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LETTERS
One-to-one coupling of glacial climate variability in
Greenland and Antarctica
EPICA Community Members*

Precise knowledge of the phase relationship between climate
changes in the two hemispheres is a key for understanding the
Earth’s climate dynamics. For the last glacial period, ice core studies1,2 have revealed strong coupling of the largest millennial-scale
warm events in Antarctica with the longest Dansgaard–Oeschger
events in Greenland3–5 through the Atlantic meridional overturning circulation6–8. It has been unclear, however, whether the
shorter Dansgaard–Oeschger events have counterparts in the
shorter and less prominent Antarctic temperature variations,
and whether these events are linked by the same mechanism.
Here we present a glacial climate record derived from an ice core
from Dronning Maud Land, Antarctica, which represents South
Atlantic climate at a resolution comparable with the Greenland ice
core records. After methane synchronization with an ice core from
North Greenland9, the oxygen isotope record from the Dronning
Maud Land ice core shows a one-to-one coupling between all
Antarctic warm events and Greenland Dansgaard–Oeschger
events by the bipolar seesaw6. The amplitude of the Antarctic
warm events is found to be linearly dependent on the duration
of the concurrent stadial in the North, suggesting that they all
result from a similar reduction in the meridional overturning
circulation.

The glacial climate in the North Atlantic region is characterized by
rapid shifts from cold stadial to warmer interstadial conditions3,4,9.
Greenland temperatures during these Dansgaard–Oeschger (D–O)
events rise by 8–16 uC (refs 10, 11) within a few decades followed by a
less rapid temperature decline back to stadial conditions. In contrast,
glacial climate in the circum-Antarctic region exhibits slower millennial changes with smaller temperature amplitudes of only 1–3 uC
(refs 1, 12, 13). After synchronization of Greenland and Antarctic
ice core records1,2 using the global atmospheric change in CH4 concentrations, a conspicuous phase relationship between the largest
Antarctic warmings (A1–A7; ref. 1) and the longest D–O events
was observed with the south warming during the stadial conditions
in the north, and starting to cool as soon as the D–O warming set in.
This bipolar seesaw pattern was explained by changes in the heat and
freshwater flux connected to the Atlantic Meridional Overturning
Circulation (MOC), where a stronger MOC leads to increased drainage of heat from the Southern Ocean heat reservoir6,7.
In principle, an interhemispheric climate coupling by the bipolar
seesaw should also apply for all the short D–O events. However, to
what extent this concept is also able to explain the higher-frequency
climate variability in Antarctic ice cores remained unclear (as discussed for example, in ref. 14 and references therein). Here we report
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Figure 1 | Antarctic stable isotope records show
synchronous millennial variations during the
last glacial, whereas rapid variations are
encountered in Greenland. a, EDML d18O record
(purple, 0.5-m resolution; grey, 15-m running
mean) after sea level and upstream correction
(see Supplementary Information) over the past
150 kyr. The record shows features similar to
those of the EDC12 (blue) and the Dome F13
(pink) isotope records but with more fine
structure during MIS3 and MIS4. We note that
EDML and EDC are plotted on the new common
EDC3 timescale (see Supplementary
Information) while Dome F is plotted on its
individual timescale. The temperature axis on the
right side indicates approximate surface
temperatures at EDML as derived from the
spatial d18O/temperature gradient (see
Supplementary Information). b, d18O record of
the NGRIP ice core (grey)9. c, Mineral dust
records of the EDML (red) and EDC12 (pink) ice
cores at 1,000-yr resolution; these dust records
were used for synchronization of the cores.
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on the climate record over the last glacial cycle from a new ice core
drilled within the European Project for Ice Coring in Antarctica
(EPICA) in the interior of Dronning Maud Land, hence denoted
EDML, at 75u S, 0u E, 2,892 m.a.s.l. (metres above sea level), with a
recent accumulation rate of 6.4 cm water equivalent (w.e.) per
year15. This site was chosen to complement the long EPICA Dome
C (EDC, 75u S, 123u E, 3,233 m.a.s.l., 2.5 cm w.e. yr21) record12,
because EDML is the first deep ice core in the Atlantic sector of the
Southern Ocean region16 and thus located near the southern end of
the bipolar seesaw. The snow accumulation at EDML is two to three
times higher than at other deep drilling sites on the East Antarctic
plateau, so higher-resolution atmosphere and climate records can be
obtained for the last glacial period, making the EDML core especially
suitable for studying decadal-to-millennial climate variations in
Antarctica.
In Fig. 1 the EDML d18O record as proxy for local temperature on
the ice sheet is shown in 0.5-m resolution (equivalent to 15–30 yr
during the marine isotope stage MIS3 and 100–150 yr during MIS5)
after correction for upstream and glacial–interglacial ice sheet altitude effects (see Supplementary Information). The overall pattern
closely resembles that recorded in most Antarctic ice cores previously
covering this time period12,13,17. Also, very similar dust profiles (Fig. 1)
are encountered at EDML and EDC, related to parallel changes in
climate conditions in the Patagonian dust source region common to
both cores18. Despite the high correlation of the EDML d18O and
the EDC dD record over the last 150,000 yr (r2 5 0.94 for 250-yr
averages) some distinct differences exist. In the penultimate warm
period (MIS5.5) the EDML d18O record indicates temperatures
about 4–5 uC higher than those of the Holocene, in line with other
ice cores from the East Antarctic plateau12,13,17. However, d18O at
EDML exhibits persistently higher d18O values over the entire duration of MIS5.5 while other ice cores on the East Antarctic plateau
show a substantial drop after an initial climate optimum12,13. We note
that this difference is not due to the altitude corrections applied to the
EDML d18O record (see Supplementary Information), because a
similar temporal evolution during MIS5.5 is also seen in the uncorrected data. Instead, a smaller cooling at EDML in the course of
MIS5.5 compared to EDC and Dome Fuji is consistent with marine
sediment records from the Atlantic sector of the Southern Ocean
revealing persistently warmer summer sea surface temperatures

