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The iceberg melting-induced Heinrich events (HEs), which were first reported in 1988, caused a series of
centennial-millennial global climate changes during the last glacial period. The patterns and details of
low-latitude monsoons, oceans, and atmospheric circulation responses to HEs still need to be under-
stood. Here, we report 11a resolved 3'3C, 5'80 and 36a resolved Mg/Ca, Sr/Ca and Ba/Ca multi-proxy
stalagmite records during 42.29—37.14 ka BP from Yangkou cave, southwestern China. The Greenland
ice cores and the 330 of stalagmites from northern China recorded a rapid onset/termination of Heinrich
stadials (HS) 4 (~0.2 ka). However, the transition interval for the weakening/strengthening of the Asian
summer monsoon (ASM) during HS4, as recorded by the southern Chinese stalagmite 3'0, is about 0.5
ka. Low latitude monsoons and hydrological variations are influenced by tropical oceans and inter-
hemispheric thermal contrasts, which prolong the onset/termination transition process of HS4. Our
findings highlight the importance of atmosphere-ocean interactions at low latitudes and in the Southern
Hemisphere for ASM dynamics, which triggered the termination of millennial-scales abrupt climate
events. During HS4, variations of the 3'>C and trace elements ratios are inconsistent with 3'80, indicating
that while the ASM is weakened, regional hydroclimate and local ecology are not significantly degraded,
resulting in a relatively moderate hydrological environment. Prolonged southerly subtropical westerlies,
super El Nino Southern Oscillation, western China autumn rains, and lower regional evaporation, may
increase regional precipitation in different seasons and regulate hydrological conditions during HS4. As a
result, while the ASM has weakened, regional hydrological conditions in the Yangtze River basin in
southwest China maintain wet environmental conditions. The gradual northward shift of the Inter-
tropical Convergence Zone and subtropical westerlies during the latter phase of HS4 will cause a limited
northward shift of the rainfall bands. Although regional hydrological conditions deteriorate slightly in
comparison to the early phase, it remains humid overall. We present new evidence that local
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hydrological conditions and ASM intensity were not fully coupled during the abrupt climate events on
millennial scales in the last glacial period.

© 2022 Elsevier Ltd. All rights reserved.

1. Introduction

During the last glacial period, six abrupt climate events corre-
spond to abrupt increases in ice-rafted detritus (IRD) in the North
Atlantic. These episodes are associated with ice sheet melting and
are accompanied by large shifts of oxygen stable isotopes preserved
in North Atlantic deep-sea sediments, known as Heinrich events
(HEs) (Heinrich, 1988; Broecker et al.,, 1992; Hemming, 2004;
Andrews and Voelker, 2018). The entire cold interval, associated
with HEs are termed as Heinrich stadials (HS) (Barker et al., 2009).
Sea surface temperature (SST) in the North Atlantic decreased
significantly during the HS, coinciding with climate fluctuations
recorded in Greenland ice core 3'80 records (Belen et al., 2007;
Guillevic et al., 2013; Gkinis et al., 2021). The impact of HS pro-
foundly affected climate in both the Northern and Southern
Hemispheres (NH, SH) through the Atlantic meridional overturning
circulation (AMOC), the bipolar seesaw, and atmospheric circula-
tions (Pausata et al., 2011; Zhang et al., 2017; Ziemen et al., 2019;
Skinner et al., 2020).

Recent research has provided a series of high-resolution sta-
lagmites paleoclimate records defining the onset/termination
timings of HS4 and discussed the mechanisms of global climate
change (Cheng et al., 2021; Zhang et al., 2021d). HS4 is recorded in
stalagmites that respond to changes in the Asian summer monsoon
(ASM) lasting 1.86 ka (40.20 + 0.08—38.34 + 0.07 ka BP) (Cheng
et al,, 2021). High-resolution stalagmite 880 records from South-
east China indicate that the onset and initial termination of HS4 can
be observed at 40.04 + 0.07 and 37.76 + 0.05 ka BP, and are
significantly offset from other stalagmite records in the ASM area
(Zhang et al., 2021d). The onset of the HS4 in South American
Monsoon (SAM) is consistent with ASM (40.19 + 0.05 ka BP), but the
termination of HS4 is earlier than ASM (38.85 + 0.11 ka BP) (Wendt
et al.,, 2019; Cheng et al., 2021; Zhang et al., 2021d). Salinity vari-
ations of the Amazon Plume Region (Liang et al., 2020; Cheng et al.,
2021), atmospheric moisture transport in Central America influ-
enced by atmospheric CO; concentration (Zhang et al., 2017), the
Intertropical Convergence Zone (ITCZ) shift (Guillevic et al., 2014),
tropical Pacific SST (Carolin et al., 2013), and SH Westerlies shift
(Menviel et al., 2018), all suggest low latitude and SH trigger for the
termination of HS4. This climate change signals then propagated
northward towards the North Atlantic high latitudes, as AMOC
became activated (Cheng et al., 2021; Zhang et al., 2021d).

Inconsistent paleoclimate patterns between high and low lati-
tudes are evident in HS1-HS3 (Dong et al., 2022; Li et al.,, 2021a),
Younger Dryas (YD) (Partin et al., 2015; Zhang et al., 2021a), and
some Greenland interstadial (GI) events (Guillevic et al., 2014; Duan
et al,, 2016a; Li et al., 2017; Zhang et al., 2021c). During HS4, the
processes of climate change are not always consistent between
high and low latitudes (Guillevic et al., 2014; Wendt et al., 2019;
Cheng et al.,, 2021; Zhang et al., 2021d). For example, abrupt
changes in monsoon circulation at low latitudes, including the ASM
and SAM, have occurred while Greenland temperatures remained
stable during HS4 (Cheng et al., 2021; Zhang et al., 2021d). The
southward shift of the ITCZ at the onset of HS4 lagged the onset of
Greenland cooling by 550 + 60 years (Guillevic et al., 2014). These
differences in paleoclimate records dated with high-precision are
not entirely attributable to chronological errors but instead suggest

different climatic responses to IRD events in the North Atlantic and
elsewhere (Hemming, 2004; Belen et al., 2007; Andrews and
Voelker, 2018; Bradley and Diaz, 2021).

Recent research indicates that the low-latitude ASM undergoes
a more gradual weakening/strengthening process than the
Greenland ice core 5'80 during HS4 (Cheng et al., 2021; Zhang et al.,
2021d), but the climate dynamics mechanisms underlying this
difference have not been thoroughly discussed. The general
signature of climate change in the ASM and the Western Pacific
warm pool (WPWP) during the last glacial period provides the key
to understanding the driving factors responsible (Huang et al.,
2019; Liu et al., 2022). The interaction between the low latitude
monsoon, tropical ocean-atmosphere coupling, and the role of the
Southern Ocean should be considered.

