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Abstract. Although the Last Interglacial (LIG) is often con- pattern that we identify during the early LIG. Our model-
sidered as a possible analogue for future climate in high latdata comparison also reveals a number of limitations and
itudes, its precise climate evolution and associated cause®inforces the need for further detailed investigations using
remain uncertain. Here we compile high-resolution marinecoupled climate-ice sheet models and transient simulations.
sediment records from the North Atlantic, Labrador Sea,
Norwegian Sea and the Southern Ocean. We document a de-
lay in the establishment of peak interglacial conditions in the
North Atlantic, Labrador and Norwegian Seas as compared. Introduction
to the Southern Ocean. In particular, we observe a persistent
iceberg melting at high northern latitudes at the beginning ofThe  Last Interglacial (LIG) period (129-118ka,
the LIG. It is associated with (1) colder and fresher surface-1 ka=1000 years) is also termed Marine Isotope Stage 5.5
water conditions in the North Atlantic, Labrador and Nor- (MIS 5.5) in marine sediment cores or Eemian in European
wegian Seas, and (2) a weaker ventilation of North Atlanticcontinental records (e.g. Kukla et al., 1997, 2002). This
deep waters during the early LIG (129-125ka) comparedPeriod is characterized by a high-latitude climate warmer
to the late LIG. Results from an ocean-atmosphere coupled®y several degrees than today (North Greenland Ice Core
model with insolation as a sole forcing for three key periods Project members, 2004; Cape Last Interglacial Project
of the LIG show warmer North Atlantic surface waters and members, 2006; EPICA Community members, 2006; Clark
stronger Atlantic overturning during the early LIG (126 ka) and Huybers, 2009). Sea level was at least 6 m above the
than the late LIG (122 ka). Hence, insolation variations alonePresent level (Kopp et al., 2009) due to smaller glacier ice
do not explain the delay in peak interglacial conditions ob-Volume (e.g. Koerner, 1989; Otto-Bliesner et al., 2006) in re-
served at high northern latitudes. Additionally, we considersponse to the high boreal summer insolation (e.g. Berger and
an idealized meltwater scenario at 126 ka where the freshwal-outre, 1991). Given its high insolation forcing, the LIG is
ter input is interactively computed in response to the high bo-generally regarded as a potential analogue for future climate
real summer insolation. The model simulates colder, freshegvolution (e.g. Kukla et al., 2002; Jansen et al., 2007).
North Atlantic surface waters and weaker Atlantic overturn- Characterized by extreme seasonal variations in
ing during the early LIG (126 ka) compared to the late LIG temperature-sensitive processes (e.g. sea ice extent)
(122ka). This result suggests that both insolation and iceand large-scale feedbacks mechanisms, polar regions are
sheet melting have to be considered to reproduce the climatiparticularly sensitive to variations in climate forcing and are
expected to experience large environmental changes in the
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near future (Meehl et al., 2007). The sequence of variationgion in the Nordic Seas does not solely respond to insolation
in the surface and deep oceans is well documented at highariations during the LIG (Bauch et al., 2011).
northern and southern latitudes during the last deglaciation The Late Saalian glacial period (160-140ka) preceding
(Termination |, see Denton et al., 2010 for a review). Mostthe LIG was a prolonged cold period in Europe character-
marine records from the North Atlantic and the Nordic Seasized by a large Eurasian ice sheet that extended from the
indicate an early to mid-Holocene-{0-8 ka) oceanic ther- Norwegian shelf to the Barents-Kara Sea further south than
mal optimum (e.g. Birks and Kog, 2002; Calvo et al., 2002; any subsequent glacial episode (e.g. Svendsen et al., 2004).
Hald et al., 2007; Bauch and Erlenkeuser, 2008; Anderssoifhe Eurasian Saalian ice sheet retreated relatively quickly
et al., 2010; Risebrobakken et al., 2011), in agreement witrduring Termination Il. For example, grounded ice remained
maximum boreal summer insolation values recorded at 11 kanly on northern Scandinavia, the present Kara Sea and Arc-
(e.g. Berger and Loutre, 1991). Similarly, high southerntic islands at ca. 134ka (Lambeck et al., 2006). High bo-
latitudes exhibit high temperatures as early as 11.7 ka in theeal summer insolation explains the rapidity of northern ice
Southern Ocean (e.g. Calvo et al., 2007; Skinner et al., 20103heet retreat during the penultimate deglaciation (Ruddiman
and over Antarctica (e.g. EPICA Community members, et al., 1980). This fast ice sheet melting, which induced
2006; Stenni et al., 2011). In contrast, sea level rose ca. 60 rhigh meltwater discharge (Carlson, 2008) and reduced At-
during the early Holocene until 7 ka when the Holocene sedantic Meridional Overturning Circulation (AMOC) through-
level highstand was reached (e.g. Smith et al., 2011 for aout the deglaciation (Oppo et al., 1997), also likely explains
review). the absence of a Younger Dryas-like event during Termina-
The deglacial history of the penultimate deglaciation (Ter-tion Il (Ruddiman et al., 1980; Carlson, 2008). Uncertainties
mination 11) is less documented. For example, discrepanciefiowever remain on the timing of the LIG sea level highstand
exist between marine records on the existence of a northerranging from around 129 ka to around 124 ka (Cutler et al.,
temperature reversal during Termination Il (Sarnthein and2003; Siddall et al., 2003; Thompson and Goldstein, 2006;
Tiedemann, 1990; Adkins et al., 1997; Chapman and ShackRohling et al., 2008; Waelbroeck et al., 2008; Blanchon et al.,
leton, 1998; Oppo et al., 2001; Kelly et al., 2006; Desprat et2009). Hence, continued melting from the Eurasian Saalian
al., 2007; Weldeab et al., 2007). The establishment of thdace sheet at the beginning of the LIG may have contributed
peak interglacial warmth at high northern latitudes duringto the delay in peak interglacial warmth recently documented
the LIG also remains controversial. Some studies showedn the Norwegian Sea (Bauch et al., 2011; Van Nieuwenhove
evidence for an early LIG development of peak interglacialet al., 2011).
conditions in the Norwegian Sea and a later climatic opti- The objectives of this study are twofold. First we inves-
mum at mid latitudes in the North Atlantic (Cortijo et al., tigate the geographical polar extension of the late thermal
1994, 1999). In contrast, other studies highlighted an earlyoptimum recorded in Norwegian Sea surface waters during
warming phase in the North Atlantic during the LIG (Ras- the LIG and its potential counterpart in deep waters. For that
mussen et al., 2003b; Bauch and Kandiano, 2007) and a latpurpose, we compiled five high-resolution marine sediment
warming phase in the Norwegian Sea (Fronval and Jansengcords from the North Atlantic, Labrador Sea and Norwe-
1997; Fronval et al., 1998; Rasmussen et al., 2003b). Pagian Sea that we compare with a sediment record from the
of these discrepancies arise from the difficulty of (1) collect- Southern Ocean, taken as a reference for high southern lat-
ing marine sediment cores from the Nordic Seas with highitude climate. We define a consistent time frame between
sedimentation rates during the LIG, and (2) defining reliablethe Norwegian Sea, Labrador Sea, the North Atlantic and
stratigraphical time frames between the North Atlantic andSouthern Ocean during the LIG and compare the timing of
the Nordic Seas during the LIG (e.g. Fronval and Jansengstablishment of high-latitude peak interglacial conditions
1997; Cortijo et al., 1999; Rasmussen et al., 2003b; Riserecorded by surface and deep waters. Second, we use a cou-
brobakken et al., 2005, 2006; Bauch and Erlenkeuser, 2008pled ocean-atmosphere general circulation model to inves-
Recent high-resolution Norwegian Sea records suggestiigate the plausible causes (insolation changes versus melt-
that the LIG thermal optimum in the Norwegian Sea occurredwater input) responsible for the late oceanic climate opti-
relatively late after the penultimate deglaciation (Bauch andmum observed at high northern latitudes during the LIG. We
Erlenkeuser, 2008; Bauch et al., 2011; Van Nieuwenhovediscuss the results of the model simulations performed for
et al.,, 2011), at a time when the boreal summer insolatiorthree key periods of the LIG and the limits of the model-data
was already significantly reduced (e.g. Berger and Loutrejntercomparison.
1991). They also show that the LIG peak warmth in the
Norwegian Sea never reached the high warmth level of the
early Holocene (Bauch and Erlenkeuser, 2008; Bauch et al.,
2011), although the boreal summer insolation at the begin-
ning of the LIG was higher by 20 Wn? than during the
early Holocene. This weakened LIG warmth in comparison
to the early Holocene suggests that the temperature evolu-
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Table 1. Cores considered in this study (the location of cores from the North Atlantic, Labrador and Norwegian Seas is shown in Fig. 9).

Ocean Core Latitude Longitude Depth  Reference

Norwegian Sea  MD95-2010 66.58 45PE 1226m Risebrobakken et al. (2005, 2006)
Labrador Sea EW9302-JPC2 4880 45.02W 1251m Rasmussen et al. (2003b)

North Atlantic ODP 980 55.49N 14.70W 2168m McManus et al. (1999); Oppo et al. (2006)
CH69-K09 41.76 N  47.35 W 4100m Cortijo et al. (1999); Labeyrie et al. (1999)
MD95-2042 37.80N 10.17W 3146m Shackleton et al. (2000, 2002)

Southern Ocean MD02-2488 4643 88.02E 3420m Govin et al. (2009)

2 Material and methods consistency. We increased the resolution of SST data from
_ _ the Southern Ocean core to an averaged resolution of 0.4 ka
2.1 Marine sediment cores and analyses during the LIG, following the methodology described in

Govin et al. (2009). In the Norwegian and Labrador Sea
cores, SST estimates are originally based on the percentage

We selected six marine sediment cores with a relatively highOf the polar foraminifera speci@geogloboquadrina pachy-

sedimentation rate (ranging froms5 to 17 cm kal) during dermasinistral. In order to indicate the range of temperature

the LIG (see Table 1 for the name and references of thgcrhange in the Norwegian and Labrador Seas, we converted

2.1.1 Sediment cores

cores). We chose three cores in the North Atlantic locate he percentages &. pachydermainistral into summer SST.

at increasing water-depths from 2000 m to 4000 m (Table 1). he_ cahbratpn 'S derived from the .MARGO datasgt com-
. . . prising 862 sites in the North Atlantic and the Nordic Seas
The core locations presently lie in North Atlantic Deep Wa-

ters (NADW). We completed this dataset with two sediment(Kl.Jce.ra 'et al,, 2005). We calculated the I|n'e§1r relation
. ship linking the percentage dfl. pachydermesinistral at

cores collected from basins of modern deep-water forma- . .