and a reduced winter sea ice cover throughout MIS5.5 (ref. 19).
This suggests that there were regional differences in temperature
and sea ice evolution during this period for the Atlantic and Indian
Ocean sector.
The most outstanding feature of the high-resolution EDML record
is the pronounced millennial variability during the glacial. As indicated by the dashed lines in Fig. 1 each of the warming episodes in
Antarctica can be related to a corresponding D–O event, but only
synchronization of the age scales allows us to assign them unambiguously and to pinpoint the phase relationship between climate changes
in Greenland and Antarctica. To do this, the EDML core has been
synchronized (see Supplementary Information) to the layer counted
NGRIP ice core20,21 over MIS3, using high-resolution CH4 profiles
over the last 55 kyr from the NGRIP, GRIP and GISP2 ice cores1,11.
The synchronized d18O records are shown in Fig. 2. Also plotted is
the CH4 synchronized d18O record from the Byrd ice core1 and new
high-resolution dD data from EDC22 which closely resemble the
temperature variability found at EDML during MIS3 and support
an Antarctic-wide interpretation of these fluctuations. The higher
glacial snow accumulation at EDML (,3 cm w.e. yr21) compared
to that at EDC, Dome Fuji or Vostok (,1.4 cm w.e. yr21) implies a
CH4 synchronization two to three times better than at those sites.
The synchronization uncertainty for MIS3 ranges from 400 to 800 yr
for all events in the EDML record, making the synchronization error
for EDML always much smaller than the duration of the events
themselves.
This is important, because this allows an unequivocal one-to-one
assignment not only of the well-known large warm events in
Antarctica (A1, A2 and so on) but of each single isotope maximum
indicated in Fig. 2 with a corresponding D–O event in the north.
Although the exact timing of the temperature maxima relative to the
stadial/interstadial transitions cannot be discerned more precisely
than the synchronization error, it is evident that each Antarctic
warming starts significantly before the respective D–O event. In addition, a synchronization of the stable water isotope records of the
GRIP and EDC ice cores using the 10Be production anomaly around
41,000 yr BP, which constrains the in-phase relationship of the onset
of D–O 10 and the respective Antarctic dD maximum to better than
200 yr (ref. 23), supports our CH4 match. Accordingly, we suggest a
new Antarctic Isotope Maximum (AIM) nomenclature in Fig. 2
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Figure 2 | Methane synchronization of the
EDML and the NGRIP records reveals a one-toone assignment of each Antarctic warming with
a corresponding stadial in Greenland. Displayed
are 100-yr averages during MIS3 in the EDML,
EDC26 and Byrd1 ice core for the time interval
10–60 kyr BP in comparison with the NGRIP d18O
record from Northern Greenland9. All records are
CH4 synchronized and given on the new GICC05
age scale for the NGRIP ice core, which has been
derived by counting annual layers down to 41 kyr
and by a flow model for older ages9,21. Yellow bars
indicate the Greenland stadial periods that we
relate to respective Antarctic temperature
increases. The approximate timing of Heinrich
layers in North Atlantic sediments is indicated as
well27. The y axis on the right side indicates
approximate temperature changes at EDML
based on the modern spatial gradient between
d18O and temperature.
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Figure 3 | Amplitudes of Antarctic warmings show a linear relationship
(r2 5 0.85) with the duration of the accompanying stadial in Greenland
during MIS3. The amplitude was determined from the Antarctic d18O
maximum to the preceding minimum of each event; the stadial duration is
defined by the interval between the midpoint of the stepwise temperature
change at the start and end of a stadial on the extended GICC05 age scale9,21.
Error bars reflect the estimated uncertainty in the definition of the maxima
and minima in d18O at EDML and in the duration of the concurrent stadial
period. Numbers indicate the corresponding AIMs and D–O events.

