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The Antarctic Circumpolar Current (ACC) exerts substantial control on the
physical, chemical, and biological properties of the Southern Ocean, playing a
key role in modulating the global carbon cycle and climate. However, the
orbital-scale forcing and future changes in the strength and position of the

ACC remain elusive. Here, we reconstruct the history of ACC extending back to
the Last Interglacial (LIG; 128-113 ka) using sediment cores from the Scotia Sea.
Based on high-resolution measurements of sortable silt mean grain size, we
find that bottom current speed is synchronized with eccentricity, super-
imposed by precession. During the LIG when both eccentricity and precession
reached their maxima, current speed peaked in the region south of the
Southern ACC front, suggesting that the Polar Front shifted ~5° southward. We
propose that the low-frequency ACC frontal migration is primarily controlled
by eccentricity-driven shifts in the Southern Hemisphere Westerlies, while
precession-driven shifts contribute to high-frequency migration. Our findings

imply under future orbital-scale scenarios, the ACC position is likely to

shift north.

The Antarctic Circumpolar Current (ACC), the largest current system
on Earth’, flows eastward between -45°S and ~70°S, encircling the
Antarctic continent. Its isopycnal surfaces tilt meridionally from the
upper ocean to deeper waters, establishing strong linkages between
the surface ocean and nutrient- and CO,-enriched deep water. This
dynamic enhances the nutrient supply for biological productivity
and facilitates the exchange of CO, between ocean and atmosphere’.
There are five major oceanographic fronts for the ACC*, with sub-
sidiary fronts related to the northern/southern extents of mean
frontal positions (Fig. 1). Each of these fronts, extending from the sea
surface to the seafloor®, with the latitudinal positions changing

seasonally, interannually, and orbitally®®, is uniquely important in
shaping the behavior and dynamics of the ACC’.

Significant concern has been raised for the future ocean and cli-
mate regarding the possibility of changes in ACC’s position. This
concern remains, as models and observations present different results,
including a poleward shift’™ and no change'. To quantitatively sepa-
rate the relative contribution of anthropogenic forcing from natural
climate variability, the duration of instrumental observations is
obviously too short. Improved prediction of future ACC behavior
would rely on long-term records that can provide insights into the
strength and position of the ACC during the pre-Anthropocene era,
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Fig. 1| Location map. The maps using the MDT_CNES_CLS18 _global data set'*®
show the global ocean surface current, with warmer red colors representing higher
current speeds. Sites U1537 and U1538 are located in the southern Scotia Sea**?!
(white rectangle). Other red and purple rectangles are sediment sites discussed in
this study. The sites, numbered 1 to 13, are as follows: (1) TPC063, 3956 m, (2)
TPCO077, 3774 m, (3) PS2514-1, 2537 m, (4) PS67/197-1, 3837 m, (5) TPC290, 3826 m,
(6) PS67/205-2,3790 m, (7) PS67/219-1,3619 m, (8) PS67/224-1,2868 m, (9) TPC288,
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2864 m, (10) PS67/186-1, 3671 m, (11) PS2319-1, 4323 m, (12) TPC287, 1998 m, and
(13) GC528, 598 m. The black lines indicate the five main Antarctic Circumpolar
Current (ACC) fronts, which from North to South comprise: the North Boundary
(NB), the Subantarctic Front (SAF), the Polar Front (PF), the Southern ACC Front
(SACCF), and the southern boundary (SB) of ACC, respectively*’. The red line marks
the Jason Track 104 near the Drake Passage (DP)*. The shaded area in the left map
shows the study area (right figure).

particularly during previous warm interglacial periods such as the Last
Interglacial (LIG, 128-113 ka)"***, when global mean annual tempera-
tures were estimated to be 1.0-1.5 °C higher than preindustrial level>"¢,
while global mean sea levels were 6-9 m higher than present” (i.e.,
indicating greater melt contributions from the Antarctic Ice Sheets
compared to today). Here, we aim to elucidate the natural forcing for
the configuration and reorganization of the ACC frontal systems at
orbital timescales, which has profound implications for ACC variability
and its interactions with the ocean-atmosphere-cryosphere systems.

The Drake Passage is a crucial bottleneck for the eastward
flow of the ACC, connecting the Pacific and Atlantic Oceans'®. Due
to the narrow width and topographic constraint of the Drake
Passage, the migration of the ACC is significantly restricted and
mesoscale eddies are quite active'. In contrast, the Scotia Sea,
located downstream of the Drake Passage, is an open basin
characterized by a broader and more dispersed frontal system,
making the Scotia Sea an ideal location for tracking the ACC
intensity changes associated with front migration and its poten-
tial impact on the climate system.

