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A precise relative chronology for Greenland and West Antarctic paleotempera- 
ture is extended t o  90,000 years ago, based on correlation of atmospheric 
methane records from the Greenland Ice Sheet Project 2 and Byrd ice cores. 
Over this period, the onset of seven major millennial-scale warmings in  Ant- 
arctica preceded the onset of Greenland warmings by 1500 t o  3000 years. In 
general; Antarctic temperatures increased gradually while Greenland temper- 
atures were decreasing or constant, and the termination of Antarctic warming 
was apparently coincident wi th  the onset of rapid warming in  Greenland. This 
pattern provides further evidence for the operation of a "bipolar see-saw" in 
air temperatures and an oceanic teleconnection between the hemispheres on 
millennia1 t ime scales. 

Ice core and marine sediment records from 
the North Atlantic region show that climate 
during the last glacial period oscillated rap- 
idly between cold and warm states that lasted 
for several thousand years. Understanding the 
manifestation of these rapid changes in other 
parts of the world may help unravel the un- 
derlying climate dynamics and predict the 
likelihood of future rapid climate change. 
Developing this understanding requires pre- 
cise relative chronologies of events recorded 
in paleoclimate records. Polar ice cores pro- 
vide one way of developing such a chronol- 
ogy for high-latitude sites. 

Because of the rapid mixing time of the 
atmosphere (-1 year between hemispheres), 
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large-scale changes in the concentration of 
long-lived atmospheric gases are essentially 
globally synchronous. This synchroneity pro- 
vides a tool for correlating ice core chronol- 
ogies and thereby comparing the timing of 
climate and other environmental change, re- 
corded by various proxies in the ice, between 
the hemispheres. The correlation is compli- 
cated by the fact that air is trapped in bubbles 
50 to 100 m below the surface, creating an 
age offset between the trapped air and the 
surrounding ice (I). This age offset (referred 
to as Aage) must be corrected for when com- 
paring the timing of climate events recorded 
in the ice by stable isotopes or other proxies. 
Here we compare the timing of climate 
events in the Greenland Ice Sheet Project 2 
(GISPZ) ice core (Summit, Greenland) with 
the Byrd ice core (Byrd Station, Antarctica), 
using atmospheric methane as a correlation 
tnnl 
L"".. 

Blunier et al. (2) used methane records 
from the Greenland Ice Core Project (GRIP), 
Byrd, and Vostok to compare the timing of 
millennial-scale events between and 45 
thousand years ago (ka). They showed that 
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warming in Antarctica preceded, by several 
millennia, the onset of warming in Greenland 
for Dansgaard-Oeschger (D-0) events 8 and 
12-interstadial events that occurred at 38 
and 45 ka (GISPZ chronology). Previous 
work showed a similar relationship for the 
Antarctic cold reversal and the Younger Dr- -
yas, cold periods that punctuate the last de- 
glaciation in Antarctica and Greenland (3),  
respectively. Here we extend the comparison 
to 90 ka using new methane data from the 
Byrd ice core and existing records from GRIP 
and GISPZ. The study of Blunier et al. (2) 
was based on data from the GRIP ice core 
and the GRIP time scale. However, the 
GISP2 ice core provides the most detailed 
northern CH, record between 40 and 110 ka, 
and we base our study on those results (4) 
and the GISP2 time scale (5). We adopt the 
GISPZ ice age time scale of Meese et al. ( 6 )  
and the Aage calculations of Schwander et al. 
(7 ) .  We estimate the uncertainty in l a g e  
from the uncertainty of the input parameters 
as +- 100 years between 10 to 20 ka, increas- 
ing to ?300 years during the glacial period. 

As expected, the Byrd and GISP2 meth- 
ane records show a high degree of similarity. 
For example, between 53 and 60 ka both 
cores faithfully record a sequence of four 
major methane oscillations lasting 1000 years 
(1 ky) or less. Differences in concentration 
between the records are due to the latitudinal 
distribution of methane sources and sinks [(8) 
and references therein]. 