which reflects the connection of southern warming to reduced
oceanic heat transport into the North Atlantic during stadials. The
timing and duration of the AIMs relative to D–O events is also
indirectly supported by the comparison of changes in deep-water
masses linked to Antarctic Bottom Water formation and Atlantic
surface water changes, as archived in sediment records offshore of
Portugal24.
Most striking is the varying amplitude of the AIMs, which is linearly dependent on the duration of stadials in the north, as shown in
Fig. 3. The only significant deviation from this linear relationship
during MIS3 is AIM4, in which the error in the stadial duration
estimate is quite large. We conclude that the duration of a reduced
MOC—and, hence, the duration of the warming period in the
Southern Ocean—determines the amount of heat accumulated in
the Southern Ocean heat reservoir, strongly supporting the general
applicability of the thermal bipolar seesaw6 concept within the range
of stadial events encountered during MIS3. We note that for longer
cessations of the MOC a new equilibrium temperature in the
Southern Ocean would be reached and the warming would eventually have to cease. This linear relationship also implies that the
Antarctic warming rate—and thus the heat flux from the Southern
Ocean to the Atlantic—is similar for all warming events during MIS3.
If we assume the same spatial configuration of the overturning cell for
cold intervals in MIS3, this would suggest that the strength of the
MOC is approximately constant for all stadials, challenging the
notion of different overturning rates25 for stadials in which massive
iceberg discharges into the North Atlantic (the so-called Heinrich
events in Fig. 2: H1–H5) occurred compared to stadials without
Heinrich events. Note however, that the stadials before D–O 8 and
D–O 12 in which Heinrich events occurred were the longest and the
related Antarctic warmings the largest. This may be due to the longer
time needed to mix away the large freshwater anomalies during
Heinrich events. There is, however, a less clear relationship for other
Heinrich events. Comparison of the millennial climate variability
during MIS3 at EDML and EDC shows no significant difference in
the amplitude of the isotopic change in the Atlantic and Indian Ocean
sectors of the Southern Ocean. This implies a uniform ocean heat
reservoir controlling temperature changes at both sites and reflects
the rapid mixing of the Southern Ocean by the Antarctic
Circumpolar Current.
In the EDML d18O record a major warm event (AIM2, connected
to D–O 2) is seen during the Last Glacial Maximum, which cannot be
clearly identified in the EDC core but is present in the Dome F record
(Fig. 1). AIM2 also shows a decrease in high-resolution mineral dust
concentrations at EDC, as do all the other AIMs26. We therefore

conclude that AIM2 is a warm event comparable to the other AIMs
in MIS3 but is not sufficiently resolved in the EDC record owing to its
lower accumulation. The corresponding D–O 2 event in the North
Atlantic is preceded by the longest cold period in the NGRIP record
(Fig. 2) and accordingly, a higher temperature amplitude of AIM2 is
to be expected if the same bipolar seesaw concept holds as for D–O
events during MIS3. However, sea level and temperature conditions
were significantly different during the Last Glacial Maximum, potentially affecting the spatial configuration and strength of the overturning cell in the North Atlantic. The fact that AIM2 is only 2,000 yr long
suggests that the strength of the MOC was not significantly reduced
for the entire cold period in the North, but collapsed only about
1,000 yr before D–O 2, which would be in line with significant iceberg
discharge depositing ice-rafted debris in the North Atlantic during
H2 (ref. 27).
In summary, a strong interhemispheric coupling of all bipolar
climate variations during MIS3 via the MOC is supported by the
new high-resolution d18O record from EDML indicating that
Antarctic warming rates and potentially also overturning rates have
been similar for all events in MIS3. The question of what triggers the
switch from stadial to interstadial conditions remains. Transitions in
the strength of the MOC and its effect on the Atlantic Southern
Ocean heat exchange are simulated in response to changes in the
North Atlantic freshwater balance7,8; however, the origin of such
variations in freshwater input are still not ascertained for all individual D–O events. In addition, large iceberg discharge from the
Laurentide ice sheet does not systematically coincide with either
the onset or the end of stadials27,28. Recently, the potential role of a
change in Southern Ocean sea-ice cover for reinstalling a stronger
MOC has been identified for the onset of the Bølling/Allerød warming29,30. The intrinsic feedback of a reduced sea-ice cover in the
Southern Ocean during AIMs, followed by a delayed onset of deepwater formation in the North, could potentially explain the interhemispheric climate coupling seen in our records during MIS3.
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Supplemental Material
Age scale:
For the dating of the EDML and EDC ice cores (Figure S1) we used for the first time a new
common time scale developed for Greenland and Antarctic ice core records. Central to this
EDC3 time scale is a glaciological flow model1 for the Dome C ice core, where ice flow is
relatively simple due to its dome position. Accumulation rate changes in the core are
estimated from the dependence of the saturation water vapor pressure on temperature2 which
itself is reconstructed from δD Free parameters (current accumulation rate, the temperature
sensitivity controlling the glacial-interglacial accumulation amplitude as well as the sliding
ratio, a vertical deformation parameter and the basal melting rate controlling the flow) are
constrained in the model by various tie windows around absolute time markers. For the time
period of the last 150.000 years discussed here those times are defined by volcanic horizons,
rapid methane variations during glacial/interglacial transitions, or 10Be anomalies which have
been absolutely dated using the annual layer counted Greenland Ice Core Chronology
(GICC05)3-5 or have also been found in other radiometrically dated archives. The absolute
dating uncertainty of this new EDC3 age scale is 1000 years for an age of 41,000 years and
better than 2000 years for termination II with the error increasing for older ages. For internal
coherence, a corresponding age scale (EDML1) has been derived for EDML by synchronizing
the EDML and EDC ice cores using volcanic and dust tie points based on continuous sulfate,
electrolytic conductivity, dielectric profiling, particulate dust and Ca2+ data available for both
cores. Due to the common change in the Patagonian dust source strength and the hemispheric
significance of major volcanic eruptions this procedure is justified. The multitude of
unambiguous volcanic markers allowed for a synchronization to within typically 20 years or
better for the last 75,000 years, which are the main focus of this paper. Between widely
separated tie-points the maximum uncertainty occasionally can increase up to 140 years. The
synchronization is better than 1000 years at the beginning of MIS5.5 and increasingly

