
PALEOCEANOGRAPHY, VOL. 14, NO. 2, PAGES 135-148, APRIL 1999 

Late Quaternary variations in sea surface temperatures 
and their relationship to orbital forcing 
recorded in the Southern Ocean (Atlantic sector) 

Uta Brathauer 1 and Andrea Abelmann 

Alfred Wegener Institute for Polar and Marine Research, Bremerhaven, Germany 

Abstract. Late Quaternary summer sea surface temperatures (SSTs) have been derived from radiolarian assemblages in 
the East Atlantic sector of the Southern Ocean. In the subantarctic and the polar frontal zone, glacial SSTs (oxygen isotope 
stages 2, 4, 6, and 8) were 3ø-5øC cooler than today, indicating northward displacements of the isotherms about 20-4 ø of 
latitudes. During interglacials, SSTs almost reached modern levels (oxygen isotope stages 7 and 9) or exceeded them by 
2ø-3øC (oxygen isotope stages 1 and 5.5). In the subantarctic Atlantic Ocean, changes in SST and calcium carbonate con- 
tent of the sediment precede variations in global ice volume in the range of the main Milankovitch frequencies. Compar- 
isons with the timing of North Atlantic Deep Water (NADW) proxy records suggests that this early response in the sub- 
antarctic Atlantic Ocean is not triggered by the flux of NADW to the Southern Ocean. 

1. Introduction 

The Southern Ocean is an important part in the global ocean 
circulation system. It connects the Pacific, the Atlantic, and the 
Indian Ocean and enables the exchange of water masses between 
these three ocean basins. As a major part in the global climate 
system, the determination of the Southern Ocean' s role during the 
late Quaternary glaciation cycles contributes to the understanding 
of natural global climate change. 

Since the work of Hays et al. [1976], it has been widely 
accepted that orbitally induced changes in geographical and sea- 
sonal distribution of insolation are a major cause of Pleistocene 
climatic changes, as earlier suggested by Milankovitch [ 1941]. It 
has also been recognized by Hays et al. [1976] and later con- 
firmed by further studies [Climate: Long-Range Investigation, 
Mapping, and Prediction (CLIMAP), 1984; Imbrie et al., 1989, 

ß 1992; Howard and Prell, 1992; Labeyrie et al., 1996] that South- 
ern Ocean sea surface temperatures (SSTs) respond early to varia- 
tions in Earth orbital parameters and lead changes in global ice 
volume. The causes of this "Southern Ocean lead" are still not 

clear. Changes in Southern Hemisphere insolation directly 
received by the Southern Ocean play only a minor role because of 
the large heat capacity of the ocean [Short et al., 1991]. It has 
been suggested that the northern high-latitude insolation signal, 
which is critical for the onset of glaciation cycles [Shackleton and 
Pisias, 1985; Imbrie et al., 1992, 1993; Raymo, 1997], is transmit- 
ted to the Southern Ocean via the North Atlantic Deep Water 
(NADW) and thus triggering the early response of southern SST 
[Broecker, 1984; Imbrie et al., 1992]. 

Most of the knowledge about the late Quaternary Southern 
Ocean is based on sediment cores from the Indian sector. This 

study concentrates on the late Quaternary hydrographic changes 
in the Atlantic sector of the Southern Ocean, based on sea surface 
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temperature estimations derived from fossil radiolarian assem- 
blages. Since the Climate: Long-Range Investigation, Mapping, 
and Prediction (CLIMAP) project, radiolarians have been estab- 
lished as a valuable tool for reconstructing SSTs in different parts 
of the world ocean. Several studies have shown that radiolarian 

SSTs provide comparable results to other SST proxies like 
alkenones, planktic foraminifera, coccoliths, or diatoms [Molfi'no 
et al., 1982; CLIMAP, 1984; Howard and Prell, 1992; Prahl et 
al., 1995; Morley, 1997; Ortiz et al., 1997; Pisias et al., 1997; 
Abelmann et al., 1999]. In this work, a newly developed radiolar- 
ian based transfer function [Abelmann et al., 1999] has been used 
to derive SST estimations from two sediment cores recovered in 

the subantarctic and the polar frontal zone, spanning the last 340 
kyr and 200 kyr, respectively. 

