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Abstract. Although the Last Interglacial (LIG) is often considered as a possible analogue for future climate in high latitudes, its precise climate evolution and associated causes
remain uncertain. Here we compile high-resolution marine
sediment records from the North Atlantic, Labrador Sea,
Norwegian Sea and the Southern Ocean. We document a delay in the establishment of peak interglacial conditions in the
North Atlantic, Labrador and Norwegian Seas as compared
to the Southern Ocean. In particular, we observe a persistent
iceberg melting at high northern latitudes at the beginning of
the LIG. It is associated with (1) colder and fresher surfacewater conditions in the North Atlantic, Labrador and Norwegian Seas, and (2) a weaker ventilation of North Atlantic
deep waters during the early LIG (129–125 ka) compared
to the late LIG. Results from an ocean-atmosphere coupled
model with insolation as a sole forcing for three key periods
of the LIG show warmer North Atlantic surface waters and
stronger Atlantic overturning during the early LIG (126 ka)
than the late LIG (122 ka). Hence, insolation variations alone
do not explain the delay in peak interglacial conditions observed at high northern latitudes. Additionally, we consider
an idealized meltwater scenario at 126 ka where the freshwater input is interactively computed in response to the high boreal summer insolation. The model simulates colder, fresher
North Atlantic surface waters and weaker Atlantic overturning during the early LIG (126 ka) compared to the late LIG
(122 ka). This result suggests that both insolation and ice
sheet melting have to be considered to reproduce the climatic

pattern that we identify during the early LIG. Our modeldata comparison also reveals a number of limitations and
reinforces the need for further detailed investigations using
coupled climate-ice sheet models and transient simulations.

1

Introduction

The Last Interglacial (LIG) period (129–118 ka,
1 ka = 1000 years) is also termed Marine Isotope Stage 5.5
(MIS 5.5) in marine sediment cores or Eemian in European
continental records (e.g. Kukla et al., 1997, 2002). This
period is characterized by a high-latitude climate warmer
by several degrees than today (North Greenland Ice Core
Project members, 2004; Cape Last Interglacial Project
members, 2006; EPICA Community members, 2006; Clark
and Huybers, 2009). Sea level was at least 6 m above the
present level (Kopp et al., 2009) due to smaller glacier ice
volume (e.g. Koerner, 1989; Otto-Bliesner et al., 2006) in response to the high boreal summer insolation (e.g. Berger and
Loutre, 1991). Given its high insolation forcing, the LIG is
generally regarded as a potential analogue for future climate
evolution (e.g. Kukla et al., 2002; Jansen et al., 2007).
Characterized by extreme seasonal variations in
temperature-sensitive processes (e.g. sea ice extent)
and large-scale feedbacks mechanisms, polar regions are
particularly 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 variations
in the surface and deep oceans is well documented at high
northern and southern latitudes during the last deglaciation
(Termination I, see Denton et al., 2010 for a review). Most
marine records from the North Atlantic and the Nordic Seas
indicate an early to mid-Holocene (∼10–8 ka) oceanic thermal optimum (e.g. Birks and Koç, 2002; Calvo et al., 2002;
Hald et al., 2007; Bauch and Erlenkeuser, 2008; Andersson
et al., 2010; Risebrobakken et al., 2011), in agreement with
maximum boreal summer insolation values recorded at 11 ka
(e.g. Berger and Loutre, 1991). Similarly, high southern
latitudes exhibit high temperatures as early as 11.7 ka in the
Southern Ocean (e.g. Calvo et al., 2007; Skinner et al., 2010)
and over Antarctica (e.g. EPICA Community members,
2006; Stenni et al., 2011). In contrast, sea level rose ca. 60 m
during the early Holocene until 7 ka when the Holocene sea
level highstand was reached (e.g. Smith et al., 2011 for a
review).
The deglacial history of the penultimate deglaciation (Termination II) is less documented. For example, discrepancies
exist between marine records on the existence of a northern
temperature reversal during Termination II (Sarnthein and
Tiedemann, 1990; Adkins et al., 1997; Chapman and Shackleton, 1998; Oppo et al., 2001; Kelly et al., 2006; Desprat et
al., 2007; Weldeab et al., 2007). The establishment of the
peak interglacial warmth at high northern latitudes during
the LIG also remains controversial. Some studies showed
evidence for an early LIG development of peak interglacial
conditions in the Norwegian Sea and a later climatic optimum at mid latitudes in the North Atlantic (Cortijo et al.,
1994, 1999). In contrast, other studies highlighted an early
warming phase in the North Atlantic during the LIG (Rasmussen et al., 2003b; Bauch and Kandiano, 2007) and a late
warming phase in the Norwegian Sea (Fronval and Jansen,
1997; Fronval et al., 1998; Rasmussen et al., 2003b). Part
of these discrepancies arise from the difficulty of (1) collecting marine sediment cores from the Nordic Seas with high
sedimentation rates during the LIG, and (2) defining reliable
stratigraphical time frames between the North Atlantic and
the Nordic Seas during the LIG (e.g. Fronval and Jansen,
1997; Cortijo et al., 1999; Rasmussen et al., 2003b; Risebrobakken et al., 2005, 2006; Bauch and Erlenkeuser, 2008).
Recent high-resolution Norwegian Sea records suggest
that the LIG thermal optimum in the Norwegian Sea occurred
relatively late after the penultimate deglaciation (Bauch and
Erlenkeuser, 2008; Bauch et al., 2011; Van Nieuwenhove
et al., 2011), at a time when the boreal summer insolation
was already significantly reduced (e.g. Berger and Loutre,
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 beginning of the LIG was higher by 20 W m−2 than during the
early Holocene. This weakened LIG warmth in comparison
to the early Holocene suggests that the temperature evoluClim. Past, 8, 483–507, 2012

tion in the Nordic Seas does not solely respond to insolation
variations during the LIG (Bauch et al., 2011).
The Late Saalian glacial period (160–140 ka) preceding
the LIG was a prolonged cold period in Europe characterized by a large Eurasian ice sheet that extended from the
Norwegian shelf to the Barents-Kara Sea further south than
any subsequent glacial episode (e.g. Svendsen et al., 2004).
The Eurasian Saalian ice sheet retreated relatively quickly
during Termination II. For example, grounded ice remained
only on northern Scandinavia, the present Kara Sea and Arctic islands at ca. 134 ka (Lambeck et al., 2006). High boreal summer insolation explains the rapidity of northern ice
sheet retreat during the penultimate deglaciation (Ruddiman
et al., 1980). This fast ice sheet melting, which induced
high meltwater discharge (Carlson, 2008) and reduced Atlantic Meridional Overturning Circulation (AMOC) throughout the deglaciation (Oppo et al., 1997), also likely explains
the absence of a Younger Dryas-like event during Termination II (Ruddiman et al., 1980; Carlson, 2008). Uncertainties
however remain on the timing of the LIG sea level highstand
ranging from around 129 ka to around 124 ka (Cutler et al.,
2003; Siddall et al., 2003; Thompson and Goldstein, 2006;
Rohling et al., 2008; Waelbroeck et al., 2008; Blanchon et al.,
2009). Hence, continued melting from the Eurasian Saalian
ice sheet at the beginning of the LIG may have contributed
to the delay in peak interglacial warmth recently documented
in the Norwegian Sea (Bauch et al., 2011; Van Nieuwenhove
et al., 2011).
The objectives of this study are twofold. First we investigate the geographical polar extension of the late thermal
optimum recorded in Norwegian Sea surface waters during
the LIG and its potential counterpart in deep waters. For that
purpose, we compiled five high-resolution marine sediment
records from the North Atlantic, Labrador Sea and Norwegian Sea that we compare with a sediment record from the
Southern Ocean, taken as a reference for high southern latitude climate. We define a consistent time frame between
the Norwegian Sea, Labrador Sea, the North Atlantic and
Southern Ocean during the LIG and compare the timing of
establishment of high-latitude peak interglacial conditions
recorded by surface and deep waters. Second, we use a coupled ocean-atmosphere general circulation model to investigate the plausible causes (insolation changes versus meltwater input) responsible for the late oceanic climate optimum observed at high northern latitudes during the LIG. We
discuss the results of the model simulations performed for
three key periods of the LIG and the limits of the model-data
intercomparison.
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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).