2

deteriorates for older ages in MIS6, where the synchronization relies on less unambiguous
dust concentration changes. Beyond that a dust synchronization has not been achieved.
Therefore, we restrict the discussion of our records to the last 150,000 years, where
crossdating of the EDML and EDC core is sufficiently constrained.

In order to study the phase relationship between Greenland and Antarctica during MIS2-3 in
more detail the EDML and NGRIP ice cores have been synchronized for the time span of the
last 55 kyr using the global signal in atmospheric CH4. This provides an age scale which may
still be affected by systematic dating errors; however for this paper the important issue is that
it synchronizes the two cores with an uncertainty that is governed mainly by the uncertainty in
the ice age-gas age difference at the EDML site. The synchronization is based on a composite
high resolution CH4 record for Greenland. The highest resolution record is from NGRIP.
Unfortunately this record covers so far only the period 48 to 38 kyr BP 6. After 38 kyr BP we
used GRIP data and before 48 kyr BP GRIP and GISP data 7. GRIP and GISP CH4 data were
assigned a NGRIP gas age as follows: For each GRIP CH4 value we find the depth where the
age of the ice is the same as the age of the CH4 value using the original GRIP ∆age
calculation 8. Applying the match points from Rasmussen et al.9 we find the corresponding
depth in the NGRIP ice core. With the NGRIP time scale we calculate a new age which is also
the new gas age of the GRIP CH4 data point on the NGRIP time scale. Note that no new ∆age
calculation is applied. GISP values were used only before 48 kyr BP. The GISP data was
matched on the NGRIP data before 55 kyr BP
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and after 48 kyr BP. GISP CH4 data in the

gap of the NGRIP data was assigned a NGRIP age by interpolation.

Three similar synchronization methods have been used to assess the temporal coupling of
both hemispheres. In the first method the high resolution Greenland composite CH4 record
has been matched with the EDML CH4 record, making use of the global signal in atmospheric
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CH4 changes. For NGRIP we use the ∆age confirmed by the synchronous effect of a fast
temperature change in the ice and the gas record10. For EDML ∆age was estimated using a
firnification model8. Using the NGRIP age scale and the ∆age at both sites we arrive at a
synchronized time scale for the Greenland and Antarctic δ18O records. The result of this
approach has been displayed in Figure 3 of the main text. Figure S2 shows the magnitude of
∆age for DML, GRIP (after 38kyr BP) and NGRIP (before 38Kyr BP). ∆age for NGRIP is
larger than for GRIP mainly due to the lower accumulation rate at NGRIP relative to GRIP.
The shaded areas show an estimate for the uncertainty of the ∆age calculation assuming 25%
higher or lower accumulation rates. The effect on ∆age is about equivalent to a 10% change in
temperature. We estimate the total synchronization uncertainty at the start of DO events
adding in quadrature the uncertainties for the synchronization of the CH4 records and the two
∆ages for DML and the Greenland composite. Based on the resolution and the structure of the
CH4 records we estimate that the uncertainty for the CH4 synchronization is small over the
Younger Dryas (about 100 years) and on the order of 200 years for most DO events. For DO
events 2 and 3 the uncertainty is larger about 300 years. The total synchronization uncertainty
adds to 250 yr for the YD, 500 yr for DO2 and DO3, and about 400 yr for other DO events. In
between the rapid CH4 changes the synchronization uncertainty may be much larger. We
estimate about 800 years where little CH4 variations are found.

