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PUBLIC SUMMARY

= A new high-resolution and precisely dated Asian composite cave record covers past 60,000 years.

= The record's precise chronology provides benchmarks for calibrating and correlating global climate variability.

= The monsoon dynamics were coupled with the Atlantic Meridional Overturning Circulation instead of ice volume.
= The most prominent millennial cycle is ~4.5-ka, close to % precession cycles, implying an external forcing.

= Multidecadal-centennial climate variations in periodicity and amplitude changed from glacial to interglacial.
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Climate variability during the last 60,000 years exhibited pronounced fluc-
tuations on glacial-interglacial to sub-orbital timescales, yet fundamental
questions remain regarding the timing, phasing, and cyclical structure of
global climate fluctuations. Here we present ASM-2026, a composite of
multiple high-resolution speleothem oxygen isotope (5'°0) records from the
Asian summer monsoon (ASM) domain spanning the last 60 ka. Anchored
by a rigorously constrained U-Th chronology (XJTU-1.0), this record
resolves monsoon variability at multidecadal to millennial scales and
provides robust geochronological benchmarks for correlating inter-regional
climate variability. Our analysis indicates that ASM dynamic variability is
only weakly linked to high-latitude ice-sheet forcing in either hemisphere,
but closely tracks changes in the Atlantic Meridional Overturning Circulation
(AMOC). Terminations of Heinrich Stadials are consistently preceded by
centennial-scale weakening of the South American monsoon, likely associ-
ated with a shift in the Antarctic Oscillation from positive to negative phase,
implicating a low-latitude and/or Southern Hemisphere trigger for abrupt
climate reorganization. The record contains pronounced ~4.5-ka cycle
close to one-quarter of the precession period, consistent with the modula-
tion by the equatorial insolation forcing. At multidecadal to centennial
timescales, the amplitude and periodicity of variability in the ASM and
Greenland climate records diminish from glacial to interglacial conditions,
whereas Antarctic variability displays an opposing response, highlighting a
fundamental reorganization of teleconnections and forcing pathways
across climate states.

INTRODUCTION

The climate variability over the past ~60 ka (thousand years) was charac-
terized by a change from the last glacial, through the deglaciation, to the
current interglacial period (Holocene). Superimposed on this glacial-inter-
glacial variation are prominent climate oscillations on millennial timescales,
including the Dansgaard-Oeschger (DO) events during the last glacial, the
Younger Dryas (YD) and Heinrich Stadial 1 (HS1) during the deglaciation
(~19-11.7 ka BP, before present, where present is 1950 CE), and the 8.2 ka
event in the Holocene (~11.7 ka BP to present)."” Each DO event, as mani-
fested in Greenland ice-core oxygen isotope (5'°0) records, commenced with
arapid transition to a warm state, known as the onset of Greenland Intersta-
dials (Gls), followed by a gradual and then abrupt return to a cold state, the
Greenland Stadials (GSs).” Besides, Heinrich events (HEs), characterized by
layers of ice-rafted debris (IRD) in North Atlantic sediment cores, represent
periods of massive iceberg discharges into the North Atlantic.** The North

Atlantic cold phases that span HEs are defined as Heinrich Stadials (HSs),”*
noting that HSs often refer to the late phase of the corresponding GSs.’

GSs, HSs, the YD, and the 8.2 ka event were of global extent and impact.” '
Much across the Northern Hemisphere (NH), these events generally mani-
fested in cooler/drier conditions concomitant with southward displacements
of the Intertropical Convergence Zone (ITCZ)'"'* and the mid-latitude Wester-
lies.” In the Asian summer monsoon (ASM) domain, these events were asso-
ciated with weakened summer monsoon intensity/convection (namely
Chinese Stadials, CSs).”"'® In contrast, many regions in the Southern Hemi-
sphere (SH), especially the South American monsoon (SAM) domain, gener-
ally became wetter during these periods (hereafter referred to as South
American pluvial periods).'”'"*' Meanwhile, Antarctica experienced a warm-
ing due to heat accumulation in the Southern Ocean” as a consequence of
reduced northward heat transport from the SH to the NH via the Atlantic
meridional overturning circulation (AMOC)* and the southward shift of the
SH Westerlies””*—an essential aspect of the global thermal 'bipolar-
SeeSaW’.ZZ'M'%-zg

Over the past half century, extensive proxy and modeling studies have
significantly contributed to an improved understanding of climate variations
on a wide range of timescales over the last 60 ka. A key mechanism involves
changes in the AMOC and its cascading effects, which is causally linked to
the North Atlantic freshwater forcing, as a part of spontaneous oscilla-
tion, 221015162022 However, comprehensive characterization of prevailing
cycles at various timescales and precise correlation among climate variabili-
ties across the globe remain incomplete. This is especially true for high- and
low-latitude climate oscillations, primarily due to the lack of precisely dated
climate records and causally explicit correlation strategies, which hinders our
ability to further understand a number of outstanding issues in the field.

Over the past two decades, major refinements in U-Th dating techniques
(e.g., ref.™”) have resulted in the development of a new-generation of cave
5'80 records from ASM regions that are characterized by high temporal reso-
lution and precise age control (e.g., refs.”*'>'**'%%) "On the other forefront, a
consensus is steadily emerging on the interpretation of ASM cave 5'®0
records—primarily indicating ASM dynamics or circulation/convection.** In
this study, we report a new composite cave 3'°0 record from the ASM
domain over the last 60 ka. By precisely constraining timings of abrupt
climate shifts in the record we developed a set of precise chronological
benchmarks for correlating and calibrating global climate variability. On the
basis of sensible strategies for correlating cave, marine, and ice-core records,
we established a coherent chronology of climate variability for the last 60 ka,
which provides a compelling framework to decipher a number of outstanding
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Table 1. Detailed information of the ASM-2026 record.

Geology W::{N[eE3

Time interval (Years BP) Cave-speleothem name Changes of the absolute value of 5'°0 References

-50 to 8,800 Dongge Cave-DA None Ref.*!

8,990to0 10,570 Dongge Cave-D4 None Ref.*?

10,600 to 11,120 Hulu Cave-H82 None Ref.*

11,130 to 13,070 Shennong Cave-SN29 =-1.7% Ref.’

