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Abstract

Rapid climatic changes, the rhythm of which is fully described in Greenland deep ice cores, are also very well documented in
the ocean (in particular in the North Atlantic) and on the continent. At these timescales, ice cores, deep sea-cores and continenta
records are still difficult to precisely synchronize. From the GRIP results, we show how a multiparametric ice core study allows
us to circumvent this difficulty. The co-isotopic analysis of the deuterium and oxygen-18 concentrations in ice gives access to
temperature both at the site (central Greenland) and in the evaporative moisture source region (North Atlantic). Rapid changes
occur more or less rapidly from one event to the next, but are generally simultaneous. Surprisingly, our results suggest that
the site and source temperatures vary in antiphase. This implies a drastic reorganization of the hydrological cycle in the North
Atlantic at the time of rapid changeko cite thisarticle: J. Jouzel et al., C. R. Geoscience 337 (2005).

0 2005 Académie des sciences. Published by Elsevier SAS. All rights reserved.

Résumé

Variations rapides de I'excés en deutérium dans les glaces du Groenland : un témoignage du couplage océan—
atmospheére.Les variations climatiques rapides dont les glaces du Groenland ont permis de décrire le rythme sont également
trés bien documentées dans I'océan (en particulier dans I'Atlantique nord) et sur le continent. A ces échelles de temps, les sé-
ries glaciaires, océaniques et continentales restent cependant difficiles & synchroniser de maniére précise. A partir des résultat
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obtenus sur le forage GRIP, nous illustrons comment I'étude multiparamétrique d’une carotte glaciaire permet de surmonter
cette difficulté. L'analyse conjointe des teneurs en deutérium et en oxygéne 18 de la glace donne accés aux température du sit
(centre du Groenland) et de la source océanique d’humidité (Atlantique nord). Les changements brusques observés surviennen
plus ou moins rapidement d’un événement a I'autre, mais sont généralement simultanés. De fagon surprenante, les résultat:
suggerent que la température de la source océanique varie en antiphase avec celle enregistrée au centre du Groenland, ce c
témoigne d’une réorganisation drastique du cycle hydrologique dans I'Atlantique nord lors de ces événement®oapides.

citer cet article: J. Jouzel et al., C. R. Geoscience 337 (2005).
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Version francaise abrégée les régions océaniques «sources». Néanmoins, une
telle interprétation est plus délicate pour les enregis-
trements du Groenland que pour ceux de I’Antarctique
£28,29,38,39.] Il faut alors tenir compte des variations
Saisonniéres des précipitations entre, par exemple, cli-
mat glaciaire et climat actuel, alors que celles-ci peu-
vent, au premier ordre, étre négligées pour I'Antarc-
tique[30].

A partir d’'une série continue et détaillée (tous

Méme si I'existence de variations climatiques ra-
pides est désormais bien documentée dans les glace
du Groenland14,17,41] dans les sédiments marins,
en particulier de I'Atlantique nord2,6] et a par-
tir de nombreuses séries continentales (par exemple,
[16,52), il reste difficile d'établir de fagon précise la
séquence des événements dans chacun des différents,o £ cm) d'analyses conjointes et 5180) réali-
sites concernés et la rapidité avec laquelle ils survien- sées sur 'ensemble du forage GREB,29] Masson-
nept. Dans cet article, nou_s_prés:entons une méthOdeDeImotte et al[39] ont développé une méthode qui,
qui permet de lever cette difficulté, en s'appuyant sur renant en compte la saisonnalité des précipitations,
des mesures obtenues sur un méme carottage, ce QUbermet d'exploiter cette approche dans le cas du

evite les problemes soulevés par la corrélation d'en- Groenland. Afin d'illustrer la fagon dont ces analyses
registrements d'origines différentes. Illustrée a partir isotopiques donnent accés & la séquence des événe-

d’une €tude multiparamétrique de la carotte GR] ments, nous nous focalisons sur certaines périodes
forée au centre du GroenlanBig. 1), elle s'appuie,  gpécifiques (transitions rapides au cours de la der-
en premier lieu, sur 'analyse conjointe des teneurs en pjare déglaciation, séries d’événements Dansgaard—
deutérium et oxygene 18 de la glace. Oeschger). Cet examen montre clairement que la si-

