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ARTICLE INFO ABSTRACT

Keywords: Oxygen isotope (8'0) records of cave speleothem have played an important role in the past two decades in
Cave §'°0 records characterizing the Asian Monsoon (AM) variability and correlating the monsoonal events with other global
GS-20 event L climate events on millennial timescales. Of a series of millennial events occurred during the last glacial period,
Structure and timing the Chinese Stadial-20 (CS-20, corresponding to the Greenland Stadial-20, GS-20) event around ~ 73 kyr BP

Climate correlation (thousand years before present, where present = 1950 AD) is distinctive, since it is the weakest AM event during

the last glacial period and is likely linked to the Toba volcanic super-eruption. While Greenland ice core records
are commonly used to correlate the last glacial millennial events, yet their absolute age uncertainties around the
GS-20 is larger than 1000 years. This prohibits precise correlations of the event between global climate archives
from different climate systems to investigate the underlying climatic dynamics. Here, we present three Chinese
cave stalagmite §'®0 records from the AM region, covering a period from 76 to 71 kyr BP, across the CS-20. All
stalagmites have high uranium contents and relatively fast growth rates, allowing acquisition of high-resolution
(~10 years) 8'®0 records with precise 2*°Th age controls (<200 years, 20) to precisely characterize the
structure and timing of the CS-20. Our results demonstrate that the onset and termination of the CS-20 are more
gradual in Chinese cave records relative to the GS-20 event in Greenland ice core records. As such, we suggest a
new ‘break-point’ approach to correlate CS-20 with GS-20, at either the initial onset or initial termination shifts
of the events, instead of the conventional ‘mid-point’ match. We dated the initial onset and initial termination of
CS-20 to ~74.0 £ 0.2 and 72.5 = 0.2 kyr BP, respectively, confirming the Greenland ice core chronology well
within the quoted uncertainty. The ‘break-point’ correlation at the GS-20/CS-20 initial termination suggests a
lagged onset of CS-20 relative to the onset of GS-20. The lagged onset is in line with a northern high-latitude
forcing mechanism triggering the event and a central role of oceanic reorganizations in the propagation of the
climate signal. An alternative ‘break-point’ correlation at the GS-20/CS-20 initial onset suggests that the CS-20
initial termination leads the GS-20 initial termination by a few hundred years. This apparent paradox thus calls
for further empirical and theoretical studies to better understand the underlying climatic dynamics and in turn
the correlation strategy.

1. Introduction et al., 2001, 2008; Henderson, 2006; Wolff, 2014; Cheng et al., 2006,
2009; 2012, 2016a; 2018; WAIS Divide Project Members, 2015; Buizert

Cave speleothem oxygen isotope (8'80) records are important in et al., 2015; Chen et al., 2016). This is mainly because speleothems can
delineating Asian Monsoon (AM) variations and key correlation/cali- be dated precisely by high-precision 2*°Th methods (e.g., Cheng et al.,
bration datasets for characterizing global climate events (e.g., Wang 2013a), and their 8'0 values can be rapidly analyzed for high-
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resolution (e.g., Spotl and Mattey, 2006). On the other hand, the
Greenland climate during the last glacial is characterized by a series of
abrupt climate oscillations on millennial-scale, such as Dansgaar-
d-Oeschger (DO) events (Dansgaard et al., 1993), or Greenland Stadial
(GS) and Interstadial (GIS) events (e.g., North Greenland Ice Core
Project members, 2004; Rasmussen et al., 2006, 2014; Seierstad et al.,
2014). Importantly, these GS and GIS events can be correlated directly
to Chinese Stadial (CS) and Interstadial events (CIS) (Cheng et al.,
2006) in Chinese cave speleothem 880 records (e.g., Wang et al., 2001,
2008; Cheng et al., 2006, 2012, 2016a). In addition, many paleo-en-
vironmental archives from other climate systems can also be causally
linked to Greenland ice core and Chinese cave records (e.g., Blockley
et al., 2012; Cheng et al., 2012, 2016a). Such links are essential to es-
tablish a refined sequence of events and to investigate the climatic
dynamics leading to occurrences of these events. Nevertheless, in order
to establish such global climatic interconnections, two aspects remain
critical: (1) a set of precise chronological benchmarks for correlating
and calibrating climate events; and (2) an appropriate approach to link/
correlate a wide range of archives obtained from different climate
systems that presumably characterize different climate attributes.

