite in sign to the impact of the slight increase in
elevation due to the initial conditions (Fig. 3). There is
no evidence for significant effects on the climate of
Europe or farther afield, except for a winter cooling of
northern Scandinavia, due to the elimination of the ice
sheet in line with the results of Toniazzo et al. (2004)
and Lunt et al. (2004).

The deglaciation of Greenland increases the freshwa-
ter flux into the ocean from runoff, basal water, and
icebergs. In addition, freshwater components arising
from rain and snowfall on the parts of Greenland not
covered by the ice sheet, which always run off, will
increase as the ice sheet area declines. In GHGI, the
freshwater flux stabilizes quickly at around 1700 X 10"
kg yr ', equivalent to about 0.06 Sv (1 Sv = 10°m?s™).
In GHG?2, calving falls to near zero in the first century
of the experiment, while the large increase in ablation
gives a total freshwater flux of about 3500 X 10'* kg
yr—! (0.12 Sv), about twice the size of that in GHGI.
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F1G. 10. Changes in mean annual surface air temperature with respect to the preindustrial control. All Greenland temperature rises
in GHG?2 as the surface elevation and albedo decline. The ice-covered region maintains a constant temperature as with large balance
gradients the ice margin becomes steeper and the aspect ratio larger, with the result that for a smaller area it maintains more or less
the same mean elevation. The vertical line indicates the change from synchronous to asynchronous coupling in GHG2.

This difference is due to the much higher ice sheet reso-
lution of GISM and the use of different mass-balance
schemes (surface mass balance in GHG1, degree-day in
GHG?). As the ice sheet volume declines, surface ab-

Hot spot

FiG. 11. Schematic of a summer local circulation system that
evolves over Greenland as larger ice-free regions develop. A hot
spot forms in the ice-free region warming the air, which rises.
Descent over the ice sheet brings warmer air to the high eleva-
tions, but downslope winds bring cooler air to the ablation zone.

Ocean

lation in GHG2 also declines such that after 2000 yr the
freshwater flux in GHG2 has fallen to the same level as
in GHGL1.

One effect of the freshwater input from Greenland is
a rise in global average sea level. The direct contribu-
tion of the extra water in GHG2 over 3000 yr is around
7 m, with half of this occurring in the first 850 yr. The
rate of sea level rise is at a maximum near the start of
the experiment, reaching around 5 mm yr~'. For com-
parison, the twentieth-century rate of sea level rise is
between 1 and 2 mm yr~ ', of which less than 0.4 mm
yr~!is from Greenland (Church et al. 2001).

There is the possibility that the freshwater from
Greenland (Fig. 10) could modify the Atlantic thermo-
haline circulation (THC) because the freshwater alters
high-latitude ocean density, on which the strength of
the THC has been shown to depend (Stommel 1961;
Rahmstorf 1995; Rind et al. 2001). Such a relation be-
tween THC strength and the meridional gradient of
column-integrated density between 30°S and 60°N
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FiG. 12. The HadCM3 wind divergence over Greenland in year 3000 at (a) the low level
(975 hPa) and (b) upper level (300 hPa). Divergent winds (red colors) at low levels and
convergent (blue colors) at high levels indicate atmospheric ascent. The inverse conditions
indicate descent. Regions of ascent correlate well with high surface temperature (ice free) and
descent with the ice sheet (outlined region). Dotted lines show the extent of the ice sheet.

was found by Thorpe et al. (2001) for HadCM3. In
both GHG1 and GHG2 the THC strength does decline,
as measured by the maximum of the Atlantic overturn-
ing streamfunction (Fig. 14). The peak freshwater flux
is greater in GHG2 than in GHG1 by about 0.06 Sv
around year 130, producing an extra 1-2-Sv decrease
in the THC. However, as this difference reduces,
the THC in GHG2 recovers toward the value of

GHGI1. This suggests that in HadCM3 a freshwater
flux of at least 0.1 Sv is required to sizably alter the
THC, which is consistent with other sensitivity tests
done with this model, and also with some other state-
of-the-art models. By contrast, Fichefet et al. (2003)
found a reduction in the thermohaline circulation of 7
Sv in their model, for a freshwater input of only 0.015
Sv during the twenty-first century, producing a stronger
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F1G. 13. The temperature differences between GHG2 and GHGI, showing the impact of the loss of 95% of the ice sheet for (a) winter
and (b) summer. Westerly flow across Greenland rather than around the southern tip changes the storms to a more southerly track,
reducing the flow of warm air into the Barents Sea. Sea—ice feedback as well as stronger storms in winter enhances the cooling in this
region (sea ice cover is absent from the Arctic during summer). White regions indicate areas where the temperature change is greater

than +10°C.

coupling between ice sheet and climate change than in
HadCM3.

d. How important is the interaction between the ice
sheet and climate to the evolution of the ice
sheet?

In the previous section we saw how changes in the ice
sheet can alter the climate. Here, we investigate how
allowing these additional changes in the climate can
alter the ice sheet further by comparing the GHG?2 re-
sults with those of ALONE. When the stand-alone
model is forced with GHG2 temperature and precipi-
tation fields the resultant ice sheet is identical to that in
GHG?2. The time series of ice sheet volume for these
experiments are compared in Fig. 15. The two ice sheet
simulations follow the same rate of decline until around
a third of the ice sheet has been lost at around 500 yr
into the simulation, at which point the ALONE ice
sheet starts melting at a faster rate than that in GHG2.
This leads to the ice sheet in GHG2 taking 500 yr
longer to decline to 10% of original volume than in
ALONE. Thus, the local climate change resulting from

the loss of the ice sheet has a negative feedback on its
decline.

