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Abstract The mechanisms involved in the glacial incep-
tion are still poorly constrained due to a lack of high
resolution and cross-dated climate records at various
locations. Using air isotopic measurements in the re-
cently drilled NorthGRIP ice core, we show that no
evidence exists for stratigraphic disturbance of the cli-
mate record of the last glacial inception (~123—
100 kyears BP) encompassing Dansgaard—Oeschger
events (DO) 25, 24 and 23, even if we lack sufficient
resolution to completely rule out disturbance over DO
25. We quantify the rapid surface temperature variabil-
ity over DO 23 and 24 with associated warmings of
10+2.5 and 16+2.5°C, amplitudes which mimic those
observed in full glacial conditions. We use records of
3'%0 of O, to propose a common timescale for the
NorthGRIP and the Antarctic Vostok ice cores, with a
maximum uncertainty of 2,500 years, and to examine
the interhemispheric sequence of events over this period.
After a synchronous North-South temperature de-
crease, the onset of rapid events is triggered in the North
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through DO 25. As for later events, DO 24 and 23 have
a clear Antarctic counterpart which does not seem to be
the case for the very first abrupt warming (DO 25). This
information, when added to intermediate levels of CO,
and to the absence of clear ice rafting associated with
DO 25, highlights the uniqueness of this first event, while
DO 24 and 23 appear similar to typical full glacial DO
events.

1 Introduction

Marine and continental records from the Northern
Hemisphere have shown that the last glacial period was
characterized by rapid climatic variability (e.g. Bond
et al. 1993; Genty et al. 2003). The GRIP and GISP2 ice
cores (Dansgaard et al. 1984, 1993; Grootes et al. 1993)
depict a continuous and high-resolution record of such
climatic variability associated with large temperature
changes over Greenland (up to 16°C within ~100 years;
Lang et al. 1999). When a common age scale can be
established, Blunier et al. (1998, 2001) suggest that the
Greenlandic rapid events are visible in Antarctica with a
different shape: the temperature begins to increase
slowly in the South before the abrupt Greenland
warming (seesaw mechanism) (Broecker 1998; Stocker
and Johnsen 2003).

The recently drilled NorthGRIP Greenland ice core
provides the first continuous climatic record of the gla-
cial inception over Greenland (NorthGRIP community
members 2004). Unlike the previous ice core records
(GRIP and GISP2) that were affected by ice mixing near
the bedrock, i.e. before 100 kyears BP (Chappellaz et al.
1997; Grootes et al. 1993), this new 8'°0;.. record seems
to be undisturbed back to 123 kyears BP. For the first
time, the signature of the Dansgaard—Oeschger events
(hereafter DO) 23, 24 and 25 can be identified in a
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Greenland ice core. If we assume that 8'%0,. is a reliable
tool with which to reconstruct past temperature varia-
tions (Dansgaard 1964), DO 25 to 21, at the beginning
of the glacial period, are associated with smaller tem-
perature increases than the following ones (an average of
~3.5%, for rapid 8'%0;. increases over DO 24 to 21
instead of ~5%, for the tgypical glacial DO 20 to 8). DO
25 shows the weakest 8'°0;.. increase, ~1.5%,, i.e. one-
third of a typical glacial DO.

Few high-resolution paleoclimatic records including
glacial inception are available in the northern Atlantic.
The available data indicate that, after a relatively stable
interglacial period (Cortijo et al. 1994, 1999), the north
Atlantic region was subjected to rapid cooling events.
The cold episodes were associated with ice rafting as
suggested, in marine cores located north of 40°N, by
significant increases of ice-rafted debris (IRD) with a
composition typical of the glacial period (Chapman and
Shackleton 1999). Such discharge events were called C24
and C23 (Mc Manus etal. 1994; Chapman and
Shackleton 1999). In the NorthGRIP ice core, the event
C24 (Mc Manus et al. 1994) could be associated with a
significant cooling before the warm phase of DO 24 (GS
25, for Greenland Stadial 25; NorthGRIP community
paper 2004). In continental and marine records, this
event C24 is traditionally associated with the transition
between the last interglacial period (stage Se) and stage
5d (Kukla et al. 2002 and references therein). Going
further back in time, the marine core NEAPI8K
(southeast of Greenland) enabled Chapman and
Shackleton (1999) to pinpoint a first IRD signal during
the last glacial period, which is four times smaller than
the one associated with C24. The authors called it C25
(Fig. 1). In parallel, Mc Manus et al. (2002) and
Shackleton et al. (2002) showed that a slight surface
cooling without a clear IRD signal is recorded in other
North Atlantic cores (Fig. 1). Mc Manus et al. (2002)
suggested that it was the same C25 event. However, a
38 0enthic cross-dating of the different marine cores
challenges the synchronicity of the IRD signal and of the
surface cooling (Shackleton et al. 2002; Fig. 1). The
concordance of the cold phase of DO 25 with an IRD
event is therefore still uncertain from marine records.