The stalagmites 3'80 provide an excellent proxy for exploring
the ASM dynamics during the HS (Cheng et al., 2021; Li et al,,
2021a; Zhang et al., 2021d; Dong et al., 2022). However, current
paleoclimate reconstructions of the Asian monsoon region rarely
offer comprehensive evidence of environmental change during the
HS, especially for evaluating the relationship between regional
hydrological conditions (e.g., precipitation and dry-wet) and ASM
intensity. The response of dry-wet changes in the hydrological
environment to climate change is inconsistent across China (Zhang
et al.,, 2018, 2021b; Liu et al., 20194, b; He et al., 2021a; Zhao et al.,
2021a). For example, during Termination 1, while the East Asian
summer monsoon (EASM) weakened during YD and HS1, east-
central China is in wetter conditions because of the prolonged
Meiyu (Zhang et al.,, 2018). The decoupling of the ITCZ and the
subtropical westerlies resulted in a more pronounced dry-wet
transition in the hydrological environment in southern China dur-
ing the Mystery Interval (17.5—14.5 ka BP) compared to the higher
latitudes (Zhao et al., 2021a). A recent study systematically evalu-
ated the potential for decoupling between region precipitation and
monsoon intensity within East Asia during the Holocene (Zhang
et al., 2021b). The results proved that the relationship between
EASM intensity and precipitation is non-homogeneous in East Asia
(Zhang et al.,, 2021b). Variations in the monsoon rainfall bands
under the control of climatic factors such as subtropical westerlies
(Zhang et al., 2018; Chiang et al., 2020), ITCZ (McGee et al., 2014,
2018), and Western Pacific Subtropical High (WPSH) lead to an
anti-phase of precipitation in the north and south of China (Ding
et al,, 2018). Because of the complexity of the factors influencing
atmospheric precipitation 3'30 (3'0p) of ASM (Ruan et al., 2019;
He et al., 2021b; Zhang et al., 2021b ), other proxies sensitive to
hydrological conditions are necessary to reconstruct the regional
environmental response to climate change and to evaluate the
coupling between local hydrological conditions and ASM intensity.

Stalagmite 3'3C and trace elements are becoming critical as
proxies for the paleoenvironment variation due to their ability to
record high-resolution changes in the environment, especially hy-
drological processes (Fohlmeister et al., 2020; Jia et al., 2022; Liang
etal, 2022; Wang et al., 2022b). The results of cave monitoring and
paleoenvironmental reconstruction in China indicate that the
changes of 8!3C, Ca, Sr, Mg, Ba, and their ratios (X/Ca) in stalagmites
are mainly influenced by organic (biological activity, vegetation
change, etc.) and inorganic processes (e.g. prior calcite precipitation
(PCP)) (Fairchild and Treble, 2009; Chen and Li, 2018; Li et al., 2018;
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Yin et al., 2021), which can reconstruct the variation of regional
environmental (temperature, precipitation, etc.) (Liu et al., 2019b;
Xue et al., 2021; Liang et al., 2022). During the transport of these
geochemical indicators through the epikarst zone, influenced by
various climatic and interior cave environments, the climatic sig-
nals they carried are often modified, reflecting the mixture of cli-
matic and non-climatic factors (Cosford et al., 2009; Fairchild and
Treble, 2009; Fohlmeister et al., 2020). The comparison of multi-
ple proxies in stalagmites will be helpful in the comprehensive
reconstruction of the environment variations and provide new
insight into the interpretation of stalagmites 3'20.

Here, we present a 880 record from a precisely dated and
annual laminae counted stalagmite from Yangkou cave in south-
west China. This record provides a high-resolution (11a) recon-
struction of ASM variation during 42.29—37.14 ka BP. The reasons
for the differences in climate change (abrupt or gradual) between
the North Atlantic and low latitudes during the onset and termi-
nation of HS4 are discussed. Combined with the 8'3C and trace
element (Mg, Sr, Ba) records, we comprehensively reconstructed
the processes of variation in the hydrological environment of
southwest China during the HS4. Our study provides new evidence
that local hydroclimate in the Asian monsoon region is not fully
coupled with monsoon intensity, contributing to a better under-
standing of the regional hydro-environmental response to
millennial-scales climate events in the last glacial period.

2. Material and methods
2.1. Yangkou cave and YK1 stalagmite

Yangkou cave (29°02'N, 107°11’ E, 2140 m a.s.l.) is located in the
Permian limestones of Jinfo mountain, Chongqing, southwest China
(Fig. 1). The corridor-shaped cave is 2245 m long, 15—-20 m wide,
and 8—12 m high (Figure S1) (Chen and Li, 2018). The region has a
subtropical humid monsoon climate, affected by the East Asian and
Indian summer monsoons. The mean annual temperature and
precipitation are 8.5 °C and 1400 mm. April—October precipitation
accounts for 83% of the annual precipitation (Chen and Li, 2018)
(Figure S2).

Monitoring data indicate that the annual average temperature

1206 135°E

-11.8 -6.0 -0.1 58 16 17.5

Fig. 1. Study sites and general circulation pattern of the ASM. Arrows indicate the
summer (June—August) 850 hPa wind field. Wind data are derived from NCEP/NCAR
reanalysis datasets (Kalnay et al., 1996), with averages calculated over the period from
1981 to 2020. The red triangle shows the location of Yangkou cave (This study), the red
dots show the locations of Dragon cave (Dong et al., 2018), Huangjin cave (Liang et al.,
2022), Zhangjia cave (Cheng et al., 2021), Wulu cave (Cheng et al., 2021), Xianyun cave
(Zhang et al., 2021d), Borneo cave (Carolin et al., 2013), Western Pacific Warm Pool core
MD98-2181 (Saikku et al., 2009) and Arabian Sea sediment core SO130-289 KL
(Deplazes et al., 2013). (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)
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in the cave is 7.5 °C, and the response of cave drip to external
climate and environmental changes lag by no more than three
months (Chen and Li, 2018) (Figure S2). The YK1 stalagmite used in
this study is composed of dense calcite with obvious lamina
(Fig. 2a). The YK1 stalagmite is 630 mm long. We focused on the
section from 529 to 630 mm in this study.

2.2. Methods

2.2.1. %*°Th dating

On the polished surface of YK1, 50—100 mg powder subsamples
were collected for U-Th dating. A total of 15 U—Th dating sub-
samples were drilled from 529 to 630 mm in depth from stalagmite
YK1 (Fig. 2a). The U and Th were separated using the standard
chemical procedures described by Edwards et al. (1987), Shen et al.
(2012), and Cheng et al. (2013). The 23°Th dating was conducted in
the High-precision Mass Spectrometry and Environment Change
Laboratory (HISPEC) of National Taiwan University (5/15) and the
Isotope Laboratory of the Institute of Global Environmental Change
of Xi'an Jiaotong University (10/15) using a Neptune multi-collector
inductively coupled plasma mass spectrometer (MC-ICP-MS). The
decay constants used for 23°Th, **U, and %3%U are
9.1705 x 1078 yr~1 2.82206 x 108 yr~! (Cheng et al., 2013), and
155125 x 10710 yr=! (Jaffey et al., 1971), respectively. The age
correction for the initial 22°Th was performed using the average
crustal 23°Th/?32Th ratio of 4.4 + 2.2 x 10~8 (Taylor and Mclennan,
1995).

