
Les signaux physiques et leurs spectres

Physique PCSI1 — François Crépin



Signaux périodiques

On appelle signal toute grandeur physique dépendant du temps …

Températures et précipitations (hauteur) à Paris en 2016

Source: www.meteofrance.com
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On appelle signal toute grandeur physique dépendant du temps …

Puissance électrique demandée en France (09/09/2020)

Source: http://clients.rte-france.com/lang/fr/visiteurs/vie/courbes.jsp
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Conversion des signaux et transmission

Cours PCSI 1

Chapitre 3: Les signaux physiques et leurs spectres.

I Introduction : définition et exemples de signaux

1) Définition

On appelle signal toute grandeur physique dépendant du temps et contenant une information.

Remarque : La notion de signal est assez ambigüe et dépend fortement du contexte. On opte ici pour une
définition opérationnelle, suffisante pour la suite du cours.

2) Nature des signaux, conversion

u Inspirés par notre classification des grandeurs physiques de base nous distinguerons différents types de
signaux, sans chercher à être exhaustifs.

• Signaux mécaniques, associés à la variation de la position ou de la vitesse d’un corps. Parmi eux,
les signaux acoustiques sont plus particulièrement associés aux vibrations d’un milieu, fluide ou solide
(variations de la pression de l’air, déplacement d’atomes dans un solide).

• Signaux électriques, associés à la variation de l’intensité du courant dans un circuit ou de la tension
aux bornes d’un dipôle.

• Signaux électromagnétiques (EM), associés à la variation simultanée du champ électrique et du
champ magnétique.
Exemples : Signaux échangés entre l’antenne d’un téléphone portable et une antenne relai (4G),
signaux WiFi, radio hertzienne, radioastronomie. Les signaux optiques sont un cas particulier de
signaux EM, visibles par l’œil.

• Signaux thermodynamiques associés par exemple à la variation de température d’un corps.

u L’acquisition, la mémorisation et la transmission d’une information peuvent nécessiter l’utilisation de
signaux de natures physiques différentes.

Exemple : Transmission radio.

Animateur radio

micro Émetteur

signal
acoustique signal

électrique

Antenne
radiosignal EM

Filtres

signal
électrique

Haut-parleur
signal

électrique

Auditeur

signal
acoustique

câble
onde

Dans l’exemple ci-dessus, tous les signaux sont des fonctions continues du temps. On les appelle signaux
analogiques.
Remarque : Le micro et le haut-parleur sont des convertisseurs électromécaniques. Un filtre est un com-
posant électronique permettant de modifier un signal électrique et d’en extraire une information. Dans
toutes la chaîne, les signaux se propagent entre les différents éléments.
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Conversion des signaux et transmission

Exemple : Transmission numérique.

Événement à filmer

Capteurs
smartphone

CAN
Antenne

smartphone Antenne

Relai Box WiFi

Ordinateur

signaux
optiques,

acoustiques

signal
électrique

signal EM

signal
électrique

signal
optique

signal EM

câble
onde

fibre optique

Les signaux sortant du smartphone sont des signaux discontinus, appelés signaux numériques. Ils résultent de
l’échantillonnage des signaux analogiques reçus par le smartphone. La conversion analogique-numérique
(CAN) sera vue en détail pendant le TP n�2.

3) Complexité de certains signaux

Le seul signal rencontré jusqu’ici dans le cours est le signal mécanique, sinusoïdal, associé à un oscillateur
harmonique.
Le signal sinusoïdal, quelle que soit sa nature (mécanique, électrique, etc.), est le signal le plus simple que
l’on puisse rencontrer. On parle alors de signal pur auquel on associe toutes les propriétés de la sinusoïde vues
au chapitre 2 (amplitude, fréquence, phase à l’origine, valeur moyenne).
L’immense majorité des signaux ne sont pas purs. On parle de signaux complexes. Parmi eux on dis-
tinguera : les signaux périodiques mais non-sinusoïdaux d’un côté, les signaux non-périodiques de l’autre.

Exemples : signaux purs, signaux complexes.

Figure 1: Signal acoustique émis par un diapason (f = 440Hz, La3). C’est un signal pur.

Figure 2: Signal acoustique émis par une guitare (f = 247Hz, Si2). C’est un signal complexe,
périodique mais non-sinusoïdal.
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Complexité des signaux

Signaux sinusoïdaux Signaux périodiques 
non-sinusoïdaux

Signaux purs Signaux complexes 

Signaux non-périodiques



Signaux périodiques

Signaux acoustiques

Guitare Si2  (f = 247 Hz)

Diapason La3  (f = 440 Hz)

Trompette Si3  (f = 494 Hz)



Signaux non-périodiques

Bruit d’un froissement de papier

Signaux acoustiques



Signaux non-périodiques

Signaux mécaniques

Hauteur d’eau dans le port de Brest, Juillet 2016

Données issues du service hydrographique et 
océanographique de la marine (SHOM)



Signaux non-périodiques

Hauteur d’eau dans le port de Brest, Aout 2015 — Mars 2016

Données issues du service hydrographique et 
océanographique de la marine (SHOM)

Signaux mécaniques



Signaux non-périodiques

Hauteur d’eau dans le port de Seattle, Juillet 2017

Données issues du National Oceanic and Atmospheric 
Administration (NOAA)

Signaux mécaniques



Signaux non-périodiques

Signaux thermodynamiques

© 1999 Macmillan Magazines Ltd

the discussion of our new data sets to the upper 3,310 m of the
ice core, that is, down to the interglacial corresponding to marine
stage 11.3.

Lorius et al.4 established a glaciological timescale for the first
climate cycle of Vostok by combining an ice-flow model and an ice-
accumulation model. This model was extended and modified in
several studies12,13. The glaciological timescale provides a chronol-
ogy based on physics, which makes no assumption about climate
forcings or climate correlation except for one or two adopted
control ages. Here, we further extend the Extended Glaciological
Timescale (EGT) of Jouzel et al.12 to derive GT4, which we adopt as
our primary chronology (see Box 1). GT4 provides an age of 423 kyr
at a depth of 3,310 m.

Climate and atmospheric trends
Temperature. As a result of fractionation processes, the isotopic
content of snow in East Antarctica (dD or d18O) is linearly related
to the temperature above the inversion level, TI, where precipitation
forms, and also to the surface temperature of the precipitation site,
TS (with DT I ¼ 0:67DTS, see ref. 6). We calculate temperature
changes from the present temperature at the atmospheric level as
DT I ¼ ðDdDice 2 8Dd18OswÞ=9, where Dd18Osw is the globally aver-
aged change from today’s value of seawater d18O, and 9‰ per 8C is
the spatial isotope/temperature gradient derived from deuterium
data in this sector of East Antarctica21. We applied the above
relationship to calculate DTS. This approach underestimates DTS

by a factor of ,2 in Greenland22 and, possibly, by up to 50% in
Antarctica23. However, recent model results suggest that any under-
estimation of temperature changes from this equation is small for
Antarctica24,25.

To calculate DTI from dD, we need to adopt a curve for the change
in the isotopic composition of sea water versus time and correlate it
with Vostok. We use the stacked d18Osw record of Bassinot et al.26,
scaled with respect to the V19-30 marine sediment record over their
common part that covers the past 340 kyr (ref. 27) (Fig. 2). To avoid
distortions in the calculation of DTI linked with dating uncertain-
ties, we correlate the records by performing a peak to peak adjust-
ment between the ice and ocean isotopic records. The d18Osw

correction corresponds to a maximum DTI correction of ,1 8C
and associated uncertainties are therefore small. We do not attempt
to correct DTI either for the change of the altitude of the ice sheet or
for the origin of the ice upstream of Vostok13; these terms are very
poorly known and, in any case, are also small (,1 8C).

The overall amplitude of the glacial–interglacial temperature
change is ,8 8C for DTI (inversion level) and ,12 8C for DTS, the
temperature at the surface (Fig. 3). Broad features of this record are
thought to be of large geographical significance (Antarctica and part
of the Southern Hemisphere), at least qualitatively. When examined
in detail, however, the Vostok record may differ from coastal28 sites
in East Antarctica and perhaps from West Antarctica as well.

Jouzel et al.13 noted that temperature variations estimated from
deuterium were similar for the last two glacial periods. The third
and fourth climate cycles are of shorter duration than the first two
cycles in the Vostok record. The same is true in the deep-sea record,
where the third and fourth cycles span four precessional cycles
rather than five as for the last two cycles (Fig. 3). Despite this
difference, one observes, for all four climate cycles, the same
‘sawtooth’ sequence of a warm interglacial (stages 11.3, 9.3, 7.5
and 5.5), followed by increasingly colder interstadial events, and
ending with a rapid return towards the following interglacial. The
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Figure 3 Vostok time series and insolation. Series with respect to time (GT4

timescale for ice on the loweraxis, with indication of corresponding depths on the

top axis) of: a, CO2; b, isotopic temperature of the atmosphere (see text); c, CH4;

d, d18Oatm; and e, mid-June insolation at 658 N (in Wm−2) (ref. 3). CO2 and CH4

measurements have been performed using the methods and analytical pro-

cedures previously described5,9. However, the CO2 measuring system has been

slightly modified in order to increase the sensitivity of the CO2 detection. The

thermal conductivity chromatographic detector has been replaced by a flame

ionization detector which measures CO2 after its transformation into CH4. The

mean resolution of the CO2 (CH4) profile is about 1,500 (950) years. It goes up to

about 6,000 years for CO2 in the fractured zones and in the bottom part of the

record, whereas the CH4 time resolution ranges between a few tens of years to

4,500 years. The overall accuracy for CH4 andCO2 measurements are 620 p.p.b.v.

and 2–3 p.p.m.v., respectively. No gravitational correction has been applied.

Relevés de concentration dans une carotte de glace de Vostok, et déduction 
de la température atmosphérique

Petit et al. Nature (1999)



Figure 3: Hauteur d’eau h dans le port de Brest au mois de mars 2016. C’est un signal complexe,
non périodique.

© 1999 Macmillan Magazines Ltd

the discussion of our new data sets to the upper 3,310 m of the
ice core, that is, down to the interglacial corresponding to marine
stage 11.3.

Lorius et al.4 established a glaciological timescale for the first
climate cycle of Vostok by combining an ice-flow model and an ice-
accumulation model. This model was extended and modified in
several studies12,13. The glaciological timescale provides a chronol-
ogy based on physics, which makes no assumption about climate
forcings or climate correlation except for one or two adopted
control ages. Here, we further extend the Extended Glaciological
Timescale (EGT) of Jouzel et al.12 to derive GT4, which we adopt as
our primary chronology (see Box 1). GT4 provides an age of 423 kyr
at a depth of 3,310 m.

Climate and atmospheric trends
Temperature. As a result of fractionation processes, the isotopic
content of snow in East Antarctica (dD or d18O) is linearly related
to the temperature above the inversion level, TI, where precipitation
forms, and also to the surface temperature of the precipitation site,
TS (with DT I ¼ 0:67DTS, see ref. 6). We calculate temperature
changes from the present temperature at the atmospheric level as
DT I ¼ ðDdDice 2 8Dd18OswÞ=9, where Dd18Osw is the globally aver-
aged change from today’s value of seawater d18O, and 9‰ per 8C is
the spatial isotope/temperature gradient derived from deuterium
data in this sector of East Antarctica21. We applied the above
relationship to calculate DTS. This approach underestimates DTS

by a factor of ,2 in Greenland22 and, possibly, by up to 50% in
Antarctica23. However, recent model results suggest that any under-
estimation of temperature changes from this equation is small for
Antarctica24,25.

To calculate DTI from dD, we need to adopt a curve for the change
in the isotopic composition of sea water versus time and correlate it
with Vostok. We use the stacked d18Osw record of Bassinot et al.26,
scaled with respect to the V19-30 marine sediment record over their
common part that covers the past 340 kyr (ref. 27) (Fig. 2). To avoid
distortions in the calculation of DTI linked with dating uncertain-
ties, we correlate the records by performing a peak to peak adjust-
ment between the ice and ocean isotopic records. The d18Osw

correction corresponds to a maximum DTI correction of ,1 8C
and associated uncertainties are therefore small. We do not attempt
to correct DTI either for the change of the altitude of the ice sheet or
for the origin of the ice upstream of Vostok13; these terms are very
poorly known and, in any case, are also small (,1 8C).

The overall amplitude of the glacial–interglacial temperature
change is ,8 8C for DTI (inversion level) and ,12 8C for DTS, the
temperature at the surface (Fig. 3). Broad features of this record are
thought to be of large geographical significance (Antarctica and part
of the Southern Hemisphere), at least qualitatively. When examined
in detail, however, the Vostok record may differ from coastal28 sites
in East Antarctica and perhaps from West Antarctica as well.

Jouzel et al.13 noted that temperature variations estimated from
deuterium were similar for the last two glacial periods. The third
and fourth climate cycles are of shorter duration than the first two
cycles in the Vostok record. The same is true in the deep-sea record,
where the third and fourth cycles span four precessional cycles
rather than five as for the last two cycles (Fig. 3). Despite this
difference, one observes, for all four climate cycles, the same
‘sawtooth’ sequence of a warm interglacial (stages 11.3, 9.3, 7.5
and 5.5), followed by increasingly colder interstadial events, and
ending with a rapid return towards the following interglacial. The
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Figure 3 Vostok time series and insolation. Series with respect to time (GT4

timescale for ice on the loweraxis, with indication of corresponding depths on the

top axis) of: a, CO2; b, isotopic temperature of the atmosphere (see text); c, CH4;

d, d18Oatm; and e, mid-June insolation at 658 N (in Wm−2) (ref. 3). CO2 and CH4

measurements have been performed using the methods and analytical pro-

cedures previously described5,9. However, the CO2 measuring system has been

slightly modified in order to increase the sensitivity of the CO2 detection. The

thermal conductivity chromatographic detector has been replaced by a flame

ionization detector which measures CO2 after its transformation into CH4. The

mean resolution of the CO2 (CH4) profile is about 1,500 (950) years. It goes up to

about 6,000 years for CO2 in the fractured zones and in the bottom part of the

record, whereas the CH4 time resolution ranges between a few tens of years to

4,500 years. The overall accuracy for CH4 andCO2 measurements are 620 p.p.b.v.

and 2–3 p.p.m.v., respectively. No gravitational correction has been applied.
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coolest part of each glacial period occurs just before the glacial
termination, except for the third cycle. This may reflect the fact that
the June 658 N insolation minimum preceding this transition
(255 kyr ago) has higher insolation than the previous one (280 kyr
ago), unlike the three other glacial periods. Nonetheless, minimum

temperatures are remarkably similar, within 1 8C, for the four
climate cycles. The new data confirm that the warmest temperature
at stage 7.5 was slightly warmer than the Holocene13, and show that
stage 9.3 (where the highest deuterium value, −414.8‰, is found)
was at least as warm as stage 5.5. That part of stage 11.3, which is
present in Vostok, does not correspond to a particularly warm
climate as suggested for this period by deep-sea sediment records29.
As noted above, however, the Vostok records are probably disturbed
below 3,310 m, and we may not have sampled the warmest ice of this
interglacial. In general, climate cycles are more uniform at Vostok
than in deep-sea core records1. The climate record makes it unlikely
that the West Antarctic ice sheet collapsed during the past 420 kyr
(or at least shows a marked insensitivity of the central part of East
Antarctica and its climate to such a disintegration).

The power spectrum of DTI (Fig. 4) shows a large concentration
of variance (37%) in the 100-kyr band along with a significant
concentration (23%) in the obliquity band (peak at 41 kyr). This
strong obliquity component is roughly in phase with the annual
insolation at the Vostok site4,6,15. The variability of annual insolation
at 788 S is relatively large, 7% (ref. 3). This supports the notion that
annual insolation changes in high southern latitudes influence
Vostok temperature15. These changes may, in particular, contribute
to the initiation of Antarctic warming during major terminations,
which (as we show below) herald the start of deglaciation.

There is little variance (11%) in DTI around precessional periodi-
cities (23 and 19 kyr). In this band, the position of the spectral peaks
is affected by uncertainties in the timescale. To illustrate this point,
we carried out, as a sensitivity test, a spectral analysis using the
control points provided by the d18Oatm record (see Table 1). The
position and strength of the 100- and 40-kyr-spectral peaks are
unaffected, whereas the power spectrum is significantly modified
for periodicities lower than 30 kyr.
Insolation. d18Oatm strongly depends on climate and related proper-
ties, which reflect the direct or indirect influence of insolation19. As a
result, there is a striking resemblance between d18Oatm and mid-June
insolation at 658 N for the entire Vostok record (Fig. 3). This
provides information on the validity of our glaciological timescale
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Figure 4 Spectral properties of the Vostok time series. Frequency distribution (in

cycles yr−1) of the normalized variance power spectrum (arbitrary units). Spectral

analysis was done using the Blackman-Tukey method (calculations were

performed with the Analyseries software47): a, isotopic temperature; b, dust; c,

sodium; d, d18Oatm; e, CO2; and f, CH4. Vertical lines correspond to periodicities of

100, 41, 23 and 19 kyr.

