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Abstract. The sensitivity of interglacial Greenland tem- Greenland isotope-temperature slope (0.3-0.4 %o Y&
perature to orbital and CfOforcing is investigated using during warmer-than-present Arctic climates, in response to
the NorthGRIP ice core data and coupled ocean-atmospheriacreased Cg) increased ocean temperature and orbital forc-
IPSL-CM4 model simulations. These simulations were con-ing. This temporal slope appears half as large as the modern
ducted in response to different interglacial orbital configu- spatial gradient and is consistent with other ice core esti-
rations, and to increased G@oncentrations. These differ- mates. It may, however, be model-dependent, as indicated
ent forcings cause very distinct simulated seasonal and latby preliminary comparison with other models. This sug-
itudinal temperature and water cycle changes, limiting thegests that further simulations and detailed inter-model com-
analogies between the last interglacial and future climateparisons are also likely to be of benefit.

However, the IPSL-CM4 model shows similar magnitudes of Comparisons with Greenland ice core stable isotope data
Arctic summer warming and climate feedbacks in responseeveals that IPSL-CM4/LMDZiso simulations strongly un-
to 2x COy and orbital forcing of the last interglacial period derestimate the amplitude of the ice core signal during
(126 000 years ago). the last interglacial, which could reach +8-°1D at fixed-

The IPSL-CM4 model produces a remarkably linear re-€levation. While the model-data mismatch may result from
lationship between TOA incoming summer solar radiation missing positive feedbacks (e.g. vegetation), it could also be
and simulated changes in summer and annual mean centrgkplained by a reduced elevation of the central Greenland ice
Greenland temperature. This contrasts with the stable isosheet surface by 300-400 m.
tope record from the Greenland ice cores, showing a multi-
millennial lagged response to summer insolation. During
the early part of interglacials, the observed lags may be ex4 Introduction
plained by ice sheet-ocean feedbacks linked with changes in
ice sheet elevation and the impact of meltwater on ocean cirGreenland ice cores, such as the longest NorthGRIP record,
culation, as investigated with sensitivity studies. spanning the last 123000 years (NorthGRIP-community-

A quantitative comparison between ice core data and cli-mémbers, 2004), offer continuous and quantitative archives
mate simulations requires stability of the stable isotope —Of past local climate variability at orbital time scales
temperature relationship to be explored. Atmospheric sim(€-g. Vinther et al., 2009) as well as the evidence for abrupt
ulations including water stable isotopes have been conducteglimate events (e.g. Capron etal., 2010a). Ice core data allow
with the LMDZiso model under different boundary condi- US to explore the past magnitudes and rates of changes of cen-

tions. This set of simulations allows calculation of atemporaltral Greenland temperature prior to the instrumental period
(Masson-Delmotte et al., 2006a), even with uncertainties re-

lated to the conversion of ice core proxies into past temper-

@ Correspondence to: atures, to the age scales, and to the glaciological processes
V. Masson-Delmotte (Vinther et al., 2009).

(valerie.masson@cea.fr)
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In principle, these data can provide a benchmark to testthe — What was the change in central Greenland ice sheet to-
ability of climate models to correctly represent climate feed- pography during the last interglacial? The IPSL-CM4
backs (Otto-Bliesner et al., 2006). Past changes in orbital and LMDZiso simulations appear to underestimate the
forcing indeed provide natural externally forced experiments magnitude of last interglacial temperature and precip-
on the Earth’s climate, leading to past interglacial periods itation isotopic composition changes compared to the
with Arctic temperatures warmer than present-day and large  Greenland ice core data. Assuming that the model-data
changes in Greenland ice sheet volume (Kopp et al., 2009;  mismatch is mainly caused by a reduced ice sheet ele-
Vinther et al., 2009). In particular, the last interglacial pe- vation, we can estimate the magnitude of this elevation
riod, about 130-120 thousand years before present (ka), is change.

proposed to be a good analogue for future climate changg, oryer to address these questions, Sect. 2 is dedicated to
driven by anthropogenic greenhouse gas emissions (Clar,e jnformation obtained from the NorthGRIP ice core. Sec-
and Huybers, 2009; Otto-Bliesner et ?'-’ 2906; S|me. et al.tion 3 describes the results of the IPSL-CM4 coupled ocean-
2009; Turney and Jones, 2010), especially in the Arctic. — 5ymagphere model climate under different orbital configu-
In this manuscript, we address the following questions:  4tions. The response of the central Greenland climate to

— What is the Greenland ice core quantitative information OrPital forcing is also compared to its response to projec-
on past surface temperature changes during the curred{ons of higher greenhouse gas concentrations. An analysis
and last interglacial, and how is it related to orbital forc- Of the key radiative feedbacks affecting the top of the atmo-
ing? This requires the relationship between GreenlandPhere radlatlvg- budgetis proposed. In Sect. 4, we investigate
surface temperature and snowfall isotopic composition,the Greenland isotope-temperature relationship for warmer-

and the various processes that can modify this relationthan-present climates using isotopic atmospheric general cir-
ship through time, to be understood. culation models (LMDZiso and HadAMS3iso) and discuss the

implications for past central Greenland temperature and pos-
— Which changes in Greenland climate are produced bysible elevation changes.
an ocean-atmosphere model in response to different in-
terglacial orbital configurations? For this purpose, we
analyze long snapshot simulations conducted with the'2
IPSL-CM4 model forced only by the orbital configura-
tion of key periods of the current and last interglacial at

0,6, 9.5, 115 and 126 ka. For 126 ka, we also consideicontinuous records of water stable isotops¥Q or s D)
a sensitivity test to a simple parameterization of Green-paye peen measured along several deep Greenland ice cores;
land ice sheet melt allowing r(.aprese_ntatlon.of the impacti,o longest record published so far was obtained from
of meltwater on the ocean circulation (Swingedouw et he NorthGRIP ice core (NorthGRIP-community-members,
al., 2009). 2004) (Fig. 1). The initial vapour is formed by evaporation

— What are the analogies and differences between the clit the ocean surface. Its isotopic composition is affected by
mate response to the forcings associated with increaseavapqratmn conditions th_rough equnlbrlum_ and kinetic frac-
CO, concentrations and to changes in orbital configu-t'onat'on processes, and it _dgpends on mmstgre sources tem-
ration? For this purpose, we compare the IPSL-CM4 perature and relative hum|d|ty._ Along the_ air mass trajec-
response to higher atmospheric £@ncentrations and tories to Greenland, the isotopic composition of the atmo-

to the last interglacial insolation change, with a focus SPheric water vapour undergoes mixing by convection, up-
on Greenland climate. Indeed, climate projections (2 load of new water vapor from different sources, and distilla-

and 4x COp) give access to climate states with 3 to tipn linked with _the progressive gir mass cooling gnd succes-
8°C warmer central Greenland annual mean temperaS\Ve condensation, as yvell as kinetic effects on ice crystals.
ture (Masson-Delmotte et al., 2006b). Altoggther, these physpal processes result in a linear r.ela—
tionship between the air temperature and the snowfall iso-
— Is the climate model able to capture the magnitude oftopic composition in central Greenland. R3fO, the slope
changes derived from the ice core data? For directof the modern spatial relationship is 0.7 %o p€rfor the first
model-data comparisons, we use the sea surface coriee core sites (e.g. Dye 3, Camp Century) (Dansgaard, 1964),
ditions (sea surface temperature, SST and sea ice) fromnd 0.8 %o pefC for all available data including coastal sta-
the coupled climate model to drive its atmospheric com-tions (Dansgaard, 1964; Sjolte et al, 2011).
ponent equipped with the explicit modeling of precipita-  In addition to the impact of condensation temperature, sev-
tion isotopic composition (LMDZiso). This also allows eral effects can affect the precipitation isotopic composition
the stability of the isotope-temperature change throughand modify the temporal isotope-temperature relationship
time and the mechanisms that can alter this relationship
to be explored.

