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Rapid oscillations in Vostok and GRIP ice cores 
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Abstract. We investigate the spectral properties of climatic 
times series derived from two recent ice cores in Greenland 

and East Antarctica. We find that the signals behave in a 
similar way in the high frequency part of their spectra. The 
rapid oscillations found in the GRIP ice core were closely 
correlated to Heinrich Events. A comparable spectral feature 
is detected in the Vostok ice core. We discuss the possibilities 
of connections between the two hemispheres and proper ice 
sheet oscillations in the light of simple oscillating climate 
models. 

Introduction and Motivation 

Two recent ice cores drilled in Greenland (GRIP) and 
Antarctica (Vostok) provide a wealth of information on the 
climate variations in both hemispheres over the last climatic 
cycle. We show how the analyses of their spectral common 
features and differences provide hints on the major mecha- 
nisms that caused their variability. 

The Greenland ice core [GRIP Project Members, 1993] 
reached a depth of 3028 m, near the bedrock, at Dome Sum- 
mit. A 6180 record was recovered, testifying for past local 
temperature variations [Johnsen et al., 1992]. The top of 
the core was dated with annual stratigraphy; the bottom was 
dated with a glaciological model, with a quantitative agree- 
ment with North Atlantic marine cores. With this chronol- 

ogy, it spans 230 kyr BP (kyr: kilo year; BP: before present) 
with an average sampling interval of 0.2 kyr. We restrict the 
interpretation of our spectral results to the 115 kyr top part 
of the core, where the differences with the sister core GISP2 
are still minor [Grootes et al., 1993]. 

The Vosto3c ice core was chffied in East Antarctica and 

reaches a depth of 2546 m. The chronology was established 
upon an ice-flow model accounting for variable accumula- 
tion with time [Jouzel et al., 1993]. It is slightly different 
from the chronology of Lorius et al. [1985] but it reduces the 
discrepancy with marine stage 5 during the last interglacial. 
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Thus the Vostok time series reaches 220 kyr BP with an av- 
erage time sampling of 0.1 kyr. Deuterium content was ana- 
lyzed to reconstruct past local temperature variations [Jouzel 
and Merlivat, 1984]. 

Since the pioneering work of Hays et al. [ 1976], evidences 
for the orbital forcing 2>f climate have been found in many 
palec-data sets, including the Vostok and GRIP ice cores 
[Jouzel et al., 1987; Johnsen et al., 1992]. Higher frequen- 
cies have been documented in marine cores and ice cores, on 
time scales between 2 and 12 kyr [Pestiaux et al., 1988; Yiou 
et al., 1991; Hagelberg et al., 1994]. The fine sampling of 
those ice cores reveals the multiple time scales of paleocli- 
mate variations. This motivated the elaboration of a working 
frame to discriminate slow "external" orbital variations from 

rapid "internal" climatic oscillations. 

Methodology 

We used several signal-processing techniques, to unravel 
the different aspects of the variability contained in the records. 
We emphasize the necessity of using different techniques and 
varying their parameters, in order to reduce the risks of spu- 
rious results and enhance their reliability. 

We use a multi-taper method (MTM: Thomson [ 1982]) to 
estimate the total power spectrum of a time series, and de- 
termine its line frequencies by harmonic analysis. MTM is 
designed to reduce the variance of spectral estimates and is 
particularly well adapted to analyze short time series. 

We apply singular-spectrum analysis (SSA) [Broomhead 
and King, 1986; Vautard and Ghil, 1989] to decompose time 
series into trends, oscillations and noise. SSA is designed to 
reconstruct parts of the underlying dynamics of a time series, 
without prior knowledge of the equations that generated it, 
by using embedding techniques [Vautard et al., 1992]. 

The wavelet decomposition is designed to study the time- 
frequency variations of a time series [Farge, 1992], so that 
transient or intermittent components can be detected effi- 
ciently, because the analyzing functions (using a Morlet wave- 
let) are localized both in time and frequency. In compari- 
son, a classic Fourier analysis spreads the singularities of a 
time series over the entire power spectmm, creating spurious 
peaks or concealing real ones, unless an evolutive spectral 
analysis is performed [Yiou et al., 1991]. A wavelet analy- 
sis decomposes a time series into scale components, to dis- 
criminate between fast (time) scale oscillations and others 
at slow scales. In our graphical representations, the wavelet 
transform of a purely periodic signal would be a ridge at a 
constant scale. 
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MTM and SSA require time series with a constant time 
step. We interpolated both data sets at various intervals be- 
tween 0.2 kyr to 1 kyr, to ensure the stability of our results. 
We also used several methods for interpolation [Yiou, 1994]: 
i) spline and linear interpolation, ii) averaging interpolation, 
i.e., by computing series averages over each constant time in- 
terval, iii) using the depth-time relationship, with an almost 
constant sampling in depth. Our results are robust to those 
schemes, up to frequencies of m 1/4 cycles/kyr. 