Greenland ice core records are commonly used for last glacial cli-
mate correlations, because during the period these records show a
number of abrupt climate events with chronologies constrained by
annual layer counting. However, a critical limit is that the accumulated
layer counting uncertainties increase progressively with ice core depth
or time. Particularly, the reported uncertainty for the section older than
60 kyr BP (thousand years before present, where present = 1950 AD) is
~1000 years or larger (Svensson et al., 2008, 2013). The widely used
Greenland ice core chronologies in the past decade are the GICCO05
(e.g., Vinther et al., 2006; Rasmussen et al., 2006; Andersen et al.,
2006; Svensson et al., 2008) and ss09sea model timescales (Johnsen
etal., 2001; Andersen et al., 2006). The GICCO5 extends just to ~60 kyr
BP. The chronology of the section older than 60 kyr BP in Greenland ice
cores is based on the ss09sea modelled timescale (Johnsen et al., 2001).
In order to match the GICCO5 at ~60 kyr BP, the older section of the
ssO9sea timescale was shifted by 705 years to younger side. This new
chronology is denoted the GICCO5Smodelext (Wolff et al., 2010). While
the improvement of Greenland ice core chronologies continues (e.g.,
Rasmussen et al., 2014; Rousseau et al., 2017; Adolphi et al., 2018), up
to now, the chronology of the section older than 60 kyr BP has not been
considerably refined.

Additionally, how to precisely and casually correlate the abrupt
changes in Greenland ice core records to the relatively gradual mon-
soon shifts is a critical issue to resolve. A direct correlation via absolute
ages is currently unfeasible between the monsoon CS-20 and Greenland
ice core GS-20 events. This is because the age uncertainties in ice core
absolute chronology are considerably larger (> 1000 years) than the
durations of climate shifts that we compare here. On the other hand,
Chinese cave speleothem samples have great potential to date the
corresponding monsoonal events (or shifts) during the last glacial with
absolute errors about one magnitude smaller than those in the ice cores
by using recently improved **°Th dating techniques (e.g., Cheng et al.,
2013a). This allows a more precise cave-based chronology beyond 60
kyr BP, which can be potentially used to calibrate the Greenland ice
core chronology. Nevertheless, it remains unclear whether we can ca-
sually use the ‘mid-points’ to correlate relatively gradual AM shift in
Chinese cave 8'80 records with the corresponding abrupt change of
Greenland temperature in the ice core 8'80 records (e.g., WAIS Divide
Project Members, 2015).

Of many millennial AM events in Chinese cave records in the last
glacial period, a further study of the CS-20 event is important for three
reasons. Firstly, the event occurred at ~73 kyr BP, when the current ice
core chronological uncertainty is large due to the accumulated un-
certainty from annual layer counting (e.g., GICCO5modelext,
Rasmussen et al., 2014; Seierstad et al., 2014). Secondly, up to now,
Chinese cave records of this event have merely low §'®0 temporal
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resolutions (~40-200 years) with large dating uncertainties (~300
years or larger), and insufficient dating resolutions (1-3 dates between
74 and 72 kyr BP for each previous record) (Wang et al., 2001, 2008;
Chen et al., 2016; Zhang et al., 2017). Thirdly, this event is the weakest
AM event during the last glacial period in Chinese cave records (e.g.,
Wang et al., 2001; Xia et al., 2007; Chen et al., 2016; Zhang et al., 2017)
and apparently linked to the largest volcanic eruption in the Quaternary
(the Toba event) (e.g., Rampino and Self, 1992; Williams et al., 2009,
2010; Haslam and Petraglia, 2010). In this study, we report three
Chinese cave 8'80 records from the AM region, covering a period from
76 to 71 kyr BP, across the CS-20. All of the three stalagmite sections
have high uranium contents (4-20 ppm) and relatively fast growth
rates, allowing high-resolution (~ 10 years) §'%0 records to be obtained
with precise *°Th age controls (<200 years, 20). The aim of this work
is to precisely characterize the structure and timing of the CS-20 event
in the AM regime, test possible approaches to correlate the CS-20 with
the GS-20 in the context of climate dynamics, and thus provide a
chorological benchmark for correlating and calibrating climate varia-
tions surrounding the event.