T : . ) high northern latitudes and the summer SST (averaged July-

tion: one in the Norwegian Sea and one in the Labrador

August-September temperatures taken at 10 m water-depth

Sea (Table 1). Finally, we chose one sediment core fromfrom the World Ocean Atlas 2001; Stephens et al., 2002
the Indian sector of the Southern Ocean as a reference fofrollowing Kucera et al., 2005) (Fig ’ 1). Based on tr;,e sites’

o o9 % chitactened ty sumr SST blow Eandpercentages
) P yp PEoEN. pachydermainistral ranging from 10 to 94 %, we de-

analyses, sea surface temperature and ice-rafted detritus 8 ed the regression in the 6 to 1€ range (Fig. 1). The

constructions) are available in these cores during our period L . S o
of interest (132—115 ka). foot mean square deviation of the relationshipt$.8°C

(10). Modifying the calibration interval (e.g. 10-94 % or
13-84 %) produces similar linear relationships within un-
certainties. The change in reconstructed SST ranges from
All discussed cores present high-resolution oxygen and car<0.1°C to 0.7°C for respectively high and low percentages
bon isotopic §180 and §13C) records obtained on both Of N. pachydermaThe effect of the calibration interval on
planktic and benthic foraminifera. Foraminiferal0 reconstructed SST remains small. The calibration provides a
and §13C analyses are expressed in %o versus Vienna€liable range of temperature change in the Norwegian and
PDB, defined with respect to NBS 19 calcite standardLabrador Seas. The uncertainty &h pachydermasinis-
(8180 =—2.20 %o ands13C = +1.95 %o). We present the ben- tral percentages<5 %) results in small SST uncertainties
thic 180 data on thdJvigerina scale and show!3C data  (ranging from 0.3C to 0.7°C for respectively low and high
measured on the epibenth@ibicidesgenus only. We in- N. pachydermgercentages). The error on the calibration
creased the resolution of the benthic foraminiferal isotopic(1.8°C) hence dominates the total error (1) on SST re-
record from the Southern Ocean core reported by Govin egonstructed fronN. pachydermainistral percentages.

al. (2009) and generated a benthic record with a resolution .

better than 0.5 ka over the entire period 130115 ka. 2.1.4 Ice rafted detritus

2.1.2 Stable isotopes

2.1.3 Sea surface temperatures IRD data are expressed as the number of lithic grains per
gram of dry sediment. IRB 150 um were counted in the

Reconstructions of summer sea surface temperatures (SSNorth Atlantic cores, whereas IRB500 um were counted

are exclusively based on faunal assemblages of foraminifer# the Norwegian Sea core.

in the North Atlantic and Southern Ocean cores for higher
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Fig. 1. Linear relationship defined between summer SST and the & 1'0;5(:
percentage of the polar planktic specisogloboquadrina pachy- £ 0-5_;:
dermasinistral (NPS) in the North Atlantic. We used the MARGO o'% 0.0 3
database from the North Atlantic (Kucera et al., 2005). The rela- € 5 3
tionship (thick black line) is defined for summer SST below’ €5 10 3
=1 TTTT I 7T | LI I ™1 I 7T | 1T | TTTT I T

and percentages &f. pachydermainistral between 10 % and 94 %
(black diamonds). The grey circles represent the other sites of the
database characterized by SST values aboC1ér by percent-
ages ofN. pachydermasinistral above 94 % or below 10%. The

- - 18 (518 -
root mean square deviation (RMSD) of the relationshigpisgec ~ F19- 2. Reconstruction of seawatef™0 (§~*Osw) in cores
(10). ODP 980 (left panel) and CH69-K09 (right panel). For higher

clarity, the records are shown versus age over the interval 115-
132ka (see Sect. 3.1.1 and Fig. 5 for the definition of age mod-
18 els).(a) Planktics180 records fromN. pachydermalextral in core
215 Seawates O ODP 980 (Oppo et al., 2006) ai@l bulloidesin core CH69-K09

. 18 L (Labeyrie et al., 1999)(b) Summer SST records (Labeyrie et al.,
Finally, we reconstructed seawatdfO (5180s,) variations 1999: Oppo et al., 2006fc) Reconstructed seawa@t80. The ar-

in the Nort?BAtIantlc cores CH69TK09 and ODP 980. We rows along the Y-axis highlight the modei+?Osyy value at the site
calculateds~*Osy values as the residual (e.g. Duplessy et al., 5t core ODP 980 (0.38 %) and CHE9-K09 (0.75 %) (Schmidt et
1991) between the plankt'®O records (fronGlobigerina 4, 1999) (see Table 2). Grey lines show the raw data. Thick black
bulloidesin core CH69-K09 andN. pachydermalextral in Jines are 3-point smoothing average for the plank#®0 and SST
core ODP 980) and SST records using the following pale-records, and 5-point smoothing average for&HéOg records.
otemperature equation (Shackleton, 1974):

115 120 125 130 115 120 125 130
EDC3 age (ka)

Tio = 169 — 4.38 - (5180C + 027 — 31805w) hence lower by respectively°Z and 1.5C than the sum-
mer SST (Table 2). This deviation is identical to the most
2 recent calibration folG. bulloides(Chapman et al., 2000).
+0.10- (8180c + 0.27 — 818Osw> . No such study exists so far fof. pachydermalextral. Using
these factors, we corrected the summer SST records from
Tiso is the isotopic or calcification temperatufCy; §180,,  cores CH69-K09 and ODP 980 to reconstruct pa80sw
the isotopic composition of the calcite (%o PDB)*8Ogy, variations (Fig. 2). Given the uncertainties on the timing of
the isotopic composition of seawater (% SMOW). The fac- the LIG sea level highstand and the relatively small ampli-
tor “0.27” is added for calibration against international tude of sea level variations<(LOm) over the interval 130
standards. 115ka (e.g. Waelbroeck et al., 2002; Thompson and Gold-
In order to determine how much the calcification tempera-Stéin, 2006; Rohling et al., 2008; Blanchon et al., 2009),
ture ofG. bulloidesandN. pachydermaextral deviates from  We did not correct here th&'®Ogy values for ice volume
the summer SST (e.g. Duplessy et al., 1991), we comparedariations. The uncertainty o#'°Os,, estimates is around
in both cores the averaged coretop (0-3.5ka) summer SS¥0-5 %o (e.g. Duplessy et al., 1991; Chapman et al., 2000;
and the modern isotopic temperature that we calculated fronMalaize and Caley, 2009). The SST aifOs,, records from
the in situs180gy value and the averaged coretop (0-3.5 ka) core CH69-K09, which is located at the boundary between
planktic 8180 value (see Table 2 for details). This approach the North Atlantic and Labrador currents (Labeyrie et al.,
accounts for the different calcification depth<Gafbulloides ~ 1999), show higher variability (Fig. 2) than core ODP 980 lo-
andN. pachydermalextral (Table 2). The calcification tem- cated along the pathway of the North Atlantic current (Oppo
peratures ofG. bulloidesand N. pachydermadextral are ~ €tal., 2006).
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Table 2. Geochemical and hydrological parameters used to calculate the isotopic tempefigthan@ the correction applied on SST from
cores CH69-K09 and ODP 980 in order to reconstruct seawa®er (5180sy).

Core Planktic Habitat Coretop In situ Tiso  Coretop SST correction
foraminifera depth (0-35ka)  §180gy (°C)®  (0-3.5ka) ¢C)
species (m) 8180c (%o SMOW) SST
(%0 PDB) °C)
CH69-K09  G. bulloides 0-6¢F 1.06 0.75 144 164 Tiso=SST-2.0
ODP 980  N.pachydermalextral 30-108 1.24 0.38 12.1 138 Tiso=SST-15

8Closest value to the core site extracted from the GISS database (Schmidt et al., 1999).

bThe isotopic temperaturdit) is derived from the coretop (0-3.5 kehBOc and in situs180sy using the paleotemperature equation (Shackleton, 1974) reported in Sect. 2.1.5.
CSchiebel et al. (1997); Ganssen and Kroon (2000)

dottens (1992); Came et al. (2007)

€Data from the North Atlantic at 44.96N, 42.08 W, 4 m water-depth (Ostlund et al., 1987). Although slightly too shallow, this station is the closest to the North Atlantic CH69-K09
with available data within the habitat range®f bulloides

fData from the North Atlantic at 55°3N, 15.6° W, 46 m water-depth (Ostlund and Grall, 1993). Although slightly too shallow, this station is the closest to the North Atlantic

ODP 980 with available data within the habitat rang&opachydermalextral.

9Coretop (0-3.5ka) SST is that of core NA87-22 (Waelbroeck et al., 2001) from exactly the same location. SSTs have been reconstructed in the same way in cores ODP 980 and
NA87-22 and show very high consistency (Masson-Delmotte et al., 2010).

2.2 Model simulations Labrador Sea due to fresher than observed surface waters in
this region. Excessive precipitation in the North Atlantic and
To gain |ns|ght on the climate forcing and processes respona weak northward wind-driven Salinity transport to the North
sible for the late LIG oceanic optimum observed at high Atlantic (resulting from an equatorward position of the zonal
northern latitudes, we use model simulations performed withvind stress in comparison to observations) both contribute to
the coupled ocean-atmosphere general circulation moddhe low salinity bias. Alarger than observed export of sea ice
(GCM) IPSL-CM4 (Marti et al., 2010). It couples the at- across the Fram Strait finally reinforces the bias.
mospheric general circulation model LMDZ (Hourdin et al., e consider the model outputs of a series of simulations
2006) to the OPA ocean circulation model (Madec et al.,Performed for three time slices of the LIG (see Table 3 for
1998). A dynamic-thermodynamic sea ice model (Fichefetd Summary). Model simulations were forced with insola-
and Magueda, 1997) is coupled with the ocean-atmosphertion values from Berger (1978) (Table 3) and the modern ice
model. The atmospheric model is coupled to the land schemg&heet configuration (Braconnot et al., 2008). The Greenland
surface ORCHIDEE (Krinner et al., 2005). Details on the ice sheet (GIS) is hence the only northern ice sheet repre-
model components and the methodology of coupling aresented in the model. Greenhouse gas concentrations were
given by Marti et al. (2010). The model is run with a medium Prescribed to preindustrial values (Table 3) (Braconnot et al.,
resolution. The atmospheric grid is regular, with 96 points in 2008; Swingedouw et al., 2009).
longitude (3.78), 71 points in latitude (29 and 19 verti- We investigate the LIG response of high northern latitude
cal levels. The oceanic resolution is abo@it(@.5> near the ~ Climate to two different types of perturbation: (1) response
equator) with 182 points in longitude, 149 points in latitude t© insolation variations only and (2) additional impact of a
and 31 vertical 1levels. northern meltwater input. First, to study the effect of inso-
ation variations on high northern latitude climate during the

of the preindustrial climate. The performance of the IPSL- kIG’ we lijse tPtehreillJCI;s ?]f S|mtul«'—__1t|ogsbpe(jrfclrmetq forltr:_ree
CM4 model under preindustrial conditions is discussed by e?/ peng S0 ? tal czg(r)asc.enze_ y dis E)nc |r:soa lon
Swingedouw et al. (2007a) and Marti et al. (2010). In sum-;ﬁg;sﬂgnr%c?ﬁgg;lyal_'l’ G at 1)2' énkaalxér;;yygar?(r)iz :il:nn:;l';er
h | exhibi Id bias in the North Atlantic .~ " . o i
mary, the model exhibits a cold bias in the North Atlantic tion), intermediate insolation values in the mid LIG at 122 ka

in comparison to modern observations. This bias is partly 800 | imulati d mini inb |
attributed to a weak Atlantic meridional overturning charac—_( year-iong simula ion), an minimum in boreai summer
nsolation at 115ka (700 year-long simulation) (Table 3).

terized by a maximum overturning of around 10.5 Sv. Recen . . o
'z y ximum overturning » v he shortest simulation at 126 ka (250 years) exhibits a sta-

observation-based estimates are around 87 Sv (Kan- . ; .
. : le AMOC over the last 150 years of the simulation (Fig. 3).
zow et al., 2010). The mismatch between the observations. . . -
) his feature indicates that the AMOC was close to equilib-

and the simulation is larger than the difference between pre-. . . :
industrial and modern climates. The weak AMOC in the UM at the end of the 126 ka simulation and makes possible

model mainly results from the absence of convection in thethe comparison of the three experiments.