Ice core information on past Greenland temperature

2.1 Water stable isotopes — climate relationships

— deposition effectsaused by precipitation intermittency
or changes in the relationship between the temperature
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122 al., 2011). Atmospheric models have shown a large
0695 . 115 126 deposition effect for Greenland glacial climate, due to
207 " ! ' LA strongly reduced winter precipitation (Krinner et al.,
’ ‘5 1997; Werner et al., 2000). In this manuscript, we
[ assess the “precipitation-weighting effect” by compar-
ing the average temperature change to the monthly

200 |- e precipitation-weighted temperature change;
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— source effectscaused by changes in evaporation condi-
tions or moisture origin (Johnsen et al., 1989; Jouzel et
al., 2007; Masson-Delmotte et al., 2005a,c);

(w) 19n8] 3S

— glaciological effects caused by changes in ice sheet
topography which affects surface air temperature and
stable isotopic composition (Vinther et al., 2009). We
therefore introduce the notion of temperature estimate
“at fixed elevation”, by contrast with the information on
air temperature at the ice sheet surface classically de-
rived from stable isotope data (Masson-Delmotte et al.,
2005a).

Alternative information on past Greenland temperature is
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E i€ . b by available from the borehole temperature profiles (Dahl-
% 560~ /- 5 : ) Jensen et al., 1998) and from firn gas fractionation dur-
5 520 ing abrupt warmings (Capron et al., 2010a; Severinghaus
g 480 - et al., 1998). The latter method allows the estimation of
= 1 the interstadial isotope-temperature slope to range between
042 157 ) 0.304 0.05 and 0.6 0.05 %o 0f§180 per°C (Capron et al.,
04 S o { T 2010a), therefore quite different from the spatial slope. This
040 g likely results from deposition and source effects (Masson-
803 g Delmotte et al., 2005a). In Sect. 4, we will use isotopic sim-

0 20 40 60 80 100 120 140 ulations to quantify the isotope-temperature relationship in
Age (ky) warmer-than-present climate conditions.

Fig. 1. From top to bottom: black dots, atmospheric £€dncen- . . .
tration (Vostok and EDC ice cores) on the EDC3 age scale (Barnol2-2 Greenland Holocene climate and ice sheet elevation

et al., 1987; Lourantou et al., 2010); solid black line with uncer- ) .
tainties, estimation of eustatic sea level (Waelbroeck et al., 2002)Recently, Vinther et al. (2009) conducted a synthesis of

NorthGRIP ice coreé 180 data on a 20 year resolution on GIccos the Greenland ice core Holocene stable isotope information.
and EDC3 age scale (Capron et al., 2010a). The orbital componerit combines ice core records from coastal ice caps (where
of the record is displayed (thick black line) and was calculated usingchanges in elevation are limited) and from the central ice
the first three components of a singular spectrum analysis. A tentasheet (where higher elevation changes can significantly af-
tive estimate of the temperature change is also displayed, followingect the isotopic signals). The authors extract a common and
Masson-Delmotte et al. (2005b) (right axis). The reconstruction ofhomogeneous annual mean Greenland temperature signal “at
the Holocgne.GreenIand temperature.(at fixed elevation) (Vinther etixed elevation”, together with regional changes in the ice
al., 2009) is displayed as a bold blue line. Summer (red) and annu heet topography. The new “fixed elevation” temperature his-

mean (green) temperature anomalies simulated by the IPSL mOdeory from this study (Fig. 1, central panel, blue line) reveals a

are displayed as open circles for 6, 9.5, 115, 122, and 126 ka. The d Hol i . ) inG land coi
75° N June insolation (black line, Wrif) and orbital parameters pronounced Holocene climatic optimum in Greenland coin-

(precession parameter — long dashed line, obliquity — short dashe@iding with @ maximum thinning near the ice sheet margins.
line, and eccentricity — solid black line) are displayed in the two These results also imply that the NorthGRIP ice cbf#0
data can be converted to temperature with a temporal slope
of 0.45 %o perC.

They calculate that the elevation of the NorthGRIP site
at the condensation level and the surface temperahas decreased by140m since 9.5kyr and by60m from
ture (Jouzel et al.,, 1997). Modern observations sug-6 ka to present. The central Greenland temperature “at fixed
gest greater summer than winter precipitation in cen-elevation” is estimated to be2.3°C higher at 9.5ka and
tral Greenland (Shuman et al., 1995), which differs ~2.0°C at 6 ka than during the last millennium, with a multi-
from deposition seasonality in Antarctica (Laepple et millennial warm plateau encountered between 9.3 and 6.8 ka.

lowest panels.
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This plateau occurs 1.8 to 4.3 kyr (thousand years) later thathermometry to constrain the isotope-temperature-elevation
the maximum in 75N June insolation. The early Holocene histories. Based on the shape of north Atlantic SST records
warmth is partly masked in the central Greenland ice coresynchronized on the EDC3 age scale (Masson-Delmotte et
stable isotope records because of the larger volume and elel., 2010a), one may assume that the isotopic values of the
vation of the ice sheet. deepest part of the NorthGRIP ice core may be represen-
tative of a multi-millennial temperature plateau. Consider-
2.3 Links between NorthGRIP§'80 and 75> N summer ing the uncertainty on the isotope-temperature relationship
insolation (between 0.3 and 0.8 %o p&cC), the NorthGRIP Last In-
terglacial ~3 %o §180 anomaly would translate into a 3.8—
We extract the orbital components of the NorthGRIP record10.0°C surface temperature anomaly. The signal for the last
using the first components of a Singular Spectrum Analy-interglacial is without doubt larger than for the early to mid
sis performed on the whole series and corresponding to peHolocene (see Sect. 2.2), as expected from the larger orbital
riodicities longer than 3 kyr (Fig. 1, bold line, central panel). forcing (Fig. 1).
With the available ice core age scales (Capron et al., 2010b; By themselves, the data do not allow us to quantify the
Svensson et al., 2008), the orbital component of the North-deposition or glaciological effects affecting this temperature
GRIP 580 appears to lag the reversed precession parameestimate, motivating the use of climate models to explore the
ter (in phase with local June insolation) by several millen- mechanisms controlling precipitation isotopic composition.
nia (Fig. 1). A significant correlationR? = 0.27) is obtained
between the smoothed NorthGRE?8O and 4 kyr earlier
75" N June insolation. The four most recent optima in this 3 climate modelling
smoothed NorthGRIB80 record lag maxima in 7N June
insolation by 4.8, 4.8, 3.1 and 3.5kyr, respectively (Fig. 1,
dashed vertical lines). These lags are significantly largei3.1 IPSL-CM4 coupled climate model simulations
than the GICCO05 (Rasmussen et al., 2006; Svensson et al.,
2008)) age scale uncertainty 80 years at 10 kay440 years  The IPSL-CM4 coupled climate model has been extensively
at 20 ka,~1000 years at 30 ka ane2600 years at 60 ka) and used for CMIP3 and PMIP2 simulations (Alkama et al.,
occur both under glacial and interglacial contexts. 2008; Born et al.,, 2010; Braconnot et al., 2007, 2008;
For the Holocene, it is obvious that the Greenland op-Kageyama et al., 2009; Marti et al., 2010; Swingedouw et
timum (at ~7-10ka) occurs later than the 11ka preces-al., 2006). The model couples the atmospheric component
sion minimum (local June insolation maximum), likely be- LMDZ (Hourdin et al., 2006) with the OPA ocean compo-
cause of the negative feedback linked with the Laurentidenent (Madec and Imbard, 1996). A sea ice model (Fichefet
ice sheet albedo and weaker northward advection of heat iand Maqueda, 1997) which computes the ice thermodynam-
the Atlantic Ocean caused by the meltwater from deglaciatics and physics is coupled with the ocean-atmosphere model.
ing Northern Hemisphere ice sheets (Renssen et al., 2009Y.he ocean and atmosphere exchange momentum, heat and
The NorthGRIP record does not allow this aspect to befreshwater fluxes, as well as surface temperature and sea ice
explored for the last interglacial because it does not sparnce aday, using the OASIS coupler (Valcke, 2006). None of
the whole length of this period (NorthGRIP-community- the fluxes are corrected or adjusted. The model is run with a
members, 2004). Marine sediment records of North At-horizontal resolution of 96 points in longitude and 71 points
lantic sea surface temperature suggest a pattern similar to tHe latitude (3.78 x 2.5°) for the atmosphere and 182 points
Holocene with a lag between peak insolation and peak isoin longitude and 149 points in latitude for the ocean. There
topic values (Masson-Delmotte et al., 2010a). During theare 19 vertical levels in the atmosphere and 31 levels in the
end of the interglacials (after optima in insolation and in ocean, where the highest resolution (10 m) is focused on the
§180), parallel decreasing trends in°@$ June insolationand ~ upper 150 m. The model reproduces the main features of
NorthGRIP$§180 are observed. For the mid to late Holocene modern climate, although large temperature or precipitation
(the last 8kyr), thes80-insolation slope is 0.02%. per biases can be partly related to the resolution (Marti et al.,
Wm—2 (0.03 to 0.06C per Wn12), much weaker than 2010). The North Atlantic is often marked by large cold bi-
for the end of the last interglacial (121 to 115ka), where it ases in coupled climate models. This is also the case for

reaches 0.10 %o per W (~0.17 to 0.33C per W nt32). IPSL-CM4 where a weak Atlantic Meridional Oceanic Cir-
culation (AMOC) (Swingedouw et al., 2007) is linked with a
2.4 Lastinterglacial Greenland climate cold bias for central Greenland.