13,070 to14,440 Hulu Cave-H82 None Ref.*’

14,440 to 18,330 Hulu Cave-YT None Ref.**

18,330 to 19,250 Hulu Cave-H82 None Ref.*

19,260 to 53,060 Hulu Cave-MSD None Isotope: this study; U-Th dates: ref.*’
53,060 to 54,650 Wulu Cave-Wu26 +1.93% Isotope: ref.**; U-Th dates: this study
54,650 to 57,830 Shennong Cave-SN23-1 -1.1% Ref.'®

57,840 to 60,650 Wulu Cave-Wu23 +1.93% Isotope: ref.*; U-Th dates: this study

issues in climate variability over this critical period. Specifically, our work
sheds light on the relationship between low-latitude monsoons and high-lati-
tude AMOC, the causes and global propagation directionality of millennial-
scale climate changes, and multiple-scale climate cycles throughout the last
60 ka.

MATERIALS AND METHODS
U-Th dating

Atotal of 177 2°Th-dating subsamples were drilled from the polished slabs
of stalagmites using carbide dental burrs with a diameter of 0.3 mm. The
dating work was performed at the Isotope Laboratory, Xi'an Jiaotong Univer-
sity, China, using multi-collector inductively coupled plasma mass spectrom-
eters (MC-ICP-MS) (Thermo-Finnigan Neptune-plus). We used standard
chemistry procedures to separate U and Th.*® A triple-spike (**Th-*3U-%%)
isotope dilution method was employed to correct for instrumental fractiona-
tion and determine U-Th isotopic ratios and concentrations. The instrumen-
tation, standardization and half-lives are reported in refs. . All U-Th
isotopes were measured on a MasCom multiplier behind the retarding poten-
tial quadrupole in the peak-jumping mode. We followed similar procedures of
characterizing the multiplier as described in ref*’. Uncertainties in U-Th
isotopic data were calculated offline at 20 level, including corrections for
blanks, multiplier dark noise, abundance sensitivity, and contents of the same
nuclides in spike solution. Corrected *°Th ages assume an initial *°Th/??Th
atomic ratio of (4.4 + 2.2) x107® i.e,, value for a material at secular equilibrium
with the bulk earth *2Th/*®U value of 3.8. The dating results are listed in
Data ST.

Age models

Age models were calculated using the StalAge software.® The StalAge
algorithm is based on two assumptions: (1) the age model is monotonic, and
(2) a straight line is fitted through as many data points as possible within
error bars.” Through Monte-Carlo simulation, StalAge generates 300 realiza-
tions of age models to account for the 85% confidence limits.* Major outliers
are detected by disagreement with at least two data points, while minor
outliers are screened if more than 80% of the simulated straight lines fail to
have a positive slope. In our study, we did not identify any major or minor
outliers, as all ages in each age model increased monotonically within dating
uncertainties (Figure S1).

The chronological framework for the Hulu Cave (Figure S2) speleothem
MSD was previously constructed using the OxCal modeling software
(Figure $3).**° This study generated ~3800 new high-resolution &'®0 data
from the MSD, and the existing age model required only minor refinements to
accord with the targeted age 'spikes’, as discussed in the section “The ASM-
2026 record over the last 60 ka on the XJTU-1.0 chronology".

Stable isotope analyses

For each oxygen isotope measurement of the sample MSD, ~100 ug of
powder was drilled. A total of ~3800 subsamples were micromilled at 0.1 mm
increments perpendicularly to the growth axis and analyzed using a Thermo
Scientific MAT253-plus mass spectrometer coupled with an on-line carbon-
ate preparation device (Kiel-IV) at the Isotope Laboratory, Xi'an Jiaotong
University. The analytical error (10) is generally 0.06% and 0.03% for 5'®0
and 8'°C, respectively. The international standards TTB1 and NBS18 were
added to the analysis for every 15 samples to check for reproducibility.
Results are reported relative to the Vienna Pee Dee Belemnite (VPDB) standard.

The ASM-2026 record over the last 60 ka on the XJTU-1.0 chronology

In this study, we constructed a new high-resolution composite cave 5'°0
record, termed ASM-2026 (Data S2) on a more precise chronology, termed
XJTU-1.0, by integrating multiple speleothem datasets from the ASM
domain. To ensure a high-quality synthesis, we selected records that offer
both high resolution and robust chronological constraints. The composite
record primarily incorporates speleothem dataset from Hulu Cave (H82, YT,
and MSD) spanning a major portion of the last glacial period to the early
Holocene (53.06—10.6 ka BP), while Holocene period predominantly relies on
Dongge Cave records (DA and D4), and the older portion of the last glacial
mainly on Wulu (Wu23 and Wu26) and Shennong (SN23-1) cave records
(Table 1).

The selection of the Hulu YT record for the interval 18.3-14.4 ka BP is
justified by its annually laminated structure and high temporal resolution,**®
which enables precise chronological alignments of the abrupt monsoon tran-
sitions during the last glacial termination. To extend the composite record
into the early Holocene (13.07-11.13 ka BP), we integrated the Shennong
Cave SN29 5'°0 time series (with an offset-adjustment of 1.7 %), a high-
precision dataset covering the full YD event.’

For the old portion of ASM-2026 (60.65—57.84 ka BP), we utilized the 5'°0
time series from Wulu Cave speleothems (Wu26 and Wu23)* (with an offset-
adjustment of +1.93%). These archives preserve centennial- to millennial-
scale monsoon variability during the late MIS 4 and the early MIS 3, with
chronological refinements achieved through new obtained U-Th dates
(Figure ST). The temporal gap between 57.83 and 54.65 ka BP was bridged
using the Shennong Cave SN23-1 record'® (with an offset-adjustment of
=1.1 %), which uniquely resolves the short-lived CI-15.7 event (~100-year
duration). The offsets were corrected by applying a constant shift based on
the mean 8'80-value difference over overlapping periods. This linear adjustment
aligns the absolute values into a unified baseline while strictly preserving the
original high-frequency climatic variability of each record.