We consider as a reference a 1000-year long simulatio

www.clim-past.net/8/483/2012/ Clim. Past, 8, 48307, 2012
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Table 3. Characteristics of the four IPSL-CM4 model simulations considered in this study. The simulations are forced with the modern ice
sheet configuration.

126 ka 122ka 115ka 126 ka meltwater
Eccentricity 0) 0.0397 0.0407 0.0414 0.0397
Obliquity (°) 23.9 23.2 224 23.9
Precessiond — 180°) 201 356 111 201
CO, (ppmv) 280 280 280 280
CHy (ppbv) 650 650 650 650
N>O (ppbv) 270 270 270 270
Interactive meltwater * 0.17
input (Sv)
Reference Braconnot et al. (2008) Braconnot et al. (2008) Braconnot et al. (2008) Swingedouw et al. (2007b, 2009)

*The simulation at 122 ka contains a small input of freshwater (0.03 Sv), which has a very limited impact on deep-water formation.

— estimates (Otto-Bliesner et al., 2006), the “126 ka meltwa-
16-] :';;‘“ki“s‘”‘"" - ter” simulation represents the highest effect that a meltwater
4 — 126 ka meltwater | |- pulse could have on high northern latitude climate during the
14 (22 i early LIG and does not pretend to represent the real climate
é | | at 126 ka (see Sect. 4.3.2).
£
512- /\ (\ :
I /\ I /\ r 3 Marine records: evolution of the LIG climate
510— /[\« \ /N\ {\J\,Am N /‘ ) r\/ ‘/\/\/N\, } v U L
% y f L 3.1 Establishment of the interhemispheric time frame
8 - _— . C
| M | The definition of reliable chronologies is critical to compare
5 the LIG climate evolution indicated by records from dif-
100 ’ 300 500 ’ 700 ferent water depths and oceanic basins. Direct correlation
Year of the plateau of benthid'80 minimum values (hereafter

Fig. 3. Maximum of the Atlantic meridional overturning stream called benthic O-plateau) is commonly applied during the
. . - . - 8
function (1 Sv =16 m3s~1) taken from 500 m to the bottom for all LIG (e.g. Cortijo etal., 1999). Benthit°O data however do

simulations: preindustrial (black), 126 ka (red), 126 ka meltwater not only reflect global ice volume variations because they ar.e
(blue), 122 ka (green) and 115ka (turquoise). also affected by deep-water temperature changes (e.g. Skin-
ner and Shackleton, 2005), the presence'&@-depleted
deep waters in the Nordic Seas (e.g. Dokken and Jansen,
1999; Risebrobakken et al., 2006; Bauch and Erlenkeuser,
Second, to investigate the influence of a northern meltwa-2008), that may reach the deep North Atlantic (Labeyrie et
ter input on high-latitude climate during the early LIG, we al., 2005; Waelbroeck et al., 2006, 2011), and/or the injection
consider two simulations at 126 ka. In addition to the 126 kaof *20-depleted meltwater (Ganopolski and Roche, 2009).
simulation described above, which integrates the direct cli-We prefer to develop here a common time frame between
matic response to insolation forcing at 126 ka (Braconnot etsediment cores from the Labrador and Norwegian Seas, the
al., 2008), we add the response of ice caps (here the meltiniorth Atlantic and Southern Ocean during the LIG that is in-
of Greenland) in a second simulation called “126 ka meltwa-dependent from benthic isotope stratigraphy (e.g. Skinner et
ter” (250 year-long simulation) (Table 3). We used the simpleal., 2010; Waelbroeck et al., 2011). We transfer the marine
parameterization developed for future climate (Swingedouwsediment records on one single time scale, and use the most
et al., 2007b, 2009). The novelty here, when compared taecent (EDC3) chronology available for the Antarctic EPICA
classical freshwater experiments, is that (1) the influence oDome C (EDC) and Dronning Maud Land (EDML) ice cores
the specific 126 ka insolation values on the LIG climate isduring the LIG (Loulergue et al., 2007; Parrenin et al., 2007,
taken into account, and (2) the meltwater flux is interactiveRuth et al., 2007). This chronology has been extended to
with climate (Swingedouw et al., 2007b, 2009). In responsethe Greenland ice core at NorthGRIP (North Greenland Ice
to the high boreal summer insolation at 126 ka, about 0.17 S\Core Project members, 2004) during the LIG, using global
freshwater flux is redistributed in the North Atlantic north atmospheric markers (Capron et al., 2010).
of 40° N. Because this number is high as compared to other
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3.1.1 Age models of the Southern Ocean and North MD02-2488
| - I 1 1 11 I 1111 I 1111 I 11 11 I 1111 I 111
14— ¢ 3 LK X 2 .

To transfer the Southern Ocean and North Atlantic records i : b
on this timescale, we assume that surface-water tempera: AT
ture changes in the subantarctic zone of the Southern Oceal
(respectively in the North Atlantic) occurred simultaneously
with air temperature variations over inland Antarctica (re-
spectively Greenland). This has in particular been observed

during the last glacial period and Termination | (e.g. Bond et r
al., 1993; Calvo et al., 2007). -

— -380
Southern Ocean core A L 200 s
We tied the SST record from core MD02-2488 to the deu- IR I Dome C — 400 a
terium record from the EDC ice core (Jouzel et al., 2007). b : | 410 B
Because the SST resolution of the Southern Ocean core ha - =2
been increased since the publication by Govin et al. (2009), B 420
we adjusted the original age model by up to 2 ka during the L 430
LIG period. Figure 4 presents the new age model. The "
tie-points defined and associated age uncertainties are givelg 30— — 440
in Table 4. Tie-points are defined as follows. We syn- ¢ ¢
chronized the first increase in SST and deuterium recordeds2 §20
in the marine and ice cores at the beginning of Termina- g 510
tion Il (Fig. 4). The accelerated temperature increases ob-._§ - 3000
served between small “temperature plateaux” in EDC deu- § o0 S
terium record during Termination Il are tied to similar events d 2000§
recorded in core MD02-2488 (Fig. 4). We synchronized the 2
SST and deuterium maxima from the marine and ice cores at I I I I I " I 10005:
the beginning of the LIG, and the beginning of the SST and 0o =

LI I I L I L L I B O

de_uterium_ decrease from both cores at the end (_)f t_he LIG M0 115 120 125 130 135
(Fig. 4). Finally, the age model during the last glacial incep- EDC3 age (ka)
tion relies on three tie-points: at the midpoint, by the tem-
perature minimum preceding the warm phase of Dansgaardrig. 4. Definition of the age model of core MD02-2488 from the
Oeschger (D/O) event 25, and by the temperature minimunsouthern Ocean(a) Sea surface temperature (3-point smoothing
defined between the warm phases of D/O 25 and 24 (Fig. 4)curve, black line) from core MD02-2488 (Govin et al., 2009). Dia-
monds and vertical dotted lines highlight the tie-poirikg.Antarc-
North Atlantic cores tic EDC D record (EPICA Community members, 2004; Jouzel et
al., 2007) (5-point smoothing curve, grey lindk) Sedimentation
We synchronized the SST proxy records from the North At- rat_e variat?ons in core MD02-2488d) Age uncertainty pf the tie-
lantic cores ODP 980, MD95-2042 and CH69-KO09 to the ice points defined l_Jetween core MD02-2488 and EDC ice core (see
8180 record from the NGRIP Greenland ice core during theTable 4 for details).
last glacial inception (Fig. 5). Note that the plankBiobige-
rina bulloidess80 record is a good proxy of SST in core
MD95-2042 (Shackleton et al., 2000). However, the Green-crease recorded in the Antarctic ice core (Loulergue et al.,
land ice core starts at 122 ka and does not cover the early LI008). This hypothesis reflects the major methane emissions
(North Greenland Ice Core Project members, 2004). Pasby boreal wetlands that resulted from Northern Hemisphere
records from the Greenland ice cores indicate that abruptvarming and ice sheet retreat associated with the termina-
Greenland warming phases during the glacial millennial-tions of the last 800 ka (Loulergue et al., 2008). Therefore,
scale Dansgaard-Oeschger events and Termination | are iwe tied (1) the North Atlantic warming indicated by SST
phase with sharp methane increases (e.g. Chappellaz et aproxy records to the EDC methane increase during Termi-
1993; Severinghaus and Brook, 1999i¢Riger et al., 2004; nation Il, and (2) North Atlantic SST variations to NGRIP
Huber et al., 2006). Here we assume that similarly, theice 5§80 record at the end of the LIG (Fig. 5). We defined
abrupt warming of the air above Greenland during Termi-all tie-points as follows (Table 4). At the beginning of the
nation Il is synchronous with the global abrupt methane in-LIG, the final SST increase recorded in the marine cores
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Table 4. Tie-points defined in each sediment core and relative age uncertaintiesnyears) on the EDC3 time scale. The total age
uncertainty (last column of the table) is derived from the quadratic sum of individual uncertainties