Furthermore, the derived subantarctic SST record has been 

analyzed in the frequency domain. For the main Milankovitch fre- 
quencies, the phase relationships to global ice volume have been 
determined. Comparisons between the phase angles of SST with 
those of other paleoclimatic indicators, e.g., calcium carbonate 
content of the sediment and NADW proxies, reveal information 
about the chain of events taking place during a changing climate 
and thus about the mechanisms within the climatic system. 

2. Oceanographic Settings 

Prominent features in the wind driven Antarctic Circumpolar 
Current (ACC) are the oceanic fronts, separating zonal bands 
within the ACC. From north to south these are the subtropical 
front, the subantarctic front, and the polar front (Figure 1). Sev- 
eral definitions based on surface or subsurface characteristics 

have been set up for the locations of the oceanic fronts [Belkin 
and Gordon, 1996]. Lutjeharms and Valentine [ 1984] showed that 
in the eastern Atlantic sector the positions of the Oceanic fronts 
can be traced by thermal gradients in the sea surface hydrography 
alone. They found that the subtropical front, the northern bound- 
ary of the ACC, which separates the south Atlantic central water 
from the subantarctic surface water [Peterson and Whitworth, 
1989; Orsi et al., 1995], is characterized by a distinct temperature 
drop of approximately 7øC (from 18 ø to 11 øC) over 225 km. On 
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Figure 1. Locations of sediment cores PS2082-1 and PS 1778-5. Frontal system after Peterson and Stramma [ 1991]. 

the basis of this surface expression, the geographic position of the 
subtropical front lies between 40øS and 42øS [Lutjeharms and 
Valentine, 1984]. The subantarctic front has been located between 
45øS and 47øS, marked by a temperature drop of approximately 
4øC (from 9 ø to 5øC) over 241 km [Lutjeharms and Valentine, 
1984]. Finally, the polar front, which separates the Antarctic sur- 
face water from the subantarctic surface water [Whirworth and 
Nowlin, 1987; Peterson and Whitworth, 1989], exhibits the small- 
est gradient in sea surface temperature. The temperature decreases 
about 2øC (from 4 ø to 2øC) over 126 km. This front is located 
between 49øS and 50øS [Lutjeharms and Valentine, 1984]. 

3. Methods and Material 

Two sediment cores have been examined in this study. Core 
PS2082-1 recovered in the subantarctic zone, between the sub- 
tropical front and the subantarctic front (43ø13.2'S, 11 ø44.3'E), at 
a water depth of 4610 m, and core PS 1778-5 recovered near the 
polar front (49ø00.7'S, 12ø41.8'W) at a water depth of 3380 m 
(Figure 1). Sediment core PS2082-1 has been sampled every 
10 cm, and core PS 1778-5 has been sampled every 10-20 cm for 
radiolarian faunal analysis. Slide preparation followed the Alfred 
Wegener Institute standard method [Abelmann, 1988, Abelmann 
et al. 1999]. On average, 400 individuals have been counted on 
each slide. A number of 187 radiolarian species and species 
groups have been identified [Bratbauer, 1996]. 

Sea surface temperatures have been calculated using the trans- 
fer function method [Imbrie and Kipp, 1971 ] with a newly devel- 
oped radiolarian transfer function for the East Atlantic sector of 

the Southern Ocean [Abelmann et al., 1999]. This transfer func- 
tion is based on 23 radiolarian species or species groups in 52 
sediment surface samples. Species selection was made on the 
basis of the modern distribution of radiolarians [e.g., Casey, 
1971; Petrushevskaya, 1971a, b; Morley and Stepien, 1985; Kling 
and Boltovskoy, 1995; Abelmann and Gowing, 1996, 1997]. Only 
species which have been reported as surface dwelling have been 
selected for the transfer function, deep dwellers as well as no-ana- 
log species (e.g., Cycladophora davisiana) have been excluded. 
Thus the resulting transfer function represents surface water con- 
ditions. The surface sample data set spans a temperature range 
from -1 o to 18øC in terms of modern mean summer sea surface 

temperatures. The modern SSTs have been extracted from the 
Southern Ocean atlas [Olbers et al., 1992]. They represent mean 
summer sea surface temperatures (December-March) at 10 m 
depth. The standard error of estimate for this paleotemperature 
equation is 1.2øC. The details of the transfer function will be dis- 
cussed by Abelmann et al. [ 1999]. 