The Hulu cave MSD record covers the longest time interval (53.06—
19.26 ka BP) in the ASM-2026 record. A previous study” has established an
age model for the MSD record, and in this study, we obtained a higher resolution
(~8 years) 5'°0 dataset with an improved age model. The key geochronologi-
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Figure 1. Speleothem-based XJTU-1.0 geochronology and uncertainties (A) The ASM-2026 5'®0 record (light green) and the 10-point smoothed curve (green, this study). The
dates at the top show the age of important spikes (refs.””'>'%*** and this study). Note that the age spikes at CI-10 and CI-11 are from ref.““. The 8.2 ka event, YD, CSs-Cls, and
AHP are labeled. (B) Age model uncertainty of the XJTU-1.0 chronology. (C) Chronological difference between XJTU-1.0 (this study) and GICC05.” The error bars indicate the
speleothem-based age spikes and their differences from GICCO05. Two red dashed lines show the age error estimate for GICC05.” The largest offset (~320 years) occurs around

the late last glacial maximum (LGM) as indicated by the transparent green box.”

cal spikes used for this period come from several other cave speleothem
records from the ASM domain (refs.'>'°*** and this study). As detailed in
Table S1, this study first employed the Bayesian ensemble algorithm
(BEAST)™ to derive breakpoint ages for the MSD record and identified the
corresponding sampling depths. Subsequently, we recalculated the MSD
record's OxCal age model to reconcile the breakpoint ages of the MSD record
with the target chronological spikes (Table S1).

Collectively, the chronology of the ASM-2026 record, XJTU-1.0, represents
the state-of-the-art in the research forefront, which provides a set of chrono-
logical benchmarks for correlating and calibrating climate variabilities over
the past 60 ka (Figures T & S4). In essence, each chronological benchmark in
XJTU-1.0relies largely on the precise timing of the abrupt monsoon transi-
tion constrained by a large number of U-Th dates. While the XJTU-1.0 is
robust within uncertainties, a caution is still warranted when interpreting the
5'®0 amplitude variation. This is because the ASM-2026 record integrates
speleothem datasets from multiple caves (Table 1), and each of them might
be influenced by site-specific hydrological and epikarst effects. Nevertheless,
the main part of ASM-2026 consists of records from Hulu and Dongge caves
that are broadly comparable regarding their variabilities.™" As such, the
monsoon variability, including relative amplitudes, appears to be reliable, such
as larger amplitudes for events associated with HSs compared with those
associated with ordinary DO events. For small-amplitude comparisons
involving cave records other than those from Hulu and Dongge caves, we
recommend applying site-specific corrections to account for possible inter-
cave isotopic offsets.

RESULTS AND DISCUSSION
Speleothem-based geochronology and correlation strategy

U-Th dated speleothem &'®0 records from the ASM domain have been
previously used to provide precise chronological benchmarks for correlating

and calibrating climate variability on centennial to orbital scales (e.g,
refs,627223133454950) “However, the timing of some abrupt ASM events during
the last glacial period appears to differ considerably among cave 5'®0
records.”™ To tackle the issue, we conducted extensive high-precision
dating of distinct abrupt climate events (e.g., the 8.2 ka event, the YD and
HSs1-4) in cave 8'°0 records from the ASM domain. These studies have
clearly demonstrated that significant abrupt climate events recorded by
different ASM cave records occurred synchronously within dating uncertain-
ties (e.g., refs.”?%142315) "This has also led to the development of precise
chronological benchmarks for abrupt climate events such as the 8.2 ka
event® the YD,” Asian Heinrich Period (AHP) 1 (corresponding to HS1),*
AHP2,” AHP3,” AHP4,'® and Chinese Interstadial (Cl, corresponding to Gl)
15.1,'° etc. We further established causally sound correlation strategies
between the ASM cave 80 record and a number of other key climate
records across HSs and other events in various climate systems
worldwide’*' 1629515558 (Text S1), including the Greenland ice-core 8'°0
records, atmospheric CH, records from Antarctic ice cores (and in turn gas
records of CO, and 5'0 of 0,), Antarctic ice 5'°0 and other proxy records in
the ice phase through bipolar volcanic spikes,” and the North Atlantic sea-
surface temperature (SST) and correlated changes in AMOC, IRD, and benthic
8'®0 through Greenland 5'®0 records.>

In this study, we developed a new high-resolution (~8 years) composite
cave '°0 record (ASM-2026, Data S2), derived mainly by combining previ-
ous and new high-resolution Hulu cave 5'®0 data (this study) from ~53.06 to
19.26 ka BP, and by incorporating several short-duration datasets from other
cave 8'®0 records (Wulu, Shennong and Dongge caves) (Figure S2 & Table T;
MATERIALS AND METHODS). ASM-2026 was first anchored to a set of
selected high-precise chronological benchmarks previously determined over
the past 60 ka, and then we further established precise time series for addi-
tional abrupt ASM events, i.e., CS-13 (AHP5), CS-15.1 (AHP5a), and CS-18
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Figure 2. Relation between ice volume and ASM on millennial-scales (A) for the last 60 ka: (a) ASM-2026 record (green, this study) and July 21 insolation difference between
30°N and 30°S™ (red). (b) Greenland NGRIP &'®0 (blue) and Ca®" (red) records”®' on the XJTU-1.0 chronology. (c) Greenland NGRIP Ca?* (red) record” on the XJTU-1.0 chronol-
ogy. (d)—(e) Bermuda Rise *'Pa/*'Th**** (purple) and CDH19 core CaCOj; (%)™ (blue) records, both |nd|cat|ng AMOC strength. (f) Composite XRF log (Zr/Rb) record from the
North Atlantic (pink), a qualitative indicator of near-bottom current flow speed indicating the AMOC strength.** (g) North Atlantic SST proxy record (orange).” (h) Sea level relative
to present day (jade).”® Grey curves in (c)—(h) show the detrended ASM-2026 record (after removing the insolation component, this study). (B) for the HS4: (a) Composite 5'%0
record from the four ASM domain cave records.'” (b) Greenland NGRIP ice-core &'®0 records” on the GICCO5 chronology®” with a shift of +150 years'® to match the XJTU-1.0
chronology. (c) Reconstructed sea-surface temperature (SST) from North Atlantic MD0O1-2444°" (blue) and MD95-2042 cores® (grey), and ice-rafted debris percentage from
MDO01-2444 core®’. (d) Composite cave 5'°0 record from the four records'® (green) and Bermuda Rise *'Pa/*°Th record™ (purple). (e) Benthic 8'°0 record from MD01-2044
core.”” Note that marine sediment records in (c) and (e) have already been tuned to the GICC05 chronology,™ and thus been further shifted by +150 years.'” (f) Sea level relative to
present day.” (g) Antarctic 5-core averaged 8'°0 record.” (h) Antarctic WDC ice-core CH, record.” (i) Antarctic WDC ice-core CO, record.” Proxy records in (g)—(i) are plotted on
a chronology synchronized with the XJTU-1.0 chronology (MATERIALS AND METHODS).