2.2.2. Stable isotopes analyses

On the polished section of YK1, 489 stable isotope samples were
drilled using a Micromill at a resolution of 0.2 mm along the growth
axis from 529 to 630 mm. Stable isotope analyses were performed
using a Perspective isotope ratio mass spectrometer (IRMS), com-
bined with a Nu Carb automated carbonate device at Beijing Cre-
atech Testing Technology Co., Ltd, China. Results are reported with
respect to Vienna Pee Dee Belemnite (V-PDB). The one-sigma

550 -
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Depth from top (mm)
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630 T T T T T T
(c) 37 38 39 40 4 42

Age (ka BP)

Fig. 2. Age model of YK1 stalagmite . (a) A polished slab of stalagmite YK1
(529—630 mm). Blue and orange bars indicate the positions of the 15 samples collected
for U-Th dating used to construct the chronology. The dating of the blue samples was
performed at the High-precision Mass Spectrometry and Environment Change Labo-
ratory (HISPEC) of National Taiwan University. The dating of the orange samples was
performed at the Isotope Laboratory of the Institute of Global Environmental Change of
Xi'an Jiaotong University. (b) A magnified figure of the fluorescence profile of the YK1
stalagmite (white band in a). (c) Age model of stalagmite YK1. The red dots are the
depths and ages of the U-Th dating samples, and the error bars indicate the dating
error (+20). The black line indicates the YK1 stalagmite age model based on fluores-
cence laminae counts. The red dashed line is a COPRA age model for YK1, the blue band
indicates the 95% confidence limit (Breitenbach et al., 2012). The COPRA age model is
consistent with fluorescence laminae counts results within error. (For interpretation of
the references to colour in this figure legend, the reader is referred to the Web version
of this article.)
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external error is < +0.1% and < +0.06% for 580 and §'3C,
respectively.

Here, we use the RAMPFIT algorithm to identify the onset and
termination of HS4 in stalagmite and ice core records (Mudelsee,
2000). The RAMPFIT uses a combination of weighted least
squares and brute force search to estimate the break regression
parameters, considering features such as the sequence dependence
and temporal resolution difference of paleoclimate records
(Mudelsee, 2000). The validity of this method has been proven in
numerous previous studies (Jiang et al., 2014; Zhang et al., 2021d).
The identification of mutation points requires the provision of a
fitting interval containing breakpoints. To avoid as much subjec-
tivity in the choice of the fitting interval as possible, we used the
same time interval for paleoclimate records from the same region
and the results of the analysis are reported in Table S1. All results
are visually inspected and agree with the actual process of transi-
tion of the individual paleoclimate records at the onset and
termination of HS4.

2.2.3. Trace elements analyses

On the polished surface of YK1, ~10 mg powder subsamples
were collected for trace elements. A total of 147 samples were
obtained from YK1 stalagmites sampled at a resolution of 0.5 mm
from 529 to 574 mm depth and a resolution of 1 mm from 574 to
630 mm. The sample was dissolved using purified 5% HNOs. After
complete dissolution, the sample was fixed to 10 ml using deion-
ized water and transferred to a centrifuge tube for measurement.
Measurements of trace elements of YK1 were completed at the
Chongqing Key Laboratory of Karst Environment, Southwest Uni-
versity, using an Inductively coupled plasma - optical emission
spectrometry (ICP-OES). Trace elements measured included Ca, Mg,
Ba and Sr with a lower limit of detection of 0.001 mg/L and a
relative standard deviation of <2.0%.

2.2.4. Stalagmite laminae counting

The fluorescence of the laminae was scanned using a Nikon A1
laser scanning confocal microscope at the State key laboratory for
manufacturing systems engineering, Xi'an Jiaotong University. A
101 mm (529—630 mm) fluorescence image of the stalagmite was
obtained along the growth axis on the polished profile (Fig. 2b).
Detailed methods and settings are described in Zhao and Cheng
(2017). Three paths were selected for annual layer counting along
the stalagmite growth axis and 1 mm away from both sides of the
growth axis. The final number of annual layers is the average of the
results of three paths.

3. Results
3.1. Age model

The fifteen measured 23°Th dates are in stratigraphic order
(Table S2; Fig. 2c). The ages of the top and bottom samples were
37.16 ka BP and 42.16 ka BP, respectively (Table S2). The average 2¢
dating error of +0.10 ka is < 3.0%o, which provides precise chro-
nological control.

The fluorescence laminae in stalagmites are the result of the
seasonal transport of soil organic matter, Fe, Al, Si and other mineral
elements on an interannual time scales to the cave drip and formed
during the deposition of the stalagmite (Tan et al, 2006).
Combining YK1 stalagmite fluorescence images, we counted pairs
of fluorescent and dark layers as annual layers, accumulating them
sequentially. Fluorescence laminae counts along three paths in this
interval were composed of 5096, 5171, and 5160 bands, with an
average of 5140 + 41 bands. The number of counted bands matches
the radiometric age span (Fig. 2c). This consistency indicates that
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the YK1 stalagmite laminae-count age model is suitable for high
precision paleoclimate reconstruction (Shen et al., 2013). The YK1
stalagmite was deposited over a period of 5.15 ka, from 37.14 to
42.30 ka BP, corresponding to 529—630 mm, covering the time
interval of HS4 (Fig. 2c).

3.2. %0

The YK1 §'80 values range from —9.4 to —6.2%o (Table S3), with
an average of —8.3%o, with a mean temporal resolution of 11 years.
The YK1 3'80 record exhibits low amplitude (~0.8%o) fluctuations
during 40.75—40.21 ka BP. At 40.21 ka BP, a significant negative
abrupt change occurs with an amplitude of 1.0%o (Fig. 3a). During
the period between 40.18 and 39.24 ka BP, YK1 3'80 exhibited a
significant and persistent positive shift, with an amplitude of 3.0%o
over 0.93 ka, and remained relatively positive overall during

Age (ka BP)
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Fig. 3. 8’80, 8'3C and X/Ca records of YK1 stalagmite. (a) 3'30 record of YK1; (b) 8'3C
record of YK1; (c) Mg/Ca record of YK1; (d) Sr/Ca record of YK1; (e) Ba/Ca record of
YK1.
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39.24-38.35 ka BP. During 38.35—37.14 ka BP, 3'80 values exhibit
negative fluctuations and return to the level observed prior to the
occurrence of the abrupt change at 40.18 ka BP, within 1.2 ka
(Fig. 3a).

3.3. 6'3C and trace elements

The YK1 8'3C values range from —4.7 to —2.5%o (Table S3;
Fig. 3b), with an average of —3.7%o. In contrast to 5'20, the variation
in 33C can be divided into two parts, with the first phase at
42.00—40.21 ka BP, where 3'3C is rapidly positive by ~1.2%o (0.3 ka)
at 41.93 ka BP and maintains a ~1%o oscillation for ~1.40 ka after that
(Fig. 3b). The average of 3'3C at this stage is —3.56%o. The second
phase is 40.21—37.14 ka BP. At 40.21 ka BP, similar to 3180, 313C
presents ~2%o negative fluctuation, but during 40.18—39.24 ka BP,
313C does not show significant and consistent positive shifts but
rather frequent fluctuations of ~0.6%o (Fig. 3b). Although 5'3C only
starts to be a slowly positive shift at 40.19 ka BP, the magnitude is
significantly less than with 8'80 (3.0%o).

