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Abstract Climate model simulations available from the
PMIP1, PMIP2 and CMIP (IPCC-AR4) intercompari-
son projects for past and future climate change simula-
tions are examined in terms of polar temperature
changes in comparison to global temperature changes
and with respect to pre-industrial reference simulations.
For the mid-Holocene (MH, 6,000 years ago), the
models are forced by changes in the Earth’s orbital

parameters. The MH PMIP1 atmosphere-only simula-
tions conducted with sea surface temperatures fixed to
modern conditions show no MH consistent response for
the poles, whereas the new PMIP2 coupled atmosphere—
ocean climate models systematically simulate a signifi-
cant MH warming both for Greenland (but smaller than
ice-core based estimates) and Antarctica (consistent with
the range of ice-core based range). In both PMIP1 and
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PMIP2, the MH annual mean changes in global tem-
perature are negligible, consistent with the MH orbital
forcing. The simulated last glacial maximum (LGM,
21,000 years ago) to pre-industrial change in global
mean temperature ranges between 3 and 7°C in PMIP1
and PMIP2 model runs, similar to the range of tem-
perature change expected from a quadrupling of atmo-
spheric CO, concentrations in the CMIP simulations.
Both LGM and future climate simulations are associ-
ated with a polar amplification of climate change. The
range of glacial polar amplification in Greenland is
strongly dependent on the ice sheet elevation changes
prescribed to the climate models. All PMIP2 simulations
systematically underestimate the reconstructed glacial—-
interglacial Greenland temperature change, while some
of the simulations do capture the reconstructed glacial-
interglacial Antarctic temperature change. Uncertainties
in the prescribed central ice cap elevation cannot ac-
count for the temperature change underestimation by
climate models. The variety of climate model sensitivities
enables the exploration of the relative changes in polar
temperature with respect to changes in global tempera-
tures. Simulated changes of polar temperatures are
strongly related to changes in simulated global temper-
atures for both future and LGM climates, confirming
that ice-core-based reconstructions provide quantitative
insights on global climate changes.

1 Introduction

The Arctic (Corell et al. 2004) and the Antarctic
Peninsula (Jacka and Budd 1998; Vaughan et al. 2003)
are experiencing some of the most rapid temperature
rises on Earth. Since the 1960s, temperatures have risen
by more than 2°C in some areas, several times more
rapidly than the average global temperature (IPCC
2001; Moritz et al. 2002). Due to possible changes in
snow and ice cover and associated albedo feedbacks,
polar regions are likely to act as amplifiers of climate
change, however modulated by local processes generat-
ing multi-decadal variability (Bengtsson et al. 2004;
Polyakov et al. 2002). Future climate change simulations
in the Arctic indeed show a polar amplification with 1.5~
4.5 times the global warming (Holland and Bitz 2003).
These contrasted results apparently result from three
main processes in the climate models: different changes
in cloud cover (and cloud radiative feedbacks); different
changes in heat advection (Alexeev et al. 2005); and,
most important, different response in sea—ice. The level
of future polar amplification was indeed shown to be
dependent on the modern sea—ice thickness and snow
cover simulations (Dixon et al. 2003; Holland and Bitz
2003). Early studies have revealed that models with cold
modern biases, when forced with increased greenhouse
gas concentrations, had a larger sensitivity due to a
larger ice feedback (Dixon et al. 2003; Rind et al. 1997).
Reducing the uncertainties of future climate change
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predictions is extremely important for high Iatitude
areas because (1) local eco-systems will be extremely
vulnerable to large warmings because of competition
with living organisms from lower latitudes more adapted
to warm conditions, and impossibility of migration to
colder places (Corell and coauthors 2004); (2) ice sheets
are susceptible to respond to a fast warming (Rignot and
Thomas 2002), either by increased accumulation (Hu-
ybrechts et al. 2004) or coastal thinning (Krabill et al.
2004) and modify the freshwater supply to the high
latitude oceans; (3) the warming of the Arctic may in-
crease the release of carbon from soils and act as a po-
sitive feedback on climate change (Knorr et al. 2005).

In order to assess the capacity of state-of-the-art cli-
mate models to simulate realistically the high latitude
climate changes, past climate simulations are compared
here with ice-core estimates for last glacial maximum
(21,000 years ago, hereafter LGM) and mid-Holocene
(6,000 years ago, hereafter MH) temperature changes.
These simulations enable the test of the model responses
to a variety of forcings. MH boundary conditions include
pre-industrial greenhouse gas levels together with modi-
fied orbital parameters (Berger 1978) which induce small
changes in low to high latitude annual mean insolation
(effect of obliquity change), but with a seasonal cycle
increased (respectively reduced by locally ~5%) in the
northern (respectively southern) hemisphere (in response
to precession changes). In this respect, polar MH simu-
lations provide a test of climate model response mainly to
a modified seasonal cycle forcing (Renssen et al. 2005a,
b). LGM boundary conditions include reduced atmo-
spheric greenhouse gas levels (CO,, CH4 and N,O),
modified surface boundary conditions including the
presence of massive ice sheets over northern North
America and Fennoscandia (Peltier 1994, 2004) and
small changes in orbital parameters (Table 1).