(AHP6) (Figure S5 & Text S2), leading to a much more precise chronology for  (e.q., refs.”*'%), the influence of the ice volume forcing on the ASM needs
ASM-2026, XJTU-1.0 (Figure 1 & Data S2). The absolute age uncertainties  further scrutiny at millennial-scale. In this regard, advances in the correlation
(20) of XJTU-1.0 increase gradually over the past 60 ka from the younger  framework and synchronizations of marine, ice core, and cave records over
(~40 years) to the older (< 500 years) portions, considerably more precise  the past 60 ka (Figures 2, S4 & S6 ) allow us to decipher whether the ice
compared to the Greenland Ice Core Chronology 2005 (the GICCO5 chronol-  volume change was a significant driving force behind ASM dynamics. The
ogy)*** with reported age uncertainty from ~200 years at the YD to ~2600 last deglaciation (~19 to 8 ka BP) was a period marked by ice sheet melting
years at HS6 (the maximum counting errors) (Figure 1).” ASM-2026 on the  (or global sea level rising and the ice volume waning) associated with an
XJTU-1.0 chronology not only offers a precise frame to characterize ASM  increasing global surface temperatures and atmospheric CO, concentrations.
variability over the last 60 ka, but also allows a more realistic correlation and ~ Superimposed on this trend was a sequence of millennial-scale and quasi-
calibration of key global hydroclimate variabilities (Text ST & Figure S6). This,  stable climate intervals documented by numerous climate archives, specifi-
in turn, provides a crucial basis for further addressing a number of outstand-  cally the cold HST (~17.5-14.70 ka BP, including HE1), the Bglling-Allergd

ing issues in the forefront of the field. (BA) warm period (~14.70—-12.87 ka BP), the cold YD (12.87-11.70 ka BP)
and the warm Holocene (since ~11.70 ka BP) (Figures 1 & 2A). Apparently,
The ice volume and ASM dynamics the millennial-scale ASM sequence superimposed on the last deglaciation is

Variations in the global ice volume (or northern high-latitude ice sheets)  comparable to the large abrupt changes in their North Atlantic counterparts,
have long been hypothesized as an important driver of ASM variability in such ~ namely CS-2.7a (GI-2.1a) and AHP1 (HST), CI-1 (BA), CS-1 (YD) and the
that a large global ice volume (or NH ice sheets) suppresses ASM and vice  abrupt onset of the Holocene (Figure 1), while the ice volume was character-
versa (e.g. ref.”). However, while a number of recent studies show that the ized by a persistent and gradually decreasing trend from ~19 to 11 ka BP
insolation forcing prevails in driving orbital-scale ASM dynamic variability ~ (Figures 2A & S4). This indicates that the ice volume forcing may have a
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Figure 3. Comparison between detrended Asian monsoon, Greenland and Antarctic
ice-core records for the last 60 ka (a) Detrended Antarctic EDML &'°0 record (yellow-
green).” (b) Detrended ASM-2026 record (grey, this study). (c) Detrended Antarctic ice-
core WDC CH, record (brown).” (d) Detrended Antarctic EDML d|, (teal) record.” (e)
Detrended composite atmospheric CO, record (light blue).”” Red curves in (a)f(e) are
the detrended WDC 8'°0 record.” (f) Detrended Antarctlc EDML d, (teal)* and
detrended composite atmospheric CO, record (light blue).” Grey bars show AHPs.

negligible impact on ASM dynamics on millennial-scales (Figures 2 & S7-S8).
For example, (1) while the ice volume decreased during the AHP-1 and YD,
the ASM remained in a pronounced weak state; and (2) while the ice volume
was nearly at its maximum around 18—19 ka BP, the ASM reached an appar-
ent peak that coincided broadly with a strong AMOC state (Figure S7).

To date, the role of the ice volume during millennial-scale events, such as
HSs, remains understudied partially due to the low resolution and a lack of
precise chronology in marine records, as well as uncertainties in the interpre-
tation of the benthic 8'®0 records (ice-volume change versus deep ocean
temperature change). Nevertheless, it appears that a decrease (increase) in
benthic 6'®0 occurred during prominent GSs (Gls) (such as HS4 and subse-
quent GI-8) (e.g., refs."”""""4) (Figure S7), and, if assuming benthic 5'®0 could
reflect ice volume changes to some extent, then the ice volume would appar-
ently decrease during HS4 (increase during GI-8), corresponding to waning
(waxing) state of the ASM (Figures 2 & S7). This correlation is robust because
the North Atlantic benthic '®0 records can be linked to the Greenland ice-
core chronology via their SST (or IRD) and/or sediment *'Pa/*Th records on
the same timescale (Figure S7)."***™ A similar relationship becomes even
clearer during the penultimate termination process (AHP11/HS11),"*"" lend-
ing a support to our interpretation since millennial-scale events are essen-
tially the ‘low-amplitude version of terminations' (Figure 2B).” On the other
hand, millennial-scale climate variations deciphered from ASM cave records
manifest a considerable similarity to change rates in the ice volume, suggest-
ing that the melting rate of the ice sheet, rather than the ice sheet itself, plays
a critical role in driving the ASM, apparently through changes in the North
Atlantic fresh water forcing, which changes the AMOC mode and in turn the
ASM dynamics.™