The IPSL-CM4 model results have previously been com-
The ice core information on central Greenland climate dur-pared with the ice core information and other model results in
ing the last interglacial is not as precise as for the Holocenderms of polar amplification under glacial conditions or cli-
due to the age scale uncertainty, the end of the NorthGRIRnate projection scenarios (Masson-Delmotte et al., 2006a,b)
record at~123 ka, and the lack of information from borehole as well as briefly for the last interglacial (Masson-Delmotte
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et al., 2010b). These previous studies showed that the IPSLAlux and adjusts within 150 years to the forcing. After this
CM4 model response is comparable to other climate modeladjustment, the deep ocean drift is limited.
and generally seems to underestimate the magnitude of tem-
perature changes compared to those derived from the ice coi@2 Impact of orbital forcing on IPSL-CM4 simulated
data. central Greenland climate

A set of simulations has been conducted to explore the re-
sponse of the model to various orbital configurations encounFigure 2 displays the model results for central Greenland us-
tered during the current and last interglacial (see the grey vering the same definition as in Masson-Delmotte et al. (2006a),
tical bars in Fig. 1 and the simulation descriptions in Table 1),that is the temperature averaged at places where ice sheet el-
with all other boundary conditions kept as for the model evation is above 1.3km. For each simulation, monthly mean
control simulation (pre-industrial). Small changes in atmo- values of central Greenland temperatures are displayed as a
spheric composition (C£) CH,) leading to radiative pertur- function of monthly mean values of 78I top of atmosphere
bations<0.4 W 2 during the current and last interglacial (hereafter TOA) incoming solar radiation. The elliptic shape
were neglected, except for the 6 ka simulation following the Of the plots reflects the one month seasonal lag between sur-
PMIP2 protocol (Braconnot et al., 2007). The time periodsface air temperature and insolation, mostly because of the
for these simulations (at 0, 6, 9.5, 115, 122 and 126 ka) werdhermal inertia of the surrounding oceans affecting heat ad-
chosen to represent contrasting changes in the seasonal cyection to central Greenland. Orbital forcing alone has lim-
cle of insolation, with different combinations of precession ited impacts on the simulated winter temperature (because of
(rather similar at 0 and 115 ka, 122 and 6 ka, 9.5 and 126 ka)a Weak incoming insolation at that season and latitude) and a
obliquity (maximum at 9.5 and minimum at 115ka) and ec- strong impact on summer-fall temperatures.
centricity (minimum at Oka and maximum at 115ka) con- The simulated change in summer temperature is domi-
figurations (Braconnot et al., 2008). These simulations werghating the simulated annual mean temperature change (Ta-
integrated from 300 to 1000 years depending on the time peble 2). Compared with the pre-industrial control simulation,
riod (Table 1). Since changes in Earth’s orbital parametersluly (respectively annual mean) temperature changes vary by
only marginally affect the global annual mean simulations, —2.5°C (—0.5°C) for 115 ka to +5.8C (+0.9°C) for 126 ka.
these simulations adjust very rapidly to the insolation forc- The model results for summer and annual mean temperature
ing (50-100 years) from the same initial state. We considerare depicted in Fig. 1 with red and green open circles, respec-
here mean annual cycles computed from 150 to 400 yeardively. This comparison suggests that the IPSL-CM4 simula-
Our analysis focuses on the most contrasting simulationstion has the right sign of temperature changes, but underes-
126 ka and 115ka. Note that the Antarctic ice core data detimates the magnitude of annual mean changes compared to
pict atmospheric C@levels close to the pre-industrial (273— the ice core derived information. We now explore the sim-
276 ppmv) during these two time periods (Masson-Delmotteulated deposition effects, which can impact the model-data
etal., 2010a). comparison, focusing on the precipitation weighting effect.

We have also used a similar approach to that of Sime For all orbital contexts, the IPSL-CM4 model shows
et al. (2008) whilst exploring different forms of warmer a positive precipitation weighting effect (difference be-
Greenland climates. We have therefore also analyzed simtween monthly precipitation-weighted temperature and an-
ulations run under projected increased G@ncentrations. nual mean temperature) (Table 2, last column). This effect
The 2x CO, simulation has been integrated for 250 years.is minimum at 115ka (1.8C), maximum at 126 ka (5°X)
Beginning from a pre-industrial simulation, the atmosphericand is strongly enhanced with increasing local summer inso-
CO, concentration is increased by 1% per year until it dou-lation. This is due to a strong (non linear) enhancement of
bles within 70 years (from 280 to 560 ppmv). It is then summer precipitation for warmer summer temperatures (Ta-
kept constant for the remaining 180 years. The same proble 2). The IPSL-CM4 model therefore points to a large de-
tocol is followed for the 4« CO, simulation (quadrupling of  position effect, suggesting that the Greenland ice core warms
CO, in 140 years and then kept constant for the remaininginterglacial proxy records such as stable isotopes, but also
110 years). We have used the model outputs averaged ovéPBe (Wagner et al., 2001; Yiou et al., 1997) may be biased
the last 100 years of these simulations. towards summer. The simulated changes in precipitation-

While the topography of the Greenland and Antarctic ice weighted temperature are intermediate between the summer
sheet is constant for all the simulations, a parameterizatiorand annual mean temperature and vary betweer°C (at
of Greenland melt has been implemented in order to explorel15 ka) and +3.6C (at 126 ka) (Table 2).
the feedbacks between Greenland warming, Greenland melt- In the IPSL-CM4 simulations, the maximum summer tem-
water flux and thermohaline circulation (Swingedouw et al., perature change (occurring in July) appears to be strongly
2009) with implications for monsoon areas (Braconnot et al. linearly related £2=0.99) with maximum 75N incom-
2008). A simulation including this parameterisation undering summer insolation (occurring in June), with a slope of
126 ka orbital forcing was integrated for 350 years. The ther-0.08°C per Wn1?2 (Fig. 2b). We first observe that, even
mohaline circulation is affected by an additional freshwaterconsidering this largest signal (July temperature), the model

www.clim-past.net/7/1041/2011/ Clim. Past, 7, 102059 2011
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Table 1. Description of the simulations. The LMDZiso simulations were run for 5 years with climatological forcing averaged from the
IPSL-CM4 ouputs, and results analysed for the last 3 years of this simulation. AMIP (Atmospheric Modelling Intercomparison Project)
boundary conditions are derived from observed SST and sea-ice (1979 to 2007). Atmospheric composition refers to prescribed changes ir
greenhouse gas concentrations (e.goC@ the orbital forcing columrg, o and p respectively stand for eccentricity, obliquity @), and
perihelia-180.