While no clear record of DO 25 other than the
NorthGRIP ice core is available in North Atlantic, the
succeeding DO 23 and 24 depicted by IRD and polar
fauna signals are similar to the full glacial DO in the
northern Atlantic. On the contrary, continental records
(e.g. European pollens; Reille et al. 1998; Sanchez-Gofii
et al. 1999) show that the period from ~75 to
~115 kyears BP (stages 5a-5d) is associated with a
vegetative cover which is intermediate between inter-
glacial and glacial periods (persistence of trees over
Europe). Because of the lack of information on DO 25
and of contrasted reconstructions of DO 23 and 24 over
land and oceans, Greenland ice cores are the key to a
better description of the glacial inception.

The NorthGRIP §'%0,.. provides a much more de-
tailed and better dated climatic record of the glacial
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inception than continental and marine records. How-
ever, 805 variability remains difficult to quantify in
terms of surface temperature changes. First, 8O
rapid variability can be due to stratigraphic distur-
bances in the ice near the bedrock, as was the case for
the GRIP and GISP2 ice cores (Chappellaz et al. 1997,
Grootes et al. 1993; Landais et al. 2004a). In the
NorthGRIP community members’ paper (2004), the
main 8'%0;. increase of DO 24 was shown from gas
analyses to be of climatic origin but such analyses were
not available deeper in the core. Such an investigation
is of primary importance since this sequence of the
glacial inception is unique among Greenland ice cores.
Second, even if the ice stratigraphy is not disturbed, the
Greenland 8'%0;.. cannot be directly related to surface
temperature. Indeed, past changes in (1) precipitation
seasonality (Fawcett et al. 1997; Krinner et al. 1997),
(2) source temperature (Boyle 1997; Cuffey and Vimeux
2001; Masson-Delmotte et al. 2005a) and (3) surface
elevation may bias the amplitude and shape of the
temperature changes inferred from 8'%0;.. (Dahl-Jensen
et al. 1998; Lang et al. 1999; Severinghaus and Brook
1999; Landais et al. 2004b, c¢). Comparisons of various
paleothermometry methods have clearly shown that the
apparent 8'%0;..-temperature slope varies at all time-
scales.

Air isotopic measurements in ice cores (nitrogen,
oxygen and argon) offer a complementary tool to the
water isotopes for climatic quantitative reconstructions.
First, the combination of air and water isotopic mea-
surement permits us to distinguish between climatic
variability and stratigraphic disturbances (Chappellaz
et al. 1997; Landais et al. 2004a). Second, it enables an
independent reconstruction of the surface temperature
evolution for rapid temperature changes (Severinghaus
and Brook 1999, Lang et al. 1999; Landais et al. 2004b,
c¢). Finally, like methane concentration, the isotopic
composition of atmospheric oxygen is a powerful dating
tool. Both are global atmospheric tracers because of
their relatively long atmospheric residence times (1,000—
2,000 years for O, and 10 years for CH4, compared to
the 1 year interhemispheric exchange time). Conse-
quently, identification of the same patterns of CH4 and
3'%0 of 0, in two different cores enables one to produce
a common timescale (Blunier et al. 1998, 2001; Bender
et al. 1999; Landais et al. 2003).

We present here a hi%h-resolution record (~50 years
over DO 23 and 24) of §"°N, §*’Ar and §'%0 of O, in the
air trapped in the NorthGRIP ice core over the sequence
covering the glacial inception. We first demonstrate the
absence of any stratigraphic disturbance over the bot-
tom part of the NorthGRIP core (below 2,870 m). We
use the combined measurements of 8'°N and §*°Ar to
estimate the amplitude of the main temperature in-
creases associated with DO 24 and 23. In order to link
this new Greenland record to other latitudes, we then
construct a common timescale of the NorthGRIP and
Vostok ice isotopic profiles (8'%0;e. and 8Djc, respec-
tively). Such North—-South comparison is achieved
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Fig. 1 First panel Polar fauna
counts from the ODP 980 core,
west of Ireland, on its own
timescale (Mc Manus et al.
2002) Second panel

5! Opldnklomc from the MD 95-
2042 core, Iberian margin, on
its own timescale (Shackleton
et al. 2002). Third panel IRD
signal from the NEAP18K core,
southeast of Greenland, on its
own timescale (Chapman and
Shackleton 1999; dotted line)
and on the MD 95-2042
timescale after a benthic 8'%0
correldtlon (solid line). Fourth
panel 3" 0penthic from the MD
95-2042 core on its own
timescale (black), the ODP 980
core on its own timescale (l/ight
grey), the NEAP18K core on its
own timescale (dark grey, dotted
line) dl’ld after a correlation over
the 8'"®Opentnic increase with
MD 95-2042 (dark grey, solid
line)
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through the use of 8'%0 of O, and published methane
data. Finally, from the amplitude of the rapid temper-
ature increases and the Greenland/Antarctic phasing of
events, we discuss the uniqueness of the first DO of the
last glacial period.

2 Method

A total of 130 duplicate measurements of 8'°N and 'O
were performed between 2,870 and 3,085 m depth on the
air trapped in the NorthGRIP ice core. The associated
uncertainty is 0.006 and 0.0159%,, respectively, for 3'°N
and 8'%0, estimated using the pooled standard deviation
over all duplicate samples. The air was extracted with a
melt-refreeze method and analysed on a mass spec-
trometer (Finnigan MAT 252). Corrections were applied
for the influence of interfering masses (Severinghaus
et al. 2001). We also performed 47 measurements of
3*Ar in the air from the NorthGRIP ice core corre-
sponding to the main temperature increases associated
with DO 23 and 24. The wet gas extraction was followed
by the destruction of all gases except noble gases in a
getter (alloy of zirconium and aluminium heated at
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900°C; Severinghaus et al. 2003) to improve the ana-
lytical uncertainty (0.025%, from the pooled standard
deviation over a dozen duplicate measurements when
enough ice was available).