Another outstanding issue lies in the notion that the ASM millennial vari-
ability may be dominantly controlled by SH climate changes during the last
glacial (e.g., refs.”*’), suggesting a so-called 'push'’ forcing on the boreal ASM
originating from cooling of the SH. This forcing was hypothesized to link
dynamically to the equatorward temperature gradient increase in the SH

inferred from Antarctic temperature records, which leads to an intensified
cross-equatorial airflow, and thus the boreal ASM circulation.”’" Broadly,
millennial variabilities in Antarctic ice-core temperature, 8D, 8'®0, CO,, and d,
records are characterized by more gradual 'Antarctic-type' changes, in
contrast to more abrupt ‘NGRIP-type' changes (e.g., recorded by Greenland
5'®0 and Ca*) (Figures 3 & S4). On the other hand, high-resolution and
precisely dated ASM &'®0 records also show that ASM transitions, in
response to AMOC changes, are considerably more gradual compared to the
NGRIP &'®0 record (e.q.,'*****™®). However, over the past decade, precise
synchronizations of Greenland and Antarctic ice-core records during the last
glacial period have clearly shown that abrupt climate changes in Greenland
lead Antarctic responses by ~200 +100 years”’ and subsequently revised to
~60 years.” Since millennial-scale ASM events correspond to Greenland
abrupt changes regarding their onset,”*'*'**? the ASM strengthening (weak-
ening) should lead to, rather than lag behind, Antarctic cooling (warming)
inferred from Antarctic ice core ©'°0/8D (mainly temperature proxies)
records.

Essentially, up until now, the phases between the ASM and Antarctic
temperatures are not well constrained on the millennial scale, because age
uncertainties from both ASM and Antarctic records (hundreds of years)
preclude such a precise synchronization. In the XJTU-1.0-based correlation
framework (Figures S4 & S6; MATERIALS AND METHODS), the ASM intensifi-
cation leads the Antarctic cooling (negative excursions of the 3'0 and 8D) by
~0.88, 0.65 and 0.36 ka highlighted at the millennial-scale coherent bands
centered at ~4.5, 2.8 and 1.5 ka, respectively (Figure 4). The uncertainty of the
phase lead in the last glacial period comes mostly from the correlation
between ASM and Greenland 5'®0 as well as the bipolar volcanic matching.
The former uncertainty is in sub centennial to centennial ranges for a large
portion of the last glacial (e.qg.,"*"*'**) (Figures 1 & S4), and the latter is esti-
mated to be precise at decadal-scale.” Both, or their combined uncertainties,
are generally smaller than the estimated ASM phase-lead relative to the
Antarctic temperature (Figure 4). This implies that the SH 'push’ may not be
the primary driver of the ASM millennial variability during the last glacial,
specifically at the ~4.5-ka frequent band. Moreover, on glacial-interglacial
scales, Antarctic gradual cooling” and the increase of the simulated total
Antarctic ice volume®™ correspond to the ASM weakening (rather than
strengthening) from ~60 to 22 ka BP (Figure S4). In West Antarctica, warming
began at ~22 ka BP and continued until ~8 ka BP, while in East Antarctica it
started later at ~18 ka BP; overall, this Antarctic warming corresponds to an
overall ASM strengthening (rather than weakening) during these intervals
(Figure S4). These results do not appear to support the notion that the ASM
strengthens drastically in response to an increased cross-equatorial pres-
sure gradient forced by SH high-latitude cooling on glacial-interglacial
scales.”” Further model simulations are needed to pinpoint the underlying
dynamics, and our observations, refined using the synchronized chronology,
provide vital constraints on the relationship between the ASM and SH hydro-
climate.

Additionally, in the Antarctic ice core records, millennial variabilities in 5'°0,
dn, and CO, records (Figures 4 & S9) show coherent bands centered at ~8
and 4.5 ka. The CO, variations have long been considered to track Antarctic
changes or to be controlled largely by SH processes. In our phase analyses,
CO, appears to lag Antarctic temperature (inferred from 5'®0) by about 1.1
and 0.35 ka on millennial bands centered at ~8 and 4.5 ka (Figure S9D),
which is consistent with the observation that peak CO, levels lag peak
Antarctic temperatures by more than 0.5 ka.” Intriguingly, CO, is highly
correlated with the Antarctic precipitation dj, (r =0.72 [0.70, 0.73], 95% confi-
dence interval) with virtually the same phase (~200-year difference, but
within the margin of uncertainty) (Figures 4 & S9C). Currently, the leading
hypothesis about the CO, rise during the last glacial involves stronger SH
westerly winds, especially their stress and poleward shift, which boost CO,
outgassing from the Southern Ocean via increasing the upward transport of
dissolved inorganic carbon in the Circumpolar Deep Water, leading to atmo-
spheric CO, increase.”'® The Antarctic d, reflects mainly the weighted mean
evaporative conditions over the oceanic moisture source regions, whose
spatial distribution is sensitive to changes in the atmospheric circulation,
involving the stress and position of the SH Westerlies,” as well as the South-
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Figure 4. Spectral and wavelet analyses of millennial-scale variations (A) Cross
spectrum analysis. Top: Normalized spectral density of the ASM-2026 5'°0 (green
dashed line), Antarctic ice-core 8'°0 (red dashed line) and cross power spectral
density (CPSD, grey solid line) between ASM and Antarctic ice-core 8'°0. Middle:
Coherence spectra marked by grey bars. Bottom: Phase relation. ASM 8'°0 leads
Antarctic ice-core 5'®0 variations by ~0.88, ~0.65 and ~0.36 ka as highlighted by grey
bars at millennial bands centered at 4.5 ka, 2.8 ka and 1.5 ka, respectively. The hori-
zontal dashed line in the middle panel marks the significance limit corresponding to
the 0.58 threshold (80% confidence interval). In the bottom panel, the purple shading
denotes the 80% confidence interval for the phase errors. (B) Wavelet analysis result
for the detrended ASM-2026. Black contour indicates the 95% significance level rela-
tive to the red noise. (C) Multitaper power spectral density estimated for millennial
variations of the detrended ASM-2026 over the last ~60 ka. The term p is the time-
bandwidth product. Purple line shows the theoretical power spectrum of a first-order
autoregression model (AR1). Green line shows the 90% confidence interval of a 500-
ensemble Monte Carlo test. The most prominent millennial cycles of ~4.5-ka are
shown by blue arrows (A)—(C).

ern Annular Mode.” This causal nexus may primarily explain the observed
correlation between Antarctic d, and CO,.