To create a gas age time scale for Byrd, 
we synchronized the Byrd methane record 
with the Greenland methane records from 
GISP2 and GRIP (9).We used a Monte Carlo 
method to search for a maximal correlation 
between the CH, records (I). For the period 
from 10 to 50 ka, we transferred the results of 
Blunier et al. to the GISP2 ice age time scale 
by correlating the rapid variations in 6'80,,,, 
which are virtually identical between GRIP 
and GISPZ. We then adopted the previous 
correlation of GRIP and Byrd methane (2) to 
put the Byrd methane record for this period 
on the GISPZ time scale. For the time period 
from 50 to 90 ka, we directly correlated the 
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GISP2 and Byrd methane records using the 
same Monte Carlo technique. The precision 
of the correlation, generally between 200 and 
500 years, is limited by the sampling resolu- 
tion of the two records [see Web table 1 (10) 
for uncertainties at the start of individual D - 0  
events]. For the 1 1-ky period between D - 0  
events 2 1 and 20, methane decreased gradu- 
ally (Fig. l), and uncertainty in the interpolar 
methane gradient makes our correlation more 
subjective. The relatively small variations 
during D - 0  events 19 and 20 also make 
correlation more difficult. However, we re- 
gard the presented synchronization as the 
most likely one for two reasons. First, new 
and existing Vostok CH, measurements (11) 
for this period agree well with Byrd concen- 
trations when plotted on a Vostok time scale 
synchronized with GISP2 using the 6"0 of 
0, (12), which varies significantly over this 
time period. Because there is no reason to 
expect methane to vary between Byrd and 
Vostok, this confirms that our synchroniza- 
tion for this period is accurate within the 
uncertainty of the 6180 of 0, synchronization 
( i 6 0 0  years). Second, 615N of N, measure-
ments show that the small methane oscilla- 
tion associated with D - 0  event 19 immedi- 
ately followed the rapid warming that oc-
curred at the beginning of this event, suggest- 
ing that the methane oscillation is not an 
analytical artifact (13). 

To create an ice age time scale for Byrd, 
l a g e  was calculated using the Schwander et 
al. ( I )  model. We estimate that the uncertain- 
ty in Byrd Aage is i 2 0 0  years (14). In Fig. 1, 
the isotopic records (61801c,) from Byrd and 
GISP2 are plotted on the common time scale 
we created (15). 

Millennial-scale variability in GISP2 and 
GRIP is characterized by abrupt temperature 
increases, followed by gradual decreases and 
abrupt returns to baseline glacial conditions. 
In contrast, at Byrd warming and cooling was 
gradual. Blunier et a / .  (2) showed that the 
onset of Antarctic warmings A1 and A2 pre- 
ceded the onset of D - 0  events 8 and 12 by 
more than 1 ky. Our new results suggest that 
this is a persistent pattern. Seven warm events 
in our record, labeled A1 to A7 in Fig. 1, 
precede D - 0  events 8, 12, 14, 16/17, 19, 20, 
and 21 by 1.5 to 3 ky. In general, during the 
gradual warmings in the Byrd record, Green- 
land temperatures were cold or cooling. The 
~ntarcti;  temperature rise for each of these 
events was apparently interrupted at or near 
the time when Greenland temperatures rose 
abruptly to interstadial states (16). Subse- 
quently, temperatures decreased in both 
hemispheres to full glacial level, but cooling 
in the Byrd record was more rapid. 

Our records are best constrained at the 
culmination of the main Antarctic warmings 
(A1 to A7 in Fig. 1). which are coincident 

Age (ka BP) 

Fig. 1. Isotopic and CH, data f rom Greenland and Antarctica on  the  GlSP2 t ime scale. Dashed lines 
indicate the onset o f  major D - 0  events. (A) 6180ic, f rom CISP2, Greenland (76). (B) 6l8OiC, f rom 
Byrd station, West Antarctica (23). (C) CH, data f rom GlSP2 and GRIP. Crosses and dots are f rom 
GlSP2 [(4)and new data]; the  solid gray l ine is f rom GRIP (2,8).The solid line runs through the  data 
used for the  synchronization: GlSP2 (black line) up t o  45.5 ka and GRIP data (gray line) f rom 45.5 
ka t o  the  Holocene. (D) CH, data f rom Byrd stat ion [(Z) and new data]. Data are available as 
supplemental information on Science Online (70) and a t  the  NOAA Geophysical Data Center (5). 