Box 1 The Vostok glaciological timescale

We use three basic assumptions12 to derive our glaciological timescale

(GT4); (1) the accumulation rate has in the past varied in proportion to the

derivative of the water vapour saturation pressure with respect to tem-

perature at the levelwhere precipitation forms (see section on the isotope

temperature record), (2) at any given time the accumulation between

Vostok and Dome B (upstream of Vostok) varies linearly with distance

along the line connecting those two sites, and (3) the Vostok ice at 1,534m

corresponds to marine stage 5.4 (110 kyr) and ice at 3,254m corresponds

to stage 11.2.4 (390 kyr).

Calculation of the strain-induced thinning of annual layers is now

performed accounting for the existence of the subglacial Vostok lake.

Indeed, running the ice-flow model48 with no melting and no basal sliding

as done for EGT12 leads to an age .1,000 kyr for the deepest level we

consider here (3,310 m), which is much too old. Instead, we now allow for

moderate melting and sliding. These processes diminish thinning for the

lower part of the core and provide younger chronologies. We ran this age

model48 over a large range of values of the model parameters (present-

day accumulation at Vostok, A, melting rate, M, and fraction of horizontal

velocity due to base sliding, S) with this aim of matching the assumed

ages at 1,534 and 3,254m. This goal was first achieved (ages of 110 and

392 kyr) with A ¼ 1:96g cm2 2 yr2 1, and M and S equal respectively to

0.4mmyr−1 and 0.7 for the region 60 km around Vostok where the base

is supposed to reach the melting point (we set M ¼ 0 and S ¼ 0 else-

where). These values are in good agreement with observations for A

(2:00 6 0:04g cm2 2 yr2 1 over the past 200 yr) and correspond to a reason-

able set of parameters for M and S. We adopt this glaciological timescale

(GT4), which gives an age of 423 kyr at 3,310m, without further tuning

(Fig. 2). GT4 never differs by more than 2 kyr from EGTover the last climate

cycle and, in qualitative agreement with recent results49, makes termina-

tion I slightly older (by ,700 yr). We note that it provides a reasonable age

for stage 7.5 (238 kyr) whereas Jouzel et al.13 had to modify EGT for the

second climate cycle by increasing the accumulation by 12% for ages

older than 110 kyr. GT4 never differs by more than 4 kyr from the orbitally

tuned timescale of Waelbroeck et al.50 (defined back to 225kyr), which is

within the estimated uncertainty of this latter timescale. Overall, we have

good arguments11,50–52 to claim that the accuracy of GT4 should be better

than 65 kyr for the past 110 kyr.

The strong relationship between d18Oatm and mid-June 658 N insolation

changes (see text and Fig. 3) enables us to further evaluate the overall

quality of GT4. We can use each well-marked transition from high to low

d18Oatm to define a ‘control point’ giving an orbitally tuned age. The mid-

point of the last d18Oatm transition (,10 kyrago) has nearly the sameageas

the insolation maximum (11 kyr). We assume that this correspondence

alsoholds forearlier insolationmaxima.The resultingcontrolpoints (Fig. 3

and Table 1) are easy to define for the period over which the precessional

cycle is well imprinted in 658 N insolation (approximately between 60 and

340 kyr) but not during stages 2 and 10 where insolation changes are

small. The agreement between the d18Oatm control points and GT4 is

remarkably good given the simple assumptions of both approaches. This

conclusion stands despite the fact that we do not understand controls on

d18Oatm sufficiently well enough to know about the stability of its phase

with respect to insolation. We assume that the change in phase does not

exceed 66 kyr (1/4 of a precessional period).

We conclude that accuracy of GT4 is always better than 615 kyr, better

than 610 kyr for most of the record, and better than 65 kyr for the last

110 kyr. This timescale is quite adequate for the discussions here which

focus on the climatic information contained in the Vostok records

themselves.

Figure 4: À gauche : concentrations de gaz, insolation, température en fonction de la profondeur (axe
supérieur) ou de l’âge (axe inférieur) dans une carotte glacière de Vostok (Antarctique). Exemples de signaux
complexes, non-périodiques. À droite : analyse spectrale des variations de température. Extrait de J.R. Petit
et al., Nature, 399, 429 (1999).

II Spectre d’un signal

1) Analyse spectrale

u D’après un théorème mathématique dû à Joseph Fourier (XIXe siècle), tout signal s(t) réalisable en
pratique peut être décomposé en une somme de signaux sinusoïdaux :

s(t) =

X

i

Ai cos (2⇡fit+ 'i) . (1)

u Réaliser l’analyse spectrale d’un signal consiste à déterminer :

– les fréquences fi contenues dans le signal,

– les amplitudes Ai des composantes sinusoïdales,

– les phases 'i.

u Le spectre du signal est l’ensemble {f0, f1, f2, . . .} des fréquences contenues dans le signal. Cet
ensemble peut être fini ou infini.
u On représente les Ai en fonctions des fi sur le spectrogramme d’amplitude et les 'i en fonctions
des fi sur le spectrogramme de phase.

3
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Analyse spectrale



Spectres des signaux

Lycée Saint-Louis – PCSI1 2019 - 2020

Le nombre d’harmoniques augmente de haut en bas et on constate que le signal ainsi synthétisé se rapproche
du triangle de la Figure 14.
Remarque : Le signal est très rapidement reconstitué. Savez-vous dire pourquoi ? Notez l’absence de phéno-
mène de Gibbs.

III L’analyse spectrale en pratique

Les exemples précédents sont tous tirés de simulations et présentent un spectre facile à interpréter. En pratique,
l’analyse spectrale est le résultat d’un calcul, le plus souvent numérique, de l’ordinateur ou de l’oscilloscope. Le
détail de ces calculs influe sur la forme du spectre.

1) Élargissement spectral

Exemple concret : analyse du signal d’une guitare.
On a enregistré le son émis par une guitare (note Si2). Le premier graphe représente la totalité du signal
acoustique enregistré en fonction du temps. On observe une phase initiale d’attaque, qui dépend de la façon de
jouer la note et pendant laquelle le signal croît progressivement jusqu’à sa valeur maximale. Le signal décroît
ensuite lentement.
Le deuxième graphe est un zoom du premier enregistrement sur une durée beaucoup plus faible. On observe
que le signal est quasiment périodique.
Les deux graphes suivants représentent le spectrogramme d’amplitude du signal acoustique. Le spectre
de gauche est calculé à partir de l’enregistrement total et le spectre de droite à partir de l’enregistrement zoomé.

Figure 16. Son émis par la corde Si2 (f = 247Hz) d’une guitare. Le signal émis par la guitare est périodique
mais pas sinusoïdal. Son spectre présente un pic au fondamental (f ⇡ 250Hz), et de nombreuses harmoniques.
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• On retiendra le lien entre l’extension temporelle ⌧ du signal et la largeur �f des pics de fréquences
dans son spectrogramme d’amplitude :

2⇡�f ⇥ ⌧ ' 1 .

• Plus le signal est large en temps, plus les pics en fréquence sont fins. Plus le signal est étroit en temps,
plus les pics en fréquence sont larges.
• Pour avoir une bonne résolution, la largeur �f d’un pic doit être très inférieure à la distance entre deux
pics successifs. Ici �f ⌧ fs avec fs la fréquence du signal, ou ⌧ � T , avec T = 1/fs la période. Pour
avoir une bonne résolution il convient d’enregistrer le signal sur un assez grand nombre de
périodes.

2) Échantillonage

Continuons l’analyse du signal de la guitare. Le signal enregistré est échantillonné à la fréquence fe = 44 kHz

appelée fréquence d’échantillonnage. Le signal est en fait une succession de points enregistré à intervalles
de temps réguliers de durée Te = 1/fe = 22,7µs , comme on peut le voir dans la Figure 17.
La fréquence d’échantillonnage fe définit naturellement une fréquence maximale dans le spectrogramme
d’amplitude. Toute variation du signal de fréquence supérieure à fe est perdue à cause de l’échantillonnage.

Figure 17. Son émis par la corde Si2 (f = 247Hz) d’une guitare. Zoom sur une période pour faire apparaître
l’échantillonnage.

En zoomant maintenant sur le spectrogramme d’amplitude de la Figure 16, on constate que les pics sont
régulièrement espacés. En pratique les fréquences du spectre calculé sont des multiples entiers de la fréquence
fa = 1/Ta avec Ta la durée d’acquisition du signal (Figure 18). Ainsi plus la durée d’acquisition est
grande, plus la précision du spectre sera grande.

Figure 18. Zoom sur le pic à 250Hz du spectrogramme d’amplitude.
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Exemple : Le spectre de marée.
L’analyse spectrale du signal h(t) de la Figure 3 révèle le spectre suivant. C’est le spectre de marée dans le
port de Brest.

Figure 5: La marée dans le port de Brest et son spectrogramme d’amplitude.

Le spectre du signal est l’ensemble des fréquences {0 , 0.930 , 0.966 , 1.003, 1.896, 1.932 , 2 , 2.005 , 3.865}
dans l’unité jour�1 ( j�1 ). On représente ci-dessous les composantes sinusoïdales correspondant aux fréquences
f0 = 0 j

�1, f3 = 1,003 j
�1, f5 = 1,932 j

�1 et f6 = 2 j
�1 .

Figure 6: Graphe des composantes si(t) = Ai cos(2⇡fit+ 'i), pour les fréquences f0, f3, f5 et f6.
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Spectres des signaux

Spectre : {f0, f1, f2, f3, f4, f5, f6} = {0, 0.930, 0.966, 1.003, 1.896, 1.932, 2, 2.005,3.865}
en jour-1
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Figure 3: Hauteur d’eau h dans le port de Brest au mois de mars 2016. C’est un signal complexe,
non périodique.

© 1999 Macmillan Magazines Ltd

the discussion of our new data sets to the upper 3,310 m of the
ice core, that is, down to the interglacial corresponding to marine
stage 11.3.

Lorius et al.4 established a glaciological timescale for the first
climate cycle of Vostok by combining an ice-flow model and an ice-
accumulation model. This model was extended and modified in
several studies12,13. The glaciological timescale provides a chronol-
ogy based on physics, which makes no assumption about climate
forcings or climate correlation except for one or two adopted
control ages. Here, we further extend the Extended Glaciological
Timescale (EGT) of Jouzel et al.12 to derive GT4, which we adopt as
our primary chronology (see Box 1). GT4 provides an age of 423 kyr
at a depth of 3,310 m.

Climate and atmospheric trends
Temperature. As a result of fractionation processes, the isotopic
content of snow in East Antarctica (dD or d18O) is linearly related
to the temperature above the inversion level, TI, where precipitation
forms, and also to the surface temperature of the precipitation site,
TS (with DT I ¼ 0:67DTS, see ref. 6). We calculate temperature
changes from the present temperature at the atmospheric level as
DT I ¼ ðDdDice 2 8Dd18OswÞ=9, where Dd18Osw is the globally aver-
aged change from today’s value of seawater d18O, and 9‰ per 8C is
the spatial isotope/temperature gradient derived from deuterium
data in this sector of East Antarctica21. We applied the above
relationship to calculate DTS. This approach underestimates DTS

by a factor of ,2 in Greenland22 and, possibly, by up to 50% in
Antarctica23. However, recent model results suggest that any under-
estimation of temperature changes from this equation is small for
Antarctica24,25.

To calculate DTI from dD, we need to adopt a curve for the change
in the isotopic composition of sea water versus time and correlate it
with Vostok. We use the stacked d18Osw record of Bassinot et al.26,
scaled with respect to the V19-30 marine sediment record over their
common part that covers the past 340 kyr (ref. 27) (Fig. 2). To avoid
distortions in the calculation of DTI linked with dating uncertain-
ties, we correlate the records by performing a peak to peak adjust-
ment between the ice and ocean isotopic records. The d18Osw

correction corresponds to a maximum DTI correction of ,1 8C
and associated uncertainties are therefore small. We do not attempt
to correct DTI either for the change of the altitude of the ice sheet or
for the origin of the ice upstream of Vostok13; these terms are very
poorly known and, in any case, are also small (,1 8C).

The overall amplitude of the glacial–interglacial temperature
change is ,8 8C for DTI (inversion level) and ,12 8C for DTS, the
temperature at the surface (Fig. 3). Broad features of this record are
thought to be of large geographical significance (Antarctica and part
of the Southern Hemisphere), at least qualitatively. When examined
in detail, however, the Vostok record may differ from coastal28 sites
in East Antarctica and perhaps from West Antarctica as well.

Jouzel et al.13 noted that temperature variations estimated from
deuterium were similar for the last two glacial periods. The third
and fourth climate cycles are of shorter duration than the first two
cycles in the Vostok record. The same is true in the deep-sea record,
where the third and fourth cycles span four precessional cycles
rather than five as for the last two cycles (Fig. 3). Despite this
difference, one observes, for all four climate cycles, the same
‘sawtooth’ sequence of a warm interglacial (stages 11.3, 9.3, 7.5
and 5.5), followed by increasingly colder interstadial events, and
ending with a rapid return towards the following interglacial. The
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Figure 3 Vostok time series and insolation. Series with respect to time (GT4

timescale for ice on the loweraxis, with indication of corresponding depths on the

top axis) of: a, CO2; b, isotopic temperature of the atmosphere (see text); c, CH4;

d, d18Oatm; and e, mid-June insolation at 658 N (in Wm−2) (ref. 3). CO2 and CH4

measurements have been performed using the methods and analytical pro-

cedures previously described5,9. However, the CO2 measuring system has been

slightly modified in order to increase the sensitivity of the CO2 detection. The

thermal conductivity chromatographic detector has been replaced by a flame

ionization detector which measures CO2 after its transformation into CH4. The

mean resolution of the CO2 (CH4) profile is about 1,500 (950) years. It goes up to

about 6,000 years for CO2 in the fractured zones and in the bottom part of the

record, whereas the CH4 time resolution ranges between a few tens of years to

4,500 years. The overall accuracy for CH4 andCO2 measurements are 620 p.p.b.v.

and 2–3 p.p.m.v., respectively. No gravitational correction has been applied.
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coolest part of each glacial period occurs just before the glacial
termination, except for the third cycle. This may reflect the fact that
the June 658 N insolation minimum preceding this transition
(255 kyr ago) has higher insolation than the previous one (280 kyr
ago), unlike the three other glacial periods. Nonetheless, minimum

temperatures are remarkably similar, within 1 8C, for the four
climate cycles. The new data confirm that the warmest temperature
at stage 7.5 was slightly warmer than the Holocene13, and show that
stage 9.3 (where the highest deuterium value, −414.8‰, is found)
was at least as warm as stage 5.5. That part of stage 11.3, which is
present in Vostok, does not correspond to a particularly warm
climate as suggested for this period by deep-sea sediment records29.
As noted above, however, the Vostok records are probably disturbed
below 3,310 m, and we may not have sampled the warmest ice of this
interglacial. In general, climate cycles are more uniform at Vostok
than in deep-sea core records1. The climate record makes it unlikely
that the West Antarctic ice sheet collapsed during the past 420 kyr
(or at least shows a marked insensitivity of the central part of East
Antarctica and its climate to such a disintegration).

The power spectrum of DTI (Fig. 4) shows a large concentration
of variance (37%) in the 100-kyr band along with a significant
concentration (23%) in the obliquity band (peak at 41 kyr). This
strong obliquity component is roughly in phase with the annual
insolation at the Vostok site4,6,15. The variability of annual insolation
at 788 S is relatively large, 7% (ref. 3). This supports the notion that
annual insolation changes in high southern latitudes influence
Vostok temperature15. These changes may, in particular, contribute
to the initiation of Antarctic warming during major terminations,
which (as we show below) herald the start of deglaciation.

There is little variance (11%) in DTI around precessional periodi-
cities (23 and 19 kyr). In this band, the position of the spectral peaks
is affected by uncertainties in the timescale. To illustrate this point,
we carried out, as a sensitivity test, a spectral analysis using the
control points provided by the d18Oatm record (see Table 1). The
position and strength of the 100- and 40-kyr-spectral peaks are
unaffected, whereas the power spectrum is significantly modified
for periodicities lower than 30 kyr.
Insolation. d18Oatm strongly depends on climate and related proper-
ties, which reflect the direct or indirect influence of insolation19. As a
result, there is a striking resemblance between d18Oatm and mid-June
insolation at 658 N for the entire Vostok record (Fig. 3). This
provides information on the validity of our glaciological timescale

articles

432 NATURE | VOL 399 | 3 JUNE 1999 | www.nature.com

0

25

50

75

100

Po
we

r (
×1

03 ) ∆Ta Dust Na

0 2 4 60

25

50

75

100

Po
we

r (
×1

03 )

0 2 4 6

Frequency (×10–5)

δ18Oatm CO2

0 2 4 6

CH4

10
0 

ky
r

41
 k

yr

23
 k

yr

19
 k

yr

10
0 

ky
r

41
 k

yr

23
 k

yr

19
 k

yr

10
0 

ky
r

41
 k

yr

23
 k

yr

19
 k

yr

a b c

d e f
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sodium; d, d18Oatm; e, CO2; and f, CH4. Vertical lines correspond to periodicities of
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Box 1 The Vostok glaciological timescale

We use three basic assumptions12 to derive our glaciological timescale

(GT4); (1) the accumulation rate has in the past varied in proportion to the

derivative of the water vapour saturation pressure with respect to tem-

perature at the levelwhere precipitation forms (see section on the isotope

temperature record), (2) at any given time the accumulation between

Vostok and Dome B (upstream of Vostok) varies linearly with distance

along the line connecting those two sites, and (3) the Vostok ice at 1,534m

corresponds to marine stage 5.4 (110 kyr) and ice at 3,254m corresponds

to stage 11.2.4 (390 kyr).