Dominant pattern of the millennial variability

Geology W::{N[eE3

As shown by a large number of empirical and modeling studies, the insola-
tion forcing, rather than the ice volume, plays a key role in driving the ASM
dynamic variability on orbital-scales.™ On millennial-scales, empirical
records reveal a close relationship between the AMOC and the ASM, not only
during the deglaciations (Figure S7),”" but also throughout the last glacial
period (Figure 2). This is clearly demonstrated by an apparent covariance
between ASM and AMOC proxy records, such as %'Pa/*°Th records from the
Bermuda Rise,”*** XRF log (Zr/Rb) records from the North Atlantic,”* and
CaCOj; (%) records from CDH19 core in the North Atlantic (Figure 2A).%
Mechanistically, this is because the ASM is largely driven by AMOC, and thus
behaves as one of cascading results of AMOC changes (e.g., refs.””*). This
has been demonstrated persistently through a series of model studies (e.g.,
refs.”**). Of note is a high-degree similarity of AMOC reconstructions with a
set of important climate records that are largely influenced by the AMOC,
such as ASM-2026, North Atlantic SST, temperature of the European Alps,
etc. All of these records are characterized by a more 'quasi-trapezoidal’
pattern of DO cycles, which is distinct from the typical 'sawtooth’ pattern of
Greenland ice-core 8'°0 records (Figures 2A & S10-S11). Actually, the Green-
land ice core Ca®" (or dust) record, mainly a proxy of the strength and posi-
tion of the Asian Westerlies,”” also exhibits a quasi-trapezoidal pattern more
similar to ASM-2026, but substantially different from the sawtooth pattern in
the corresponding Greenland ice-core 8'°0 records (Figures S10-S11). As
such, a quasi-trapezoidal pattern, rather than a sawtooth pattern represented
by Greenland precipitation 5'®0,” may be the dominant climate oscillation
pattern, which is more appropriate as a reference for climate research at
millennial-scales.

Another critical observation is that major climate records, such as ASM,
AMOCG, North Atlantic SST, and Indian/East Asian/South American monsoon
records, show more pronounced amplitudes during HSs than during non-
Heinrich stadials, in contrast to the Greenland ice-core &'®0 records (e.g.,
refs.””?%) (Figure S11). Particularly, variations of millennial ASM events align
closely with changes in AMOC strength (e.g., ref.%) with markedly weakened
AMOC and ASM during HSs/AHPs compared to non-Heinrich stadials (Figure
2A). In contrast, Greenland ice-core 5'%0 may be more complicated due to
multiple effects besides the Greenland local temperature, such as moisture
source change (or sea-ice dynamics),” or precipitation seasonality.”” Consis-
tently, model studies have clearly demonstrated a coupling between ASM and
AMOC.*#" As such, our ASM-2026 record may tentatively serve as an alter-
native to existing AMOC time series, which has high-resolution and precise
age control compared with present AMOC proxies from the North Atlantic
(Figures 2A & S10). Since ASM-2026 presumably reflects cascading
responses/feedbacks causally linked closely to AMOC, and in that regard it
indicates the ‘effective AMOC intensity’ compared to the current North
Atlantic proxies of the AMOC that may be subject to various uncertainties,
such as the injection points of meltwaters and ocean circulation
conditions.**

Millennial climate cycles

Over the past four decades, extensive research has focused on millennial-
scale climate oscillations throughout the past 800 ka, but whether their
rhythms were driven by periodic forcings or occur stochastically remains
uncertain. A number of studies show diverse periodicities in millennial climate
oscillations, such as ~1.5-ka," ~2.4-2.8-ka,”" ~4-ka,** ~4.6—55-ka”** and
~6—7-ka.” However, it is still unclear whether a dominant period persists
globally, and if so, whether the underlying mechanism is related to internal
climate processes or external orbital-driven changes in insolation, or both.”’
This hinders our understanding of the cause of millennial oscillation. Our
analyses of the detrended ASM-2026 (Text S3) reveal the most prominent
millennial cycles of the ASM at ~4.5-ka over the last 60 ka (Figure 4). In fact,
this cycle is also the most prominent millennial cycle of the ASM over the
past 690 ka (Figure S12A). Similar cycles are also revealed in other thermo-
dynamic records of the Asian monsoon, such as loess Fe/K record (precipita-
tion) from Chinese Loess Plateau and the AP% record (temperature) from the
Zoige Basin.”® Furthermore, the ~4.5-ka cycle does not appear to be confined
to the ASM domain, rather, it has a global scope, as it also dominates in
Greenland NGRIP &'%0 (primarily a temperature proxy, over the last ~120 ka),
Antarctic 8'®0 and 8D (primarily Antarctic temperature proxies), and atmo-
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spheric oxygen 8'°0, CO, and CH, records (over the last 800 ka) (Figures S9 &
S12-S13). Particularly, the in-phase results from spectral analyses for high-
resolution NGRIP (5'80 and Ca?") and ASM-2026 are robust (Figures 4, S9 &
S12-S13), because their chronologies have far smaller uncertainties for such
analyses (Figure 1). In sum, the ~4.5-ka cycle appears to be the most promi-
nent millennial cycle over the past 800 ka, a typical icehouse interval in the
Earth's history, but whether it represents an independent forcing or derives
from higher-frequency oscillations (e.g., ~1.5-ka) remains to be explored.