The 8'°N signal is a product of thermal and gravi-
tational fractionation in the firn (i.e. the unconsolidated
snow that constitutes the upper part of the ice sheet,
70 m in NorthGRIP today). The air isotopic composi-
tion is recorded as the air becomes trapped during pore
close-off at the bottom of the firn. The gravitational
fractionation reflects the isotopic enrichment with depth
due to the gravity field. The thermal fractionation results
from transient temperature gradients in the firn that
drive the heavier isotopes towards the colder end as
Otherm =Q AT (the thermal diffusion coefficient, Q, is
specific to each isotopic pair). Because heat diffuses ten
times slower through the firn than gas (Severinghaus and
Brook 1999), a rapid warming/cooling at the surface of
the Greenland ice sheet, which is reflected as a transient
temperature gradient in the firn, leads to an enrichment/
depletion of heavier isotopes at the bottom of the firn.
Such positive/negative anomaly in the 8'°N is finally
recorded in the air trapped during pore close-off (Se-
veringhaus et al. 1998).
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The properties of thermal fractionation make possi-
ble the quantification of the amplitude of rapid tem-
perature changes. This first requires the separation of
thermal and gravitational signals and, secondly, the
surface temperature change has to be estimated from the
transient temperature gradient in the firn. By combining
measurements of 8'°N and 3*’Ar one can eliminate the
gravitational signal, identical for 8'°N and 3*’Ar/4 since
it depends on the mass differences between both iso-
topes. The calculation of 3 Nrcess = 815N—840Ar/4= (Q
N— A/4)AT (Severinghaus and Brook 1999) then gives
direct access to the temperature gradient in the firn since
Q n and Q A, have been precisely determined (Grachev
and Severinghaus 2003a, b). Because of heat diffusion,
the temperature gradient in the firn is less than the true
surface temperature change. The amplitude of this
change can be determined with a firnification and heat
diffusion model (Goujon et al. 2003; Severinghaus and
Brook 1999) independently from its duration (Landais
et al. 2004b).

3'%0 of O, in air bubbles is also affected by thermal
and gravitational fractionations. However, unlike
nitrogen and argon, atmospheric oxygen does not have
a constant isotopic composition. Its changes are driven
by the extent of continental ice sheets, which influences
the 8'%0 of H,O of the global ocean, 8180global ocean-
Photosynthesis transmits these variations in oceanic
isotopic composition to atmospheric oxygen, such that
the variations of atmospheric 8'%0 will indirectly reflect
the SISOglobal ocean variations (Sowers et al. 1991). Be-
cause the ocean signal is transmitted to the atmosphere
via biological pathways, in addition to the global ice
volume signal, some of the 8'%0 of O, variations are
linked to global biospheric productivity processes as
well as H,O and O, fractionations in the biosphere (e.g.
Bender et al. 1994; Leuenberger 1997). The long resi-
dence time of O, in the atmosphere results in its
becoming globally homogenized, such that, for any
given time period, the 8'%0 of O, recorded for the air
trapped in the ice in Greenland and Antarctica should
be identical (after correction for the gravitational and
thermal effects and neglecting alterations during the
bubble close-off process and storage). The 3'*0 of O, is
classically calculated as 8'%0,,,=08'*0—258'"N from ice
cores, since the gravitational signal will affect §'%0
twice as much as 8'°N. Such a definition neglects the
thermal effect or implicitly assumes a thermal diffusion
coefficient for oxygen, Q o, twice the one for nitrogen,
Q . Firn experiments (Severinghaus et al. 2001)
gave,however,a value of 1.6 for the ratio Q o/Q n. The
classical calculation consequently underestimates the
8'"®0,um during rapid temperature change (this under-
estimation can be up to 0.05%, in Greenland during a
strong surface temperature increase, i.e. more than
10°C in 100 years). In this study, through our deter-
mination of 8"*Neyeess» We can separate the thermal and
gravitational signals on the DO 23 and 24, and there-
fore propose an estimation of 8'°0,., corrected for
both the thermal and the gravitational signals.

Landais et al.: The glacial inception as recorded in the NorthGRIP Greenland ice core

3 Results

The 8'°N profile (Fig. 2) depicts rapid variations over
DO 23 and 24. Each positive/negative anomaly depicted
in the 8'"°N profile is recorded 7-8 m deeper than a
corresponding increase/decrease in 8'O;... This ob-
served depth difference is in agreement with the depth
difference, Adepth, between the temperature variations
recorded in the ice (8'%0;.) and gas (8'°N), as obtained
from the combined values of the thinning function
around 2,900 m and the expected firn close-off delpth
(NorthGRIP community members 2004). Such &'°N
anomalies can therefore only be the result of thermal
fractionation. The correspondence between 8'*0;.. and
3'°N confirms the integrity of the ice core record and
that the variations in the 8'O;. profile are of climatic
origin.

