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During the Last Deglaciation 
An Oceanic Cold Reversal 

\.ations of surface isotonic distributions and 
theoretical isotopic modeling studies show 
the large imprint of sea surface temperature 
(SST) and relative humidity at the moisture 
source and the secondaiy imprint of the site 
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composition, neglecting the influence of both 
relative humidity and wind changes. Two 
parameters of the mixed cloud isotopic model 
(MCIM) (26)-the threshold for solid precip- 
itation and the supersaturation function-are 
slightly tuned in order to correctly simulate 
the modern isotopic values along the 1995- 
1996 traverse from Dumont-d'urville to 
Dome Concordia (23), considering a domi- 
nant present-day moisture source located at 
40°S (SST at 10°C). The MCIM is then run 
with varying initial and fmal climatic param- 
eters (SST, T,; ocean isotopic composition, 
6180,; site surface temperature, Td, assum- 
ing a constant relation between condensation 
and surface temperature (T, = 0.67 T, - 1.2) 
(16); and a multiple linear regression is per- 
formed to calculate the sensitivity of EPICA 
precipitation isotopic composition to these 
various parameters 

SD=7.6 AT, - 3.6 AT, + 5.0 A6180sw 

only slightly influence the deuterium excess of 
water vaDor over the ocean. because the smooth 
regime of evaporation (for which the kinetic 
fractionation factor is relatively constant, unlike 
for the rough regime) largely prevails at the 
ocean surface (15). This is firher justified by 
AGCM simulations in which both smooth and 
rough regimes are then considered. For exam- 
ple, they show little overall glacial-interglacial 

Ad = -0.5 AT, + 1.3 AT, - 2.6 A6180sw 

The simulated dependency of deuterium on sur- 
face temperature, AT, (7.6%0/"C), is in reason- 
able agreement with data from a recent Dumont 
d'Urvill+Dome C traverse (6.9%a/OC) (23). 
Using an estimate of A6180sw from an Indian 
Ocean record (27), we infer both AT, and AT, 
from the 6D and d records of the ice (Fig. 3A). 
The glacial-to-early Holocene surface temper- 
ature change at Dome Concordia is g°C, which 

change in the average wind speed over the 
subantarctic and tropical Indian Ocean, which 
is one of the important contributors to Dome C 
precipitation. 

The timing of the initial moisture source 
increase is in phase with the timing of the 
Antarctic temperature increase, about 19 ky 
B.P., due to compensations of site and source 
temperature fluctuations in the deuterium ex- 

Fig. 1. Map of Antarc- 
tica showing the loca- 
tion of Dome C and 
the dominant modern 
moisture source (the 
Indian Ocean) esti- 
mated with an AGCM 
tagging the origin of 
the water (24). 

is in good agreement with the classical interpre- 
Fig. 2. EPICA deuteri- tation based on the use of the present-day spa- um (black) and deute- 
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era in temperate southern ocean sediment cores is labeled uapparentm Q 

(28)- because it is defined - 4 3 :  10 
Neglect of the influence of relative humidity by the deuterium ex- 

changes can be seen as a limitation of our cess alone. The chro- z 
reconstruction. However, atmospheric general nology IEPICA 

C1 (EDCI)] was estab- circulation models (AGCMs) show only very lished by combining 
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weak glacial-interglacial changes in relative hu- an ice flow and an ac- 3 7 5  6"' 
midity (29), and the imprint of the source rela- cumulation model 385 

tive humidity on Antarctic snow deuterium ex- with the use of dated 4 
cess decreases inland (19). In addition, Monte time markers (73). The Zqg5 
Carlo simulations (30) have been p e h e d  5 with the simple isotopic model, letting both record (37) (green) 0 
SST and relative humidity be free parameters has been added on a 3 4 2 5  
(31). They show the robustness of our approach GRIP time scale in or- 4 3 5  
with maximum inferred glacial-interglacial der to  evaluate the re- 
changes in relative humidity of less than 2.5% sults relative to  the --445 

and error. bars on AT, and AT, within our esti- Dryas in the 455 
Northern Hemisphere. o 5000 10000 15000 20000 25000 30000 mates [rt0.15OC and rtOA°C, respectively (see The correlation (not Age (B.P.) 