with onsets of long-lasting D-0  events, be- 
cause CH, increased rapidly at those times. It 
is unlikely that the GreenlandlAntarctic tem- 
poral temperature offset we infer is an artifact 
of our Aage calculation. Systematic error in 
Aage is extremely unlikely to change the 
phasing of events. Independent constraints of 
the 6I5N of the N, thermal fractionation sig- 
nal (1 7, 18) verify the Schwander et al. Aage 
model (I) to within i100 years for GISP2. 
GRIP. For Byrd, l a g e  would have to be 
reduced by 1500 years to bring the isotopic 
records into phase (19). As l a g e  is only on 
the order of 500 years, this would result in a 
negative Aage, which is impossible. 

Our results illustrate that the large differ- 
ence in timing of millennial-scale climate 
variability between West Antarctica and 
Greenland was a pervasive characteristic of 
the last glacial period. This temporal relation 
was maintained despite large changes in the 
background state of the climate system. Ice 
volume, sea level, and orbital geometry var- 
ied significantly (20, 21) between 90 and 10 
ka (corresponding roughly to the period from 
marine isotope stage 5a to early marine iso- 
tope stage 2), while the ByrdIGISP relation- 
ship remained remarkably consistent. 

Inland Antarctic ice cores from Byrd, 
Dome C, Dome B, Dome F, and Vostok (3, 
22, 23) and Southern Ocean sea surface tem- 
perature (SST) reconstructions (24, 25) show 
a basically similar pattern of millennial-scale 
variability, with relatively slow to moderate 
temperature changes in the glacial period, 
and a slow increase from glacial to intergla- 
cial with a cold reversal (the Antarctic Cold 
Reversal) at the end of the deglaciation. In the 
inland records, only Vostok has an objective 
chronology that can be compared to our re- 
sults for Byrd. Bender et al. (12) synchro- 
nized the Vostok and GISP2 isotopic signal 
based on 6180 of 0, and concluded that 
Greenland and ~ n t a r c 6 c  interstadials were in 
phase within 2 1.3 ky. Although our results 
appear to contradict this conclusion, the two 
studies actually agree on the relative timing 
of Greenland and Antarctic events. Bender et 
al. determined that the peak warmings in the 
Greenland and Antarctic records are on aver- 
age in phase, which is also true in our 
records. However, the start of warmings at 
Byrd (and also Vostok) occurred several 
thousand years before warmings at GISP2 
(Fig. 1). The similarity of inner Antarctic ice 
core records and many Southern Ocean SST 
records suggests that the timing of millennial- 
scale climate variability that we infer for 
Byrd characterized a large area of the Ant- 
arctic continent and Southern Ocean and has 
importance for understanding millennial-
scale climate variability. However, as sum- 
marized by Alley and Clark (26). some 
southern Indian Ocean marine records and 
the Taylor Dome Ice Core in coastal East 
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Antarctica show a pattern of deglacial warm- 
ing more similar to GISP2 than Byrd. Al- 
though the Taylor Dome chronology has been 
questioned (27), these observations suggest 
the possibility of a more complex regional 
pattern of millennial-scale temperature vari- 
ability in the high-latitude Southern Hemi- 
sphere than can be inferred from the Byrd 
core alone. 