Name Orbital Atmospheric  Greenland Ocean
forcing composition melt surface
IPSL-Oka Oka pre-industrial  No Calculated
¢=0.016
0=23.4
p=102
IPSL-6ka 6 ka 6 ka No Calculated
¢=0.0187
0=24.1
p=0.89
IPSL-9.5ka 9.5ka pre-industrial  No Calculated
¢=0.0194
0=24.2
p=303
IPSL-115ka 115ka pre-industrial  No Calculated
e=0.0414
0=22.4
p=111
IPSL-122 ka 122 ka pre-industrial  No calculated
¢=0.0407
0=23.2
p=356
IPSL-126 ka 126 ka pre-industrial  No calculated
¢=0.0397
0=23.9
p=291
IPSL-126 ka GM 126 ka pre-industrial ~ Yes calculated
IPSL-2x CO» Oka CMIP3 No Calculated
IPSL-4x COy Oka CMIP3 No calculated
LMDZiso-ctrl Oka 348 ppmv No Prescribed from AMIP
LMDZiso-6ky 6 ka 280 ppmv No Prescribed as
AMIP + (IPSL6 kyr—
IPSLO kyr)
LMDZiso-126 kyr 126 ka 280 ppmv No Prescribed as
AMIP + (IPSL126 kyr—
IPSLO kyr)
LMDzZiso-126 kyr GM 126 ka 280 ppmv Prescribed Prescribed as
from AMIP + (IPSL126 kyr
IPSL-126 kyr GM  GM—IPSLO kyr)
LMDZisoSST Oka 280 ppmv No AMIP +2C
LMDZiso2 x CO» Oka 2x 348ppmv  No IPSLZ COy
LMDZiso4x x COy Oka 4x 348 ppmv  No IPSL 4 COy

response to summer insolation therefore appears at least halfe top of the atmosphere radiative budget and key radiative
as large as that derived from the ice core data for the tranfeedbacks in order to better describe the processes responsi-
sition from 122 to 115ka (0.17 to 0.38 per Wn12, see  ble for such a linear model response to the orbital forcing.
Sect. 2.3). In Sect. 3.2, we investigate the changes affecting
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Table 2. IPSL-CM4 results for Greenland (from grid points located above 1300 m elevation): annual mean, July and precipitation-weighted
temperature®C) as well as deposition effect (difference between precipitation-weighted and annual mean temperature) and ratio of summer
(April-September) to annual precipitation. Results are given for the different simulations in response to orbital forcing only. Absolute values
are given as well as anomalies with respect to the control simulation (numbers shown between parentheses).

Simulation Annual mean July Greenland  Ratio of summer  Precipitation  Deposition
Greenland temperature half year (April- weighted effect
temperature (anomaly)C) September) to Greenland (anomaRg|
(anomaly) ¢C) annual temperature

precipitation (anomaly)
(percentage of °C)
change)

Control simulation —28.3 -12.9 0.60 —-25.9 2.4

6 ka —27.9 (+0.4) —10.6 (+2.3) 0.62 (+3 %) —24.7 (+1.2) 3.2(+0.7)

9.5ka —27.5(+0.8) —8.5 (+4.4) 0.65 (+8 %) —23.3(+2.6) 4.2(+1.8)

115ka —28.8 (-0.5) —15.4 (-2.5) 0.58 3 %) —27.0(-1.1) 1.8¢0.7)
122ka —28.1(+0.2) —11.9 (+1.0) 0.62 (+3 %) —25.1(+0.8) 3.0(+0.6)

126 ka —27.4 (+0.9) —7.1(+5.8) 0.68 (+13 %) —22.3(+3.6) 5.2(+2.7)

S S 65—, ———— AMOC is wgakene_d becaqse deep water formation in _the
s Jygo)mmm:ogg) o North Atlantic/Nordic Seas is reduced by the Greenland ice
10~ 5§10 . sheet meltwater. The meridional heat transport by the atmo-
ni Eii B ° 7] spheric circulation is enhanced to compensate for the reduc-
Saele 1 1 tion in ocean heat transport but the Arctic cools because of a
20 = a0 40 50 560 larger sea ice extent. Therefore, taking into account the im-

Maximum monthly insolation (W/m2) . . . . .
pact of ice sheet melting on the ocean circulation increases

the model-data mismatch.

w
o

Monthly temperature (°C)

10 .
/' 7 4 o 3.3 Differences between increased Cand orbitally
S, o 126 forced IPSL-CM4 climate responses
» “’2 | 1 1 1 | |
%0 100 200 300 40 50 600 The orbital forcing has a negligible impact as such on the

Monthly insolation (W) global and annual radiative forcing<0.3W n12 over the

: . last 130ka), which contrasts with the 3.7 W fnradiative
Fig. 2. (a)Seasonal cycle of IPSL model s_lmulated central Green-forcing for 2x CO, (resp. 7 AW M2 for 4 x CO,). Note
land (>1300 m) temperatur€ C) as a function of the seasonal cy- L L C ) .
cle of TOA incoming solar radiation at 78I (W m—2) for different that thquﬂy affects.the latitudinal dlstrlbutlpn of :?mnual in-
orbital configurations (0, 6, 9.5, 115, 122 and 126ka). For eachsolation, with opposite effects at low and high latitudes (not
period, the monthly data are displayed; black numbers indicate th&hown), and a range of variations of resp. 4.5 to 10.5Wm
number of the month (from 1 for January to 12 for December). Theat 75 N along the current and last interglacial (0-12ka and
elliptic shape results from the phase lag between temperature anti15—130 ka).
insolation. (b) Regression between maximum monthly insolation  Moreover, the diurnal and seasonal distributions of orbital
and the IPSL model central Greenland maximum monthly summergnd 2x CO, forcings are drastically different. For 126 ka,
temperature (occurring one month after maximum insolatiozn). Aanomalies (relative to pre-industrial) in summer insolation
linear relationship is Ot.’served’ W't.h a slope of 0-G8per Wi exceed 50 Wm? at mid and high northern latitudes (Fig. 3a,
The same color code is used as in panel a for the various simula- . . .
tions. showing TOA radiative budget) at 126 ka, with large sea-

sonal and latitudinal contrasts (Fig. 3b). This differs from
the more homogeneous forcing caused by increasegd CO
concentrations.

When taking into account the ocean circulation changes We now focus on the 126 ka simulation, because of the
linked with a parameterization of Greenland melt at 126 ka,large magnitude of the seasonal insolation change caused
the IPSL-CM4 model simulates a 06 weaker July by the combination of precession and eccentricity for this
(resp. 0.£4C annual) warming than in the standard 126 ka period, and compare it with the>2CO, simulation. Fig-
simulation (not shown in Table 2). In this simulation, the ure 3 (panels ¢ and d) shows the differences between last
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Fig. 3. Comparison of anomalies between the last interglacial and pre-industrial control IPSL model simulations (left panelCadd 2
and pre-industrial control simulation (right panel) foga) and(b) TOA net radiative budget (W ﬁ?); (c) and(d) surface air temperature
(°C) and(e) and(f) evaporation (mmday!). For panelga) and(b), anomalies are displayed as a function of month number (horizontal
axis) and latitude (vertical axis). For panét3 to (f), anomalies are displayed as a function of longitude and latitude, for DJF (December-
January-February), JJA (June-July-August) and for the annual mean. On the right side of eat) tmfigl zonal mean anomalies are also
displayed as a function of latitude.

interglacial (126 ka) and pre-industrial for JJA, DJF and an-to pre-industrial control simulation), especially in the winter
nual mean temperature, as well as their zonal mean, andeason. By contrast the 126 ka orbital forcing leads to a small
compares them to the differences betweer @O, and  annual mean cooling at low to mid latitudes, a small annual
present day for JJA, DJF and annual mean temperature. Immean warming anomaly around 68 and a large~4°C)
creased C@ leads to simulated warming at low latitudes warming in the Arctic. The model response to 126 ka or-
and a larger magnitude of warming at both poles (relativebital forcing follows the latitudinal and seasonal anomalies of
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Fig. 3. Continued.