2. Cave locations, samples and methods
2.1. Cave sites and stalagmite samples

Three stalagmite samples used in this study were collected from
Yangkou cave (YK7 and YK02) and Wanxiang cave (WX40C), respec-
tively. Yangkou cave (29°02’N, 107°11’E, 2140 m.a.s.l.) is in the Jinfo
Mountain, Chongqing, southwestern China where the regional climate
is dominated by the AM. The mean annual precipitation and tempera-
ture in the area are ~1400 mm and ~7.5°C (Li et al., 2014). Wanxiang
cave (33°19’N, 105°00’E, 1200 m.a.s.l.) is in Wudu, Gansu, central
China at the summer AM fringe area where the semi-arid climate pre-
vails (Fig. 1). The mean annual precipitation and temperature in the
area are ~490 mm and ~11°C (Zhang et al., 2008, 2010). Three sta-
lagmites YK, YKO2 and WX40C are 250, 225 and 80 mm long, respec-
tively (Fig. S1). There are no visible hiatuses in stalagmites YK7 and
WX40C (76-71 kyr BP), but a hiatus occurred at ~15cm from top
(~73 kyr BP) in stalagmite YKO2.

2.2. U-Th dating

Stalagmites were first halved along growth axis and polished (Fig.
S1). About 20-50 mg of powder was drilled near the central axis for
each 2°°Th dating subsample. 61 subsamples (21, 28 and 12 for sta-
lagmites YK7, YKO2 and WX40C respectively) were dated using a re-
cently improved 2*°Th method (Cheng et al., 2013a). Dating was per-
formed at the Isotope Laboratory, Xi'an Jiaotong University, China.
Standard chemistry procedures (Edwards et al., 1987; Cheng et al.,
2000; Shen et al., 2002, 2003) were used to separate U and Th. U and
Th isotopes were measured using Thermo-Scientific Neptune multi-
collector inductively coupled plasma mass spectrometers equipped with
a MasCom multiplier behind the retarding potential quadrupole in
peak-jumping mode. We followed similar procedures of characterizing
the multiplier as described in Cheng et al. (2000). Instrumentation,
standardization and half-lives are described in Cheng et al. (2000,
2013b). Uncertainties in U/Th isotopic data were calculated offline at
20 level, including corrections for blanks, multiplier dark noise, abun-
dance sensitivity, and contents of the same nuclides in spike solution.
Corrected 2°°Th ages assume the initial 2*°Th/>*?Th atomic ratio of
4.4 + 2.2 x 10™°, the values for a material at secular equilibrium with
the bulk earth 232Th/?%8U value of 3.8. Corrections are negligible due to
high U and relatively low 2*Th contents (indicating low initial >*°Th)
of the samples. The dating results of the three stalagmite samples are in
Table S1. Age uncertainties are reported at 20 level. All ages are in
stratigraphic order within dating uncertainties. Our dating results show
that all three stalagmites contain a section from 75 to 71 kyr BP across
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Fig. 1. Cave and ice core locations. Light blue circles indicate locations of Yangkou (29°02'N, 107°11’E) and Wangxiang (33°19’N, 105°00’E) caves (this study).
Yongxing (31°35'N, 111°14’E) (Chen et al., 2016), Hulu (32°30’N, 119°10’E) (Wang et al., 2001), Sanbao (31°40’N, 110°26’E) (Wang et al., 2008) and Secret (in
northern Borneo, 4°N, 115°E) (Carolin et al., 2013) caves are depicted by yellow circles. All above records cover the GS-20/CS-20 event. Black dots indicate locations

of the Greenland and Antarctic ice cores in discussions.
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Fig. 2. Cave 8'80 records. (a)—(c) are YK7, YKO2 and WX40C records, respec-
tively. Error bars (20) show 2*°Th dating results. The dashed curve in (b) in-
dicates a slow growth section (or hiatus) in the stalagmite YKO2.

the CS-20 event (Table S1 and Fig. 2).