Calculation of the strain-induced thinning of annual layers is now

performed accounting for the existence of the subglacial Vostok lake.

Indeed, running the ice-flow model48 with no melting and no basal sliding

as done for EGT12 leads to an age .1,000 kyr for the deepest level we

consider here (3,310 m), which is much too old. Instead, we now allow for

moderate melting and sliding. These processes diminish thinning for the

lower part of the core and provide younger chronologies. We ran this age

model48 over a large range of values of the model parameters (present-

day accumulation at Vostok, A, melting rate, M, and fraction of horizontal

velocity due to base sliding, S) with this aim of matching the assumed

ages at 1,534 and 3,254m. This goal was first achieved (ages of 110 and

392 kyr) with A ¼ 1:96g cm2 2 yr2 1, and M and S equal respectively to

0.4mmyr−1 and 0.7 for the region 60 km around Vostok where the base

is supposed to reach the melting point (we set M ¼ 0 and S ¼ 0 else-

where). These values are in good agreement with observations for A

(2:00 6 0:04g cm2 2 yr2 1 over the past 200 yr) and correspond to a reason-

able set of parameters for M and S. We adopt this glaciological timescale

(GT4), which gives an age of 423 kyr at 3,310m, without further tuning

(Fig. 2). GT4 never differs by more than 2 kyr from EGTover the last climate

cycle and, in qualitative agreement with recent results49, makes termina-

tion I slightly older (by ,700 yr). We note that it provides a reasonable age

for stage 7.5 (238 kyr) whereas Jouzel et al.13 had to modify EGT for the

second climate cycle by increasing the accumulation by 12% for ages

older than 110 kyr. GT4 never differs by more than 4 kyr from the orbitally

tuned timescale of Waelbroeck et al.50 (defined back to 225kyr), which is

within the estimated uncertainty of this latter timescale. Overall, we have

good arguments11,50–52 to claim that the accuracy of GT4 should be better

than 65 kyr for the past 110 kyr.

The strong relationship between d18Oatm and mid-June 658 N insolation

changes (see text and Fig. 3) enables us to further evaluate the overall

quality of GT4. We can use each well-marked transition from high to low

d18Oatm to define a ‘control point’ giving an orbitally tuned age. The mid-

point of the last d18Oatm transition (,10 kyrago) has nearly the sameageas

the insolation maximum (11 kyr). We assume that this correspondence

alsoholds forearlier insolationmaxima.The resultingcontrolpoints (Fig. 3

and Table 1) are easy to define for the period over which the precessional

cycle is well imprinted in 658 N insolation (approximately between 60 and

340 kyr) but not during stages 2 and 10 where insolation changes are

small. The agreement between the d18Oatm control points and GT4 is

remarkably good given the simple assumptions of both approaches. This

conclusion stands despite the fact that we do not understand controls on

d18Oatm sufficiently well enough to know about the stability of its phase

with respect to insolation. We assume that the change in phase does not

exceed 66 kyr (1/4 of a precessional period).

We conclude that accuracy of GT4 is always better than 615 kyr, better

than 610 kyr for most of the record, and better than 65 kyr for the last

110 kyr. This timescale is quite adequate for the discussions here which

focus on the climatic information contained in the Vostok records

themselves.

Figure 4: À gauche : concentrations de gaz, insolation, température en fonction de la profondeur (axe
supérieur) ou de l’âge (axe inférieur) dans une carotte glacière de Vostok (Antarctique). Exemples de signaux
complexes, non-périodiques. À droite : analyse spectrale des variations de température. Extrait de J.R. Petit
et al., Nature, 399, 429 (1999).

II Spectre d’un signal

1) Analyse spectrale

u D’après un théorème mathématique dû à Joseph Fourier (XIXe siècle), tout signal s(t) réalisable en
pratique peut être décomposé en une somme de signaux sinusoïdaux :

s(t) =

X

i

Ai cos (2⇡fit+ 'i) . (1)

u Réaliser l’analyse spectrale d’un signal consiste à déterminer :

– les fréquences fi contenues dans le signal,

– les amplitudes Ai des composantes sinusoïdales,

– les phases 'i.

u Le spectre du signal est l’ensemble {f0, f1, f2, . . .} des fréquences contenues dans le signal. Cet
ensemble peut être fini ou infini.
u On représente les Ai en fonctions des fi sur le spectrogramme d’amplitude et les 'i en fonctions
des fi sur le spectrogramme de phase.
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Spectres des signaux

Figure 3: Hauteur d’eau h dans le port de Brest au mois de mars 2016. C’est un signal complexe,
non périodique.
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the discussion of our new data sets to the upper 3,310 m of the
ice core, that is, down to the interglacial corresponding to marine
stage 11.3.

Lorius et al.4 established a glaciological timescale for the first
climate cycle of Vostok by combining an ice-flow model and an ice-
accumulation model. This model was extended and modified in
several studies12,13. The glaciological timescale provides a chronol-
ogy based on physics, which makes no assumption about climate
forcings or climate correlation except for one or two adopted
control ages. Here, we further extend the Extended Glaciological
Timescale (EGT) of Jouzel et al.12 to derive GT4, which we adopt as
our primary chronology (see Box 1). GT4 provides an age of 423 kyr
at a depth of 3,310 m.

Climate and atmospheric trends
Temperature. As a result of fractionation processes, the isotopic
content of snow in East Antarctica (dD or d18O) is linearly related
to the temperature above the inversion level, TI, where precipitation
forms, and also to the surface temperature of the precipitation site,
TS (with DT I ¼ 0:67DTS, see ref. 6). We calculate temperature
changes from the present temperature at the atmospheric level as
DT I ¼ ðDdDice 2 8Dd18OswÞ=9, where Dd18Osw is the globally aver-
aged change from today’s value of seawater d18O, and 9‰ per 8C is
the spatial isotope/temperature gradient derived from deuterium
data in this sector of East Antarctica21. We applied the above
relationship to calculate DTS. This approach underestimates DTS

by a factor of ,2 in Greenland22 and, possibly, by up to 50% in
Antarctica23. However, recent model results suggest that any under-
estimation of temperature changes from this equation is small for
Antarctica24,25.

To calculate DTI from dD, we need to adopt a curve for the change
in the isotopic composition of sea water versus time and correlate it
with Vostok. We use the stacked d18Osw record of Bassinot et al.26,
scaled with respect to the V19-30 marine sediment record over their
common part that covers the past 340 kyr (ref. 27) (Fig. 2). To avoid
distortions in the calculation of DTI linked with dating uncertain-
ties, we correlate the records by performing a peak to peak adjust-
ment between the ice and ocean isotopic records. The d18Osw

correction corresponds to a maximum DTI correction of ,1 8C
and associated uncertainties are therefore small. We do not attempt
to correct DTI either for the change of the altitude of the ice sheet or
for the origin of the ice upstream of Vostok13; these terms are very
poorly known and, in any case, are also small (,1 8C).

The overall amplitude of the glacial–interglacial temperature
change is ,8 8C for DTI (inversion level) and ,12 8C for DTS, the
temperature at the surface (Fig. 3). Broad features of this record are
thought to be of large geographical significance (Antarctica and part
of the Southern Hemisphere), at least qualitatively. When examined
in detail, however, the Vostok record may differ from coastal28 sites
in East Antarctica and perhaps from West Antarctica as well.

Jouzel et al.13 noted that temperature variations estimated from
deuterium were similar for the last two glacial periods. The third
and fourth climate cycles are of shorter duration than the first two
cycles in the Vostok record. The same is true in the deep-sea record,
where the third and fourth cycles span four precessional cycles
rather than five as for the last two cycles (Fig. 3). Despite this
difference, one observes, for all four climate cycles, the same
‘sawtooth’ sequence of a warm interglacial (stages 11.3, 9.3, 7.5
and 5.5), followed by increasingly colder interstadial events, and
ending with a rapid return towards the following interglacial. The
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Figure 3 Vostok time series and insolation. Series with respect to time (GT4

timescale for ice on the loweraxis, with indication of corresponding depths on the

top axis) of: a, CO2; b, isotopic temperature of the atmosphere (see text); c, CH4;

d, d18Oatm; and e, mid-June insolation at 658 N (in Wm−2) (ref. 3). CO2 and CH4

measurements have been performed using the methods and analytical pro-

cedures previously described5,9. However, the CO2 measuring system has been

slightly modified in order to increase the sensitivity of the CO2 detection. The

thermal conductivity chromatographic detector has been replaced by a flame

ionization detector which measures CO2 after its transformation into CH4. The

mean resolution of the CO2 (CH4) profile is about 1,500 (950) years. It goes up to

about 6,000 years for CO2 in the fractured zones and in the bottom part of the

record, whereas the CH4 time resolution ranges between a few tens of years to

4,500 years. The overall accuracy for CH4 andCO2 measurements are 620 p.p.b.v.

and 2–3 p.p.m.v., respectively. No gravitational correction has been applied.
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coolest part of each glacial period occurs just before the glacial
termination, except for the third cycle. This may reflect the fact that
the June 658 N insolation minimum preceding this transition
(255 kyr ago) has higher insolation than the previous one (280 kyr
ago), unlike the three other glacial periods. Nonetheless, minimum

temperatures are remarkably similar, within 1 8C, for the four
climate cycles. The new data confirm that the warmest temperature
at stage 7.5 was slightly warmer than the Holocene13, and show that
stage 9.3 (where the highest deuterium value, −414.8‰, is found)
was at least as warm as stage 5.5. That part of stage 11.3, which is
present in Vostok, does not correspond to a particularly warm
climate as suggested for this period by deep-sea sediment records29.
As noted above, however, the Vostok records are probably disturbed
below 3,310 m, and we may not have sampled the warmest ice of this
interglacial. In general, climate cycles are more uniform at Vostok
than in deep-sea core records1. The climate record makes it unlikely
that the West Antarctic ice sheet collapsed during the past 420 kyr
(or at least shows a marked insensitivity of the central part of East
Antarctica and its climate to such a disintegration).

The power spectrum of DTI (Fig. 4) shows a large concentration
of variance (37%) in the 100-kyr band along with a significant
concentration (23%) in the obliquity band (peak at 41 kyr). This
strong obliquity component is roughly in phase with the annual
insolation at the Vostok site4,6,15. The variability of annual insolation
at 788 S is relatively large, 7% (ref. 3). This supports the notion that
annual insolation changes in high southern latitudes influence
Vostok temperature15. These changes may, in particular, contribute
to the initiation of Antarctic warming during major terminations,
which (as we show below) herald the start of deglaciation.

There is little variance (11%) in DTI around precessional periodi-
cities (23 and 19 kyr). In this band, the position of the spectral peaks
is affected by uncertainties in the timescale. To illustrate this point,
we carried out, as a sensitivity test, a spectral analysis using the
control points provided by the d18Oatm record (see Table 1). The
position and strength of the 100- and 40-kyr-spectral peaks are
unaffected, whereas the power spectrum is significantly modified
for periodicities lower than 30 kyr.
Insolation. d18Oatm strongly depends on climate and related proper-
ties, which reflect the direct or indirect influence of insolation19. As a
result, there is a striking resemblance between d18Oatm and mid-June
insolation at 658 N for the entire Vostok record (Fig. 3). This
provides information on the validity of our glaciological timescale
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Figure 4 Spectral properties of the Vostok time series. Frequency distribution (in

cycles yr−1) of the normalized variance power spectrum (arbitrary units). Spectral

analysis was done using the Blackman-Tukey method (calculations were

performed with the Analyseries software47): a, isotopic temperature; b, dust; c,

sodium; d, d18Oatm; e, CO2; and f, CH4. Vertical lines correspond to periodicities of

100, 41, 23 and 19 kyr.

Box 1 The Vostok glaciological timescale

We use three basic assumptions12 to derive our glaciological timescale

(GT4); (1) the accumulation rate has in the past varied in proportion to the

derivative of the water vapour saturation pressure with respect to tem-

perature at the levelwhere precipitation forms (see section on the isotope

temperature record), (2) at any given time the accumulation between

Vostok and Dome B (upstream of Vostok) varies linearly with distance

along the line connecting those two sites, and (3) the Vostok ice at 1,534m

corresponds to marine stage 5.4 (110 kyr) and ice at 3,254m corresponds

to stage 11.2.4 (390 kyr).

Calculation of the strain-induced thinning of annual layers is now

performed accounting for the existence of the subglacial Vostok lake.

Indeed, running the ice-flow model48 with no melting and no basal sliding

as done for EGT12 leads to an age .1,000 kyr for the deepest level we

consider here (3,310 m), which is much too old. Instead, we now allow for

moderate melting and sliding. These processes diminish thinning for the

lower part of the core and provide younger chronologies. We ran this age

model48 over a large range of values of the model parameters (present-

day accumulation at Vostok, A, melting rate, M, and fraction of horizontal

velocity due to base sliding, S) with this aim of matching the assumed

ages at 1,534 and 3,254m. This goal was first achieved (ages of 110 and

392 kyr) with A ¼ 1:96g cm2 2 yr2 1, and M and S equal respectively to

0.4mmyr−1 and 0.7 for the region 60 km around Vostok where the base

is supposed to reach the melting point (we set M ¼ 0 and S ¼ 0 else-

where). These values are in good agreement with observations for A

(2:00 6 0:04g cm2 2 yr2 1 over the past 200 yr) and correspond to a reason-

able set of parameters for M and S. We adopt this glaciological timescale

(GT4), which gives an age of 423 kyr at 3,310m, without further tuning

(Fig. 2). GT4 never differs by more than 2 kyr from EGTover the last climate

cycle and, in qualitative agreement with recent results49, makes termina-

tion I slightly older (by ,700 yr). We note that it provides a reasonable age

for stage 7.5 (238 kyr) whereas Jouzel et al.13 had to modify EGT for the

second climate cycle by increasing the accumulation by 12% for ages

older than 110 kyr. GT4 never differs by more than 4 kyr from the orbitally

tuned timescale of Waelbroeck et al.50 (defined back to 225kyr), which is

within the estimated uncertainty of this latter timescale. Overall, we have

good arguments11,50–52 to claim that the accuracy of GT4 should be better

than 65 kyr for the past 110 kyr.

The strong relationship between d18Oatm and mid-June 658 N insolation

changes (see text and Fig. 3) enables us to further evaluate the overall

quality of GT4. We can use each well-marked transition from high to low

d18Oatm to define a ‘control point’ giving an orbitally tuned age. The mid-

point of the last d18Oatm transition (,10 kyrago) has nearly the sameageas

the insolation maximum (11 kyr). We assume that this correspondence

alsoholds forearlier insolationmaxima.The resultingcontrolpoints (Fig. 3

and Table 1) are easy to define for the period over which the precessional

cycle is well imprinted in 658 N insolation (approximately between 60 and

340 kyr) but not during stages 2 and 10 where insolation changes are

small. The agreement between the d18Oatm control points and GT4 is

remarkably good given the simple assumptions of both approaches. This

conclusion stands despite the fact that we do not understand controls on

d18Oatm sufficiently well enough to know about the stability of its phase

with respect to insolation. We assume that the change in phase does not

exceed 66 kyr (1/4 of a precessional period).

We conclude that accuracy of GT4 is always better than 615 kyr, better

than 610 kyr for most of the record, and better than 65 kyr for the last

110 kyr. This timescale is quite adequate for the discussions here which

focus on the climatic information contained in the Vostok records

themselves.

Figure 4: À gauche : concentrations de gaz, insolation, température en fonction de la profondeur (axe
supérieur) ou de l’âge (axe inférieur) dans une carotte glacière de Vostok (Antarctique). Exemples de signaux
complexes, non-périodiques. À droite : analyse spectrale des variations de température. Extrait de J.R. Petit
et al., Nature, 399, 429 (1999).

II Spectre d’un signal

1) Analyse spectrale

u D’après un théorème mathématique dû à Joseph Fourier (XIXe siècle), tout signal s(t) réalisable en
pratique peut être décomposé en une somme de signaux sinusoïdaux :

s(t) =

X

i

Ai cos (2⇡fit+ 'i) . (1)

u Réaliser l’analyse spectrale d’un signal consiste à déterminer :

– les fréquences fi contenues dans le signal,

– les amplitudes Ai des composantes sinusoïdales,

– les phases 'i.

u Le spectre du signal est l’ensemble {f0, f1, f2, . . .} des fréquences contenues dans le signal. Cet
ensemble peut être fini ou infini.
u On représente les Ai en fonctions des fi sur le spectrogramme d’amplitude et les 'i en fonctions
des fi sur le spectrogramme de phase.

3
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Spectres des signaux

h(t) = s0 + s5

Figure 3: Hauteur d’eau h dans le port de Brest au mois de mars 2016. C’est un signal complexe,
non périodique.
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the discussion of our new data sets to the upper 3,310 m of the
ice core, that is, down to the interglacial corresponding to marine
stage 11.3.

Lorius et al.4 established a glaciological timescale for the first
climate cycle of Vostok by combining an ice-flow model and an ice-
accumulation model. This model was extended and modified in
several studies12,13. The glaciological timescale provides a chronol-
ogy based on physics, which makes no assumption about climate
forcings or climate correlation except for one or two adopted
control ages. Here, we further extend the Extended Glaciological
Timescale (EGT) of Jouzel et al.12 to derive GT4, which we adopt as
our primary chronology (see Box 1). GT4 provides an age of 423 kyr
at a depth of 3,310 m.