In a second approach the EDML CH4 record, reflecting the temperature changes in the north,
has been directly synchronized to the Greenland δ18O record avoiding the calculation of ∆age
for the Greenland record but assuming that rapid temperature variations in the north and CH4
changes occurred simultaneously. In the third approach the high resolution EDML CH4
record, which is essentially reflecting the temperature changes in the north, has been directly
compared to the EDML δ18O record, representative for temperature changes in the Atlantic
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sector of the Southern Ocean. ∆age has been estimated in this case using an alternative
firnification model11. Conclusions on north-south temperature phase relationships in this
method are somewhat compromised by the reduced resolution of the CH4 record in Antarctica
but this method avoids again the calculation of ∆age for the Greenland records. Method 2 and
3 are not applicable for all temporal changes in the CH4 record due to the different nature of
the CH4 and δ18O signal. Nevertheless, all three approaches gave essentially the same results
in terms of phasing between Greenland and Antarctic temperature variations. While the three
methods differ in their way of synchronization they all share the estimate for the uncertainty
in ∆age at EDML as the main limiting factor for the accuracy of the synchronization.

The synchronization uncertainty as shown in Figure S2 is only slightly higher than for the
Byrd GISP synchronization7 but a factor 2-3 lower than at low accumulation sites such as
EDC and Vostok12. An independent check of our CH4 synchronization of the δ18O records
comes from the
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Be peak at approximately 41,000 years before present. Here the direct

synchronization of δ18O records using 10Be (which is accurate to within ±200 years13) and the
CH4 synchronization involving the gas age/ice age difference agree within the
synchronization uncertainties. Moving away from the
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Be tie point at 41,000 yr BP the

modeled age scale and the CH4 synchronized age scale deviate by as much as 600 years.
Potential reasons for this difference may be systematic errors in the flow model or an error in
the gas age/ice age difference or a combination of the two. Given the good correspondence of
both synchronizations at 41,000 yr BP, a large systematic error in the gas/ice age difference,
however, is unlikely to account for major parts of this offset. In summary the CH4
synchronization allows a clear one-to-one assignment of AIMs and DO events in Greenland,
but restricts the quantification of the exact phase relationship between peak warmth in
Antarctica and stadial/interstadial transitions in Greenland to generally better than 400 years.
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δ18O and isotope temperature records
Calculation of the temperature reconstruction at EDC has been previously described2. For
EDML a similar approach to convert δ18O to temperature was taken. Surface temperatures TS
(in K) can be derived from the δ18O records using the current linear gradient (r²=0.89) of
average δ18O and surface temperature in Dronning Maud Land of 0.82 ‰/°C determined in
extensive firn core and snow pit studies14, 15.
In the case of EDML additional corrections had to be applied to the measured δ18O data as
shown in Figure S3 and described below.
a) sea water correction
Modern δ18O and δD values in the EDML and EDC ice core reflect the depletion relative to
present mean standard ocean water (SMOW). However, during the glacial the water isotopic
signature of the ocean δ18Osw was higher due to the large isotopically depleted land ice
masses. Accordingly, this offset of the isotopic signature of the water vapour at its ocean
source has to be corrected16. We used the ice volume induced δ18O change in sea water17
based on a stack of benthic δ18O sediment records18 to correct for this effect. For the LGM the
δ18O sea water correction of about 1 ‰ implies an increase of the cooling at EDML relative to
the Holocene by about 1.2 °C. The time scale of the sea water δ18O record17 was matched with
EDC3/EDML1 by synchronizing high latitude temperatures17 with the EDC δD record. Any
age scale errors in the sea level corrected δ18O data are thereby minimised, however, such
errors are small on millennial time scales because sea level changes are slow.
b) altitude/upstream correction
In contrast to the EDC ice core, which is located on a dome position, the EDML ice core lies
on a gently sloping ridge near a saddle point with small but non negligible (about 1m/yr)
horizontal flow velocities for most of the upstream flank. Accordingly, deeper ice at EDML
originates from upstream positions at higher altitudes while the ice at Dome C essentially
originates at the current drill site over the entire length of the core. Using a nested 3
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dimensional flow model19,

