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Abstract

On the 16- to 103-year timescale, internal reorganizations of the climate system result in abrupt climatic changes of great
magnitude. Although a large body of data has been obtained, the physical mechanisms responsible for these changes are stil
poorly understood. Instrumental data are too short to fully record the variability of the climate system. Palaeoclimatic records
provide estimates of the past atmospheric composition, temperature, precipitation, vegetation, extension of glaciers, and past
ocean circulation. On the #oto 106-year timescale, the astronomical theory of palaeoclimates accounts for most of the recon-
structed variationslo cite this article: J.-C. Duplessy et al., C. R. Geoscience 337 (2005).

0 2005 Published by Elsevier SAS on behalf of Académie des sciences.
Résumé

Reconstituer la variabilité du systéme climatique : faits et théories. Aux échelles de temps comprises entré 2010
ans, la théorie astronomique rend bien compte des transitions glaciaire—interglaciaire. Aux échelles de temps comprises entre
102 et 1@ ans, des réorganisations internes du systéme climatique conduisent & des variations abruptes et de grande amplitude
dont les mécanismes physiques sont encore mal compris. Les données instrumentales n’enregistrent qu'un aspect partiel d
la variabilité du climat. Les enregistrements paléoclimatiques fournissent une estimation de la composition de I'atmosphere,
de la température, des précipitations, de la végétation, de I'extension des glaciers et de la circulation océanique dans le pass
géologiquePour citer cet article: J.-C. Duplessy et al., C. R. Geoscience 337 (2005).

0 2005 Published by Elsevier SAS on behalf of Académie des sciences.
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Version francaise abr égée présence des autres planétes du systeme solaire. Les

variations de l'inclinaison de la Terre, d'une périodi-

Les données historiquef2], et Yiou et Masson-  Cité de 41000 ans, accroissent le contraste saisonnier

Delmotte [37]) et paléoclimatiques sont nécessaires lorsque linclinaison augmentgt]. L'effet conjugue
pour documenter pleinement la variabilité du climat. de la précession des équinoxes et de la déformation de
Cet article décrit les progrés et les résultats obtenus I'orbite elliptique conduisent au déplacement du pé-
pour atteindre cet objectif. Nous nous limiterons au rihélie (point le plus pres du Soleil) par rapport aux
dernier million d’années, période suffisamment bréve saisons, avec une périodicité proche de 21000 ans.
pour que la position des continents soit restée la méme.Celle-ci a lieu actuellement en janvier, alors qu’elle

se produisait en juillet il y a 11000 ans. Les étés de
1. Les outils paléoclimatiques I'hémisphere nord étaient alors plus chauds et les hi-
vers plus froids qu’aujourd’hui. Enfin, les variations
_de I'excentricité de I'orbite terrestre présentent des pé-
riodicités proches de 100000 et de 400 000 ans. Elles
induisent de faibles variations de la distance moyenne
Terre—Soleil, et donc de faibles variations d’insolation
en moyenne annuelle globale: (0,3 % au cours des

Les enregistrements obtenus dans les glaces po
laires permettent de documenter la composition chi-
mique de l'air, sa teneur en éléments traces et en
poussiéres d’origine volcanique ou continentale. En
outre, la composition isotopique des glaces dépend .
directement de la température de condensation de laderniers 16 ans).
vapeur d’eau qui donne naissance aux précipitations L'@nalyse des carottes de glace polaires et des seé-
neigeuses. diments marins a montré que les variations du climat

Aux plus basses latitudes, I'analyse des anneaux de la Terre contiennent les périodicités orbitales, ce
d’arbres permet de reconstituer température et précipi- qui constitue un soutien tres fort a la théorie astro-
tation, avec une résolution annuelle. Concrétions deshomique Fig. 1). Cependant, si les variations d'in-
cavernes, pollens et fossiles présents dans les sédisolation contribuent a fixer le rythme des glaciations,
ments lacustres et les tourbiéres donnent une bonnede nombreuses rétroactions interviennent pour ampli-
image des climats continentaux. fier le forcage astronomique. Par exemple, lors de