YK1 stalagmites Mg/Ca, Sr/Ca, and Ba/Ca exhibit significant
oscillatory variation on the centennial-scales (Fig. 3c—e) (Table S4).
However, after the positive abrupt shift in the X/Ca record at ~40.18
ka BP, similar to 8'3C, the X/Ca values remain at a low level of
variation, with the exception of the Mg/Ca record, where a more
pronounced positive shift can be clearly identified, it is not evident
in Sr/Ca and Ba/Ca (Fig. 3c—e).

The results of the correlation statistics revealed robust positive
correlations between 3'3C, Sr/Ca, Ba/Ca, and Mg/Ca (0.24 < r < 0.89,
p<0.01) (Figure S3). Similar positive correlations were not observed
between 880 and 3'3C, Sr/Ca, Ba/Ca, and Mg/Ca (Figure S3). The
results of the principal component analysis of the X/Ca records
indicate that three principal components (PC1, PC2, PC3) explained
approximately 83.7%, 12.8% and 3.5% of the total variance, respec-
tively (Table S5). Our comparison indicates a more similar variation
between §'3C, Sr/Ca, Ba/Ca, and Mg/Ca.

4. Discussion
4.1. Environmental interpretation of stalagmite proxies

411. %0

Modern atmospheric observations and simulations suggest that
the variability of 6180p in ASM is primarily dominated by large-
scales atmospheric dynamics, with limited influence from
regional precipitation (Cai et al., 2018; Li, 2018; Ruan et al., 2019;
Zhang et al., 2020). On seasonal-interannual time scales, ASM 5130p
usually does not reflect local precipitation variability (Cai et al.,
2018; Ruan et al., 2019; Liu et al., 2020; He et al., 2021a). Howev-
er, it is affected by atmospheric convective activity in moisture
sources and isotopic fractionation during transport (rainfall effect)
(Liu et al., 2014; Cai et al., 2018; Li, 2018; Ruan et al., 2019; He et al.,
2021b). More negative 6180p values could be the result of enhanced
convective activity in moisture source, increased precipitation in
upstream areas, the seasonal movement of subtropical westerlies,
and enhanced ASM circulation, but not necessarily increased pre-
cipitation in local areas (Cai et al., 2018; Li, 2018; Ruan et al., 2019;
Zhang et al., 2020). Long-term cave monitoring, including Yangkou
cave, has also demonstrated that 3'®0 variations in cave drips on
seasonal-interannual scales can reflect variations in 380, caused
by large-scales atmospheric circulation (e.g., El Nino Southern
Oscillation (ENSO)) (Duan et al., 2016b; Chen and Li, 2018; Zhang
and Li, 2019; Qiu et al., 2021).

Although there is controversy in interpretating stalagmite 520,
the perspective that stalagmite 3'80 is related to changes in the
intensity and position of the ASM circulation is well accepted
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(Cheng et al., 2021; Zhang et al., 2021b; Liang et al., 2022). It is
consistent with modern instrumental data, paleoclimate re-
constructions, and simulation results on different time scales (Duan
et al,, 2016b; Chiang et al., 2020; Cheng et al., 2021; Zhang et al.,
2021b). Furthermore, the consistency of the amplitudes and
trends of YK1 8'80 with other stalagmite records from the Asian
monsoon region on the millennial-centennial scales is the evidence
that the kinetic effect on YK1 3'30 is negligible and that 3'%0 re-
flects the signals of large-scales climate change (Dorale and Liu,
2009) (Fig. 4). The YK1 stalagmite 3'80 is indicative of the varia-
tions in ASM intensity and the negative shift in stalagmite 3'0
corresponds to an intensified ASM.

4.1.2. 6'3C and trace elements

The current research suggests that the variations of stalagmite
313C is related to the changes in local temperature and hydrological
conditions (Spotl et al., 2005; Fairchild et al., 2006; Li et al., 2018;
Fohlmeister et al., 2020; Chen et al., 2021a, 2021b). Stalagmite d13c
primarily reflects regional hydrological conditions and their influ-
ence on changes in surface vegetation type and density (Dorale
et al,, 1998), soil biological activity (Fohlmeister et al., 2020; Jia
et al,, 2022). The main influences are both bio-organic processes
closely related to precipitation and inorganic processes such as PCP
(Hendy, 1971; Spotl et al., 2005; Fairchild et al., 2006; Li et al., 2018).
Regional hydrological conditions controlled by temperature and
precipitation profoundly impact surface vegetation types, soil mi-
crobial activity and CO, production, and cave drips inherit this
environmental variation information (Cosford et al, 2009;
Fohlmeister et al., 2020; Chen et al., 2021a, 2021b). The inorganic
stalagmite carbon isotope transport processes have also been
extensively discussed, covering cave ventilation, pCO,, stalagmite
growth rates, and cave drip rates (Hendy, 1971; Fairchild et al.,
2006).

Trace element contents and their ratios in stalagmites are
controlled on different time scales by climatic/environmental as
well as non-climatic/environmental factors (Fairchild and Treble,
2009; Warken et al., 2019; Wassenburg et al., 2020), which
makes it more difficult to interpret the climatic significance of trace
elements from a regional perspective. For example, these processes
significantly control the distribution coefficients of Mg or Sr in
calcite: temperature (Huang and Fairchild, 2001), growth rate
(Gabitov et al.,, 2014), PCP (Fairchild et al., 2006), water-rock
interaction (WRI) (Fairchild et al., 2009), soil clays (Peckover
et al.,, 2019), etc.

Temperature can significantly affect the partition coefficient of
Mg (Huang and Fairchild, 2001). A variation in temperature of
2—3 °Cresulted in a maximum variation of 15% in Mg concentration
(Huang and Fairchild, 2001), however, the variability of YK1 Mg/Ca
varied by more than 50% before and after HS4 (Fig. 3). Even during
the Last Glacial Maximum (LGM), the annual mean temperature in
the low latitudes of southern China only decreased by about 4—6 °C
(Xue et al., 2015). Cave monitoring for Yangkou Cave indicates that
the temperature inside the cave is relatively stable (7.5 °C) and
consistent with the average annual temperature of the external
environment (8.5 °C) (Chen and Li, 2018). Thus, temperature
changes cannot fully explain the variation in Mg/Ca. Furthermore,
the growth rate of YK1 remained stable over the study period (19.6
umy/a), well below the threshold at which the growth rate affects Sr
and Mg (315 umy/a) (Gabitov et al., 2014). Temperature and growth
rate may not be the main factors influencing trace element varia-
tion in this study.