Results 

MTM spectral analyses of both data sets exhibit variability 
near the conspicuous Milankovitch cycles [Berger, 1977], at 
41 kyr (Vostok) and 23 kyr (GRIP), superimposed on a col- 
ored and quasi-continuous power spectrum (figures 1 and 2). 
These results point to the orbitally-forced nature of paleo- 
climate variations on long time scales (over 115 kyr), given 
the relative shortness of the time series compared to the or- 
bital periods. The Vostok ice core yields a stronger obliquity 
component, whereas the GRIP ice core contains important 
precessional cycles. This shows that, within the accuracy 
of the chronologies, both cores are differently influenced by 
the astronomical forcing. This "low frequency" variability is 
captured by the first few SSA principal components (PC#I- 
5 in Vostok and PC#1-4 in GRIP) and can be removed from 
both time series without altering the other dynamical com- 
ponents of the signals. Those reconstructed components also 
contain cycles between 10 kyr and 15 kyr of period, which 
can be related to low order harmonics of orbital cycles [Yiou 
et al., 1991; Hagelberg et al., 1994]. 

When the low frequency components are removed from 
both time series, we find a significant range of variability in 
the frequency band of 1/4 to 1/8 cycles/kyr with MTM and 
SSA. The Vostok core shows a stable average peak frequency 
near 1/6.7 cycles/kyr (figure 1), while the GRIP core has an 
average frequency of 1/5.2 cycles/kyr (figure 2). These two 
features are stable when the sampling intervals (from 0.2 kyr 
to 1 kyr), the MTM parameters, and the length of the time 
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Figure 1. MTM analysis of the Vostok time series. The up- 
per panel shows the power spectral estimate, using a band- 
width W.N = 2 and 3 tapers. The lower panel shows the 
harmonic analysis of the time series. The solid line repre- 
sents the line amplitudes and the dotted line represents the 
confidence F-test. The numbers above the arrows show the 

most stable peaks with high F-test. 
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Figure 2. MTM analysis of the GRIP ice core for the 115 kyr 
top part. The MTM bandwidth is W.N = 4 and 7 tapers were 
used. The caption is the same as in Figure 1. 

series are varied. In both cases, these frequencies reveal os- 
cillation patterns found with SSA analysis (figure 3), with 
comparable relative amplitudes with respect to the total vari- 
ations. These oscillations correspond to pairs of eigenvalues 
in SSA which occur just after the orbitally-forced parts of 
the singular spectra and indicate the presence of a (possibly 
nonlinear) oscillator in the system that generated a time se- 
ries [Vautard et al., 1992]. The oscillations yield irregular 
amplitudes along both cores, but they are closely related to a 
similar behavior in other marine cores [Yiou et al., 1994]. ^ 
parallel investigation [Mayewski et al., 1994] on the GISP2 
record of chemical species reveals a comparable oscillation. 

Wavelet analyses confirm the similarity of oscillation pat- 
tems in both cores with smaller scales (or higher frequen- 
cies) in the GRIP ice core (figures 4 and 5). They show the 
highly non-stationary features of climatic variations on that 
time scale, as no constant-scale (horizontal) features are de- 
tected on the modulus plots. 

Discussion 

Our results clearly depend on the chronology hypotheses. 
Comparison experiments [Waelbroeck et al., 1995] show that 
the Vostok time scale is accurate within 10% down to 120 kyr 
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Figure 3. 6D and 6 •80 variations at Vostok and GRIP (solid 
lines). The dotted lines represent reconstructed components 
from two pairs of SSA eigen-elements. The time series were 
interpolated every 0.5 kyr and the dimension of the aug- 
mented vectors was taken as M -- 40. 
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Figure 4. Modulus level chart of a wavelet transform of the 
Vostok deuterium time series. The horizontal axis is trans- 

lation (time) and the vertical axis is the scale parameter (pe- 
riod). The modulus was normalized to enhance the high fre- 
quency (small scale) features. The plots were truncated in 
order to avoid spurious side effects. The scale band around 
6 kyr corresponds to the SSA reconstruction of PCs 6 and 7, 
and the local maxima of the wavelet plot are consistent with 
the oscillations of this reconstruction (e.g. near 50 kyr BP). 

BE With this caveat in mind, we propose interpretations of 
the spectral results. 

The rapid oscillations in the GRIP core were correlated to 
the Heinrich events [Heinrich, 1988; Broecker et al., 1992] 
in a North Atlantic deep sea core [Bond et al., 1993]; this 
suggests a global pattern of oscillation which can also oc- 
cur in the Southem hemisphere. Those events are character- 
ized by sudden and massive iceberg surges into the North 
Atlantic. They would have slown down the thermohaline 
circulation, implying a cooling in the northern hemispheric 
high latitudes, recorded in the ice [Bond et al., 1993]. As the 
ice margins retreat on the continent, the input of fresh Wa- 
ter stops and the thermohaline circulation can resume again, 
implying a sudden warming of the northern latitudes. Be- 
cause this mechanism is quasi-cyclic [Paillard and Labeyrie, 
1994], it can be speculated that the • 5.1 kyr oscillation and 
its amplitude, found in the GRIP ice core, are symptomatic 
of the succession of those glacial oscillations. Other scenar- 
ios of ice sheet variability are also plausible and provide the 
same range of periodicity [Ghil and Le Treut, 1981 ]. 