En milieu océanique, I'analyse faunistique, isoto- I'entrée en glaciation il y a 115000 ans, la baisse
pique et géochimique des sédiments profonds docu- d’'insolation a provoqué un refroidissement des hautes
mente les variations de la température et de salinité latitudes, un accroissement du transport de vapeur
des eaux de surface, ainsi que celles de la circulationd’eau vers les mers nordiques, une baisse de leur sali-
profonde[14]. En outre, les variations de composition nité, une réduction de la circulation globale de I'océan
isotopiques des foraminiferes benthiques permettentet du flux de chaleur vers les hautes latitudi2s,
de reconstituer les variations du niveau de la mer liees 27]. Ces changements ont favorisé l'installation de la
au volume des calottes glaciaires. glaciation, qui a été amplifiée par la disparition de

Le lecteur trouvera plus de détails dai8$, tout |3 forét boréale, remplacée par une toundra d'albédo
comme pour la chronostratigraphie, qui joue un role gjevé[13], puis par la baisse des teneurs en gaz a ef-
essentiel pour comparer les differents enregistrements et e serref5]. Locéan, la biosphére et les cycles

biogéochimiques contribuent donc conjointement aux
2. Lathéorie astronomique des paléoclimats changements du climat en réponse aux variations d'in-
solation. |l reste toutefois un mystére, a savoir la

Les outils paléoclimatiques ont été utilisés pour Prédominance de la périodicite de 100000 ans dans
valider la théorie astronomique des paléoclimats et les enregistrements paléoclimatiques du dernier mil-
rejeter les autres théories, qui n’étaient pas capableslion d’années. On ne sait toujours pas comment des
d’expliquer la succession quasi-périodique des glacia- composantes lentes du systéme climatique (calottes
tions du Quaternaire. En effet, les variations de 'orbite glaciaires, isostasie, cycle du carbone) interagissent
que décrit la Terre autour du Soleil sont dues a la pour la produire.
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3. Lesvariations climatiques rapides I'hémisphére sud6]. Quant aux mécanismes qui fa-
vorisent I'extension des changements a I'ensemble du
Les enregistrements paléoclimatiques obtenus dansglobe, ils restent mal connus. On pense que la dy-
les carottes de glace polaires et les sédiments denamique de I'atmospheére tropicale aurait un impact
I'océan Atlantique nordFig. 2) ttmoignent de I'exis-  fort en raison de I'énergie énorme qu’elle met en jeu,
tence d'une succession de changements climatiquesmais on ne lui connait pas de modes distincts d’acti-
rapides durant la derniére glaciation et la transition vité. Des expériences conduites avec des modeles de
vers le climat chaud actug?,12]. La datation!4C circulation générale de I'atmosphére ne rendent que
des foraminiferes d'une carotte prélevée au large du partiellement compte des variations obsernjé¢sOu
Portugal montre un réchauffement de°@en moins bien on n’a pas encore compris I'ensemble des fac-
de 400 an$2]. En comptant les couches annuelles de teurs déclenchant les variations climatiques abruptes
glace enregistrant le méme événement au Groenland,dans la région nord-atlantique, ou bien les modeles
on constate gu'il s’est produit en 70 gi3¢l]. simulent mal 'ampleur des changements associés au
Les principaux coups de froid se marquent, dans passage d’un seuil.
I'Atlantique nord, par le dépot de sédiments pauvres
en fossiles, mais riches en éléments détritiques volca-4. Conclusion
niques et en carbonates provenant du bouclier Lauren-
tide. Ce sont les événements de Heinrich (HE) quisont ~ Le systeme climatique est un systéme de haute
associés a des débacles massives d’icebergs relachégomplexité. Il est sensible aux variations saisonnieres
par la carotte glaciaire Laurentide. L'enregistrement de l'insolation calculées par la théorie astronomique,
paléoclimatique obtenu au Groenland témoigne éga- qui rend bien compte des variations observées aux
lement d'une variabilité climatique & 'échelle millé- ~ échelles de 10a 10 ans. De nombreuses rétroactions
naire. Ce sont les événements de Dansgaard—Oeschgeichangements de circulation océanique, du cycle hy-
(D-0), marqués par un réchauffement rapide, suivi drologique, de la végétation, de I'albédo et des gaz
d’'un lent refroidissement. Les HE correspondent aux 2 effet de serre) sont nécessaires pour rendre compte
périodes les plus froidefd] et les D-O semblent quantitativement des variations climatiques observees.

associés a des débacles des calottes glaciaires euroAux échelles de a 1G ans, ce sont des réorga-
péenne$l6]. nisations internes du systéeme climatique qui rendent