The temporally offset pattern of warming 
and cooling at Byrd and Summit Greenland, 
as well as evidence from marine cores (24), 
suggest a teleconnection between the north- 
em and southern high latitudes. Such a con- 
nection could be due to either oceanic or 
atmospheric processes. Changes in the Atlan- 
tic thermohaline circulation are believed to be 
the direct cause of millennial-scale tempera- 
ture changes in central Greenland during the 
glacial period. These temperature changes 
were closely preceded by ice rafting and as- 
sociated meltwater events in the North Atlan- 
tic region (28). It is thought that the associ- 
ated injection of fresh water reduces the deep 
water formation and initiates cooling in the 
North Atlantic region. Cooling then reduces 
melt rate and reestablishes North Atlantic 
Deep Water (NADW) formation, causing 
rapid warming in northern high latitudes. The 
temperature increase then leads again to a 
freshwater input into the North Atlantic and 
to gradual shutdown of NADW formation 
(29). Model simulations demonstrate the sen- 
sitivity of NADW formation to freshwater 
input and indicate that the resumption of the 
conveyor belt circulation after a shutdown is 
a rapid process [(30) and references therein]. 
D - 0  events are preceded by ice-rafted debris 
(IRD) events, and particularly strong IRD 
events (Heinrich events) originating in the 
Hudson Bay generally precede long D - 0  
events (28). 

Ocean models suggest that an increase in 
North Atlantic thermohaline circulation cools 
at least parts of the Southern Hemisphere and 
warms the high-latitude Northern Hemi-
sphere (30); this phenomenon has been called 
the "bipolar see-saw" (31). The same pattern, 
which Blunier et al. described as "asyn-
chrony" (32), appears in our data. D-0  events 
2 1,20, 19, 17, 15, 12, and 8 were preceded by 
Antarctic events A7 to A1 (Fig. 1). The tim- 
ing of the Antarctic cold reversal and of D-0  
event 1 is similar (2). Support for this mech- 
anism comes from SST data from the Atlantic 
showing a lead of the Southern Ocean warm- 
ing relative to northern warming after Hein- 
rich events 5 and 4 (25). 

We can convincingly demonstrate asyn- 
chrony for the events indicated above, Close 

Fig. suggests a pattern 
for smaller D - 0  events (such as D - 0  events 3 
to 7, 10, or 11). ~h~ 'analogous ~~~~~~~i~ 
events are more obvious in the Vostok data, 
and it has been suggested that each small 

peak actually corresponds to a D - 0  event 
(12). However, the nature and spatial extent 
of these small temperature excursions are 
uncertain, precluding a definitive conclusion 
about their meaning. 

Previous work suggested that only strong 
D - 0  events, potentially following a major 
shutdown of NADW associated with Hein- 
rich events, resulted in the large-scale expres- 
sion of the interpolar see-saw (2, 30). This is 
consistent with our results for events A1 to 
A7. It is also consistent with small CO, vari- 
ations during major Antarctic warnings in 
the glacial period (33). However, if the spec- 
ulation that the smaller variations in Antarctic 
temperature are also related to D-0  events is 
correct, the see-saw mechanism would have 
been active throughout the glacial period, 
independent of the magnitude of the D-0  
events. 

The ultimate forcing of millennial-scale 
climate change remains elusive. Our results 
are consistent with the idea of a forcing aris- 
ing in the Northern Hemisphere. However, 
they do not prove that the ice sheets or some 
other Northern Hemisphere process triggered 
millennial-scale climate change. Other mech- 
anisms, including rapid changes in tropical 
climate and teleconnections to northern high 
latitudes (34, 35) or an as yet unidentified 
process with a 1.5-ky period (36) [but see 
Wunsch (37) for an alternate view] are pos- 
sible alternatives. Our results suggest that the 
bipolar see-saw was a persistent feature of 
glacial climate. However, it may be more 
accurate to view NADW changes and asso- 
ciated climate changes as part of a continuous 
interrelated system. 
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Atmospheric C02 Concentrations 
over the Last Glacial Termination 

Eric Monnin,'* Andreas Indermuhle,' Andre Dallenbach,' 

Jacqueline Fluckiger,' Bernhard Stauffer,' Thomas F. Stocker,' 


Dominique Raynaud,' Jean-Marc BarnolaZ 


A record of atmospheric carbon dioxide (CO,) concentration during the tran- 
sition from the Last Glacial Maximum t o  the Holocene, obtained from the Dome 
Concordia, Antarctica, ice core, reveals that an increase of 76 parts per million 
by volume occurred over a period of 6000 years in  four clearly distinguishable 
intervals. The close correlation between CO, concentration and Antarctic tem- 
perature indicates that the Southern Ocean played an important role in causing 
the CO, increase. However, the similarity of changes in  CO, concentration and 
variations of atmospheric methane concentration suggests that processes in  the 
tropics and in  the Northern Hemisphere, where the main sources for methane 
are located, also had substantial effects on atmospheric CO, concentrations. 