Core Depth EDC3 Rational Resolution of Resolution Matching  Uncertainty on  Uncertainty Total age
(cm) age correlated of reference  uncertainty the transfer of on the gas- uncertainty
(ka) record §) record () (y) NGRIPoON ice age on EDC3
EDC3 time difference time scale
scal® (y) of EDC® (y)
Southern Ocean
MDO02-2488 2346.1 108.6 Temperature minimum 240 73 800 840
between D/O 24 and D/O 25
2431.3 1119 Temperature minimum 150 70 800 820
preceding D/O 25
2494.3 116.8 Midpoint of temperature decrease 210 58 1200 1300
2522.4 1214 Beginning of temperature decrease 400 47 1200 1300
2549.0 128.8 Temperature maxima 560 32 1000 1200
2553.7 131.4 Enhanced rate of temperature change 450 43 1000 1100
2571.6 132.4 Enhanced rate of temperature change 100 56 1000 1100
2658.1 136.2 Beginning of temperature increase 440 101 1000 1100
North Atlantic
ODP 980 14369 1124 Temperature increase of D/O 25 130 50 d10am00 1800
1504.1 116.1 Temperature decrease during C26 220 80 d10a0100 1800
1726.8 128.8 Final abrupt warming and gH 350 170 408 400 700
increase
MD95-2042 2438.9 112.4 Temperature increase of D/O 25 450 50 d 5ap100° 1600
2486.0 116.1 Temperature decrease during C26 460 80 d1000100 1800
2570.0 128.8 Final abrupt warming and gH 380 170 400 400 700
increase
2650.5 131.8 Start of warming and Glihcrease 360 280 1560 400 1700
CH69-K09 1138.7 109.4 Temperature decrease 800 45 %0010 1900
following D/O 25
1181.1 116.2 Temperature decrease during C26 800 80 d10a0100 1900
1268.8 128.8 Final abrupt warming and gH 750 170 408 400 1000
increase
1293.6 1325 Benthil80 decrease 750 340 1000 1700 2200
Norwegian Sea
MD95-2010 1246.1 116.1 Temperature decrease 520 80 1500 P1400 2200
1260.4 128.8 Beginning of benthic O-plateau 2000 720 1000 f 700 2500
Labrador Sea
EW9302-JPC2  782.8 116.1 Temperature decrease 800 80 1500 P 1400 2300
839.3 128.8 Diatom mat and GHhcrease 1509 170 1506 400 2200

aThe total age uncertainty combines: (1) the resolution of correlated record (for example, the SST record from core MD02-2488, or tié§faredard from core MD95-2042);

(2) the resolution of the reference record (63.or methane records from the EDC ice core,d¢80 record from NGRIP ice core); (3) the uncertainty derived from the matching
procedure (graphically estimated when defining the tie-points with the Analyseries software, Paillard et al., 1996); and (4) for sediment cores from high northern latitudes only, the
age uncertainty on the transfer of NGRIP record on EDC3 time scale (Capron et al., 2010) or the age uncertainty on the gas-ice age difference in EDC ice core (Loulergue et al.,
2007).

IDCapron etal. (2010)

CLoulergue et al. (2008)

dFor these tie-points, the North Atlantic records have been correlated to thPeecord from the Greenland NGRIP ice core.

For these tie-points, the North Atlantic records have been correlated to the methane record from the Antarctic EDC ice core.

fBecause these tie-points have been respectively defined by correlation to the bE@hiecord from core MD95-2042 and ODP 980, their age uncertainties are those of cores
MD95-2042 and ODP 980 on EDC3 time scale over the corresponding intervals.

9Uncertainty on the upper limit of the diatom layer in the Labrador Sea core.

is synchronized to the abrupt methane increase recorded iohanges at the beginning or the end of D/O 25 during the last
the Antarctic ice core (Fig. 5). At the end of the LIG, the glacial inception (Fig. 5). Altogether the three North Atlantic
first pronounced North Atlantic cooling (related to the cold cores present, within age uncertainties (Table 4), consistent
event 26, Oppo et al., 2006) is tied to the corresponding enbenthic 5180 variations during the period 135-110ka (see
hanced cooling recorded in the Greenland ice core (Fig. 5)Fig. 8).

We finally synchronized surface-water and air temperature
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North Atlantic

ODP980 MD95-2042 CH69-K09
110 115 120 125 130 135 110 115 120 125 130 135 110 115 120 125 130 135
L

Sedimentation rate
(cm/ka)
S

Sedimentation rate
Sedimentation rate
(cm/ka)

10 15 120 125 130 135 10 15 120 125 130 135 110 115 120 125 130 135
EDC3 age (ka) EDC3 age (ka) EDC3 age (ka)

Fig. 5. Definition of the age model of the three sediment cores from the North Atlaa@)qleft panel) Sea surface temperature (3-point
smoothing curve, black line) from core ODP 980 (Oppo et al., 2006); (mid panel) platRicrecord (black line) from core MD95-2042
(Shackleton et al., 2002); (right panel) Sea surface temperature (3-point smoothing curve, black line) from core CH69-K09 (Cortijo et al.,
1999).(b) (all panels) Greenland NGRIP i6&80 record (North Greenland Ice Core Project members, 2004) (grey line) and Antarctic EDC
methane record (Loulergue et al., 2008) (grey dotted li(@)all panels) Sedimentation rate variatiofd) (all panels) Age uncertainty of

the defined tie-points (see Table 4 for details). Tie-points are indicated by symbols (crosses for core ODP 980, left panel; squares for core
MD95-2042, mid panel; circles for core CH69-K09, right panel) and highlighted by the vertical dotted lines.

The relative age uncertainty of the Southern Ocean record8.1.2 Age models of the Labrador Sea and Norwegian
on EDC3 time scale is estimated to be at the mbst3 ka Sea cores
(10) (Table 4). Similarly, the maximum age uncertainty on
North Atlantic records on EDC3 time scale reachgs2ka  Defining reliable chronologies to sediment cores from the
(10). These uncertainties integrate (1) the resolution ofLabrador and Norwegian Seas is delicate. First, during
correlated records in marine sediment cores, (2) the resoglacial times, the temperature of surface waters can fall be-
lution of ice core reference records, (3) a matching uncerdfow 3°C in the Nordic Seas (e.g. during the Last Glacial
tainty graphically estimated when defining the tie-points, andMaximum, Meland et al., 2005; MARGO Project Mem-
(4) for Northern Hemisphere records only, the relative uncer-bers, 2009). However, the percentageMof pachyderma
tainty on ice core chronologies (i.e. on the transfer of NGRIPsinistral, which dominates foraminifera faunal assemblages
record on EDC3 time scale or on the gas-ice age difference imluring cold periods, do not record SST variations below
EDC ice core). Details on tie-points and age uncertainties ar@.5°C (Fig. 1). The beginning and the amplitude of the
given in Table 4. The combined age uncertainty that needsvarming during Termination Il are hence not well recorded
to be considered when comparing Southern Ocean to Nortlvy N. pachydermapercentages in the Labrador and Norwe-
Atlantic records reaches at the mas2.6ka (1o) over the  gian Seas. Second, foraminifes#fO records that are af-
period 130-115ka. Within this time frame, the benthic O- fected by large'®0-depleted meltwater pulses during Ter-
plateau, which marks interglacial periods in marine sedimenimination Il (e.g. Risebrobakken et al., 2006; Bauch and Er-
cores (Shackleton, 1969), starts at around 130.6e6ka)  lenkeuser, 2008) must be considered with care. We combine
in the North Atlantic, i.e. 3.5ka#2.6ka) earlier than in several lines of evidence to define the LIG chronologies of
the Southern Ocean (Figs. 7c and 8c). This offset is conthe Labrador Sea and Norwegian Sea cores.
sistent with time-lags observed within the deep ocean dur-
ing deglaciations (Bard et al., 1991; Skinner and Shackleton| ghrador Sea core
2005; Ganopolski and Roche, 2009).

To define the age model of core EW9302-JPC2 (Fig. 6,
left panel), we tied at the end of the LIG the midpoint
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Fig. 6. Definition of the age model of the two cores from the Labrador Sea (left panel) and the Norwegian Sea (righ{adPetrentage

of the polar specieN. pachydermainistral (% NPS) (black line) from (left panel) core EW9302-JPC2 from the Labrador Sea (Rasmussen et
al., 2003a), and (right panel) core MD95-2010 from the Norwegian Sea (Risebrobakken et al. (BD@8) panels) Greenland NGRIP ice

8180 record (North Greenland Ice Core Project members, 2004) (grey line) and Antarctic EDC methane record (Loulergue et al., 2008) (grey
dotted line).(c) Benthics180 record from (left panel) core EW9302-JPC2 (black line) (Rasmussen et al., 2003a) and from (right panel) core
MD95-2010 (black line) (Risebrobakken et al., 2005), in comparison to the befiffizrecord of the North Atlantic core ODP 980 (grey
dashed line) (Oppo et al., 2006}) (all panels) Sedimentation rate variatiofs) (all panels) Age uncertainty of the defined tie-points (see
Table 4 for details). Tie-points are indicated by triangle&in and highlighted by the vertical dotted lines. The grey shaded area in the left
panel highlights the diatom mat at the onset of the LIG (Rasmussen et al., 2003a).

of the cooling transition (indicated by increasing percent-in N. pachydermaercentages recorded in the Labrador Sea
ages ofN. pachydermsasinistral) to the enhanced cooling core. Because the temperature sensitivity of this proxy is
recorded in NGRIPs180 record (Fig. 6a—b). Consistent low at low temperatures (Fig. 1), the beginning and ampli-
benthics180 variations in the Labrador Sea and North At- tude (at least 2C) of this first surface-water warming in
lantic after~120ka supports this tie-point (Fig. 6¢). Fur- the Labrador Sea are imprecise. Thus, the definition of this
thermore, the upper limit of diatom layers marks the onsettime-point remains consistent with our assumption of syn-
of the Holocene and of the LIG (grey-shaded area in Fig. 6)chronous high northern latitude warming and methane in-
in core EW9302-JPC2 (Rasmussen et al., 2003a). Such dierease during Termination Il. Following this hypothesis, one
atom mats are associated to major deglacial transitions in theould alternatively decide to correlate the sharp methane in-
North Atlantic (Jennings et al., 1996) and observed at the beerease at 129 ka to the decreasdNinpachydermaercent-
ginning of MIS 5 and 1 in the Norwegian Sea (Ko¢ Karpuz ages around 126 ka in our chronology (Fig. 6). We dismiss
and Jansen, 1992; Rasmussen et al., 1999). We hence abis alternative age model for two reasons. First, it would re-
sume here that the top of the diatom layer in the Labradomuire shifting the diatom layer to 132 ka, i.e. at a time when
Sea core occurs in phase with the LIG establishment of warnglacial thermal conditions were dominant in the North At-
conditions in the North Atlantic, which is highlighted by the lantic (Fig. 5). This feature clearly contradicts the occurrence
sharp methane increase at 129 ka (Fig. 6, Table 4). To supef thick diatom mats at the onset of the Holocene and LIG
port this tie-point, the deglacial melting signal indicated by in the Labrador/Norwegian Sea (Ko¢ Karpuz and Jansen,
low benthics80 values during Termination Il (Rasmussen 1992; Jennings et al., 1996; Rasmussen et al., 1999). Sec-
et al., 2003a) ends, within age uncertainties, at the beginningnd, it would require shifting the beginning of the benthic
of the North Atlantic benthic O-plateau (Fig. 6). The abrupt O-plateau at 132 ka in the Labrador Sea. At this time, North
methane increase is then synchronous with the first decreasitlantic benthics80 values were 1.2 %o higher than during
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the LIG plateau. Even integrating deep-water temperature
changes, this'80 difference implies a significant sea level
increase (several dozen meters). Stable besfffi® values

in the Labrador Sea from 132ka on would require a very
large amount of freshwater to compensate for this remaining
sea level increase. IRD data however indicate that the melt-
water supply was already significantly reduced at the begin-
ning of the benthic O-plateau in the Labrador/Norwegian Sea
(Fig. 7a). Altogether, these arguments make this alternative
chronology very unlikely.