Ces événements rapides ne sont pas associés a degompte des variations climatiques abruptes, mais leur
variations d'insolation, mais & des réorganisations in- méecanisme est encore loin d'étre connu dans le de-
ternes du systéme climatique. Les débacles massivedail. Avec les incertitudes actuelles, on ne peut exclure
d’icebergs provoquent une injection d’eau douce, qui que le changement climatique induit par les activi-
diminue la salinité et la densité des eaux de surface t€s humaines augmente la probabilité de variations
[7,11], ralentit les formations d’eau profonde et la cir- abruptes qui auraient un impact écologique conside-
culation océanique thermohalifie7,35], et 'apport ~ rable au cours des prochains siecles.
de chaleur transporté depuis I’hémisphére sud par les
eaux de s_urface de I’o_céan Atlantiq[]lfg]. A_insi est 1. Introduction
apparue l'idée que la circulation thermohaline pouvait
passer rapidement d’'un mode actif en climat chaud & Meteorological records are too short to capture the
un mode ralenti en période froidEig. 3). full range of the climate system variability, which is

On retrouve sur I'ensemble du globe le contrecoup documented by geological data and historical records
des HE et D—O. On ne connait pas encore I'ensemble ([29] and Yiou and Masson-Delmotj87]). Together
des interactions au sein du systeme climatique qui with recent evidence of warming in many parts of the
permettent un changement rapide de I'ensemble deworld, these data have convinced climatologists that
la circulation atmosphérique. Le role de I'océan est the present climate is changirfg2]. Here, we shall
certain, en raison de sa capacité calorifique. Il ex- review the progress made to quantitatively reconstruct
plique la persistance des changements et une réponsgast climates changes and discuss the theories devel-
différée de quelques siécles des hautes latitudes deoped to explain them. We shall restrict ourselves to
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the last 16 years, because this time interval is short 2.2. Oceanic variables
enough with respect to the time constants of plate
tectonics and focus on mechanisms responsible for Many parameters describe the configuration of the
centennial to millennial climatic variability. past ocealffil4]. Sea-level variations, which are linked
to continental ice volume changes, may be recon-
structed from coastal deposits, or indirectly from the
2. Modern methods for quantitatively 180 record of deep-sea sediment cores. Sea Surface
reconstructing past climates Temperature (SST) may be estimated either from fau-
nal or geochemical changes in deep sea sediments.
When SST is known, th&80/10 ratio of planktonic

Past climates must be reconstructed with proxy ; init b q s 16/150 rafi
variables, which stand in for unobservable climate oraminifera can be used to estimate tH© ratio

variables. Proxies are numerous and can be classifiedg)_fhpaSt sga water, which tl)s closely Imkeddt? sah?lty. i
according to the climatic variable they stand in for. e sea ice extent can be reconstructed from fossi

Each proxy is characterized by its temporal resolution, fil;\torlns. ,Deetf] Watefr matshsgs frc:rm.atlhlgh Iatlthde.
the timescale for which it provides climatic estimates er leaving the surface, their chemical composition

and the accuracy of these estimates. We will briefly _evolves as a result of bacterial activity and this change

describe the most widely used proxies and refdBjo |i.recorde.d n thehC_:dh&r?’C %Ontﬁm of sdhells of ben-
for more details and discussion on chronostratigraphy, thlc(l;orammlfer,;v ICI' can thus be used to reconstruct
which is essential to compare climatic records from the deep-water flow fines.

different locations.

. . ) 3. Theastronomical theory of palaeoclimates

2.1. Atmospheric variables and continental surface (Milankovitch theory)

The past atmospheric composition (£CCHa, 180 analyses of deep sea cores showed that there
N20) is directly reflected in air bubbles trapped in were numerous ice ages. Many theories tried to ex-
polar ice cores. Ice cores also provide records of air plain their occurrence. One group of theories invokes
mass characteristics seen in total ion glaciochemistry internal elements of the climate system, which have
as well as the history of explosive volcanic eruptions response times sufficiently long to yield fluctuations
and changes in atmospheric dust content that may havein the range 1Hto 1P years. Such features include
had significantimpacts on the global energy balance of the growth and decay of ice sheets, the ice cover of
the atmosphere. The accumulation of past snowfall in the Arctic Ocean, the distribution of carbon dioxide
the polar ice sheets provides a local record not only of pbetween atmosphere and ocean or the deep circula-
precipitation amounts but also of air temperature: The tion of the ocean. Other theories were based on factors
greater the fall in temperature, the lower will be the external to the climate system, including volcanic or
H,'0 or HD'®0 concentration in the precipitation. interstellar dust that might weaken the penetration of