insolation (Fig. 3a), with the exception of the Arctic, where a warming for 126 ka conditions. While this comparison high-
year round persistent warming is simulated. Such a feature ifights the differences between the two types of simulations,
model-dependent, as shown by the comparison between thend therefore the limitations of analogies between the last in-
IPSL-CM4 results and other coupled model simulations forterglacial and future climate change, we would like to stress
the seasonal cycle of simulated last interglacial temperatur¢hat the simulated summer Arctic warming at 126 ka reaches
anomalies for Greenland (Masson-Delmotte et al., 2010c). a magnitude-{4°C) comparable to summer Arctic warming
Figure 4 shows that the control simulation correctly cap-forced by 2x CO, (see also Fig. 5d).
tures the amplitude and extrema of the observed Northern The different climate responses to orbital (126 ka) and
Hemisphere sea-ice cover (Rayner et al., 2003), but has a x CO, forcing are also shown on the global pattern of evap-
slight shift (one month earlier than in the data) in the sea-oration changes. Figure 3e shows a strong increase in sum-
sonal cycle. In response to 126 ka orbital forcing, the modelmer North Atlantic evaporation at 126 ka, in contrast with
produces a summer sea ice retreat-&million km?. This a strong increase in Nordic Seas evaporation in response
represents half of the retreat million km?) simulated for  to 2x CO, forcing (probably linked with reduced sea-ice
2x x COz. In the 126 ka simulation, a small winter sea ice cover). We hypothesize that changes in moisture sources
retreat is also simulated. This can be attributed to the largaffect moisture distillation and Greenland precipitation iso-
uptake of heat during summer in the high latitude ocean agopic depletion, and therefore the isotope-temperature rela-
well as to an enhanced AMOC, which brings warm surfacetionships. Before presenting the isotopic calculation results
waters to the high latitudes (Born et al., 2010). This winter (in Sect. 4), we perform a simple analysis of radiative feed-
sea-ice retreat is probably the cause for the warmer wintebacks in order to understand the causes of the linear behavior
temperatures at 126 ka compared to the control simulatiorof the IPSL-CM4 model in response to orbital forcing, and
(Fig. 3c). to further compare the model response to,CGiDdd orbital
Winter Arctic warming is particularly large under’CO, forcing.
forcing, reaching~8°C, compared to the~2°C Arctic
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Northern sea ice cover = Conel - —2C02 AALB simyl)- The albedo feedback is consistent with changes
160 L in seaice (Fig. 4). Itincreases almost linearly with the insola-
tion forcing, stressing that the changes in clear sky shortwave
surface radiation drive the surface radiative budget, surface
temperature and thereby the snow and ice extent. Note that
1 - by construction, the total albedo feedback between the dif-
ferent simulations lies on a line proportional to the planetary
albedo of the control simulation. At 115ka, clear sky and
cloud albedo feedbacks have opposite signs and have a much
smaller magnitude (with respect to the magnitude of the or-
1 r bital forcing) compared to other orbital simulations. The dif-

00 ; : : : : ferent effects are thus not symmetrical for increased or re-
" > T o e duced insolation, certainly due to the temperature thresholds
needed to build and melt snow and ice.
Fig. 4. Monthly seasonal cycle of Northern Hemisphere sea ice In addition, the longwave radiative budget changes
extent for present day (black), 126 ka (red) and@O; (blue) sim- (AL Wngjm, filled diamonds) appear to be driven by the
ulated by IPSL-CM4. Present d_ay (1900-2010) climatological datachanges in Planck emission directly caused by changes in
(Rayner et al., 2003) are also displayed (dashed grey). surface temperatureAPlsimu, open diamonds). There is
only a small increase in the atmospheric greenhouse effect
caused by changes in the vertical temperature profile, wa-
3.4 Analysis of radiative feedbacks ter vapour content, and infra-red cloud radiative feedbacks
(difference between the filled and open diamond symbols).
Following Braconnot et al. (2007), a simple feedback anal-This greenhouse feedback is too small to drive a non-linear
ysis was performed in order to quantify the main drivers of response of the radiative budget around Greenland.
changes in the top of the atmosphere radiative budget (TOA) While this approach ignores the dynamical heat advection
at high latitudes (60—8N). The methodology for this anal- effects, it suggests that the top of the atmosphere radiative
ysis is described in Appendix A. budget at high northern latitude is relatively linear with re-
Figure 5 displays analyses of the TOA radiative budgetspect to orbital forcing and highlights the importance of the
terms and key feedbacks (represented by symbols) aroungositive feedbacks linked with the surface albedo. The mag-
Greenland. The different simulations are represented by th@itude of the atmospheric greenhouse effect and the short-
same colors as in Fig. 2. The specific radiative budgetsvave cloud negative feedback increase with the magnitude
for June—July are shown for all the orbitally forced simu- of the insolation forcing. In this model, the cloud feedback
lations (Fig. 5a) and for each month for 126 ka (Fig. 5b) is enhanced for a warmer Arctic. Compensations of non-
and 2x CO, simulations (Fig. 5¢). We do not display the linearities of the Planck, albedo and cloud radiative effects at
changes in heat and water transport and only focus on the@15ka likely explain the overall linearity of the IPSL-CM4
local radiation fluxes within the atmospheric column. model high northern latitude temperature response to sum-
Figure 5a characterises the radiative feedbacks involveaner insolation forcing.
in the linear response of the IPSL-CM4 simulated summer Figure 5b and ¢ show a comparison of the seasonal cy-
Greenland surface temperature with respect to summer inele and magnitude feedbacks at play in 126 ka ardCD,
solation. At high northern latitudes, the different compo- simulations, respectively. As previously mentioned, they
nents of the radiative budget depict a linear relationshipreach similar magnitudes of summer temperature change
with respect to the change in incoming solar radiation at theover Greenland. As expected, the changes in greenhouse
top of the atmosphera SWisimy. The net TOA shortwave effect are larger for the 2x COyforcing than for insola-
flux (ASWrsimul, represented byx”symbols) appears rel- tion forcing. The net radiative budget is positive in sum-
atively close to the prescribed insolation change and onlymer. The net shortwave radiation reflects the total albedo
partially compensated for by increased longwave emissioreffect. Again, the clear sky albedo feedback is the dominant
(ALWngimui, represented by filled diamonds) so that the netcontribution during summer, and the cloud feedback only ac-
radiative budget is positive (not shown). counts for a small fraction of changes in shortwave radiation,
At 6, 9.5, 122 and 126ka, a strong positive shortwaveeven though its magnitude is larger than for the insolation
feedback is linked with the total (surface and cloud) albedoforcing. This comparison shows that the albedo, cloud and
effect (AALBgimul, represented by “+” symbols). This ef- atmospheric greenhouse feedbacks have comparable magni-
fect is dominated by the clear sky (surface) albedo ef-tude and sign in summer. These simulated feedbacks seem
fect (AALB cssimyl represented by the triangle symbols), consistent with ongoing changes related with Arctic sea-ice
only partly compensated by an enhanced negative cloudetreat and warming (Screen and Simmonds, 2010). This
shortwave feedback (difference betwe&ALB cssimy and analysis also highlights the different seasonality effects, with
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o
o
L
T

4.0 4 L

Clim. Past, 7, 10411059 2011 www.clim-past.net/7/1041/2011/



V. Masson-Delmotte et al.: Sensitivity of interglacial Greenland temperaturé'&ed 1051

I ASWislmul
—— ASWng.,
80 — ' 80 — —2— AALB CSginy
~—~ (] ~—
T 50 a) June-JuI:y feedbacks E 50 | b) 126 ka ot AALB g
E ! E —— AI‘Wnsimul
< 40 ' « _; 40 —o— APIsimul
K] ! X E
£ 20 — X A cloud 20
8 : é&{»lc ou %
S e hrE T T = 0
% 1122 Q @f reenhouse: 2
S -20 | TBg g TS 0
= 115 | 126 °
= -40 — ' 2 -40
8 . =
—] o —
E -60 ! g -60
-80 PR T T -80 I N N I B
-80 -40 0 40 80 0 2 4 6 8 10 12
ASWigin (W/m?) Month
61— ! 80 —
d ! summer & 60 |- C) 2xCO2
= ) ! summer £ 60[-0)
IS 4 ! E
g | >
o ! g
g ! g
A
o ! >
£ | g
[« 1 o
g o e 2
& s winter =
! 5
| (]
7% il Y I N N

-4 -2 0 2 4 6 8
Temperature anomaly (°C) Month

Fig. 5. Analysis of atmospheric feedbacks affecting the TOA radiative bud@@tJune—July changes in radiative budget terms (see text
and figure legend for details) as a function of June-July incoming solar radiation @) rfor different orbital contexts (6 ka, orange;
9.5ka, violet; 115ka, green; 122ka, pink; and 126 ka, red). Arrows depict the magnitude of albedo (difference between “+” and triangle
symbols), cloud (difference between “+” angd”“symbols) and greenhouse (difference between open and filled diamonds) feedbacks for
126 ka. (b) Monthly values of the radiative budget 126 ka anomalies with respect to the control simulation (see text and legend for details)
(Wm™2). (c) Same agb) but for 2x CO,. (d) Seasonal cycle of precipitable water anomaly as a function of temperature and@jalith

respect to the control simulation, for 115 ka (green), 126 ka (red) an@@; (blue).

larger greenhouse feedbacks foxk £ZO, in winter, as well 4 Atmospheric modeling of water stable isotopes
as an earlier albedo feedback foxZ Oy, likely caused by

the strongly reduced winter sea-ice cover in this simulation4.1  Set up of the LMDZiso simulations

than for 126 ka (Fig. 4).