While the combination of 8'°N and 880, clearly
confirms that the DO 23 and 24 from the NorthGRIP
bottom part are true climatic signals, limited sampling
resolution prevents us from identifying whether a 8'°N
signal is associated with DO 25 as recorded in the §'%0;c.
profile. However, highly detailed methane records per-
formed in the new Dome C ice core clearly reveal a
significant peak at the beginning of the last glacial per-
iod before the peak associated to DO 24 (Chappellaz J,
personal communications). Methane variations of the
last glacial period have been shown to reflect the tem-
perature changes in the North (Chappellaz et al. 1993).
As a consequence, even if our dataset does not enable us
to reject the hypothesis of an ice stratigraphic pertur-
bation, it is very likely that DO 25 is a true climatic
event.

To infer the amplitude of the rapid temperature in-
creases associated with DO 23 and 24, we calculated the
8" Nexcess from 8'°N and 8*Ar measurements over both
events. Then, we fitted our 8'°Neyeess profile with a
modelled 8'°Nyeess Obtained as output of the firnifica-
tion and heat diffusion model by Goujon et al. (2003)
(Fig. 2, details of the method are in Landais et al.
2004b). The best fit was obtained with temperature in-
creases of 10+2.5 and 16 +£2.5°C, respectively, for DO
23 and 24. In this estimate, no correction was applied for
gas loss that affects the §*°Ar (Severinghaus et al. 2003)
since our 00,/N, record (not shown) shows neither
significant variations over DO 23 and 24 (<29,) nor
important gas loss (the samples were analysed between 6
and 18 months after drilling). The 16°C temperature
increase associated with DO 24 is similar to that ob-
tained for DO 19 both in GRIP and NorthGRIP with
similar methods (Lang et al. 1999; Landais et al. 2004c).
DO 19 depicts the largest rapid 8'®0j. variation asso-
ciated with a DO over the last glacial period. This makes
it most probably one of the largest DO in terms of
associated Greenland surface temperature change. In
this respect, DO 24 fits the profile of a “‘classical” DO
even if its associated §'%0;.. variation suggests smaller
amplitude for the temperature increase.
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Fig. 2 First panel 8"°N (grey) and 8*°Ar (black) measurements. Second panel 8'* N yeess calculated from 8'°N and §*°Ar measurements
(running mean over three points). Third panel 8'%0;. (NorthGRIP community members 2004). Fourth panel 8'30,, corrected for gravity
only (8'30,m =8'80—-2 §'°N, grey line) and for thermal and gravitational fractionations [8'8 0, =68'%0—2 (1— f) §'°N—1.6 £ §'°N with f
being the thermal signal fraction of the total signal, calculated as f= (5" Nexcess/8""N) (Q n/(Q N—Q ar/4)), black line]. This second-order
correction is almost negligible. The dashed and dotted grey lines help to locate the rapid events recorded, respectively, in the ice and in the
gas records. NB: Three 3 Ar points measured around 2,950 m depict a slight 0.05%, variation while the two closest 3'°N points show no
variation. At that depth, 8*°Ar and 8'°N were not measured on the same samples to save ice and to allow the quantification of the
reproducibility of 8**Ar measurements. We cannot therefore conclude as to the origin of this variation, whether it is climatic or linked to
our measurements (o =0.025%, for 8*°Ar and & =0.006%, for 8'°N). Note, however, in support of our temperature quantification that no
rapid variations of 8'°N and SROAr were evidenced during periods of stable surface temperature (Landais et al. 2004b, c). The choice of a
baseline before the rapid temperature increase to calculate the amplitude of temperature change was discussed in a previous methodology

paper (Landais et al. 2004b)

We next compare the glacial inception in Greenland
and Antarctica by synchronizing the timescales using
3180 of O,. Our 8'%0,,,, measurements for NorthGRIP
(Fig. 2) show a smooth evolution, in contrast to the
rapid 8'0,.m excursions observed in the bottom part of
GRIP (Fuchs and Leuenberger 1996; Chappellaz et al.
1997; Landais et al. 2003), confirming that the ice stra-
tigraphy should be preserved in the whole NorthGRIP
bottom part. The correction for thermal fractionation in
addition to the gravitational fractionation does not sig-
nificantly modify the 8'%0,,, profile (Fig. 2). Note that
no correction for gas loss was considered for the 3"80,m
since the d0,/N, values remain around —109,, i.e. sig-
nificantly less than the —30%, observed for badly pre-
served ice (Landais et al. 2003). The 8'%0,,, increases
from —0.49,, at the greatest depth to +0.8%, (2,990 m),
then decreases to —0.19, (2,900 m). This profile parallels
the Antarctic Vostok 51§Oatm record (Sowers et al. 1993)
over the glacial inception (Fig. 3). The 8'%0,, mini-
mum around —0.4%, at the bottom of the NorthGRIP
ice core corresponds to full interglacial conditions in
Vostok. From this we conclude that the bottom of the

NorthGRIP core is 120-123 kyears BP, according to the
Vostok GT4 timescale (Petit et al. 1999).