Here, we present two reconstructed bottom current speed
records extending over ~-160 ka from International Ocean Discovery
Program (IODP) Sites U1537 (59°6.65’S, 40°54.37°'W, 3713 m water
depth) and U1538 (57°26.52’S, 43°21.47'W, 3131 m water depth)
within the Scotia Sea sector of the Southern Ocean®** (see Fig. 1,
core material, and grain-size measurements in Materials). These
sites are located within and south of the Southern ACC Front
(SACCF), respectively, and are more sensitive to frontal migration
than the ACC mainstream. In addition, the interaction between ACC
frontal migration and the Antarctic ice sheet is more direct and
intense in this region. Age models for Sites U1537 and U1538 are
well-constrained through the correlation of high-resolution mag-
netic susceptibility or Ca counts with the Antarctic European Project
for Ice Coring in Antarctica (EPICA) Dome C (EDC) dust or non-sea-
salt (nss) Ca** flux records®? (Supplementary Figs. 1 and 2,

Supplementary Table 1, and age model in Materials). The average
temporal resolutions of Sites U1537 and U1538 are 0.8 kyr/sample
and 1.8 kyr/sample, respectively, which enables the reconstruction
of ACC changes on orbital timescales, rather than focusing on
millennial-scale changes that predominantly occurred during the
last glacial period. By comparing our reconstructed bottom current
records with previously reported data from other locations in the
Scotia Sea and Drake Passage, as well as synthesizing atmospheric
and oceanic archives from other regions of the Southern Ocean, we
elucidate the temporal pattern of ACC migration and provide pos-
sible mechanisms, to gain a deeper understanding of its interaction
with the dynamic ice-ocean-climate system. Our results reveal that
the ACC migration is driven synergistically by eccentricity and
precession cycles, with natural forcing likely prompting a northward
shift in the ACC position on forthcoming orbital time scales.

Results and discussion

ACC-dominated changes in grain size proxies

The near-bottom current intensity at Sites U1537 and U1538 was
reconstructed by using the sortable silt mean grain size (SS,
10-63 um) of the terrigenous sediment fraction (Supplementary
Figs. 3 and 4). SS and mean grain size of sortable silt plus fine sand
fractions (SSFS, 10-125pm) have been successfully utilized as
proxies of variations in near-bottom flow speeds in deep-sea
sediments® %, Strong correlation between SS and SS% (percentage
of sortable silt), as well as between SSFS and SSFS% (percentage of
sortable silt plus fine sand) indicate that the sediments have
undergone current-sorting®®?®, In high-flow environments like the
Drake Passage, ACC can achieve velocities of 40-60 cm/s at depths
of ~3000 m, as revealed by mooring observations®”. These elevated
flow velocities are capable of transporting both silt and fine sand
fractions, thereby enhancing the sorting process and extending it
beyond the conventional sand-silt boundary. Consequently, the
SSFS serves as a proxy for ocean current strength®. However, the
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Scotia Sea exhibits moderate bottom water flow velocities, leading
to a less pronounced sorting effect. This contrast between the
Drake Passage and the Scotia Sea is corroborated by sedimentary
analysis, indicating that terrestrial particle sizes are relatively
smaller in the Scotia Sea compared to those in the Drake
Passage®*°. Therefore, for Sites U1537 and U1538, where bottom
current velocities are relatively low, SS proxy is more suitable for
reconstructing bottom current strength.

Icebergs calved from the Antarctic Ice Shelf are thought to have
the potential to transport and release terrigenous sand fractions into
the Scotia Sea during their drift and melting processes. These unsorted
ice-rafted debrises (IRD, >150 um) may be reworked by bottom
currents®, which could potentially influence the SS-based flow speed
proxy. However, the volume percentage of grains larger than 125 pm is
negligible (approaching zero) and the percentage of grain size larger
than 63 pm is less than 5% (Fig. 2e and Supplementary Fig. 3e). This
suggests that SS changes are largely independent of fluctuations in
IRD. Meanwhile, the strong positive correlation between SS and SS%
(R?U1s37= 0.93; R? 1535 = 0.82) indicates that the sortable silt fraction in
all analyzed sediments is effectively sorted by current processes”
(Supplementary Figs. 5 and 6).

Antarctic Bottom Water (AABW) sourced from the Weddell Sea
can be transported to the Scotia Sea through the Orkney Passage via
the northern limb of the Weddell Gyre®* (see oceanographic setting
of the Scotia Sea in Materials), potentially influencing the sortable
silt fraction. However, dissolved oxygen concentration data, over-
lain with neutral density contours (y"), from the 2013 Annual World
Ocean Atlas by Ocean Data View, indicates that Sites U1538 and
U1537 are primarily bathed by the Lower Circumpolar Deep Water
(LCDW)*?** (Supplementary Fig. 7). Furthermore, the temporal
changes in SS at Site U1538, located at a relatively shallow depth
(3131 m) within the SACCF, exhibited a similar pattern to previously
published ACC records for the past 30 ka by using SS at nearby Site
PS67/219-1*° (Fig. 2b), and for the past 140 ka by using SSFS at Site
PS97/085-3 (3090 m) around the PF*® (Supplementary Fig. 8). Such a
concordant pattern suggests that SSy;s; is well representative of
the ACC signal. Similarly, SS at Site U1537, located further south in
the Scotia Sea at a water depth of 3713 m, shows a consistent tem-
poral pattern with SS;;5;s and other ACC records inferred by
§P567/186—130' §PS97/093—235 and mPSW/ossazg (Fig. 2c; Supple-
mentary Figs. 8 and 9), but it deviates from the AABW signature®**°
(see Supplementary Fig. 10). Previous studies proposed that Wed-
dell Sea-derived AABW export was strong during the Holocene but
weak during the LIG*®. However, SS values at Sites U1537 and U1538
peaked during the LIG but were low in the Holocene (Supplemen-
tary Fig. 10). This discrepancy argues against AABW being the pri-
mary control on SS variability. Even if AABW influenced Sites U1537
and U1538 during the Holocene, its effects on SS values would likely
be small given the low flow velocities recorded at both sites during
this interval. In addition, AABW transport is suggested to be
enhanced during Heinrich Stadials (HS)**, especially during
glacial-interglacial transitions (HS 1 and HS 11)*°. Although the lim-
ited sampling resolution at Sites U1537 and U1538 may not fully
resolve millennial-scale variability, neither site shows clear evidence
of enhanced Heinrich Stadials in SS variations on millennial time-
scales (Supplementary Fig. 10). This further indicates that AABW is
not the dominant driver of dynamic changes at these two sites.
Taken together, these lines of evidence collectively suggest a pre-
dominant influence of ACC on SS at these sites. Although the tem-
poral pattern of ACC is consistent across different locations, such as
U1537, U1538, and PS97/085-3, the intensity of ACC was likely dis-
tinct at different sites, for example, SS;;53; (14.1-23.6 pm), SSy;535
(14.9-25.7 pm) and other stations shown in Fig. 3, according to the
range of mean value of grain size.