2.3. Stable isotope analyses

The 880 values of three stalagmites were measured in three

laboratories. We obtained ~2300 §'%0 data. About 1200 subsamples
from the stalagmite YK7 were analyzed at Xi'an Jiaotong University,
China using the Thermo-Scientific MAT-253 mass spectrometer con-
nected with a Carbonate Device (Kiel-IV). The subsamples were mi-
cromilled by a New Wave Micromill along the central growth axis of the
stalagmite. About 500 subsamples from stalagmite YKO2 were analyzed
at the University of San Paulo, Brazil using an on-line carbonate pre-
paration system (Gasbench-II) interfaced with an isotope ratio mass
spectrometer (Delta-V). The subsamples were micromilled along the
extension axis of the stalagmite at ~0.2mm increment. About 600
subsamples from the stalagmite WX40C were analyzed at Nanjing
Institute of Geology and Paleontology in China, using the Thermo-
Scientific MAT-253 mass spectrometer fitted with a Carbonate Device
(Kiel-I1I). The subsamples were collected by using dental drill or graver,
and the methods were described in Zhang et al. (2010). All stable iso-
tope data are reported in per mil (%o) relative to the Vienna PeeDee
Belemnite (VPDB) standard (Table S2). Standard measurements of §'0
values in above three laboratories show a long-term reproducibility of
~0.1%o or better (10).

2.4. ‘Break-point’ determination and correlation

In order to objectively assess the timings of the initial onset and
termination of the GS-20/CS-20 events in Greenland ice core and our
cave records (Fig. 3), we applied a statistical regression approach using
the RAMPFIT (Mudelsee, 2000). This method is commonly used to
determine the ‘break-point’ in various proxy time series (e.g., Fleitmann
et al., 2003; Steffensen et al., 2008; Jiang et al., 2012). In principle, the
method uses a continuous function consisting of two linear parts that
are joined at the ‘break-point’. The break model is fitted to data using a
weighted least-squares method with a brute-force search for the ‘break-
point’ (or the ‘change-point’).

We suggest to correlate 8'®%0 records from Chinese caves and
Greenland ice cores via their ‘break-points’, instead of the commonly-
used ‘mid-points’. The basic concepts related to this approach are illu-
strated in Fig. 3. The assumption of the ‘break-point’ synchronies
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Fig. 3. Schematic of the GS-20/CS-20 events and their correlations. Conceptual
8180 variations of Chinese cave (dashed line) and Greenland ice core (solid line)
records across the CS-20/GS-20. B1 to B4 and bl to b4 indicate the ‘break-
points’ of Greenland ice core and Chinese cave 8'®0 records, respectively. M1
and M2 and m1 and m2 depict ‘mid-points’ of 8'®0 shifts in Greenland ice core
and Chinese cave 8'®0 records, respectively. Apparently, the shifts of Chinese
cave §'0 records into and out of the CS-20 are more gradual compared with
the Greenland counterparts (GS-20). (A) The correlation by matching ‘break-
points’ of b3 and B3. In this case, the initial termination shifts in both Chinese
and Greenland records are assumed to be at the same time, but Greenland re-
cord reaches the new state (B4) earlier than Chinese records (b4). (B) The
conventional correlation by matching ‘mid-points’ of m3 and M3. In this case,
the initial shifts in Chinese records (b3) would theoretically lead the corre-
sponding Greenland changes (B3). In addition, this correlation is virtually si-
milar to the correlation by matching ‘break-points’ at the initial onset shifts (b1
and B1) (see discussions in the following text).