In mid-latitudes, interannual variations in tree-ring the solar radiation to the Earth’s surface, variations in
width or density contain a strong climatic signal, the output of the sun, and changes in the Earth’s orbital
mainly related to air temperature and humidity. Den- geometry.
droclimatology provides annually resolved records as  Changes in the Earth’s orbital parameters lead pri-
long as fossil trees are preserved, i.e. the last 12 000marily to changes in the intensity of the seasonal cycle
years. On a longer time scale, cave concretions, pollen[4]. Increasing the tilt of the Earth’s axis increases the
and fossils preserved in lake sediment and peat bogsamplitude of the cycle: winters are colder and sum-
provide information on continental hydrology and cli- mers are hotter in both hemispheres, since the summer
mate. Maps reporting the distribution of pollen in  hemisphere intercepts more solar radiation. The tem-
continental sediments for a given time interval are poral variation of the tilt has a period of approximately
used to reconstruct the vegetation cover and to esti- 41 000 years. The effect of precession on insolation is
mate continental albedo. less straightforward, but together with the rotation of
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Fig. 1. Comparison of the Dome C (Antarctica) deuterium ice refttiwith the oceanid80 record[3], showing the periodicities predicted
by the Milankovitch theory.

Fig. 1. Comparaison des variations du deutérium dans le forage du déme C (Antar[dlﬁim)jelgo dans les sédiments marij3, montrant
les périodicités prédites par la théorie de Milankovitch.
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the ellipse around the sun, it determines the time of the matic change Kig. 1). However, insolation changes
perihelion, i.e. the point of the Earth’s orbit, which is constitute only a trigger of climatic variations and
closer to the sun. The variation in the time of perihe- feedbacks play an essential role. For instance, at the
lion has a period of approximately 21 000 years. Peri- end of the last interglaciation, about 115000 years
helion is now reached in January, so that the Northern ago, an early cooling of the Nordic Seas in response
Hemisphere’s winter is slightly milder and the south- to the local insolation decrease resulted in an increase
ern hemisphere winter cooler than it was 11 000 years of SST gradient and atmospheric moisture transport
ago, when the perihelion was reached in July. between low to high latitudes, a reduction of sur-
The eccentricity of the Earth’s orbit varies with face salinity in Nordic Seas, an increase in sea ice
periods close to 100000 years and 400000 years. Itenhancing the ice-albedo feedback, and less active
has two distinct effects on insolation. The greater the thermohaline circulatiofi26,27] These changes pro-
eccentricity of the orbit, the greater the difference be- vided optimal conditions for delivering snow over the
tween the maximum and the minimum distance of the Northern Hemisphere and initiating ice sheets. The
Earth from the sun, and hence the greater the am-ocean therefore amplifies the initial response to the
plitude of the precession effect. The total insolation primary insolation forcing. Replacement of the bo-
also varies with the eccentricity of the orbit. Since real forest by tundra would lead to further cooling by
the area of the ellipse decreases when the eccentric-enhancing the surface albe@t3]. Finally, the drop
ity increases, the Earth receives more heat annually of the atmospheric C9and CH,; content results in
when the eccentricity is greater. However, this effect an additional cooling by reducing the greenhouse ef-
is small: the global annual insolation has changed by fect in the atmospherb]. However, we have not yet
at most 0.3% over the past@g@ears[4]. determined the whole set of feedbacks, which trans-
Long marine and polar ice records contain the pe- late the astronomical signal into a climate response
riodicities of orbital variations and provide a wealth of glacial-interglacial magnitude. One of the para-
of evidence supporting the astronomical theory of cli- doxes of Quaternary climate is the dominance of the
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100-kyr periodicity during the past $0years, even 12]. How fast did climate vary during such eventé@
though the amplitude of insolation changes at this pe- dating of foraminifer shells shows that surface water
riod is extremely small. We still do not know how warmed by 10C in less than four centuries at the end
the major non-linear interactions (ice volume varia- of the glaciatior{2]. The same event was found in the
tions, isostasy, carbon cycle, air-sea—ice system fluc- Greenland ice record, where annual layers of snow de-
tuations) interfere with the orbital forcing to generate posit can be counted: the Warming deve|oped in about
this strong 100-kyr cycle. 70 yearg34].
Major cooling events related to periods of massive
iceberg discharges have punctuated the last glacial pe-
4. Abrupt climatic changes riod. In the North Atlantic sediment cores, these events
called Heinrich Events (HE) are characterized by sud-
Both ice and marine climatic recordsig. 2) show den increase of the coarse lithic fraction(50 pum)
that large, widespread, abrupt climate changes haveand a lowering of sea surface salinity. The major
occurred repeatedly throughout the last glaciafign source of icebergs during these events was the Lau-
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Fig. 2. Variations of the air temperature over Greenlii], magnetic susceptibility of the sediment, proxy for thermohaline circuldfi8h
and180in planktonic foraminifera, proxy for surface water salinity in core ENAM 93-21.