ACC accelerated and poleward shifted during the Last
Interglacial

The SS record at Site U1537 located south of SACCF is relatively low
during the Penultimate Glacial Maximum (PGM, 158-135ka), with
an average SS of 16.3+1.2pum (Fig. 2c and Supplementary Table 2).
In comparison, the SS record at Site U1538 located within the SACCF
is slightly higher, with an average SS of 17.8+12pm during the
PGM (Fig. 2b). Both SS at Sites U1537 and U1538 converged, dis-
playing identical peak values over the full LIG interval
(average SSyys3; = 21.5 £ 1.8 um; average SSs3s =21.5+ 1.6 um),  with
peak values occurring around 120-113 ka (Fig. 2b, ¢).The SS record at Site
U1538 gradually decreased throughout the subsequent glacial period,
reaching a minimum at ~15 ka before increasing to a higher value during
the Holocene (average SSysis_ Hooecne =19-0 Um +0.8 um; Fig. 2b).
Conversely, the SS record in Site U1537 exhibited a steady decline until
~70 ka, after which it stabilized with minor fluctuations (Fig. 2c). It is
worth noting that the Holocene SS values at Site U1538 only show a
slight increase relative to the Last Glacial Maximum (LGM, 26-19 ka;
average SSys3s_1om =16.6+0.3um) and the SS at Site U1537 for the
Holocene and LGM are relatively low and nearly identical (average
SSuiss7_tom =16.20.3um;  average  SSys37_noloecne = 16.1+0.51m)
regardless of the 11 °C Antarctic air temperature contrast between the
Holocene and the LGM and 12 °C difference between the LIG and PGM**
(Fig. 2a-c; Supplementary Fig. 11). According to the flow-speed calibra-
tion of sortable silt for the Scotia-Weddell Sea region**”, bottom flow
speeds at Site U1538 (14.7 cm/s) and U1537 (14.7 cm/s) were highest
during the LIG. These speeds are nearly three times higher than those
observed at Site U1537 during the Holocene, LGM, and PGM, which were
5.0cm/s, 5.3cm/s, and 5.5cmy/s, respectively (Fig. 2d). Notably, the
exceptionally high flow velocities during the LIG contrast sharply with
the subdued values recorded during the Holocene. Although both the
Southern Ocean sea surface temperatures and Antarctic air tempera-
tures exhibit typical interglacial climatic features, i.e., similar tempera-
ture conditions during the LIG and the Holocene, our records reveal a
significant contrast in the hydrological behavior of the ACC between
these two periods.

To elucidate the reasons behind the low flow velocity observed at
Sites U1537 and U1538 during the Holocene, particularly at the south-
ern Site U1537, we integrated our results with other published sortable
silt data from Scotia Sea cores and calculated flow speeds®***°, These
reconstructions reveal an overall north-to-south declining trend across
the Scotia Sea, with a high velocity of up to 12 cm/s at the northern
front, gradually decreasing to -5 cm/s towards the south (Fig. 3h). In
order to further establish linkages between Holocene flow structures
and modern frontal configurations, we compared our records with
contemporary velocity transects (Fig. 3h). The Jason Track 104 transect
in the Drake Passage exhibits a constricted ACC structure with
enhanced mesoscale eddy activity due to topographic constraints®. In
contrast, ACC fronts near Sites U1537 and U1538 within the Scotia Sea
display greater zonal dispersal and reduced eddy activity. To minimize
regional biases in modern observational data and ensure spatial con-
sistency with sediment core locations, we utilized satellite altimetry-
derived flow velocity data for the Scotia Sea region. The observational
data in the Scotia Sea shows greater volume transport and higher
current velocities associated with the ACC around the southern sub-
sidiary of the Subantarctic Front (SAF), the Polar Front (PF), and
SACCF®*, In contrast, the flow velocity significantly weakens in the
region south of the SACCF (Fig. 3h)'**¢. Considering that the recon-
struction results of this study reflect a long-term mean state, while
modern observational data encompass high-frequency variability from
interannual to subannual scales, we calculated the trend of modern
flow velocity data to facilitate comparison with Holocene reconstruc-
tions. Overall, the Holocene reconstructed flow velocities in the Scotia
Sea exhibit a spatial pattern that is highly consistent with modern
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Fig. 2 | Reconstructed changes in current strength and the associated paleo-

climate for the past 160 ka. a Antarctic Temperature Stack (ATS)*. b Sortable silt
mean grain size (SS) at Sites U1538 (this study) and PS67/219-1 (Core 7 in Fig. 1)* in
the Scotia Sea. ¢SS at Site U1537 (this study) and PS67/186-1°° (Core 10 in Fig. 1) in
the Scotia Sea. d Bottom flow speeds calculated by SS from Sites U1537 and U1538
(this study)**?. e The percent of grain size larger than 63 pm at Site U1537. LGM:

Last Glacial Maximum, LIG: Last Interglacial, PGM: Penultimate Glacial Maximum.

observations (r=0.72, p = 0.01; Fig. 3h). This result not only confirms
the reliability of the reconstruction data in capturing key spatial fea-
tures of the Holocene ACC but also explains the sustained low flow
velocities at the southernmost Site U1537 during the Holocene.
Relative to Holocene, ACC speeds during the LGM were lower at
multiple locations in the main fronts of the Drake Passage and the
Scotia Sea, for example, decreased by 4.0 cm/s at Site PS97/093-2
(-40 km NW of the SAF; 3781 m)*, 5.1 cm/s at Site PS97/085-3 (-40 km
north of the PF; 3090 m)*, 4.4 cm/s at Site U1538 (SACCF) (Fig. 3b, d
and e; Supplementary Fig. 12). This LGM decrease in ACC can be
observed even at the central South Pacific (Fig. 3d)*". However, the
ACC velocities at Site U1537, located south of the SACCF in the Scotia
Sea, were found to be low both in the LGM and the Holocene (Fig. 3f
and Supplementary Fig. 12), and this relatively stable and low current
velocities phenomenon had been reported previously in the Scotia
Sea’. The above compilation suggests that the ACC intensity reduced
considerably during the LGM, while the general configuration of the
ACC front in the Scotia Sea and the Drake Passage remained relatively
stable. This inference is further supported by similar flow speed pat-
terns observed across the Scotia Sea transect® (Supplementary Fig. 11).
During the stabilized interval of the LIG (123-118 ka), there was a
widespread increase in current speed encompassing the fronts within
the Drake Passage and Scotia Sea compared to the Holocene. For
locations in the Pacific entrance to the Drake Passage ~40 km NW of the
SAF (PS97/093-2, 3781 m)* and in the central Drake Passage -40 km
north of the PF (PS97/085-3, 3090 m)*, the current speed increased by

1.2 cm/s (5.5%) and 2.9 cm/s (8.4%), respectively (Fig. 3i and Supple-
mentary Fig. 12). Interestingly, these increments are relatively small
compared to the ones at Site U1538 (increased by 6.0 cm/s or 58.3%)
near the SACCF and U1537 (increased by 10.6 cm/s or 211.0%) south of
the SACCF in the Scotia Sea (Fig. 3i and Supplementary Fig. 12).
Notably, an increase in current speed was also recorded in the pelagic
central South Pacific'’ (Fig. 3¢), suggesting that the basin-wide accel-
eration of currents during LIG extended beyond the Drake Passage and
the Scotia Sea. The increasing ACC velocity with latitudes, particularly
pronounced at the southernmost stations (Fig. 3i), indicates that ACC
acceleration (ACC volume transport increase) alone cannot fully
explain the spatial pattern. If only ACC volume transport increase had
occurred, as observed during the Holocene relative to the LGM, sig-
nificant velocity changes would be expected across the main fronts,
with only minor changes near the southern boundary of the ACC in the
Drake Passage and the Scotia Sea. Instead, the stronger ACC increases
observed toward the south point to a poleward shift of the ACC fronts
during the LIG. The relatively modest increases in current speed
observed at Drake Passage (e.g., Sites PS97/093-2* and PS97/085-3%;
see Fig. 3i) may be attributed to a reduced influence of frontal shifts,
which are constrained by topographic features.

The poleward migration of the ACC fronts is supported by several
lines of evidence. For example, the synchronous warming in sea sur-
face temperature (SST) records at both the southeast Pacific (Site
PS75/034-2) and the southwest Atlantic (Site GL1090) during the LIG
relative to the Holocene***’ is supportive (Fig. 3i and Supplementary
Fig. 13). As the poleward movement of the ACC fronts would enhance
the exchange of water masses between the Pacific and Atlantic, the
temperature disturbance upstream of the Drake Passage and the
Scotia Sea would be propagated promptly to areas downstream of the
Drake Passage**°. Meanwhile, synchronous slowdowns of ACC flow
speed further north of SAF in the Indian open ocean zone of the
Southern Ocean (Site MD00-2375G; Fig. 3a and i)* and at the Agulhas
Plateau Composite near ACC northern boundary®, is also supportive
of ACC poleward migration, as a pronounced southward shift of the
ACC fronts would reduce northern ACC volume transport®. Indepen-
dent evidence from the Cape Basin, where planktonic foraminifera
records reveal a southward shift of the Subtropical Convergence® (Site
GeoB3603-2; Fig. 3i and Supplementary Fig. 13), further corroborates
the large-scale ACC poleward migration during the LIG.