Climate and atmospheric trends
Temperature. As a result of fractionation processes, the isotopic
content of snow in East Antarctica (dD or d18O) is linearly related
to the temperature above the inversion level, TI, where precipitation
forms, and also to the surface temperature of the precipitation site,
TS (with DT I ¼ 0:67DTS, see ref. 6). We calculate temperature
changes from the present temperature at the atmospheric level as
DT I ¼ ðDdDice 2 8Dd18OswÞ=9, where Dd18Osw is the globally aver-
aged change from today’s value of seawater d18O, and 9‰ per 8C is
the spatial isotope/temperature gradient derived from deuterium
data in this sector of East Antarctica21. We applied the above
relationship to calculate DTS. This approach underestimates DTS

by a factor of ,2 in Greenland22 and, possibly, by up to 50% in
Antarctica23. However, recent model results suggest that any under-
estimation of temperature changes from this equation is small for
Antarctica24,25.

To calculate DTI from dD, we need to adopt a curve for the change
in the isotopic composition of sea water versus time and correlate it
with Vostok. We use the stacked d18Osw record of Bassinot et al.26,
scaled with respect to the V19-30 marine sediment record over their
common part that covers the past 340 kyr (ref. 27) (Fig. 2). To avoid
distortions in the calculation of DTI linked with dating uncertain-
ties, we correlate the records by performing a peak to peak adjust-
ment between the ice and ocean isotopic records. The d18Osw

correction corresponds to a maximum DTI correction of ,1 8C
and associated uncertainties are therefore small. We do not attempt
to correct DTI either for the change of the altitude of the ice sheet or
for the origin of the ice upstream of Vostok13; these terms are very
poorly known and, in any case, are also small (,1 8C).

The overall amplitude of the glacial–interglacial temperature
change is ,8 8C for DTI (inversion level) and ,12 8C for DTS, the
temperature at the surface (Fig. 3). Broad features of this record are
thought to be of large geographical significance (Antarctica and part
of the Southern Hemisphere), at least qualitatively. When examined
in detail, however, the Vostok record may differ from coastal28 sites
in East Antarctica and perhaps from West Antarctica as well.

Jouzel et al.13 noted that temperature variations estimated from
deuterium were similar for the last two glacial periods. The third
and fourth climate cycles are of shorter duration than the first two
cycles in the Vostok record. The same is true in the deep-sea record,
where the third and fourth cycles span four precessional cycles
rather than five as for the last two cycles (Fig. 3). Despite this
difference, one observes, for all four climate cycles, the same
‘sawtooth’ sequence of a warm interglacial (stages 11.3, 9.3, 7.5
and 5.5), followed by increasingly colder interstadial events, and
ending with a rapid return towards the following interglacial. The
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Figure 3 Vostok time series and insolation. Series with respect to time (GT4

timescale for ice on the loweraxis, with indication of corresponding depths on the

top axis) of: a, CO2; b, isotopic temperature of the atmosphere (see text); c, CH4;

d, d18Oatm; and e, mid-June insolation at 658 N (in Wm−2) (ref. 3). CO2 and CH4

measurements have been performed using the methods and analytical pro-

cedures previously described5,9. However, the CO2 measuring system has been

slightly modified in order to increase the sensitivity of the CO2 detection. The

thermal conductivity chromatographic detector has been replaced by a flame

ionization detector which measures CO2 after its transformation into CH4. The

mean resolution of the CO2 (CH4) profile is about 1,500 (950) years. It goes up to

about 6,000 years for CO2 in the fractured zones and in the bottom part of the

record, whereas the CH4 time resolution ranges between a few tens of years to

4,500 years. The overall accuracy for CH4 andCO2 measurements are 620 p.p.b.v.

and 2–3 p.p.m.v., respectively. No gravitational correction has been applied.
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coolest part of each glacial period occurs just before the glacial
termination, except for the third cycle. This may reflect the fact that
the June 658 N insolation minimum preceding this transition
(255 kyr ago) has higher insolation than the previous one (280 kyr
ago), unlike the three other glacial periods. Nonetheless, minimum

temperatures are remarkably similar, within 1 8C, for the four
climate cycles. The new data confirm that the warmest temperature
at stage 7.5 was slightly warmer than the Holocene13, and show that
stage 9.3 (where the highest deuterium value, −414.8‰, is found)
was at least as warm as stage 5.5. That part of stage 11.3, which is
present in Vostok, does not correspond to a particularly warm
climate as suggested for this period by deep-sea sediment records29.
As noted above, however, the Vostok records are probably disturbed
below 3,310 m, and we may not have sampled the warmest ice of this
interglacial. In general, climate cycles are more uniform at Vostok
than in deep-sea core records1. The climate record makes it unlikely
that the West Antarctic ice sheet collapsed during the past 420 kyr
(or at least shows a marked insensitivity of the central part of East
Antarctica and its climate to such a disintegration).

The power spectrum of DTI (Fig. 4) shows a large concentration
of variance (37%) in the 100-kyr band along with a significant
concentration (23%) in the obliquity band (peak at 41 kyr). This
strong obliquity component is roughly in phase with the annual
insolation at the Vostok site4,6,15. The variability of annual insolation
at 788 S is relatively large, 7% (ref. 3). This supports the notion that
annual insolation changes in high southern latitudes influence
Vostok temperature15. These changes may, in particular, contribute
to the initiation of Antarctic warming during major terminations,
which (as we show below) herald the start of deglaciation.

There is little variance (11%) in DTI around precessional periodi-
cities (23 and 19 kyr). In this band, the position of the spectral peaks
is affected by uncertainties in the timescale. To illustrate this point,
we carried out, as a sensitivity test, a spectral analysis using the
control points provided by the d18Oatm record (see Table 1). The
position and strength of the 100- and 40-kyr-spectral peaks are
unaffected, whereas the power spectrum is significantly modified
for periodicities lower than 30 kyr.
Insolation. d18Oatm strongly depends on climate and related proper-
ties, which reflect the direct or indirect influence of insolation19. As a
result, there is a striking resemblance between d18Oatm and mid-June
insolation at 658 N for the entire Vostok record (Fig. 3). This
provides information on the validity of our glaciological timescale
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Figure 4 Spectral properties of the Vostok time series. Frequency distribution (in

cycles yr−1) of the normalized variance power spectrum (arbitrary units). Spectral

analysis was done using the Blackman-Tukey method (calculations were

performed with the Analyseries software47): a, isotopic temperature; b, dust; c,

sodium; d, d18Oatm; e, CO2; and f, CH4. Vertical lines correspond to periodicities of

100, 41, 23 and 19 kyr.

Box 1 The Vostok glaciological timescale

We use three basic assumptions12 to derive our glaciological timescale

(GT4); (1) the accumulation rate has in the past varied in proportion to the

derivative of the water vapour saturation pressure with respect to tem-

perature at the levelwhere precipitation forms (see section on the isotope

temperature record), (2) at any given time the accumulation between

Vostok and Dome B (upstream of Vostok) varies linearly with distance

along the line connecting those two sites, and (3) the Vostok ice at 1,534m

corresponds to marine stage 5.4 (110 kyr) and ice at 3,254m corresponds

to stage 11.2.4 (390 kyr).

Calculation of the strain-induced thinning of annual layers is now

performed accounting for the existence of the subglacial Vostok lake.

Indeed, running the ice-flow model48 with no melting and no basal sliding

as done for EGT12 leads to an age .1,000 kyr for the deepest level we

consider here (3,310 m), which is much too old. Instead, we now allow for

moderate melting and sliding. These processes diminish thinning for the

lower part of the core and provide younger chronologies. We ran this age

model48 over a large range of values of the model parameters (present-

day accumulation at Vostok, A, melting rate, M, and fraction of horizontal

velocity due to base sliding, S) with this aim of matching the assumed

ages at 1,534 and 3,254m. This goal was first achieved (ages of 110 and

392 kyr) with A ¼ 1:96g cm2 2 yr2 1, and M and S equal respectively to

0.4mmyr−1 and 0.7 for the region 60 km around Vostok where the base

is supposed to reach the melting point (we set M ¼ 0 and S ¼ 0 else-

where). These values are in good agreement with observations for A

(2:00 6 0:04g cm2 2 yr2 1 over the past 200 yr) and correspond to a reason-

able set of parameters for M and S. We adopt this glaciological timescale

(GT4), which gives an age of 423 kyr at 3,310m, without further tuning

(Fig. 2). GT4 never differs by more than 2 kyr from EGTover the last climate

cycle and, in qualitative agreement with recent results49, makes termina-

tion I slightly older (by ,700 yr). We note that it provides a reasonable age

for stage 7.5 (238 kyr) whereas Jouzel et al.13 had to modify EGT for the

second climate cycle by increasing the accumulation by 12% for ages

older than 110 kyr. GT4 never differs by more than 4 kyr from the orbitally

tuned timescale of Waelbroeck et al.50 (defined back to 225kyr), which is

within the estimated uncertainty of this latter timescale. Overall, we have

good arguments11,50–52 to claim that the accuracy of GT4 should be better

than 65 kyr for the past 110 kyr.

The strong relationship between d18Oatm and mid-June 658 N insolation

changes (see text and Fig. 3) enables us to further evaluate the overall

quality of GT4. We can use each well-marked transition from high to low

d18Oatm to define a ‘control point’ giving an orbitally tuned age. The mid-

point of the last d18Oatm transition (,10 kyrago) has nearly the sameageas

the insolation maximum (11 kyr). We assume that this correspondence

alsoholds forearlier insolationmaxima.The resultingcontrolpoints (Fig. 3

and Table 1) are easy to define for the period over which the precessional

cycle is well imprinted in 658 N insolation (approximately between 60 and

340 kyr) but not during stages 2 and 10 where insolation changes are

small. The agreement between the d18Oatm control points and GT4 is

remarkably good given the simple assumptions of both approaches. This

conclusion stands despite the fact that we do not understand controls on

d18Oatm sufficiently well enough to know about the stability of its phase

with respect to insolation. We assume that the change in phase does not

exceed 66 kyr (1/4 of a precessional period).

We conclude that accuracy of GT4 is always better than 615 kyr, better

than 610 kyr for most of the record, and better than 65 kyr for the last

110 kyr. This timescale is quite adequate for the discussions here which

focus on the climatic information contained in the Vostok records

themselves.

Figure 4: À gauche : concentrations de gaz, insolation, température en fonction de la profondeur (axe
supérieur) ou de l’âge (axe inférieur) dans une carotte glacière de Vostok (Antarctique). Exemples de signaux
complexes, non-périodiques. À droite : analyse spectrale des variations de température. Extrait de J.R. Petit
et al., Nature, 399, 429 (1999).

II Spectre d’un signal

1) Analyse spectrale

u D’après un théorème mathématique dû à Joseph Fourier (XIXe siècle), tout signal s(t) réalisable en
pratique peut être décomposé en une somme de signaux sinusoïdaux :

s(t) =

X

i

Ai cos (2⇡fit+ 'i) . (1)

u Réaliser l’analyse spectrale d’un signal consiste à déterminer :

– les fréquences fi contenues dans le signal,

– les amplitudes Ai des composantes sinusoïdales,

– les phases 'i.

u Le spectre du signal est l’ensemble {f0, f1, f2, . . .} des fréquences contenues dans le signal. Cet
ensemble peut être fini ou infini.
u On représente les Ai en fonctions des fi sur le spectrogramme d’amplitude et les 'i en fonctions
des fi sur le spectrogramme de phase.

3

f0 = 0 j-1 f5 = 1,932 j-1 deux marées par jour environ (période 12h25min)



Spectres des signaux

h(t) = s0 + s5  + s6 

Figure 3: Hauteur d’eau h dans le port de Brest au mois de mars 2016. C’est un signal complexe,
non périodique.
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the discussion of our new data sets to the upper 3,310 m of the
ice core, that is, down to the interglacial corresponding to marine
stage 11.3.

Lorius et al.4 established a glaciological timescale for the first
climate cycle of Vostok by combining an ice-flow model and an ice-
accumulation model. This model was extended and modified in
several studies12,13. The glaciological timescale provides a chronol-
ogy based on physics, which makes no assumption about climate
forcings or climate correlation except for one or two adopted
control ages. Here, we further extend the Extended Glaciological
Timescale (EGT) of Jouzel et al.12 to derive GT4, which we adopt as
our primary chronology (see Box 1). GT4 provides an age of 423 kyr
at a depth of 3,310 m.

Climate and atmospheric trends
Temperature. As a result of fractionation processes, the isotopic
content of snow in East Antarctica (dD or d18O) is linearly related
to the temperature above the inversion level, TI, where precipitation
forms, and also to the surface temperature of the precipitation site,
TS (with DT I ¼ 0:67DTS, see ref. 6). We calculate temperature
changes from the present temperature at the atmospheric level as
DT I ¼ ðDdDice 2 8Dd18OswÞ=9, where Dd18Osw is the globally aver-
aged change from today’s value of seawater d18O, and 9‰ per 8C is
the spatial isotope/temperature gradient derived from deuterium
data in this sector of East Antarctica21. We applied the above
relationship to calculate DTS. This approach underestimates DTS

by a factor of ,2 in Greenland22 and, possibly, by up to 50% in
Antarctica23. However, recent model results suggest that any under-
estimation of temperature changes from this equation is small for
Antarctica24,25.

To calculate DTI from dD, we need to adopt a curve for the change
in the isotopic composition of sea water versus time and correlate it
with Vostok. We use the stacked d18Osw record of Bassinot et al.26,
scaled with respect to the V19-30 marine sediment record over their
common part that covers the past 340 kyr (ref. 27) (Fig. 2). To avoid
distortions in the calculation of DTI linked with dating uncertain-
ties, we correlate the records by performing a peak to peak adjust-
ment between the ice and ocean isotopic records. The d18Osw

correction corresponds to a maximum DTI correction of ,1 8C
and associated uncertainties are therefore small. We do not attempt
to correct DTI either for the change of the altitude of the ice sheet or
for the origin of the ice upstream of Vostok13; these terms are very
poorly known and, in any case, are also small (,1 8C).

The overall amplitude of the glacial–interglacial temperature
change is ,8 8C for DTI (inversion level) and ,12 8C for DTS, the
temperature at the surface (Fig. 3). Broad features of this record are
thought to be of large geographical significance (Antarctica and part
of the Southern Hemisphere), at least qualitatively. When examined
in detail, however, the Vostok record may differ from coastal28 sites
in East Antarctica and perhaps from West Antarctica as well.

Jouzel et al.13 noted that temperature variations estimated from
deuterium were similar for the last two glacial periods. The third
and fourth climate cycles are of shorter duration than the first two
cycles in the Vostok record. The same is true in the deep-sea record,
where the third and fourth cycles span four precessional cycles
rather than five as for the last two cycles (Fig. 3). Despite this
difference, one observes, for all four climate cycles, the same
‘sawtooth’ sequence of a warm interglacial (stages 11.3, 9.3, 7.5
and 5.5), followed by increasingly colder interstadial events, and
ending with a rapid return towards the following interglacial. The
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Figure 3 Vostok time series and insolation. Series with respect to time (GT4

timescale for ice on the loweraxis, with indication of corresponding depths on the

top axis) of: a, CO2; b, isotopic temperature of the atmosphere (see text); c, CH4;

d, d18Oatm; and e, mid-June insolation at 658 N (in Wm−2) (ref. 3). CO2 and CH4

measurements have been performed using the methods and analytical pro-

cedures previously described5,9. However, the CO2 measuring system has been

slightly modified in order to increase the sensitivity of the CO2 detection. The

thermal conductivity chromatographic detector has been replaced by a flame

ionization detector which measures CO2 after its transformation into CH4. The

mean resolution of the CO2 (CH4) profile is about 1,500 (950) years. It goes up to

about 6,000 years for CO2 in the fractured zones and in the bottom part of the

record, whereas the CH4 time resolution ranges between a few tens of years to

4,500 years. The overall accuracy for CH4 andCO2 measurements are 620 p.p.b.v.

and 2–3 p.p.m.v., respectively. No gravitational correction has been applied.
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coolest part of each glacial period occurs just before the glacial
termination, except for the third cycle. This may reflect the fact that
the June 658 N insolation minimum preceding this transition
(255 kyr ago) has higher insolation than the previous one (280 kyr
ago), unlike the three other glacial periods. Nonetheless, minimum

temperatures are remarkably similar, within 1 8C, for the four
climate cycles. The new data confirm that the warmest temperature
at stage 7.5 was slightly warmer than the Holocene13, and show that
stage 9.3 (where the highest deuterium value, −414.8‰, is found)
was at least as warm as stage 5.5. That part of stage 11.3, which is
present in Vostok, does not correspond to a particularly warm
climate as suggested for this period by deep-sea sediment records29.
As noted above, however, the Vostok records are probably disturbed
below 3,310 m, and we may not have sampled the warmest ice of this
interglacial. In general, climate cycles are more uniform at Vostok
than in deep-sea core records1. The climate record makes it unlikely
that the West Antarctic ice sheet collapsed during the past 420 kyr
(or at least shows a marked insensitivity of the central part of East
Antarctica and its climate to such a disintegration).