Climate models offer unique frames to understand
the spatial representativity of polar ice core sites. In
particular, glacial-interglacial Antarctic temperature
changes have been used to estimate paleoclimatic con-
straints on climate sensitivity, assuming that they are
representative of global temperature changes (Genthon
et al. 1987; Lorius et al. 1990; Manabe and Broccoli
1985). In this paper, we review the global and polar
temperature response of new past and future climate
simulations conducted with state-of-the-art coupled cli-
mate models with standardized forcings. We have used
the database of Coupled Models Intercomparison Pro-
ject (CMIP, http://www.pcmid.llnl.gov/ipcc, database as
of 15.04.2005) and second phase of the Paleoclimate
Modelling Intercomparison Project (PMIP2, http://
www.lIsce.cea.fr/pmip2 database of 15.09.2005) (Harri-
son et al. 2002). These recent model intercomparison
results are currently used as part of the fourth IPCC
assessment. They are also compared to earlier simula-
tions conducted with atmosphere alone models (Paleo-
climate Modelling Intercomparison Project, PMIP,
http://www.Isce.cea.fr/pmip, Joussaume and Taylor
1995).
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The key questions we address are: what is the per-
formance of the models in simulating past climate
changes at the poles? Is there a polar amplification under
different forcings? How do relationships between global
and polar temperature changes vary for radically dif-
ferent climates such as the LGM and increased CO,
experiments?

2 LGM and MH climate change: polar ice core data

Deep polar ice cores offer unique archives of past cli-
mate and environmental changes extending over several
climatic cycles in East Antarctica, at Vostok (Petit et al.
1999), Dome F (Watanabe et al. 2003) and Dome C
(EPICA-community-members 2004) and almost a full
climatic cycle in Greenland at Summit (Cuffey and Clow
1997; Johnsen et al. 1997) and even further at North-
GRIP (NorthGRIP-community-members 2004).

The progressive distillation of air masses during the
moisture advection from mid to high latitudes is classi-
cally used to estimate past temperature changes from
polar ice core water isotopic composition in either 5'%0
or 6D (Dansgaard 1964; Lorius et al. 1969). This “iso-
topic thermometer” can however be biased by past
changes in snowfall seasonal deposition (Krinner et al.
1997; Werner et al. 2000); moisture origin (e.g. Boyle
1997; Cuffey and Vimeux 200la, b) or other factors
(inversion strength, short term covariance between pre-
cipitation and temperature...). The full isotopic compo-
sition of snow and ice itself brings constraints on changes
in moisture origin, owing to the deuterium excess
parameter (d=0D — 8 4'%0) (Masson-Delmotte et al.
2005a, b; Stenni et al. 2001). Climate models are useful
tools to help estimate past changes in deposition condi-
tions (seasonal cycle of precipitation, condensation
temperature versus surface temperature) which may alter
the water stable isotope to temperature relationships.

In Antarctica, water stable isotopes only have been
used to quantify glacial-interglacial temperature changes.
The consistency of ice core dating with an ice flow model
fed by the temperature and accumulation derived from
water stable isotope fluctuations warrants the realism of
these reconstructions, within 20-30% (Jouzel et al. 2003;
Parrenin et al. 2001; Stenni et al. 2001; Watanabe et al.
2003). LGM to present surface air temperature change is
estimated to be 9+2°C; this error bar is estimated by
modelling of precipitation isotopic composition changes
with an air mass distillation model, taking into account
changes in moisture origin derived from measurements of
deuterium excess in the ice (Jouzel et al. 2003; Stenni et al.
2001; Watanabe et al. 2003). This temperature change
may partly arise from an ice sheet elevation difference
between modern and glacial conditions, with variable
ranges of estimates (Ritz et al. 2001; Peltier 2004). Such
elevation effects may also partly influence local Antarctic
MH temperature change; most inland ice core isotopic
records suggest that MH temperatures were either similar
or warmer by at most 0.8°C (Masson et al. 2000). A few
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coastal records such as Taylor Dome or Law Dome
suggest that MH temperatures could have been warmer
by more than 1°C (Steig et al. 1998).

Although associated with 20-30% uncertainty in
Antarctica, temperatures derived from water stable iso-
tope measurements in Greenland have been showed to
underestimate glacial temperature changes in Greenland.
Alternative paleothermometry methods have been
developed and are particularly suited for Greenland
where the accumulation rate is typically two to ten times
larger than for central Antarctica. Precise measurements
of the vertical temperature profiles in the boreholes when
the drilling operations are completed provide direct
reconstructions of past temperatures owing to the heat
diffusion in ice sheets. However, the inversion of the heat
diffusion equations requires a priori knowledge of the
shape of the temperature variations so there are still
uncertainties on MH and LGM changes, typically within
2°C (Cuffey et al. 1995; Johnsen et al. 1995; Cuffey and
Clow 1997; Dahl-Jensen et al. 1998). These borehole
temperature reconstructions show that MH tempera-
tures were typically 1.5-2.5°C warmer than now and
LGM temperatures 19-22°C colder than now. By con-
trast, temperature reconstructions based on water stable
isotopes suggest a smaller MH warming (0.5-0.9°C)
(Masson-Delmotte et al. 2005a, b) and only a 10°C
amplitude for the glacial interglacial change. This can
only be reconciled with the LGM borehole temperature
profile when taking into account dramatic changes in the
precipitation seasonal cycle: the lack of winter snowfall
during glacial times, in response to changes in sea—ice
and land-ice cover, could be responsible for a seasonal
bias as suggested by simulations conducted with atmo-
spheric general circulation models (Krinner et al. 1997,
Krinner and Werner 2003; Werner et al. 2000).

Although obtained at individual locations, the most
reliable ice core based temperature estimates (borehole
data for Greenland, stable isotopes for East Antarctica)
are representative not only of their local drilling site but
of central ice caps, as evidenced by the convergent re-
cords from a variety of ice cores (Fig. 1). In the fol-
lowing sections, we compare model results averaged
over inland ice caps with these ice core based estimates.