Trace element concentrations in cave drips are associated with
the rock mineral composition of the overlying bedrock of the cave
(Chen and Li, 2018; Li et al., 2021b). For example, karst water
transport through dolomite or limestone can result in the
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Fig. 4. The HS4 YK1 §'0 record compared with climatic records for the Asian
monsoon region. (a) stalagmite 5'>C record from Huangjin cave (Liang et al., 2022); (b)
stalagmite 3'30 record from Dragon cave (Dong et al., 2018); (c) stalagmite 5'80 record
from Zhangjia cave (Cheng et al., 2021); (d) YK1 8'80 record (This study); (e) stalagmite
3'80 record from Wulu cave (Liu et al., 2018; Cheng et al., 2021); (f) stalagmite 3'®0
record from Xianyun cave (Zhang et al., 2021d); (g) stalagmite 3'®0 record from Borneo
cave (Carolin et al., 2013). The blue/red boxes correspond to the onset/termination of
HS4. Order of records from top to bottom by latitude. (For interpretation of the
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differential dissolution of Mg>* or Sr** in cave drips (Fairchild and
Treble, 2009; Tremaine and Froelich, 2013; Warken et al., 2019). If
the transport pathway of infiltration water is changed, it will alter
the initial signal of trace element ratios that are unaffected by
environmental changes, which in turn will mislead the interpre-
tation of stalagmite X/Ca climate and environmental signals
(Fairchild and Treble, 2009; Tremaine and Froelich, 2013; Warken
et al,, 2019). Sr/Ca and Mg/Ca in cave drips and speleothems as
wet/dry proxies (PCP) require that Mg/Sr remain stable, i.e., the
cave drip transport pathway is not changing (the mixing ratio of
different types of bedrock remains constant) (Tremaine and
Froelich, 2013). Yangkou cave developed in the predominantly
medium and thick-bedded massive bioclastic limestone, with no
significant variation in the composition of host rock. In addition,
calculations of Mg/Sr for YK1 stalagmites showed a mean Mg/Sr
value of 1.75 and a standard deviation of 0.17. Variations of X/Ca in
the stalagmite YK1 inherit and preserve the signals of external
climatic and environmental change.

As the distribution coefficients of trace elements are usually less
than 1 and much less than Ca, the PCP indirectly reflects climate
and environmental changes by controlling the ratio of trace ele-
ments to Ca in the cave drips (Fairchild and Treble, 2009). The
enhancement of PCP leads to much greater reduction in Ca than
trace elements during calcite precipitation, implying an increase in
the ratio of trace elements such as Mg and Sr to Ca in cave drips and
speleothem (Cruz et al., 2007; Fairchild and Treble, 2009; Zhang
et al., 2018). Longer WRI times result in more trace elements in
the bedrock being dissolved into the drip water, and saturation of
these elements leads to an increase in the X/Ca (Fairchild et al.,
2009). The impacts of PCP and WRI on trace element ratios is in
the same direction. Under the influence of these mechanisms,
variations in the mean state of the dry-wet transition (water bal-
ance) of the regional environment control the variation of trace
element ratios in stalagmites through PCP/WRI processes (Fairchild
et al., 2006; Fairchild and Treble, 2009; Wassenburg et al., 2020).

PCP can significantly influence the 3'>C of cave drips and spe-
leothem (Stoll et al., 2015; Fohlmeister et al., 2020). When cave
drips are transported or degassed for longer times during deposi-
tion, 8'3C tends to be positive (Fohlmeister et al., 2020; Lechleitner
et al,, 2020). Our records show that 3'C and X/Ca have similar
trends across time and exhibit significant positive correlations
(0.24 <1 <0.52, p < 0.01) (Figure S3). Variations in speleothem 5'3C
and X/Ca are usually controlled by regional environment, such as
precipitation, infiltration processes of water in the epikarst, etc. (Li
etal., 2018; Fohlmeister et al., 2020; Xue et al., 2021; Jia et al., 2022).
Our previous research has also demonstrated that 3'3C is largely
controlled by hydroclimatic processes, whether on the orbit-
millennial or centennial scales (Wu et al.,, 2020). 8'3C can verify
the plausibility of our interpretation of the climatic significance of
trace elements, and it is valid and reasonable to explore regional
hydroclimatic variability through the combination of multiple in-
dicators (Chen et al., 2021a, 2021b).

In summary, we have ruled out the influence of non-climatic
factors on stalagmite X/Ca where possible. PCP and WRI influ-
enced by regional precipitation and hydrological conditions may be
the dominant factors in X/Ca variation. On the centennial-
millennial scales, monsoonal precipitation controls the variability
of 3'3C and X/Ca by influencing the mean state of the effective soil
moisture balance. Decreased regional precipitation and deterio-
rated hydrological conditions lead to reduced vegetation cover and
soil microbial activity, weaker soil CO; productivity, lower effective

references to colour in this figure legend, the reader is referred to the Web version of
this article.)
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moisture and increased PCP, which result in positive 3C and
increased X/Ca in cave drips and stalagmite (Chen and Li, 2018; Li
et al,, 2018; Chen et al,, 2021a, 2021b). The decoupling of 5'80
with 8'3C and X/Ca indicates that variations in the regional hy-
drological environment during HS4 may be controlled by factors
other than ASM intensity.

4.2. ASM variation during HS4 in monsoonal China

The ASM intensity recorded in stalagmite 380 from different
regions of the ASM is characterized by significant positive shift at
~40.00 ka BP, with an average magnitude close to 2.0%o, indicating
that the ASM intensity was rapidly weakened at this time under the
influence of North Atlantic climate change (Fig. 4) (Dong et al.,
2018; Cheng et al., 2021; Zhang et al., 2021d; Liang et al., 2022).
Although there are differences in the resolution of these stalagmite
3180 records, the ASM intensity within HS4 does not exhibit a stable
weak monsoon condition but there is significant oscillation on the
centennial scales. For example, the Zhangjia 5'80 record exhibits
negative fluctuations of ~1.1%o between 39.23 and 38.95 ka BP,
followed by a positive shift of ~0.9%o (Fig. 4c), while the YK1 3'80
shows two large positive fluctuations at 38.78 and 38.64 ka BP
(Fig. 4d). The comparisons suggest that the internal structure of the
ASM is unstable during HS4.

The response process of stalagmite 3'30 in HS4 is not consistent
in the southern and northern monsoon regions of China (Dong
et al., 2018; Liu et al., 2018; Cheng et al., 2021; Liang et al., 2022;
Zhang et al., 2021d) (Fig. 4). The stalagmite records of northern
China are characterized by the rapid transition at the onset and
termination of HS4 (Fig. 4a—c) (Figures S4 and S5). In northern
China, for example, the onset of HS4 lasted for 0.23 (Dragon cave)
(Figs. 4b) and 0.47 ka (Huangjin cave) (Fig. 4a), and the termination
of HS4 is similarly fast, only 0.29 and 0.26 ka, respectively. Although
the stalagmite from Zhangjia cave exhibits a depositional hiatus at
38.95 ka BP, it also exhibits a rapid positive shift in 8'30 at the onset
of HS4 (~2%o within 0.25 ka) (Fig. 4c). In contrast, in southern China,
the onset of HS4 in the 380 records from the Indian summer
monsoon (ISM) affected Yangkou cave and Wulu cave is as long as
0.89 and 1.02 ka, with the termination of HS4 lasting 0.57 and 0.40
ka (Fig. 4d—e). The onset (0.50 ka) and termination (0.72 ka) of HS4
in the EASM influenced Xianyun 3'80 record are similarly longer
than in northern China (Zhang et al., 2021d) (Fig. 4f). The Bayesian
change point analysis results also indicate that the abrupt change
characteristics of the stalagmite records in northern China are more
significant in the overall event (Ruggieri, 2013) (Figure S4). The
ASM intensity in southern China has experienced several large-
amplitude fluctuations during the transition but remains in a
gradual variation process overall (Fig. 4).