Extending the correlation over the entire glacial
inception requires choosing 8'*0,.m tie points. As a
consequence of the long residence time of oxygen in the
atmosphere, 8'0 of O, varies slowly, making the choice
of correlation points between both profiles subject to
some uncertainty. An additional correlation constraint
is provided by the rapid increase in methane concen-
tration associated with DO 24 that is recorded both in
NorthGRIP (NorthGRIP community member 2004)
and in Vostok (Caillon et al. 2003a). Taking the Vostok
GT4 timescale as a reference, the identification of the
rapid methane increase in both cores gives an age of
105.3 kyears BP to the NorthGRIP gas at 2,944.20 m
depth. Finally, from the 8'80,m and CHy constraints,
we propose a relative dating of the 200 deepest meters of
the NorthGRIP ice core with respect to Vostok. We
applied the following procedure:

1. The Vostok and NorthGRIP 8'%0,,, curves are
matched using five tie points (maxima, minima and
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Fig. 3 Top 5'%0;. evolution in NorthGRIP on the Vostok GT4 age scale (NorthGRIP community members 2004). The horizontal arrows
represent the combined uncertainty linked to the NorthGRIP/Vostok 880, correlation and to the NorthGRIP Aage. Middle 8D
evolution in Vostok on the GT4 timescale (Petit et al. 1999). The horizontal arrow indicates the uncertainty on the Vostok Aage. Bottom
8'80,um used for the Vostok/NorthGRIP correlation on GT4 timescale superimposed to the sea-level curve inferred by Waelbroeck et al.
(2002) on its own timescale. The horizontal arrows indicate the uncertainty in the 8'30,, correlation between Vostok and NorthGRIP (see
text). NB: The 8'30,,, values are from Petit et al. (1999) and were only corrected for gravitational fractionation. The total uncertainty
should be calculated by taking into account both the uncertainty from the first panel (8'%0g,m correlation + Aage in NorthGRIP) and the
uncertainty from the middle panel (Aage in Vostok). The resulting uncertainty is maximal for the greatest depths and was estimated to be

+2,500 years

mid-slopes of the 8'%0,,, profiles, 20 different point
identifications were tried).

2. A timescale for the NorthGRIP SISOatm profile is
obtained by using a linear interpolation of the
depth levels over the five tie points linking North-
GRIP depth and Vostok GT4 age. We prefer a
linear interpolation to a function integrating the
small effect of thinning and accumulation rate be-
tween two nearby tie points. Indeed, the thinning is
reduced over the bottom part of the NorthGRIP ice
core due to the high rate of basal ice melting
(NorthGRIP community members 2004). Moreover,
the estimate of the accumulation rate variations
over the glacial inception from the water isotopes
profile alone is not straightforward because of the
huge changes of the hydrological cycle. Sensitivity
tests show that these influences will not modify our
chronology given the associated error bars. An
ongoing project for dating the whole NorthGRIP
ice core using a glaciological model will permit
better constraints on accumulation rate and thin-
ning.

3. The resulting timescale gives an age for the depth of
the rapid methane increase (2,944.20 m).

4. The area between both mean-centred 5'%0,,, profiles
on the Vostok GT4 timescale is minimized and we did
not authorize a difference superior to 600 years (i.e.
the NorthGRIP methane profile resolution) between
the NorthGRIP gas age at 294420 m and
105.3 kyears BP (age of the rapid methane increase
on the Vostok GT4 timescale).

The error bars for this correlation remain subjective:
they correspond roughly to the maximal uncertainty on
the visual choice of the 8'%0,,, tie points. On a more
objective way, we have decided to reject the correlation
when the area between the two 8'%0,, profiles was four
times the area corresponding to the best correlation. A
more constrained North—-South correlation, with clearer
tie points, will be available when detailed methane
measurements will be performed over the whole bottom
part of the NorthGRIP ice core.

The second step in describing the North—South se-
quence over the glacial inception is to compare the
Vostok 8D and NorthGRIP §'%0;. profiles on the
same ice timescale. Since the common timescale
developed above is for the gases in each core, trans-
ferring the chronology to ice requires knowing the
Aage between ice and gas ages over the period of
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interest. For Vostok, the modelled Aage estimate of
the GT4 timescale over this period has an associated
uncertainty of 1,000 years (Petit et al. 1999). Using
3'°N and 5*Ar measurements, Caillon et al. (2001)
confirmed the value of the modelled Aage (5,000 years)
around 108 kyears BP in Vostok. Furthermore, a re-
cently refined ice and gas timescale for Vostok (Par-
renin et al. 2004) only slightly modifies the Aage over
that period. We therefore use the GT4 Aage and retain
a Aage uncertainty of 1,000 years for the Vostok ice
timescale (Fig. 3, middle). For NorthGRIP, the Aage
can be calculated using the firnification and heat dif-
fusion model of Goujon et al. (2003): it varies between
300 and 600 years depending on the surface conditions
(accumulation rate, temperature). The associated
uncertainty is around 100 years (10% of Aage). Such a
small uncertainty is supported by Fig. 2 where the
modelled 8" N, .ess variations coincide with the mea-
sured 8'°Ngieess Ones on the same depth scale, there-
fore validating the use of the model for Greenland
studies even if problems remain for Vostok applica-
tions (Goujon et al. 2003).

In summary, the NorthGRIP 3'"%0,.. and Vostok 8D
profiles can be compared on the same GT4 timescale
(Fig. 3). The age uncertainty for the NorthGRIP §'%0;.
profile results from the combination of three sources of
errors:

1. The 8'"%0,, correlation
2. The Aage
3. The GT4 age

Only the first two errors are relevant to the following
discussion of the relative evolution of surface tempera-
ture between Greenland and Antarctica over the glacial
inception.