2

Ocean

Core

Latitude

Longitude

Norwegian Sea

MD95-2010

66.68◦ N

4.57◦ E

1226 m

Risebrobakken et al. (2005, 2006)

Labrador Sea

EW9302-JPC2

48.80◦ N

45.09◦ W

1251 m

Rasmussen et al. (2003b)

North Atlantic

ODP 980
CH69-K09
MD95-2042

55.49◦ N
41.76◦ N
37.80◦ N

14.70◦ W
47.35◦ W
10.17◦ W

2168 m
4100 m
3146 m

McManus et al. (1999); Oppo et al. (2006)
Cortijo et al. (1999); Labeyrie et al. (1999)
Shackleton et al. (2000, 2002)

Southern Ocean

MD02-2488

46.47◦ S

88.02◦ E

3420 m

Govin et al. (2009)

Material and methods

2.1
2.1.1

Marine sediment cores and analyses
Sediment cores

We selected six marine sediment cores with a relatively high
sedimentation rate (ranging from ∼5 to 17 cm ka−1 ) during
the LIG (see Table 1 for the name and references of the
cores). We chose three cores in the North Atlantic located
at increasing water-depths from 2000 m to 4000 m (Table 1).
The core locations presently lie in North Atlantic Deep Waters (NADW). We completed this dataset with two sediment
cores collected from basins of modern deep-water formation: one in the Norwegian Sea and one in the Labrador
Sea (Table 1). Finally, we chose one sediment core from
the Indian sector of the Southern Ocean as a reference for
the LIG climate evolution in southern subpolar regions (Table 1). Complementary proxies (foraminiferal stable isotope
analyses, sea surface temperature and ice-rafted detritus reconstructions) are available in these cores during our period
of interest (132–115 ka).
2.1.2

Stable isotopes

All discussed cores present high-resolution oxygen and carbon isotopic (δ 18 O and δ 13 C) records obtained on both
planktic and benthic foraminifera. Foraminiferal δ 18 O
and δ 13 C analyses are expressed in ‰ versus Vienna
PDB, defined with respect to NBS 19 calcite standard
(δ 18 O = −2.20 ‰ and δ 13 C = +1.95 ‰). We present the benthic δ 18 O data on the Uvigerina scale and show δ 13 C data
measured on the epibenthic Cibicides genus only. We increased the resolution of the benthic foraminiferal isotopic
record from the Southern Ocean core reported by Govin et
al. (2009) and generated a benthic record with a resolution
better than 0.5 ka over the entire period 130–115 ka.
2.1.3

Sea surface temperatures

Reconstructions of summer sea surface temperatures (SST)
are exclusively based on faunal assemblages of foraminifera
in the North Atlantic and Southern Ocean cores for higher
www.clim-past.net/8/483/2012/

Depth

Reference

consistency. We increased the resolution of SST data from
the Southern Ocean core to an averaged resolution of 0.4 ka
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
of the polar foraminifera species Neogloboquadrina pachyderma sinistral. In order to indicate the range of temperature
change in the Norwegian and Labrador Seas, we converted
the percentages of N. pachyderma sinistral into summer SST.
The calibration is derived from the MARGO dataset comprising 862 sites in the North Atlantic and the Nordic Seas
(Kucera et al., 2005). We calculated the linear relationship linking the percentage of N. pachyderma sinistral at
high northern latitudes and the summer SST (averaged JulyAugust-September temperatures taken at 10 m water-depth
from the World Ocean Atlas 2001; Stephens et al., 2002,
following Kucera et al., 2005) (Fig. 1). Based on the sites
characterized by summer SST below 15 ◦ C and percentages
of N. pachyderma sinistral ranging from 10 to 94 %, we defined the regression in the 6 to 12 ◦ C range (Fig. 1). The
root mean square deviation of the relationship is ±1.8 ◦ C
(1 σ ). Modifying the calibration interval (e.g. 10–94 % or
13–84 %) produces similar linear relationships within uncertainties. The change in reconstructed SST ranges from
<0.1 ◦ C to 0.7 ◦ C for respectively high and low percentages
of N. pachyderma. The effect of the calibration interval on
reconstructed SST remains small. The calibration provides a
reliable range of temperature change in the Norwegian and
Labrador Seas. The uncertainty on N. pachyderma sinistral percentages (<5 %) results in small SST uncertainties
(ranging from 0.3 ◦ C to 0.7 ◦ C for respectively low and high
N. pachyderma percentages). The error on the calibration
(1.8 ◦ C) hence dominates the total error (1.9 ◦ C) on SST reconstructed from N. pachyderma sinistral percentages.
2.1.4

Ice rafted detritus

IRD data are expressed as the number of lithic grains per
gram of dry sediment. IRD > 150 µm were counted in the
North Atlantic cores, whereas IRD > 500 µm were counted
in the Norwegian Sea core.
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Figure 1: Linear relationship defined between summer SST and the percentage of the polar
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otemperature equation (Shackleton, 1974):


Tiso = 16.9 − 4.38 · δ 18 Oc + 0.27 − δ 18 Osw

2
+ 0.10 · δ 18 Oc + 0.27 − δ 18 Osw .
Tiso is the isotopic or calcification temperature (◦ C); δ 18 Oc ,
the isotopic composition of the calcite (‰ PDB); δ 18 Osw ,
the isotopic composition of seawater (‰ SMOW). The factor “0.27” is added for calibration against international
standards.
In order to determine how much the calcification temperature of G. bulloides and N. pachyderma dextral deviates from
the summer SST (e.g. Duplessy et al., 1991), we compared
in both cores the averaged coretop (0–3.5 ka) summer SST
and the modern isotopic temperature that we calculated from
the in situ δ 18 Osw value and the averaged coretop (0–3.5 ka)
planktic δ 18 O value (see Table 2 for details). This approach
accounts for the different calcification depths of G. bulloides
and N. pachyderma dextral (Table 2). The calcification temperatures of G. bulloides and N. pachyderma dextral are
Clim. Past, 8, 483–507, 2012

hence lower by respectively 2 ◦ C and 1.5 ◦ C than the sum46
mer SST (Table 2). This deviation is identical to the most
recent calibration for G. bulloides (Chapman et al., 2000).
No such study exists so far for N. pachyderma dextral. Using
these factors, we corrected the summer SST records from
cores CH69-K09 and ODP 980 to reconstruct past δ 18 Osw
variations (Fig. 2). Given the uncertainties on the timing of
the LIG sea level highstand and the relatively small amplitude of sea level variations (<10 m) over the interval 130–
115 ka (e.g. Waelbroeck et al., 2002; Thompson and Goldstein, 2006; Rohling et al., 2008; Blanchon et al., 2009),
we did not correct here the δ 18 Osw values for ice volume
variations. The uncertainty on δ 18 Osw estimates is around
±0.5 ‰ (e.g. Duplessy et al., 1991; Chapman et al., 2000;
Malaizé and Caley, 2009). The SST and δ 18 Osw records from
core CH69-K09, which is located at the boundary between
the North Atlantic and Labrador currents (Labeyrie et al.,
1999), show higher variability (Fig. 2) than core ODP 980 located along the pathway of the North Atlantic current (Oppo
et al., 2006).
www.clim-past.net/8/483/2012/

A. Govin et al.: Early Last Interglacial climate and ice sheet melting

487

Table 2. Geochemical and hydrological parameters used to calculate the isotopic temperature (Tiso ) and the correction applied on SST from
cores CH69-K09 and ODP 980 in order to reconstruct seawater δ 18 O (δ 18 Osw ).
Core

Planktic
foraminifera
species

Habitat
depth
(m)

Coretop
(0–3.5 ka)
δ 18 Oc
(‰ PDB)

In situ
δ 18 Osw
(‰ SMOW)a

Tiso
(◦ C) b

CH69-K09
ODP 980

G. bulloides
N. pachyderma dextral

0–60c
30–100d

1.06
1.24

0.75e
0.38f

14.4
12.1

Coretop
(0–3.5 ka)
SST
(◦ C)

SST correction
(◦ C)

16.4
13.6g

Tiso = SST − 2.0
Tiso = SST − 1.5

a Closest value to the core site extracted from the GISS database (Schmidt et al., 1999).
b The isotopic temperature (T ) is derived from the coretop (0–3.5 ka) δ 18 O and in situ δ 18 O using the paleotemperature equation (Shackleton, 1974) reported in Sect. 2.1.5.
c
sw
iso
c Schiebel et al. (1997); Ganssen and Kroon (2000)
d Ottens (1992); Came et al. (2007)
e Data from the North Atlantic at 44.96◦ N, 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 of G. bulloides.
f Data from the North Atlantic at 55.3◦ N, 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 range of N. pachyderma dextral.
g Coretop (0–3.5 ka) 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

To gain insight on the climate forcing and processes responsible for the late LIG oceanic optimum observed at high
northern latitudes, we use model simulations performed with
the coupled ocean-atmosphere general circulation model
(GCM) IPSL-CM4 (Marti et al., 2010). It couples the atmospheric general circulation model LMDZ (Hourdin et al.,
2006) to the OPA ocean circulation model (Madec et al.,
1998). A dynamic-thermodynamic sea ice model (Fichefet
and Maqueda, 1997) is coupled with the ocean-atmosphere
model. The atmospheric model is coupled to the land scheme
surface ORCHIDEE (Krinner et al., 2005). Details on the
model components and the methodology of coupling are
given by Marti et al. (2010). The model is run with a medium
resolution. The atmospheric grid is regular, with 96 points in
longitude (3.75◦ ), 71 points in latitude (2.5◦ ) and 19 vertical levels. The oceanic resolution is about 2◦ (0.5◦ near the
equator) with 182 points in longitude, 149 points in latitude
and 31 vertical 1evels.
We consider as a reference a 1000-year long simulation
of the preindustrial climate. The performance of the IPSLCM4 model under preindustrial conditions is discussed by
Swingedouw et al. (2007a) and Marti et al. (2010). In summary, the model exhibits a cold bias in the North Atlantic
in comparison to modern observations. This bias is partly
attributed to a weak Atlantic meridional overturning characterized by a maximum overturning of around 10.5 Sv. Recent
observation-based estimates are around 18.7 ± 2.1 Sv (Kanzow et al., 2010). The mismatch between the observations
and the simulation is larger than the difference between preindustrial and modern climates. The weak AMOC in the
model mainly results from the absence of convection in the
www.clim-past.net/8/483/2012/