Cette approche, dont la mise en oeuvre €tait jus- tyation varie d'un événement a l'autre. Ceci vaut,
gu'ici limitée aux grands forages de I'Antarctique en particulier, pour la vitesse comparée des change-
[25,44-48]repose largement sur les résultats de mo- ments tels qu'ils sont ressentis au centre du Groen-
deles isotopiquef,21,40]qui montrent que lateneur  |and, d’une part, et dans I'Atlantique nord, d’autre part
isotopique de la glace (deutériuD, ou oxygene (Fig. 3.

18, 5180) reflete la température du site, tandis que  |’exploitation quantitative des résultats proposée
I'excés en deutériumd = 6D — 8 x 680, est avant  par Masson-Delmotte et aJ39] rend bien compte
tout influencé par les conditions (température, humi- des nombreuses observations qui, de facon concor-
dité, vent) qui regnent dans les régions océaniques dante, indiquent qu'une interprétation conventionnelle
d'ou proviennent les précipitation&iy. 2). Grdce a  du profil de teneur en oxygéne 18 (basée sur les obser-
certaines hypothéses simplificatrices, mais suffisam- vations actuelles) sous-estime, dans certains cas d’un
ment bien étayées, elle permet a la fois d’évaluer la facteur deux, les variations de température au Groen-
température du sitelsie et celle de la source océa- land. Les variations d&sgyrce trés étroitement corré-
nique, Tsource €t donc d’accéder a la séquence pré- lées a celles de I'excés en deutérium, sont estimées
cise des événements dans les régions polaires et dana 6°C entre période glaciaire et interglaciaire. Elles
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sont caractérisées par une périodicité proche de 40 000
ans (tout au moins entre20000 et—80000 ans),

qui témoigne d’'une modulation par 'obliqui{&9].
L'explication pourrait étre similaire a celle proposée
pour I'Antarctique[47]. Elle met en avant le lien entre
I'obliquité et la température et donc I'évaporation aux
basses latitudes, d’'une part, et le gradient d’'insolation 7
entre les basses et hautes latitudes, qui lui-méme influe
sur l'intensité du transport de vapeur d'eau, d'autre
part.

Le résultat le plus surprenant concerne le compor-
tement, lors des variations rapides, de la source océa-7:
nique des précipitations du Groenland (avec I'Atlan-
tiqgue nord comme contributeur principal). En cas de
réchauffement abrupt du Groenland (lors des événe-
ments de Dansgaard—Oeschger ou durant la derniére68
déglaciation), cette source se refroidit, alors qu’en un
site donné de I'Atlantique nord, la température aug-
mente. L'explication tient probablement au fait que
cette source océanique se déplace de facon rapide el
importante au moment des variations climatiques ra- e«
pides, auxquelles sont donc associées des modifica-
tions drastiques du cycle hydrologique dans I'Atlan-
tique nord. Cette idée est confortée par I'enregistre-
ment de la teneur en calcium (indicateur des apports o
de poussiere d'origine continentale), qui témoigne de By
variations tout aussi rapides, et généralement en phase =y =y =
de la circulation atmosphérique.
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Fig. 1. Location of Greenland deep ice core drillings.
Fig. 1. Les sites de forages profonds au Groenland.