In order to better characterize the links between changes ifynhile water stable isotopes are not yet available in the cou-
surface temperature and atmospheric water content, Fig. 59Ied IPSL-CM4 model, they have been implemented in its at-
compares the seasonal cycle of atmospheric precipitable Wanospheric component, LMDZ4 (Risi et al., 2010b) (hereafter
ter anomaly as a function of surface temperature anomaly:a|led LMDZiso), with a standard resolution of 2.5 3.75.
for 115, 126ka and & CO, simulations. The asymmetry The apility of the model to capture the modern and Last
between atmospheric moisture changes at 115 and 126 ka {§|acjal Maximum (LGM) Greenland precipitation isotopic
obvious. Despite a completely different seasonality of thecomposition has been previously analysed (Risi et al., 2010b;
changes (with the 2 CO; simulations showing its largest steen-Larsen et al., 2011). These comparisons have shown
temperature changes in winter), the 126 ka and@; sim-  that the model correctly captures the 0.8%. P& mod-
ulations again depict similar magnitudes of temperature ant spatial isotope-temperature relationship obtained from
precipitable water changes, in summer. Greenland data (see Sect. 2). In central and North Greenland,

the model has a warm bias (up t6¢®) and produces too
enriched precipitation (by 5 %o0). This contrasts with a cold
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and enriched bias at coastal stations. Comparable biases are (I — — T 1
found by other atmospheric models that include water stable
isotopes (e.g. ECHAM and REMO-iso) (Sjolte et al., 2011).

A suite of simulations has been conducted with the
LMDZiso model, forced by the sea surface conditions and
associated external forcings (6 ka and 126 ka orbital parame-
ters, and increased greenhouse gas concentrations) simulated
by the IPSL-CM4 model; a sensitivity test witl?@ homo-
geneous artificial increase in sea surface temperature com-
pared to present-day (AMIP) has also been performed (Ta- -22[-
ble 1). The isotopic simulations were run for 5 years, which 24
is sufficient for the equilibration between the atmosphere and  -26|-
land surface reservoirs. We verified that trends in tempera- 5|
ture and stable isotopes over Greenland over the first 3 years= |
of the simulations are lower than the standard deviations of 5 , |
the last 3 years, which were used for this study. We also ver- ©
ified, using a longer 126 ka simulation (16 years), that the
standard deviations calculated over a period of 3 years were
not decreasing with a longer spin up period.
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4.2 LMDZiso isotope-temperature relationships

Consistent with the coupled IPSL-CM4 simulations dis-
cussed in Sect. 3, annual mean temperature changes simu-
lated in central Greenland remain very small for the sim-
ulations corresponding to changes in orbital configurations
(<1°C) (Fig. 6). They reach 4C for 2x CO,, 6°C for R N R S R S R S B T
SST+4°C and ~9°C for 4x COy simulations (Fig. 7). 0 2 4 6 8 10 12 14 16 18 20 22 24
Deposition effects can be considered both for temperature Month

and 8180 by calculating either annual mean or precipita- _. I
tion weighted values (Fig. 7). As discussed previously, thisF'g' 5 M.Omh% Sea.sonal cycle of temperature, precipitation and
; . . ; precipitation §-°O simulated by LMDZiso for different sets of

e_ffect is particularly large for thg orbltally_ forced simula- boundary conditions (AMIP control, 6ka, 126 ka, %@ SST, 2x
tions (up to 2C and 1%, reaching magnitudes compara- and 4xx CO, concentrations) prescribed using the IPSL-CM4 sea
ble to the climate change signal). Because the &@cing  surface conditions (see Table 1). For readability, the seasonal cycle
increases both winter and summer temperature and preciphas been repeated over 2 years (24 months).
itation (Fig. 6), the resulting precipitation weighting effect
is smaller (typically PC and 0.5 %o for 4x COy). This ef-
fect enhances the magnitude of precipitation weighté® temperature and*®0, and by selections of 5 of the 6 sim-
anomalies (Fig. 7) and therefore slightly increases the “warmulations to assess the uncertainty on each slope, which is
climate” isotope-temperature slope (from 0.30 to 0.36 %o perabout 0.03 %o petC. This simulated slope is consistent with
°C). Within all the studied simulations, the strength of the the lowest values derived from interstadial warming events
correlation is comparable between annual mean precipita¢Capron et al., 2010a), with the slopes obtained using the
tion isotopic composition and temperature, and precipitationborehole information at the glacial-interglacial scale (Cuffey
weighted isotopic composition and temperatuké £ 0.95, and Clow, 1997; Dahl-Jensen et al., 1998), and lower than the
n=6) and larger than the correlation between precipita-slopes estimated during the current interglacial period after
tion weighted isotopic signal and annual mean temperatur@ccounting for elevation changes (Vinther et al., 2009). This
(R%2=0.86,n=6). This suggests that the ice core data (cap-finding is also consistent with a small isotope-temperature
turing precipitation weighted information) should best be slope simulated by the GISS model for the Holocene for
interpreted in terms of changes in precipitation-weightedGreenland (Legrande and Schmidt, 2009).
temperature. At 126 ka, the simulated change in Greenland precipita-

When considering all the available simulations, a lin- tion isotopic composition is very small (0.75 %) compared
ear regression leads to a mean “warm climate” isotopeto the ice core data. Indeed,~a3 %, anomaly above the
temperature slope of 0.31%. pé€C, with values ranging last millennium level is consistently recorded in the deep-
from 0.26 to 0.39 %0 pefC. This uncertainty is estimated est part of the NorthGRIP ice core (at 123ka), in ice from
by using either annual mean or precipitation weighting for the last interglacial found in the disturbed bottom layers

(2,) a4nyesadwia |
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Fig. 7. Simulated anomalies of Greenland precipitation-weigngD as a function of mean temperature (black open circles) and
precipitation-weighted temperature (red filled circles). Simulated anomalies of Greenland annual®@eas a function of annual mean
temperature (grey open circles) are also displayed for all the LMDZiso simulations. Anomalies are calculated with respect to the AMIP
control simulation. Linear regressions are also displayed.

at Summit (Landais et al., 2004; Masson-Delmotte et al.,°C. This arises from a spatial gradient in the contribution of
2010a; Suwa et al., 2006) and in preliminary measurementgenriched) high latitude moisture to Greenland precipitation.
from the NEEM ice core, recently drilled in northwestern This contribution decreases poleward, because air mass tra-
Greenland (unpublished data). jectories reaching northern Greenland are transported at high
The deposition effect alone cannot explain why the elevation and are less exposed to high latitude evaporation.
isotope-temperature slope is particularly weak for these Inthe 4x CO, experiment, the proportion of high latitude
warmer-than-present climates. Larger spring-summer temmoisture decreases by about 40 % in winter and 60 % in sum-
perature anomalies in thexdCO, simulation are only asso- mer, due to enhanced poleward moisture transport from the
ciated with a small Greenland precipitatié®®"O anomaly.  subtropics and decreased high latitude evaporation (Fig. 3).
This is also the case, but in a weaker proportion, for theThis source effect quantitatively explains the difference be-
126 ka simulation. Source effects linked with geographi- tween the Rayleigh isotope-temperature slope (0.7 %3 @gr
cal shifts of the origin of the moisture source (as hinted and the actual temporal isotope-temperature slope (0.3 %o per
by changes in evaporation, Fig. 3) are likely the cause for°’C). This analysis shows that changes in high latitude recy-
a reduced isotopic depletion despite strong summer Arcticcling explain why the isotope-temperature slopes for warmer

warming. climates are much smaller in LMDZiso than the modern spa-
tial slope. We now compare the LMDZiso model results with
4.3 LMDZiso changes in moisture origin other available isotopic model results.