3 Model experimental design

For future climate change we consider the two scenarios
where atmospheric CO, levels were respectively stabi-
lised at a doubling of pre-industrial levels (hereafter
2xCO,) and a quadrupling of pre-industrial levels
(hereafter 4xCO,) after a 1% per year increase from pre-
industrial levels. We only consider recent model simu-
lations performed for the IPCC fourth assessment
available from the CMIP database. In these two cases,
we have calculated the difference between a 50-year
period of the stabilisation period (centred on the time
period of 75 years after the end of atmospheric CO,
increase) and a 50-year period of the control run
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Fig. 1 Maps showing the
location of ice core records used
to infer estimates of LGM
temperature changes in a
Greenland and b Antarctica.
From south to north, in
Greenland, open circles locate
the sites of Dye 3, Summit
(GRIP and GISP2) and
NorthGRIP ice cores. In
Antarctica, from 90°W in the
trigonometric directions, open
circles correspond to Byrd,
Siple Dome, Taylor Dome,
Dome C, Vostok,
Komsomolskaia, Dome B and
Dome F ice cores

(Table 1). For a consistent comparison with the paleo-
climate results, we need to compute the response of the
climate models closest to the equilibrium response, while
keeping a maximum of models for our analysis. A set of
ten model results was available for the 2xCO, experi-
ment (nine for the 4xCO, experiment), including several
simulations conducted either with different initial con-
ditions or different model versions from the same groups
(Table 2).
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For past climates, we have used simulations per-
formed with the same coupled model (“cpl”) versions
used in CMIP, as part of PMIP2, with a total of seven
models for MH and five for LGM. Earlier simulations
conducted with three coupled models but with forcings
different from the standard protocol of PMIP2 have also
been included (post-PMIP1) (Table 1). In addition, we
have also considered atmospheric alone simulations
(““fix”) of the first phase of PMIP (16 models for MH and
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7 for LGM) as well as nine atmospheric models coupled
with slab ocean models (‘““‘cal”’) for LGM (Tables 1, 2).
The “fix”” and “cal” PMIP runs are equilibrium simula-
tions and all years of simulated climate available in the
database were averaged (Table 1); for PMIP2, modelling
groups provided 30 to 100 year long outputs, obtained
after major adjustments to the forcings (but without
constraints on deep ocean equilibrium). These 100 year
long outputs where averaged for our analyses.

The most recent simulations (CMIP and PMIP2) use
coupled ocean—atmosphere models and their reference
simulations are long pre-industrial control runs. In the
case of PMIP1 atmosphere and atmosphere with slab
ocean models, the reference simulation is the modern
climate. In between these two standardized procedures,
post-PMIP1 simulations used either modern or pre-
industrial reference simulations; these differences are not
critical for our analyses.

We have extracted from the CMIP, PMIP1 and
PMIP2 databases the available monthly model outputs
(temperature, orography and for the paleoclimate sim-
ulations also precipitation). In all the figures and the rest
of this paper, all the temperature anomalies will be dis-
cussed as control minus LGM, control minus MH, and
2xCO, or 4xCO, climate minus control climate, for
consistency of time direction. Global and regional re-
sults were calculated by weighting each model grid point
by the actual area of these grid points. For each avail-
able simulation, we have calculated the global mean
temperature change. For each model, Central Greenland
was defined as the model grid points located between 65
and 80°N, 60 and 25°W, with an elevation above
1,300 m. The same approach was used for Central
Antarctica with grid points between 90 and 70°S, 0 and
180°E, and an elevation above 2,500 m.

4 Results and discussion
4.1 Model-data comparisons: preliminary remarks
4.1.1 Last glacial maximum ice cap elevations

The representation of the orography in atmospheric
models strongly depends on their resolution and their
discretisation method (spectral or grid-point). The
average control run central Greenland orography varies
between 1,315 and 2,376 m. This dispersion could ex-
plain the large range of model results for the control
simulation. We therefore do not compare absolute val-
ues for each period but anomalies with respect to the
control runs.

The ICE-4G LGM ice cap prescribed in PMIP1 and
post-PMIP1 (Peltier 1994) is characterized by an average
800 m elevation increase compared to the present alti-
tude (between 640 and 924 m). In contrast, the ICE-5G
LGM ice cap reconstruction prescribed for the PMIP2
simulations (Peltier 2004) have a much reduced central
Greenland elevation anomaly (106-275 m). However,
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both ice-core air content information (Raynaud et al.
1997) and ice sheet modelling (Tarasov and Peltier 2003)
suggest that changes in central Greenland elevation were
limited (and even in the opposite direction). We there-
fore face the problem that different LGM simulations
were conducted with different glacial Greenland eleva-
tion changes, significantly larger than those derived from
ice core information and ice sheet modelling. When
considering the typical polar vertical temperature lapse
rate (circa 10°C per 1,000 m) (Krinner and Genthon,
1999), such discrepancies in elevation changes (up to
800 m) may account for up to 8°C temperature differ-
ences (without taking into account atmospheric
dynamics related to glacial ice cap topographies).