Labrador Sea due to fresher than observed surface waters in
this region. Excessive precipitation in the North Atlantic and
a weak northward wind-driven salinity transport to the North
Atlantic (resulting from an equatorward position of the zonal
wind stress in comparison to observations) both contribute to
the low salinity bias. A larger than observed export of sea ice
across the Fram Strait finally reinforces the bias.
We consider the model outputs of a series of simulations
performed for three time slices of the LIG (see Table 3 for
a summary). Model simulations were forced with insolation values from Berger (1978) (Table 3) and the modern ice
sheet configuration (Braconnot et al., 2008). The Greenland
ice sheet (GIS) is hence the only northern ice sheet represented in the model. Greenhouse gas concentrations were
prescribed to preindustrial values (Table 3) (Braconnot et al.,
2008; Swingedouw et al., 2009).
We investigate the LIG response of high northern latitude
climate to two different types of perturbation: (1) response
to insolation variations only and (2) additional impact of a
northern meltwater input. First, to study the effect of insolation variations on high northern latitude climate during the
LIG, we use the results of simulations performed for three
key periods of the LIG characterized by distinct insolation
values (Braconnot et al., 2008): maximum in boreal summer
insolation in the early LIG at 126 ka (250 year-long simulation), intermediate insolation values in the mid LIG at 122 ka
(800 year-long simulation), and minimum in boreal summer
insolation at 115 ka (700 year-long simulation) (Table 3).
The shortest simulation at 126 ka (250 years) exhibits a stable AMOC over the last 150 years of the simulation (Fig. 3).
This feature indicates that the AMOC was close to equilibrium at the end of the 126 ka simulation and makes possible
the comparison of the three experiments.

Clim. Past, 8, 483–507, 2012

488

A. Govin et al.: Early Last Interglacial climate and ice sheet melting

Table 3. Characteristics of the four IPSL-CM4 model simulations considered in this study. The simulations are forced with the modern ice
sheet configuration.

Eccentricity (◦ )
Obliquity (◦ )
Precession (ω − 180◦ )
CO2 (ppmv)
CH4 (ppbv)
N2 O (ppbv)
Interactive meltwater
input (Sv)
Reference

126 ka

122 ka

115 ka

126 ka meltwater

0.0397
23.9
201
280
650
270

0.0407
23.2
356
280
650
270

0.0414
22.4
111
280
650
270

0.0397
23.9
201
280
650
270
0.17

Braconnot et al. (2008)

Swingedouw et al. (2007b, 2009)

∗

Braconnot et al. (2008)

Braconnot et al. (2008)

∗ 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 meltwater” simulation represents the highest effect that a meltwater
pulse could have on high northern latitude climate during the
early LIG and does not pretend to represent the real climate
at 126 ka (see Sect. 4.3.2).
3
3.1

1
2
3
4
5

Marine records: evolution of the LIG climate
Establishment of the interhemispheric time frame

The definition of reliable chronologies is critical to compare
the LIG climate evolution indicated by records from different water depths and oceanic basins. Direct correlation
of the plateau of benthic δ 18 O minimum values (hereafter
Figure 3: Maximum of the Atlantic meridional overturning streamfunction (1 Sv = 106 m3/s)called benthic O-plateau) is commonly applied during the
Fig.500
3. mMaximum
meridional
overturning
taken from
to the bottomofforthe
all Atlantic
simulations:
preindustrial
(black), 126 streamka (red), 126 ka
LIG (e.g. Cortijo et al., 1999). Benthic δ 18 O data however do
3 s−1
meltwater
(blue), 122
ka =
(green)
115)ka
(turquoise).
function
(1 Sv
106 mand
taken
from 500 m to the bottom for all
not only reflect global ice volume variations because they are
simulations: preindustrial (black), 126 ka (red), 126 ka meltwater
also affected by deep-water temperature changes (e.g. Skin(blue), 122 ka (green) and 115 ka (turquoise).
ner and Shackleton, 2005), the presence of 18 O-depleted
deep waters in the Nordic Seas (e.g. Dokken and Jansen,
1999; Risebrobakken et al., 2006; Bauch and Erlenkeuser,
2008), that may reach the deep North Atlantic (Labeyrie et
Second, to investigate the influence of a northern meltwaal., 2005; Waelbroeck et al., 2006, 2011), and/or the injection
ter input on high-latitude climate during the early LIG, we
of 18 O-depleted meltwater (Ganopolski and Roche, 2009).
consider two simulations at 126 ka. In addition to the 126 ka
We prefer to develop here a common time frame between
simulation described above, which integrates the direct clisediment cores from the Labrador and Norwegian Seas, the
matic response to insolation forcing at 126 ka (Braconnot et
North Atlantic and Southern Ocean during the LIG that is inal., 2008), we add the response of ice caps (here the melting
dependent from benthic isotope stratigraphy (e.g. Skinner et
of Greenland) in a second simulation called “126 ka meltwaal., 2010; Waelbroeck et al., 2011). We transfer the marine
ter” (250 year-long simulation) (Table 3). We used the simple
sediment records on one single time scale, and use the most
parameterization developed for future climate (Swingedouw
recent (EDC3) chronology available for the Antarctic EPICA
et al., 2007b, 2009). The novelty here, when compared to
Dome C (EDC) and Dronning Maud Land (EDML) ice cores
classical freshwater experiments, is that (1) the influence of
during the LIG (Loulergue et al., 2007; Parrenin et al., 2007;
the specific 126 ka insolation values on the LIG climate is
Ruth et al., 2007). This chronology has been extended to
taken into account, and (2) the meltwater flux is interactive
the Greenland ice core at NorthGRIP (North Greenland Ice
with climate (Swingedouw et al., 2007b, 2009). In response
Core Project members, 2004) during the LIG, using global
to the high boreal summer insolation at 126 ka, about 0.17 Sv
atmospheric markers (Capron et al., 2010).
freshwater flux is redistributed in the North Atlantic north
48
of 40◦ N. Because this number is high as compared to other
Clim. Past, 8, 483–507, 2012
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Age models of the Southern Ocean and North
Atlantic cores

To transfer the Southern Ocean and North Atlantic records
on this timescale, we assume that surface-water temperature changes in the subantarctic zone of the Southern Ocean
(respectively in the North Atlantic) occurred simultaneously
with air temperature variations over inland Antarctica (respectively Greenland). This has in particular been observed
during the last glacial period and Termination I (e.g. Bond et
al., 1993; Calvo et al., 2007).
Southern Ocean core

We tied the SST record from core MD02-2488 to the deuterium record from the EDC ice core (Jouzel et al., 2007).
Because the SST resolution of the Southern Ocean core has
been increased since the publication by Govin et al. (2009),
we adjusted the original age model by up to 2 ka during the
LIG period. Figure 4 presents the new age model. The
tie-points defined and associated age uncertainties are given
in Table 4. Tie-points are defined as follows. We synchronized the first increase in SST and deuterium recorded
in the marine and ice cores at the beginning of Termination II (Fig. 4). The accelerated temperature increases observed between small “temperature plateaux” in EDC deuterium record during Termination II are tied to similar events
recorded in core MD02-2488 (Fig. 4). We synchronized the
SST and deuterium maxima from the marine and ice cores at
the beginning of the LIG, and the beginning of the SST and
deuterium decrease from both cores at the end of the LIG
(Fig. 4). Finally, the age model during the last glacial incep1
tion relies on three tie-points: at the midpoint, by the temperature minimum preceding the warm phase
of Dansgaard2
Figure
4: Definition
of4.the
age model
core
MD02-2488
from thefrom
Southern
Ocean.
Fig.
Definition
of theofage
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the
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3
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curve,temperature
black line)(3-point
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curve,
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corelines
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al., 2009). Diaal., 24
2009).
and
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highlight
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5
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monds and vertical
dotted2004;
lines highlight
Antarc- smoothing
record (EPICA Community
members,
Jouzel the
et tie-points.
al., 2007)(b)(5-point
tic EDC δD record (EPICA Community members, 2004; Jouzel et
grey line). (c) Sedimentation rate variations in core MD02-2488. (d) Age uncertainty
al., 2007) (5-point smoothing curve, grey line). (c) Sedimentation
tie-points defined between
core MD02-2488 and EDC ice core (see Table 4 for details)
rate variations in core MD02-2488. (d) Age uncertainty of the tie-