3.1.3 Norwegian Sea core

Similarly to the Labrador Sea core, we tied at the end of
the LIG the midpoint of the cooling recorded by increas-
ing percentages oiN. pachydermesinistral in the Norwe-
gian Sea core MD95-2010 to the enhanced cooling recordec
in NGRIP 880 record (Fig. 6, right panel). A simulta-
neous increase (within age uncertainties) in bensifO
records from the Norwegian Sea and the North Atlantic af-
ter ~120ka (Fig. 6¢) supports this tie-point. At the begin-
ning of the LIG, we defined the tie-point so that the deglacial
melting signal indicated by low Norwegian Sea bentifO
values during Termination Il (Risebrobakken et al., 2006;
Bauch and Erlenkeuser, 2008) ended when the benthic O-
plateau started in the North Atlantic (Fig. 680 values of
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the LIG benthic plateau are about 1 %0 higher in the Norwe-
gian Sea than in the North Atlantic (Fig. 6, Table 4). This
feature is consistent with Norwegian Sea deep waters being
colder by 3 to 2C than North Atlantic deep waters during
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interglacials (Labeyrie et al., 1987). The abrupt methane in-
crease at 129 ka then occurred in phase with the first Nor-
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wegian Sea surface-water warming indicated by the decreasl_elg' 7. Foraminiferal surface-water data over the period 132—

in N. pachydermeercentages. We just reported this fea- 1154 (a) IRD, (b) percentage of the polar specispachyderma
ture in the Labrador Sea. It highlights our assumption of sinistral,(c) seawates180 (5180sw), (d) summer SST ange) ben-
simultaneous methane increase and high northern latitudghic 180 records from the North Atlantic cores ODP 980 (dashed
warming during Termination Il and supports the definition pink line) (Oppo et al., 2006) and CH69-K09 (dashed brown line)
of this tie-point. As a result, surface waters from the Nor- (Cortijo et al., 1999), the Norwegian Sea core MD95-2010 (dot-
wegian Sea and the Labrador Sea show a similar thermakd grey line) (Risebrobakken et al., 2006), the Labrador Sea core
evolution throughout the LIG (Fig. 7b). The warming in- EW9302-JPC2 (Rasmussen et al., 2003a) (blue line), and the South-
dicated by the large decreaseNnpachydermaercentages €™M Ocean core MD02-248§ (black line) (Govi.n etal, 2099). SST
in the Norwegian/Labrador Sea lags by 3-4 ka the North At—ggiigggfgg ?;:;g:i?éh'sc;gicrﬁrsd:g;itsﬁia%'Tjr\slgnso?stgg'%i‘;”gfs'
"."‘”“C deglacial warming (Fig. 7d). Baseq on the identifica- The orange-shaded area highlights the period 129-125ka of the
tion of a common ash layer (at 127 ka) in two cores northearly LIG (see text).

and south of Iceland, Rasmussen et al. (2003b) document the

same late LIG warming in the Norwegian Sea in compari-

son to the North Atlantic. The poor plankié80 resolution The age uncertainties on the EDC3 time scale are esti-
and lack of benthic foraminifera for stable isotope analysesy ated to bet2.3 ka andt2.5 ka (15) in the Labrador Sea

in the North Atlantic core used by Rasmussen et al. (2003b), ¢ the Norwegian Sea respectively over the period 130—
prevent us from providing here additional constraints on the 5 k5 Details on how these uncertainties are calculated are

chronology of the Norwegian Sea core MD95-2010. The yiyen in Table 4. The comparison of Norwegian/Labrador
study by Rasmussen et al. (2003b) nevertheless supports W'%ea records to North Atlantic records requires combining

a robust tephra tie-point the chronostratigraphical approachy,e ncertainties of both sets of archives on EDC3 time
that we developed here in the Norwegian Sea and Labradogcaie. The total uncertainty reaches at the most 3.1k (1
Sea cores. throughout the LIG.
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3.2 Evidence for a global late LIG climatic optimum at 8180 values similar to Holocene values mark the begin-

high northern latitudes ning of the LIG at 129ka (Fig. 7c). An additional increase
in seawate’'80 of 0.5%. however leads to the establish-
3.2.1 Evolution of surface waters during the LIG ment of peak surface-watét®O values at 55N at 125ka

only (Fig. 7c). North Atlantic surface waters are thus rela-

The evolution of northern and southern surface-water contively fresher during the early LIG than during the late LIG
ditions is reported in Fig. 7. The Southern Ocean core(Fig. 7c). This feature is consistent with lower salinities
record indicates the establishment of peak interglacial SSTgecorded during the early LIG in the Norwegian Sea (Van
at 130ka at high southern latitudes (Fig. 7b), i.e. immedi-Nieuwenhove and Bauch, 2008; Bauch et al., 2011).
ately at the end of the deglacial warming recorded in south- Finally, IRD data indicate the persistence of iceberg melt-
ern subpolar waters during Termination Il. In contrast, theing until around 126 ka in the North Atlantic and in the Nor-
SST reconstructions from subpolar regions show that peakyegian Sea (Fig. 7a). This result is consistent with persistent
interglacial SSTs occur at 125 ka in the Labrador Sea and thgrp documented after Termination Il on the Vgring Plateau
Norwegian Sea (Fig. 7b). In the North Atlantic at’3%, the  jn the Norwegian Sea (Van Nieuwenhove and Bauch, 2008).
large deglacial surface-water warming associated with Ter-The disappearance of iceberg melting at 126 ka coincides,
mination Il ends at 129ka (Fig. 7d). It is followed by rel- within age uncertainties, with the latest estimates of the LIG
atively stable SSTs during around 3—4 ka and an additionakea level highstand registered by corals (Waelbroeck et al.,
Warming of 2°C, which leads to maximal North Atlantic SST 2008; Blanchon et al., 2009) |Ceberg me|ting hence per-
at 125ka (Fig. 7d). We finally observe a gradual increasesists at high northern latitudes within the LIG benthic O-
in surface-water temperature at mid-latitudes’®®in the  plateau recorded in North Atlantic and Southern Ocean cores
North Atlantic during the LIG (Cortijo et al., 1999) (Fig. 7d). (Fig. 7e). Available data do not allow us to assign the spe-
Therefore, SST records from the Labrador Sea, Norwegiarific geographical origin of the icebergs. However, icebergs
Sea and high-latitude North Atlantic indicate the establish-are probably released by the remnant melting of the Northern
ment of optimal thermal conditions at 125 ka at high north-jce sheets (NIS), in particular the Eurasian Saalian ice sheet
ern latitudes, i.e. 5ka#2.6 ka) after the beginning of peak (Svendsen et al., 2004; Lambeck et al., 2006). Iceberg melt-
interglacial SSTs in the Southern Ocean. ing likely contributes to maintain the relatively colder and

We hence identify at the beginning of the LIG benthic fresher surface-water conditions observed at high northern
O-plateau, an interval lasting three to four thousands yeargatitudes during the early LIG compared to the late LIG.
(period 129-125ka, hereafter called “early LIG”) charac-
terized by: (1) peak interglacial conditions in the Southern3.2.2 Evolution of deep waters during the LIG
Hemisphere, and (2) high northern latitude surface waters
colder than in the later part of the benthic O-plateau (pe-These particular northern surface-water conditions during the
riod 125-119ka, hereafter called “late LIG"). The late es- early LIG have their counterpart at depth (Fig. 8). Ben-
tablishment of oceanic thermal conditions that we documenthic §13C data reveal variations in deep-water ventilation
at high northern latitudes seems a consistent feature of thpatterns between the early and late LIG (Fig. 8b). In
LIG climatic evolution in the Norwegian Sea (Rasmussen etthe Southern Ocean, the increase in benti®C values
al., 2003b; Bauch and Erlenkeuser, 2008; Bauch et al., 2011y 0.8 %o during Termination Il leads to benthi¢3C val-
Van Nieuwenhove et al., 2011). Our results suggest that theles around-0.1 %o at the beginning of the LIG at 130 ka
LIG delay in peak interglacial warmth is not restricted to the (Fig. 8b). Although these values are slightly lower than the
Norwegian Sea and extended to the Labrador Sea and higtenes recorded at the Southern Ocean site during the early
latitude North Atlantic. The establishment of warm surface- Holocene (+0.2 %o), they indicate the presence of already
water conditions at 125 ka in the North Atlantic (3%) takes  well-ventilated bottom waters in the deep Southern Ocean
place in two phases. The high-amplitude®® deglacial  during the early LIG compared to the penultimate glacial
warming between 131 and 129 ka precedes a second warnperiod. The increase in benthéé3C values recorded dur-
ing of 2°C leading to optimal thermal conditions at 125 ka ing Termination Il at different water depths in the North At-
(Fig. 7d). The relatively small amplitude of this additional lantic lags by~3ka 2.6 ka) the benthié3C increase in
warming probably explains why the LIG delay in peak in- the Southern Ocean (Fig. 8b). This feature suggests a delay
terglacial warmth is not visible in lower-resolution records in the deglacial reorganization of North Atlantic deep waters
from the North Atlantic (Oppo et al., 2001; Rasmussen et al.,during Termination Il (Oppo et al., 1997).
2003b; Kandiano et al., 2004; Bauch and Kandiano, 2007).  Only the shallowest North Atlantic core indicates the pres-