Fig. 2. Variations de la température de I'air au Groenlfr®], de la susceptibilité magnétique des sédiments, proxy de la circulation thermo-
haline[28] et180 dans les foraminiféres planctoniques, proxy de la salinité des eaux de surface dans la carotte ENAM 93-21.
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rentide ice sheet. The end of iceberg discharge is
marked by a very rapid warming over the whole North
Atlantic area. Furthermore, the Greenland ice record
of air temperature variations reveals climate variabil-
ity on millennium timescales. These cycles, called
Dansgaard—Oeschger cycles (D-O) are also charac-

terized by rapid warming followed by progressive F B

cooling. HE occurred during the coldest peridé$, L\"—‘ ~—

whereas the cold phase of D—O events is associated 0 : —a=Fr ; ;
0 0.2 0.4 0.6 0.8 1

Thermohaline circulation (Sv)

with iceberg discharges originating from Iceland and
European ice sheef$6]. High-latitude freshwater flux (Sv)

Unlike the glacial-interglacial changes, these rapid
climatic shifts are not associated with variations in the Fi9- 3. Idealized diagram of the thermohaline circulation as a func-

. . tion of additional freshwater input at high latitudes. When the input
orbital parameters of the Earth and must be eXpIamEd exceeds a threshold4fthe surface water stratification becomes so

by internal reorganization of the climatic system. The iong that no deep water may be formed. Circulation abruptly be-
isotope record of North Atlantic cores provides evi- comesweak and can stay so as long as the freshwater input is higher
dence that massive iceberg discharge associated withthan a low threshold |F, which is required to allow winter convec-
HE resulted in a Iarge injection of freshwater reduc- tion and surfgf:e water sinking. A scgnario for HE_ is to alternate
ing the salinity and the density of surface wa{tlatll]. between _posmons A and B on the _dlagram. The ice §heet grows
. . . slowly (A: several kyrs) up to the point that a massive iceberg dis-
Surface hydrological changes induced a drastic reduc- charge is triggered, producing a massive freshwater input (B: a few
tion of deep water formation in the Nordic Seas and a centuries). When the iceberg discharge stops, the cycle is closed (re-
slowdown of the overall Atlantic thermohaline circu- turnto A)[31].
lation[17,35] The decreased advection of heat carried Fig. 3. Variations de la circulation thermohaline en fonction de
from the Southern Hemisphere by oceanic circulation I'injecti'on’d’eau douce résultant de la fonte des icebergs. Lorsque
explained the cooling of the North Atlantic area. At Celle-Ci dépasse un seuil haui(j; les eaux superficielles sont si -
. . . stratifiées que les plongées d'eau dans les abysses deviennent im-
the end of the 'Ceberg d|SCharge’ a I’apld restart of the possibles. La circulation ralentit et passe en mode faible. Elle y
circulation leads to abrupt warmin¢l@] and Roche reste tant que I'injection d’eau douce reste supérieure a un seuil bas
and Paillard33])). (FL), qui doit étre franchi pour que la convection hivernale puisse
The deep-water circulation was significantly differ- reprendre avec formation d’eau profonde. Un scénario pour les HE
ent from today during the last glacial maximl{ﬂrﬁ]. est une altgrqance ?ntre les positions A et B sgr!e d_|agr§mme. La
. . . calotte glaciaire croit lentement (A, quelques millénaires) jusqu’au
This led to the view of a bimodal ocean—atmosphere point ou se déclenche une décharge massive d'icebergs, produi-
system: a warm (interstadial) mode characterized by sant une énorme injection d’eau douve (B, d'une durée de quelques
a strong thermohaline circulation and a cold (stadial) siécles). On revient rapidement en A lorsque la débacle est termi-
mode with a weak thermohaline circulatidfig. 3). née[31].
Climate changes correlative with D-O and H events
have been identified in a number of high resolution obvious. Interactions between the tropical ocean and
climate records from areas as distant as Central Asiathe atmosphere might play a role, but there is no ev-
[36], western Europe[20], Genty et al.[21], and idence for bifurcation in tropical dynamics between
Masson-Delmotte et al[30]), Mediterranean Basin cold and warm stages. General circulation models
([10], and Kageyama et gR5]), South Americd32], (GCM) forced by hypothesized causes of abrupt cli-
and Antarctica (Jouzel et dR3]), where they are out  mate changes often simulate some regional changes
of phase with those of the North Atlanti6]. What is rather well, underestimate others, and fail to gen-
the chain of interactions producing immediate, large erate sufficiently widespread anomaly pattefhs
and widespread atmospheric impacts and delayed tem-Therefore, either some natural forcings have been
perature variations in Antarctica? Ocean thermohaline omitted from the GCM simulations, or the GCMs
circulation changes are implicated in both the persis- have underestimated the climate response to threshold
tence and delayed response. However, the mechanismgrossing. The palaeoclimatic record provides numer-
that spread anomalies across the whole Earth are lesous evidences that ice-sheet instabilities and ocean re-
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organizations constitute the primary trigger of abrupt References
climate changes, but we do not fully understand how