20

we can e.g. show that ice at an age of 150,000 years in the

EDML ice core was deposited approximately 160 km upstream, i.e. about 240 m higher in
altitude. In addition, overall altitude changes of the ice sheet during past climate conditions
also affect the local δ18O signal at the site of deposition. In essence, measured δ18O values
deeper in the core are representative for the site of upstream deposition and not the current
drill site. Accordingly, a systematic decline in δ18O due to the higher altitude and lower
temperature is expected. Using the 3D flow model nested into a large scale ice sheet model
we were able to reconstruct both the upstream site of deposition as well as the overall altitude
change of the ice sheet at that site. The latter elevation changes are primarily driven by local
accumulation changes.
Subsequently we used the recent linear gradient (r²=0.90) between δ18O and altitude of -0.96
‰ /100 m derived from the snow pit and shallow firn core data14, 15 to correct the measured
and sea level corrected δ18O signal to our drill site location. For instance in MIS5.5, this leads
to a correction in δ18O of about +2.7 ‰, translating to a warming of 3.3 °C. Sea water and
upstream/altitude corrected as well as uncorrected δ18O and δD values are shown in Figure S3
together with sea level changes and upstream altitudes of snow deposition. The error
introduced by these corrections is mainly determined by the accuracy of the modeled overall
elevation changes which can be estimated to be ± 50 m which translates into a δ18O error of ±
0.5 ‰ equivalent or a surface temperature error of ± 0.6 °C.
c) accumulation rates
Accumulation rates e.g. used in the CH4 synchronization were estimated from the
thermodynamic dependence of precipitation rate on the temperature at the elevation of cloud
formation over the ice sheet2. This inversion temperature TI (in °K) at the site and time of
deposition is deduced from the sea level (but not upstream) corrected δ18O record assuming a
linear relationship between surface and inversion temperature at EDML as shown for the East
Antarctic plateau21, i.e.
TI=0.67Ts+88.94
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The local accumulation rate is then calculated (similar as for EDC2) according to
A=A0*f(TI)/f(TI0)*(1+β(TI-TI0))
where TI0 is the present-day inversion temperature at the EDML drill site (242.20 K)
assuming that the very good linear spatial relationship between altitude and temperature today
holds also back in time. A0 is the present-day accumulation rate of 64 kgm-2yr-1 at the EDML
drill site, β is a constant fitting parameter, and f(TI) is given by:
f(TI)=(Bs/TI-1)/TI2 * exp(-Bs/TI)
where Bs=6148.3 K and an equivalent relation holds for f(TI0). The f function basically takes
into account the temperature dependent change of saturation vapour pressure, whereas the
parameter β takes into account glacial-interglacial changes of accumulation that are not
explained by this relationship. β=0.045 has been empirically determined by fitting the spatial
variation in recent upstream accumulation rates derived from firn cores14, 15 and an extended
surface radar survey22, 23. This leads to average glacial accumulation rates around the EDML
drill site which are around 45 % of current values. For the glacial period the error introduced
by the altitude correction is less than 15 %. However for the glacial period potential changes
in water vapour transport may come into play which may affect the application of the recent
spatial δ18O/temperature gradient. Modelling results16 show that this effect is much smaller
than for the Greenland ice sheet. Accordingly, we estimate the glacial accumulation rates to
be accurate within ± 30 %. For MIS5.5 the average reconstructed accumulation at the drill site
is 102 kgm-2yr-1. The MIS5.5 accumulation rate at the place of deposition, on the other hand,
is found to be similar to today’s value at EDML. That is because despite in general warmer
climatic conditions during MIS5.5 the ice originated from a location with colder and drier
conditions than in the EDML drill site region. Because circulation is expected to be similar
for MIS5.5 and Holocene conditions the main error for the accumulation rate estimate during
MIS5.5 stems from the altitude correction, which amounts to about ± 0.7 cm water equivalent
/ year or less than 10%.
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Figure S2: Top: CH4 records for Greenland and EDML. Middle: ∆age with uncertainty
corresponding to a 25% change in accumulation. The effect is comparable to a 10% change in
temperature. Blue for EDML and red for the Greenland composite, respectively. Before 38
kyr BP the synchronization is based on NGRIP data and the NGRIP ∆age is shown. After
38kyr the synchronization is based on GRIP CH4 data and the GRIP ∆age is shown. Bottom:
Contributions to the synchronisation uncertainty for individual rapid climate changes. Grey
bar represents the uncertainty of the CH4 synchronization. Blue and Red bars show the
uncertainty of ∆age assuming a 25% change in accumulation for EDML and the Greenland
composite, respectively. The three components are added in quadrature to a total uncertainty
for the synchronization of the ice records (yellow bars).
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Figure S3: Top: Corrected δ18O record at EDML: measured δ18O data representative for the
upstream site of deposition (grey); sea level corrected δ18O data representative for the
upstream site of deposition (pink); sea level and upstream corrected δ18O record
representative for the EDML current drill site (purple). Middle: Sea level changes used
for the correction as derived from benthic δ18O and ice sheet modeling17. The strongest
effect is encountered for peak glacial periods where the continental ice volume was
largest; Bottom: Elevation of the initial place of snow deposition relative to the current
drill site at 2892m a.s.l. determined by a high-resolution higher order flow model20
nested in a 3D large ice sheet model19 used for altitude/upstream correction. This
curve comprises both upstream effects (long-term upward trend in the correction) as
well as local altitude changes of the ice sheet at the site and time of snow deposition in
the past (variations around the long-term trend)19.
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The south–north connection
Eric J. Steig
A new ice-core record from Antarctica provides the best evidence yet of
a link between climate in the northern and southern polar regions that
operates through changes in ocean circulation.
Over the past 20 years, the analysis of ice cores
has been transforming our understanding of
past climate. Most notably, the Vostok core
from Antarctica1 provided remarkable evidence of the correspondence between temperature and atmospheric carbon dioxide
concentrations over the past 420,000 years.
And the GISP2, GRIP and NGRIP cores from
Greenland2,3 offered a view in unprecedented
detail of climate change over the past 100,000
years (including the revelation that abrupt
warming events of 10 °C or more have taken
place in Greenland).
More recently, the European Project for
Ice Coring in Antarctica (EPICA) obtained
the longest ice-core record yet4, one spanning
800,000 years of climate history, from Dome
C, in the same sector of Antarctica as Vostok.
The EPICA team has now pulled off another
feat. As it reports on page 195 of this issue5, it
has completed analysis of 2,500 metres of an ice
core from Dronning Maud Land in the Atlantic
sector of Antarctica (Fig. 1).
The significance of this ‘EDML’ core is not
its sheer length; at the site concerned, 2,500 m
takes us back 150,000 years. Rather, it is its resolution: this is the highest-resolution record
obtained outside Greenland that extends
well beyond the last glacial maximum (about
20,000 years ago). In consequence, the EPICA
team has been able to place the EDML record
with high precision on the same timescale as
the records from Greenland. This allows us to
compare the Greenland and Antarctic records
over time intervals as short as a few centuries.
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At this point, an analogy may help. On a
year-to-year basis, much global climate variability is dominated by the El Niño–Southern
Oscillation (ENSO). Understanding ENSO has
required comparison of climate records in the
main ENSO region (the tropical Pacific) with
records elsewhere. This could not have been
achieved without placing different time-series
data on the same timescale. We would otherwise have little confidence, for example, in the
observed correspondence between ENSO and
rainfall variations in southern California. Nor
would it be meaningful to try to understand the
ocean and atmospheric dynamics that give rise
to that relationship, because we could not reject
the null hypothesis that it was merely due to
chance. The Greenland and Antarctic ice-core
records are likewise measures of climate variability, but on timescales of centuries, millennia
and longer. Indeed, the high-resolution measures of climate afforded by ice-core records
show unambiguously that climate varies on
these longer timescales much more widely than
one would expect from simple extrapolation
of the power spectrum of observed (modern)
climate6.
The usual explanation for the millennialscale variability is that it is due to changes in
the deep meridional overturning circulation
(MOC) in the Atlantic Ocean. Put simply,
a vigorous MOC is thought to deliver heat
to the North Atlantic at the expense of the
Southern Ocean. Increases and decreases in
MOC strength should thus result in a climate
‘see-saw’ between the Southern and Northern