Interestingly, the current velocity at Site U1537 and Site U1538
during the stabilized interval of the LIG is identical to the current speed
at Site BAS TPCO6, located south of SAF. If we assume that the dis-
tribution pattern of the bottom flow speeds across the fronts remained
consistent over time, it is plausible that the position of the Holocene PF
at Site BAS TPC063 may have shifted southward to Site U1537 during
the LIG. Given the latitudinal difference between Site U1537 and Site
BAS TPCO063, it can be inferred that the PF in the Scotia Sea may have
shifted poleward by -5°. Although this approach may simplify the
potential variability in ocean circulation over time, including the
effects of varying climatic conditions on circulation it is corroborated
by other reconstructions derived from SST records from the Atlantic
and Indian Ocean sectors of the Southern Ocean***® (Supplementary
Fig. 14). The 5° poleward movement of the PF would likely enhance the
intrusion of Circumpolar Deep Water onto the Antarctic shelves,
leading to de-stabilization and mass loss of the Antarctic Ice Sheets
from underneath by ocean thermal forcing®, influencing global-mean
sea level, ocean circulation, and global climate® ¢,

Eccentricity and precession modulate ACC fronts migration

Changes in the Earth’s orbital parameters exert a significant influence
on the seasonal and spatial distribution of solar insolation®?, poten-
tially affecting the position of ACC fronts**, Low-frequency variability
of SS at Site U1537 is synchronous with orbital eccentricity®*, with the
highest SS observed during periods of maximum eccentricity in the
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LIG, and the lowest SS recorded during periods of minimum eccen-
tricity in the Holocene and LGM (Fig. 4a, b). After removing the long-
term SS trend of U1537 associated with eccentricity, the detrended SS
exhibits a distinct precessional signal with larger SS occurring for
precession maxima when the orbital precession amplitude reaches its
highest value®>®°, and vice versa for precession minima (Fig. 4c). Fur-
thermore, wavelet analysis®” and the cross-wavelet transform (XWT)
spectrum®® also reveal a marked precessional variability with a period
of 22 kyr (Supplementary Figs. 15 and 16). A similar precession cycle is
also observed at Site U1538, as shown in the detrended SS record and
corroborated by the XWT analyses (Supplementary Figs. 16 and 17).
This precession signature aligns with the variability observed in the
ACC record from Site MD00-2375G”, situated near the northern
boundary of the ACC (Fig. 4f). Collectively, these findings suggest that
ACC front migration is closely associated with orbital precession and
eccentricity variation.

Moreover, we observed that the inferred ACC shifts do not fully
align in time with the LIG as revealed in temperature proxies*. Spe-
cifically, while peak interglacial temperatures generally occurred at
~128-118 ka, the largest ACC shifts are observed later at ~120-113 ka
(Fig. 2). This difference underscores the distinct hydrological behavior

of the ACC, and thus further indicates that a dominant orbital forcing
over the imprint of the glacial-interglacial cycle.

A plausible mechanism for the ACC front migration may involve
the modulation of Southern Hemisphere Westerlies (SHW) by
orbital precession®’°, which is further amplified by variations in
eccentricity. As orbital eccentricity influences the overall intensity
of solar insolation by altering the Earth’s distance from the Sun and
modulating seasonal contrasts, superimposed orbital precession
further amplifies these effects by changing the distribution and
intensity of insolation differences between the Southern and
Northern Hemispheres. The subsequent changes in the interhemi-
spheric insolation gradient lead to a shift in Intertropical Con-
vergence Zone (ITCZ) movement’’?, which in turn impacts the
strength and position of SHW”>”, and subsequently ACC frontal
movement®’®, Notably, during the LIG, when orbital eccentricity
and precession reached their maxima, with perihelion occurring
during Southern Hemisphere summer, the resulted maximum
Southern Hemisphere insolation, coupled with reduced Northern
Hemisphere insolation, likely intensified interhemispheric tem-
perature gradients. This enhanced meridional temperature gradient
would amplify shifts in the SHW, driving the ACC to its
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Fig. 4 | Orbital change in ACC fronts and the associated paleoclimate records.
a Sortable silt mean grain size (SS) and the loess SS at Site U1537 (this study), and
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arctic Ice Sheet change inferred by detrital sediment Nd isotopes records at Site
U1361A%. ¢ Precession®*, detrended SS at Sites U1537, and Southern Hemisphere
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d Precession® and the movement of the Western Pacific Intertropical Convergence

Zone (ITCZ) inferred by the simulated New Guinea Coastal Current (NGCC) at
Site MD05-29207°. e SS at Site U1537, 6 Ngp, offset record calculated using the 6
Ngp at Site MD12-3394%, and CO, offset record”’°. f Spectral analysis of detrended
ARM/k records at Site MD00-2375G", detrended SS records at Site U1537, SHW
inferred by log(Fe/Ca)”®, and the movement of the Western Pacific ITCZ inferred by
the simulated NGCC at Site MD05-29207°.

southernmost position and accelerating flow at both Sites U1537
and U1538, with a more pronounced acceleration observed at U1537
due to its more southerly location. Conversely, during periods of
low eccentricity, e.g., the Holocene, the overall weaker insolation
contrasts likely decreased the interhemispheric temperature gra-
dients, resulting in a more northerly position of the ACC and slower
flow at Sites U1537 and U1538 (with U1538 exhibiting greater flow
than U1537), similar to present-day conditions.