4.3. Differences in climate change processes at NH high - low
latitudes during HS4

The rapid shifts in the northern China stalagmite records during
the onset/termination of HS4 are consistent with variations in
North Greenland Eemian deep ice core (NEEM) 3'%0, North
Greenland Ice Core Project (NGRIP) d-excess and dust concentra-
tions (Fig. 5a—c and S5). NEEM 880 rapidly responded to the HS4
onset (0.24 ka)/termination (0.06 ka) transitions (Fig. 5a and S5).
The NGRIP d-excess associated with the HS4 onset (0.25 ka)/
termination (0.19 ka) also responded rapidly (Fig. 5b). At the same
time, NGRIP dust concentrations increased rapidly (0.20 ka), as well
as decreased (0.17 ka) (Fig. 5¢). Paleoclimate records from the high
latitudes of the NH show that the proportion of onset and termi-
nation processes of HS4 account for about 20% of the overall event,
while it exceeds 50% at lower latitudes (Table S1).
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The stalagmite 3'80 records in southern China exhibit a gradual
transition process at the onset/termination of HS4 consistent with
the paleoclimatic records from low latitudes and the SH (Fig. 4d—g
and 5e-g, i-k) (Figure S5). The NEEM 7O-excess, for example, which
reflects the variation of hydrological cycle strength at low latitudes,
remained high (~55 permeg) (Fig. 5e) (Guillevic et al., 2014).
Although the SAM started to strengthen at ~40.05 ka BP accom-
panied by increasing summer precipitation, the relatively positive
stalagmite 8'80 values (~-3.0%o) at this time indicate that SAM did
not reach the strongest state of HS4 (Fig. 5h). The YK1 5'80 and the
total reflectance records of Arabian Sea sediment core indicate that
the ITCZ in this area was experiencing a slow southward shift with a
gradual weakening ASM intensity (Fig. 5i) (Deplazes et al., 2013).
The Antarctic experienced gradual warming under the influence of
the ‘thermal bipolar seesaw’ and enhanced deep-sea convection in
the Southern Ocean (Fig. 5i—k) (WAIS Divide Project Members,
2015; Skinner et al., 2020). It is evidenced that the climate re-
sponses at low latitude and SH to HS4 are not completed sharply
but with a gradual trend experienced several large fluctuations
(Fig. 5, S4, and S5).

With stable Greenland temperatures, the West Antarctic Ice
Sheet (WAIS) ice core 880 and the South Ocean deep-water tem-
perature indicated that the Antarctic temperature/Southern Ocean
deep convection had started to decrease/weaken slowly around
38.80 ka BP (Skinner et al., 2020) (Fig. 5j—k). Atmospheric CO; also
increased rapidly by ~16 ppm at 39.64 ka BP (Fig. 5j). Low-latitude
paleoclimate records start to shift successively towards GI 8 during
39.00—38.50 ka BP (Fig. 5e—j). However, the abrupt Greenland
temperature rise and AMOC recovery lagged the transition from
HS4 to GI 8 at low latitudes (~38.34 ka BP) (Fig. 5a—c) (Landais et al.,
2018; Gkinis et al., 2021), plausibly indicating that the termination
of HS4 occurred first at low latitudes and SH followed with more
gradual process.

4.4, Climate driven mechanisms

The collapse of the Laurentide ice sheet and the influx of
freshwater into the North Atlantic caused abrupt weakening or
collapse of AMOC (Fig. 5d) (Bassis et al., 2017; Ziemen et al., 2019).
The temperature in Greenland is susceptible to changes in the sea
ice in North Atlantic. With the expansion of sea ice, the temperature
in the Greenland decreased and HS4 onset occurred rapidly at
~40.10 ka BP (Fig. 5a—b) (Guillevic et al., 2014; Landais et al., 2018;
Gkinis et al., 2021). Intense cooling air at high latitudes in NH can
lead to increase the meridional temperature gradient between the
high and low latitudes, and strengthen southward shift of the NH
westerlies (Fig. 5¢) (Duan et al., 2016a; Liang et al., 2022). This
process propagated abrupt climate change signals in the North
Atlantic rapidly to the East Asian monsoon regions through atmo-
spheric circulation.

In contrast to the “sawtooth” structure of the Greenland ice core
and the paleoclimate record of northern China, the “gradual”
pattern of the low latitude and SH paleoclimate records indicates
different climate forcing mechanisms between them.

At the onset of HS4, a longer adjustment interval is needed for
the transition of climate change in the low latitudes responding to
HS4 via the interaction between ocean-atmosphere systems,
because of the gradual modulation of heat storage in the tropical
oceans (Stocker and Johnsen, 2003; Pedro et al., 2018). The inter-
hemispheric thermal gradient, particularly the north-south equator
thermal gradient, is the driving force for the shifts of ITCZ (McGee
et al., 2014, 2018; Burns et al., 2022). The process of cooling of the
tropical oceans and changes in the interhemispheric/north-south
equatorial temperature gradient are not as dramatic as the tem-
perature variations in the NH high latitude (Pedro et al., 2018;
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anomalies in the termination of HS4 and HS2 (Cheng et al., 2021;
Dong et al., 2022). In the tropical Atlantic, sea surface salinity in the
Amazon Plume Region increases because of reduced precipitation
and runoff in the Amazon Basin and is subsequently increased
northward salt transport by shallow AMOC or an overturning cir-
culation involving the North Atlantic Intermediate Water (Liang
et al, 2020; Cheng et al., 2021). This process provides positive
feedback for the recovery of the AMOC (Waelbroeck et al., 2018;
Skinner et al., 2020), ultimately promoting the northward shift of
ITCZ, strengthening the ASM, and the termination of HS4 (Cheng
et al., 2021). The factors mentioned above have profound implica-
tions for the variations in ASM, including moisture sources, pre-
cipitation and 3'80), so that the termination of HS4 is first observed
in the monsoon/hydrological records at low latitudes and SH (Fig. 5
and S5). In contrast, as the North Atlantic was covered by sea ice,
heat accumulated below the halocline until reaching certain
threshold which disrupted stable stratification within the ocean
and triggered vertical convection. Simultaneously, warm water
quickly reached the surface ocean and sea ice was rapidly melted,
leading to sudden warming in Greenland (Fig. 5) (Bradley and Diaz,
2021; Li and Born, 2019).

Tropical hydroclimatic anomalies, such as super ENSO in trop-
ical oceans, regulate the gradual transition of climate in the WPWP
and southern China. Higher salinity and lower than normal SST in
WPWP during stadials correspond to El Nino (Stott et al., 2002).
ENSO and the tropical Pacific SST regulate precipitation and at-
mospheric circulation anomalies in the ASM (Merkel et al., 2010;
Cai et al.,, 2017; Liu et al., 20194, b; Jiang et al., 2021). In the El Nino-
like state, the weakening Walker circulation over the eastern and
western Pacific led to prevailing anticyclonic motion and subsi-
dence in the western tropical Pacific (Yu et al., 2015; Yang et al.,
2017), which ultimately resulted in the strengthening and west-
ward movement of WPSH and weakening the EASM (Jiang et al.,
2021; Wang et al,, 2022a, b). Tropical hydroclimatic processes
such as the equatorial east-west Pacific SST and variations in
interhemispheric temperature gradient require longer response
and adjustment times to abrupt climate events than AMOC and sea
ice, with the result that the response of the tropics to climate
changes in high-latitude climate may be considerably smoother
(Stott et al.,, 2002; Deplazes et al., 2013). Recent research has
pointed out that the gradual transition presented by ASM during
the onset and termination of HS4 was consistent with the variation
of SST in the tropical western Pacific (Zhang et al., 2021d). The
gradual processes observed in our records emphasized that tropical
hydrological and the ENSO leading to the gradual transition of the
ASM by controlling WPSH and EASM intensity.