In central Antarctica, the modern elevation repre-
sented in the models varies between 2,956 and 3,448 m.
For PMIPI1, the prescribed ice sheet change (Peltier
1994) results in an average elevation increase of 368 m
(from 120 to 430 m depending on the models). For post-
PMIPI, all the models analysed here show changes of
elevation between 392 and 399 m. For PMIP2 with the
ICE-5G ice caps, similar orders of magnitude are also
obtained (Peltier 2004) (elevation changes ranging be-
tween 343 and 400 m above modern levels). Again, this
central Antarctic ice cap elevation increase at the LGM
is too high when compared with ice core air content
changes or with dynamical ice cap modelling forced by
ice-core based climate histories (Ritz et al. 2001).

Because of the hundreds of meters of maximum dif-
ferences both in modern polar elevations and in LGM to
modern changes, we have compared model outputs di-
rectly, as well as with a correction for changes in ele-
vation. Observations of modern polar vertical lapse rate
and spatial elevation-temperature gradients show lapse
rates varying between 6°C per 1,000 m and 15°C per
1,000 m depending on the season and the location
(Ohmura and Reeh 1991; Krinner and Genthon 1998,
1999). In order to account for large glacial to modern
central ice sheet elevation changes, we have used a
constant first order lapse rate of 10°C per 1,000 m. The
use of this lapse rate provides a rough estimate of the
effect of the prescribed orography changes; we estimate
that this elevation correction is associated with a maxi-
mum uncertainty of 50%, given the range of observed
modern polar lapse rates.

For reference, we have applied this methodology to
compare the control simulations (Table 1) with the
modern temperatures at deep ice core sites. The range of
control simulation elevations are displayed together with
temperatures “uplifted” at the elevation of ice core sites
(typically 3,000 m for central Greenland and 3,400 m for
East Antarctic Plateau). It can be observed that, in
average, climate models capture the correct expected
range of elevation-corrected temperatures in central
Greenland. By contrast, there is a tendency to observe
an underestimation of elevation-corrected temperatures
on the East Antarctic Plateau by a few degrees (Table 3);
this may be due to different representations of the
Antarctic inversion strength.
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Table 3 « Central Greenland » and « East Antarctic Plateau » control simulations of elevation and temperature respectively uplifted to
3,000 and 3,400 m elevation (taking into account a vertical lapse rate of 10°C per 1,000 m)

Control runs for experiments Central Greenland corrected Central Greenland East Antarctic Plateau corrected East Antarctic Plateau

temperature (“uplifted”
at 3,000 m
elevation, °C)

elevation (m)

temperature (“uplifted” at
3,400 m elevation, °C)

simulated / observed
elevation (m)

PMIPI 6fix —29.6+5.7 1,921 £239 —47.3+8.0 3,095+ 120
PMIP1 21 fix —28.4+8.2 1,942 + 321 —44.8 £10.1 3071 £70
PMIPI 21 cal —30.5+4.3 1,899 £ 189 —45.3+7.6 3,115+85
Pre-PMIP2 —3294+54 1,835+£212 —49.5+7.2 3,059 +£30
PMIP2 6 k cpl —34.1+29 1,826 152 —50.3+3.0 3,053+72
PMIP2 21 k cpl —33.5+34 1,883 +233 —48.94+5.5 3,057+71
IPCC 2xCO2 —32.1£29 2,007+ 144 —48.7+£2.7 3,050 +£41
IPCC 4xCO2 —32.0+3.2 2,005+ 150 —50.4+2.5 3,065+24
GRIP -29.7 3,200

NorthGRIP —32.4 2,917

Vostok —54.6 3,490
Dome C —55.5 3,200
Dome B -55.0 3,650
Komsomolskaia -51.6 3,500

For comparison, mean characteristics of various drilling sites (see Fig. 1) are also displayed. Uncertainties in the vertical lapse rate used
for elevation corrections should induce uncertainties on corrected temperatures within 1-2°C. For each type of control simulation, the
mean value of all model outputs available is displayed together with the inter-model standard deviation

4.1.2 Comparing model outputs with ice core isotope
paleothermometry

Water stable isotopes record past temperature changes
through the progressive depletion of atmospheric va-
pour of heavy molecules along their transport path from
moisture sources to the poles. The relationship between
isotopic composition and temperature therefore results
from the control of cloud temperature on condensation.
Changes in moisture source origin, in the gradient be-
tween surface and condensation temperatures may in-
duce changes in the temporal relationships between
polar precipitation isotopic composition and tempera-
ture. Deuterium excess data from both poles suggest that
changes in moisture source is not a major bias on glacial
interglacial ice core based temperature reconstructions
(Cuffey and Vimeux 2001a, b; Stenni et al. 2003, 2001).
By contrast, changes in the seasonal cycle of precipita-
tion remain one plausible explanation for the mismatch
between Greenland glacial temperature change derived
from borehole measurements versus temperature derived
from the classical spatial isotope/temperature slope
(Masson-Delmotte et al. 2005, b). In the present work,
we have not assessed changes in the vertical temperature
gradient, some of the databases which we use missing
this type of data. However, we have attempted to esti-
mate the impact of precipitation seasonality changes on
past temperatures recorded in ice cores. For this pur-
pose, we have taken into account the impact of changes
in the seasonal cycle of the precipitation by comparing
the change in annual mean temperature (arithmetic
average of 12 monthly mean temperatures) with the
change in precipitation-weighted annual mean temper-
ature, for each LGM simulation (calculated from
monthly outputs of temperature and precipitation;
Fig. 4a, b), following the methodology of (Krinner et al.