Cross-spectral analyses were performed using the ARAND 
software package [Oregon State University (OSU) Computer 
Center Staff, 1973; Howell, 1989], which is based on the 
Blackman-Tukey method [J•nkins and Watts, 1968]. Calculations 
of coherency and phase angles have been achieved between 
parameters of core PS2082-1 and the SPECMAP stack. All time 
series have been transferred to equidistant sample intervals (2.5 
kyr) via linear interpolation. The SPECMAP stack was reversed 
before the analyses; therefore maxima in fi180 and thus minima in 
global ice volume are related with warm phases. The presentation 
of phase angles in phase wheels followed the SPECMAP conven- 



BRATHAUER AND ABELMANN: ORBITAL FORCING OF SOUTHERN OCEAN SST 137 

_3[ -2- 
t•, ;. 

,VLL: n ; %' : -1 ' -": :1'1 :: . ' - 
:i i:/I ' ': ' 

• :• ,'1 i :!! .-, , /1: o'• ! Jl ¾11 '"'" ':'- •o%0 ,' 

!l ß i 

-3 

I,j v ........ SPECMAP PS2082-1 
2 ..... . .... ...., .... , .... , .... , .... , .... 5 

0 50 100 150 200 250 300 350 400 

Age (kyr) 

Figure 2. Comparison of the SPECMAP stack [Imbrie et al., 1984] with the benthic foraminiferal •5180 record of sediment core 
PS2082-1 [Mackensen et al., 1994]. 

tion [Imbrie et al., 1989]. The confidence levels for phases and 
coherencies were at 80% for all calculations. 

4. Stratigraphy 

An oxygen isotope stratigraphy has been established for sedi- 
ment core PS2082-1 using isotopic measurements of benthic and 
planktic foraminifera [Mackensen et al., 1994]. The record has 
been converted to SPECMAP ages [Imbrie et al., 1984] (Figure 
2), which resulted in a maximum age of about 390 ka [Mackensen 
et al., 1994]. Cross-spectral analysis between the SPECMAP 
stack and the benthic foraminiferal fi180 recorded in core 
PS2082-1 has been used to check the accuracy of this conversion 
[Imbrie et al., 1989]. The results show that benthic foraminiferal 
fi180 in core PS2082-1 is highly coherent (Figure 3) and in phase • 
(Table 1) with the SPECMAP stack in the main Milankovitch 
bands (1/100, 1/41, and 1/23 kyr -1) as required for a successful 
conversion to SPECMAP timescale. A continuous Cycladophora 
davisiana record confirms the oxygen isotope stratigraphy for this 
core (Figure 4). 

The age model for sediment core PS1778-5 is based on the C. 
davisiana stratigraphy solely. C. davisiana stages a to il have 
been identified (Figure 4). They correspond to oxygen isotope 
stages 1 to late 7, spanning an age about 200 kyr [Hays et al., 
1976; Morley and Hays, 1979b]. SPECMAP ages have been 
assigned through graphic correlation of C. davisiana maxima and 
minima with the C. davisiana record of core PS2082-1 using 
AnalySeries software [Paillard et al., 1996]. 

5. Results 

5.1. Sea Surface Temperatures 

Summer SSTs have been calculated for sediment cores 

PS2082-1 and PS 1778-5 applying transfer function technique to 
radiolarian assemblages. Both cores exhibit distinct temperature 

variations during late Quaternary glacial and interglacial stages. 
Core PS2082-1 recorded an average glacial cooling (oxygen iso- 
tope stages 2, 4, 6, and 8) about 4ø-5øC for the subantarctic zone 
(Figure 5). In the polar frontal zone (PS1778-5), the average 
glacial cooling was somewhat less, about 3ø-4øC (Figure 5). 
During the last glacial maximum (LGM), the sea surface tempera- 
tures in the subantarctic and polar frontal zones were 3ø-4øC less 
than the modern values. During interglacials, the SST values in 
the subantarctic zone as well as in the polar frontal zone reached 
almost modern values (oxygen isotope stages 7 and 9) or even 
exceeded them by 2ø-3øC (oxygen isotope stages 1 and 5.5) 
(Figure 5). Extreme changes in radiolarian SST occur at or just 
prior to terminations. During oxygen isotope stage transition 6/5 
(termination II), the SST increased about 7ø-8øC, whereas at tran- 
sitions 8/7 and 2/1 (terminations III and I), the SST increases are 
somewhat less (about 5ø-7øC) (Figure 5). 