In summary, our record provides robust evidence that the
tropical ocean controls the gradual onset and first termination of
HS4 at low latitudes through oceanic (sea-land thermal and inter-
hemispheric temperature gradients) and atmospheric processes
(ITCZ). We also highlight the teleconnections between temperature
changes in the SH and ASM dynamics via ocean-atmosphere
interconnection.

4.5. Decoupling between ASM and regional hydrological
environment during HS4

During Greenland Stadials (GS) 10, YK1 3'80 shows a positive
shift of ~1%., indicating that the ASM intensity is weakened
(Fig. 6a). The 3'3C and X/Ca PC1 records also display positive shifts
of ~1.2%o0 and ~3.4 (Fig. 6b—c), associated with reduced precipita-
tion, degraded ecology, weakened biological activity and reduced
biologic-CO, production overlying Yangkou cave under the influ-
ence of weakened ASM and southward shift of the ITCZ. As the ASM
transition from GS10 to GI9, 3'3C and X/Ca PC1 exhibit a negative
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Fig. 6. 5'30, 5'3C and X/Ca PC1 records of YK1 stalagmite. (a) 30 record of YK1; (b)
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recorded at different stages (37.14—40.21 ka BP, 40.21—42.00 ka BP). GI and GS indicate
Greenland Interstadials and Greenland Stadials.

shift, indicating an improvement in vegetation and hydrological
environmental conditions (Fig. 6). The strong covariation charac-
teristics of the different climatic indicators (5'80, 3'3C, X/Ca) in YK1
stalagmites during 40.25—42.00 ka BP indicate that the variation of
ASM intensity is an important factor to control stalagmite 3'3C and
X/Ca values by influencing regional hydrological conditions and
ecological environments (Fig. 6 and S6) (Li et al., 2018; Chen et al.,
2021a, 2021b).

The obvious weak ASM observed in 3'0 (overall variability
~3%0) is not evident in 3C and X/Ca PC1 (Fig. 6). During
40.17—39.25 ka BP, the ASM gradually weaken and the 8'3C and X/
Ca PC1 do not show obvious trends of positive shifts, but rather
frequent fluctuations in maintaining the level of GI9 (Fig. 6), indi-
cating that the regional environment is not significantly degraded
at this time. However, we also observed a small positive shift in 3'3C
and X/Ca PC1 during 39.18—38.73 ka BP (3'3C—0.7%o, X/Ca PC1 ~
2.72), which remained relatively positive for about 1.00 ka there-
after and suddenly became negative at 37.65 ka BP in synchrony
with the 3'80 into GI8 (Fig. 6). The variations of 3!3C and X/Ca PC1
within HS4 are divided into two phases, frequent oscillations on the
centennial scales based on an overall negative in the early phase,
and a small positive shift in the later phase (Fig. 6). But even if these
records are positive in the later phase, the mean values remain
significantly lower throughout HS4 than GS10, and the magnitude
of variations in these records in the later phase is much smaller
than that during the GI9-S10-GI9 transition.

We performed a lead-lag analysis of 3'80 with 5'3C and X/Ca PC1
records. The results indicated that there is no significant lead-lag
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relationship between 3'80-5'3C and 5'80-X/Ca PC1 (Figure S7). X/Ca
PC1 only lags 5'80 by about 0.05 ka, which may be explained by the
lower resolution of X/Ca PC1, and 0.05 Ka is far less than the time
scales we discussed. It is also evident from visual inspection that
these records occur almost simultaneously during the rapid tran-
sition between GS10-GI9 and HS4-GI8 (Fig. 6), indicating that all
three are able to respond rapidly to variations in the external
climate and environment. We therefore consider that there is no
systematic lead-lag relationship between §'80 and 5'3C or X/Ca PC1.
The small positive shift in 3>C and X/Ca PC1 in the late HS4 is part
of the internal fluctuation of the regional environment during HS4,
that is, the late HS4 is slightly drier relative to the early, but the
regional wet-dry balance conditions are better than GI10 and GS10.

The inconsistency of X/Ca PC1 and §'3C with 8'80 during HS4
suggests that the ASM is decoupled from regional precipitation and
environmental variations. It presents a moderate hydrological
environment with no significant ecological deterioration. This sit-
uation is linked to 2 factors: (1) During HS4, although ASM
decreased significantly, the PCP level of the cave system remained
approximately at GS10 because there was no significant decrease in
regional precipitation or effective humidity. (2) Despite the
decreasing of annual mean surface temperature in the NH, the
vegetation was dominated by C3 and evaporation was probably
weakened by the lower temperatures. The regional hydrological
environment, vegetation density and soil biological activity might
not deteriorate significantly, resulting in no significant decrease in
soil CO, production (Wu et al., 2020). Finally, 8'3C of stalagmite did
not show significant positive shift similar to that of 3'80.

Although ASM is weakened during HS4, the positive shift of YK1
3180 does not necessarily indicate decrease in regional precipita-
tion. The variation of 6180p in the EASM region is mainly influenced
by the convective activities of the moisture source, the atmospheric
circulation patterns and the upstream amount effect, while the
regional precipitation has a limited effect (Li, 2018; Ruan et al.,
2019). The moderate environments indicated by YK1 3'3C and X/
Ca are associated with changes in EASM rainfall bands movement
(Ding et al., 2018; Zhang et al., 2021b). A series of observations and
simulation research have indicated that the duration of EASM
precipitation and the seasonal variation of circulation are strongly
related to the seasonal north-south movement of the subtropical
westerlies across the Tibetan Plateau (Chiang et al., 2020; Zhao
et al., 2021a), which results in the different spatial variability of
precipitation in the EASM area. The timing and strength of the
northward shift of the subtropical westerlies affect the phase
variation and duration of spring, pre-Meiyu, Meiyu and summer
precipitation in southern China (Ding et al., 2018; Chiang et al.,
2020; Zhang et al., 2021b). An earlier transition of the subtropical
westerlies to the northern Tibetan Plateau will push the summer
rainfall bands to the north earlier, which result in a significant
shorter Meiyu season and longer summer. Finally, tripole pattern is
formed with lower precipitation in central China and higher pre-
cipitation in northern and southern China (Zhang et al., 2018;
Herzschuh et al., 2019).