At Vostok', the average period of the oscillation is slightly 
larger. From the correlation of these oscillations we propose 
two scenarios. First, climate changes, linked to massive in- 
put of freshwater, can propagate to the southern hemisphere,, 
through a reduced Atlantic thermohaline circulation due to 
sea surface salinity anomalies [Weaver et al., 1993], thus 
changing the meridional energy budget and the climate in 
Antarctica [Bender et al., 1994]. This implies that glacial- 
age climatic changes are solely driven by the northern hemi- 
sphere. This teleconnection scenario requires a high corre- 
lation between identified events in the cores, and efficient 

global stratigraphic markers such as • •80 of air trapped in the 
ice down to 133 kyr BP [Sowers et al., 1993]. We made spec- 
tral analyses of the Vostok deuterium record with a chronol- 
ogy derived from a correlation between the SPECMAP levels 
and the •80 in the air bubbles in the Vostok ice core [Sow- 

ers et al., 1993]. The results tend to lower the periodicities 
found in the Vostok time series and to "tune" the peak ones 
around a m 5.1 kyr period; the presence of a m 6.7 kyr period 
is still significant, but the time correlation obviously reduces 
the spectral discrepancy between the cores, keeping the same 
qualitative features in the spectra. 

Second, evidences of recurring massive iceberg surges 
have also been reported [Shemesh et al., 1994] in the South- 
ern Oceans during the last ice age; such oscillations were 
also predicted by a model of the West Antarctic ice sheet 
[MacAyeal, 1992]. It is thus possible that the same "Hein- 
rich type" dynamics occurred in both hemispheres [Verbitsky 
and Saltzman, 1995] and imprinted in the Vostok 6D record. 
The difference in amplitude would be due to the fact that 
the Vostok site is far from coastal areas and that the Antarc- 

tic circumpolar current dispatches icebergs in the Indian and 
the Pacific, as well as in the Atlantic Ocean, hence attenu- 
ating its local effects. The close synchroneity of the ice age 
events in both hemispheres can be explained by the sea level 
changes destabilizing ice shelves (either in the Northern or 
the Southern hemisphere). In this case, during an ice age, 
the climatic system would contain two ice sheet oscillators 
coupled through the sea level and, to some extent, the ther- 
mohaline circulation. Such systems have their own modes of 
oscillations but the period difference does not exceed 1 kyr 
as the ocean coupling keeps them in phase. 

Conclusion 

We have examined how the rapid oscillations observed in 
the Vostok and GRIP ice cores can be related to ice sheet 

fluctuations in both hemispheres. Recent data the Southern 
oceans reporting massive glacial surges from the Antarctic 
ice sheet from [Shemesh et al., 1994] confirm the idea of two 
coupled glacial oscillators. Evidently, more data are needed 
to verify this assertion, in particular on the exact pattern of 
temperature variations around Antarctica and on the strength 
of the southern thcrmohalinc activity during those events. 

Translation (Time) 
25 50 75 100 125 150 175 200 225 

• •'•:.•..;•:• ' •.. •: •:..• ';f' •;.;•'•; ?: •;-•::•...;;•:. • •'•: •" ?' -'.: •r• ..... •:•:" 
•:: •:•;•..•:' ;•.• -•.• :; :?• •-• .;.': • •:• ;..•. -"y. •:•..:• •:• •-•.•' 

4 4 

ß .:.• •. ..;• •'•'• .• ,.: .• •:' .• , •.:•:•.; 
6 "?•,;. .7•::• • .,• :• •;..:.• ..• . • ::• • •: •" 6 • •OVE 0.91 

•. -•: ..•- •' ';:;:•. ': •..•" ":• I 0.82- 0.91 
• 8 • '[' •:• ': •" "• ."'•' 8 I 0.73-0.82 
• 10 10 I 0.64 - 0.73 
• I O.55 - O.64 
• I 0.• - 0.55 
• ..:':•:• m o.•-o.• 

•;•'• • 0.27- 0.36 
,.:: .... 

•:: ;•-:•.• .... c•:.• 0.09- 0.18 
L•:. • BELOW 0.• 

................................................. 
25 50 75 100 125 150 175 200 225 
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GRIP deuterium time series. •e entire time series (230 kyr) 
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In a broader perspective, our results demonstrate the power 
of those mathematical tools in decomposing the dynamical 
features of time series and enhancing the possibilities to com- 
pare them. Thus, it was possible to extract a common dy- 
namical behavior between the GRIP and Vostok ice cores, 
despite the fact that they answer differently in the orbital do- 
main. This result enables to constrain the variability patterns 
of future global time-dependent models of climate. 
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