5.2. Time Series Analysis 

Phases and coherency of benthic fi180, %CaCO 3 of th6 sedi- 
ment [Mackensen et al., 1994] as well as radiolarian SST recorded 
in core PS2082-1 have been calculated against the reversed 
SPECMAP stack [Imbrie et al., 1984] as an indicator for global 
ice volume. The benthic foraminiferal •5•80 spectra reveals dis- 
crete variance peaks in the 1/100, 1/41, and 1/23 kyr -• frequency 
ranges and the record is highly coherent and in phase with global 
ice volume in all three frequency bands (Figure 3, Table 1). The 
spectra of radiolarian summer SST also shows variance peaks in 
the 1/100, 1/41, 1/23, and 1/19 kyr -1 frequency ranges of the 
Milankovitch bands. The record is highly coherent with changes 
in global ice volume (Figure 6). Maxima in SST lead minima in 
global ice volume about 5.0 + 1.7 kyr (18 ø + 6 ø) in the eccen- 
tricity cycle, 2.0 + 1.4 kyr (18 ø + 12 ø) in the obliquity cycle, and 
1.2 +_ 0.3 kyr (19 ø _+ 5 ø) in the precession cycle (Table 1). The 
calcium carbonate variance spectra also exhibits main 
Milankovitch frequency peaks at 1/100, 1/41, and 1/23 kyr -l 
(Figure 6). As in the SST record, the maxima in calcium carbon- 
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Figure 3. Results of cross-spectral analysis between the reversed SPECMAP stack [Imbrie et al., 1984] and the reversed benthic 
foraminiferal fi180 record of sediment core PS2082-1 [Mackensen et al., 1994]. Shaded areas are equal to 1 bandwidth. 

Table 1. Results of Cross-Spectral Analyses 

Core 
1/100 kyr -I 1/41 kyr -I 1/23 kyr -I b, T, AT, 

Data k o k Phi o k phi o k phi o cyc./kyr kyr kyr 

PS2082-1 -fi180 (benthic) 0.69 0.99 -3+3 0.99 6+4 0.96 1+8 0.009 388 2.5 
(43øS, 11øE) 

PS2082-1 SST (radiolaria) 0.73 0.97 -18+6 0.92 -18+12 0.99 -19+5 0.009 338 2.5 
(43øS, 11 øE) 

PS2082-1 CaCO 3 0.64 0.83 -72+17 0.88 -33+14 0.92 -34+11 0.010 388 2.5 
(43øS, 11øE) 

PS2082-1 kaolinite/chlorite 0.64 0.96 -6+7 0.87 11+14 - - 0.010 388 2.0 
(43øS, 11 øE) 

RC11-120/E49-18 SST (radiolaria) 0.66 0.92 -47+11 0.93 -14+10 0.86 -35+15 0.010 400 2.0 
(43øS, 80øE/46øS, 90øE) 

DSDP522/607/677 NADW proxy 0.66 0.87 16+15 0.86 5+16 0.83 41+17 0.010 400 3.0 
(56øN, 23øW), (41øN, (%ATL/PAC) 
33øW), (1 øN, 84øW) 

K708-1 SST (foraminifera) 0.82 0.99 6+_2 0.98 12+_6 0.91 27+15 0.010 260 2.0 
(50øN, 24øW) 