This hypothesis is further corroborated by the consistent pre-
cessional variability exhibited in the detrended SS at Sites U1537 and
U1538, the SHW reconstructions™”’’%, and the ITCZ records in the
Western Pacific Warm Pool” (Fig. 4c, d, f), pointing to a potential
linkage between ACC frontal migration and tropical climate. Further-
more, the reconstructed ACC strength over the past five million years
exhibits eccentricity cycles”’, corroborating our findings. The overall

temporal variation pattern of U1537 SS, most consistent with the
combination of eccentricity and a 0.2 times precession, suggest that
the low-frequency eccentricity potentially acts as the primary natural
forcing and precession as the secondary means (Fig. 4a). It is worth-
while to note that the natural forcing would move ACC northward in
the coming era (i.e., during the next 10,000 years) due to orbital
change.

In contrast to the overall orbital-scale trend, the SS during both
the pre--130 ka and 70-80 ka intervals appear to deviate slightly from
the orbital forcing. When comparing Antarctic ice core temperature
reconstructions, we find consistent co-variation betweenSS and
temperature** during these two periods (Supplementary Fig. 18). This
might reflect a response of ACC to other factors, e.g., temperature,
rather than orbital forcing. However, the specific mechanisms require
further investigation.
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Potential impact of ACC frontal changes on polar upper
nutrient supply

Modern observations and paleoclimate records have revealed tropical
teleconnections to high latitudes climate on interannual, centennial to
millennial timescales®*®, while some studies propose the opposite
scenario®™ . Our study suggests the orbital-scale shifts in the ACC
front are linked to tropical climate variability, as evidenced by the
coherent precessional signals observed in the detrended SS records
from Sites U1537 and U1538, the SHW reconstructions”, and the
Western Pacific hydroclimate records™’? (Fig. 4c, d, f). As global
warming intensifies, the ACC’s position has gained attention for its role
in modulating ice-sheet stability through ocean heat transport and
sub-ice shelf melting®. Our sites, located around and south of the
SACCEF, lie within a region where the ACC interacts more directly with
the Antarctic Ice Sheet. The variability patterns identified in our
records broadly align with changes observed in the East Antarctic Ice
sheet® (Fig. 4b), indicating a strong coupling between these systems,
with orbital-scale shifts in the ACC front possibly playing a crucial role
in driving these interactions. However, we also observed a decoupling
between U1537 SS and Antarctic Ice Sheet variability inferred from Site
U1361A (Fig. 4b) during the Holocene. This discrepancy may stem from
heterogeneous responses of the Antarctic Ice Sheet to oceanic
warming or circulation shifts, e.g., reinvigoration of the Atlantic Mer-
idional Overturning Circulation and the subsequent increase in the
intrusion of CDW*®, whose underlying mechanisms remain unclear and
merit further investigation.

Given the ACC’s role as a crucial component of the Southern
Ocean overturning circulation®, the latitudinal shifts of ACC fronts
may affect the upper nutrient supply, productivity, and atmospheric
CO, concentration for biogeochemical cycles and climate
change>**”'. Modeling studies suggest a potential link between SHW
changes and atmospheric CO, concentrations’***, wherein shifts in
SHW intensity and position may affect deep-water upwelling, thereby
influencing nutrient dynamics and CO, release. As orbital eccentricity
and precession modulate SHW patterns®®’, the resulting ACC front
shift could play a key role in regulating these processes. The con-
sistency of U1537 SS with 6“Ng, records in the Antarctic Zone, as well
as CO, offset records (r=0.56, n=149, P<0.0L; r=-0.47, n=149,
P<0.01, respectively; Fig. 4e and Supplementary Fig. 19), which were
derived from subtracting the temperature component after a linear
regression between the 6°N/atmospheric CO, composite and Antarc-
tic temperature stack®, is particularly evident during the LIG when
both eccentricity and precession reached maximum values. Specifi-
cally, 6*>Ngp records show minimum values, while U1537 SS and CO,
offset records reach their maxima (Fig. 4e), supporting the assertion
that the migration of ACC fronts is dynamically linked to upper
nutrient supply, productivity, and atmospheric CO, concentration.
During the LIG, peak orbital eccentricity and precession intensified and
shifted the SHW southward, likely triggering a southward migration of
the ACC, which in turn shifted the upwelling center and induced the
upwelling of deep-water mass with higher nutrients and CO, to the
surface, consequently enhancing nutrient concentration, productivity,
and releasing oceanic CO, towards the south.

A southward shift and significant intensification of the SHW have
been observed over the past decades in response to global warming'.
It is projected that the ACC position may undergo a substantial
southward shift in the future, as the intensified SHW persist™. Con-
sidering the decreasing trend in eccentricity and precession, it is rea-
sonable to infer that the ACC position would gradually shift northward
under natural conditions in the future (i.e., during the next 10,000
years) (Fig. 4a). However, the interaction between the insolation and
oceanic dynamic over time remains uncertain, and any potential
interactions between these processes would depend on their relative
magnitudes, which differ significantly, and their temporal overlap.
Current Argo float drift observations suggest that, at least in the short

term, the ACC position has experienced only minor changes. Given
the complexities and uncertainties surrounding the interaction of
these processes, to accurately project the ACC’s dynamic behavior,
including its strength and position, and gain insights into the global
climate system in greenhouse scenarios, it is crucial to consider the
complex interaction of natural variability and human-induced factors,
and thus a combination of paleoceanographic records and models will
be essential in the future.