Fig. 3A)l. These Monte Carlo simulations also shown here) between 
confirm the Oceanic Cold lk~ersal (OCR)/ EPICA and GRIP using CH, records provides ages older than EDCI (73), with a difference on the 
ACR lag. As far as winds are concerned, they order of 400 years at about 14 ky B.P. (9). 
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cess. The moisture source exhibits a 0.8"C 
OCR starting around 13.2 ky B.P. (32), which 
is about 800 years after the beginning of the 
ACR, a l.S°C cooling that affected the East 
Antarctic Plateau between -14 and 12.5 ky 
B.P. (5, 9). As a' result, there is a large 
increase in the meridional temperature gradi- 
ent between Dome C and its moisture source 
(Fig. 3C), probably associated with an inten- 
sification of the mid- to high-latitude atmo- 
spheric circulation from 14 to 11.5 ky B.P., 
during the Allerijd and Younger Dryas peri- 
ods in the north. This increased atmospheric 
circulation is further supported by the parallel 
between our reconstructed temperature gradi- 
ent and the logarithm of the sodium flux at 
Dome C (2), an index of sea salt entrainment 
at the sea surface and of its poleward trans- 
port (33). On the other hand, non-sea salt 
calcium (34), which originates from terrestri- 
al dust, shows a less pronounced response 
during the ACRIOCR period, probably due to 

R E P O R T S  

different conditions at the dust source region. 
The interruption of the increase in atmospher- 
ic CO, (35) occurs between the ACR and the 
OCR (Fig. 3B), suggesting that the southern 
ocean andlor the intensity of the high-latitude 
atmospheric circulation (dust transport) have 
a substantial effect on the carbon cycle. The 
site and source temperatures start increasing 
again at 12.5 ky B.P. to reach a Holocene 
optimum at about 9.5 ky B.P. in phase with 
the site temperature optimum (Fig. 3A). This 
optimum was initially not seen in the deute- 
rium excess record because of the compen- 
sating impacts of both a wanner site arid the 
higher S180,,. The reconstructed source tem- 
perature seems compatible with indications 
of such an optimum recorded in subantarctic 
deep sea sediments (22). Similar to the pat- 
terns exhibited during the ACR onset, the 
source and site temperatures show opposite 
trends only between 9 and 8 ky B.P. This 
period of increased southern latitudinal tem- 

Fig. 3. (A) Fluctuations of reconstructed -temperature gradienl - sodium 
site (black) and source (red) surface tem- 
perature anomalies (in OC, centered onto 1.5 
modern values). Error bars (shown as en- 
velopes) on reconstructed site and source - ,- 
temperatures have been estimated from .6 4.5 1.0 & 
the analytical precision. The apparent 3,5 N 

slope between EPlCA deuterium and the , k 
reconstructed site temperature after cor- 5 2.5 m 
rection for .the ocean isotopic composi- 0 
tion and surface temperature is 8.4960PC. 0.5 z 
(B) Atmospheric CO, record measured in ,!2 0.5 0.4 3 
the air bubbles from EPlCA ice (35). (C) 
Source-to-site temperature gradient 0.3 
(green) calculated from (A) and logarithm 
of the sodium flux in EPlCA ice [light 
blue) (2). 
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perature gradient is in phase with the last 
abrupt decay of the Laurentide ice cap at 8.2 
ky B.P., with a widespread signature (36). 
We suggest that similar climate change 
mechanisms linking the two hemispheres 
may account for the opposite trends in Dome 
Concordia site and source temperatures both 
at the ACR onset and at 9 to 8 ky B.P. 
Different climate mechanisms seem to take 
place during warming periods, when Antarc- 
tic and subantarctic temperatures vary in 
phase, and cooling periods (the ACR and at 
the end of the optimum), when Antarctica 
leads the subantarctic ocean. 
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Glacial Surface Temperatures of 
the Southeast Atlantic Ocean 

JulianP. Sachs,'* Robert F. Anderson,' Scott J. Lehman3 

A detailed record of sea surface temperature from sediments of the Cape Basin 
in  the subtropical South Atlantic indicates a previously undocumented pro- 
gression of marine climate change between 41 and 18 thousand years before 
the present (ky B.P.), during the last glacial period. Whereas marine records 
typically indicate a long-term cooling into the Last Glacial Maximum (around 
21 ky B.P.) consistent with gradually increasing global ice volume, the Cape 
Basin record documents an interval o f  substantial temperate ocean warming 
from 41 t o  25 ky B.P. The pattern is similar t o  that expected in response t o  
changes in  insolation owing t o  variations in Earth's tilt. 

The Southern Hemisphere oceans are thought to 
be an important component of the global climate 
system, possibly regulating glacial-to-intergla- 
cia1 changes in atmospheric CO, concentrations 
(I) and, on millennia1 time scales, north-south 
climate asynchrony (2, 3). We therefore sought 
to evaluate the temperature history of the Cape 
Basin, in the southeast Atlantic Ocean, which 
has yielded some of the most detailed ocean 
climate records from the Southern Hemisphere 
(2, 4). Brisk cyclonic currents scour sediment 
w i t h  the basin and deposit it on rapidly accu- 
mulating drifts in the southern part, at the base 
of the Agulhas Ridge (5). Sea surface tempera- 
tures (SSTs) were determined in core TN057- 
21-PC2 (41°08'S, 7'49'E; 4981 m water depth) 
from one such drift by the alkenone paleotem- 
perature technique (6) using previously estab- 
lished protocols (7) and the temperature calibra- 
tion of Prahl et al. (8, 9) (Fig. 1). The robustness 
of this t echque  has been demonstrated with 
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hundreds of globally dispersed surficial sedi- 
ment samples, many of which were from near 
our study area in the southeast Atlantic (10). Our 
results confirm the timing and approximate 
magnitude of SST changes during deglaciation 
and during oscillations of Marine Isotope Stage 
3 (MIS 3) inferred previously from oxygen iso- 
tope variations in planktonic foraminifera (2, 
11). However, we also document a previously 
unrecognized long-term trend in SST occurring 
41 to 18 ky ago. 