Variables are crossed with the reversed SPECMAP stack [Imbrie et al., 1984]. Given are the nonzero coherency at the 80% level (k0) as well 
as coherencies (k) and phase angles (Phi) with 80% confidence interval. Positive phases indicate that a variable lags; negative phases indicate that 
a variable leads the SPECMAP stack. Here b is bandwidth, T is maximum age of variable, AT is interpolation interval, and cyc. is cycles. Refer- 
ences for data are PS2082-1, fi180 (benthic) and CaCO 3 [Mackensen et al., 1994]; PS2082-1, kaolinite/chlorite ratio [Diekmann et al., 1996]; 
RCI 1-120, SST [Hays et al., 1976]; NADW proxy (%ATLANTIC/PACIFIC) [Raymo et al., 1990]; K708-1, SST [Ruddiman and Mcintyre, 1984]. 
References for phases are RCll-120 (SST), NADW proxy (%ATLANTIC/PACIFIC), and K708-1 (SST) [Imbrie et al., 1992]; PS2082-1 
(kaolinite/chlorite ratio) [Diekmann et al., 1996]. 
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Figure 4. Relative abundances of Cycladophora davisiana in sediment cores PS1778-5, PS2082-1, and RC11-120 [Hays et al., 
1976] versus depth. Age models of cores PS2082-1 and RC 11-120 are based on oxygen isotope stratigraphy [Howard and Prell, 
1992; Mackensen et al., 1994]. SPECMAP ages for core PS1778-5 have been assigned through correlation of that C. davisiana' 
record with the one of core PS2082-1. 

ate content lead minima in global ice volume, about 20 + 4.7 kyr 
(72 ø + 17 ø) in the eccentricity cycle, 3.8 + 1.6 kyr (33 ø + 14 ø) in 
the obliquity cycle, and 2.2 + 0.7 kyr (34 ø + 11 o) in the precession 
cycle (Table 1). 

6. Discussion 

6.1. Late Quaternary Sea Surface Temperature Distributions 

In general, the pattern of radiolarian based SST records derived 
from sediment cores PS2082-1 and PS 1778-5 in the Atlantic sec- 

tor of the Southern Ocean are similar to other oceanic SST recon- 

structions from the tropical Atlantic [lmbrie et al., 1989; 
Schneider et al., 1995, 1996], the southern Indian Ocean [Howard 
and Prell, 1992; Pichon et al., 1992; Labeyrie et al., 1996], and 
the Atlantic sector of the Antarctic Ocean [Zielinski et al., 1998] 
over the same time interval (Figure 5). Moreover, the radiolarian 
SST records are remarkably similar to variations in atmospheric 
SST as recorded in the b-deuterium record of the Vostok ice core 

[Jouzel et al., 1987, 1993, 1996] and to variations in the global 
5180 as documented in the SPECMAP stack [lmbrie et al., 1984] 
(Figure 5). 

Modern SST at the position of core PS2082-1 is about 11øC 
[Olbers et al., 1992]. During oxygen isotope stage 2, sea surface 
temperatures dropped to 6ø-8øC (Figure 7). Today these tempera- 
tures are found south of the core' s position in the area of the sub- 

antarctic front. Thus it can be concluded that the isotherms of 6 ø- 

8øC moved northward as tar as the position of core PS2082-1 
during oxygen isotope stage 2 (Figure 7). This variability in the 
SST distribution has been interpreted in terms of frontal move- 
ments, assuming the modern relationship between the summer sea 
surface temperature distribution and the position of the main 
oceanic fronts as described by Lutjeharms and Valentine [ 1984] 
and Lutjeharms et al. [ 1985]. Thus a northward migration of the 
subantarctic front over 20-4 ø of latitudes relative to the modern 

position can be inferred for oxygen isotope stage 2 (Figure 7). 
Similar results for the polar front can be deduced from core 
PS 1778-5, which is located near the modern polar front (Figure 
1). Recent SST is about 5øC [Olbers et al., 1992]. During oxygen 
isotope stage 2, sea surface temperatures dropped to 1 ø-4øC indi- 
cating a northward displacement of these isotherms and the polar 
front itself over 20-4 ø of latitudes (Figure 7). 