between the CS and GS events is coherent with the hypothesis that the
trigger of millennial events resides in the northern high-latitude (e.g.,
Broecker, 1991, 2003; Ommen, 2015; WAIS Divide Project Members,
2015; Henry et al., 2016) (Fig. 3). Moreover, a recent work (Rosen
et al.,, 2014) demonstrated that the abrupt temperature rise over
Greenland inferred from the abrupt ice core §'®0 increase is nearly
synchronous with or slightly leads (within 30 years) to the corre-
sponding change in tropical methane (CH,4) sources at the onset of the
Bolling—Allergd. The observation provides a critical test of the syn-
chroneity between Greenland temperature and tropical monsoon
changes. This is conceivable because AM changes as recorded by Chi-
nese cave records can be causally linked to CH, variations via increases
in continent rainfall and wet land expansion (e.g., Cheng et al., 2006,
2009, 2016a; Loulergue et al., 2008; Wolff, 2014; Rhodes et al., 2015,
2017). However, as a commonly-used approach, Greenland ice core
records were calibrated (for example, multiplied by a factor of 1.0063)
to the Hulu cave record via mid-point matching on the basis of an
ambiguous assumption of contemporaneous changes in the two ar-
chives (WAIS Divide Project Members, 2015). The challenge here lies in
that a number of high-resolution cave records from China reveal rela-
tively gradual shifts in millennial-scale variations during the last glacial
period that are to some extent similar to Antarctic gradual climate
changes, rather than Greenland abrupt changes (e.g., Barker and Knorr,
2007; Rohling et al., 2009; Cheng et al., 2016a; Chen et al., 2016; Han
et al., 2016; Zhang et al., 2016; Zhang et al., 2017). This observation
thus calls for new approaches for correlating the ice core and cave re-
cords, because the conventional mid-point matching (e.g., Wang et al.,
2001; Buizert et al., 2015; WAIS Divide Project Members, 2015) would
imply that the initial shift in the low-latitude monsoon climate leads the
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Fig. 4. Comparison of GS-20/CS-20 events. (a) The GS-20 in Greenland ice core
NGRIP2 (black) and GISP2 (red) 8'®0 records (GICCO5modelext chronology,
Seierstad et al., 2014; Rasmussen et al., 2014). (b) The GS-20 in the Greenland
ice core NGRIP2 (blue) and GISP2 (green) [Ca?*] records (GICCOSmodelext
chronology, Seierstad et al., 2014; Rasmussen et al., 2014). (c)—-(e) YK7, YK02
and WX40C 8'®0 records, respectively (this study). (f) The Antarctic EDC ice
core 8D record (AICCO2 chronology with 500 years shift to older side, Veres
et al., 2013). Vertical dash lines depict the onset and termination of the GS-20
events (based on mid-points of Greenland ice core records) (Rasmussen et al.,
2014). Dashed orange curve and error bars are as same as those in Fig. 2. Two
vertical lines indicate the timing of the two major Toba volcanic eruptions
based on the correlation to the most significant sulphate and conductivity peaks
in Greenland ice core records [i.e., Toba eruptions T1 and T2 in Svensson et al.
(2013)]. Orange arrows depict earlier rises in the monsoon intensity.

corresponding high-latitude temperature change due to the monsoon
climate record's more gradul nature compared to the counterpart in the
ice core records, thus the trigger would reside in low-latitude climate
regimes (Fig. 3). This contradicts the current understanding about the
climate dynamics that suggest a trigger residing at the northern high-
latitude (e.g., Broecker, 1998; Stocker and Johnsen, 2003). As such, the
related discussion below will focus on the correlations via the ‘break-
points’ at either the onset or the termination of CS-20/GS-20 events, in
line with the assumption of the synchroneity between the abrupt
Greenland temperature change and the initial AM response (Figs. 3 and
9.

3. Results
3.1. Age model
Three stalagmite samples (YK7, YKO2 and WX40C) used in this

study have high U contents, allowing us to obtain high-precision >*°Th
dates with typically 200 year uncertainty (20) or less. Age models were
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obtained by using programs Modage (Hercman and Pawlak, 2012),
Stalage (Scholz and Hoffmann, 2011), Copra (Breitenbach et al., 2012),
Bchron (Parnell et al., 2018), Bacon (Blaauw and Christen, 2011), and
Oxcal (Ramsey, 2008), respectively (Fig. S2). The results of six age
models for each stalagmite are similar to each other within un-
certainties, and agree broadly with the linear interpolation results be-
tween two adjacent dates (within 95% confidence interval and the
uncertainties of less than 2-3%o). We report here the Oxcal results
(Table S1 and Fig. S3). The results show that the stalagmite YK7 grew
fast and continuously from ~75 to 71 kyr BP (~0.03 mm/year), but
slowly from ~78 to 76 kyr BP (~0.01 mm/year). YKO2 shows a nearly
constant growth rate of ~0.03 mm/year, but there is a hiatus from 14.7
to 15.2cm. WX40C grew much slower with a mean growth rate of
~0.006 mm/year (Figs. S2 and S3).