We synchronized the SST proxy records from the North At8
lantic cores ODP 980, MD95-2042 and CH69-K09
to the ice
δ 18 O record from the NGRIP Greenland ice core during the
9 planktic Globigelast glacial inception (Fig. 5). Note that the
rina bulloides δ 18 O record is a good proxy of SST in core
MD95-2042 (Shackleton et al., 2000). However, the Greenland ice core starts at 122 ka and does not cover the early LIG
(North Greenland Ice Core Project members, 2004). Past
records from the Greenland ice cores indicate that abrupt
Greenland warming phases during the glacial millennialscale Dansgaard-Oeschger events and Termination I are in
phase with sharp methane increases (e.g. Chappellaz et al.,
1993; Severinghaus and Brook, 1999; Flückiger et al., 2004;
Huber et al., 2006). Here we assume that similarly, the
abrupt warming of the air above Greenland during Termination II is synchronous with the global abrupt methane inwww.clim-past.net/8/483/2012/

points defined between core MD02-2488 and EDC ice core (see
Table 4 for details).

crease recorded in the Antarctic ice core (Loulergue et al.,
2008). This hypothesis reflects the major methane emissions
by boreal wetlands that resulted from Northern Hemisphere
warming and ice sheet retreat associated with the terminations of the last 800 ka (Loulergue et al., 2008). Therefore,
we tied (1) the North Atlantic warming indicated by SST
proxy records to the EDC methane increase during Termination II, and (2) North Atlantic SST variations to NGRIP
ice δ 18 O record at the end of the LIG (Fig. 5). We defined
all tie-points as follows (Table 4). At the beginning of the
LIG, the final SST increase recorded in the marine cores
Clim. Past, 8, 483–507, 2012
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Table 4. Tie-points defined in each sediment core and relative age uncertainties (1 σ , in years) on the EDC3 time scale. The total age
uncertainty (last column of the table) is derived from the quadratic sum of individual uncertaintiesa .
Core

Depth
(cm)

EDC3
age
(ka)

Rational

MD02-2488

2346.1

108.6

Temperature minimum
between D/O 24 and D/O 25

2431.3

111.9

2494.3
2522.4
2549.0
2553.7
2571.6
2658.1

Resolution of
correlated
record (y)

Resolution
of reference
record (y)

Matching
uncertainty
(y)

Uncertainty on
the transfer of
NGRIP on
EDC3 time
scaleb (y)

Uncertainty
on the gasice age
difference
of EDCc (y)

Total age
uncertainty
on EDC3
time scale (y)

240

73

800

840

Temperature minimum
preceding D/O 25

150

70

800

820

116.8
121.4
128.8
131.4
132.4
136.2

Midpoint of temperature decrease
Beginning of temperature decrease
Temperature maxima
Enhanced rate of temperature change
Enhanced rate of temperature change
Beginning of temperature increase

210
400
560
450
100
440

58
47
32
43
56
101

1200
1200
1000
1000
1000
1000

1300
1300
1200
1100
1100
1100

1436.9
1504.1
1726.8

112.4
116.1
128.8

Temperature increase of D/O 25
Temperature decrease during C26
Final abrupt warming and CH4
increase

130
220
350

50
80
170

1000d
1000d
400e

1400b
1400b

2438.9
2486.0
2570.0

112.4
116.1
128.8

Temperature increase of D/O 25
Temperature decrease during C26
Final abrupt warming and CH4
increase

450
460
380

50
80
170

500d
1000d
400e

1400b
1400b

2650.5

131.8

Start of warming and CH4 increase

360

280

1500e

1138.7

109.4

Temperature decrease
following D/O 25

800

45

1000d

1400b

1181.1
1268.8

116.2
128.8

Temperature decrease during C26
Final abrupt warming and CH4
increase

800
750

80
170

1000d
400e

1400b

1293.6

132.5

Benthic δ 18 O decrease

750

340

1000

1700f

2200

80
720

1500
1000

1400b
700f

2200
2500

80
170

1500
1500e

1400b

Southern Ocean

North Atlantic
ODP 980

MD95-2042

CH69-K09

400

1800
1800
700

400

1600
1800
700

400

1700
1900

400

1900
1000

Norwegian Sea
MD95-2010

1246.1
1260.4

116.1
128.8

Temperature decrease
Beginning of benthic O-plateau

EW9302-JPC2

782.8
839.3

116.1
128.8

Temperature decrease
Diatom mat and CH4 increase

520
2000
Labrador Sea
800
1500g

400

2300
2200

a The total age uncertainty combines: (1) the resolution of correlated record (for example, the SST record from core MD02-2488, or the planktic δ 18 O record from core MD95-2042);
(2) the resolution of the reference record (e.g. δ D or methane records from the EDC ice core, ice δ 18 O 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).
b Capron et al. (2010)
c Loulergue et al. (2008)
d For these tie-points, the North Atlantic records have been correlated to the ice δ 18 O record from the Greenland NGRIP ice core.
e For these tie-points, the North Atlantic records have been correlated to the methane record from the Antarctic EDC ice core.
f Because these tie-points have been respectively defined by correlation to the benthic δ 18 O record 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.
g Uncertainty on the upper limit of the diatom layer in the Labrador Sea core.

is synchronized to the abrupt methane increase recorded in
the Antarctic ice core (Fig. 5). At the end of the LIG, the
first pronounced North Atlantic cooling (related to the cold
event 26, Oppo et al., 2006) is tied to the corresponding enhanced cooling recorded in the Greenland ice core (Fig. 5).
We finally synchronized surface-water and air temperature
Clim. Past, 8, 483–507, 2012

changes at the beginning or the end of D/O 25 during the last
glacial inception (Fig. 5). Altogether the three North Atlantic
cores present, within age uncertainties (Table 4), consistent
benthic δ 18 O variations during the period 135–110 ka (see
Fig. 8).
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The relative age uncertainty of the Southern Ocean records
on EDC3 time scale is estimated to be at the most ±1.3 ka
(1 σ ) (Table 4). Similarly, the maximum age uncertainty on
North Atlantic records on EDC3 time scale reaches ±2.2 ka
(1 σ ). These uncertainties integrate (1) the resolution of
correlated records in marine sediment cores, (2) the resolution of ice core reference records, (3) a matching uncertainty graphically estimated when defining the tie-points, and
(4) for Northern Hemisphere records only, the relative uncertainty on ice core chronologies (i.e. on the transfer of NGRIP
record on EDC3 time scale or on the gas-ice age difference in
EDC ice core). Details on tie-points and age uncertainties are
given in Table 4. The combined age uncertainty that needs
to be considered when comparing Southern Ocean to North
Atlantic records reaches at the most ±2.6 ka (1 σ ) over the
period 130–115 ka. Within this time frame, the benthic Oplateau, which marks interglacial periods in marine sediment
cores (Shackleton, 1969), starts at around 130.0 ka (±0.6 ka)
in the North Atlantic, i.e. 3.5 ka (±2.6 ka) earlier than in
the Southern Ocean (Figs. 7c and 8c). This offset is consistent with time-lags observed within the deep ocean during deglaciations (Bard et al., 1991; Skinner and Shackleton,
2005; Ganopolski and Roche, 2009).

3.1.2

Age models of the Labrador Sea and Norwegian
Sea cores

Defining reliable chronologies to sediment cores from the
Labrador and Norwegian Seas is delicate. First, during
glacial times, the temperature of surface waters can fall below 3 ◦ C in the Nordic Seas (e.g. during the Last Glacial
Maximum, Meland et al., 2005; MARGO Project Members, 2009). However, the percentage of N. pachyderma
sinistral, which dominates foraminifera faunal assemblages
during cold periods, do not record SST variations below
6.5 ◦ C (Fig. 1). The beginning and the amplitude of the
warming during Termination II are hence not well recorded
by N. pachyderma percentages in the Labrador and Norwegian Seas. Second, foraminiferal δ 18 O records that are affected by large 18 O-depleted meltwater pulses during Termination II (e.g. Risebrobakken et al., 2006; Bauch and Erlenkeuser, 2008) must be considered with care. We combine
several lines of evidence to define the LIG chronologies of
the Labrador Sea and Norwegian Sea cores.
Labrador Sea core
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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recorded in NGRIP
δ 18 O record (Fig. 6a–b). Consistent
16
18
benthic δ O variations in the Labrador Sea and North At17
lantic after ∼120 ka supports this tie-point (Fig. 6c). Furthermore, the upper limit of diatom layers marks the onset
of the Holocene and of the LIG (grey-shaded area in Fig. 6)
in core EW9302-JPC2 (Rasmussen et al., 2003a). Such diatom mats are associated to major deglacial transitions in the
North Atlantic (Jennings et al., 1996) and observed at the beginning of MIS 5 and 1 in the Norwegian Sea (Koç Karpuz
and Jansen, 1992; Rasmussen et al., 1999). We hence assume here that the top of the diatom layer in the Labrador
Sea core occurs in phase with the LIG establishment of warm
conditions in the North Atlantic, which is highlighted by the
sharp methane increase at 129 ka (Fig. 6, Table 4). To support this tie-point, the deglacial melting signal indicated by
low benthic δ 18 O values during Termination II (Rasmussen
et al., 2003a) ends, within age uncertainties, at the beginning
of the North Atlantic benthic O-plateau (Fig. 6). The abrupt
methane increase is then synchronous with the first decrease