The late North Atlantic thermal optimum is associated ence of well-ventilated waters at 2000m at the beginning
with a delay in peak interglacial salinities in North Atlantic of the LIG around 128ka (Fig. 8b). During the inter-
surface waters. Reconstructions of seawat8® (Fig. 7c)  val 129-125ka, this core exhibitd3C values 0f~0.8 %o,
show peak surface-watéf80 values at around 122ka at i.e. higher by~0.4 %o than the two deepest North Atlantic
422 N in the North Atlantic. At 58N, high surface-water sites (Fig. 8b). Such a strorsd3C gradient between North
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115 120 125 130 Our compilation of LIG data from the high northern and
550 Lo Lo Lo southern latitudes shows evidence for a persistent iceberg de-
NESO:_; livery at high northern latitudes during the early LIG. It is
s E associated with relatively low salinity and temperature val-
450 3 ues in North Atlantic surface waters (Fig. 7), as well as
" 10 a relatively weak ventilation of North Atlantic deep waters
C (Fig. 8) during the early LIG (129-125 ka) compared to the
- 05 o late LIG. The delay in peak interglacial warmth documented
- e in the Norwegian Sea (Bauch and Erlenkeuser, 2008; Bauch
C 00 B et al., 2011; Van Nieuwenhove et al., 2011) hence affects
- 3 the Labrador Sea and high-latitude North Atlantic regions
C o5 & and has its counterpart at depth. Oceanic conditions at high
i - northern latitudes are hence intermediate between glacial
3.0 C 1.0 and full interglacial conditions at the beginning of the LIG.
&35 They are in contrast with the Southern Ocean climate evolu-
& 1 (;;PN‘? 3?88 m) tion, which exhibits maximum interglacial warmth and well-
£ 403 ——MD95-2042 ventilated bottom waters from the beginning of the LIG at
2 453 _cHeokos | ~130ka.
© ] (42°N, 4100 m)
5.0 \ ——MD02-2488
—————r— (46°S, 3420 m)

4 Model-data comparison: possible climate processes

115 120 125 130 ) ) .
responsible for the LIG climate evolution

EDC3 age (ka)

Fig. 8. Foraminiferal deep-water data over the period 134-115ka.Delays in peak warmth conditions between the northern and
(@) 21 June insolation at 83N (black line, Berger, 1978). Corre- southern high latitudes, similar to what we observe at the be-
sponding rate of insolation change (dashed grey line, right y-axis)ginning of the LIG, are attributed to “bipolar seesaw” mech-
plotted for the period 127-115ka only. The star along the left y-axis gnisms during the last glacial period (e.g. Blunier and Brook,
indicates the insolation maximum at 11 ka. Benthips*°C (Cibi- 2001). During Termination II, rapid northern ice sheet melt-
cideg and(c) 8180 records from the North Atlantic cores ODP 980 ing however suppressed the,imprint of “bipolar seesaw” sig-

(dashed pink line) (Oppo et al., 2006), MD95-2042 (green line) .
(Shackleton et al., 2002), CHB9-K09 (dashed brown line) (Cortijo nals (northern temperature reversal) in climate records from

et al., 1999), and from the Southern Ocean core MD02-2488 (blac:lllhe penultimate deglaciation (Ruddiman et al.,, 1980; Carl-
line, 3-point smoothing curves) (Govin et al., 2009). The orange-SON, 2008). Boreal summer insolation values of the LIG

shaded area highlights the period 129-125ka of the early LIG (se€Xceed the early Holocene maximum value during 7ka at
text). the beginning of the LIG (period 131-124 ka, Fig. 8a). In
this section, we propose potential climate forcing and mech-
anisms responsible for the late LIG establishment of peak
Atlantic intermediate and deep waters during the early LIGinterglacial warmth and North Atlantic deep-water circula-
is supported by further data from the North Atlantic (Keig- tion. From the results of the model simulations, we investi-
win et al., 1994; Oppo et al., 1997; Hodell et al., 2009). gate (1) to which extent high northern latitude climate solely
This §13C gradient reflects the persistent influence of bot-responds to insolation variations during the LIG and (2) what
tom waters of southern origin in the deep North Atlantic dur- the signature of a massive ice sheet melting would be during
ing the early LIG (Oppo et al., 1997), i.e. the formation of the early LIG.
a well-ventilated NADW that is less dense than during the
late LIG. This feature is consistent with a weak North At- 4.1 Oceanic response to insolation changes during the
lantic deep-water circulation persistent at the beginning of LIG
the LIG on Gardar Drift (Iceland Basin) (Hodell et al., 2009).
It is only during the late LIG, when the delivery of icebergs We consider here the simulations performed with insolation
has ended and when northern surface waters are warm args a sole forcing (Table 3): at 126 ka (high boreal summer
saline (Fig. 7), that the deep ocean circulation becomes siminsolation) and 122 ka (intermediate insolation values), in
ilar to the modern one. During that period, all North At- comparison to 115ka (minimum in boreal summer insola-
lantic cores between 2200 and 4100 m water depth exhibition) (Fig. 8a). Figure 9 presents changes in surface and deep
high §13C values around 0.8 %o (Fig. 8b). The$¥'C val-  waters in the North Atlantic and Nordic Seas between these
ues indicate the presence of the same water-mass, similar tiree time slices.
the present-day high-ventilated NADW, between 2000 and Northern high-latitude surface waters are warmer by 1.5 to
4000 m in the North Atlantic. 3°C at 126 ka than at 122 ka, and by arourfiClat 122 ka
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Fig. 9. Modeled climate response to insolation variations between (left panel) 126 and 122 ka, and (right panel) 122 and 115ka. Averaged
outputs over the last 100 years of the simulations are presented. We only show the statistically significant differences at the 95 % level
using a student t-test on the interannual variability of the last 100 years of each simuajibiorth Atlantic map of the mean annual SST
anomalies. Black circles indicate the location of the northern sediment cores considered here: (1) MD95-2010 (Risebrobakken et al., 2006),
(2) ODP 980 (Oppo et al., 2006), (3) MD95-2042 (Shackleton et al., 2002), (4) CH69-K09 (Cortijo et al., 1999), and (5) EW9302-JPC2
(Rasmussen et al., 2003#)) Atlantic annual mean zonal density (color scale) and overturning (2 Sv contour lines, flow is clockwise around
positive contour lines) anomalie&) Total heat transport (black line, 1 PW :1ﬁW), decomposed between the atmosphere (turquoise line)

and the ocean (red linejd) Atlantic Ocean heat transport decomposed into gyre (green line) and overturning (blue line) components.

than at 115ka (Fig. 9a). These temperature changes rdieat transport by the coupled ocean-atmosphere circulation
flect the direct response of northern high-latitude climate tois simulated between 126 and 122ka (Fig. 9¢). It mainly
the boreal summer insolation, which gradually decreases beresults from a reduction in the atmospheric heat transport
tween 126 and 115 ka (Fig. 8a). The high obliquity at 126 kareaching up to 0.25 PW (1 PW =%0W) at 20 N between
brings more direct solar radiation in high latitudes, thereby126 and 122 ka (Fig. 9c). Although only slightly affected
smoothing the temperature contrast between the tropics anby insolation changes, the poleward ocean heat transport re-
the pole. As a consequence, a reduction in the total polamains higher at 126 ka compared to 122 ka (Fig. 9¢). This
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increase is mainly due to changes in the North Atlantic sec-waters at high northern latitudes and a shallower NADW cell
tor (up to 0.10 PW). Therefore, higher North Atlantic SSTs during the early LIG compared to the late LIG. Insolation
at 126 ka compared to 122 ka reflects the increase in the Atvariations are hence not the sole factors regulating the cli-
lantic poleward heat transport. Figure 9d indicates that thigmate at high northern latitudes at the beginning of the LIG.
increase in Atlantic heat transport at 126 ka is mainly due to a

stronger Atlantic overturning between the equator arfdNi0 4.2 Additional impact of ice sheet melting on North

and a stronger subpolar gyre around BlO(see Born et al., Atlantic climate

2010).

Fut)ure climate simulations with increasing atmospheric To evaluate the contribution of a persistent ice sheet melting
carbon dioxide concentrations show that increased North Aton the LIG climate at high northern latitudes, we consider in
lantic SSTs stratify the upper water, thereby limiting the deepaddition the simulation performed at 126 ka with interactive
convection that feeds the AMOC (Gregory et al., 2005). Thefreshwater input (“126 ka meltwater”).
model however simulates here a stronger AMOC at 126 ka When comparing the two simulations at 126 ka (*126 ka”
than at 122 ka (Fig. 9b), due to the sinking of denser NADW and “126 ka meltwater”, Fig. 10), we observe colder surface
(Fig. 9b). The reasons for a stronger AMOC at 126 ka com-waters of up to 3C in the North Atlantic and the Nordic
pared to at 122 ka are twofold. (1) SST in late winter, whenSeas (up to 65N) when the meltwater is active at 126 ka
convection mostly occurs in the North Atlantic, is not differ- (Fig. 10a). The warming observed at higher latitudes in the
ent between the two periods, limiting the upper layer sta-Norwegian Sea (Fig. 10a) is a common feature simulated in
bilizing effect. (2) The mechanism identified here brings freshwater experiments by coupled ocean-atmosphere GCM
the export of Arctic sea ice towards the Nordic Seas (whergle.g. Stouffer et al., 2006, see discussion in Sect. 4.3.3 be-
sea ice melts) into play. In the warmer climate at 126 ka,low). In addition, the model simulates a freshening of sur-
the production of sea ice in the Arctic is reduced, so thatface waters (not shown) at high northern latitudes, which is
the export of sea ice through the Fram Strait is reduced bydirectly linked to the freshwater input. The supply of fresh-
0.04 Sv at 126 ka compared to 122ka. This reduced exponvater also stratifies the upper ocean and lowers the density
of sea ice from the Arctic to the Atlantic Ocean tends to de-of NADW (Fig. 10b). The strength of the AMOC decreases
crease the sea surface salinity (SSS) in the Arctic at 126 k&y 6 Sv (Fig. 10b), which corresponds to a 50 % reduction of
compared to 122 ka. Furthermore less sea ice melts in ththe AMOC intensity at 126 ka. The weakening of the AMOC
Nordic Seas, which increases the SSS in the Nordic Sea the “126 ka meltwater” simulation induces a strong reduc-
(not shown), sustains deep-water convection in the North Attion in the poleward heat transport by the Atlantic overturn-
lantic and a stronger AMOC at 126 ka compared to 122 ka.ing (Fig. 10d), which explains the cooling simulated in North
A similar mechanism has been proposed for simulations ofAtlantic surface waters (Fig. 10a).
future climate (Hu et al., 2004; Swingedouw et al., 2007b). The climatic patterns described above at 126ka cor-
At the demise of the LIG, Born et al. (2010) also documentedrespond to classical North Atlantic climate responses
with the same climate model a weaker AMOC at 115 ka thancomputed in freshwater experiments by coupled models
at 126 ka due to this enhanced advection of Arctic sea ic€e.g. Stouffer et al., 2006; Swingedouw et al., 2009). We also
into the North Atlantic. We observe here very little change observe similar climate features simulated at high northern
in the Atlantic overturning €0.5Sv, 1Sv=10m3s-1) be- latitudes when considering the LIG climate evolution high-
tween 122 ka and 115 ka (Fig. 9b). Similarly, changes in thelighted by the simulation at 126 ka with interactive freshwa-
Atlantic oceanic heat transport (in particular in the overturn-ter input and the one at 122 ka. Surface waters in the North
ing component) remain low<0.05 PW) between 122 ka and Atlantic (south of 60 N) are colder by up to 2C (Fig. 10a)
115ka (Fig. 9d), while the globally decreased atmosphericand fresher (not shown) at 126 ka when the meltwater is ac-
heat transport in the Northern Hemisphere account for thedive compared to at 122 ka. These characteristics are consis-
reduction in total heat transport (Fig. 9¢). Therefore, mosttent with proxy-data SST antt®Qs, variations, which indi-
of the AMOC reduction identified between 126 and 115 kacate colder and fresher conditions at high northern latitudes
during the last glacial inception (Born et al., 2010) occursduring the early LIG compared to the late LIG (Sect. 3.2.1).
within the LIG between 126 and 122 ka. We attribute this The simulated AMOC is also reduced by 4 Sv at 126 ka com-
major change in AMOC during the LIG to the increasing rate pared to 122 ka (Fig. 10b). The AMOC weakening is due to
of high-latitude insolation change (Fig. 8a) that results fromthe reduction of NADW production in response to the sur-
a rapid obliquity decrease and has a major climatic impact aface freshwater input at 126 ka (Fig. 10b). The AMOC re-
high latitudes between 126 and 122 ka. duction simulated between 126 ka and 122 ka also results in