°S
70

an independent group working on the genetic
basis of anxiety has implicated ROS metabolism in this complex trait6. Are the behavioural
changes in the PGC-1α-deficient mice also due
to an absence of antioxidant defences? If so,
does this imply that what cell biologists call
oxidative stress and what social scientists call
psychological stress might ultimately share a
common mechanism? Further study is necessary, but people who fear public speaking may
take some comfort in the notion that the problem might not be in their head but rather, more
specifically, in their mitochondria.
The work of Spiegelman and colleagues1
brings up another interesting aspect of mitochondrial biology. It is well known that these
organelles, whether they come from simple
organisms or complex mammals, all leak
measurable amounts of ROS. Experimental
systems that simply increase the production
of antioxidant proteins seem to be quite effective at reducing this leakage. If ROS synthesis is
so bad, and a molecular solution so apparently
straightforward, why has this ‘design flaw’ not
been eradicated during the billions of years of
evolution? There are many possible answers,
but one is that the notion that ROS from the
mitochondria are solely harmful could be
incorrect. Indeed, substantial evidence exists
that ROS generated in the cytoplasm could
have vital signalling functions7, and this might
also be true for oxidants derived from mitochondria8,9. The new study1 strengthens this
possibility and suggests that a homeostatic
loop exists between mitochondria and ROS
and that this loop is, at least in part, orchestrated by PGC-1α (Fig. 1).
Previous reports have suggested that certain
life-extending strategies, such as calorie restriction, might work through the PGC-1α-induced
mitochondrial biogenesis programme 10 .
Spiegelman and colleagues’ study suggests that
PGC-1α could also alter our susceptibility to
neurodegenerative conditions that are linked
to mitochondrial dysfunction and oxidative
stress, such as Parkinson’s disease. Therefore,
fine-tuning the activity of this resourceful
coactivator might have a wide range of clinical
benefits, including potentially allowing us to
live longer and think more clearly. Not a bad
set of objectives, especially if we are ultimately
going to need to tackle really tricky problems
like global warming.
■
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Figure 1 | Core sites.
Locations of deep icecore drilling projects in
Antarctica where records
longer than 100,000 years
have been obtained.
The new EDML core5 in
Dronning Maud Land
has the highest time
resolution of these cores.
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Figure 2 | Core data. Comparison of records
from the EDML ice core from Antarctica5 and the
NGRIP core from Greenland3; oxygen-isotope
(δ18O) ratios are a measure of temperature.
Temperatures increase gradually in Antarctica,
reaching a maximum at about the same time that
Greenland warms rapidly. The numbers refer to
designated warming events in Greenland and the
corresponding Antarctic temperature maxima.
Statistically, the records are largely coherent for
time periods down to around 800 years, which
is similar to the relative dating uncertainty.
Thus, the Greenland and Antarctic climates are
meaningfully related on timescales as short as
measurement precision allows.