they have perturbed the global atmosphere dynamics [1] E-B- A”eév i— '\ﬁ)‘f‘ff’ktz"eéV%’-DF-)_NOfdhhaUzv J.T.Poé/ergﬁpk, D-'\T/'-F
H teet A, Plelke .T. Pierrehumbert .B. Ines F.
(Kageyama and Paillaf@4]). eteet, : : :

Stocker, L.D. Talley, J.M. Wallace, Abrupt climatic change,
Science 299 (2003) 2005-2010.
. [2] E. Bard, M. Arnold, P. Maurice, J. Duprat, J. Moyes, J.-C. Du-
5. Conclusion plessy, Retreat velocity of the North Atlantic polar front during
the last deglaciation determined BJC accelerator mass spec-
The climate system is complex because it is made trometry, Nature 328 (1987) 791-794.
up Of Several Components (atmosphere, Ocean, sea Ice, [3] F. Bassinot, L. Labeyrie, E. \/incent, X. Quide”eur, N. Shack-

continental surface, ice sheets), each of which has its leton, Y. Lancelot, The astronomical thgory of climate and the
age of the Brunhes—Matuyama magnetic reversal, Earth Planet.

own response time. The palaeoclimate record provides g et 126 (1994) 91-108.

ample evidence that these components interact nonlin- 4] A. Berger, Milankovitch theory and climate, Rev. Geophys. 26
early with each other and with global biogeochemical (1988) 624-657.

cycles, which drive greenhouse gas concentration in [5] A. Berger, M.-F. Loutre, H. Galleée, Sensitivity of the LLN cli-
the atmosphere. mate model to the astronomical and £forcings over the last

The climate system is sensitive to the seasonal 200 kyr, Clim. Dynam. 14 (1998) 615-629.
Yy [6] T. Blunier, J. Chappellaz, J. Schwander, A. Dallenbach,

variations Qf the insolation due to Chfnges in the B. Stauffer, T. Stocker, D. Raynaud, J. Jouzel, H.B. Clausen,
Earth’s orbit around the sun. On the%Qo 1CF- C.U. Hammer, S.J. Johnson, Asynchrony of Antarctica and
year timescale, the astronomical theory of palaeocli- Greenland climate change during the last glacial period, Na-

mates accounts for most of the reconstructed varia- _ ture 394 (1998) 739-743. _
[7] G.Bond, W.S. Broecker, S. Johnsen, J. McManus, L. Labeyrie,

tions. However, the magnitude of changes can only be ) \ .
lained b i . feedback J. Jouzel, G. Bonani, Correlations between climate records
explaine y taking Into account numerous feedbacks from North Atlantic sediments and Greenland ice, Nature 365

to the primary insolation forcing. (1993) 143-147.
On shorter time scales (1@ 1C° years), internal [8] R.S. Bradley, Paleoclimatology, Harcourt Academic Press, San
reorganization of the climate system without signifi- Diego, 1999, 613 p.

cant external forcing results in large abrupt changes. [9] W.S. Broecker, Massive iceberg discharges as triggers for
. Lo . lobal climate ch , Nature 372 (1994) 421-424.
The magnitude, timing and geographic extent of these global climate change, Nature 372 (1994) .