1. Introduction

The existence of rapid and large changes in the perature changes as independently demonstrated from
oxygen-18 concentration of Greenland ice cores measurements of nitrogen and argon isotopes in en-
(Fig. 1) first suggested by measurements performed trapped air bubblef32,42,43] Unlike water isotopes
on the Camp Century and Dye 3 recofdl$,12] has  affected by seasonal changes in precipitaf@ 53]
now been fully documented thanks to the detailed highly accurate measurements of the isotopic com-
profiles measured along the GR|P4], GISP2[17] position of these two permanent gases allow precise
and North GRIP[41] cores. These rapid isotopic estimates of temperature changes at the ice core site,
changes occurred under different climate conditions, showing warming events of up to 1€ (DO 19 and
e.g., at the onset and during the last glacial period DO 24) in probably a few decad¢33—-36]
(Dansgaard—Oeschger events, hereafter DO), during As amply illustrated in this volume, these Green-
the last deglaciation (the transition leading to the land temperature changes have clear counterparts in
Bolling—Allerod, BO transition, and the end of the the North Atlantic deep sea-cores recof@s], as
Younger Dryas, YD), and in the Early Holocene (8.2- well as in numerous records from continental areas
kyr event). Even if we face difficulties with temper- (e.g.,[16,52) and from the deep-sea records outside
ature calibration8,9,22,23] these isotopic changes the North Atlantic. However, due to the lack of accu-
correspond, without any doubt, to atmospheric tem- rate absolute dating (both for Greenland and oceanic
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records), the link between records from Greenland Inthis article, we present and discuss recently avail-
and from the North Atlantic (also interpreted as tem- able GRIP deuterium-excess dd&8] focusing on
perature changes with a strong link with the oceanic rapid changes from the last glacial period and from the
circulation prevailing in these regions) is still largely last climatic transition. Our purpose is twofold. First,
based on visual stratigraphg,6,49] Additional in- we show how combining deuterium and oxygen-18
formation allowing us to tie the Greenland and North measurements allow to link rapid changes occurring
Atlantic records come either from common time mark- in the North Atlantic and in central Greenland and to
ers and/or from the comparison of magnetic properties assess their timing. Second, based on a recent work
of oceanic sediments with cosmogenic isotopes fall- conducted by Masson-Delmotte and co-autt 8,

out recorded in the Greenland i§81,51] As a re- we describe how the use of both isotopes can lead to
sult, the correspondence between oceanic and ice cordmproved estimates of temperature changes in central
rapid events can, in most cases, be established with-Greenland and give information on concurrent condi-
out any ambiguity. Still, it is difficult to directly assess ~tions prevailing in the evaporative oceanic source re-
their exact timing with a precision better than a few 9'0ns.

centuries. In addition, the rapidity of abrupt oceanic
changes cannot be determined with a very high preci-
sion, due to the limited resolution of oceanic records,
except in special settings such as for laminated sed-
iments from the Cariaco Basij20]. Ice cores offer

a way to circumvent this difficulty. Combining deu-
terium (the deuterium, denoted D, is the hydrogen
stable isotope of mass 2) and oxygen-18 measure-
ments on the same ice sample opens the possibility
to access to conditions prevailing in the oceanic re-
gions providing moisture at the corresponding pre-
cipitation site. The existence of such a link was first
demonstrated applying a simple Rayleigh-type iso-
topic model, which shows that the deuterium excess
parameter (hereafter the excesé): D — 8 x 5180

2. Water isotopes and moisture-source conditions

The deuterium-excess parameter characterizes the
isotopic composition of a precipitation in&D /5180
diagram with present-day annual precipitation falling
on the Meteoric Water LinéD = 8 x §180 4 10[7].
Modern excess has thus an average value of 10,
but however vary both spatially and temporally with
changes documented at all timescales. The basic rea-
son is that fractionation processes at the origin of
observed isotopic distribution of HDO and,HO in
the water cycle depend on two physical properties:
the water—vapour saturation pressure and the molec-
18 ) k - ular diffusivity of water, which respectively give rise
(8D ands™"0 are the water isotopic COMPOSItions eX- 4, yhe equilibrium and kinetic effeg40]. Once these
pressed ins units per mill versus V-SMOW, the Vi- 4 types of fractionation are included, both simple
enna Mean Ocean Water), defined by DansggEo [11,21,24]and complex18,26] models of the water
depends mainly on the surface temperature and rela-jsotope atmospheric cycle show that the large-séle
tive humidity in the moisture source regioftsl, 40} ands180 features are primarily driven by the equilib-
From Antarctic ice cores excess records, this prop- rjym effect, which taken alone well explains the slope
erty has been extensively used to get information on of 8 at |east outside polar regions where the kinetic
the changes of the hydrological cycle in the South- effect at snow formation should be taken into account
ern Hemisphere at different timesca[2§,44-48] In to fit observationg§24].