1997; Krinner and Werner 2003; Werner et al. 2001).
When calculated from all the control simulations avail-
able, this seasonality effect accounts for a 2.3+ 1.7 and
3.3+£2.9°C difference between the modern precipitation
weighted temperatures and the annual mean tempera-
tures, respectively for Greenland and East Antarctica.
This is the consequence from the fact that climate
models simulate slightly more precipitation today during
the warmest months in both polar regions than during
the coldest months; this effect is reinforced at the LGM.
Indeed, PMIP2 results show systematic shifts towards
more precipitation provided during the warm season at
LGM. If this change of seasonal cycle is real, this effect
may account for an underestimation of LGM annual
mean temperature changes as recorded in stable isotopes
from ice cores, which remains however limited. The
differences between weighted LGM and annual mean
LGM temperatures increase to 4.04+0.8 and 4.6+ 1.3°C
for Greenland and Antarctica, accounting for a relative
uncertainty of 8-23% of the full glacial-control range,
depending on the hemisphere and on the model.

4.2 Global mean temperature changes

In order to assess the range of global temperature
changes simulated by climate models under 2xCO»,,
4xCO,, MH and LGM boundary conditions, we have
compared on Fig. 2 the distribution statistics (full range,
25th, 50th, 75th quartiles and the mean of all models) of
model results for these various experiments. This pre-
sentation is well suited when limited numbers of simu-
lations are available (in our case from 4 to 16) and helps
visualizing the range (maximum to minimum values),
the average, median and dispersion of model results. In
particular, extrema levels significantly different from the
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Fig. 2 Annual mean global
temperature changes simulated
by a variety of climate models 9
run under similar boundary
conditions. The full range
(dashed line), mean (cross
symbol), 25th (lower bold dash
symbol), 50th (grey square
symbol), 75th (upper bold dash
symbol) percentiles of the
various model results are
calculated from the distribution
of the various model results (see
Table 2). The “fix”, “slab” and
“cpl” abbreviations refer to
different configurations of
models used and are described
in Sect. 3 and Table 1

10 ~

=75th

50th
=25th
81 |Xmean

Global temperature change ("C)
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1o

PMIP1
0-6 cpl

PMIP2
0-6 cpl

25th to 75th ranges clearly identify the occurrence of
outliers among the different model results.

For the MH, 6,000 years ago, climate models do
capture reconstructed seasonal and regional changes
such as wetter conditions in northern Africa (Joussa-
ume et al. 1999; Braconnot et al. 1999) or warmer
conditions in some areas of the mid-latitudes in sum-
mer (Cheddadi et al. 1997, Masson et al. 1999; Wohl-
fahrt et al. 2004). This results from a seasonal and
latitudinal redistribution of solar radiative forcing due
to changes in precession and obliquity of the Earth’s
orbit (Berger 1978; Joussaume and Braconnot 1997)
modulated by the differential heat capacity of the ocean
and land masses as well as by the sea—ice response at
high latitudes (Crucifix et al. 2002). In some regions,
the seasonal changes do have a signature in the annual
mean; this is for instance the case for annual mean
precipitation in monsoon regions. Globally, the mean
temperature change between control and MH simula-
tions is between —0.05 to +0.4°C with a median value
of respectively +0.05 and +0.08°C for PMIP1 atmo-
spheric models and PMIP2 coupled climate models. In
average, climate models simulate slightly warmer con-
trol global temperatures compared to the MH simula-
tions (Fig. 2). Note that in this MH case, when global
mean temperature changes are small, the notion of
global climate sensitivity computed from global and
annual averages is not suitable because it does not
account for the seasonal aspects both in terms of
orbital forcing and climate response.

The median range of control minus LGM global
temperature change is fairly constant for PMIP1 simu-
lations conducted with CLIMAP ocean surface bound-
ary conditions (““fix”’) and atmospheric models alone,
PMIPI1 simulations with atmospheric models coupled
with mixed layer ocean models (“cal”’) and PMIP2
simulations with fully coupled ocean-atmosphere cli-

IPCC
2xC0O2-0

IPCC PMIP1 PMIP1 pre-PMIP2 PMIP2
4xC0O2-0 0-21 fix 0-21 cal 0-21 cal 0-21 cpl

mate models (“‘cpl”). The median of model results is
rather stable from PMIP1 to PMIP2 (3.7°C for fixed
SST, 4.9°C for calculated SST, 3.9°C for post-PMIP1
and 4.1°C for PMIP2 results). With the exception of two
outliers (LMCELMD4 for PMIP1 cal and UTORON-
TO-CCSM1.4 for post-PMIP1), all model results range
between 3.1 and 6.4°C in terms of glacial to control
global temperature change

The range of global temperature change for 4xCO,
experiments, with a median of 4.3°C, is comparable to
the LGM to modern change. In the case of 2xCO,
experiments, the global temperature range has a median
of 2.0°C. The dispersion range between various model
results (indicated by the vertical dashed line in Fig. 2) is
significant when compared to the full amplitude of the
changes. In the case of future climate change scenarios,
climate models have a range of dispersion of the same
order of magnitude as the median change: 2.3°C for
2xCO; and 2.7°C for 4xCO,. A similar 2°C dispersion is
also observed for PMIP2 LGM to modern changes. The
difference among individual models forced with similar
boundary conditions is therefore about 100% of the
median global temperature change in the case of 2xCQO,,
and 50% of the median global temperature change in the
case of 4xCO, and LGM simulations.

This comparison shows that the global temperature
response is very similar under 4xCO, and LGM forc-
ings, although occurring in response to different spa-
tially-distributed forcings (greenhouse gases in one case,
greenhouse gases plus ice sheets in the other case).