Even if the uncertainties in the NorthGRIP/Vostok
relative dating are large (up to 2,500 years), the 8D and
3'%0;cc profiles clearly show that the temperature in-
crease associated with DO 25 occurs at a time when the
Vostok temperature is at a relative minimum. The fol-
lowing Antarctic temperature increase associated with
the 5d/5c transition in the Vostok 8D profile seems to
precede the rapid temperature increase of DO 24. We are
quite confident in this result since the onset of DO 24 is
strongly cross-dated by the methane tie point. More-
over, such a result was already pointed out in Caillon
et al. (2003a) who extended the North—-South climatic
asynchrony described by Blunier et al. (2001) to the
beginning of the last glacial. The same pattern is sug-
gested for DO 23; however, we hesitate to draw a firm
conclusion in this case because of the large uncertainty
in the relative timescale and the absence of detailed
methane data to provide a strong tie point between
Vostok and NorthGRIP for this time period. As op-
posed to DO 23 and 24, DO 25 has no Antarctic
counterpart and therefore appears to be an exception to
the proposed North/South seesaw mechanism (Stocker
and Johnsen 2003).
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The rapid temperature increase associated with the
DO 25 marks the onset of the rapid climatic variability
in the North Atlantic. Before this event, the NorthGRIP
3'%0;.c and Vostok 8D profiles first show a common
cooling during 10 kyears. The phasing, however, cannot
be firmly established because of the =2,500 years
uncertainty in the relative timescales. Moreover, this
relationship can be challenged since the interpretation of
ice isotopic profiles in terms of surface temperature is
not straightforward, especially during strong modifica-
tions of the water cycle. Cuffey and Vimeux (2001)
showed that accounting for the temperature of the
evaporative regions through combined measurements of
3D and 8'%0 in the ice and for the isotopic composition
of the global ocean leads to a corrected Vostok surface
temperature over the glacial inception (i.e. not propor-
tional to the 3D of the ice). Using that temperature
reconstruction, the Antarctic cooling is slightly delayed
and suggests that the main Antarctic temperature de-
crease occurred only 2-3 kyears after the main Green-
land temperature decrease (Fig. 4), which still lies within
our uncertainty range. We performed preliminary mea-
surements of 8D over the bottom part of the North-
GRIP core to apply the same temperature
reconstruction method as Cuffey and Vimeux (2001) and
Masson-Delmotte et al. (2005b) from combined mea-
surements of 3D and 3'*O of the ice. Such a recon-
structed surface temperature profile is parallel to the
3'%0;c. one, supporting our aforementioned conclusion.

To strengthen our description of the North—South
relationship over the glacial inception, we point out that
the NorthGRIP ice core is not the only Greenland core
to contain ice over this period. In the Summit GRIP ice
core, a discontinuous reconstruction of the §'*0,.. pro-
file on the Vostok GT4 timescale was obtained (through
a methane/3'%0,,, correlation; Landais et al. 2003),
which can be compared to the NorthGRIP glacial
inception 8'%0;. profile (Fig. 4). Within the limits of the
timescale uncertainty, both GRIP and NorthGRIP
3'0ice profiles show similar timing for the glacial
inception in Greenland. The 6D profile has also been
measured on the bottom part of the GRIP ice core
(Jouzel et al. 2005). The surface temperature profile was
reconstructed following Cuffey and Vimeux (2001)
(Fig. 3; Jouzel et al. in press) and yielded a profile that
parallels the 8'0;.., as we found for NorthGRIP. Fi-
nally, given the cross-dated profiles of NorthGRIP,
GRIP and Vostok ice isotopic measurements and GRIP
and Vostok temperature reconstructions, we conclude
that the significant progressive cooling corresponding to
the glacial inception is roughly in phase between
Greenland and Antarctica. Again, this conclusion could
be further refined as more dating constraints become
available from the NorthGRIP methane profile.

While temperature appears to decrease in parallel over
both poles, it is interesting to underline the timing of CO,
decrease (Fig. 4; Barnola et al. 1987). While the CO,
concentration remains high during the slow polar tem-
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Fig. 4 Sequence for the glacial inception on the GT4 timescale (except for marine records). From top to bottom (1) planktonic 8'30 for the
marine core MD 95-2042, Iberian margin, on its own timescale (Shackleton et al. 2002). (2) Polar fauna from the marine core ODP 980,
west of Ireland, on 1ts own timescale (Mc Manus et al. 2002). (3) IRD signal from the marine core ODP 980 (Mc Manus et al. 2002) on its
own timescale. (4) 8'%0;, for the glacial inception in NorthGRIP (black continuous line) and in GRIP (filled circles). The pounds indicate
the surface temperature reconstructed in GRIP from 8D, 5'%0 and &' Oglobdl ocean- The temperature variations are expressed relative to the
present mean annual surface temperature in GRIP. (5) dD for the glacial inception in Vostok (Petit et al. 1999; thick line) and
reconstructed surface temperature (Cuffey and Vimeux 2001; thin line). Variations of temperature are expressed relative to the present
mean annual surface temperature at Vostok. (6) CO, evolution from the Vostok ice core (Barnola et al. 1987). (7) Sea-level curve
(Waelbroeck et al. 2002), 8'¥Openthic from ODP 980 (Mc Manus et al. 2002) and 8'8Oypennic from MD 95-2042 (Shackleton et al. 2002). (8)