Greenland, until recent and ongoing studies based on  |nstead, the relatively subtle differences with re-
excess profiles measured on GRIP and North GRIP spect to the MWL are largely governed by the ki-
ice cores[28,29,38,39] this approach was limited to  netic effect. More important, on the global scale, is
two time spans of the Dye-3 cofé3,21] the peri-  the kinetic effect associated with water—vapour evap-
ods corresponding to the end of the Younger Dryas oration at the oceanic surface. As a result, sea-surface
and to a sequence of three DO events, DO 5, 6 and conditions[40] such as relative humidity, temperature

7 from around 30 kyr BP (thousands of years Be- and, to a lesser degree, wind speed are key parame-
fore Present) and to the last millennium on the GRIP ters for determining the excess of atmospheric water
core[19]. vapour and precipitation. However, relative humidity
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Fig. 2. Variation of the deuterium excess in central Greenland pre-
cipitation with respect to the temperature of the evaporative source,
Tsource as simulated by the GISS GCM (thick solid line) and by the
simple Rayleigh-type model (dashed line). This figure is adapted
from Armengaud et a[1].

Fig. 2. Variation de I'exces en deutérium dans les précipitations du
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open ocean in these grid cells). Also, we should point
out to the influence of parameters other ttagyrce
First, even keeping constant its excess, any change
in the isotopic composition of oceanic surface wa-
ters modifies the excess of water vapour above the
ocean[54] and of the precipitation worldwidg7].
Again, using simple and complex mod§g1], one can
show thatAdice, the excess change resulting from the
change in the isotopic content of oceanic waters is well
approximated by 55 A880gceanx §180ice, Where
A8180gcean is the change in the oceait®O (e.g.,
atypical A§180qceanglacial interglacial change ofiik
results in a shift of about 2% in the excess of GRIP
ice samples). Second, changes occurring at the pre-
cipitation site also affect the excess of falling snow,
among them changes in the temperature of snow for-
mation itself, closely related t@sjte, the temperature

at the surface, as well as possible changes in super-

centre du Groenland en fonction de la température de la source océa-satyration conditions. In turn, neglecting second-order

nique,Tsource Le deux courbes correspondent aux résultats obtenus
par des simulations utilisant, soit le modéle de circulation générale
du GISS (courbe continue, GCM), soit un modele simple dit de Ray-
leigh. Cette figure est adaptée d’Armengaud eflal.

shows only small variations under different climatic

effects linked with relative humidity and wind speed,
and assuming that the parameterisation adopted for
the supersaturation at snow formation is valid under
different climates (which is likely), deuterium-excess
changes observed in polar snow can be expressed as
a function of three variables, the isotopic composi-

conditions, at least once averaged over large oceaniction of the oceanic watgB0], which can be estimated

regions, as shown from General Circulation Model
(GCM) experiments. This implies that relative humid-
ity at the oceanic surface has only little influence on

from deep-sea core measurements, and the tempera-
tures at the sourcelsource and at the site7sie. AS
we will see below, the combined use & and580

the excess of polar snow, the same reasoning applyingmeasurements allows independent estimategsgf
for wind speed. In turn, among these three parametersand Tsoyrce

linked with the ocean/atmosphere interface, we are left
with the temperature of the evaporative source (here-

after Tsourcd as the main driver of the excess recorded
in worldwide precipitation included in polar snow, as
illustrated inFig. 2, adapted from an analysis of excess
in Greenland snow performed by Armengaud ef4|.
using both simple (Rayleigh-type) and complex mod-
els (the GISS GCM implemented with water isotopes).
This diagram well illustrates the excessf,rcedepen-
dency, both simple and complex models showing a lin-