4.3 The particular case of MH polar temperature
change: model-data comparison

For the MH, it is impossible to discuss a polar amplifi-
cation of climate change, defined as the ratio between
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the temperature change in central polar regions to global
temperature changes, due to the negligible global mean
temperature changes.

For central Greenland, simulations conducted with
fixed ocean surface conditions within PMIP1 show a
large dispersion of temperature change between MH and
control conditions (range between —0.8 and 1.5°C with
half of the models simulating warmer and half of the
models simulating colder conditions than present). This
dispersion is probably related to different responses of
the atmospheric stationary waves and the associated
heat transport to Greenland; note that the range of
temperature changes is quite small compared to the
typical temperature interannual variability range (Mas-
son et al. 1998). By contrast, all the PMIP2 coupled
model simulations performed with an interactive ocean
and sea—ice model simulate a temperature decrease from
MH to modern conditions varying from 0.35 to 0.90°C,
consistent with paleoclimatic estimates of warmer MH
conditions, but weaker than borehole temperature
reconstructions (Dahl-Jensen et al. 1998; Masson-Del-
motte et al. 2005a, b). The use of fully coupled climate
models therefore improves the consistency of the model
results over Greenland. Indeed, coupled climate model
simulate a shaping of the seasonal cycle by the ocean
response associated with a late summer warming, a re-
duced sea—ice cover and an Arctic warming (Vavrus and
Harrison 2003). Although PMIP2 models do capture the
correct sign of the reconstructed temperature change,
they underestimate the amplitude of the MH Greenland
temperature change in average by a factor of 3. Last,
these simulations enable us to explore changes in the
precipitation seasonal cycle as a clue to reconcile bore-
hole and water isotope temperature reconstructions. All
the PMIP2 MH simulations reveal that precipitation-
weighted temperature changes should be larger than the
arithmetic annual mean of monthly temperatures,
resulting in a range of precipitation-weighted tempera-
ture changes from 1.0 to 1.2°C (due to more snowfall
during the warmest months). This is not consistent with
the different ranges of temperature changes estimated
from borehole versus stable isotope thermometry, and
further suggests that the change in moisture advection
simulated by PMIP2 coupled models may not be correct.
It has to be noted that the PMIP2 simulations did not
systematically include changes in vegetation. Earlier
studies had shown that changes in high northern latitude
vegetation enhanced the local warming (Wohlfahrt et al.
2004).

We have performed the same analysis of MH model
results for central Antarctica. PMIP1 simulations show
no model consistency and result in changes in Antarctic
temperatures varying from —0.6 to +0.7°C. Again,
PMIP2 simulations performed with coupled models
systematically show a temperature decrease from MH
to modern levels, by 0.1-0.7°C. As for Greenland, this
larger consistency among models is attributed to sea-
sonal ocean and sea—ice response in the surrounding
areas. For central Antarctica, coupled models are
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qualitatively and quantitatively in agreement with
temperature reconstructions based on water isotopes
from polar ice cores, which suggest a range of tem-
perature change from 0 to +0.8°C (Masson et al.
2000). When precipitation seasonality is considered, the
simulated temperature range shifts by 0.3-0.6°C, con-
firming the previous range of temperature change and
furthermore the fact that changes of Antarctic precip-
itation seasonal cycle should not be a major source of
uncertainty when reconstructing local past temperature
changes from ice core water stable isotopes, even
within the current interglacial period (Jouzel et al.
2003).

4.4 Polar amplification: LGM versus future climate
simulations

Here we discuss the ratio of polar versus global mean
temperature changes. Figure 3a displays the compari-
son of LGM and future climate change range of model
results for CMIP and PMIP1 and PMIP2 intercom-
parison exercises. Increasing CO, concentrations im-
posed in 2xCO, and 4xCO, induce a central Greenland
temperature change of respectively 1.37 and 1.40 times
above the simulated global temperature increase; in
central Antarctica, this amplification factor is respec-
tively 1.16 and 1.25. This intercomparison therefore
confirms previous studies conducted as a function of
latitude but only for the northern hemisphere (Holland
and Bitz 2003). Because the median of all climate
models is systematically above 1 (Fig. 3), we can rea-
sonably argue that both past and future climate chan-
ges are indeed associated with a polar amplification of
climate change.

For the LGM, part of this polar amplification may be
due to the local elevation increase imposed by ice sheet
reconstructions used as boundary conditions (Peltier
1994, 2004) (see Sect. 4.1.1). In order to assess the pro-
portion of local temperature changes which could be
accounted for by local topography changes, we have
added “‘elevation corrected” results where LGM simu-
lated temperature changes are corrected from changes in
elevation using a slope of 10°C per 1,000 m elevation
(these calculations appear as ““corr” labels in Fig. 3).

Glacial boundary conditions induce a very large
polar amplification for Greenland (Fig. 3a). PMIPI
boundary conditions result in a factor of 5 between
Greenland and global temperature changes, and a
factor of 3 when corrected for large elevation changes.
Such a large amplification is clearly the result of the
imposed CLIMAP surface conditions (including a large
sea—ice coverage in the North Atlantic plus rather
warm tropical temperatures). By contrast, PMIP2
simulations conducted with a different ice sheet
topography (Peltier 2004) and with fully coupled
ocean—atmosphere—sea ice models suggest a range of
amplification of 2.6-2.1 (respectively without and with
topography correction) (Fig. 4a). These results suggest
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Fig. 3 a Central Greenland polar amplification (defined as the ratio
between central Greenland and global annual mean temperature
changes) simulated by climate models. The full range (dashed line),
mean (cross symbol), 25th (lower bold dash symbol), 50th (grey
square symbol), 75th (upper bold dash symbol) percentiles of the