The observed summer cooling of 3ø-4øC for the last glacial 
maximum in the subantarctic and polar frontal zones almost 
match the reconstructions of the CLIMAP group. They found a 
summer (February) cooling between 2 ø and 4øC for the East 
Atlantic sector of the Southern Ocean [CLIMAP, 1981]. On the 
basis of the SST records of sediment cores PS2082-1 and 

PS 1778-5, northward movements of about 3 ø of latitudes for the 

subantarctic and the polar front can be estimated for the LGM. 
These values are also in the range of previous investigations. 
Morley and Hays [ 1979a] described a polar front migration about 
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1 ø-3ø to the north for the eastern South Atlantic during the LGM. 
Recent investigations found values between 2 ø [Niebler, 1995] 
and 3 ø [Niirnberg et al., 1997] of latitudes. For the subantarctic 
front, Niebler [1995] estimated a northward displacement about 
2 ø of latitudes. 

Sea surface temperatures recorded during interglacial substage 
5.5 are the warmest during the last 340 kyr (Figure 8). In the sub- 
antarctic zone, at the position of core PS2082-1, SST raised up to 
14øC, which indicates southward displacements of the 14øC 
isotherm and the subtropical front over 2 ø of latitudes (Figure 8). 
In the polar frontal zone, the temperature signal of core PS 1778-5 
exhibits only one peak value distinctly higher than modern SSTs 
(5øC). The temperature raised up to 7øC, which indicates a 
southward displacement of the 7øC isotherm about 2 ø of latitudes 
(Figure 8). 

The general pattern of latitudinal displacements show that most 
of time during the last 340 kyr the isotherms and the main oceanic 
fronts were north of their modern positions. Only during peak 
interglacial conditions the isotherms and oceanic fronts intended 
the same positions as today or moved southward in the East 
Atlantic sector of the Southern Ocean. The estimated frontal 

movements might be induced through changes in the position of 
wind fields as well as wind strengthening. Model experiments for 
the LGM show an increase of wind strength about 70% for South- 
ern Hemisphere westerlies [Lautenschlager and Herrerich, 1990]. 
This strengthening is also confirmed by paleo-data. On the basis 

of aerosol content determinations in the Vostok ice core, Petit et 

al. [1981 ] suggested a wind strengthening about 50-80% for the 
subantarctic Glacial Ocean. LGM model results from Kutzbach 

and Guetter [ 1986] present a westwind drift movement about 5 ø 
north during austral summer. Model experiments from Klinck and 
Smith [1993] show that combining wind strengthening of 70% 
with a movement of wind fields about 5 ø to the north results in a 

more northward position (2 ø ) of the Antarctic Circumpolar Cur- 
rent during the LGM. These model results are very close to the 
estimated frontal movements as described above. 

6.2. The Role of Orbital Forcing in the Southern Ocean 

Following the Milankovitch theory, the Pleistocene climatic 
changes are forced by orbitally induced insolation changes in 
northern high latitudes [Milankovitch, 1941; Hays et al., 1976; 
lmbrie et al., 1989, 1992]. Despite this, it has been detected that 
North Atlantic SST respo•ds late, whereas the Southern Ocean 
SST responds early to variations in the Earth orbital parameters 
[Hays et al., 1976; CLIMAP, 1984; Imbrie et al., 1989, 1992, 
1993; Howard and Prell, 1992; Labeyrie et al., 1996]. Besides 
SST, calcium carbonate preservation has also been detected in the 
early group of responses in cores from the Indian sector of the 
Southern Ocean [Imbrie et al., 1992, 1993; Howard and Prell, 
1994]. The presented SST and CaCO 3 data from site PS2082-1 
confirm the known "Southern Ocean lead" for the East Atlantic 

sector of the Southern Ocean (Table 1). 
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Figure 8. Summer SST ranges during oxygen isotope substage 5.5 in the subantarctic zone (PS2082-1) and the polar frontal zone 
(PS1778-5) in comparison with modem values. Modem SSTs are from Olbers et al. [1992]. Shaded areas mark the modem ranges 
of the subtropical front (STF), the subantarctic front (SAF), and the polar front (PF) [Lutjeharms and Valentine, 1984]. 

It has been postulated that the NADW is the transmitter of the 
Northern Hemisphere insolation signal to the Southern Ocean and 
triggers the early response of southern SST and calcium carbonate 
preservation [Broecker, 1984; lmbrie et al., 1992; Howard and 
Prell, 1994]. This explanation would require an early response of 
the NADW to insolation changes. However, observed phases of a 
NADW proxy record from Raymo et al. [ 1990] show that the 
NADW responds too late; it lags changes in Southern Ocean SST 
and calcium carbonate preservation in the range of the 
Milankovitch frequencies [Howard and Prell, 1992; lmbrie et al., 
1992, 1993; Howard and Prell, 1994]. With respect to global ice 
volume, it lags in the 100 kyr and 23 kyr cycles and is almost in 
phase with global ice volume in the 41 kyr cycle (see Table 1). 