3. The GRIP deuterium-excess record

GRIP is a more than 3-km-long ice core drilled in
the frame of a European project: the Greenland Ice
core Project. The bedrock was reached in 1992 in this
central Greenland site and the continuad80 ice
record, measured at Copenhagen, was published the
following year [14]. Deuterium measurements were

ear increase of the excess in central Greenland precip-then performed at LSCE Saclay on the same sam-

itation with respect to th&soyrce (Of about 0.8%67C),
at least forTsgurceabove 10C.

The fact that this relationship does not hold true
for temperatures below T is attributed to the dif-
ficulty of accounting for the effect of seasonal sea ice
(there is, in the GCM, coexistence of sea ice and of

ples (every 55 cm) and the deuterium excess record
available in 1995. At that time, we were however un-
successful in providing a quantitative interpretation of
this excess profile and this is why we have delayed
its publication. In fact, a conventional approach aim-
ing to estimate site and source temperature changes
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Fig. 3. @) This figure shows, for the transition at the end of the Younger Dryas (on the left) and for the transition leading to the Bolling—Allerod
(on the right), a series of five parameters w.r.t. time with; from the top to the bottom: the oxygen-18 content of the ice, the estimated temperature
of the site, the excess, the estimated temperature of the oceanic source and the logarithm of the calcium concentration (the three bottom curve:s
are reported using an inverted scale). We have indicated by a shading the period of change of these properties during rapid transitions. This
figure is adapted from Masson-Delmotte ef@8] using data measured on 55-cm samples.

Fig. 3. (@) Cette figure montre, pour les transitions rapides qui ont pris place a la fin du Younger Dryas (a gauche) et vers le Bolling—Allerod

(a droite), une série de cinq parametres en fonction de I'dge avec, de haut en bas : la teneur en oxygéne 18 de la glace, la température du site
I'excés en deutérium de la glace, la température de la source et le logarithme de la concentration en calcium (les trois derniérégigourbes,
Excess et In Ca, étant reportées avec un axe inversé). Nous avons indiqué la durée sur laquelle se produisent des changements observés. Ce
figure, adaptée de Masson-Delmotte ef28)], utilise les données analysées sur des échantillons de 55 cm.

from sD and §180 measurements led then to obvi- The main results presented in these two articles are
ous inconsistencies. As fully discussed by Masson- summarized in the next section.

Delmotte et al[39], this difficulty has now been es- In order to illustrate how GRIP co-isotopic data
sentially overcome thanks to an approach accounting can, by themselves, give a clue on the timing be-
for changes in seasonality both for the accumulation tween central Greenland and North Atlantic events,
of snow and its isotopic composition, and publication we first focus on data concerning specific time peri-
of the full GRIP excess record is now underwag]. ods. We have selected the rapid warming events during
This record is shown iifrig. 4 (curveb), using a 100-  the last climatic transitionHig. 3a) and two sequences
yr time step back to 100 kyr BP (the GRIP core being of Dansgaard—Oeschger everfgy( 3b), DO 5 and 6,
affected by ice flow disturbances for older samples). chosen because they include the time span over which
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Fig. 3 (continued). (b) The same as ikig. 3a for Dansgaard—Oeschger events 5 and 6 (left) and 19 and 20 (right).