Hemispheres7. An observation cited in support of this idea is that there is an out-of-phase
relationship between Antarctic and Greenland
ice-core records of temperature (or rather, of
oxygen and deuterium isotope ratios, which are
well-established proxies for temperature)8. The
problem has been that — unlike in the ENSO
analogy — there is considerable uncertainty
in the dating. Analyses of the existing records
have generally shown that the relationship
between the Greenland and Antarctic records
is weak and not statistically significant, except
on the very longest timescales associated with
well-understood astronomical factors (the
Milankovich forcing of ice ages)9. So it has been
difficult to rule out the null hypothesis that
the variability in these records largely reflects
regional phenomena such as variations in wind
patterns or sea-ice extent.
This is where the EDML results come in.
They show that the Antarctic and Greenland
ice-core records are meaningfully related, and
on quite short timescales. In particular, comparison of the oxygen-isotope records shows
that one can make a direct link between the
distinctive temperature maxima in the Antarctic record (at least going back 60,000 years) and
the unambiguous abrupt warmings in Greenland (Fig. 2). Not every Antarctic temperature maximum is as distinct as the Greenland
warmings; for example, it is not clear why the
small maxima labelled 6 and 10 in Fig. 2 should
count as ‘events’, but the similarly sized bumps
between maxima 1 and 2 should not. But the
relationship is too strong to be due to chance.
In fact, for the interval 20,000 to 90,000 years
ago a remarkable 40% of the variance in the
Greenland records can be explained by the
EDML time series. A more rigorous estimate
of the spectral coherence between the records
shows that this significant relationship extends

to timescales as short as a few centuries.
Furthermore, there is a consistent out-of-phase
relationship between the records. They are
not strictly ‘antiphased’, as the term see-saw
would imply. Rather, the average phase relationship is about 90°. Although cold conditions in Greenland tend to be associated
with warming in Antarctica, and vice versa, the
peak warmth in both records actually occurs
at about the same time.
Does the EDML record demonstrate the
dominant influence of the MOC on climate
variability? This is not just an academic
question. Variations in this circulation have
been invoked to explain everything from the
abrupt climate changes observed in the Greenland records to the Little Ice Age (a period of
cooling between about ad 1400 and 1900 in
the North Atlantic region). And the possibility
of a sensitive MOC has been proposed as a
‘tipping point’ in future human-influenced
climate change10.
One objection to these ideas is that the
MOC plays a minor role in the heat budget
of the polar regions11. Heat transport in the
atmosphere is much more important, and the
atmosphere might simply compensate for any
changes in MOC12. Furthermore, the causes of
the purported changes in MOC are not understood. The conventional answer — flooding of
the North Atlantic Ocean by ice and meltwater
from the Laurentide ice sheet in northern
North America (so-called Heinrich events)
— is not very convincingly supported by
the evidence13.
The EDML data do not directly address
these concerns. But they are nonetheless
compatible with the idea that the MOC has
a central role in millennial-scale variability.
What is particularly compelling is that there
is a strong linear relationship between the
magnitude of warming in Antarctica and the

duration of the warm period that follows each
abrupt event in Greenland (see Fig. 3 of the
paper5 on page 197). The authors’ explanation
is simple: the duration of the warm periods in
Greenland reflects the duration of reduced
MOC, and hence the amount of heat retained
in the Southern Ocean. This is consistent
with a model14, proposed a few years ago, in
which the magnitude of Antarctic temperature change is controlled by the effective size
of the Southern Ocean heat reservoir (including both dynamic and thermodynamic effects).
We may have to wait some time before we see
whether these results can be reproduced by
more sophisticated ocean–atmosphere climate
models, because realistically encapsulating
the dynamics of the Southern Ocean in such
models remains a problem. But we can hope
that these new results5 will inspire the relevant
work to be done.
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STRUCTURAL BIOLOGY

Enzyme theory holds water
Matthew Freeman
Intramembrane proteases have attracted much attention because of their
biological and medical value. The first crystal structure of one of these
enzymes begins to solve the mystery of how they work.
Proteases are some of the most potent tools to
which a cell has access, because, unlike most
other protein-modifying enzymes, they catalyse an essentially irreversible reaction — the
breaking of peptide bonds. This can obviously
be used to degrade unwanted proteins, but
proteases also have many vital regulatory functions1. In the past few years, a class of proteases
called intramembrane proteases has been discovered. These comprise diverse families, but
all have multiple transmembrane domains and
©2006 Nature Publishing Group

an active site apparently embedded within the
hydrophobic region of cell membranes.
All intramembrane proteases share the
curious property of cutting their membranespanning protein targets in the transmembrane
regions — that is, they are thought to perform
the peptide-cleaving reaction (which requires
water) within the lipid bilayer of cellular
membranes2. As this is an environment where
water is traditionally assumed to be in short
supply, this is a somewhat heretical idea. This
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