Clim. Past, 8, 483–507, 2012

low at low temperatures (Fig. 1), the beginning and amplitude (at least 2 ◦ C) of this first surface-water warming in
the Labrador Sea are imprecise. Thus, the definition of this
time-point remains consistent with our assumption of synchronous high northern latitude warming and methane increase during Termination II. Following this hypothesis, one
could alternatively decide to correlate the sharp methane increase at 129 ka to the decrease in N. pachyderma percentages around 126 ka in our chronology51(Fig. 6). We dismiss
this alternative age model for two reasons. First, it would require shifting the diatom layer to 132 ka, i.e. at a time when
glacial thermal conditions were dominant in the North Atlantic (Fig. 5). This feature clearly contradicts the occurrence
of thick diatom mats at the onset of the Holocene and LIG
in the Labrador/Norwegian Sea (Koç Karpuz and Jansen,
1992; Jennings et al., 1996; Rasmussen et al., 1999). Second, it would require shifting the beginning of the benthic
O-plateau at 132 ka in the Labrador Sea. At this time, North
Atlantic benthic δ 18 O values were 1.2 ‰ higher than during
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the LIG plateau. Even integrating deep-water temperature
changes, this δ 18 O difference implies a significant sea level
increase (several dozen meters). Stable benthic δ 18 O values
in the Labrador Sea from 132 ka on would require a very
large amount of freshwater to compensate for this remaining
sea level increase. IRD data however indicate that the meltwater supply was already significantly reduced at the beginning 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 increasing percentages of N. pachyderma sinistral in the Norwegian Sea core MD95-2010 to the enhanced cooling recorded
in NGRIP δ 18 O record (Fig. 6, right panel). A simultaneous increase (within age uncertainties) in benthic δ 18 O
records from the Norwegian Sea and the North Atlantic after ∼120 ka (Fig. 6c) supports this tie-point. At the beginning of the LIG, we defined the tie-point so that the deglacial
melting signal indicated by low Norwegian Sea benthic δ 18 O
values during Termination II (Risebrobakken et al., 2006;
Bauch and Erlenkeuser, 2008) ended when the benthic Oplateau started in the North Atlantic (Fig. 6). δ 18 O values of
the LIG benthic plateau are about 1 ‰ higher in the Norwegian Sea than in the North Atlantic (Fig. 6, Table 4). This
feature is consistent with Norwegian Sea deep waters being
colder by 3 to 4 ◦ C than North Atlantic deep waters during
interglacials (Labeyrie et al., 1987). The abrupt methane increase at 129 ka then occurred in phase with the1first Norwegian Sea surface-water warming indicated by the decrease
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11
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in the Norwegian/Labrador Sea lags by 3–4 ka the North AtSeawater δ 18 O records are 5-points smoothing curves (see Fig. 2).
lantic deglacial warming (Fig. 7d). Based on the identifica52
The orange-shaded area highlights the period 129–125 ka of the
tion of a common ash layer (at 127 ka) in two cores north
early LIG (see text).
and south of Iceland, Rasmussen et al. (2003b) document the
same late LIG warming in the Norwegian Sea in comparison to the North Atlantic. The poor planktic δ 18 O resolution
The age uncertainties on the EDC3 time scale are estiand lack of benthic foraminifera for stable isotope analyses
mated to be ±2.3 ka and ±2.5 ka (1 σ ) in the Labrador Sea
in the North Atlantic core used by Rasmussen et al. (2003b)
and the Norwegian Sea respectively over the period 130–
prevent us from providing here additional constraints on the
115 ka. Details on how these uncertainties are calculated are
chronology of the Norwegian Sea core MD95-2010. The
given in Table 4. The comparison of Norwegian/Labrador
study by Rasmussen et al. (2003b) nevertheless supports with
Sea records to North Atlantic records requires combining
a robust tephra tie-point the chronostratigraphical approach
the uncertainties of both sets of archives on EDC3 time
that we developed here in the Norwegian Sea and Labrador
scale. The total uncertainty reaches at the most 3.1 ka (1 σ )
Sea cores.
throughout the LIG.
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Evidence for a global late LIG climatic optimum at
high northern latitudes
Evolution of surface waters during the LIG

The evolution of northern and southern surface-water conditions is reported in Fig. 7. The Southern Ocean core
record indicates the establishment of peak interglacial SSTs
at 130 ka at high southern latitudes (Fig. 7b), i.e. immediately at the end of the deglacial warming recorded in southern subpolar waters during Termination II. In contrast, the
SST reconstructions from subpolar regions show that peak
interglacial SSTs occur at 125 ka in the Labrador Sea and the
Norwegian Sea (Fig. 7b). In the North Atlantic at 55◦ N, the
large deglacial surface-water warming associated with Termination II ends at 129 ka (Fig. 7d). It is followed by relatively stable SSTs during around 3–4 ka and an additional
warming of 2 ◦ C, which leads to maximal North Atlantic SST
at 125 ka (Fig. 7d). We finally observe a gradual increase
in surface-water temperature at mid-latitudes (42◦ N) in the
North Atlantic during the LIG (Cortijo et al., 1999) (Fig. 7d).
Therefore, SST records from the Labrador Sea, Norwegian
Sea and high-latitude North Atlantic indicate the establishment of optimal thermal conditions at 125 ka at high northern latitudes, i.e. 5 ka (±2.6 ka) after the beginning of peak
interglacial SSTs in the Southern Ocean.
We hence identify at the beginning of the LIG benthic
O-plateau, an interval lasting three to four thousands years
(period 129–125 ka, hereafter called “early LIG”) characterized by: (1) peak interglacial conditions in the Southern
Hemisphere, and (2) high northern latitude surface waters
colder than in the later part of the benthic O-plateau (period 125–119 ka, hereafter called “late LIG”). The late establishment of oceanic thermal conditions that we document
at high northern latitudes seems a consistent feature of the
LIG climatic evolution in the Norwegian Sea (Rasmussen et
al., 2003b; Bauch and Erlenkeuser, 2008; Bauch et al., 2011;
Van Nieuwenhove et al., 2011). Our results suggest that the
LIG delay in peak interglacial warmth is not restricted to the
Norwegian Sea and extended to the Labrador Sea and highlatitude North Atlantic. The establishment of warm surfacewater conditions at 125 ka in the North Atlantic (55◦ N) takes
place in two phases. The high-amplitude (9 ◦ C) deglacial
warming between 131 and 129 ka precedes a second warming of 2 ◦ C leading to optimal thermal conditions at 125 ka
(Fig. 7d). The relatively small amplitude of this additional
warming probably explains why the LIG delay in peak interglacial warmth is not visible in lower-resolution records
from the North Atlantic (Oppo et al., 2001; Rasmussen et al.,
2003b; Kandiano et al., 2004; Bauch and Kandiano, 2007).
The late North Atlantic thermal optimum is associated
with a delay in peak interglacial salinities in North Atlantic
surface waters. Reconstructions of seawater δ 18 O (Fig. 7c)
show peak surface-water δ 18 O values at around 122 ka at
42◦ N in the North Atlantic. At 55◦ N, high surface-water
Clim. Past, 8, 483–507, 2012

δ 18 O values similar to Holocene values mark the beginning of the LIG at 129 ka (Fig. 7c). An additional increase
in seawater δ 18 O of 0.5 ‰ however leads to the establishment of peak surface-water δ 18 O values at 55◦ N at 125 ka
only (Fig. 7c). North Atlantic surface waters are thus relatively fresher during the early LIG than during the late LIG
(Fig. 7c). This feature is consistent with lower salinities
recorded during the early LIG in the Norwegian Sea (Van
Nieuwenhove and Bauch, 2008; Bauch et al., 2011).
Finally, IRD data indicate the persistence of iceberg melting until around 126 ka in the North Atlantic and in the Norwegian Sea (Fig. 7a). This result is consistent with persistent
IRD documented after Termination II on the Vøring Plateau
in the Norwegian Sea (Van Nieuwenhove and Bauch, 2008).
The disappearance of iceberg melting at 126 ka coincides,
within age uncertainties, with the latest estimates of the LIG
sea level highstand registered by corals (Waelbroeck et al.,
2008; Blanchon et al., 2009). Iceberg melting hence persists at high northern latitudes within the LIG benthic Oplateau recorded in North Atlantic and Southern Ocean cores
(Fig. 7e). Available data do not allow us to assign the specific geographical origin of the icebergs. However, icebergs
are probably released by the remnant melting of the Northern
ice sheets (NIS), in particular the Eurasian Saalian ice sheet
(Svendsen et al., 2004; Lambeck et al., 2006). Iceberg melting likely contributes to maintain the relatively colder and
fresher surface-water conditions observed at high northern
latitudes during the early LIG compared to the late LIG.
3.2.2