Obliquity and 65°N summer insolation

perature decrease, the following rapid temperature in-
crease associated with the DO 25 occurs during a period
of a large CO, decrease. Such a CO, concentration de-
crease is clearly not causing the global cooling, which is
more probably initiated by a decrease in the northern
summer insolation amplified by the growing northern
hemisphere ice sheets’ albedo effect (Fig. 4; Berger et al.
1996; Khodri et al. 2001, 2003). Such an ice sheets’
growth, mainly due to the Laurentide ice sheet with a
possible contribution of the Fennoscandian ice sheet
(Wang and Misak 2002; Kageyama et al. 2004), was
obtained from a stack of benthic isotopic ratios after
regressions between relative sea-level data and benthic
foraminifers’ oxygen ratios were performed in the North
Atlantic and Equatorial Pacific Ocean (Waelbroeck et al.

2002). This sea-level curve depicted on Fig. 4 cannot be
easily drawn on the GT4 timescale because the initial
information is carried by sediment cores. However, the
sea-level evolution proposed on Figs. 3 and 4 on its own
timescale (Waelbroeck et al. 2002 following Martinson
et al. 1987) is roughly consistent with the ice core water
isotope records on the GT4 timescale. There are at least
two main reasons for this:

— The northern hemisphere sediment cores indicate that
the relative maximum in ice sheet volume, as inferred
from 8'®Openhic, Occurred during the warm phase of
DO 25 (Shackleton et al. 2002). The same pattern also
appears in Figs. 3 and 4, where the warm phase of DO
25 in NorthGRIP coincides with the maximum in

18
5 Oglobal ocean-
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— As for the sea-level curve, the NGRIP §'%0,,, profile
on the GT4 timescale, partly linked to ice sheets’
volume, shows a clear maximum during the warm
phase of DO 25. 880, does, however, not only re-
flect variations in SISOglobal occan DUt Pépin et al.
(2001) also proposed a sea-level reconstruction on the
GT4 timescale on the basis of 8'%0,,, measurements
corrected for biospheric effects. This reconstruction is
in agreement with the one by Waelbroeck et al. (2002)
over the glacial inception and shows that the mini-
mum in 80, roughly corresponds to the minimum
in 6180globa.l ocean-

Finally, note that we have avoided matching the
3180,y with the sea-level curves because of the bio-
sphere effects that influence the 8'%0,,y in addition to
sea-level changes. Especially during the glacial inception,
the importance of these other effects is illustrated by the
range of 8'%0,,, variations that is two times larger than
the Change in 618Oglobal ocean-

We complete our description of the glacial inception
by comparing our Greenland/Antarctica sequence with
high-resolution marine records from the North Atlantic
(ODP 980; Mc Manus et al. 2002) and the Iberian margin
(MD 95-2042; Shackleton et al. 2002). We have kept the
original marine cores’ timescales because of the afore-
mentioned good agreement between the GT4 and the
marine timescales over the glacial inception, and because
the sea surface temperature records (SISOplankmmc and
polar fauna percentages) depict parallel evolution to the
NorthGRIP §'%0,. (Fig. 4). From this, we can establish
a tentative comparison of the ice core records on the GT4
timescale with the two marine records over the glacial
inception. This comparison suggests that the cold phase
GS 26 (before the DO 25 warm phase) manifested itself in
the northern Atlantic region as well as in the mid-latitude
surface ocean (up to the Iberian margin, MD 95-2042) as
a slight cooling (less than one-fourth of a typical rapid
cooling during the last glacial). No clear IRD signal is
recorded, except the one found by Chapman and
Shackleton (1999), which seems to occur during the warm
phase of DO 25 (Shackleton et al. 2002), suggesting that
GS 26 was not driven by an iceberg discharge (Fig. 1).
Summarizing, the sequence for the glacial inception and
the beginning of the glacial period is the following:

— The polar temperature decreases in both the North
and the South. The slow growth of ice sheets seems to
be in phase with or slightly lags the polar temperature
decrease, as described by Cortijo et al. (1994, 1999).
This ice sheet growth was probably driven by the
summer temperature decrease at polar latitudes
(Oerlemans 2001) as a consequence of the decreased
northern insolation. The obliquity decrease acts as a
positive feedback for the ice sheet growth because of
the associated increase in low- and high-latitude
insolation gradients that enhances the transport of
water masses (Fig. 4; Ruddiman and Mclntyre 1979;
Khodri et al. 2001). The CO, level stays high during
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this first stage of high-latitude cooling.

— The first rapid event (succession of GS 26 and DO 25)
is recorded in the northern hemisphere but has no
Antarctic counterpart. It is triggered while the CO,
level and ice sheet size are still intermediate between
interglacial and full glacial values. The increased
precipitation, already invoked for the rapid ice sheet
growth, could be involved in the onset of such an
event since no clear IRD peak is recorded in sediment
cores. We propose that the intense thermohaline cir-
culation (THC) during the growth of the polar ice
sheets over the glacial inception can suddenly become
unstable because of a too high fresh water input from
increased precipitation over the ocean. Such rapid
instability of the THC at the end of the interglacial is
suggested by marine indicators (Adkins et al. 1997,
Mc Manus et al. 2002).