The power spectrum of DTI (Fig. 4) shows a large concentration
of variance (37%) in the 100-kyr band along with a significant
concentration (23%) in the obliquity band (peak at 41 kyr). This
strong obliquity component is roughly in phase with the annual
insolation at the Vostok site4,6,15. The variability of annual insolation
at 788 S is relatively large, 7% (ref. 3). This supports the notion that
annual insolation changes in high southern latitudes influence
Vostok temperature15. These changes may, in particular, contribute
to the initiation of Antarctic warming during major terminations,
which (as we show below) herald the start of deglaciation.

There is little variance (11%) in DTI around precessional periodi-
cities (23 and 19 kyr). In this band, the position of the spectral peaks
is affected by uncertainties in the timescale. To illustrate this point,
we carried out, as a sensitivity test, a spectral analysis using the
control points provided by the d18Oatm record (see Table 1). The
position and strength of the 100- and 40-kyr-spectral peaks are
unaffected, whereas the power spectrum is significantly modified
for periodicities lower than 30 kyr.
Insolation. d18Oatm strongly depends on climate and related proper-
ties, which reflect the direct or indirect influence of insolation19. As a
result, there is a striking resemblance between d18Oatm and mid-June
insolation at 658 N for the entire Vostok record (Fig. 3). This
provides information on the validity of our glaciological timescale
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Figure 4 Spectral properties of the Vostok time series. Frequency distribution (in

cycles yr−1) of the normalized variance power spectrum (arbitrary units). Spectral

analysis was done using the Blackman-Tukey method (calculations were

performed with the Analyseries software47): a, isotopic temperature; b, dust; c,

sodium; d, d18Oatm; e, CO2; and f, CH4. Vertical lines correspond to periodicities of

100, 41, 23 and 19 kyr.

Box 1 The Vostok glaciological timescale

We use three basic assumptions12 to derive our glaciological timescale

(GT4); (1) the accumulation rate has in the past varied in proportion to the

derivative of the water vapour saturation pressure with respect to tem-

perature at the levelwhere precipitation forms (see section on the isotope

temperature record), (2) at any given time the accumulation between

Vostok and Dome B (upstream of Vostok) varies linearly with distance

along the line connecting those two sites, and (3) the Vostok ice at 1,534m

corresponds to marine stage 5.4 (110 kyr) and ice at 3,254m corresponds

to stage 11.2.4 (390 kyr).

Calculation of the strain-induced thinning of annual layers is now

performed accounting for the existence of the subglacial Vostok lake.

Indeed, running the ice-flow model48 with no melting and no basal sliding

as done for EGT12 leads to an age .1,000 kyr for the deepest level we

consider here (3,310 m), which is much too old. Instead, we now allow for

moderate melting and sliding. These processes diminish thinning for the

lower part of the core and provide younger chronologies. We ran this age

model48 over a large range of values of the model parameters (present-

day accumulation at Vostok, A, melting rate, M, and fraction of horizontal

velocity due to base sliding, S) with this aim of matching the assumed

ages at 1,534 and 3,254m. This goal was first achieved (ages of 110 and

392 kyr) with A ¼ 1:96g cm2 2 yr2 1, and M and S equal respectively to

0.4mmyr−1 and 0.7 for the region 60 km around Vostok where the base

is supposed to reach the melting point (we set M ¼ 0 and S ¼ 0 else-

where). These values are in good agreement with observations for A

(2:00 6 0:04g cm2 2 yr2 1 over the past 200 yr) and correspond to a reason-

able set of parameters for M and S. We adopt this glaciological timescale

(GT4), which gives an age of 423 kyr at 3,310m, without further tuning

(Fig. 2). GT4 never differs by more than 2 kyr from EGTover the last climate

cycle and, in qualitative agreement with recent results49, makes termina-

tion I slightly older (by ,700 yr). We note that it provides a reasonable age

for stage 7.5 (238 kyr) whereas Jouzel et al.13 had to modify EGT for the

second climate cycle by increasing the accumulation by 12% for ages

older than 110 kyr. GT4 never differs by more than 4 kyr from the orbitally

tuned timescale of Waelbroeck et al.50 (defined back to 225kyr), which is

within the estimated uncertainty of this latter timescale. Overall, we have

good arguments11,50–52 to claim that the accuracy of GT4 should be better

than 65 kyr for the past 110 kyr.

The strong relationship between d18Oatm and mid-June 658 N insolation

changes (see text and Fig. 3) enables us to further evaluate the overall

quality of GT4. We can use each well-marked transition from high to low

d18Oatm to define a ‘control point’ giving an orbitally tuned age. The mid-

point of the last d18Oatm transition (,10 kyrago) has nearly the sameageas

the insolation maximum (11 kyr). We assume that this correspondence

alsoholds forearlier insolationmaxima.The resultingcontrolpoints (Fig. 3

and Table 1) are easy to define for the period over which the precessional

cycle is well imprinted in 658 N insolation (approximately between 60 and

340 kyr) but not during stages 2 and 10 where insolation changes are

small. The agreement between the d18Oatm control points and GT4 is

remarkably good given the simple assumptions of both approaches. This

conclusion stands despite the fact that we do not understand controls on

d18Oatm sufficiently well enough to know about the stability of its phase

with respect to insolation. We assume that the change in phase does not

exceed 66 kyr (1/4 of a precessional period).

We conclude that accuracy of GT4 is always better than 615 kyr, better

than 610 kyr for most of the record, and better than 65 kyr for the last

110 kyr. This timescale is quite adequate for the discussions here which

focus on the climatic information contained in the Vostok records

themselves.

Figure 4: À gauche : concentrations de gaz, insolation, température en fonction de la profondeur (axe
supérieur) ou de l’âge (axe inférieur) dans une carotte glacière de Vostok (Antarctique). Exemples de signaux
complexes, non-périodiques. À droite : analyse spectrale des variations de température. Extrait de J.R. Petit
et al., Nature, 399, 429 (1999).

II Spectre d’un signal

1) Analyse spectrale

u D’après un théorème mathématique dû à Joseph Fourier (XIXe siècle), tout signal s(t) réalisable en
pratique peut être décomposé en une somme de signaux sinusoïdaux :

s(t) =

X

i

Ai cos (2⇡fit+ 'i) . (1)

u Réaliser l’analyse spectrale d’un signal consiste à déterminer :

– les fréquences fi contenues dans le signal,

– les amplitudes Ai des composantes sinusoïdales,

– les phases 'i.

u Le spectre du signal est l’ensemble {f0, f1, f2, . . .} des fréquences contenues dans le signal. Cet
ensemble peut être fini ou infini.
u On représente les Ai en fonctions des fi sur le spectrogramme d’amplitude et les 'i en fonctions
des fi sur le spectrogramme de phase.

3

f0 = 0 j-1 f5 = 1,932 j-1 f6 = 2 j-1 Battements (période 14 j environ)



Spectres des signaux

h(t) = s0 + s5  + s6 + s3 

Figure 3: Hauteur d’eau h dans le port de Brest au mois de mars 2016. C’est un signal complexe,
non périodique.

© 1999 Macmillan Magazines Ltd

the discussion of our new data sets to the upper 3,310 m of the
ice core, that is, down to the interglacial corresponding to marine
stage 11.3.

Lorius et al.4 established a glaciological timescale for the first
climate cycle of Vostok by combining an ice-flow model and an ice-
accumulation model. This model was extended and modified in
several studies12,13. The glaciological timescale provides a chronol-
ogy based on physics, which makes no assumption about climate
forcings or climate correlation except for one or two adopted
control ages. Here, we further extend the Extended Glaciological
Timescale (EGT) of Jouzel et al.12 to derive GT4, which we adopt as
our primary chronology (see Box 1). GT4 provides an age of 423 kyr
at a depth of 3,310 m.

Climate and atmospheric trends
Temperature. As a result of fractionation processes, the isotopic
content of snow in East Antarctica (dD or d18O) is linearly related
to the temperature above the inversion level, TI, where precipitation
forms, and also to the surface temperature of the precipitation site,
TS (with DT I ¼ 0:67DTS, see ref. 6). We calculate temperature
changes from the present temperature at the atmospheric level as
DT I ¼ ðDdDice 2 8Dd18OswÞ=9, where Dd18Osw is the globally aver-
aged change from today’s value of seawater d18O, and 9‰ per 8C is
the spatial isotope/temperature gradient derived from deuterium
data in this sector of East Antarctica21. We applied the above
relationship to calculate DTS. This approach underestimates DTS

by a factor of ,2 in Greenland22 and, possibly, by up to 50% in
Antarctica23. However, recent model results suggest that any under-
estimation of temperature changes from this equation is small for
Antarctica24,25.

To calculate DTI from dD, we need to adopt a curve for the change
in the isotopic composition of sea water versus time and correlate it
with Vostok. We use the stacked d18Osw record of Bassinot et al.26,
scaled with respect to the V19-30 marine sediment record over their
common part that covers the past 340 kyr (ref. 27) (Fig. 2). To avoid
distortions in the calculation of DTI linked with dating uncertain-
ties, we correlate the records by performing a peak to peak adjust-
ment between the ice and ocean isotopic records. The d18Osw

correction corresponds to a maximum DTI correction of ,1 8C
and associated uncertainties are therefore small. We do not attempt
to correct DTI either for the change of the altitude of the ice sheet or
for the origin of the ice upstream of Vostok13; these terms are very
poorly known and, in any case, are also small (,1 8C).

The overall amplitude of the glacial–interglacial temperature
change is ,8 8C for DTI (inversion level) and ,12 8C for DTS, the
temperature at the surface (Fig. 3). Broad features of this record are
thought to be of large geographical significance (Antarctica and part
of the Southern Hemisphere), at least qualitatively. When examined
in detail, however, the Vostok record may differ from coastal28 sites
in East Antarctica and perhaps from West Antarctica as well.

Jouzel et al.13 noted that temperature variations estimated from
deuterium were similar for the last two glacial periods. The third
and fourth climate cycles are of shorter duration than the first two
cycles in the Vostok record. The same is true in the deep-sea record,
where the third and fourth cycles span four precessional cycles
rather than five as for the last two cycles (Fig. 3). Despite this
difference, one observes, for all four climate cycles, the same
‘sawtooth’ sequence of a warm interglacial (stages 11.3, 9.3, 7.5
and 5.5), followed by increasingly colder interstadial events, and
ending with a rapid return towards the following interglacial. The
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Figure 3 Vostok time series and insolation. Series with respect to time (GT4

timescale for ice on the loweraxis, with indication of corresponding depths on the

top axis) of: a, CO2; b, isotopic temperature of the atmosphere (see text); c, CH4;

d, d18Oatm; and e, mid-June insolation at 658 N (in Wm−2) (ref. 3). CO2 and CH4

measurements have been performed using the methods and analytical pro-

cedures previously described5,9. However, the CO2 measuring system has been

slightly modified in order to increase the sensitivity of the CO2 detection. The

thermal conductivity chromatographic detector has been replaced by a flame

ionization detector which measures CO2 after its transformation into CH4. The

mean resolution of the CO2 (CH4) profile is about 1,500 (950) years. It goes up to

about 6,000 years for CO2 in the fractured zones and in the bottom part of the

record, whereas the CH4 time resolution ranges between a few tens of years to

4,500 years. The overall accuracy for CH4 andCO2 measurements are 620 p.p.b.v.

and 2–3 p.p.m.v., respectively. No gravitational correction has been applied.

© 1999 Macmillan Magazines Ltd

coolest part of each glacial period occurs just before the glacial
termination, except for the third cycle. This may reflect the fact that
the June 658 N insolation minimum preceding this transition
(255 kyr ago) has higher insolation than the previous one (280 kyr
ago), unlike the three other glacial periods. Nonetheless, minimum

temperatures are remarkably similar, within 1 8C, for the four
climate cycles. The new data confirm that the warmest temperature
at stage 7.5 was slightly warmer than the Holocene13, and show that
stage 9.3 (where the highest deuterium value, −414.8‰, is found)
was at least as warm as stage 5.5. That part of stage 11.3, which is
present in Vostok, does not correspond to a particularly warm
climate as suggested for this period by deep-sea sediment records29.
As noted above, however, the Vostok records are probably disturbed
below 3,310 m, and we may not have sampled the warmest ice of this
interglacial. In general, climate cycles are more uniform at Vostok
than in deep-sea core records1. The climate record makes it unlikely
that the West Antarctic ice sheet collapsed during the past 420 kyr
(or at least shows a marked insensitivity of the central part of East
Antarctica and its climate to such a disintegration).

The power spectrum of DTI (Fig. 4) shows a large concentration
of variance (37%) in the 100-kyr band along with a significant
concentration (23%) in the obliquity band (peak at 41 kyr). This
strong obliquity component is roughly in phase with the annual
insolation at the Vostok site4,6,15. The variability of annual insolation
at 788 S is relatively large, 7% (ref. 3). This supports the notion that
annual insolation changes in high southern latitudes influence
Vostok temperature15. These changes may, in particular, contribute
to the initiation of Antarctic warming during major terminations,
which (as we show below) herald the start of deglaciation.

There is little variance (11%) in DTI around precessional periodi-
cities (23 and 19 kyr). In this band, the position of the spectral peaks
is affected by uncertainties in the timescale. To illustrate this point,
we carried out, as a sensitivity test, a spectral analysis using the
control points provided by the d18Oatm record (see Table 1). The
position and strength of the 100- and 40-kyr-spectral peaks are
unaffected, whereas the power spectrum is significantly modified
for periodicities lower than 30 kyr.
Insolation. d18Oatm strongly depends on climate and related proper-
ties, which reflect the direct or indirect influence of insolation19. As a
result, there is a striking resemblance between d18Oatm and mid-June
insolation at 658 N for the entire Vostok record (Fig. 3). This
provides information on the validity of our glaciological timescale
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Figure 4 Spectral properties of the Vostok time series. Frequency distribution (in

cycles yr−1) of the normalized variance power spectrum (arbitrary units). Spectral

analysis was done using the Blackman-Tukey method (calculations were

performed with the Analyseries software47): a, isotopic temperature; b, dust; c,

sodium; d, d18Oatm; e, CO2; and f, CH4. Vertical lines correspond to periodicities of

100, 41, 23 and 19 kyr.

Box 1 The Vostok glaciological timescale

We use three basic assumptions12 to derive our glaciological timescale

(GT4); (1) the accumulation rate has in the past varied in proportion to the

derivative of the water vapour saturation pressure with respect to tem-

perature at the levelwhere precipitation forms (see section on the isotope

temperature record), (2) at any given time the accumulation between

Vostok and Dome B (upstream of Vostok) varies linearly with distance

along the line connecting those two sites, and (3) the Vostok ice at 1,534m

corresponds to marine stage 5.4 (110 kyr) and ice at 3,254m corresponds

to stage 11.2.4 (390 kyr).

Calculation of the strain-induced thinning of annual layers is now

performed accounting for the existence of the subglacial Vostok lake.

Indeed, running the ice-flow model48 with no melting and no basal sliding

as done for EGT12 leads to an age .1,000 kyr for the deepest level we

consider here (3,310 m), which is much too old. Instead, we now allow for

moderate melting and sliding. These processes diminish thinning for the

lower part of the core and provide younger chronologies. We ran this age

model48 over a large range of values of the model parameters (present-

day accumulation at Vostok, A, melting rate, M, and fraction of horizontal

velocity due to base sliding, S) with this aim of matching the assumed

ages at 1,534 and 3,254m. This goal was first achieved (ages of 110 and

392 kyr) with A ¼ 1:96g cm2 2 yr2 1, and M and S equal respectively to

0.4mmyr−1 and 0.7 for the region 60 km around Vostok where the base

is supposed to reach the melting point (we set M ¼ 0 and S ¼ 0 else-

where). These values are in good agreement with observations for A

(2:00 6 0:04g cm2 2 yr2 1 over the past 200 yr) and correspond to a reason-

able set of parameters for M and S. We adopt this glaciological timescale

(GT4), which gives an age of 423 kyr at 3,310m, without further tuning

(Fig. 2). GT4 never differs by more than 2 kyr from EGTover the last climate

cycle and, in qualitative agreement with recent results49, makes termina-

tion I slightly older (by ,700 yr). We note that it provides a reasonable age

for stage 7.5 (238 kyr) whereas Jouzel et al.13 had to modify EGT for the

second climate cycle by increasing the accumulation by 12% for ages

older than 110 kyr. GT4 never differs by more than 4 kyr from the orbitally

tuned timescale of Waelbroeck et al.50 (defined back to 225kyr), which is

within the estimated uncertainty of this latter timescale. Overall, we have

good arguments11,50–52 to claim that the accuracy of GT4 should be better

than 65 kyr for the past 110 kyr.

The strong relationship between d18Oatm and mid-June 658 N insolation

changes (see text and Fig. 3) enables us to further evaluate the overall

quality of GT4. We can use each well-marked transition from high to low

d18Oatm to define a ‘control point’ giving an orbitally tuned age. The mid-

point of the last d18Oatm transition (,10 kyrago) has nearly the sameageas

the insolation maximum (11 kyr). We assume that this correspondence

alsoholds forearlier insolationmaxima.The resultingcontrolpoints (Fig. 3

and Table 1) are easy to define for the period over which the precessional

cycle is well imprinted in 658 N insolation (approximately between 60 and

340 kyr) but not during stages 2 and 10 where insolation changes are

small. The agreement between the d18Oatm control points and GT4 is

remarkably good given the simple assumptions of both approaches. This

conclusion stands despite the fact that we do not understand controls on

d18Oatm sufficiently well enough to know about the stability of its phase

with respect to insolation. We assume that the change in phase does not

exceed 66 kyr (1/4 of a precessional period).