Fig. 3 (continué). (b) Identique a laFig. 3a pour les périodes correspondant aux événements Dansgaard—Oeschger 5 et 6 (a gauche) et 19 et 20
(a droite).

excess data are available on the Dye-3 dda®&21] reflect however this differential behaviour, as it ap-
and DO 19 and 20 (around 70 kyr BP). Here, we use pears that GRIP oxygen-18 and excess changes are
original data, e.g., measurements performed on 55 cmboth completed in 50 years or so. Instead, such behav-
sample, which corresponds to an average time resolu-iour is observed for the BO transition (for which the
tion of ~12 yr for the last deglaciation e£30 yr for results are not available at Dye 3). The excess decrease
DO 5to 7, and of 80 yr for DO 19 and 20. is quite rapid (20 years or less), whereas it takes about
Each of the rapid warming events recorded by the 100 years to see the associated warming completed in
oxygen-18 record (end of the YD, transition to BO, central Greenland.
rapid warming events associated with DO events) is  The excess records of GRIP and Dye 3 are re-
characterized by a rapid change in deuterium excess.markably similar over the period covered by DO 5,
As in Dye 3[13], the end of the YD event is, at 6 and 7. At both sites, the excess is in antiphase with
GRIP, marked by a rapid and large deuterium-excess the oxygen-18 record with a similar shift between cold
decrease~{5% change in both ice cores), interpreted and mild periods. Our time resolution is however too
by Dansgaard et a[13] as reflecting a rapid retreat low to identify small phase shifts between the two
of the sea-ice cover). These authors noted that therecords, as suggested for Dyg23]. At last, we note
change in excess (e.g., in oceanic conditions) was that the excess change (presumably ocean driven) can
more rapid (20 years) than the temperature change inbe more or less rapid from one event to the next. This
central Greenland (50 years). The GRIP results do not is further illustrated by DO 19 and 20 — both oxygen-
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18 and excess changes are quite rapid for DO 20, tion and the conditions prevailing at its oceanic source.
whereas, for DO 19, this only applies for oxygen-18, For example, the results shown kig. 2, which cor-
the excess change being slower — and, indeed, suchrespond to present-day conditions, have not been re-
a variability in the oxygen-18 excess behaviour holds peated for glacial conditions and more generally for
true over the entire GRIP record. Still, these various different climates. Although very promising, the GCM
examples illustrate how useful can be ice core isotopic approach is not yet helpful to interpret excess changes
records to shed light on the strength of the link be- recorded in ice cores.
tween atmospheric (as seen in central Greenland) and Instead, despite obvious limitations, Rayleigh-type
oceanic rapid changes. models are perfectly adapted to this context, because
We should keep cautious in our interpretation be- a large part of theD and §180 variability can be
cause the coefficient of 8 used to calculate the excessexplained by two variables onl¥sie and Tsource IN
is somewhat arbitrary. Indeed, when calculated along addition, whereasDice ands§180;ce depend primarily
the core (using 50 successive samples),shgs180 on Tsite and to a lesser extent dRyource[3], it is the
slope varies between 6.5 and 8.5, with glacial values reverse fordice. Moreover, the influence of a change
close to 7.929]. In turn, the excess might not be op- in the isotopic composition of the ocean can be eas-
timal to extract the additional information contained ily accounted for through a correction proportional to
in the co-isotopic measurements, with respect to that A8180gcean In turn, one can easily extra@tj, and
derived from eithesD or §180. However, a principal-  Tsourcefrom co-isotopids Dice ands180jce data, at least
component analysis between the two isotopic series in a model world. For example, from a multiple lin-
(not shown) indicates that the first component is highly ear regression analysis of the simple-model properties,
correlated with eithesD or §180 (PC1,r? = 0.99), Masson-Delmotte et g39] end up with the following
the second being quite similar to the excess. This pa- estimates:
rameter is thus an appropriate metrics to extract this ATute= 13228200 + 1.04 Adeorr

additional information, at least over the series taken as 18
awhole. ATsource= 0.29A8°Ocorr + 1.58 Adcorr