Methods

Core material

In this study, we applied spliced sediment cores from Site U1537
(59°6.65'S, 40°54.37’W, water depth: 3713 m) and U1538 (57°26.52S,
43°21.47'W, 3131 m water depth) in the Scotia Sea’®” to reconstruct
ACC strength over the past 160 ka. The spliced sediment cores were
collected from the IODP Expedition 382 “Iceberg Alley” during
2019°°7, Site U1537 is located in the Dove Basin, southern Scotia Sea,
and Site U1538 is located in the Pirie Basin, northern Scotia Sea. For this
study, we focus on three long holes drilled at Site U1537. Hole U1537A
was drilled to a depth of 264.0 m CSF-A, with a total core recovery of
268.9 m (102%), and we used the depth interval 5.59-31.467 m CCSF,
corresponding to an age range of 11.13-133.0 kyr on the AICC2012
chronology. Hole U1537B was drilled to 7.4 m CSF-A with a 100%
recovery, and we used the interval 0.05-5.95 m CCSF, corresponding
to 0.29-11.76 kyr. Hole U1537D was drilled to 354.3 m CSF-A, with a
total recovery of 349.0m (99%), and we used the interval
10.98-34.538 m CCSF, corresponding to 31.08-156.16 kyr. For Site
U1538, we focus on three long holes as well. U1538A was drilled to a
depth of 676.0m CSF-A, with a total core recovery of 476.43m
(70.48%), and we used the depth interval 0.21-45.59 m CCSF, corre-
sponding to an age range of 0.30-128.83 kyr on the AICC2012 chron-
ology. Hole U1538C was drilled to 1059 m CSF-A with a 93.41%
recovery, and we used the interval 7.86-32.26 m CCSF, corresponding
to 12.04-83.22 kyr. Hole U1538D was drilled to 126.4 m CSF-A, with a
total recovery of 114.6m (90.66%), and we used the interval
15.14-53.97 m CCSF, corresponding to 20.38-167.90 kyr.

There are five major oceanographic density gradients, or fronts®>,
for the ACC from north to south, including the Subtropical Front (STF),
the SAF, the PF, the Southern ACC Front (SACCF), and the southern
boundary of the ACC (SB), respectively>>. STF and SB mark the
northern and southern boundaries of the ACC, respectively®. Accord-
ing to the annual mean position of the circumpolar fronts’, Site U1538
is located around the SACCF (Fig. 1). Site U1537 is located to the south
of the SACCF-S and to the north of SB*>*. Therefore, these two cores are
situated to the South of PF, a location characterized by vigorous
upwelling of nutrient- and CO,-rich LCDW*>*,

Age model

As the magnetic susceptibility (MS) and Ca records of Site U1537 are
the reliable tracers of atmospheric circulation” >, the U1537 age pat-
ternrelies on a previously published age model® that was based on the
correlation of Site U1537 MS and Ca?' records to EPICA Dome C (EDC)
dust flux records, as well as EDC or East Antarctic Dronning Maud Land
(EDML) nssCa®" flux records” ?*. We constructed the age model of Site
U1538 based on the correlation of Site U1538 MS to EDC dust flux
records’ following the methods of Weber et al.*>*” and Lu et al.
(2022)*. A total of 35 tuning points were utilized in the final age model
(Supplementary Fig. 1 and Table 1°%). Age-depth modeling with age
uncertainty was performed with the same setting parameters of U1537
using the Undatable MATLAB tool***’ (Supplementary Fig. 2). The age
control points between the U1538 MS record and the EDC dust flux
were based on the AICC 2012 age scale’*'*°. The good agreement
between U1538 MS and EDC dust confirms that U1538 MS is qualified to
record the Antarctic dust variations similarly to Site U1537, supporting
the robustness of our chronology.
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Grain-size measurements

Two groups of grain-size measurements for Site U1537 were conducted
in our study. Group One measurements included 224 freeze-dried
samples with 0.1-0.2 m sampling increments from 0.05 to 34.538 m.
These samples were pretreated according to McCave et al.”” by freeze-
drying and adding 30 ml hydrogen peroxide (10%) to remove organic
matter”. Afterward, the residue was sieved through a 63 pm sieve.
Because Site U1537 is located below the carbonate compensation
depth, and thus contains little carbonate (calcium carbonate <1 wt%),
we did not remove carbonate. Additionally, abundant diatoms and
sponge spicules can be seen under the microscope. Because diatoms
and sponge spicules could affect the terrigenous particle size spectra,
30 ml (2 mol/l) sodium carbonate solution was used to remove dia-
toms and sponge spicules in a thermostat water bath at 85 °C for 5 h.
We also added 20 ml (0.1 mol/l) sodium hexametaphosphate to avoid
grain aggregation. 94 freeze-dried U1538 samples were conducted
with 0.3-1.154 m sampling increments from 0.21 to 52.872 m with the
same pretreatment.

For better comparison, 70 freeze-dried U1537 samples at
0.1-1.3 m sampling increment from the same interval were pretreated
without sieving. All other procedures followed the same protocol as
Group one, as described above. Both groups of all of the samples were
analyzed for particle grain size using a CILAS 1190L laser diffraction
particle-size analyzer in the Key Laboratory of Ocean and Marginal Sea
Geology, South China Sea Institute of Oceanology, Chinese Academy
of Sciences in Guangzhou, China. The instrument can detect grain sizes
ranging from 0.04 to 2500 pm, with an accuracy error of less than 3%
and a repeatability error of no more than 1%. Our repeated results
showed a high correlation of SS in both groups of measurements at
Site U1537 (R2=0.99; R,>*=1). Based on the replicated results from
22 samples, the analytical precision was +0.08 um in our measure-
ments. For additional details of the results, see the results of grain-size
measurements in Materials.