that Greenland temperature changes are deeply ampli-
fied under glacial conditions, due to (1) imposed local
topography changes (up to half of the signal), (2)
northern hemisphere albedo, atmospheric and ocean
circulation effects. The impact of large sea—ice changes
in the North Atlantic on Greenland temperature is

various model results are calculated from the distribution of the
various model results (see Table 2). “corr” stands for elevation-
corrected temperature values (see text). b Same as (a) but for
central eastern Antarctica. Note that the vertical scale is half as
small as for Greenland

most obvious from the dispersion of PMIPI slab ocean
simulations. Many of these processes should be active
both in the warming from glacial to modern conditions
and in the warming from modern to future conditions.
Note that future climate change simulations analysed
here do not account for the possible polar ice sheet
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response in terms of elevation change. Preliminary re-
sults obtained with an earth climate model of inter-
mediate complexity fully coupled to Greenland and
Antarctica ice-sheet models (S. Charbit et al., personal
communication) suggest that such effects should be
important for central Greenland, similar to the findings
of (Huybrechts et al. 2004).

In Central Antarctica (Fig. 3b), the range of polar
amplification is smaller than for central Greenland both
for future and glacial climate changes; this is probably
due to the larger albedo effect in the northern hemi-
sphere due to ice caps and snow cover over the conti-
nents, and to changes in northern hemisphere storm
tracks. PMIP1 boundary conditions result in an ampli-
fication factor of 2.1 (without orography correction) to
1.2 (with orography correction). PMIP2 simulations
conducted with coupled climate models give rather
similar ranges of changes (median model amplification
factors of respectively 1.9 and 1.2). The sea—ice changes
simulated by PMIP1 slab ocean runs, post-PMIP1 and
PMIP2 models is systematically less extensive than pre-
viously prescribed from CLIMAP reconstructions, con-
sistent with new austral sea—ice reconstruction efforts
(Gersonde et al. 2005). When orography effects on
central Antarctic temperature changes are roughly ac-
counted for (Fig. 4b), the order of magnitude of polar
amplification are very comparable to the range of future
Antarctic amplification (around 1.20); some models even
show no Antarctic amplification. The coherency of
Antarctic temperature change with global temperature
change may result from a dominant role of greenhouse
gases on southern high latitude radiative budget, only
slightly modulated by the internal feedbacks associated
with sea—ice extent, cloudiness, atmospheric heat and
moisture advection (including water vapour feedback,
more important at high latitudes). By contrast, we can
speculate that Greenland polar amplification should be
more influenced by other processes such as dust forcing,
changes in vegetation in the northern mid and high
latitudes, large icy surfaces and associated feedbacks
on atmospheric circulation and heat transport to
Greenland.

4.5 Ice-core constraints on global temperature changes

When taking into account all available 2xCO, and
4xCO, simulations, a linear regression relating Green-
land to global temperature change leads to a slope of
1.46 and a determination coefficient (R?) of 0.9 (Fig. 4c).
Therefore, in the world of model results, in average,
future changes in Greenland temperature are linearly
determined by the global temperature range (“‘climate
sensitivity””) but amplified by a factor of 46% (“‘polar
amplification™).

When considering glacial to control climate chan-
ges, we restrict here our analysis to the coupled model
simulations performed under the same boundary con-
ditions and with models involved in the IPCC fourth
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assessment (PMIP2 simulations). In this case, central
Greenland temperature change is also linearly related
to global temperature change with a slope of 2.71
(without topography correction) and a determination
coefficient of 0.81 (Fig. 4a). This suggests that paleo-
climatic polar temperature reconstruction provide a
quantitative constraint on the range of global tem-
perature change. In fact, the range of simulated central
Greenland temperature changes lies between 6.2 and
14.5°C, significantly below the borehole temperature
estimates of 19-22°C for 21,000 years before present.
As for the MH climate, coupled model results do
capture the glacial cooling but underestimate by a
factor from 1.3 to 3.5 the reconstructed temperature
change. Part of this inconsistency could be attributed
to the uncertainty linked with the effect of increased
dust concentrations on climate during glacial times,
probably underestimated when taken into account
with atmosphere-only models (Werner 2002). Other
missing factors include the lack of LGM vegetation
(Crowley and Baum 1997) and soil (Poutou 2003)
feedbacks, more important in the northern hemisphere
but which should be rather limited for Greenland
(Crucifix and Hewitt 2005). When extrapolated, this
model-data comparison however suggests that the
simulations most consistent with the paleoclimatic
constraints are associated with large glacial to control
global temperature changes (above 4°C) (Fig. 4b). The
precipitation seasonality effect remains negligible
(within a few °C) compared to the model-data dis-
crepancy, and even acts against any reconciliation of
the isotope to the borehole thermometry (all model
results give a smaller amplitude of changes when
precipitation weighted). The consistency of model re-
sults could question the interpretation of proxy re-
cords; however, borehole temperature profiles in
central Greenland are based on a physical mechanism
(diffusion of heat into the ice).

For central Antarctica, a similar analysis can be
performed. When a linear regression is performed on all
the range of 2xCO, and 4xCO, simulations, this leads to
a slope of 1.16 and a determination coefficient of 0.80,
suggesting again that future Antarctic temperature
change is, in the models, related to the global tempera-
ture change, and in average amplified by about 16%
above the global mean temperature change (Fig. 4d).
When applied to PMIP2 last glacial maximum to control
results, the same analysis leads to a slope of 2.09 and a
smaller determination coefficient of 0.70 (Fig. 4b). This
result suggests that Antarctic temperature changes are
representative of large scale temperature changes (up to
the global scale), with an amplification factor of 2. This
is a model confirmation that the early hypothesis of
(Genthon et al. 1987) and (Lorius et al. 1990) remains
valid. Antarctic glacial-interglacial temperature changes
can be considered to constrain global climate sensitivity
to greenhouse gases.