Still, one could suspect that part of the excess | these equations, the subscrigt; means that
changes associated with rapid warming events is duethe oceanic correction is taken into account and
to the particularly large local temperature change refers to the difference with respect to modern con-
rather than to remote moisture-source effects. Would gitions. This dual approach is now extensively used
we adopt the slope of 7.5 observed during the glacial for jnterpreting measurements performed on Antarc-
period instead of 8 that the above mentioned rapid tic cores, where it provides quite consistent results.
changes would become less conspicuous. On the othefit has also been applied for the last millennium and
hand, plottingd versuss'®0 [29] allows to visualize  the Holocene in Greenland, again quite satisfyingly,
the fact that for a gives'®0, e.g., presumably for a  py the situation clearly deteriorates there if this inver-
given local temperature, a large variety of excess val- sjon method is applied for the last glacial period and

ues are encountered with well-defined patterns. This the following transition, providing quite unrealistic re-
definitely confirms that the excess contains such addi- gy|ts (estimated e are then much too low with

tional ‘source’ information with respect either §® respect to independent estimates obtained from argon
or 5180. We eXplore in the next section how such in- and nitrogen isotopes)_ As fu”y discusseqm], the
formation can be inferred using isotopic models. situation is due to changes in precipitation seasonal-
ity. Such seasonality changes are probably moderate
4. Towards a quantitative interpretation of §D ipside Antarctipa between modern and glagial cqndi-
and 180 GRIP profiles tions [30] and in Greenland over the last millennium

and the Holocene, so they can be neglected for the in-

Although isotopic GCMs are now extensively used terpretation of isotopic profiles.
to simulate water isotope distribution, there are only Instead, large topographic and atmospheric circu-
a limited number of experiments specifically dealing lation changes during glacial (presence of the Lauren-
with the relationship between the excess of a precipita- tide ice sheet, larger extension of sea-ice, which makes
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Fig. 4. Variation during the last 100 000 years (200-year time step) of the GRIP ice core oxygen-18 (top curve) and of its deuterium excess
(bottom curve). Estimations of the changes in the temperature of th€sit¢ &nd of the sourcelkourcd are adapted from Masson-Delmotte
et al.[39].

Fig. 4. Variations au cours des 100 000 dernieres années (pas de 200 ans) de la teneur en oxygene 18 de la glace de GRIP (courbe du haut)
de I'excés en deutérium. Les courbes de la variation de la température digideet de celle de la source océaniqed,rced sont adaptées
de Masson-Delmotte et 4B9].

central Greenland a true continental site) are at the ality of the precipitation fallout and of itsD and
root of concurrent large seasonality changes, with a §180, Masson-Delmotte et a[39] further illustrate
shift toward a much larger proportion of summer pre- this point. Using independent information from argon
cipitation under glacial conditions. This seasonality and isotopes (available for specific events), they then
shift convincingly explains why the conventional in- provide estimates oA Tsjie and A TsourceOver the last
terpretation of water estimates temperature changes in100 kyr Fig. 4).