Evolution of deep waters during the LIG

These particular northern surface-water conditions during the
early LIG have their counterpart at depth (Fig. 8). Benthic δ 13 C data reveal variations in deep-water ventilation
patterns between the early and late LIG (Fig. 8b). In
the Southern Ocean, the increase in benthic δ 13 C values
by 0.8 ‰ during Termination II leads to benthic δ 13 C values around −0.1 ‰ at the beginning of the LIG at 130 ka
(Fig. 8b). Although these values are slightly lower than the
ones recorded at the Southern Ocean site during the early
Holocene (+0.2 ‰), they indicate the presence of already
well-ventilated bottom waters in the deep Southern Ocean
during the early LIG compared to the penultimate glacial
period. The increase in benthic δ 13 C values recorded during Termination II at different water depths in the North Atlantic lags by ∼3 ka (±2.6 ka) the benthic δ 13 C increase in
the Southern Ocean (Fig. 8b). This feature suggests a delay
in the deglacial reorganization of North Atlantic deep waters
during Termination II (Oppo et al., 1997).
Only the shallowest North Atlantic core indicates the presence of well-ventilated waters at 2000 m at the beginning
of the LIG around 128 ka (Fig. 8b). During the interval 129–125 ka, this core exhibits δ 13 C values of ∼0.8 ‰,
i.e. higher by ∼0.4 ‰ than the two deepest North Atlantic
sites (Fig. 8b). Such a strong δ 13 C gradient between North
www.clim-past.net/8/483/2012/
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Our compilation of LIG data from the high northern and
southern latitudes shows evidence for a persistent iceberg delivery at high northern latitudes during the early LIG. It is
associated with relatively low salinity and temperature values in North Atlantic surface waters (Fig. 7), as well as
a relatively weak ventilation of North Atlantic deep waters
(Fig. 8) during the early LIG (129–125 ka) compared to the
late LIG. The delay in peak interglacial warmth documented
in the Norwegian Sea (Bauch and Erlenkeuser, 2008; Bauch
et al., 2011; Van Nieuwenhove et al., 2011) hence affects
the Labrador Sea and high-latitude North Atlantic regions
and has its counterpart at depth. Oceanic conditions at high
northern latitudes are hence intermediate between glacial
and full interglacial conditions at the beginning of the LIG.
They are in contrast with the Southern Ocean climate evolution, which exhibits maximum interglacial warmth and wellventilated bottom waters from the beginning of the LIG at
∼130 ka.

4

Model-data comparison: possible climate processes
responsible for the LIG climate evolution
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text).

Atlantic intermediate and deep waters during the early LIG
is supported by further data from the North Atlantic (Keigwin et al., 1994; Oppo et al., 1997; Hodell et al., 2009).
This δ 13 C gradient reflects the persistent influence of bottom waters of southern origin in the deep North Atlantic during the early LIG (Oppo et al., 1997), i.e. the formation of
a well-ventilated NADW that is less dense than during the
late LIG. This feature is consistent with a weak North Atlantic deep-water circulation persistent at the beginning of
the LIG on Gardar Drift (Iceland Basin) (Hodell et al., 2009).
It is only during the late LIG, when the delivery of icebergs
has ended and when northern surface waters are warm and
saline (Fig. 7), that the deep ocean circulation becomes similar to the modern one. During that period, all North Atlantic cores between 2200 and 4100 m water depth exhibit
high δ 13 C values around 0.8 ‰ (Fig. 8b). These δ 13 C values indicate the presence of the same water-mass, similar to
the present-day high-ventilated NADW, between 2000 and
4000 m in the North Atlantic.
www.clim-past.net/8/483/2012/

nals (northern temperature reversal) in climate records from
the penultimate deglaciation (Ruddiman et al., 1980; Carlson, 2008). Boreal summer insolation values of the LIG
exceed the early Holocene maximum value during 7 ka at
the beginning of the LIG (period 131–124 ka, Fig. 8a). In
this section, we propose potential climate forcing and mechanisms responsible for the late LIG establishment of peak
interglacial warmth and North Atlantic deep-water circulation. From the results of the model simulations, we investigate (1) to which extent high northern latitude climate solely
responds to insolation variations during the LIG and (2) what
the53signature of a massive ice sheet melting would be during
the early LIG.
4.1

Oceanic response to insolation changes during the
LIG

We consider here the simulations performed with insolation
as a sole forcing (Table 3): at 126 ka (high boreal summer
insolation) and 122 ka (intermediate insolation values), in
comparison to 115 ka (minimum in boreal summer insolation) (Fig. 8a). Figure 9 presents changes in surface and deep
waters in the North Atlantic and Nordic Seas between these
three time slices.
Northern high-latitude surface waters are warmer by 1.5 to
3 ◦ C at 126 ka than at 122 ka, and by around 1 ◦ C at 122 ka
Clim. Past, 8, 483–507, 2012
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by insolation changes, the poleward ocean heat transport remains higher at 126 ka compared to 122 ka (Fig. 9c). This
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increase is mainly due to changes in the North Atlantic sector (up to 0.10 PW). Therefore, higher North Atlantic SSTs
at 126 ka compared to 122 ka reflects the increase in the Atlantic poleward heat transport. Figure 9d indicates that this
increase in Atlantic heat transport at 126 ka is mainly due to a
stronger Atlantic overturning between the equator and 40◦ N
and a stronger subpolar gyre around 50◦ N (see Born et al.,
2010).
Future climate simulations with increasing atmospheric
carbon dioxide concentrations show that increased North Atlantic SSTs stratify the upper water, thereby limiting the deep
convection that feeds the AMOC (Gregory et al., 2005). The
model however simulates here a stronger AMOC at 126 ka
than at 122 ka (Fig. 9b), due to the sinking of denser NADW
(Fig. 9b). The reasons for a stronger AMOC at 126 ka compared to at 122 ka are twofold. (1) SST in late winter, when
convection mostly occurs in the North Atlantic, is not different between the two periods, limiting the upper layer stabilizing effect. (2) The mechanism identified here brings
the export of Arctic sea ice towards the Nordic Seas (where
sea ice melts) into play. In the warmer climate at 126 ka,
the production of sea ice in the Arctic is reduced, so that
the export of sea ice through the Fram Strait is reduced by
0.04 Sv at 126 ka compared to 122 ka. This reduced export
of sea ice from the Arctic to the Atlantic Ocean tends to decrease the sea surface salinity (SSS) in the Arctic at 126 ka
compared to 122 ka. Furthermore less sea ice melts in the
Nordic Seas, which increases the SSS in the Nordic Seas
(not shown), sustains deep-water convection in the North Atlantic and a stronger AMOC at 126 ka compared to 122 ka.
A similar mechanism has been proposed for simulations of
future climate (Hu et al., 2004; Swingedouw et al., 2007b).
At the demise of the LIG, Born et al. (2010) also documented
with the same climate model a weaker AMOC at 115 ka than
at 126 ka due to this enhanced advection of Arctic sea ice
into the North Atlantic. We observe here very little change
in the Atlantic overturning (<0.5 Sv, 1 Sv = 106 m3 s−1 ) between 122 ka and 115 ka (Fig. 9b). Similarly, changes in the
Atlantic oceanic heat transport (in particular in the overturning component) remain low (<0.05 PW) between 122 ka and
115 ka (Fig. 9d), while the globally decreased atmospheric
heat transport in the Northern Hemisphere account for the
reduction in total heat transport (Fig. 9c). Therefore, most
of the AMOC reduction identified between 126 and 115 ka
during the last glacial inception (Born et al., 2010) occurs
within the LIG between 126 and 122 ka. We attribute this
major change in AMOC during the LIG to the increasing rate
of high-latitude insolation change (Fig. 8a) that results from
a rapid obliquity decrease and has a major climatic impact at
high latitudes between 126 and 122 ka.
In summary, the climate model simulates a warmer climate
at high northern latitudes and more intense AMOC during the
early LIG (126 ka) compared to the later LIG (122 ka) in response to insolation changes. These modeling results are in
contradiction with proxy data, which indicate colder surface
www.clim-past.net/8/483/2012/
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waters at high northern latitudes and a shallower NADW cell
during the early LIG compared to the late LIG. Insolation
variations are hence not the sole factors regulating the climate at high northern latitudes at the beginning of the LIG.
4.2