Time-series analysis

Wavelet analysis was performed on the sortable silt mean grain size
time series from Site U1537 using a Morlet continuous wavelet trans-
form (CWT)®. Cross-wavelet transform (XWT) spectrum analysis was
carried out in MATLAB using MATLAB function XWT®, Prior to ana-
lysis, SS at Site U1537 and U1538 were interpolated in the sample rate of
0.5962 kyr and 1.7982 kyr, respectively. Spectral analysis was per-
formed based on the REDFIT method implemented in PAST version
4.07b with the following settings for the analyses: Window = Rectangle;
Oversample = 2; Segments = 2%,

The results of grain-size measurements

Group One of Site U1537. Generally, SS changed markedly spanning
the past 160 ka (Supplementary Figs. 3a and 4a). Specifically, SS was
stable generally during the Penultimate Glacial Maximum (PGM,
158-135 ka; average SS=16.3um), while it significantly increased dur-
ing the LIG (average SS=21.5um) with the highest peak at 114.7 kyr
(23.6 pm). After 114 ka, SS decreased gradually, with distinct high
peaks during 101.18-97.14 ka, 92.98-90.21ka, and 83.25-80.93 ka.
After 70ka, SS was relatively stable and low until the Last Glacial
Maximum (LGM, 26-19 ka; average SS=16.2um). Interestingly, the
average Holocene values are similar to those during the LGM (average
SS=16.1pm; Supplementary Table 2). This little change of SS between
the LGM and the Holocene (average SS;oum_rolocene = 0-10m) is con-
sistent with the nearby Site PS67/186-1 (core 10 in Fig. 1) in the southern
Scotia Sea (Fig. 2¢)*°. The comparisons show little change in the
average SS between the cold PGM and LGM, but the average SS during
the LIG is distinctly higher than that during the Holocene with a dif-
ference of 5.38 pm. There is a highly positive correlation between SS
and SS% in Group One (R? = 0.93; Supplementary Figs. 5a and 6a). The

linear correlation coefficient of SS in the repeated measurement is
0.99 (Supplementary Fig. 5c).

Group two of site U1537. SS and SS% are highly correlated (R?=0.92;
Supplementary Fig. 5b). A strong correlation of SS also occurred in the
repeated measurement (R?=1; Supplementary Fig. 5d). Change in SS
over the past 160 ka is similar to the one in Group One (Supplementary
Figs. 3a and 3c). Specifically, SS during the LIG, PGM, and LGM are
approximately equivalent to those in Group One with average values of
21.7 um, 16.0 pm, and 16.3 um, respectively (Supplementary Table 2).
However, the average of SS during the Holocene (average SS=17.6pum)
is slightly higher than that in Group One (Supplementary Table 2). In
addition, we found that the volume percent of the grains greater than
125 um is close to 0. The volume percent of the grains greater than
63 um is low (less than 3%) over the past 160 ka, with two higher peaks
during the LIG and 12-11 ka (Supplementary Fig. 3e).

Site U1538. Variation in U1538 SS is similar to that of U1537, and the
value of U1538 SS during the LIG and LGM is nearly identical to U1537
SS (Supplementary Fig. 4). Specifically, sortable silt mean grain size
increased significantly from PGM (average SS=17.8um) to LIG (aver-
age SS=21.5). The Holocene average SS (19.0 pm) was also slightly
higher than the LGM average SS (16.6 um). There is also a highly
positive correlation between SS and SS% at Site U1538 (R*=0.82;
Supplementary Fig. 6b).

Oceanographic setting of the Scotia Sea

The Scotia Sea can be influenced by the eastward flow of the ACC and
the northward flow of Weddell Sea Deep Water (WSDW)'°% The ACC
flowing eastward between ~45 and ~70°S tightly connects the Atlantic,
Pacific, and Indian Oceans’’. Circumpolar Deep Water (CDW), repre-
senting the largest water mass of the ACC'®, is a mixture of North
Atlantic Deep Water (NADW), Antarctic Bottom Water (AABW), and
Antarctic Intermediate Water (AAIW). As the eastward ACC flows into
the Southeastern Pacific along the SAF, a major fraction of ACC flows
through the Drake Passage and the Scotia Sea prior to entering the
southern Atlantic, while a minor part branches off and turns north
toward the Chilean coast and the equatorial eastern Pacific'®. There
are three principal fronts from north to south that extend from the sea
surface to the seafloor within the ACC across the Scotia Sea: the PF, the
SACCF, and the SB, respectively’. Subsidiary fronts related to the
northern/southern extents of mean frontal positions were further
identified by satellite altimetry®. Higher ACC velocities prevail in the
vicinity of the PF, while ACC slows down towards the southern
SACCF*. The WSDW is an important subset of AABW'®, which we refer
to as Weddell Sea-derived AABW. It can outflow at the northeastern
end of the Weddell Gyre and enter the Scotia Sea through the Orkney
Passage™.

Data availability
All original data presented in this article are available at https://doi.org/
10.5281/zen0do.14907902. Source data are provided with this paper.
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