The concentration of atmospheric CO, has 
been increasing steadily since the beginning 
of industrialization, from -280 parts per mil- 
lion by volume (ppmv) to its present value of 
-368 ppmv (1-4). By investigating earlier, 
natural CO, variations, we expect to obtain 
information about feedbacks between the car- 
bon cycle and climate and also the possible 
impact of the anthropogenic CO, on the cli- 
mate system. The transition from the Last 
Glacial Maximum (LGM) to the Holocene, 
during which CO, increased by -40%, is a 
key period for such investigations. 

The ice core record from Vostok, Antarc- 
tica, covering the past 420,000 years, shows 
increases of the CO, concentration between 
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80 and 100 ppmv for each of the past four 
glacial terminations (5). The increase dur- 
ing the last termination is well established 
on the basis of various polar ice cores from 
both hemispheres (6-10). However, not 
all ice cores are well suited to investigate 
the details of such an increase. Some CO, 
records, especially those from Greenland 
ice cores, are compromised by the pro-
duction of CO, by chemical reactions be- 
tween impurities in the ice (11-13). Ice 
cores from Antarctica are less affected, but 
a small amount of in situ CO, production 
by chemical reactions cannot be excluded 
for all Antarctic ice cores and all climatic 
periods (14, 15). CO, records from Vo- 
stok and Taylor Dome are thought to be 
the most accurate (5. 10. 16) .  However, 
the time resolution of these two records 
is too low to provide a history of CO, 
changes that shows the detailed evolution 
of atmospheric CO, over the last glacial 
termination. 

Here, we present a record from the Dome 
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Concordia123024'~),ice core c), (Dome Antarctica (75006's.drilled in the frame of the 
European Project for Ice Coring in Antarctica 
(EPICA) during the field season 1998-99. 
We measured 60, in a total of 432 samples 
from 72 different depth intervals, between 
depths of 350 and 580 m, covering the period 
from 22 to 9 ky B.P. (ky B.P. is thousand 
years before present, where present is chosen 
as A.D. 1950). For each depth level, six 
samples were measured on a 60- to 100-mm 
length interval. On the same core, 74 methane 
measurements were performed. The analyti- 
cal methods are described in (17).  

The age scale for the ice, as well as for 
the enclosed air (which is younger than the 
surrounding ice because it is enclosed at the 
bottom of the firn layer), is based on the 
time scale by Schwander er ill. (18). The 
uncertainty of the absolute time scale for 
the ice is estimated to 2 2 0 0  years back to 
10 ky B.P. and up to l 2 0 0 0  years back to 
41 ky B.P. The gas-ice age difference 
( l age)  is calculated with a firn densifica- 
tion model. The value of l a g e  is -2000 
years in the Holocene, increasing to -5500 
years during the LGM, and has an estimat- 
ed uncertainty of -10?/6. 

The main feature of the CO, record 
(Fig. 1) is an increase from a meankalue of 
189 ppmv between 18.1 and 17.0 ky B.P. 
(19) to a mean value of 265 ppmv between 
11.1 and 10.5 ky B.P. (beginning of the 
Holocene). The increase of 76 2 1 ppmv 
occurs in four distinct intervals. From 17.0 
to 15.4 ky B.P. (interval I), CO, increases 
from 189 to 219 ppmv at a mean rate of 20 
ppmvlky. From 15.4 to 13.8 ky B.P. (inter- 
val II), CO, rises from 219 to 23 1 ppmv at 
a rather constant rate of 8 ppmvlky before a 
rapid increase of -8 ppmv ~ i t h i n  three 
centuries at 13.8 ky B.P Between 13.8 and 
12.3 ky B.P. (interval III), a small decrease 
from 239 to 237 ppmv occurs at a rate of 
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