Another NADW proxy, "the ratio of the clayminerals kaolinite 
and chlorite", has been determined in sediment core PS2082-1 
(Figure 9a). This proxy is based on the finding that NADW car- 
ries pedogenic kaolinite from the tropical regions to the Southern 
Ocean, whereas chlorite originates from southern high latitudes 
and is transported by northward advection of southern-source 
deep water [Diekmann et al., 1996]. It has been shown that the 
latitudinal zonation of kaolinite/chlorite ratios in surface sedi- 
ments reflect the distribution of deep water masses in the South 
Atlantic Ocean [Diekmann et al., 1996; Petschick et al., 1996]. 
High values of kaolinite/chlorite ratio display a penetration of 
NADW to the Southern Ocean. Cross-spectral results exhibit that 
this NADW proxy also lags Southern Ocean SST and CaCO 3 

records from the same sediment core (PS2082-1) and that it is 
almost in phase with changes in global ice volume in the 100 and 
41 kyr cycles [Diekmann et al., 1996] (Figure 9b). The 23 kyr 
cycle is not observed in the kaolinite/chlorite variance spectra, 
and thus a phase to global ice volume cannot be obtained. 

On the basis of the described phase relationships, the produc- 
tion rate of NADW can be ruled out as the transmitter of the 
Northern Hemisphere insolation signal to the Southern Ocean. 
The phases of core PS2082-1 from the subantarctic Atlantic 
Ocean provide more evidence that the "Southern Ocean lead" 
(SST and CaCO3) is not triggered by variations in the NADW. 

The early response of calcium carbonate content of the sedi- 
ment in Atlantic sector of the Southern Ocean in comparison to 
the late response of conveyor related NADW proxies (Figure 9b) 
is similar to the response of a carbonate preservation index from 
the Indian sector of the Southern Ocean [Howard and Prell, 
1994]. Howard and Prell [ 1994] have shown that their Southern 
Ocean preservation index leads the NADW proxy record from 
Raymo et al. [1990] in the range of the main Milankovitch fre- 
quencies. These phase patterns point to the conclusion that the 
initial response in the calcium carbonate content of Southern 
Ocean sediments is not controlled by the decreased/increased 
transport of NADW to the Southern Ocean but instead by early 
local surface ocean processes. Such local processes, which are 
able to lower the glacial calcium carbonate content of Southern 
Ocean sediments might be a reduced glacial carbonate production 
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[Howard and Prell, 1994], maybe as a consequence of cooler sur- 
face temperatures which favor silica production instead of cal- 
cium carbonate production, and/or enhanced dissolution of 
CaCO 3 due to local enhanced organic carbon (Corg) productivity 
[Lea, 1995]. Higher glacial productivity in the area of core 
PS2082-1 has recently been presented by Kumar et al. [ 1995] and 
Franfois et al. [ 1997]. Both reduced calcium carbonate produc- 
tion or higher Corg production lower the CaCO3/Corg rain ratios 
and thus causing enhanced calcium carbonate dissolution in the 
sediment [Archer, 1991; Archer and Maier-Reimer, 1994; 
Howard and Prell, 1994; Keir, 1995]. 

The finding that variations in the NADW influx to the Southern 
Ocean are not responsible for the Southern Ocean SST lead was 
earlier shown in the Indian sector of the Southern Ocean on 

orbital timescales [Labeyrie et al., 1996] and in a nearby sediment 
core for millennial timescales [Charles et al., 1996]. The remain- 
ing question is still what triggers the early response of the south- 
ern SST signal, if it is not caused by variations in NADW flux? 
An explanation lies perhaps in the different driving mechanisms 
of surface circulation and deep water circulation. The Southern 
Ocean surface circulation is wind driven, whereas the deep water 
circulation depends on temperature and salinity contrasts. Thus 



146 BRATHAUER AND ABELMANN: ORBITAL FORCING OF SOUTHERN OCEAN SST 

the lead of Southern Ocean surface waters (SST) might be caused 
by early changes in the atmosphere and wind fields, as earlier 
suggested by Labeyrie et al. [1996], whereas the lagged response 
of conveyor related proxies in the Southern Ocean deep water 
(kaolinite/chlorite ratio) might be due to the later response of 
NADW which is in phase with or lags Northern Hemisphere ice 
sheets [Raymo et al., 1990; Howard and Prell, 1992]. 