. . . [10] N. Combourieu-Nebout, J.-L. Turon, R. Zahn, L. Capotondi,
changes_ls well documented, but little is known abQUt L. Londeix, K. Pahnke, Enhanced aridity and atmospheric
the physical mechanisms that cause them. Numerical  high-pressure stability over the western Meditarranean during
experiments have shown that the ocean circulation can ~ the North Atlantic cold events of the past 50 k.y., Geol-
switch abruptly between different equilibriums with ogy 30 (10) (2002) 863-866.

ot : : 11] E. Cortijo, L. Labeyrie, L. Vidal, M. Vautravers, M. Chapman,
large variations in heat transpd@3] and ice sheets | '
9 pC[ ] J.-C. Duplessy, M. Elliot, M. Arnold, J.-L. Turon, G. Auffret,

_Can OSCI||_61te, potentially explaining eI?'SOd'C ma§5|ve Changes in sea surface hydrology associated with Heinrich
iceberg dischargel29]. How these oscillators, which event 4 in the North Atlantic Ocean betweerP#0and 60N,
are present in the climate system, interact to redistrib- Earth Planet. Sci. Lett. 146 (1997) 29-45.

ute moisture and heat in space and time across thell2] W. Dansgaard, S.J. Johnsen, H.B. Clausen, D. Dahl-Jensen,

lobe is poorly understood. In the present context of ~ N-S- Gundestrup, C.U. Hammer, C.S. Hvidberg, J.P. Steffen-
9 P y P sen, A.E. Sveinbjornsdottir, J. Jouzel, G. Bond, Evidence for

uncertainty, we cannot exclude that human forcing of general instability of past climate from a 250-kyr ice-core

climate change might increase the probability of large, record, Nature 364 (1993) 218—220.
abrupt events, which would have serious ecological [13] N. de Noblet, I.C. Prentice, S. Joussaume, et al., Possible
impacts within the next centuri¢22]. role of atmosphere—biosphere interactions in triggering the last

glaciation, Geophys. Res. Lett. 23 (1996) 3191-3194.
[14] J.-C. Duplessy, La circulation globale de I'océan et ses varia-
tions dans le passé, C. R. Geoscience 336 (2004) 657—666.

[15] J.-C. Duplessy, N.J. Shackleton, R.G. Fairbanks, L. Labeyrie,
. D. Oppo, N. Kallel, Deepwater source variations during the
This work was supported by CNRS-INSU, CEA last climatic cycle and their impact on the global deepwater

(France) and EU climate programmes. circulation, Paleoceanography 3 (1988) 343—360.

Acknowledgements



896

[16] M. Elliot, L. Labeyrie, G. Bond, E. Cortijo, J.L. Turon, N. Tis-
nerat, J.-C. Duplessy, Millennial-scale iceberg discharges in
the Irminger Basin during the last glacial period: Relationship
with the Heinrich events and environmental settings, Paleo-
ceanography 13 (5) (1998) 433-446.

[17] M. Elliot, L. Labeyrie, J.-C. Duplessy, Changes in North
Atlantic deep-water formation associated with the Dansgaard—
Peschger temperature oscillations (60-10 ka), Quat. Sci.
Rev. 21 (2002) 1153-1165.

[18] C.M. Epica, Eight glacial cycles from an Antarctic ice core,
Nature 429 (2004) 623-628.

[19] A. Ganopolski, S. Rahmstorf, Rapid changes of glacial climate
simulated in a coupled climate model, Nature 409 (2001) 153—
158.

[20] D. Genty, D. Blamart, R. Ouahdi, M. Gilmour, A. Baker,

J.-C. Duplessy et al. / C. R. Geoscience 337 (2005) 888-896

Magnetic analysis of sediments from Nordic Seas and North
Atlantic, Earth Planet. Sci. Lett. 171 (1999) 489-502.

[29] E. Le Roy Ladurie, Histoire du climat depuis I'An mil, Champs
Flammarion, Paris, 1967€2d., 1983.

[30] V. Masson-Delmote, A. Landais, N. Combourieu-Nebout, U.
von Grafenstein, J. Jouzel, N. Caillon, J. Chappellaz, D. Dahl-
Jensen, S.J. Johnsen, B. Stenni, Rapid climate variability dur-
ing warm and cold periods in polar regions and Europe, C. R.
Geoscience 337 (2005).

[31] D. Paillard, L. Labeyrie, Role of the thermohaline circulation
in the abrupt warming after Heinrich events, Nature 372 (1994)
162-164.

[32] L.C. Petersen, G.H. Haug, K.A. Hughen, U. Ro6hl, Rapid
changes in the hydrologic cycle of the tropical Atlantic dur-
ing the last glacial, Science 290 (2000) 1947-1951.