We conclude that accuracy of GT4 is always better than 615 kyr, better

than 610 kyr for most of the record, and better than 65 kyr for the last

110 kyr. This timescale is quite adequate for the discussions here which

focus on the climatic information contained in the Vostok records

themselves.

Figure 4: À gauche : concentrations de gaz, insolation, température en fonction de la profondeur (axe
supérieur) ou de l’âge (axe inférieur) dans une carotte glacière de Vostok (Antarctique). Exemples de signaux
complexes, non-périodiques. À droite : analyse spectrale des variations de température. Extrait de J.R. Petit
et al., Nature, 399, 429 (1999).

II Spectre d’un signal

1) Analyse spectrale

u D’après un théorème mathématique dû à Joseph Fourier (XIXe siècle), tout signal s(t) réalisable en
pratique peut être décomposé en une somme de signaux sinusoïdaux :

s(t) =

X

i

Ai cos (2⇡fit+ 'i) . (1)

u Réaliser l’analyse spectrale d’un signal consiste à déterminer :

– les fréquences fi contenues dans le signal,

– les amplitudes Ai des composantes sinusoïdales,

– les phases 'i.

u Le spectre du signal est l’ensemble {f0, f1, f2, . . .} des fréquences contenues dans le signal. Cet
ensemble peut être fini ou infini.
u On représente les Ai en fonctions des fi sur le spectrogramme d’amplitude et les 'i en fonctions
des fi sur le spectrogramme de phase.

3

f0 = 0 j-1 f5 = 1,932 j-1 f6 = 2 j-1 f3 = 1,003 j-1 variation journalière 
(période 24h environ)



Spectres des signaux

h(t) = s0 + s5  + s6 + s3 

Figure 3: Hauteur d’eau h dans le port de Brest au mois de mars 2016. C’est un signal complexe,
non périodique.
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the discussion of our new data sets to the upper 3,310 m of the
ice core, that is, down to the interglacial corresponding to marine
stage 11.3.

Lorius et al.4 established a glaciological timescale for the first
climate cycle of Vostok by combining an ice-flow model and an ice-
accumulation model. This model was extended and modified in
several studies12,13. The glaciological timescale provides a chronol-
ogy based on physics, which makes no assumption about climate
forcings or climate correlation except for one or two adopted
control ages. Here, we further extend the Extended Glaciological
Timescale (EGT) of Jouzel et al.12 to derive GT4, which we adopt as
our primary chronology (see Box 1). GT4 provides an age of 423 kyr
at a depth of 3,310 m.

Climate and atmospheric trends
Temperature. As a result of fractionation processes, the isotopic
content of snow in East Antarctica (dD or d18O) is linearly related
to the temperature above the inversion level, TI, where precipitation
forms, and also to the surface temperature of the precipitation site,
TS (with DT I ¼ 0:67DTS, see ref. 6). We calculate temperature
changes from the present temperature at the atmospheric level as
DT I ¼ ðDdDice 2 8Dd18OswÞ=9, where Dd18Osw is the globally aver-
aged change from today’s value of seawater d18O, and 9‰ per 8C is
the spatial isotope/temperature gradient derived from deuterium
data in this sector of East Antarctica21. We applied the above
relationship to calculate DTS. This approach underestimates DTS

by a factor of ,2 in Greenland22 and, possibly, by up to 50% in
Antarctica23. However, recent model results suggest that any under-
estimation of temperature changes from this equation is small for
Antarctica24,25.

To calculate DTI from dD, we need to adopt a curve for the change
in the isotopic composition of sea water versus time and correlate it
with Vostok. We use the stacked d18Osw record of Bassinot et al.26,
scaled with respect to the V19-30 marine sediment record over their
common part that covers the past 340 kyr (ref. 27) (Fig. 2). To avoid
distortions in the calculation of DTI linked with dating uncertain-
ties, we correlate the records by performing a peak to peak adjust-
ment between the ice and ocean isotopic records. The d18Osw

correction corresponds to a maximum DTI correction of ,1 8C
and associated uncertainties are therefore small. We do not attempt
to correct DTI either for the change of the altitude of the ice sheet or
for the origin of the ice upstream of Vostok13; these terms are very
poorly known and, in any case, are also small (,1 8C).

The overall amplitude of the glacial–interglacial temperature
change is ,8 8C for DTI (inversion level) and ,12 8C for DTS, the
temperature at the surface (Fig. 3). Broad features of this record are
thought to be of large geographical significance (Antarctica and part
of the Southern Hemisphere), at least qualitatively. When examined
in detail, however, the Vostok record may differ from coastal28 sites
in East Antarctica and perhaps from West Antarctica as well.

Jouzel et al.13 noted that temperature variations estimated from
deuterium were similar for the last two glacial periods. The third
and fourth climate cycles are of shorter duration than the first two
cycles in the Vostok record. The same is true in the deep-sea record,
where the third and fourth cycles span four precessional cycles
rather than five as for the last two cycles (Fig. 3). Despite this
difference, one observes, for all four climate cycles, the same
‘sawtooth’ sequence of a warm interglacial (stages 11.3, 9.3, 7.5
and 5.5), followed by increasingly colder interstadial events, and
ending with a rapid return towards the following interglacial. The
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Figure 3 Vostok time series and insolation. Series with respect to time (GT4

timescale for ice on the loweraxis, with indication of corresponding depths on the

top axis) of: a, CO2; b, isotopic temperature of the atmosphere (see text); c, CH4;

d, d18Oatm; and e, mid-June insolation at 658 N (in Wm−2) (ref. 3). CO2 and CH4

measurements have been performed using the methods and analytical pro-

cedures previously described5,9. However, the CO2 measuring system has been

slightly modified in order to increase the sensitivity of the CO2 detection. The

thermal conductivity chromatographic detector has been replaced by a flame

ionization detector which measures CO2 after its transformation into CH4. The

mean resolution of the CO2 (CH4) profile is about 1,500 (950) years. It goes up to

about 6,000 years for CO2 in the fractured zones and in the bottom part of the

record, whereas the CH4 time resolution ranges between a few tens of years to

4,500 years. The overall accuracy for CH4 andCO2 measurements are 620 p.p.b.v.

and 2–3 p.p.m.v., respectively. No gravitational correction has been applied.
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coolest part of each glacial period occurs just before the glacial
termination, except for the third cycle. This may reflect the fact that
the June 658 N insolation minimum preceding this transition
(255 kyr ago) has higher insolation than the previous one (280 kyr
ago), unlike the three other glacial periods. Nonetheless, minimum

temperatures are remarkably similar, within 1 8C, for the four
climate cycles. The new data confirm that the warmest temperature
at stage 7.5 was slightly warmer than the Holocene13, and show that
stage 9.3 (where the highest deuterium value, −414.8‰, is found)
was at least as warm as stage 5.5. That part of stage 11.3, which is
present in Vostok, does not correspond to a particularly warm
climate as suggested for this period by deep-sea sediment records29.
As noted above, however, the Vostok records are probably disturbed
below 3,310 m, and we may not have sampled the warmest ice of this
interglacial. In general, climate cycles are more uniform at Vostok
than in deep-sea core records1. The climate record makes it unlikely
that the West Antarctic ice sheet collapsed during the past 420 kyr
(or at least shows a marked insensitivity of the central part of East
Antarctica and its climate to such a disintegration).

The power spectrum of DTI (Fig. 4) shows a large concentration
of variance (37%) in the 100-kyr band along with a significant
concentration (23%) in the obliquity band (peak at 41 kyr). This
strong obliquity component is roughly in phase with the annual
insolation at the Vostok site4,6,15. The variability of annual insolation
at 788 S is relatively large, 7% (ref. 3). This supports the notion that
annual insolation changes in high southern latitudes influence
Vostok temperature15. These changes may, in particular, contribute
to the initiation of Antarctic warming during major terminations,
which (as we show below) herald the start of deglaciation.

There is little variance (11%) in DTI around precessional periodi-
cities (23 and 19 kyr). In this band, the position of the spectral peaks
is affected by uncertainties in the timescale. To illustrate this point,
we carried out, as a sensitivity test, a spectral analysis using the
control points provided by the d18Oatm record (see Table 1). The
position and strength of the 100- and 40-kyr-spectral peaks are
unaffected, whereas the power spectrum is significantly modified
for periodicities lower than 30 kyr.
Insolation. d18Oatm strongly depends on climate and related proper-
ties, which reflect the direct or indirect influence of insolation19. As a
result, there is a striking resemblance between d18Oatm and mid-June
insolation at 658 N for the entire Vostok record (Fig. 3). This
provides information on the validity of our glaciological timescale
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Figure 4 Spectral properties of the Vostok time series. Frequency distribution (in

cycles yr−1) of the normalized variance power spectrum (arbitrary units). Spectral

analysis was done using the Blackman-Tukey method (calculations were

performed with the Analyseries software47): a, isotopic temperature; b, dust; c,

sodium; d, d18Oatm; e, CO2; and f, CH4. Vertical lines correspond to periodicities of

100, 41, 23 and 19 kyr.

Box 1 The Vostok glaciological timescale

We use three basic assumptions12 to derive our glaciological timescale

(GT4); (1) the accumulation rate has in the past varied in proportion to the

derivative of the water vapour saturation pressure with respect to tem-

perature at the levelwhere precipitation forms (see section on the isotope

temperature record), (2) at any given time the accumulation between

Vostok and Dome B (upstream of Vostok) varies linearly with distance

along the line connecting those two sites, and (3) the Vostok ice at 1,534m

corresponds to marine stage 5.4 (110 kyr) and ice at 3,254m corresponds

to stage 11.2.4 (390 kyr).

Calculation of the strain-induced thinning of annual layers is now

performed accounting for the existence of the subglacial Vostok lake.

Indeed, running the ice-flow model48 with no melting and no basal sliding

as done for EGT12 leads to an age .1,000 kyr for the deepest level we

consider here (3,310 m), which is much too old. Instead, we now allow for

moderate melting and sliding. These processes diminish thinning for the

lower part of the core and provide younger chronologies. We ran this age

model48 over a large range of values of the model parameters (present-

day accumulation at Vostok, A, melting rate, M, and fraction of horizontal

velocity due to base sliding, S) with this aim of matching the assumed

ages at 1,534 and 3,254m. This goal was first achieved (ages of 110 and

392 kyr) with A ¼ 1:96g cm2 2 yr2 1, and M and S equal respectively to

0.4mmyr−1 and 0.7 for the region 60 km around Vostok where the base

is supposed to reach the melting point (we set M ¼ 0 and S ¼ 0 else-

where). These values are in good agreement with observations for A

(2:00 6 0:04g cm2 2 yr2 1 over the past 200 yr) and correspond to a reason-

able set of parameters for M and S. We adopt this glaciological timescale

(GT4), which gives an age of 423 kyr at 3,310m, without further tuning

(Fig. 2). GT4 never differs by more than 2 kyr from EGTover the last climate

cycle and, in qualitative agreement with recent results49, makes termina-

tion I slightly older (by ,700 yr). We note that it provides a reasonable age

for stage 7.5 (238 kyr) whereas Jouzel et al.13 had to modify EGT for the

second climate cycle by increasing the accumulation by 12% for ages

older than 110 kyr. GT4 never differs by more than 4 kyr from the orbitally

tuned timescale of Waelbroeck et al.50 (defined back to 225kyr), which is

within the estimated uncertainty of this latter timescale. Overall, we have

good arguments11,50–52 to claim that the accuracy of GT4 should be better

than 65 kyr for the past 110 kyr.

The strong relationship between d18Oatm and mid-June 658 N insolation

changes (see text and Fig. 3) enables us to further evaluate the overall

quality of GT4. We can use each well-marked transition from high to low

d18Oatm to define a ‘control point’ giving an orbitally tuned age. The mid-

point of the last d18Oatm transition (,10 kyrago) has nearly the sameageas

the insolation maximum (11 kyr). We assume that this correspondence

alsoholds forearlier insolationmaxima.The resultingcontrolpoints (Fig. 3

and Table 1) are easy to define for the period over which the precessional

cycle is well imprinted in 658 N insolation (approximately between 60 and

340 kyr) but not during stages 2 and 10 where insolation changes are

small. The agreement between the d18Oatm control points and GT4 is

remarkably good given the simple assumptions of both approaches. This

conclusion stands despite the fact that we do not understand controls on

d18Oatm sufficiently well enough to know about the stability of its phase

with respect to insolation. We assume that the change in phase does not

exceed 66 kyr (1/4 of a precessional period).

We conclude that accuracy of GT4 is always better than 615 kyr, better

than 610 kyr for most of the record, and better than 65 kyr for the last

110 kyr. This timescale is quite adequate for the discussions here which

focus on the climatic information contained in the Vostok records

themselves.

Figure 4: À gauche : concentrations de gaz, insolation, température en fonction de la profondeur (axe
supérieur) ou de l’âge (axe inférieur) dans une carotte glacière de Vostok (Antarctique). Exemples de signaux
complexes, non-périodiques. À droite : analyse spectrale des variations de température. Extrait de J.R. Petit
et al., Nature, 399, 429 (1999).

II Spectre d’un signal

1) Analyse spectrale

u D’après un théorème mathématique dû à Joseph Fourier (XIXe siècle), tout signal s(t) réalisable en
pratique peut être décomposé en une somme de signaux sinusoïdaux :

s(t) =

X

i

Ai cos (2⇡fit+ 'i) . (1)

u Réaliser l’analyse spectrale d’un signal consiste à déterminer :

– les fréquences fi contenues dans le signal,

– les amplitudes Ai des composantes sinusoïdales,

– les phases 'i.

u Le spectre du signal est l’ensemble {f0, f1, f2, . . .} des fréquences contenues dans le signal. Cet
ensemble peut être fini ou infini.
u On représente les Ai en fonctions des fi sur le spectrogramme d’amplitude et les 'i en fonctions
des fi sur le spectrogramme de phase.

3

f0 = 0 j-1 f5 = 1,932 j-1 f6 = 2 j-1 f3 = 1,003 j-1 variation journalière 
(période 24h environ)



Spectres des signaux

h(t) = s0 + s5  + s6 + s3 

Figure 3: Hauteur d’eau h dans le port de Brest au mois de mars 2016. C’est un signal complexe,
non périodique.

© 1999 Macmillan Magazines Ltd

the discussion of our new data sets to the upper 3,310 m of the
ice core, that is, down to the interglacial corresponding to marine
stage 11.3.

Lorius et al.4 established a glaciological timescale for the first
climate cycle of Vostok by combining an ice-flow model and an ice-
accumulation model. This model was extended and modified in
several studies12,13. The glaciological timescale provides a chronol-
ogy based on physics, which makes no assumption about climate
forcings or climate correlation except for one or two adopted
control ages. Here, we further extend the Extended Glaciological
Timescale (EGT) of Jouzel et al.12 to derive GT4, which we adopt as
our primary chronology (see Box 1). GT4 provides an age of 423 kyr
at a depth of 3,310 m.

Climate and atmospheric trends
Temperature. As a result of fractionation processes, the isotopic
content of snow in East Antarctica (dD or d18O) is linearly related
to the temperature above the inversion level, TI, where precipitation
forms, and also to the surface temperature of the precipitation site,
TS (with DT I ¼ 0:67DTS, see ref. 6). We calculate temperature
changes from the present temperature at the atmospheric level as
DT I ¼ ðDdDice 2 8Dd18OswÞ=9, where Dd18Osw is the globally aver-
aged change from today’s value of seawater d18O, and 9‰ per 8C is
the spatial isotope/temperature gradient derived from deuterium
data in this sector of East Antarctica21. We applied the above
relationship to calculate DTS. This approach underestimates DTS

by a factor of ,2 in Greenland22 and, possibly, by up to 50% in
Antarctica23. However, recent model results suggest that any under-
estimation of temperature changes from this equation is small for
Antarctica24,25.

To calculate DTI from dD, we need to adopt a curve for the change
in the isotopic composition of sea water versus time and correlate it
with Vostok. We use the stacked d18Osw record of Bassinot et al.26,
scaled with respect to the V19-30 marine sediment record over their
common part that covers the past 340 kyr (ref. 27) (Fig. 2). To avoid
distortions in the calculation of DTI linked with dating uncertain-
ties, we correlate the records by performing a peak to peak adjust-
ment between the ice and ocean isotopic records. The d18Osw

correction corresponds to a maximum DTI correction of ,1 8C
and associated uncertainties are therefore small. We do not attempt
to correct DTI either for the change of the altitude of the ice sheet or
for the origin of the ice upstream of Vostok13; these terms are very
poorly known and, in any case, are also small (,1 8C).

The overall amplitude of the glacial–interglacial temperature
change is ,8 8C for DTI (inversion level) and ,12 8C for DTS, the
temperature at the surface (Fig. 3). Broad features of this record are
thought to be of large geographical significance (Antarctica and part
of the Southern Hemisphere), at least qualitatively. When examined
in detail, however, the Vostok record may differ from coastal28 sites
in East Antarctica and perhaps from West Antarctica as well.