In summary, the climate model simulates a warmer climatea decrease in the poleward Atlantic heat transport (Fig. 10d),
at high northern latitudes and more intense AMOC during thewhich explains the cooling of North Atlantic surface waters
early LIG (126 ka) compared to the later LIG (122 ka) in re- (Fig. 10a). This AMOC weakening is consistent with a shal-
sponse to insolation changes. These modeling results are ilow NADW cell indicated by North Atlantic proxy data at
contradiction with proxy data, which indicate colder surface the beginning of the LIG (Sect. 3.2.2). The North Atlantic
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Fig. 10. Modeled climate response to the northern input of meltwater (left panel) at 126 ka with and without meltwater, and (right panel)
between 126 ka with meltwater input and 122 ka. Averaged outputs over the last 100 years of the simulations are presented. We only
show the statistically significant differences at the 95 % level using a student t-test on the interannual variability of the last 100 years of
each simulation(a) North Atlantic map of the mean annual SST anomalies. Black circles indicate the location of the northern sediment
cores considered here: (1) MD95-2010 (Risebrobakken et al., 2006), (2) ODP 980 (Oppo et al., 2006), (3) MD95-2042 (Shackleton et
al., 2002), (4) CH69-K09 (Cortijo et al., 1999), and (5) EW9302-JPC2 (Rasmussen et al., 2@)3s)antic annual mean zonal density

(color scale) and overturning (2 Sv contour lines, flow is clockwise around positive contour lines) anotogaliesal heat transport (black

line, 1PW=13°W), decomposed between the atmosphere (turquoise line) and the ocean (red line). (d) Atlantic Ocean heat transport
decomposed into gyre (green line) and overturning (blue line) components.

response computed by the model at 126 ka with interactivan order to reproduce the late establishment of peak inter-
freshwater input compared to 122 ka shows a better agreeaglacial conditions indicated by proxy data at high northern
ment with the LIG climate evolution highlighted by marine latitudes. Our model-data intercomparison however presents
sediment cores. These results show that the persistent melsome limitations that we discuss in the next section.

ing of northern ice-sheet melting at the beginning of the LIG

needs to be considered in addition to insolation variations,
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4.3 Discussion on the limitations of the model-data small AMOC weakening (1-2 Sv, i.e<10% of the simu-
comparison lation without ice sheet melting) caused by the meltwater
input and (3) an AMOC recovery400 years later, when
4.3.1 Origin of the icebergs and melting water most of the additional freshwater input ceases. In our study,

the freshwater input is still present at the end of the “126 ka
In the model simulation, the meltwater input originates from meltwater” simulation (250-year long) and stabilized around
the Greenland ice sheet, which is the only northern ice sheed.17 Sv. This feature explains the large AMOC reduction at
represented in the model configuration. The freshwater fluxhat time (6 Sv, i.e. 50 % of the AMOC overturning at 126 ka,
computed is then redistributed in the Atlantic to the north of Fig. 3). The long-term evolution of the AMOC remains un-
40° N (Marti et al., 2010). The model simulations can hence certain in our study. Future work should include longer simu-
represent the ocean and climate responses to the melting dditions of the LIG climate with interactive ice sheets in order
unspecified northern ice sheets. Available data do not allowto determine the long-term impact of ice sheet melting on the
identifying the specific northern origin of ice-rafted detritus AMOC.
that are found in marine sediment cores from the North At- The freshwater flux computed in response to the melting
lantic and the Norwegian Sea at the beginning of the LIGof the Greenland ice sheet under the strong insolation forcing
(Fig. 7a). IRD are recorded at high northern latitudes atat 126 ka is very large (0.17 Sv). It explains the strong reduc-
a time during the early LIG when North Atlantic benthic tion in the Atlantic overturning circulation (4 Sv, i.e. 38 % of
8180 values remain low and when bentl#t?O variations  the preindustrial simulation) observed between the simula-
smaller than 0.2 %o indicate sea level fluctuations smallertions at 126 ka with interactive freshwater flux and at 122 ka
than 20m (Fig. 7). This feature suggests that most glacialFig. 10b). The large input of freshwater computed here
ice sheets have already melted away during the early LIG. Ais unrealistic for the LIG. For example, such a meltwater
recent study indicates that ice persisted on southern Greerflux would imply the disappearance of the modern Green-
land throughout the LIG (Colville et al., 2011). The contri- land ice sheet (volume of 2.9810°km3, Bamber et al.,
bution of Greenland melting to the LIG sea level highstand2001) in around 550 years. This value contradicts the re-
has been reevaluated to 1.6 m to 2.2 m (compared to moderduction (not disappearance) of the Greenland ice sheet re-
times) (Colville et al., 2011). This estimate agrees with theconstructed for the LIG (e.g. Koerner, 1989; North Green-
lower end inferred from model simulations (Otto-Bliesner et land Ice Core Project members, 2004; Otto-Bliesner et al.,
al., 2006). It suggests a limited contribution of the Green-2006; Willerslev et al., 2007). The simulation performed at
land retreat to the meltwater input at the beginning of the126 ka with the interactive freshwater flux should hence be
LIG. Therefore, a significant proportion of icebergs melting considered as a maximum perturbation of the North Atlantic
in the North Atlantic during the early LIG likely originate climate during the LIG induced by an extreme input of melt-
from remnants of glacial northern ice sheets. The Eurasiawater. Melting with such a magnitude could have only oc-
Saalian ice sheet, which extended during MIS 6 further souttcurred on a very limited time scale. The climate conditions
than during any subsequent glacial episode (e.g. Svendsen ebmputed in the “126 ka meltwater” simulation are probably
al., 2004), constitutes a very likely source for the icebergs.representative of climate conditions at the very beginning of
The influence of the melting Laurentide ice sheet can alsahe LIG (e.g.~130-129 ka), when intense iceberg discharge
not be excluded. Evaluating the respective contribution oftook place at high northern latitudes. The “real” ocean and
northern ice sheets to the early LIG meltwater input would climate responses to insolation variations and meltwater in-
constitute an interesting challenge for new climate modelingput during the early LIG are likely to be intermediate be-

studies. tween the two simulations at 126 ka, with and without the
interactive freshwater input.

4.3.2 Magnitude of the computed freshwater flux and Using an ensemble of sensitivity experiments with a model

North Atlantic response of intermediate complexity, Bakker et al. (2011) investigated

the range of Greenland melting rate at the beginning of
The magnitude of the AMOC in the IPSL-CM4 model used the LIG. They indicate a possible range between 0.052 and
here is known to be too low under preindustrial conditions 0.13 Sv of the meltwater flux that resulted in decreased deep
compared to estimates based on observations (Swingedougbnvection and reduced air temperatures over the North At-
et al., 2007a). Nevertheless, the AMOC sensitivity to stan-lantic and the Labrador Sea (Bakker et al., 2011). This study
dard freshwater inputs (e.g. Stouffer et al., 2006) remainsconfirms the extremely high freshwater flux computed in our
within the sensitivity of most coupled GCMs (Swingedouw study. It also shows with “more realistic” freshwater values
etal., 2009). the similar impact of northern ice sheet melting on North At-

Previous work on future climate with coupled climate ice lantic climate that we report at the beginning of the LIG. In