The reduction in the rate of decline of the ice sheet
when climate feedbacks are included is likely to be a
combination of reduced melting and enhanced precipi-
tation. We already know from Fig. 6, that ablation
dominates the mass balance at 4 X CO, but we still
need to estimate their relative importance as climate—
ice sheet feedback mechanisms. Applying the precipi-
tation forcing from GHG?2, which increases as the ice
margin retreats, to the ice sheet in ALONE, results in a
delay of only 80 yr in deglaciation to 10% of original ice
volume (Fig. 15). Decreasing the annual mean anomaly
temperature forcing in ALONE by 1°C reduces the
mean ablation rate and the time for the ice sheet to
decay to 10% is increased by 500 yr to that in GHG2.
This indicates that differences in ablation, not precipi-
tation, dominate the feedback processes. The ablation
rates are identical in ALONE and GHG2 for the first
300 yr, after which they diverge, suggesting a gradually
evolving temperature feedback process that acts to pro-
gressively cool the ice sheet as it declines in volume.

The principal candidate for cooling of the ice sheet,
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Fi1G. 14. Changes in the decadal mean thermohaline circulation over time. The control runs show similar strengths indicating that
runoff patterns from the slight difference in orography is of little consequence. The greenhouse gas runs show a weakened overturning
in GHG2 over GHG resulting from an increase in freshwater flux into the ocean (peaking at year 130 at 400% of that in GHG1), but
a full recovery has been achieved by year 400. The vertical line at 350 yr indicates the change from synchronous to asynchronous
coupling in GHG2.

and reduction in ablation rate, is the thermal circulation carbon dioxide concentrations. A two-way coupling is
feedback at the ice sheet margin where the temperature used so that changes in the climate alter the ice sheet
contrast between land and ice is strong, the mechanism and changes in the ice sheet can further alter the cli-
suggested in section 4c and Fig. 11. We have shown that mate. In this experiment the mass loss by runoff is the
the net cooling required to reproduce the lower abla- dominant ice process. The major ice-dynamic contribu-
tion rate in GHG2 over that in ALONE is ~1°C, equal tion is due to the changing driving stress (ice thickness
to that observed through changes in the AOGCM at- and surface slope). Isostatic rebound is too slow to
mospheric descent over the ice sheet (Fig. 10). An in- cause an appreciable reduction of marginal melting
crease in precipitation has a minor influence on the ice rates. At the end of the experiment only 7% of the
sheet mass balance after year 1000, and is likely due to  original ice volume remains and is situated at the top of
larger-scale circulation changes than that described the eastern mountain range. The loss of ice volume is
here. equivalent to a global average sea level rise of around
7 m, with a peak rate of rise of 5 mm yr~'. The initial
rapid surface melting of the ice results in a peak fresh-
water flux into the Atlantic after 130 yr of simulation,
In this paper we have coupled a high-resolution dy- which causes a temporary 1-Sv decline in the thermo-
namic ice sheet model to a coupled climate model and haline circulation. However, the circulation has fully
simulated the evolution of the ice sheet and climate recovered after 300 yr.
over 3000 yr, with 4 times preindustrial atmospheric Apart from the sea level rise, the ice sheet changes

5. Conclusions
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F1G. 15. The ice sheet volume evolution under forcing by GHG1 (ALONE) and GHG2 (precipitation and 1.5-m temperature
anomalies). ALONE (black) produces a more rapid decline in the ice sheet volume. Forcing ALONE with the spatially different GHG2
precipitation (green) has only a small impact on the melt rate. If the ALONE temperature forcing is reduced by 1°C (blue) the
mismatch with GHG2 (red) is poor in the initial stages of melt, suggesting that the difference between the two ice sheets is not a gross

bias in surface temperatures, but that the temperature difference develops with time through a climate feedback mechanism.

appear to have little effect on global climate. However,
locally they are significant and alter temperature, atmo-
spheric circulation and precipitation. Orographic
changes alter the stationary Rossby wave pattern, mov-
ing the polar front in the region of Svalbard southward
and resulting in a cooling of the Barents Sea, enhanced
by an associated extension of the winter sea ice cover.
The peak Greenland precipitation follows the retreat-
ing ice sheet edge. Furthermore, as the ice sheet de-
clines winter precipitation increases and alters the an-
nual cycle of precipitation from one with a summer
maximum to a much flatter annual cycle. With more
winter precipitation more snow accumulates slowing
the decline of the ice sheet. The increase in Greenland
mean surface temperature over that in a model without
two-way ice sheet—climate feedback is primarily due to
a surface albedo-temperature feedback. A summer in-
crease in surface heating generates a weak mesoscale
atmospheric circulation in the form of atmospheric as-
cent in the ice-free area with descent over the ice sheet.

This thermal convective effect has a negative tempera-
ture feedback on the decline, inducing an enhancement
of the descent of cold air into the ablation zone. Esti-
mates using “offline” ice sheet models, which omit cli-
mate—ice sheet feedbacks, should thus be treated with
caution when large changes in the ice sheet occur.
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