We conducted a water tagging experiment (Risi et al., 2010a}}.4 Comparison with other isotope model results

in which the high latitude (North of 50N) oceanic evapora-

tion was tagged for the control and«4CO, experiments (in ~ Small slopes are simulated by the LMDZiso model for
order to explore the largest anomaly). For central GreenlandGreenland for projections and interglacial configurations,
14 % of present-day moisture originates from high latitudeand by the GISS model for the Holocene for Greenland
(>50° N) evaporation. High latitude evaporation is strongly (Legrande and Schmidt, 2009).

isotopically enriched compared to the global mean atmo- Here we also briefly examine results from Greenland using
spheric water vapour. The modern spatial slope in GreenHadAM3iso simulations previously published for Antarctica
land is 0.8 %o pefC including all moisture sources. The wa- (Sime et al., 2008). We focus on a snapshot simulation for
ter tagging simulation shows that, without the Arctic mois- the year 2100 in response to SST and sea ice outputs from the
ture source, this spatial slope would be reduced to 0.7 %. pecoupled Hadley model simulation using the A1B greenhouse
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concentration scenario. This is relatively comparable to theand Holocene (Vinther et al., 2009) climates. The IPSL-CM4
LMDZiso 2 x CO, simulation. and LMDZiso models do underestimate the magnitude of

Whilst seasonal cycles of LMDZiso 2CO, and temperature and precipitation isotopic composition changes
HadAM3iso 2100 outputs show relatively comparable mag-compared to the ice core data. This mismatch may re-
nitudes of Arctic sea ice, central Greenland temperature angult from either missing feedbacks (e.g. vegetation changes),
precipitation changes, albeit with slightly different seasonalmodel sensitivity to forcings (e.g. magnitude of seaice, water
aspects (Supplement, Fig. SB'80 anomalies (with re- vapour and moisture origin, cloud etc. feedbacks), or, alter-
spect to the reference period) are higher for HadAM3iso (notnatively, from changes in Greenland elevation, which are not
shown). The HadAM3is#'®0 anomalies are positive all considered in the climate simulations.
year round, while LMDZiso % CO, shows very small (or Assuming that the LMDZ/IPSL-CM4 model correctly
slightly negative)s’0 anomalies for that season. As a re- captures the first order of the response to 126 ka insola-
sult, the HadAM3iso model produces larger shiftss#0 tion, the model-data comparison leavess’80 anomaly
for a comparable warming, compared with LMDZiso. The of ~2.25%. to explain. Given the modera —0.6 %0 per
average central Greenland shift is about 3 %o in HadAM3is0,100 m§180-elevation gradient in Greenland (Vinther et al.,
which is slightly closer to the observed interglacial shift, 2009), this suggests that the central Greenland ice sheet ele-
compared with LMDZiso. However, note that since this shift vation may have been reduced by at most 325-450 m at the
occurs due to Ceforcing, rather than a more realistic orbital end of the last interglacial. Such a reduced elevation in cen-
forced warming, it is difficult to know the pertinence of this tral Greenland is expected to result from stronger melt in the
result for the last interglacial climate. coastal ablation zone and dynamical ice sheet response dur-

The difference between the models likely arises froming the last interglacial compared to today. So far, no infor-
differences in moisture advection to central Greenland.mation can be extracted from the deepest parts of the North-
HadAM3iso 2100 evaporation changes have comparable patSRIP ice core regarding elevation changes. Air content mea-
terns but larger magnitudes at high northern latitudes, comsurements from the deepest parts of the GRIP ice core (Ray-
pared to 2 CO, LMD4iso results (Figs. 3 and 8). This naud et al., 1997) suggest little change in Summit elevation.
suggests that, whilst LMDZ4iso enhances the transport oftis expected that the undisturbed parts of the NEEM ice core
depleted subtropical moisture towards Greenland (see presould bring further constraints.
vious section), the specific 2100 simulation examined here Simulations including the parameterization of Greenland
may be allowing HadAMS3iso to transport more moisture melt at 126 ka produce, however, a reduced AMOC and lim-
from nearby sea ice free high latitude oceans during the COited Greenland warming (reduced by 0@ in summer and
warming. Present day observations also depict shifts be0.4°C in annual mean compared to the standard 126 ka sim-
tween local and advected moisture during the autumn icaulation), further reducing the magnitude of the simulated
growth season with distinct isotopic fingerprints which also change in annual temperature and precipitation isotopic com-
tends to support the idea that this local-distal moisture transposition. In this case (not shown), LMDZiso produces a very
port balance mechanism could be important (Kurita, 2011). small precipitation weightes20 anomaly (0.13 %) (Fig. 7)

We conclude from this that changes in deposition which increases the model-data mismatch and would require
(bias towards summer precipitation for orbitally driven larger elevation changes (400 to 1000 m, depending on the
warm climates) and source effects (varying contributionisotope-elevation slope) to bring the climate simulations in
of Arctic moisture for all simulations) are responsible for agreement with the NorthGRIP data. This result calls for
the LMDZiso Greenland isotope-temperature slope beingconsistent analyses of the estimates of the ice-sheet feed-
smaller than the modern spatial slope for warmer-than-backs at the regional scale in central Greenland (elevation
present climates. The magnitude of changes in moistureffects) and at the larger scale (impacts on the thermohaline
origins and transport pathways could affect the isotope-circulation and consequences for Arctic-Greenland climate,
temperature slope between different models and differenwater cycle and stable isotopes).
simulations. Additional investigations (differences in sur-
face boundary conditions, isotopic composition of the atmo-
spheric water vapor, moisture advection paths) are needel Conclusions and perspectives
to assess better and understand the reasons for inter-model

differences. This manuscript has explored several aspects of past inter-
glacials in Greenland from the available ice core information
4.5 Implications of IPSL-CM4/LMDZiso results for and the perspective of climate-isotope modeling.
central Greenland ice sheet elevation during the last The ice core data, within age scale uncertainty, show a
interglacial lagged response @fl80 optima with respect to precession