A recent study revealed that the most prominent millennial climate cycle
was ~4.5-ka in the early Late Cretaceous, a typical greenhouse period in the
Earth's history.” This cycle, corresponding to one-quarter of the precession
cycle, is attributed to a precession-stimulated millennial climate cycle or an
equatorial insolation mechanism. Theoretically, the climate response to the
largest amplitude of the seasonal cycle of equatorial insolation induced by
precession could instigate the millennial climate cycle at ~5-ka (i.e, Y
precession).'® The high-quality reconstruction of the millennial dry-wet oscil-
lation in the early Late Cretaceous™ is in excellent agreement with the theo-
retically-predicted equatorial insolation' in terms of both the periodicity and
intermodulation structure. This analysis leads to a supposition that the
persistent ~4.5-ka cycle inferred from the geological archives in the early
Late Cretaceous was triggered by an equatorial insolation mechanism.” In
other words, the most prominent ~4.5-ka climate cycle observed under
greenhouse conditions can be attributed to the forcing of the equatorial inso-
lation that was theoretically predicted. A subsequent question is whether this
same equatorial insolation forcing can explain the ~4.5-ka climate cycles that
have recognized over the past 800 ka under icehouse conditions. In principle,
the theoretical insolation forcing should also influence the climate system
under icehouse conditions; however, it can be expected that the way this
forcing acted may differ to some extent over the past 800 ka, because an
icehouse is essentially different from a greenhouse, particularly regarding
land-sea distribution, ocean/atmosphere circulation, polar ice sheets, and
atmospheric CO, levels. For example, dynamics of AMOC and NH ice sheets
play an important role in promoting millennial climate cycles during icehouse
periods.'” However, these icehouse-specific dynamics are presumably absent
in the greenhouse conditions. Given the fact that the oscillatory modes within
the Earth's climate system are far more sporadic in terms of periodicity,
especially across greenhouse and icehouse conditions, one of plausible
hypotheses is thus that the 'clock’ triggering the ~4.5-ka climate cycle
resides outside the Earth system, making the equatorial insolation forcing
one of most plausible candidates. A further examination also found that the
~4.5-ka component in the ASM cave 5'®0 record over the past 690 ka is
significantly modulated by 100-ka and 405-ka eccentricity cycles, suggest-
ing that it likely originates from precession-related equatorial insolation
(Figure ST14). If this is the case, then low-latitude regions, which receive the
most external solar radiation, may play a more significant role in triggering
millennial climate cycles than previously assumed. Over the past decade,
model simulations indeed show that orbital precession thresholds and peaks
can lead to AMOC variations,”*" lending credibility to the insolation mecha-
nism(s). Nevertheless, a major gap remains in understanding the linkage
between the equatorial insolation forcing and the AMOC dynamics underly-
ing millennial climate variability, which is still a mystery that urgently requires
further investigation through both empirical and modeling studies.

Termination of Heinrich stadials

It has long been recognized that HSs manifest pluvial periods in South
America (e.g., refs.'"?") (Figure S15), which may provide critical positive feed-
back that sustains a weakened AMOC via the freshwater forcing of the
Amazon River discharge.”” On the other hand, recent studies also indicate
that the termination of major millennial-scale events such as HS4 and
HS2"'°¥ is preceded by a multi-centennial drying trend across the vast SAM
domain, and thus a reduced Amazon River discharge into the tropical Atlantic
Ocean (Figure S16). Our new data also indicate that terminations of HS3 and
HS5 were associated with centennial-scale earlier terminations of the SAM
(or pluvial periods) (Figure S17). This suggests that at least the terminations
of HSs likely began with a centennial-scale weakening of the SAM, preceding
the corresponding terminations of Greenland HSs, thereby indicating a more
active role of low-latitude hydroclimate changes (Figure 5). On the other

hand, numerous marine sediment records of river discharges (such as Ti/Ca,
Ba/Ca, and Fe/Ca) also indicate substantially higher fluvial discharges in
northeastern Brazil during HSs (e.g., refs.””""'™), which presumably correlate
to SAM rainfall amounts, and in turn the SAM cave 5'°0 negative excursions
during HSs (Figures S15-S16). Although precisely estimating increases in
fluvial discharge is challenging, significantly higher Ti/Ca (and Fe/Ca) ratios
during HSs suggest that fluvial discharge far exceeded the modern value of
0.18 Sverdrup (Sv). For instance, Ti/Ca ratios surge dramatically from virtu-
ally zero to ~0.8 during HSs (Figure 5). Noticeably, the significant increases in
fluvial discharge occurred along a very large portion of the western Atlantic
trajectories of the surface 'great conveyer belt' (i.e, the AMOC surface
branch), including both the North Brazil Current and the North Brazil Under-
current (Figure S16). Therefore, the South American large fluvial input during
HSs and its earlier termination acted as a freshwater forcing, which may have
played a profound role in maintaining the HS mode of the AMOC and stimu-
lating the subsequent reinvigoration—a hypothesis outlined earlier in refs.'>*.

The triggering mechanism of earlier terminations of the South American
pluvial periods (corresponding to HSs) remains unclear.”'*** Modern clima-
tology shows that both the Antarctic Oscillation (AAO) and El Nifio/Southern
Oscillation (ENSO) significantly influence the spatial pattern of rainfall over
South America (Figure S18). The AAOQ, also referred to as the Southern Annu-
lar Mode, is the dominant pattern of circulation anomaly variability in the
SH."" It is defined as a belt of strong mid-latitude westerly winds (~40°S) or
low-pressure surrounding Antarctica (~65°S)'™ with the SH Westerlies
displaced equatorward at the AAO— phase and vice versa. From AAO+ to
AAO-, overall rainfall decreases (increases) in northern (southern) South
America significantly, resulting in drier condition in the Amazon River Basin
and surrounding regions (Figure S18). On the other hand, the isotopic
compositions (5'%0 and d},) of Antarctic ice cores can be theoretically and
empirically linked to Southern Ocean SST variations. Warming in both Antarc-
tica and the Southern Ocean vapor source regions corresponds to a pole-
ward intensification of the SH Westerlies, indicating an AAO+ like mode, and
vice versa.””'"™ A detailed examination of 8'®0 and d|, from Antarctic ice
cores—especially the EDML ice core from the Atlantic sector—revealed a shift
from an AAO+ like mode to an AAO— like mode prior to terminations of HSs.
This shift is inferred from the decreasing trends in d,, (Figure S19), which
lasted hundreds of years, comparable to the durations of the early termina-
tion of South American Heinrich Periods (SAHPs).”">* The transition of the
AAO mode from a positive to a negative phase may result in drought condi-
tions in northern South America and pluvial conditions in southern South
America. Consequently, this would diminish the freshwater discharge from
the Amazon River and other rivers in northeastern Brazil (Figures S16 & S18).
Moreover, modern climate data reveal a significant negative correlation
between ENSO and AAO (Figure ST8A). If this relationship holds true for HSs,
the observed shift from an AAO+ like mode to an AAO- like mode would
coincide with a transition from a more La Nifia-like state to a more El Nifio-
like state. This change would reinforce drought conditions in northern South
America and pluvial conditions in southern South America toward the end of
HSs (Figure S18). This preliminary mechanism provides a new conceptual
understanding, highlighting the active role of low-latitude and SH climate
dynamics in driving millennial-scale climate variations.