Additional impact of ice sheet melting on North
Atlantic climate

To evaluate the contribution of a persistent ice sheet melting
on the LIG climate at high northern latitudes, we consider in
addition the simulation performed at 126 ka with interactive
freshwater input (“126 ka meltwater”).
When comparing the two simulations at 126 ka (“126 ka”
and “126 ka meltwater”, Fig. 10), we observe colder surface
waters of up to 3 ◦ C in the North Atlantic and the Nordic
Seas (up to 65◦ N) when the meltwater is active at 126 ka
(Fig. 10a). The warming observed at higher latitudes in the
Norwegian Sea (Fig. 10a) is a common feature simulated in
freshwater experiments by coupled ocean-atmosphere GCM
(e.g. Stouffer et al., 2006, see discussion in Sect. 4.3.3 below). In addition, the model simulates a freshening of surface waters (not shown) at high northern latitudes, which is
directly linked to the freshwater input. The supply of freshwater also stratifies the upper ocean and lowers the density
of NADW (Fig. 10b). The strength of the AMOC decreases
by 6 Sv (Fig. 10b), which corresponds to a 50 % reduction of
the AMOC intensity at 126 ka. The weakening of the AMOC
in the “126 ka meltwater” simulation induces a strong reduction in the poleward heat transport by the Atlantic overturning (Fig. 10d), which explains the cooling simulated in North
Atlantic surface waters (Fig. 10a).
The climatic patterns described above at 126 ka correspond to classical North Atlantic climate responses
computed in freshwater experiments by coupled models
(e.g. Stouffer et al., 2006; Swingedouw et al., 2009). We also
observe similar climate features simulated at high northern
latitudes when considering the LIG climate evolution highlighted by the simulation at 126 ka with interactive freshwater input and the one at 122 ka. Surface waters in the North
Atlantic (south of 60◦ N) are colder by up to 2 ◦ C (Fig. 10a)
and fresher (not shown) at 126 ka when the meltwater is active compared to at 122 ka. These characteristics are consistent with proxy-data SST and δ 18 Osw variations, which indicate colder and fresher conditions at high northern latitudes
during the early LIG compared to the late LIG (Sect. 3.2.1).
The simulated AMOC is also reduced by 4 Sv at 126 ka compared to 122 ka (Fig. 10b). The AMOC weakening is due to
the reduction of NADW production in response to the surface freshwater input at 126 ka (Fig. 10b). The AMOC reduction simulated between 126 ka and 122 ka also results in
a decrease in the poleward Atlantic heat transport (Fig. 10d),
which explains the cooling of North Atlantic surface waters
(Fig. 10a). This AMOC weakening is consistent with a shallow NADW cell indicated by North Atlantic proxy data at
the beginning of the LIG (Sect. 3.2.2). The North Atlantic
Clim. Past, 8, 483–507, 2012
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sediment cores. These results show that the persistent melting 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

4.3.1

Discussion on the limitations of the model-data
comparison
Origin of the icebergs and melting water

In the model simulation, the meltwater input originates from
the Greenland ice sheet, which is the only northern ice sheet
represented in the model configuration. The freshwater flux
computed is then redistributed in the Atlantic to the north of
40◦ N (Marti et al., 2010). The model simulations can hence
represent the ocean and climate responses to the melting of
unspecified northern ice sheets. Available data do not allow
identifying the specific northern origin of ice-rafted detritus
that are found in marine sediment cores from the North Atlantic and the Norwegian Sea at the beginning of the LIG
(Fig. 7a). IRD are recorded at high northern latitudes at
a time during the early LIG when North Atlantic benthic
δ 18 O values remain low and when benthic δ 18 O variations
smaller than 0.2 ‰ indicate sea level fluctuations smaller
than 20 m (Fig. 7). This feature suggests that most glacial
ice sheets have already melted away during the early LIG. A
recent study indicates that ice persisted on southern Greenland throughout the LIG (Colville et al., 2011). The contribution of Greenland melting to the LIG sea level highstand
has been reevaluated to 1.6 m to 2.2 m (compared to modern
times) (Colville et al., 2011). This estimate agrees with the
lower end inferred from model simulations (Otto-Bliesner et
al., 2006). It suggests a limited contribution of the Greenland retreat to the meltwater input at the beginning of the
LIG. Therefore, a significant proportion of icebergs melting
in the North Atlantic during the early LIG likely originate
from remnants of glacial northern ice sheets. The Eurasian
Saalian ice sheet, which extended during MIS 6 further south
than during any subsequent glacial episode (e.g. Svendsen et
al., 2004), constitutes a very likely source for the icebergs.
The influence of the melting Laurentide ice sheet can also
not be excluded. Evaluating the respective contribution of
northern ice sheets to the early LIG meltwater input would
constitute an interesting challenge for new climate modeling
studies.
4.3.2

Magnitude of the computed freshwater flux and
North Atlantic response

The magnitude of the AMOC in the IPSL-CM4 model used
here is known to be too low under preindustrial conditions
compared to estimates based on observations (Swingedouw
et al., 2007a). Nevertheless, the AMOC sensitivity to standard freshwater inputs (e.g. Stouffer et al., 2006) remains
within the sensitivity of most coupled GCMs (Swingedouw
et al., 2009).
Previous work on future climate with coupled climate ice
sheet models (e.g. Ridley et al., 2005) indicates (1) the melting of the Greenland ice sheet (additional freshwater input reaching at most 0.06 Sv) under warm conditions, (2) a
www.clim-past.net/8/483/2012/
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small AMOC weakening (1–2 Sv, i.e. <10 % of the simulation without ice sheet melting) caused by the meltwater
input and (3) an AMOC recovery ∼400 years later, when
most of the additional freshwater input ceases. In our study,
the freshwater input is still present at the end of the “126 ka
meltwater” simulation (250-year long) and stabilized around
0.17 Sv. This feature explains the large AMOC reduction at
that time (6 Sv, i.e. 50 % of the AMOC overturning at 126 ka,
Fig. 3). The long-term evolution of the AMOC remains uncertain in our study. Future work should include longer simulations of the LIG climate with interactive ice sheets in order
to determine the long-term impact of ice sheet melting on the
AMOC.
The freshwater flux computed in response to the melting
of the Greenland ice sheet under the strong insolation forcing
at 126 ka is very large (0.17 Sv). It explains the strong reduction in the Atlantic overturning circulation (4 Sv, i.e. 38 % of
the preindustrial simulation) observed between the simulations at 126 ka with interactive freshwater flux and at 122 ka
(Fig. 10b). The large input of freshwater computed here
is unrealistic for the LIG. For example, such a meltwater
flux would imply the disappearance of the modern Greenland ice sheet (volume of 2.93 × 106 km3 , Bamber et al.,
2001) in around 550 years. This value contradicts the reduction (not disappearance) of the Greenland ice sheet reconstructed for the LIG (e.g. Koerner, 1989; North Greenland Ice Core Project members, 2004; Otto-Bliesner et al.,
2006; Willerslev et al., 2007). The simulation performed at
126 ka with the interactive freshwater flux should hence be
considered as a maximum perturbation of the North Atlantic
climate during the LIG induced by an extreme input of meltwater. Melting with such a magnitude could have only occurred on a very limited time scale. The climate conditions
computed in the “126 ka meltwater” simulation are probably
representative of climate conditions at the very beginning of
the LIG (e.g. ∼130–129 ka), when intense iceberg discharge
took place at high northern latitudes. The “real” ocean and
climate responses to insolation variations and meltwater input during the early LIG are likely to be intermediate between the two simulations at 126 ka, with and without the
interactive freshwater input.
Using an ensemble of sensitivity experiments with a model
of intermediate complexity, Bakker et al. (2011) investigated
the range of Greenland melting rate at the beginning of
the LIG. They indicate a possible range between 0.052 and
0.13 Sv of the meltwater flux that resulted in decreased deep
convection and reduced air temperatures over the North Atlantic and the Labrador Sea (Bakker et al., 2011). This study
confirms the extremely high freshwater flux computed in our
study. It also shows with “more realistic” freshwater values
the similar impact of northern ice sheet melting on North Atlantic climate that we report at the beginning of the LIG. In
addition, relatively stable North Atlantic benthic δ 18 O data
during the early LIG (Fig. 8c) suggest sea level fluctuations
smaller than 20 m. Assuming a sea level rise of maximum
Clim. Past, 8, 483–507, 2012
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20 m during the 3–4 ka of persistent IRD deposition at the beginning of the LIG implies a mean freshwater flux of 0.06 to
0.08 Sv (that was probably irregular and higher at 130 ka than
126 ka). Although highly uncertain, these values fall within
the range of meltwater flux inferred by Bakker et al. (2011).
Nevertheless, all these elements highlight the critical need
in the near future to couple ice sheet and climate models in
order to improve the computation of freshwater fluxes and
realistically estimate their impact on North Atlantic climate.
4.3.3

Climatic response in the Norwegian Sea

Model results and proxy data disagree on the climatic response during the early LIG in the Norwegian Sea. Marine sediment cores record a late thermal optimum during the
LIG, i.e. colder SST during the early LIG than the late LIG.
The delay in the establishment of peak interglacial warmth
indicated by marine records during the LIG appears to be
a robust feature of the LIG climate evolution in the entire Norwegian Sea (Fronval and Jansen, 1997; Fronval et
al., 1998; Rasmussen et al., 2003b; Bauch and Erlenkeuser,
2008; Bauch et al., 2011; Van Nieuwenhove et al., 2011). Although uncertainties on the chronologies of sediment cores
from the Norwegian Sea remain relatively high for the LIG,
independent age models of Norwegian Sea cores based on
tephra layers support the late thermal optimum in the Nordic
Seas (Wastegaard and Rasmussen, 2001; Rasmussen et al.,
2003b).
In contrast, the IPSL-CM4 model simulates a warming
of several degrees in the Norwegian Sea between the early
LIG (“126 ka meltwater” simulation) and late LIG (“122 ka”
simulation) (Fig. 10a). Given the large amount of freshwater redistributed at high northern latitudes in the model (see
Sect. 4.3.2), the magnitude of this warming is probably overestimated in comparison to a potential “real” surface-water
warming signal in the Norwegian Sea. This warming pattern, which is observed in response to freshwater input under
different climate conditions, is a common feature of freshwater experiments in this model (Swingedouw et al., 2009).
It is due to the adjustment of atmospheric dynamics in response to the initial global cooling. The changes in atmospheric dynamics increases the surface currents and the contribution of the gyre to the Atlantic heat transport north of
60◦ N (Fig. 10d). These two effects (wind and ocean) reduce
the sea ice cover along the eastern coast of Greenland, which
leads to a warming in the Norwegian Sea (see Swingedouw et
al., 2009 for further details). This warming pattern is not only
a characteristic of the IPSL-CM4 model. Most atmosphereocean coupled models simulate this warming signal in the
Nordic Seas in response to freshwater input (e.g. Stouffer et
al., 2006; Saenko et al., 2007). Further studies on the reasons
for such adjustments of the atmospheric circulation appear
to be necessary to reconcile the LIG climate history seen by
model simulations and proxy data in the Norwegian Sea.
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4.3.4

Alternative mechanisms to the early LIG climatic
pattern?