within a few millennia. It is very likely that these optima
The LMDZiso low temporal slope appears consistent withare caused by ice sheet response to insolation, modulat-
previous results obtained for glacial (Capron et al., 2010a)ing the Greenland surface elevation (affecting the ice core
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temperature records) and the large-scale ocean circulatioanalogy between the greenhouse and orbital forcings, the
and climate (through the meltwater flux). Parallel decreasingPSL-CM4 model response strongly differs in terms of sea-
trends between Northern Hemisphere summer insolation andonal and latitudinal temperature or water cycle changes.
ice core stable isotope data are found at the end of the cuinter-model differences in their response to orbital and green-
rent and last interglacials, albeit with different magnitudeshouse forcing can however be large.
of slopes. New information is expected from the NEEM During the last interglacial, the mid to high latitude
deep ice core. There is data-based evidence from other pagummer warming occurs without a clear tropical or global
leothermometry methods (borehole data for the Holocene t@nomaly and persists in winter at high latitudes; obliquity
last glacial variability, gas thermometry during abrupt glacial changes indeed induce reduced annual mean tropical insola-
warming events) that the isotope-temperature slope varietion and ocean temperatures. This strongly differs from the
between 0.3 and 0.6 %o pec. impact of increased greenhouse gas concentrations, marked
The comparison between climate model simulations andby year round tropical warming and strong winter warm-
ice core data is obviously complicated by uncertainties oning at high latitudes. However, the magnitude of summer
the ice sheet topography and the impact of ice sheet meltArctic warming is very similar in the IPSL-CM4 126 ka and
ing on ocean circulation (as forcings for coupled ocean-2 x CO, simulations. Moreover, our simple analysis of feed-
atmosphere models), and also by the uncertainties on thbacks affecting the TOA radiative budget has also demon-
isotope-temperature slopes. Here, we make use of couplestrated comparable magnitudes of changes in the albedo,
ocean-atmosphere simulations, using IPSL-CM4, under difcloud and atmospheric greenhouse feedbacks in summer.
ferent orbital and CQforcings. Given the importance of summer temperature on ice sheet ab-
At 126 ka, this model has a strong summer temperaturdation, these comparable magnitudes have relevance regard-
response compared to earlier published runs (e.g. .Ottoing the assessment of climate model feedbacks, changes in
Bliesner et al., 2006; @Gger et al., 2007), and propagates Greenland ice sheet mass balance, and implications for sea
the orbitally forced summer Arctic warming towards winter level.
season. There is evidence for a strong sea ice retreat in some The LMDZiso model outputs show strong shifts in the
Arctic areas during the last interglacial (Polyak et al., 2010), precipitation seasonality due to increased summer precip-
possibly larger than in the IPSL-CM4 simulations. New seaitation in response to the 6ka and 126 ka orbital forcings
ice proxy records would be extremely useful to assess the refproportionally stronger than for increased £€imulations).
alism of the modeled sea ice response. In these simulations$f true, this suggests that the Greenland ice core inter-
the IPSL-CM4 model does not include the feedbacks associglacial data must be cautiously interpreted in terms of pre-
ated with vegetation changes. Increased boreal forest covemipitation weighted signals with a summer bias. In the
(CAPE, 2006) could be expected to induce continental springvarm climate simulations, LMDZiso produces an isotope-
warming due to the albedo effect, and summer cooling dugemperature slope 0f0.3 %o (within a 30% uncertainty).
to increased evapotranspiration (Otto, 2011). Shifts in moisture origin under warm summer conditions
The IPSL-CM4 model depicts a very strong linear re- clearly reduce the imprint of Greenland temperature changes
lationship between simulated summer Greenland temperain the simulateds®0. Such changes may be caused by
ture and summer insolation forcing from 6 orbital configu- changes in storm tracks or in the Hadley cell (Fischer and
rations (0, 6, 9.5, 115, 122 and 126 ka). The slope of thisJungclaus, 2010), in response to changing latitudinal tem-
relationship appears smaller than the one which can be egerature gradients, sea ice and land sea contrasts. The differ-
timated from the NorthGRIP data for the late interglacial ences between isotopic mod&PO shifts may be due to dif-
trends. This may be due to the lack of feedbacks such agerent changes in moisture origin (especially the proportion
ice sheet elevation changes. Sensitivity tests with parametelf Arctic versus low latitude moisture). This aspect would
isations of Greenland melt however highlight the fact that adeserve to be further investigated, perhaps using water tag-
large Greenland meltwater flux (about 10 mm¥)(Swinge-  ging methods, and/or second order stable isotope information
douw et al., 2009) acts as a local negative feedback througle.g. deuterium excess, oxygen 17-excess) which could allow
the impact of a reduced AMOC, decreasing the magnitudehe realism of changes in moisture source characteristics to
of 126 ka Greenland warming by about 0 These tests, be tested (Kurita, 2011).
however, do not account for any changes in Greenland ice For LMDZiso, the simulated 6 ka and 126&£0 is much
sheet topography. weaker than the ice core signals. Given the range of isotope-
The quantitative interpretation of the ice core data reliestemperature responses obtained under strongly warmer cli-
on estimates of the temporal isotope-temperature relationmates (+£C SST, 4x CQ,), the last interglacial ice core sig-
ship. Because the simulated 126 ka annual mean temperaal (~3 %o) is only compatible with very large (precipitation-
ture change is modest( °C), and lower than expected from weighted) temperature shifts (8 to 10) (at fixed elevation).
the ice core data, we also explore simulations conducted usthe 126 ka LMDZiso simulation can also be reconciled with
ing boundary conditions from 2 CO, and 4x CO, as well  theice core data, assuming a 300—400 m reduced elevation in
as 4°C warmer SST climates. Because there is no physicatentral Greenland (and even larger surface elevation changes
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when considering the impact of meltwater on climate). In theThe albedo feedback then results from the changes in surface
future, this should be compared with information obtainedalbedo, atmospheric diffusion and clouds:

from air content data (Raynaud et al., 1997) from the recent

NEEM deep ice core, and with ice sheet model results (Otto-AALBimu = ASWnsimul — ASWisimul. (A3)
Bliesner et al., 2006; Robinson et al., 2011). The robustness

of this finding should be assessed by comparing last interﬁo‘t first approximation, for clear sky conditions (cs), the

glacial precipitation isotopic composition simulations con- change in shortwave radiation at the top of the atmosphere
ducted with different climate models is primary due to changes in surface albedo (even though

In the coming years, the PMIP3 project is expectedone cannot distinguish the effects of changes in atmospheric

to allow climate model inter-comparison with standardized propgmes from changes in surface albedo).. The snow and
- ) : .~ sea ice albedo effect can be thus be approximated from the
boundary conditions for the last interglacial. We also aim

to perform simulations at 126 ka with a prescribed reduceddn‘ference in simulated clear sky (cs) net shortwave radiative

Greenland ice sheet, in order to better assess the impact (1;I X€es, as.

elevation changes on temperature and precipitation isotopig 5| g CSsimul = ASWN CSimul — ASWisimul. (Ad)
composition. Intercomparisons of isotopic simulations both
under last interglacial and increased £bundary condi-  The role of clouds omASWrkimyl can then be estimated as
tions are needed in order to better understand the robusthe difference between the total and clear sky albedo feed-
ness of the results. Such analysis could be also expandeghcks, or equivalently, by the change in cloud shortwave ra-
to Antarctica, where the cause for the ice c6t€O opti- diative forcing (with small uncertainties resulting from the
mum remains debated but is of considerable interest (Holdewlifferences in the area covered by clouds in the different
et al., 2010; Laepple et al., 2011; Masson-Delmotte et al. simulations).
2010c; Sime et al., 2009). Finally, the consistency between |t is not easy to estimate the contribution of surface tem-
interglacial changes in elevation, accumulation and meltwaperature, water vapour content, trace gases and lapse rate
ter fluxes would benefit from robust assessment. A goodon the long wave emission at the top of the atmosphere
framework for this lies in coupling a water stable isotope (ALWnsjmy). In the case of orbital forcing, all the terms that
tracer enabled interactive ice sheet- climate with a fully iso-affect the longwave radiation are considered as feedbacks,
topically enabled climate model. which contrast with the & CO, forcing that exerts a direct
longwave forcing. Here, we only consider a bulk estimate
of the total greenhouse effegt)( considering the difference
Appendix A between the long wave emission at the surface and at the top
of the atmosphere
Method for radiative feedbacks analysis
Agsimul = ALWNsimy — APlsimul (A5)
Following (Braconnot et al., 2007), a simple feedback anal- . o .
ysis was performed in order to quantify the main drivers of With APlimu the change in direct (Planck) emission at the
changes in the top of the atmosphere radiative budget (TOAgUrface temperature gis, with respect to the control simu-
over and around Greenland (60280 60—10 W): ation, which can be approximated by:

ATOAsimuI — ASWnsimul + ALW”SimuI (Al) APISimU| = 40 ngtﬂ (TSSimU| - T&)II’|)~ (A6)

where Agimyl is the change between a forced simulation (6, Supplementary material related to this
9.5, 115, 122, 126 ka and»2C0,) and the control simula- article is available online at:
tion (ctrl); SWn is the net shortwave radiation at the top of http://www.clim-past.net/7/1041/2011/
the atmosphere (positive downwards) and LWn the net Iong'cp-7-1041-2011-supplement.pdf
wave radiation (positive downwards).

ASWngimy is driven by interplay between the insolation
forcing and the albedo feedbacks. The actual insolation forcacknowledgementsThe research leading to these results has re-
ing ASWfsimul corresponds to the net change in shortwaveceived funding from the French Agence Nationale de la Recherche
radiative forcing under the assumption of a constant plane{NEEM project) and from the European Union’s Seventh Frame-
tary albedo (Hewitt and Mitchell, 1996). The shortwave ra- work programme (FP7/2007-2013) under grant agreemént n
diative forcing (SWf) (at fixed planetary albedo) is estimated 243908, "Past4Future. Climate change - Learning from the past
using the control simulation planetary albeddCf) and the ~ climate”. This is PASTAFUTURE publication 10.
prescribed change in insolati@axSWigjmy as: . .
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