The leading pattern of SST is not restricted to southern Indian 
and Atlantic Ocean; it has also been reported from the equatorial 
Atlantic [Imbrie et al., 1989; Schneider et al., 1995] and recently 
from the equatorial Pacific [Pisias and Mix, 1997]. Moreover, the 
atmospheric temperatures as recorded in the/5-deuterium record 
of the Vostok ice core as well lead global ice volume [Waelbroeck 
et al., 1995]. This reflects a close connection between Southern 
Hemisphere atmospheric circulation and Southern Hemisphere 
ocean surface circulation and points to atmospheric circulation as 
a driver of early Southern Ocean surface temperature changes. 
Atmospheric circulation provides a clear link between the differ- 
ent ocean basins of the Southern Hemisphere, Vostok, and the 
Northern high latitudes, which are critical for the onset of 
glacial/interglacial cycles [Shackleton and Pisias, 1985; Imbrie et 
al., 1992, 1993; Raymo, 1997]. Furthermore, atmospheric circula- 
tion can be altered externally through orbitally induced seasonal 
and latitudinal variations in insolation [Kutzbach and Guetter, 
1986]. The different response times between the lagging North 
Atlantic SST and the leading Southern Ocean SST (Figure 9a, b 
and Table 1) might be due to different environmental conditions. 
The Southern Hemisphere is dominated by oceans. Surface ocean 
temperature can immediately respond to changes in atmospheric 
circulation [Webb. et al., 1993], for example, wind driven changes 
in positions of oceanic fronts [Labeyrie et al., 1996]. Whereas in 
the Northern Hemisphere, the response of the entire system, 
atmosphere, North Atlantic surface and deep-ocean, is lagged by 
the dominating control of Northern Hemisphere ice sheets 
[Ruddiman and Mclntyre, 1984; Imbrie et al., 1989; Ruddiman et 
al., 1989; Webb et al., 1993]. Owing to the lagged response of 
NADW, which drives ocean thermohaline circulation, the South- 

ern Ocean deep water proxies (kaolinite/chlorite ratio) as well 
react late to changes in Earth orbital parameters. 

7. Summary and Conclusions 

Late Quaternary variations in summer sea surface temperatures 
in the East Atlantic sector of the Southern Ocean have been 

reconstructed from fossil radiolarian assemblages using transfer 
function technique. During glacial times (oxygen isotope stages 2, 
4, 6, and 8), the surface of the ocean in the subantarctic and the 

polar frontal zone was 3ø-5øC cooler than today, indicating a 
northward displacement of isotherms about 20-4 ø of latitudes with 
respect to modern positions. During interglacials, sea surface 
temperatures almost reached modern levels (oxygen isotope 
stages 7 and 9) or exceeded them by 2ø-3øC (oxygen isotope 
stages 1 and 5.5). 

Interpreted in terms of frontal movements, the observed sum- 
mer cooling of 3ø-4øC during the last glacial maximum indicates 
northward migrations of the subantarctic and the polar front about 
3 ø of latitudes relative to their modern positions. The warming of 
the subantarctic surface ocean during oxygen isotope substage 5.5 
might be related to a southward movement of the subtropical front 
over 2 ø of latitudes. 

Cross-spectral analyses show that changes in subantarctic SST 
and calcium carbonate content of the sediment, as recorded in 
core PS2082-1, precede variations in global ice volume in the 
range of the main Milankovitch bands. In contrast, proxy records 
of NADW are in phase or lag changes in global ice volume. These 
phase relationships suggest that this early response in the sub- 
antarctic Atlantic Ocean is not triggered by the flux of NADW to 
the Southern Ocean. 
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