Although the presence of IRD in North Atlantic and Norwegian Sea cores (Fig. 7a) strongly argues in favour of ice sheet
melting during the early LIG, other modelling studies exhibit
a similar cold North Atlantic climate (Felis et al., 2004; Kaspar and Cubasch, 2007) or weakened AMOC (Khodri et al.,
2003; Gröger et al., 2007) during the LIG insolation peak
without meltwater forcing. Felis et al. (2004) and Kaspar
et al. (2007) simulate with the same GCM colder air temperatures (up to 2 ◦ C) above the Labrador Sea, the southern
Nordic Seas and the North Atlantic (north of 40◦ N) during
the early LIG (at 124 ka and 125 ka respectively) compared
to preindustrial times. They simulate by contrast a warming
over Europe, North America and the tropical North Atlantic
(Felis et al., 2004; Kaspar and Cubasch, 2007). These authors attribute this LIG temperature pattern to a high positive
index of the North Atlantic Oscillation (NAO) (Felis et al.,
2004). The increased pressure difference between the North
Atlantic high and Icelandic low results from a reduced poleto-equator temperature gradient and weakened Hadley cell in
response to the reduced boreal winter insolation in the tropics
(Felis et al., 2004). In our study, we observe no such temperature pattern, neither between 126 and 122 ka (Fig. 9a) nor
between 126 ka and preindustrial times (not shown). The discrepancy between these two GMCs certainly calls for further
detailed investigations of the LIG climate with other models.
These authors however did not discuss the change in ocean
circulation (Felis et al., 2004; Kaspar and Cubasch, 2007).
Few modelling studies investigated the climate evolution
throughout the LIG (e.g. Crucifix and Loutre, 2002; Khodri et al., 2003; Calov et al., 2005; Gröger et al., 2007). At
the beginning of the LIG, they simulate an enhanced (this
study, Crucifix and Loutre, 2002; Calov et al., 2005) or
weakened AMOC (Khodri et al., 2003; Gröger et al., 2007)
in response to insolation variations. This feature highlights
the difference in overturning sensitivity in the models during
the LIG, as already outlined for future climate simulations
(Schmittner et al., 2005; Schneider et al., 2007). In particular, two transient studies indicate a decrease in AMOC
during the early LIG (e.g. 125 ka) compared to the late LIG
(e.g. 120 ka) without meltwater forcing (Khodri et al., 2003;
Gröger et al., 2007). The mechanisms involved differ. The
slight AMOC weakening (by 1 Sv, i.e. ∼5 %) simulated by
Khodri et al. (2003) results from higher freshwater input in
the Arctic (+0.01 Sv) that decreases the SSS in the Arctic
and hence the Nordic Seas, thereby limiting the deep convection. The AMOC weakening (by 3 Sv, i.e. up to 20 %) simulated by Gröger et al. (2007) results from (1) warmer North
Atlantic surface waters that stratify the upper water column
and (2) a 0.027 Sv increase in freshwater input in the Arctic/North Atlantic drainage basin. In their model, no decrease
in sea ice transport through the Fram Strait is reported, which
differs from our study. The processes related to the export of
www.clim-past.net/8/483/2012/
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Arctic sea ice that we identify here (Sect. 4.1) are not specific to the IPSL-CM4 model. In future climate projections,
Hu et al. (2004) showed that similar sea ice processes contributed to the future evolution of the AMOC simulated with
the Parallel Climate Model. In addition, the model used by
Gröger et al. (2007) comprises flux corrections for freshwater and wind stress, which can largely affect its sensitivity
to different climatic conditions and explain the difference in
sensitivity between the two models. Finally, both transient
studies exhibit higher North Atlantic SST and SSS during
the early LIG compared to the late LIG (Khodri et al., 2003;
Gröger et al., 2007). This pattern is in contradiction with our
compilation of proxy data (Fig. 7).
The evolution of the Arctic freshwater budget and its impact on North Atlantic climate during the LIG remain unclear. Past changes in precipitation are difficult to estimate
from proxy data. Qualitative estimates suggest wetter conditions in most Arctic sectors during the LIG compared to
the Holocene (Cape Last Interglacial Project members, 2006;
Miller et al., 2010). The response of the Arctic freshwater budget to the sole insolation forcing differs in modelling
studies. Whereas it is slightly reduced at 126 ka compared
to 122 ka in our study (not shown), it is slightly increased
in other LIG simulations due to increased Arctic precipitation during the early LIG (Khodri et al., 2003; Gröger et
al., 2007). Depending on the simulations, Arctic freshwater variations can have an impact on the AMOC (Khodri et
al., 2003), be overprinted by the warming of surface waters
(Gröger et al., 2007) or by changes in Arctic sea ice export to
the Nordic Seas (our study, Sect. 4.1). Therefore, the impact
of insolation changes on the AMOC remains under debate.
Mechanisms with opposite effect on the AMOC come into
play. Depending on their relative magnitude in the models,
these mechanisms can lead to different AMOC responses, as
already illustrated in future climate projections (Gregory et
al., 2005).
In summary, our simulations are so far the only ones that
reproduce both the cooling/freshening in high northern latitudes and AMOC weakening documented during the early
LIG by proxy data. This characteristic tends to support our
assumption of persistent ice sheet melting at the beginning of
the LIG. However, other models are able to simulate part of
the LIG climatic pattern (North Atlantic cooling or AMOC
reduction) identified here without freshwater input. The variety of mechanisms involved (e.g. high NAO index, Arctic
freshwater budget, temperature effect on density) leaves the
question open to alternative explanations. Further investigation with different models is clearly required to disentangle the climatic forcing and mechanisms regulating the LIG
climate.
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Conclusions

Our compilation of proxy data for the LIG documents a delay
in the establishment of peak interglacial conditions at high
northern latitudes compared to high southern latitudes. We
observe a persistent northern freshwater supply at the beginning of the LIG. It is associated with (1) relatively low
salinity and temperature values in surface waters from the
North Atlantic, Labrador and Norwegian Seas, and (2) a relatively weak ventilation of North Atlantic deep waters during the early LIG (129–125 ka) compared to the late LIG.
These results indicate that the late thermal optimum documented in the Norwegian Sea (Bauch and Erlenkeuser, 2008;
Bauch et al., 2011; Van Nieuwenhove et al., 2011) also takes
place in the Labrador Sea and high-latitude North Atlantic
regions. It also has its counterpart at depth, with a shallower North Atlantic deep-water cell during the early LIG
(Hodell et al., 2009). At the beginning of the LIG, oceanic
conditions at high northern latitudes are hence intermediate
between glacial and full interglacial conditions.
The comparison with model results indicates that the delay
in peak interglacial conditions at high northern latitudes cannot be a direct response to insolation variations. In response
to the sole insolation forcing, North Atlantic surface waters
are warmer and more saline during the early LIG (126 ka)
compared to the late LIG (122 ka). In that case, the Atlantic
thermohaline circulation is also stronger at 126 ka than at
122 ka. The modelled climate response to insolation variations is in contradiction to the LIG climate evolution indicated by proxy data. The model better reproduces the LIG
climate history when the melting of northern ice sheets is
considered during the early LIG (126 ka). North Atlantic
surface waters are indeed colder and fresher, and the Atlantic meridional overturning weaker, at 126 ka with interactive freshwater flux compared to 122 ka. Insolation variations and persistent northern meltwater input hence need to
be both considered in order to reproduce the late establishment of peak interglacial conditions during the LIG. This result emphasizes the sensitivity of North Atlantic climate to
the melting of northern ice sheets in a warm climate and the
necessity to consider ice-sheet melting in the simulations of
warm climates.
Our model-data comparison also reveals the limits of our
set of simulations performed with one ocean-atmosphere
coupled model to reproduce the LIG climate evolution. The
freshwater flux computed in this study is extremely high and
cannot represent the real climate of the early LIG. In addition, other models can reproduce part of the climatic pattern
(North Atlantic cooling or AMOC reduction) that we identify
here at the beginning of the LIG without freshwater input.
They bring a variety of processes into play (e.g. Arctic freshwater 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
Clim. Past, 8, 483–507, 2012
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the magnitude of freshwater input and climatic responses,
(2) perform transient experiments lasting few thousand years
to investigate the long-term impact of ice sheet melting on
the AMOC and North Atlantic climate, and (3) compare
simulations performed with a variety of models to evaluate
the climatic forcing and mechanisms that are most likely to
influence the LIG climate.
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