Multidecadal-centennial variability

Analyses of the NGRIP &0 record in both temporal and frequency
domains reveal an interesting pattern that the Holocene is marked by lower-
amplitude (< 1%) and shorter-periodicity (~30-years) variability in contrast
to the larger variability (~2%) and periodicity (1000—60 years) seen during
the glacial period (Figures 6B & S20B). However, it has been suggested that
the lower-amplitude variability during the Holocene may partly result from the
diffusion of water vapor within the firn, which can attenuate the original
isotopic signals because of enhanced smoothing at higher temperatures
(e.g., ref.'™). In contrast, the speleothem "0 records are generally unaf-
fected by such a diffusion process or post-formation changes. Yet, detecting
robust spectral power from speleothem &'®0 records has been limited by the
lack of rigorous age control and the progressive increase in age uncertainty
with time. ASM-2026 is primarily based on the Hulu and Dongge cave
records (~53 ka BP to present) that are comparable in terms of their 5'°0
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Figure 5. Climate variability across the last 60 ka (A) Comparison between ice core, marine sediment, ASM and SASM records. (a) NGRIP 5'°0 records*”' (adjusted to XJTU-1.0
chronology). (b) Bermuda Rise #'Pa/*"Th records (AMOC strength proxy).”** (c) Detrended ASM-2026 (this study). (d) Lightness (L*) from northern South American core MD0O3-
26217 (500-year lowpass-filtered after 50-year interpolation). (€) Composite SAM cave 8'°0 records from East Amazon, West Amazon, central Brazil and Southeast Brazil (see
Text S4, Table S2, Figure S15 &amp; Data S3). (f)-(j) Ti/Ca record from marine sediment cores GeoB16224-1,""* CDH86,'"” GL-1248,'" GeoB3910-2,""" and M125-95-3'%
(Figure ST7). (B) Comparison between stacked cave and Greenland ice-core records. (a) DO-1-13 stack of NGRIP ice-core 5'%0,” (b) DO-8 (HS4) and DO-12 (HS5) onset (termina-
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the ASM and SASM domains, respectively (see Text S5 & Data S4). The vertical orange dashed line indicates the onset of abrupt transition in different records, and the vertical
grey dashed line in (d) indicates the end of the transition. Shaded areas indicate +1c error ranges.

value and variability.™*" Overall, the age uncertainty of ASM-2026 is relatively
small (Figure 1), and particularly, the Hulu Cave speleothems that make up
the major part of ASM-2026 show an almost constant growth rate
(Figure S3), which facilitates the high frequency analysis. The spectral analy-
ses of ASM-2026 time series show a pattern broadly similar to NGRIP, with
lower-amplitude (~0.25 %) and shorter-periodicity (~30-year) variability
during the Holocene compared to the last glacial (~0.5% amplitude and
~200—-30-year periodicity) (Figures 6A & S20A-B). Taken together, Greenland
ice-core and ASM-2026 records indicate a pattern of lower amplitude and

shorter periodicities during warmer conditions (the Holocene) compared to
the last glacial period. This coherence aligns with model studies suggesting
that variations in the AMOC on the same timescales delimit these patterns.''
As such, it is likely that Greenland temperatures and ASM dynamics are
largely coordinated by AMOC changes at multidecadal-centennial scales as
suggested by recent studies (e.q., refs.”*'""""). It should be noted that the
ASM-2026 record involves the splicing of multiple cave speleothem records,
which may affect the analyses of interdecadal variability. Therefore, these
results await further validation.
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Among Antarctic ice cores, the WDC &'0 record stands out not only for its
high resolution, which is attributed to its high snow accumulation rate, but
also its excellent chronology, which is based on annual layer counting for the
last 31.2 ka.'"® While uncertainties remain regarding diffusion and post-
formation changes, their impact on multidecadal to centennial variability
analysis is minimal, particularly for the last 30 ka, where such effects are on
the order of a few years.'"® In contrast to Greenland and ASM "0 records,
the WDC &'®0 shows an opposite pattern. During the last glacial period, it
shows a smaller amplitude variation (~0.5%) compared to larger amplitude
variations (~1 %) during the Holocene. However, its periodicities from the
last glacial to the Holocene appear to be comparable or slightly longer
(rather than shorter) (Figures 6 & S20C). This suggests different interhemi-
spheric teleconnections under glacial and interglacial conditions. During the
glacial period, NH forcing dominated globally, resulting in a north-to-south
directionality in the amplitudes of multidecadal to centennial variability.
Conversely, during the interglacial (the Holocene) period, Antarctic ice-sheet
dynamics, inferred from indicators like iceberg-rafted debris, might have
driven hydroclimate fluctuations, resulting in larger amplitudes of decadal to
centennial variability."”'*" Nonetheless, the question of whether the signifi-
cantly larger Antarctic hydroclimate fluctuations during the Holocene had a
widespread or even global impact remains open. This calls for more empirical
and model studies in future.

CONCLUSION

The new composite high-resolution and precisely dated cave &'°0 record,
ASM-2026, characterizes the ASM dynamic variability over the last 60 ka. The
chronological framework of ASM-2026 (XJTU-1.0) is consistent within
uncertainties with the NGRIP ice core-based GICCO05 chronology, but offers
significantly more precise age benchmarks for calibrating and correlating
global climate variability, thus facilitating the establishment of a “Paleocli-

matic Rosetta Stone". Within this climatic correlation framework, ASM
dynamics are largely independent of northern and southern high-latitude ice-
sheet forcings from glacial-interglacial to millennial timescales, but are
closely coupled with AMOC variations on a wide range of sub-orbital
timescales. Our study reinforces the notion that terminations, specifically
HSs, commenced with a centennial-scale weakening of the SAM, likely linked
to the SH shift from AAO+ to AAO— mode near the end of HSs. This suggests
a more active role of low-latitude and SH hydroclimate changes, either as
triggers, as critical positive feedbacks, or both. The most prominent millen-
nial cycle is centered at ~4.5-ka, and its trigger may be linked to the equato-
rial insolation, thus residing in low-latitude regimes. On multidecadal to
centennial timescales, the periodicity and amplitude of the ASM and Green-
land climate variabilities decreased from glacial to interglacial, in contrast to
the Antarctic climate variability, suggesting changes in climate drivers and/or
in their directionality across the glacial-interglacial conditions.
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