central Greenland by up to a factor of{,9,22,35] The last glacial maximum (LGM) to Holocene
In their study, which accounts both for the season- warming is estimated t6-23°C, twice higher than in-
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ferred from a conventional approach using present-day a key result of our current interpretation of co-isotopic
observed gradients. This clearly shows the importance D and §180 GRIP profiles, was already noted by
of accounting for seasonality. However, there is also a Dansgaard et aJ13] at Dye 3 for the rapid warming at
significant influence of the source temperature, which the end of the YD. The concurrent cooling of the mois-
results in a systematic shift of the warm part of each ture source (our estimate from GRIP data is 63§
D/O event towards colder temperatures. This is due to was explained by the fact that the retreat of sea ice,
the antiphase between th¥0 and excess rapid vari-  associated with this warming, opened up vast areas of
ations: when Greenland is warm, the moisture source cold surface seawater as moisture source contributor
is colder thus leading, if not corrected for, to too cold (with subsequenTsoyrcecooling). Still, this feature is
temperature estimates and vice ver&dsource Mim- very intriguing as much as it appears to systematically
ics the initial excess record, with a glacial-interglacial hold true, not only for rapid warming events during
amplitude of~6°C. RapidTsourcechanges from 2 to  the deglaciation, but also for those associated with DO
4°C occur simultaneously, but in antiphase with rapid events. Whereas high-resolution North-Atlantic SST
Tsite €vents, while these two climate variables appear records exhibit rapid changes quite likely in phase
in phase at longer orbital scales. As noted above, the with Greenland D/O events, the situation is somewhat
large amplitude of rapid events in excess is partly reverse forA Tsource
due to large changes in Greenland’s temperature itself  Obviously, we deal with different variablesTsource
and is less marked after isotopic inversionTigurce representing a spatial average of local SST changes
Noticeably, there is, as for Antarctica, an imprint of weighted by the respective contribution of each oce-
obliquity fluctuations in the excess and records, how- anic area to Greenland precipitation. Our proposed
ever limited to the last period between 20 and 80 kyr interpretation to explain this different behaviour be-
BP. The mechanisms at work are probably the same tween local and spatially averaged values of the same
as in Antarctica. In low latitudes, a low obliquity is variable (SST) is that drastic changes in the polar front,
associated with a high local mean annual insolation, the geographical location of Greenland main moisture
which should result in higher sea-surface temperature, sources, and thus of the atmospheric water cycle dur-
as recently suggested by a modelling experiniignt ing glacial timeq21] are associated with rapid events.
and thus in a more intense evaporation. A low oblig- When Greenland is cold, sea-ice cover is extensive
uity also implies a decrease in high-latitude insola- and ocean temperatures much colder than nowadays
tion and temperaturgs]. The resulting increased in-  at temperate latitudes, which thus cannot significantly
solation gradient is associated with a more intense contribute to Greenland precipitation. Evaporation is
meridional temperature gradient and a more intense however maintained at lower subtropical and tropical
atmospheric transport. These two effects act togetherlocations providing precipitation in central Greenland
towards a dominant role of warm low-latitude sources largely in summer. Typically, a southward moisture
when obliquity is low, thus explaining the observed source shift of 8 in latitude is compatible both with
link between deuterium excess and obliqui89]. the LGM ATsjte vValues and with local summer SST
However, such a link is no longer observed between reconstructions. This is also consistent with temper-
20 and 10 kyr BP and before 80 kyr BP, possibly be- ature and salinity latitudinal profiles estimated from
cause these two periods, which correspond to large marine sediments, reflecting the shift of the dominant
ice-sheet changes (deglaciation and glacial inception, evaporative areas during rapid events.
respectively), are characterized by large-scale reorgan-  Not surprisingly (given the linear relationships used
isations of the northern hemisphere atmospheric circu- in the inversion), the timing and morphology Affsite
lation forced by ice-sheet growth or decay. andA Tsourceare quite similar to those described above
for oxygen-18 and the excess (sé&. 3). Obvi-
ously, we would like to have an independent confir-
5. Conclusion mation for (example using appropriate coupled ocean-
atmosphere simulations) of this unexpected somewhat
That Tsourceand Tsjte act in antiphase during rapid  opposite behaviour between local SSTs a@foyrce
changes (also illustrated Fig. 3for specific events),  We are aware of the limitations of the method we have
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applied (use of a too simplistic Rayleigh-type isotopic calcium/dust record and the source/site temperature
model, which is not well adapted for cyclonic pre- gradient, both strongly modulated by obliquity, could
cipitation, oversimplification of the notion of oceanic be linked with dust source areas through the land-sea
source as part of the water providing moisture for cen- temperature contrast. At last, we have illustrated how
tral Greenland coming from continental regions and data from the GRIP ice corél) and 3§80 and Ca)
possibly from the Pacific Ocedd4l], ...). Still, one can- can, for any given rapid event, provide a precise timing
not see how, for example a decrease of the excess (agdecadal timescale, and possibly annual) of associated
recorded at the end of the YD) could correspond to changes occurring on the continent, in the North At-
an increase im\ Tsource(@s we should expect from the  lantic and in central Greenland.

well-documented SST increase at that time, if it were

not a concurrent drastic reorganisation of the hydro-

logical cycle in the North Atlantic), and we have thus  Acknowledgements
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