J. Jouzel, S. Van-Exter, Precise dating of Dansgaard—Oeschger[33] D.M. Roche, D. Paillard, Modelling the oxygen-18 and rapid

climate oscillations in western Europe from stalagmite data,
Nature 421 (2003) 833-837.

[21] D. Genty, N. Combourieu Nebout, C. Hatté, D. Blamart,
B. Ghaleb, L. Isabello, Rapid climatic changes of the last
90 kyr recorded on the European continent, C. R. Geo-
science 337 (2005).

[22] 1.P.0.C.C. (IPCC), Third Assessment Report, Cambridge Uni-
versity Press, 2001 p.

[23] J. Jouzel, et al., Variations rapides de I'exces en deutérium dans
les glaces du Groenland : un témoignage du couplage océan—

atmosphere, C. R. Geoscience 337 (2005).

[24] M. Kageyama, D. Paillard, Dansgaard—Oeschger events: an

oscillation of the climate—ice-sheet system?, C. R. Geo-
science 337 (2005).

[25] M. Kageyama, N. Combourieu Nebout, P. Sepulchre, O. Pey-
ron, G. Krinner, G. Ramstein, J.P. Cazet, The Last Glacial
Maximum and Helnrich Event 1 in terms of climate and veg-
etation around the Alboran Sea: a preliminary model-data
comparison, C. R. Geoscience 337 (2005).

[26] M. Khodri, Y. Leclainche, G. Ramstein, P. Braconnot,
O. Marti, E. Cortijo, Simulating the amplification of orbital
forcing by ocean feedbacks in the last glaciation, Nature 410
(2001) 570-574.

[27] M. Khodri, G. Ramstein, D. Paillard, J.-C. Duplessy, M. Ka-
geyama, Modelling the climate evolution from the last inter-
glacial to the start of the last glaciation: The role of Arctic
Ocean freshwater budget, Geophys. Res. Lett. 30 (12) (2003);
10.1029/2003GL017108

[28] C. Kissel, C. Laj, L. Labeyrie, T. Dokken, A. Voelker, D. Bla-
mart, Rapid climatic variations during marine isotopic stage 3:

glacial climatic events: data—model comparison, C. R. Geo-
science 337 (2005).

[34] K.C. Taylor, C.U. Hammer, R.B. Alley, H.B. Clausen, D. Dahl-
Jensen, A.J. Gow, N.S. Gundestrup, J. Kipfstuhl, J.C. Moore,
E.D. Waddington, Electrical conductivity measurements from
the GISP2 and GRIP Greenland ice cores, Nature 366 (1993)
549-552.

[35] L. Vidal, L. Labeyrie, E. Cortijo, M. Arnold, J.-C. Dup-
lessy, E. Michel, S. Becqué, T.C.E. van Weering, Evidence for
changes in the North Atlantic Deep Water linked to meltwater
surges during the Heinrich events, Earth Planet. Sci. Lett. 146
(1997) 13-26.

[36] Y.J. Wang, H. Cheng, R.L. Edwards, Z.S. An, J.Y. Wu, C.-C.
Shen, J.A. Dorale, A high-resolution absolute-dated Late Pleis-
tocene monsoon record from Hulu Cave, China, Science 294
(2001) 2345-2348.

[37] P. Yiou, V. Masson-Delmotte, Trends in sub-annual climate
variability since the Little Ice Age in Western Europe, C. R.
Geoscience 337 (2005).

Further reading

[1] D.R. MacAyeal, Binge/purge oscillations of the Laurentide ice
sheet as a cause of the North Atlantic’s Heinrich events, Paleo-
ceanography 8 (6) (1993) 775-784.

[2] T.F. Stocker, D.G. Wright, Rapid transitions of the ocean’s deep
circulation induced by changes in surface water fluxes, Na-
ture 351 (1991) 729-732.


http://dx.doi.org/10.1029/2003GL017108

	Reconstructing the variability of the climate system:  Facts and theories
	Version française abrégée
	Les outils paléoclimatiques
	La théorie astronomique des paléoclimats
	Les variations climatiques rapides
	Conclusion

	Introduction
	Modern methods for quantitatively reconstructing past climates
	Atmospheric variables and continental surface
	Oceanic variables

	The astronomical theory of palaeoclimates (Milankovitch theory)
	Abrupt climatic changes
	Conclusion
	Acknowledgements
	References
	Further reading