Holocene SSTs in TN057-21-PC2 (-19"C, 
Fig. 1) exceed the climatological mean annual 
temperature above the core site by 6°C (12) as a 
result of the winnowing and focusing of sedi- 
ment from the northern part of the Cape Basin 
(5) where annual mean SSTs reach 21°C (12). 
To confirm that variations in the intensity of 
horizontal sediment transport did not cause 
the observed variations in down-core SST, we 
measured the activity of unsupported 230Th in 
the sediment and used this quantity to derive 
sediment focusing factors (13, 14). Focusing 
factors, defined as the ratio by which the flux 
of horizontallv transvorted material exceeds 
that of material, were evaluated with 
respect to SST and alkenone flux (Fig. 2). No 
correlation exists between focusing factors 
and either alkenone-derived temperatures ( r2  
= 0.15, Fig. 2A) or 230~h-~0rmalized alk-
enone fluxes (r2 = 0.06, Fig. 2B). We thus 

34. R. Rothlisberger et al.. J. Ceophys. Res. 105, 20565 
(2000). 

35. E. Monnin et al., Science 291, 112 (2001). 

36, j. C. Stager, P. A. Mayewski, Science 276, 1834 (1997). 

37. S. johnsen et al., Nature 359, 31 1 (1992). 

38. This work is a contribution to EPICA, a joint European 

Science FoundationlEuro~ean Commission fEC1 sci- > , 

entific program, funded by the EC and by national 
contributions from Belgium. Denmark, France, Ger- 
many. Italy, the Netherlands, Norway. Sweden. Swit- 
zerland, and the United Kingdom. This is EPICA pub- 
lication no. 28. In France, EPICA is supported by the 
lnstitut Francais de Recherches et Technologies Po- 
laires. We thank F. Vimeux. M. Delmotte. U. von 
Grafenstein, C. Waelbroeck, and K. Rodgers for their 
comments: 0.Cattani and S. Falourd for their careful 
measurements; and our many colleagues involved in 
drilling, science, and logistics at Dome C. 

8 February 2001; accepted 2 August 2001 

conclude that horizontal advection of sedi- 
ment did not produce the observed down-core 
variations in alkenone-derived SSTs. The 
magnitude of the focusing factors (- 10 to 20) 
and the geographic extent of the drift deposit 
itself (5) indicate that sediments were derived 
from a large region, further precluding a 
strong influence on our record by local chang- 
es in SST or by frontal movements. Rather, 
alkenone unsaturation ratios in core TN057- 
2 1-PC2 provide a regional temperature signal 
for the Cape Basin. A precise time scale reg- 
istered to the Greenland GISP2 (Greenland 
Ice Sheet Project 2) ice core was derived for 
the core (Fig. 3A) by Stoner et al. (15) by 
synchronizing magnetic intensity variations in 
the sediment to cosmogenic ''Be and 36Cl 
variations in the ice (16). 

The total amplitude of SST in our record is 
6.5"C, with minimum values of 12.5"C -40 ky 
B.P. (Fig. 3A) and maximum values of -19°C 
in the Holocene (Fig. 1). Temperatures were 
between 12.5" and 16°C in MIS 3 (>27 ky 
B.P.), and between 13.5" and 19°C during MIS 
2 and the transition to MIS 1 (Fig. 3A). Millen- 
nial-scale temperature excursions during MIS 3 
are l o  to 3OC. Deglacial warming commenced at 
17.5 to 19 ky B.P. and continued until at least 11 
ky B.P., with a brief plateau at -14 to 13 ky 
B.P. (Fig. 3A). The glacial-Holocene tempera- 
ture increase of 5.5"C (13.5" to 19°C) is com- 
parable to recent faunal-based estimates in the 
temperate southeast Atlantic (17, 18). The pat- 
tern and timing of deglacial warming is similar 
to ice core paleotemperature records from Ant- 
arctica (3),but differs markedly from records of 
deglaciation in the North Atlantic where warm- 
ing was interrupted by a return to cold glacial 
conditions during the Younger Dryas episode 
(- 13 to 12 ky B.P.) (19). Observed SST chang- 
es are thus consistent with the pioneering work 
of Charles and co-workers (2, 11), who inferred 
local Cape Basin SST variations from high- 
resolution records of planktonic foraminifera1 
6180 values in TN057-2 1 -PC2 and nearby core 
RCll-83. 

An unexpected finding, however, is the 
warming trend at 41 to 25 ky B.P., during 
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