sheet models (e.g. Ridley et al., 2005) indicates (1) the meltaddition, relatively stable North Atlantic benthi¢é80 data
ing of the Greenland ice sheet (additional freshwater in-during the early LIG (Fig. 8c) suggest sea level fluctuations
put reaching at most 0.06 Sv) under warm conditions, (2) asmaller than 20m. Assuming a sea level rise of maximum
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20 m during the 3—4 ka of persistent IRD deposition at the be-4.3.4  Alternative mechanisms to the early LIG climatic
ginning of the LIG implies a mean freshwater flux of 0.06 to pattern?
0.08 Sv (that was probably irregular and higher at 130 ka than
126 ka). Although highly uncertain, these values fall within Although the presence of IRD in North Atlantic and Norwe-
the range of meltwater flux inferred by Bakker et al. (2011). gian Sea cores (Fig. 7a) strongly argues in favour of ice sheet
Nevertheless, all these elements highlight the critical neednelting during the early LIG, other modelling studies exhibit
in the near future to couple ice sheet and climate models ira similar cold North Atlantic climate (Felis et al., 2004; Kas-
order to improve the computation of freshwater fluxes andpar and Cubasch, 2007) or weakened AMOC (Khodri et al.,
realistically estimate their impact on North Atlantic climate. 2003; Gibger et al., 2007) during the LIG insolation peak
without meltwater forcing. Felis et al. (2004) and Kaspar
4.3.3 Climatic response in the Norwegian Sea et al. (2007) simulate with the same GCM colder air tem-
) o peratures (up to 2C) above the Labrador Sea, the southern
Model resu!ts and proxy data_ disagree on t_he climatic re-Nordic Seas and the North Atlantic (north 0f°49) during
sponse during the early LIG in the Norwegian Sea. Ma-the early LIG (at 124 ka and 125 ka respectively) compared
rine sediment cores record a late thermal optimum during thgq preindustrial times. They simulate by contrast a warming
LIG, i.e. colder SST during the early LIG than the late LIG. oyer Europe, North America and the tropical North Atlantic
The delay in the establishment of peak interglacial warmth(,:e“S et al., 2004; Kaspar and Cubasch, 2007). These au-
indicated by marine records during the LIG appears to beors attribute this LIG temperature pattern to a high positive
a robust feature of the LIG climate evolution in the en- jhgex of the North Atlantic Oscillation (NAO) (Felis et al.,
tire Norwegian Sea (Fronval and Jansen, 1997; Fronval eb0o4). The increased pressure difference between the North
al., 1998; Rasmussen et al., 2003b; Bauch and Erlenkeusekgjantic high and Icelandic low results from a reduced pole-
2008; Bauch etal., 2011; Van Nieuwenhove et al., 2011). Al-to_equator temperature gradient and weakened Hadley cell in
though uncertainties on the chronologies of sediment coregesponse to the reduced boreal winter insolation in the tropics
from the Norwegian Sea remain relatively high for the LIG, (re|is et al., 2004). In our study, we observe no such temper-
independent age models of Norwegian Sea cores based ofyre pattern, neither between 126 and 122 ka (Fig. 9a) nor
tephra layers support the late thermal optimum in the Nordichetyeen 126 ka and preindustrial times (not shown). The dis-
Seas (Wastegaard and Rasmussen, 2001; Rasmussen et glapancy between these two GMCs certainly calls for further
2003b). ) ~detailed investigations of the LIG climate with other models.
In contrast, the IPSL-CM4 model simulates a warming These authors however did not discuss the change in ocean
of several degrees in the Norwegian Sea between the earlyircyjation (Felis et al., 2004; Kaspar and Cubasch, 2007).
LIG ("126 ka meltwater” simulation) and late LIG ("122ka” ey modelling studies investigated the climate evolution
simulation) (Fig. 10a). Given the large amount of freSh‘Na'throughout the LIG (e.g. Crucifix and Loutre, 2002; Kho-
ter redistributed at high northern latitudes in the model (segy;i ot al., 2003; Calov et al., 2005; Gger et al., 2007). At
Sect. 4.3.2), the magnitude of this warming is probably over-y, o beginning of the LIG, they simulate an enhanced (this
estimated in comparison to a potential “real” surface-waterstudy, Crucifix and Loutre, 2002; Calov et al., 2005) or

warming signal in the Norwegian Sea. This war.ming pat-\yeakened AMOC (Khodri et al., 2003: &ger et al., 2007)
tern, which is observed in response to freshwater input unde, egponse to insolation variations. This feature highlights

different climate conditions, is a common feature of fresh- e gitference in overturning sensitivity in the models during
water experiments in this model (Swingedouw et al., 2009).the | |G, as already outlined for future climate simulations
It is due to the adjustment of atmospheric dynamics in ré-gchmittner et al., 2005; Schneider et al., 2007). In par-
sponse to the initial global cooling. The changes in atmo-tc1ar, two transient studies indicate a decrease in AMOC

spheric dynamics increases the surface currents and the COBuring the early LIG (e.g. 125 ka) compared to the late LIG
tribution of the gyre to the Atlantic heat transport north of (e.g. 120 ka) without meltwater forcing (Khodri et al., 2003:

60° N (Fig. 10d). These two effects (wind and ocean) reducegger et al., 2007). The mechanisms involved differ. The
the sea ice cover along the eastern coast of Greenland, Wh@light AMOC weakening (by 1 Sv, i.ev5%) simulated by
leads to a warming in the Norwegian Sea (see Swingedouw 8kpqqyi et al. (2003) results from higher freshwater input in
al., 2009 for.fu_rtherdetalls). This warming pattern is not only the Arctic (+0.01 Sv) that decreases the SSS in the Arctic
a characteristic of the IPSL-CM4 model. Most atmosphere-,q hence the Nordic Seas, thereby limiting the deep convec-
ocean couplgd models simulate this warming signal in thejon The AMOC weakening (by 3 Sv, i.e. up to 20 %) simu-
Nordic Seas in response to freshwater mpu_t (e.g. Stouffer efytaq by Gbger et al. (2007) results from (1) warmer North
al., 2006; Saenko et al., 2007). Further studies on the reasongantic surface waters that stratify the upper water column
for such adjustments of the atmosphe.nc cwcglatlon appeagq (2) a 0.027 Sv increase in freshwater input in the Arc-
to be necessary to reconcile the LIG climate history seen by;c/\orth Atlantic drainage basin. In their model, no decrease
model simulations and proxy data in the Norwegian Sea. seq ice transport through the Fram Strait is reported, which
differs from our study. The processes related to the export of
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Arctic sea ice that we identify here (Sect. 4.1) are not spe5 Conclusions
cific to the IPSL-CM4 model. In future climate projections,
Hu et al. (2004) showed that similar sea ice processes cor@ur compilation of proxy data for the LIG documents a delay
tributed to the future evolution of the AMOC simulated with in the establishment of peak interglacial conditions at high
the Parallel Climate Model. In addition, the model used by northern latitudes compared to high southern latitudes. We
Groger et al. (2007) comprises flux corrections for freshwa-observe a persistent northern freshwater supply at the be-
ter and wind stress, which can largely affect its sensitivity ginning of the LIG. It is associated with (1) relatively low
to different climatic conditions and explain the difference in salinity and temperature values in surface waters from the
sensitivity between the two models. Finally, both transientNorth Atlantic, Labrador and Norwegian Seas, and (2) a rel-
studies exhibit higher North Atlantic SST and SSS during atively weak ventilation of North Atlantic deep waters dur-
the early LIG compared to the late LIG (Khodri et al., 2003; ing the early LIG (129-125ka) compared to the late LIG.
Groger et al., 2007). This pattern is in contradiction with our These results indicate that the late thermal optimum docu-
compilation of proxy data (Fig. 7). mented in the Norwegian Sea (Bauch and Erlenkeuser, 2008;
The evolution of the Arctic freshwater budget and its im- Bauch et al., 2011; Van Nieuwenhove et al., 2011) also takes
pact on North Atlantic climate during the LIG remain un- place in the Labrador Sea and high-latitude North Atlantic
clear. Past changes in precipitation are difficult to estimategregions. It also has its counterpart at depth, with a shal-
from proxy data. Qualitative estimates suggest wetter coniower North Atlantic deep-water cell during the early LIG
ditions in most Arctic sectors during the LIG compared to (Hodell et al., 2009). At the beginning of the LIG, oceanic
the Holocene (Cape Last Interglacial Project members, 2006¢onditions at high northern latitudes are hence intermediate
Miller et al., 2010). The response of the Arctic freshwa- between glacial and full interglacial conditions.
ter budget to the sole insolation forcing differs in modelling ~ The comparison with model results indicates that the delay
studies. Whereas it is slightly reduced at 126 ka comparedn peak interglacial conditions at high northern latitudes can-
to 122ka in our study (not shown), it is slightly increased not be a direct response to insolation variations. In response
in other LIG simulations due to increased Arctic precipita- to the sole insolation forcing, North Atlantic surface waters
tion during the early LIG (Khodri et al., 2003; Gger et  are warmer and more saline during the early LIG (126 ka)
al., 2007). Depending on the simulations, Arctic freshwa-compared to the late LIG (122 ka). In that case, the Atlantic
ter variations can have an impact on the AMOC (Khodri et thermohaline circulation is also stronger at 126 ka than at
al., 2003), be overprinted by the warming of surface watersl22 ka. The modelled climate response to insolation varia-
(Groger et al., 2007) or by changes in Arctic sea ice export totions is in contradiction to the LIG climate evolution indi-
the Nordic Seas (our study, Sect. 4.1). Therefore, the impactated by proxy data. The model better reproduces the LIG
of insolation changes on the AMOC remains under debateclimate history when the melting of northern ice sheets is
Mechanisms with opposite effect on the AMOC come into considered during the early LIG (126 ka). North Atlantic
play. Depending on their relative magnitude in the models,surface waters are indeed colder and fresher, and the At-
these mechanisms can lead to different AMOC responses, dantic meridional overturning weaker, at 126 ka with inter-
already illustrated in future climate projections (Gregory et active freshwater flux compared to 122 ka. Insolation varia-
al., 2005). tions and persistent northern meltwater input hence need to
In summary, our simulations are so far the only ones thatbe both considered in order to reproduce the late establish-
reproduce both the cooling/freshening in high northern lat-ment of peak interglacial conditions during the LIG. This re-
itudes and AMOC weakening documented during the earlysult emphasizes the sensitivity of North Atlantic climate to
LIG by proxy data. This characteristic tends to support ourthe melting of northern ice sheets in a warm climate and the
assumption of persistent ice sheet melting at the beginning ofiecessity to consider ice-sheet melting in the simulations of
the LIG. However, other models are able to simulate part ofwarm climates.
the LIG climatic pattern (North Atlantic cooling or AMOC Our model-data comparison also reveals the limits of our
reduction) identified here without freshwater input. The va-set of simulations performed with one ocean-atmosphere
riety of mechanisms involved (e.g. high NAO index, Arctic coupled model to reproduce the LIG climate evolution. The
freshwater budget, temperature effect on density) leaves th&eshwater flux computed in this study is extremely high and
question open to alternative explanations. Further investi-cannot represent the real climate of the early LIG. In addi-
gation with different models is clearly required to disentan- tion, other models can reproduce part of the climatic pattern
gle the climatic forcing and mechanisms regulating the LIG (North Atlantic cooling or AMOC reduction) that we identify
climate. here at the beginning of the LIG without freshwater input.
They bring a variety of processes into play (e.g. Arctic fresh-
water budget, NAO, temperature/salinity effect on density).
These results highlight the critical need in the near future to
(1) develop ice sheet-climate coupled models to improve the
computation of freshwater fluxes and realistically simulate
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the magnitude of freshwater input and climatic responses, ture potential, edited by: Lowe, J. J., Quaternary Proceedings,
(2) perform transient experiments lasting few thousand years Quaternary Research Association, Cambridge, 67-73, 1991.

to investigate the long-term impact of ice sheet melting onBauch, H. A. and Erlenkeuser, H.: A “critical” climatic evaluation
the AMOC and North Atlantic climate, and (3) compare of last interglacial (MIS 5e) records from the Norwegian Sea,
simulations performed with a variety of models to evaluate  Polar Res., 27, 135-151, 2008.

the climatic forcing and mechanisms that are most likely to22U¢" H. A. and Kandiano, E. S. Evidence for early
. . warming and cooling in North Atlantic surface waters dur-
influence the LIG climate.

ing the last interglacial, Paleoceanography, 22, PA1201,
. doi:10.1029/2005pa001252007.
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