Jouzel et al.13 noted that temperature variations estimated from
deuterium were similar for the last two glacial periods. The third
and fourth climate cycles are of shorter duration than the first two
cycles in the Vostok record. The same is true in the deep-sea record,
where the third and fourth cycles span four precessional cycles
rather than five as for the last two cycles (Fig. 3). Despite this
difference, one observes, for all four climate cycles, the same
‘sawtooth’ sequence of a warm interglacial (stages 11.3, 9.3, 7.5
and 5.5), followed by increasingly colder interstadial events, and
ending with a rapid return towards the following interglacial. The
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Figure 3 Vostok time series and insolation. Series with respect to time (GT4

timescale for ice on the loweraxis, with indication of corresponding depths on the

top axis) of: a, CO2; b, isotopic temperature of the atmosphere (see text); c, CH4;

d, d18Oatm; and e, mid-June insolation at 658 N (in Wm−2) (ref. 3). CO2 and CH4

measurements have been performed using the methods and analytical pro-

cedures previously described5,9. However, the CO2 measuring system has been

slightly modified in order to increase the sensitivity of the CO2 detection. The

thermal conductivity chromatographic detector has been replaced by a flame

ionization detector which measures CO2 after its transformation into CH4. The

mean resolution of the CO2 (CH4) profile is about 1,500 (950) years. It goes up to

about 6,000 years for CO2 in the fractured zones and in the bottom part of the

record, whereas the CH4 time resolution ranges between a few tens of years to

4,500 years. The overall accuracy for CH4 andCO2 measurements are 620 p.p.b.v.

and 2–3 p.p.m.v., respectively. No gravitational correction has been applied.
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coolest part of each glacial period occurs just before the glacial
termination, except for the third cycle. This may reflect the fact that
the June 658 N insolation minimum preceding this transition
(255 kyr ago) has higher insolation than the previous one (280 kyr
ago), unlike the three other glacial periods. Nonetheless, minimum

temperatures are remarkably similar, within 1 8C, for the four
climate cycles. The new data confirm that the warmest temperature
at stage 7.5 was slightly warmer than the Holocene13, and show that
stage 9.3 (where the highest deuterium value, −414.8‰, is found)
was at least as warm as stage 5.5. That part of stage 11.3, which is
present in Vostok, does not correspond to a particularly warm
climate as suggested for this period by deep-sea sediment records29.
As noted above, however, the Vostok records are probably disturbed
below 3,310 m, and we may not have sampled the warmest ice of this
interglacial. In general, climate cycles are more uniform at Vostok
than in deep-sea core records1. The climate record makes it unlikely
that the West Antarctic ice sheet collapsed during the past 420 kyr
(or at least shows a marked insensitivity of the central part of East
Antarctica and its climate to such a disintegration).

The power spectrum of DTI (Fig. 4) shows a large concentration
of variance (37%) in the 100-kyr band along with a significant
concentration (23%) in the obliquity band (peak at 41 kyr). This
strong obliquity component is roughly in phase with the annual
insolation at the Vostok site4,6,15. The variability of annual insolation
at 788 S is relatively large, 7% (ref. 3). This supports the notion that
annual insolation changes in high southern latitudes influence
Vostok temperature15. These changes may, in particular, contribute
to the initiation of Antarctic warming during major terminations,
which (as we show below) herald the start of deglaciation.

There is little variance (11%) in DTI around precessional periodi-
cities (23 and 19 kyr). In this band, the position of the spectral peaks
is affected by uncertainties in the timescale. To illustrate this point,
we carried out, as a sensitivity test, a spectral analysis using the
control points provided by the d18Oatm record (see Table 1). The
position and strength of the 100- and 40-kyr-spectral peaks are
unaffected, whereas the power spectrum is significantly modified
for periodicities lower than 30 kyr.
Insolation. d18Oatm strongly depends on climate and related proper-
ties, which reflect the direct or indirect influence of insolation19. As a
result, there is a striking resemblance between d18Oatm and mid-June
insolation at 658 N for the entire Vostok record (Fig. 3). This
provides information on the validity of our glaciological timescale
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Figure 4 Spectral properties of the Vostok time series. Frequency distribution (in

cycles yr−1) of the normalized variance power spectrum (arbitrary units). Spectral

analysis was done using the Blackman-Tukey method (calculations were

performed with the Analyseries software47): a, isotopic temperature; b, dust; c,

sodium; d, d18Oatm; e, CO2; and f, CH4. Vertical lines correspond to periodicities of

100, 41, 23 and 19 kyr.

Box 1 The Vostok glaciological timescale

We use three basic assumptions12 to derive our glaciological timescale

(GT4); (1) the accumulation rate has in the past varied in proportion to the

derivative of the water vapour saturation pressure with respect to tem-

perature at the levelwhere precipitation forms (see section on the isotope

temperature record), (2) at any given time the accumulation between

Vostok and Dome B (upstream of Vostok) varies linearly with distance

along the line connecting those two sites, and (3) the Vostok ice at 1,534m

corresponds to marine stage 5.4 (110 kyr) and ice at 3,254m corresponds

to stage 11.2.4 (390 kyr).

Calculation of the strain-induced thinning of annual layers is now

performed accounting for the existence of the subglacial Vostok lake.

Indeed, running the ice-flow model48 with no melting and no basal sliding

as done for EGT12 leads to an age .1,000 kyr for the deepest level we

consider here (3,310 m), which is much too old. Instead, we now allow for

moderate melting and sliding. These processes diminish thinning for the

lower part of the core and provide younger chronologies. We ran this age

model48 over a large range of values of the model parameters (present-

day accumulation at Vostok, A, melting rate, M, and fraction of horizontal

velocity due to base sliding, S) with this aim of matching the assumed

ages at 1,534 and 3,254m. This goal was first achieved (ages of 110 and

392 kyr) with A ¼ 1:96g cm2 2 yr2 1, and M and S equal respectively to

0.4mmyr−1 and 0.7 for the region 60 km around Vostok where the base

is supposed to reach the melting point (we set M ¼ 0 and S ¼ 0 else-

where). These values are in good agreement with observations for A

(2:00 6 0:04g cm2 2 yr2 1 over the past 200 yr) and correspond to a reason-

able set of parameters for M and S. We adopt this glaciological timescale

(GT4), which gives an age of 423 kyr at 3,310m, without further tuning

(Fig. 2). GT4 never differs by more than 2 kyr from EGTover the last climate

cycle and, in qualitative agreement with recent results49, makes termina-

tion I slightly older (by ,700 yr). We note that it provides a reasonable age

for stage 7.5 (238 kyr) whereas Jouzel et al.13 had to modify EGT for the

second climate cycle by increasing the accumulation by 12% for ages

older than 110 kyr. GT4 never differs by more than 4 kyr from the orbitally

tuned timescale of Waelbroeck et al.50 (defined back to 225kyr), which is

within the estimated uncertainty of this latter timescale. Overall, we have

good arguments11,50–52 to claim that the accuracy of GT4 should be better

than 65 kyr for the past 110 kyr.

The strong relationship between d18Oatm and mid-June 658 N insolation

changes (see text and Fig. 3) enables us to further evaluate the overall

quality of GT4. We can use each well-marked transition from high to low

d18Oatm to define a ‘control point’ giving an orbitally tuned age. The mid-

point of the last d18Oatm transition (,10 kyrago) has nearly the sameageas

the insolation maximum (11 kyr). We assume that this correspondence

alsoholds forearlier insolationmaxima.The resultingcontrolpoints (Fig. 3

and Table 1) are easy to define for the period over which the precessional

cycle is well imprinted in 658 N insolation (approximately between 60 and

340 kyr) but not during stages 2 and 10 where insolation changes are

small. The agreement between the d18Oatm control points and GT4 is

remarkably good given the simple assumptions of both approaches. This

conclusion stands despite the fact that we do not understand controls on

d18Oatm sufficiently well enough to know about the stability of its phase

with respect to insolation. We assume that the change in phase does not

exceed 66 kyr (1/4 of a precessional period).

We conclude that accuracy of GT4 is always better than 615 kyr, better

than 610 kyr for most of the record, and better than 65 kyr for the last

110 kyr. This timescale is quite adequate for the discussions here which

focus on the climatic information contained in the Vostok records

themselves.

Figure 4: À gauche : concentrations de gaz, insolation, température en fonction de la profondeur (axe
supérieur) ou de l’âge (axe inférieur) dans une carotte glacière de Vostok (Antarctique). Exemples de signaux
complexes, non-périodiques. À droite : analyse spectrale des variations de température. Extrait de J.R. Petit
et al., Nature, 399, 429 (1999).

II Spectre d’un signal

1) Analyse spectrale

u D’après un théorème mathématique dû à Joseph Fourier (XIXe siècle), tout signal s(t) réalisable en
pratique peut être décomposé en une somme de signaux sinusoïdaux :

s(t) =

X

i

Ai cos (2⇡fit+ 'i) . (1)

u Réaliser l’analyse spectrale d’un signal consiste à déterminer :

– les fréquences fi contenues dans le signal,

– les amplitudes Ai des composantes sinusoïdales,

– les phases 'i.

u Le spectre du signal est l’ensemble {f0, f1, f2, . . .} des fréquences contenues dans le signal. Cet
ensemble peut être fini ou infini.
u On représente les Ai en fonctions des fi sur le spectrogramme d’amplitude et les 'i en fonctions
des fi sur le spectrogramme de phase.

3
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Spectres des signaux

h(t) = s0 + s5  + s6 + s3 + s4 

Figure 3: Hauteur d’eau h dans le port de Brest au mois de mars 2016. C’est un signal complexe,
non périodique.
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the discussion of our new data sets to the upper 3,310 m of the
ice core, that is, down to the interglacial corresponding to marine
stage 11.3.

Lorius et al.4 established a glaciological timescale for the first
climate cycle of Vostok by combining an ice-flow model and an ice-
accumulation model. This model was extended and modified in
several studies12,13. The glaciological timescale provides a chronol-
ogy based on physics, which makes no assumption about climate
forcings or climate correlation except for one or two adopted
control ages. Here, we further extend the Extended Glaciological
Timescale (EGT) of Jouzel et al.12 to derive GT4, which we adopt as
our primary chronology (see Box 1). GT4 provides an age of 423 kyr
at a depth of 3,310 m.

Climate and atmospheric trends
Temperature. As a result of fractionation processes, the isotopic
content of snow in East Antarctica (dD or d18O) is linearly related
to the temperature above the inversion level, TI, where precipitation
forms, and also to the surface temperature of the precipitation site,
TS (with DT I ¼ 0:67DTS, see ref. 6). We calculate temperature
changes from the present temperature at the atmospheric level as
DT I ¼ ðDdDice 2 8Dd18OswÞ=9, where Dd18Osw is the globally aver-
aged change from today’s value of seawater d18O, and 9‰ per 8C is
the spatial isotope/temperature gradient derived from deuterium
data in this sector of East Antarctica21. We applied the above
relationship to calculate DTS. This approach underestimates DTS

by a factor of ,2 in Greenland22 and, possibly, by up to 50% in
Antarctica23. However, recent model results suggest that any under-
estimation of temperature changes from this equation is small for
Antarctica24,25.

To calculate DTI from dD, we need to adopt a curve for the change
in the isotopic composition of sea water versus time and correlate it
with Vostok. We use the stacked d18Osw record of Bassinot et al.26,
scaled with respect to the V19-30 marine sediment record over their
common part that covers the past 340 kyr (ref. 27) (Fig. 2). To avoid
distortions in the calculation of DTI linked with dating uncertain-
ties, we correlate the records by performing a peak to peak adjust-
ment between the ice and ocean isotopic records. The d18Osw

correction corresponds to a maximum DTI correction of ,1 8C
and associated uncertainties are therefore small. We do not attempt
to correct DTI either for the change of the altitude of the ice sheet or
for the origin of the ice upstream of Vostok13; these terms are very
poorly known and, in any case, are also small (,1 8C).

The overall amplitude of the glacial–interglacial temperature
change is ,8 8C for DTI (inversion level) and ,12 8C for DTS, the
temperature at the surface (Fig. 3). Broad features of this record are
thought to be of large geographical significance (Antarctica and part
of the Southern Hemisphere), at least qualitatively. When examined
in detail, however, the Vostok record may differ from coastal28 sites
in East Antarctica and perhaps from West Antarctica as well.

Jouzel et al.13 noted that temperature variations estimated from
deuterium were similar for the last two glacial periods. The third
and fourth climate cycles are of shorter duration than the first two
cycles in the Vostok record. The same is true in the deep-sea record,
where the third and fourth cycles span four precessional cycles
rather than five as for the last two cycles (Fig. 3). Despite this
difference, one observes, for all four climate cycles, the same
‘sawtooth’ sequence of a warm interglacial (stages 11.3, 9.3, 7.5
and 5.5), followed by increasingly colder interstadial events, and
ending with a rapid return towards the following interglacial. The

articles

NATURE | VOL 399 | 3 JUNE 1999 | www.nature.com 431

0 50,000 100,000 150,000 200,000 250,000 300,000 350,000 400,000

Age (yr BP)

–0.5

0.0

0.5

1.0

δ18
O

at
m

 (‰
)

–8
–6
–4
–2
0
2

Te
m

pe
ra

tu
re

 (°
C)200

220

240

260

280

CO
2 (

p.
p.

m
.v.

)

400

500

600

700

CH
4 (

p.
p.

b.
v.)

–50

0

50

100

In
so

la
tio

n 
J 

65
°N

a

b

c

d

e

Depth (m)
0 500 1,000 1,500 2,000 2,500 2,750 3,000 3,200 3,300

Figure 3 Vostok time series and insolation. Series with respect to time (GT4

timescale for ice on the loweraxis, with indication of corresponding depths on the

top axis) of: a, CO2; b, isotopic temperature of the atmosphere (see text); c, CH4;

d, d18Oatm; and e, mid-June insolation at 658 N (in Wm−2) (ref. 3). CO2 and CH4

measurements have been performed using the methods and analytical pro-

cedures previously described5,9. However, the CO2 measuring system has been

slightly modified in order to increase the sensitivity of the CO2 detection. The

thermal conductivity chromatographic detector has been replaced by a flame

ionization detector which measures CO2 after its transformation into CH4. The

mean resolution of the CO2 (CH4) profile is about 1,500 (950) years. It goes up to

about 6,000 years for CO2 in the fractured zones and in the bottom part of the

record, whereas the CH4 time resolution ranges between a few tens of years to

4,500 years. The overall accuracy for CH4 andCO2 measurements are 620 p.p.b.v.

and 2–3 p.p.m.v., respectively. No gravitational correction has been applied.
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coolest part of each glacial period occurs just before the glacial
termination, except for the third cycle. This may reflect the fact that
the June 658 N insolation minimum preceding this transition
(255 kyr ago) has higher insolation than the previous one (280 kyr
ago), unlike the three other glacial periods. Nonetheless, minimum

temperatures are remarkably similar, within 1 8C, for the four
climate cycles. The new data confirm that the warmest temperature
at stage 7.5 was slightly warmer than the Holocene13, and show that
stage 9.3 (where the highest deuterium value, −414.8‰, is found)
was at least as warm as stage 5.5. That part of stage 11.3, which is
present in Vostok, does not correspond to a particularly warm
climate as suggested for this period by deep-sea sediment records29.
As noted above, however, the Vostok records are probably disturbed
below 3,310 m, and we may not have sampled the warmest ice of this
interglacial. In general, climate cycles are more uniform at Vostok
than in deep-sea core records1. The climate record makes it unlikely
that the West Antarctic ice sheet collapsed during the past 420 kyr
(or at least shows a marked insensitivity of the central part of East
Antarctica and its climate to such a disintegration).

The power spectrum of DTI (Fig. 4) shows a large concentration
of variance (37%) in the 100-kyr band along with a significant
concentration (23%) in the obliquity band (peak at 41 kyr). This
strong obliquity component is roughly in phase with the annual
insolation at the Vostok site4,6,15. The variability of annual insolation
at 788 S is relatively large, 7% (ref. 3). This supports the notion that
annual insolation changes in high southern latitudes influence
Vostok temperature15. These changes may, in particular, contribute
to the initiation of Antarctic warming during major terminations,
which (as we show below) herald the start of deglaciation.

There is little variance (11%) in DTI around precessional periodi-
cities (23 and 19 kyr). In this band, the position of the spectral peaks
is affected by uncertainties in the timescale. To illustrate this point,
we carried out, as a sensitivity test, a spectral analysis using the
control points provided by the d18Oatm record (see Table 1). The
position and strength of the 100- and 40-kyr-spectral peaks are
unaffected, whereas the power spectrum is significantly modified
for periodicities lower than 30 kyr.
Insolation. d18Oatm strongly depends on climate and related proper-
ties, which reflect the direct or indirect influence of insolation19. As a
result, there is a striking resemblance between d18Oatm and mid-June
insolation at 658 N for the entire Vostok record (Fig. 3). This
provides information on the validity of our glaciological timescale
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Figure 4 Spectral properties of the Vostok time series. Frequency distribution (in

cycles yr−1) of the normalized variance power spectrum (arbitrary units). Spectral

analysis was done using the Blackman-Tukey method (calculations were

performed with the Analyseries software47): a, isotopic temperature; b, dust; c,

sodium; d, d18Oatm; e, CO2; and f, CH4. Vertical lines correspond to periodicities of

100, 41, 23 and 19 kyr.