During HS4, enhanced Hadley circulation suppressed the
northward shift of the subtropical westerlies due to the increased
temperature gradient between high and low latitudes in the NH
(McGee et al., 2018; Zhao et al., 2020, 2021a). The Hadley circula-
tion, an overturning circulation driven by differential heating at the
Earth's surface, consists of ascending branch (ITCZ) and sinking
branch (subtropical westerlies) (Hartmann, 2016; Zhao et al., 2020).
In the case of warmer boreal summer will increase the cross-
equatorial temperature gradient, thus shifting ascending branch
(ITCZ) northwards. At the same time, a decrease of the equatorial-
arctic temperature gradient also weaken the Hadley circulation
(McGee et al., 2018; Routson et al., 2019; Zhao et al., 2020). This
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eventually causes air masses uplifted from the tropics to reach
further north before sinking, thus contributing to the northward
shift of the subtropical westerlies (Chiang et al., 2015, 2017; Zhao
et al, 2020). In contrast, during HS4, decreased north-south
cross-equatorial temperature gradient because of colder boreal
summer, leading to the ITCZ shifted southward (McGee et al., 2014;
Burns et al.,, 2022). On the other hand, the increased equator-arctic
temperature gradient contributes to the strengthening of the
Hadley circulation and the faster sinking of air masses, which
eventually leads to the southward shift of the subtropical westerlies
(Chiang et al., 2017; Routson et al., 2019).

The westerlies north of the Tibetan Plateau moves later or
extended to the south, resulting in prolonged spring precipitation
in southern China, seasonal weakening in summer, as well as a
prolonged Meiyu rainy season and increased precipitation in the
Yangtze River basin in central China (Zhang et al., 2018; Chiang
et al., 2020; Wang et al., 2022b). In addition, the 6130,, in spring
precipitation is significantly positive compared with that in sum-
mer, coupled with the southward shift of the ITCZ and the weak-
ening moisture convection in the tropical Indian Ocean, it could
also lead to a significant positiver 3'30;, in the downstream region,
while the effect on regional precipitation is not remarkable (Tan,
2014; Chiang et al., 2020; Zhang et al., 2021b; Zhao et al., 2021b).
In the later phase of HS4, the gradual northward shift of the ITCZ,
and the gradual intensification of the ASM circulation will cause
subtropical westerlies to begin to gradually move northward (Zhao
et al., 2020), pushing the long-term southerly rainfall bands of early
HS4 northward. As the NH high latitudes are still cold at this time,
the temperature gradient between the NH high and low latitudes
has not changed significantly (Gkinis et al., 2021), resulting in a
limited northward push of the rainfall bands, regional environ-
mental conditions have only degraded slightly relative to the early
HS4, but are still on the humid side overall.

Several paleoclimate records from the middle and lower Yang-
tze River basin show relatively wet conditions in millennial-scales
climatic events (YD and HS1) during the LGM and last deglacia-
tion (Zhang et al., 2018; Liu et al., 2019a), in contrast to the recently
published high-resolution multi-proxy paleoclimate records during
the last glacial period by Wang et al., 2022b. This research suggests
that variations in the regional environment during the last glacial
period are synchronous with ASM (Wang et al, 2022b). The
regional environment is dry in the stadial, while is wet in the
interstadial. Our new records suggest that the regional environ-
ment is wet during HS4. The different hydroclimatic characteristics
presented by these records may be related to differences in the
location and intensity of rainfall bands at different boundary con-
ditions, seasonal differences in precipitation at different cave lo-
cations, and other regional factors such as altitude.

Extensive modelling has indicated that the wet conditions in the
middle and lower reaches of the Yangtze River during YD and HS1
are  associated with the southward shift of the
subtropical westerlies caused by the weakening of the AMOC, as
well as the prolongation of the Meiyu season (Zhang et al., 2018; He
etal., 2021a, 2021b). Compared to marine isotope stage (MIS) 3, the
climatic boundary conditions of the last deglaciation are more
complex. For example, reduced global ice volume (Lisiecki and
Raymo, 2005), weakened AMOC stability (Brovkin et al., 2021),
and large meltwater discharge events in the Antarctic can signifi-
cantly influence spatial differences in ASM monsoon precipitation
through teleconnection (Weber et al., 2014; Zhang et al., 2016). In
contrast, the boundary conditions are more stable during MIS 3,
and the spatial heterogeneity of the precipitation pattern may alter
accordingly. Wang et al., 2022b also emphasize that the mecha-
nisms driving spatial differences in precipitation in eastern China
during the last deglaciation (subtropical westerlies and Meiyu) may
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not be applicable with the last glacial period and that the ITCZ may
be the primary driver of precipitation variability in the Yangtze
River basin during the last glacial period.

The wet condition of HS4 indicated by YK1 is not observed in
HS5 and HS6 at Yongxing cave, which may be related to the location
of the Meiyu rainfall bands. The modern Meiyu zone ranges from 25
to 33°N (Ding et al., 2018). Compared to Yangkou cave (29°02'N),
Yongxing cave (31°35'N) is closer to the boundary of the Meiyu
zone and may be more sensitive to changes in the location of the
Meiyu. During HS4, due to the southward shift or prolonged loca-
tion of the Meiyu in southern China (Zhang et al., 2018; Chiang
et al., 2020), the Yangkou cave may better record the increased
precipitation of Meiyu at this time.

In addition to spring precipitation, the autumn rains in western
China may also be responsible for the potential increased precipi-
tation in Yangkou cave area during HS4. Compared with Yongxing
cave, Yangkou cave is closer to the influence area of autumn rains in
westen China (Bai and Dong, 2004; Zheng et al., 2018). Our cave
monitoring work also suggests that autumn precipitation in the
Yangkou cave area may account for ~30% of the annual precipitation
(Chen and Li, 2018). The last glacial period Greenland stadials has
the potential to perpetuate the super ENSO in the tropical Pacific
(Stott et al., 2002). The combination of the ENSO and Indian Ocean
Dipole positive phases can enhance moisture transport by the
southwest monsoon, which consequently increases the precipita-
tion of autumn rains in western China (Xu et al., 2016). Our 6-year
monitoring also indicates that during El Nino, increased near-
source moisture from the western Pacific and South China Sea
resulted in positive 3'80 in precipitation and cave drips, as well as
lower drip Mg/Ca due to higher precipitation (Chen and Li, 2018).
Finally, the elevation of Yangkou cave (~2140 m a.s.l) is approxi-
mately 1340 m higher than that of Yongxing cave (~800 m a.s.1). The
difference in altitude also has the potential to influence climatic
and environmental variation processes outside the cave.

5. Conclusions

This study provides the highest resolution stalagmite 80 re-
cord (11a) available from southwest China during HS4. The onset/
termination of the ASM response to HS4 was gradual in southern
China. The reasons for this characteristic is the sluggish response of
the atmospheric and hydrological cycles at low latitudes to abrupt
climatic changes at high northern latitudes and the influence of
temperature changes in the SH on the ASM through the cross-
equatorial jet. The onset of the HS4 termination in paleoclimate
records from low latitudes and the Antarctic were significantly
earlier than corresponding temperature changes in Greenland. The
relatively wet hydrological environment maintained in Yangkou
cave area during HS4 is related to the late shift of the subtropical
westerlies northward, the weakening of the summer season and
the increased precipitation in the Yangtze River basin in central
China. Our research highlights the non-homogeneous relationship
between ASM intensity and precipitation in southwest China and
the essential role of the atmospheric-ocean interaction at low lat-
itudes and the Southern Ocean in triggering abrupt climate change
events on millennial-scales during the last glacial period.
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