— During the warm phase of DO 25 and the preceding
GS 26, the ice sheets’ volume reached a relative
maximum and the atmospheric CO, shows its first
large decrease. We suggest that the general cooling of
the polar oceans, depicted by the marine and ice cores’
records, acts as a CO, pump (the southern ocean
probably has an important role here, as suggested
previously, e.g. Petit et al. 1999). The role of vegeta-
tion on the CO, evolution should also be considered,
but seems to be of minor importance since, over DO
25, vegetation over Europe did not significantly differ
from its interglacial state (Reille et al. 1998; Sanchez-
Goiii et al. 1999; Rioual et al. 2001).

— After the warm phase of DO 25, the CO, level is
intermediate between glacial and interglacial levels
and DO 24 and 23 show the major characteristics of
“classical” DO (temperature change amplitude,
southern hemisphere reaction, IRD signals).

Additional high-frequency temperature changes ap-
pear to affect Greenland during the sequence of DO 23
and 24 with surprising rapid coolings during the warm
phase of DO 24. We estimate that the mean period for
the succession of two rapid temperature increases or
decreases over that period is 800 years, taking into ac-
count all the rapid 8'®0;. variations of more than 1%,
amplitude in less than 200 years. By comparison, doing
the same exercise over the full glacial period gives a
mean periodicity of 1,500 years. Such a very rapid cli-
matic variability, with additional rapid events occurring
between the classically defined DO, has only one
equivalent during the last glacial period: the beginning
of Marine Isotopic Stage 3 (—55 to —60 kyears). This
latter period is characterized by a sea level (or ice sheet
size) close to the one estimated over the sequence of DO
23 and 24 (Shackleton 1987; Waelbroeck et al. 2002). It
suggests a relative instability of the THC and rapid
switches between active and “off” modes, as already
pointed out by Adkins et al. (1997). Indeed, following
the classical interpretation of the succession of DO
(Ganopolski et al. 2001), the cold phases over Green-
land are associated with reduced THC activity or
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southern deep water convection, while the warm phases
are associated with an active THC or northern deep
water convection that brings heat towards northern
latitudes. Except for the GS 25 preceding DO 24 and a
slight signal for the GS 24 before DO 23, the short cold
phases are not associated with clear IRD signals in the
marine cores. As for the onset of GS 26 and DO 25, we
propose again that the hydrologic cycle plays a key role
in switching on and off the THC with a north Atlantic
freshwater threshold budget close to a critical point.
Several environmental records (e.g. Sanchez-Goni et al.
1999) and modelling studies over the glacial inception
(e.g. Khodri et al. 2001) confirm that high precipitation
rates over high- and mid-latitudes have characterized the
whole stage 5 (~130-90 kyears BP).

Finally, our proposed sequence of events associated
with the glacial inception (simultaneous cooling in north
and south and moderate increase in continental ice
volume, followed by the CO, decrease) contrasts with
the somewhat different situation during glacial termi-
nations. By comparing the Byrd (Antarctica) and GISP2
records, the Greenland warming during the last termi-
nation started slowly 2 kyears or less before the initia-
tion of the Antarctic warming (Alley et al. 2002). Then,
the Greenland main warming (Belling-Allered) occurred
only 6 kyears after the beginning of Antarctic warming.
Moreover, the analysis of the properties recorded in the
Vostok and EPICA Dome C Antarctic cores indicates
that during terminations: (1) the temperature at high
southern latitude increases only a few hundred years
before CO, (Monnin et al. 2001; Caillon et al. 2003b),
(2) the dynamics of the warming was very different be-
tween North and South and (3) the northern ice sheet
deglaciation occurred several thousand years after the
southern warming (Pépin et al. 2001).

4 Conclusion

We have used air isotopic measurements in the North-
GRIP ice core to confirm the large climatic variability
during the glacial inception and to estimate the ampli-
tude of the temperature changes associated with DO 23
and 24. In addition, we propose a relative dating of the
Greenland glacial inception with respect to East Ant-
arctic temperature, atmospheric CO, evolution and
global ice sheet growth. According to this dating, the
glacial inception involved synchronous cooling at both
poles during the initial slow growth of the northern
hemisphere ice sheets. Rapid climatic variability in the
North Atlantic initiated with DO 25, which seems to be
associated with a small temperature change and has no
Antarctic counterpart. It occurred before ice sheets
reached their glacial maximum extent and while atmo-
spheric CO, was still relatively elevated. After that
event, atmospheric CO, dropped to glacial levels and
NorthGRIP DO 24 and 23 depict characteristics of
classical DO (up to +16°C for DO 24, i.e. comparable
to the DO 19 at the same site; IRD signal; Antarctic
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counterpart). Finally, the rapid climatic variability
during the warm and cold phases of DO 23 and 24
suggests that the THC encountered frequent shifts be-
tween “off”” and “on” modes. The first rapid event, DO
25, which occurred during the initial ice sheet build-up,
suggests a key role for the atmospheric hydrological
cycle in climate dynamics. The water cycle influence has
already been proved to favour the glacial inception. We
show here that it could additionally create a rapid cli-
matic variability when the influence of ice sheets dis-
charge is reduced.
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