Box 1 The Vostok glaciological timescale

We use three basic assumptions12 to derive our glaciological timescale

(GT4); (1) the accumulation rate has in the past varied in proportion to the

derivative of the water vapour saturation pressure with respect to tem-

perature at the levelwhere precipitation forms (see section on the isotope

temperature record), (2) at any given time the accumulation between

Vostok and Dome B (upstream of Vostok) varies linearly with distance

along the line connecting those two sites, and (3) the Vostok ice at 1,534m

corresponds to marine stage 5.4 (110 kyr) and ice at 3,254m corresponds

to stage 11.2.4 (390 kyr).

Calculation of the strain-induced thinning of annual layers is now

performed accounting for the existence of the subglacial Vostok lake.

Indeed, running the ice-flow model48 with no melting and no basal sliding

as done for EGT12 leads to an age .1,000 kyr for the deepest level we

consider here (3,310 m), which is much too old. Instead, we now allow for

moderate melting and sliding. These processes diminish thinning for the

lower part of the core and provide younger chronologies. We ran this age

model48 over a large range of values of the model parameters (present-

day accumulation at Vostok, A, melting rate, M, and fraction of horizontal

velocity due to base sliding, S) with this aim of matching the assumed

ages at 1,534 and 3,254m. This goal was first achieved (ages of 110 and

392 kyr) with A ¼ 1:96g cm2 2 yr2 1, and M and S equal respectively to

0.4mmyr−1 and 0.7 for the region 60 km around Vostok where the base

is supposed to reach the melting point (we set M ¼ 0 and S ¼ 0 else-

where). These values are in good agreement with observations for A

(2:00 6 0:04g cm2 2 yr2 1 over the past 200 yr) and correspond to a reason-

able set of parameters for M and S. We adopt this glaciological timescale

(GT4), which gives an age of 423 kyr at 3,310m, without further tuning

(Fig. 2). GT4 never differs by more than 2 kyr from EGTover the last climate

cycle and, in qualitative agreement with recent results49, makes termina-

tion I slightly older (by ,700 yr). We note that it provides a reasonable age

for stage 7.5 (238 kyr) whereas Jouzel et al.13 had to modify EGT for the

second climate cycle by increasing the accumulation by 12% for ages

older than 110 kyr. GT4 never differs by more than 4 kyr from the orbitally

tuned timescale of Waelbroeck et al.50 (defined back to 225kyr), which is

within the estimated uncertainty of this latter timescale. Overall, we have

good arguments11,50–52 to claim that the accuracy of GT4 should be better

than 65 kyr for the past 110 kyr.

The strong relationship between d18Oatm and mid-June 658 N insolation

changes (see text and Fig. 3) enables us to further evaluate the overall

quality of GT4. We can use each well-marked transition from high to low

d18Oatm to define a ‘control point’ giving an orbitally tuned age. The mid-

point of the last d18Oatm transition (,10 kyrago) has nearly the sameageas

the insolation maximum (11 kyr). We assume that this correspondence

alsoholds forearlier insolationmaxima.The resultingcontrolpoints (Fig. 3

and Table 1) are easy to define for the period over which the precessional

cycle is well imprinted in 658 N insolation (approximately between 60 and

340 kyr) but not during stages 2 and 10 where insolation changes are

small. The agreement between the d18Oatm control points and GT4 is

remarkably good given the simple assumptions of both approaches. This

conclusion stands despite the fact that we do not understand controls on

d18Oatm sufficiently well enough to know about the stability of its phase

with respect to insolation. We assume that the change in phase does not

exceed 66 kyr (1/4 of a precessional period).

We conclude that accuracy of GT4 is always better than 615 kyr, better

than 610 kyr for most of the record, and better than 65 kyr for the last

110 kyr. This timescale is quite adequate for the discussions here which

focus on the climatic information contained in the Vostok records

themselves.

Figure 4: À gauche : concentrations de gaz, insolation, température en fonction de la profondeur (axe
supérieur) ou de l’âge (axe inférieur) dans une carotte glacière de Vostok (Antarctique). Exemples de signaux
complexes, non-périodiques. À droite : analyse spectrale des variations de température. Extrait de J.R. Petit
et al., Nature, 399, 429 (1999).

II Spectre d’un signal

1) Analyse spectrale

u D’après un théorème mathématique dû à Joseph Fourier (XIXe siècle), tout signal s(t) réalisable en
pratique peut être décomposé en une somme de signaux sinusoïdaux :

s(t) =

X

i

Ai cos (2⇡fit+ 'i) . (1)

u Réaliser l’analyse spectrale d’un signal consiste à déterminer :

– les fréquences fi contenues dans le signal,

– les amplitudes Ai des composantes sinusoïdales,

– les phases 'i.

u Le spectre du signal est l’ensemble {f0, f1, f2, . . .} des fréquences contenues dans le signal. Cet
ensemble peut être fini ou infini.
u On représente les Ai en fonctions des fi sur le spectrogramme d’amplitude et les 'i en fonctions
des fi sur le spectrogramme de phase.
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Spectres des signaux
Exemple : Le spectre de marée.
L’analyse spectrale du signal h(t) de la Figure 3 révèle le spectre suivant. C’est le spectre de marée dans le
port de Brest.

Figure 5: La marée dans le port de Brest et son spectrogramme d’amplitude.

Le spectre du signal est l’ensemble des fréquences {0 , 0.930 , 0.966 , 1.003, 1.896, 1.932 , 2 , 2.005 , 3.865}
dans l’unité jour�1 ( j�1 ). On représente ci-dessous les composantes sinusoïdales correspondant aux fréquences
f0 = 0 j

�1, f3 = 1,003 j
�1, f5 = 1,932 j

�1 et f6 = 2 j
�1 .

Figure 6: Graphe des composantes si(t) = Ai cos(2⇡fit+ 'i), pour les fréquences f0, f3, f5 et f6.
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the discussion of our new data sets to the upper 3,310 m of the
ice core, that is, down to the interglacial corresponding to marine
stage 11.3.

Lorius et al.4 established a glaciological timescale for the first
climate cycle of Vostok by combining an ice-flow model and an ice-
accumulation model. This model was extended and modified in
several studies12,13. The glaciological timescale provides a chronol-
ogy based on physics, which makes no assumption about climate
forcings or climate correlation except for one or two adopted
control ages. Here, we further extend the Extended Glaciological
Timescale (EGT) of Jouzel et al.12 to derive GT4, which we adopt as
our primary chronology (see Box 1). GT4 provides an age of 423 kyr
at a depth of 3,310 m.

Climate and atmospheric trends
Temperature. As a result of fractionation processes, the isotopic
content of snow in East Antarctica (dD or d18O) is linearly related
to the temperature above the inversion level, TI, where precipitation
forms, and also to the surface temperature of the precipitation site,
TS (with DT I ¼ 0:67DTS, see ref. 6). We calculate temperature
changes from the present temperature at the atmospheric level as
DT I ¼ ðDdDice 2 8Dd18OswÞ=9, where Dd18Osw is the globally aver-
aged change from today’s value of seawater d18O, and 9‰ per 8C is
the spatial isotope/temperature gradient derived from deuterium
data in this sector of East Antarctica21. We applied the above
relationship to calculate DTS. This approach underestimates DTS

by a factor of ,2 in Greenland22 and, possibly, by up to 50% in
Antarctica23. However, recent model results suggest that any under-
estimation of temperature changes from this equation is small for
Antarctica24,25.

To calculate DTI from dD, we need to adopt a curve for the change
in the isotopic composition of sea water versus time and correlate it
with Vostok. We use the stacked d18Osw record of Bassinot et al.26,
scaled with respect to the V19-30 marine sediment record over their
common part that covers the past 340 kyr (ref. 27) (Fig. 2). To avoid
distortions in the calculation of DTI linked with dating uncertain-
ties, we correlate the records by performing a peak to peak adjust-
ment between the ice and ocean isotopic records. The d18Osw

correction corresponds to a maximum DTI correction of ,1 8C
and associated uncertainties are therefore small. We do not attempt
to correct DTI either for the change of the altitude of the ice sheet or
for the origin of the ice upstream of Vostok13; these terms are very
poorly known and, in any case, are also small (,1 8C).

The overall amplitude of the glacial–interglacial temperature
change is ,8 8C for DTI (inversion level) and ,12 8C for DTS, the
temperature at the surface (Fig. 3). Broad features of this record are
thought to be of large geographical significance (Antarctica and part
of the Southern Hemisphere), at least qualitatively. When examined
in detail, however, the Vostok record may differ from coastal28 sites
in East Antarctica and perhaps from West Antarctica as well.

Jouzel et al.13 noted that temperature variations estimated from
deuterium were similar for the last two glacial periods. The third
and fourth climate cycles are of shorter duration than the first two
cycles in the Vostok record. The same is true in the deep-sea record,
where the third and fourth cycles span four precessional cycles
rather than five as for the last two cycles (Fig. 3). Despite this
difference, one observes, for all four climate cycles, the same
‘sawtooth’ sequence of a warm interglacial (stages 11.3, 9.3, 7.5
and 5.5), followed by increasingly colder interstadial events, and
ending with a rapid return towards the following interglacial. The

articles

NATURE | VOL 399 | 3 JUNE 1999 | www.nature.com 431

0 50,000 100,000 150,000 200,000 250,000 300,000 350,000 400,000

Age (yr BP)

–0.5

0.0

0.5

1.0

δ18
O

at
m

 (‰
)

–8
–6
–4
–2
0
2

Te
m

pe
ra

tu
re

 (°
C)200

220

240

260

280

CO
2 (

p.
p.

m
.v.

)

400

500

600

700

CH
4 (

p.
p.

b.
v.)

–50

0

50

100

In
so

la
tio

n 
J 

65
°N

a

b

c

d

e

Depth (m)
0 500 1,000 1,500 2,000 2,500 2,750 3,000 3,200 3,300

Figure 3 Vostok time series and insolation. Series with respect to time (GT4

timescale for ice on the loweraxis, with indication of corresponding depths on the

top axis) of: a, CO2; b, isotopic temperature of the atmosphere (see text); c, CH4;

d, d18Oatm; and e, mid-June insolation at 658 N (in Wm−2) (ref. 3). CO2 and CH4

measurements have been performed using the methods and analytical pro-

cedures previously described5,9. However, the CO2 measuring system has been

slightly modified in order to increase the sensitivity of the CO2 detection. The

thermal conductivity chromatographic detector has been replaced by a flame

ionization detector which measures CO2 after its transformation into CH4. The

mean resolution of the CO2 (CH4) profile is about 1,500 (950) years. It goes up to

about 6,000 years for CO2 in the fractured zones and in the bottom part of the

record, whereas the CH4 time resolution ranges between a few tens of years to

4,500 years. The overall accuracy for CH4 andCO2 measurements are 620 p.p.b.v.

and 2–3 p.p.m.v., respectively. No gravitational correction has been applied.
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coolest part of each glacial period occurs just before the glacial
termination, except for the third cycle. This may reflect the fact that
the June 658 N insolation minimum preceding this transition
(255 kyr ago) has higher insolation than the previous one (280 kyr
ago), unlike the three other glacial periods. Nonetheless, minimum

temperatures are remarkably similar, within 1 8C, for the four
climate cycles. The new data confirm that the warmest temperature
at stage 7.5 was slightly warmer than the Holocene13, and show that
stage 9.3 (where the highest deuterium value, −414.8‰, is found)
was at least as warm as stage 5.5. That part of stage 11.3, which is
present in Vostok, does not correspond to a particularly warm
climate as suggested for this period by deep-sea sediment records29.
As noted above, however, the Vostok records are probably disturbed
below 3,310 m, and we may not have sampled the warmest ice of this
interglacial. In general, climate cycles are more uniform at Vostok
than in deep-sea core records1. The climate record makes it unlikely
that the West Antarctic ice sheet collapsed during the past 420 kyr
(or at least shows a marked insensitivity of the central part of East
Antarctica and its climate to such a disintegration).

The power spectrum of DTI (Fig. 4) shows a large concentration
of variance (37%) in the 100-kyr band along with a significant
concentration (23%) in the obliquity band (peak at 41 kyr). This
strong obliquity component is roughly in phase with the annual
insolation at the Vostok site4,6,15. The variability of annual insolation
at 788 S is relatively large, 7% (ref. 3). This supports the notion that
annual insolation changes in high southern latitudes influence
Vostok temperature15. These changes may, in particular, contribute
to the initiation of Antarctic warming during major terminations,
which (as we show below) herald the start of deglaciation.

There is little variance (11%) in DTI around precessional periodi-
cities (23 and 19 kyr). In this band, the position of the spectral peaks
is affected by uncertainties in the timescale. To illustrate this point,
we carried out, as a sensitivity test, a spectral analysis using the
control points provided by the d18Oatm record (see Table 1). The
position and strength of the 100- and 40-kyr-spectral peaks are
unaffected, whereas the power spectrum is significantly modified
for periodicities lower than 30 kyr.
Insolation. d18Oatm strongly depends on climate and related proper-
ties, which reflect the direct or indirect influence of insolation19. As a
result, there is a striking resemblance between d18Oatm and mid-June
insolation at 658 N for the entire Vostok record (Fig. 3). This
provides information on the validity of our glaciological timescale
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Figure 4 Spectral properties of the Vostok time series. Frequency distribution (in

cycles yr−1) of the normalized variance power spectrum (arbitrary units). Spectral

analysis was done using the Blackman-Tukey method (calculations were

performed with the Analyseries software47): a, isotopic temperature; b, dust; c,

sodium; d, d18Oatm; e, CO2; and f, CH4. Vertical lines correspond to periodicities of

100, 41, 23 and 19 kyr.

Box 1 The Vostok glaciological timescale

We use three basic assumptions12 to derive our glaciological timescale

(GT4); (1) the accumulation rate has in the past varied in proportion to the

derivative of the water vapour saturation pressure with respect to tem-

perature at the levelwhere precipitation forms (see section on the isotope

temperature record), (2) at any given time the accumulation between

Vostok and Dome B (upstream of Vostok) varies linearly with distance

along the line connecting those two sites, and (3) the Vostok ice at 1,534m

corresponds to marine stage 5.4 (110 kyr) and ice at 3,254m corresponds

to stage 11.2.4 (390 kyr).

Calculation of the strain-induced thinning of annual layers is now

performed accounting for the existence of the subglacial Vostok lake.

Indeed, running the ice-flow model48 with no melting and no basal sliding

as done for EGT12 leads to an age .1,000 kyr for the deepest level we

consider here (3,310 m), which is much too old. Instead, we now allow for

moderate melting and sliding. These processes diminish thinning for the

lower part of the core and provide younger chronologies. We ran this age

model48 over a large range of values of the model parameters (present-

day accumulation at Vostok, A, melting rate, M, and fraction of horizontal

velocity due to base sliding, S) with this aim of matching the assumed

ages at 1,534 and 3,254m. This goal was first achieved (ages of 110 and

392 kyr) with A ¼ 1:96g cm2 2 yr2 1, and M and S equal respectively to

0.4mmyr−1 and 0.7 for the region 60 km around Vostok where the base

is supposed to reach the melting point (we set M ¼ 0 and S ¼ 0 else-

where). These values are in good agreement with observations for A

(2:00 6 0:04g cm2 2 yr2 1 over the past 200 yr) and correspond to a reason-

able set of parameters for M and S. We adopt this glaciological timescale

(GT4), which gives an age of 423 kyr at 3,310m, without further tuning

(Fig. 2). GT4 never differs by more than 2 kyr from EGTover the last climate

cycle and, in qualitative agreement with recent results49, makes termina-

tion I slightly older (by ,700 yr). We note that it provides a reasonable age

for stage 7.5 (238 kyr) whereas Jouzel et al.13 had to modify EGT for the

second climate cycle by increasing the accumulation by 12% for ages

older than 110 kyr. GT4 never differs by more than 4 kyr from the orbitally

tuned timescale of Waelbroeck et al.50 (defined back to 225kyr), which is

within the estimated uncertainty of this latter timescale. Overall, we have

good arguments11,50–52 to claim that the accuracy of GT4 should be better

than 65 kyr for the past 110 kyr.

The strong relationship between d18Oatm and mid-June 658 N insolation

changes (see text and Fig. 3) enables us to further evaluate the overall

quality of GT4. We can use each well-marked transition from high to low

d18Oatm to define a ‘control point’ giving an orbitally tuned age. The mid-

point of the last d18Oatm transition (,10 kyrago) has nearly the sameageas

the insolation maximum (11 kyr). We assume that this correspondence

alsoholds forearlier insolationmaxima.The resultingcontrolpoints (Fig. 3

and Table 1) are easy to define for the period over which the precessional

cycle is well imprinted in 658 N insolation (approximately between 60 and

340 kyr) but not during stages 2 and 10 where insolation changes are

small. The agreement between the d18Oatm control points and GT4 is

remarkably good given the simple assumptions of both approaches. This

conclusion stands despite the fact that we do not understand controls on

d18Oatm sufficiently well enough to know about the stability of its phase

with respect to insolation. We assume that the change in phase does not

exceed 66 kyr (1/4 of a precessional period).

We conclude that accuracy of GT4 is always better than 615 kyr, better

than 610 kyr for most of the record, and better than 65 kyr for the last

110 kyr. This timescale is quite adequate for the discussions here which

focus on the climatic information contained in the Vostok records

themselves.

41 000 ans: variation de l’inclinaison de l’axe 
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23 000 ans: précession de l’axe de rotation de la 
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