The range of simulated glacial to control central
Antarctic temperature change varies between 2.4°C for
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Fig. 4 a Comparison of Last a 25
Glacial Maximum to control
central Greenland annual mean
temperature change simulated === F—-——m—=————————— o ———— -
by climate models (PMIP2
coupled ocean-atmosphere 20 A
simulations only) with the range
of paleoclimatic
reconstructions. Filled black
squares show direct model
results. Open black squares
show model results corrected
from LGM to control ice sheet
elevation changes (“‘elevation
corrected” results). Grey
squares show model results
corrected from elevation
changes and precipitation-
weighted (“‘seasonality
corrected” results). Horizontal
long-dashed lines reflect the
range of temperature change
derived from Greenland 0
borehole thermometry. Short-
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model) to 10.8°C. The impact of elevation changes general circulation coupled model results fall within the
accounts for 2.9-3.5°C of the glacial to pre-industrial range of ice-core based temperature range (9+2°C).
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Fig. 4 (Contd.)

This suggests that the range of global glacial to control
temperature scale given by these models (3.7-5.1°C) is
consistent with the Antarctic proxy data. If the ice
sheet elevation change is taken into account, then,
again, models do underestimate fixed-elevation central
Antarctica LGM temperature change by a factor of
1.2-2.3.

5 Conclusions

We have performed model-model comparisons of past
and future climate change at the poles, and model-data
comparisons of past polar temperature changes both for
the MH and the LGM.
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The main outcome of the model-model comparison is
that the range of global temperature change is very
similar for 4xCO, experiments and glacial experiments
compared to control simulations. The range of inter-
model dispersion has the same order of magnitude for
glacial and 2xCO, experiments. Moreover, the polar
temperature changes are linearly related to the global
temperature change for both future and glacial climate
changes, with different polar amplifications at the two
poles. In the world of simulated climate change, tem-
perature changes in central Greenland and central
Antarctica are therefore representative of global climate
sensitivity. The polar amplification in Greenland is
much larger than for central Antarctica, possibly due to
albedo effects and changes in atmospheric storm tracks.

Paleoclimatic simulations make possible quantitative
model-data comparisons with reconstructions based on
ice core analyses. For the MH, PMIP1 atmosphere-only
models show a large variety of temperature changes. By
contrast, coupled climate model simulations performed
within PMIP2 all simulate MH temperatures warmer
than the control runs in central Greenland and central
Antarctica, consistent with ice-core signals, stressing the
role of the ocean and sea—ice components of the climate
system in integrating the seasonal orbital forcing into an
annual mean response. However, they strongly under-
estimate the amplitude of the central Greenland change,
possibly due to the lack of vegetation feedbacks. It has
to be noted that these MH polar changes occur with a
negligible change in global temperatures. Further efforts
will be required to assess the validity of ice core tem-
perature reconstructions in terms of larger scale climate
change for other interglacial periods.

The model-data comparison for the LGM is ham-
pered by uncertainties of polar ice sheet topography
changes. First, the different central Greenland and cen-
tral Antarctica ice caps prescribed in the PMIP1 (ICE-
4G) and PMIP2 (ICE-5G) exercises are a few hundred
meters above modern elevations. Second, these pre-
scribed topographies are in contradiction with ice-core
based estimates (either from air content indications, or
from ice sheet models forced by ice-core climatic sig-
nals). In this paper, we have circumvented this difficulty
by comparing direct temperature changes and elevation-
corrected temperature changes (with an estimated error
of 50% in this correction due to the range of observed
modern polar lapse rates). We are aware that this first
order correction does not take into account atmospheric
dynamical aspects related to the full geometry of the
prescribed ice caps. These comparisons show that (1) a
significant part of the Greenland and Antarctic cooling
of the PMIPI and PMIP2 simulations is caused by the
prescribed local elevation increase at the last glacial; (2)
when corrected for elevation changes, models strongly
underestimate Greenland temperature changes, al-
though they are rather consistent with Antarctic tem-
perature changes. A direct representation of water stable
isotopes inside coupled climate models would help to
understand the reasons for such inconsistencies, which
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here are shown not to arise from changes in precipitation
seasonal cycle only. The model-data quantitative dis-
crepancy for central Greenland has to be placed in the
larger northern hemisphere context and should be re-
lated to changes in stationary waves and storm track
trajectories. The response of polar ice caps to future
climate change may also act as a positive feedback on
the polar amplification, not taken into account in the
CMIP experiments discussed here.

The comparison of PMIP1 and PMIP2 models
clearly shows that changes in ocean surface conditions
(in particular sea—ice extent) are strongly involved in
past polar amplification. In order to fully exploit the
paleoclimatic constraints on climate sensitivity, future
work will be needed to disentangle the local radiative
perturbation in response to changes in greenhouse gases
from the internal feedbacks involving in particular
tropical sea surface temperatures (Lea 2004), sea—ice
extent and atmospheric circulation.

6 DATABASE access

http://www.lIsce.cea.fr/pmip/
http://www.Isce.cea.fr/pmip2/
http://www.pcmdi.llnl.gov/ipcc/about_ipcc.php
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