3.2. Oxygen isotope records

Chinese cave 880 records have been widely used to reconstruct the
AM history and its global teleconnections (e.g., Cheng et al., 2012,
2016a; 2016b). However, the climate significance of Chinese cave §'%0
records remains an issue in hot debate (e.g., Maher, 2008; Dayem et al.,
2010; Clemens et al., 2010, 2018; Pausata et al., 2011; Caley et al.,
2014; Chen et al., 2015; Liu et al., 2015; Rao et al., 2015). The dis-
agreements stemmed at least partially from different understandings
about the notion of the ‘AM intensity’. Chinese cave 80 records,
particularly on millennial-scale discussed here, reflect to first order
changes in fraction of water vapor rained out between tropical sources
and cave sites (e.g., Cheng et al., 2016a; Zhao et al., 2018): the larger
atmospheric circulation, the stronger AM, the more remote moisture
with more rainout along moisture trajectory, and thus the lighter cave
880 values (e.g., Yuan et al., 2004). For instance, in responding to the
large millennial-scale cold events, including the CS-20/GS-20 event,
cave §'%0 records in the AM region show a consistent heavier excur-
sion, suggesting an overall weak AM state, although the corresponding
changes in rainfall amount were likely spatially heterogeneous in the
AM domain as suggested both by model simulation (e.g., LeGrande and
Schmidt, 2009; Pausata et al., 2011; Liu et al., 2014) and observational
data (e.g., Cheng et al., 2016b; Zhang et al., 2018). In this sense, the
longstanding disparity surround the interpretation of Chinese cave §'80
records is somewhat superficial rather than tangible. As such, we in-
terpret low and high values of our cave §'0 records reflecting ‘stronger
monsoon’ and ‘weaker monsoon’ respectively, consistent broadly with
both theoretical and empirical studies (e.g., Cheng et al., 2016a, 2016b;
Zhang et al., 2018).

Our new records show a distinctive weak AM event (CS-20)
with > 2%o 8'®0 excursion centered around 73 kyr BP (e.g., Wang
et al., 2001; Cheng et al., 2006; Rasmussen et al., 2014) (Fig. 2). The
structure of the event is characterized by a gradual onset (over several
hundred years) and faster termination (over a few hundred years)
processes in our cave records (Fig. 2). The YK7 record has the highest
temporal-resolution and best age control, providing an unprecedented
high-resolution (~6 years) record with much less age uncertainties
across the AM CS-20 event (<200 year dating errors, or ~140 year
uncertainty based on the Oxcal age model, Fig. S3). Thus, we char-
acterize the CS-20 event based mainly on the YK7 record, together with
an additional replication test on the timing of the ‘break-points’ through
the other two (YK02 and WX40C) records.

4. Discussion
4.1. Timing and structure of the CS-20 event

The CS-20 event in our new records has a structure characterized by
a more gradual onset and termination compared to the GS-20 event in

Greenland ice core records. Specifically, the onset of the GS-20 in
Greenland ice core records is a relatively rapid (~300 years) cooling
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(inferred from a ~5%o 8'%0 decrease) companied by a [Ca%?*] (in-
dicating dust content) increase of ~400 ppb (Fig. 4). The onset in the
cave records however, show a rather gradual trend of 8'%0 increase
(> 2%o) over a ~500 year period. Intriguingly, the Antarctic EDC §'%0
(a temperature proxy) record also shows a gradual increase after the
Greenland GS-20 onset, corresponding to the Antarctic Isotope Maxima
(AIM)-19 (Svensson et al., 2013) (Fig. 4). The termination of the CS-20
event in our cave records is also relatively gradual with a §!%0 change
of ~2%o over apparently variable periods of ~200 (the WX40C record)
to ~500 (the YK7 and YKO2 records) years, yet the YK7 record is more
robust due to its higher 8’80 temporal resolution and better dating
control. The gradual changes in the cave records are noticeably similar
to the Antarctic climate records (e.g., Rohling et al., 2009; Cheng et al.,
2016a; Chen et al., 2016; Zhang et al., 2017), and in contrast to the
abrupt changes (within ~100 years) in both Greenland temperature
inferred by 8'%0 and dust flux inferred by [Ca%®™] concentration
(Fig. 4).

4.2. ‘Break point’ correlations

Our analyses show that the ‘break-points’ at the initial terminations
of the CS-20/GS-20 events are appropriately defined in the Chinese
cave and Greenland ice core 8'®0 records (Fig. 5A). The corresponding
‘break-points’ in YK7, YKO2 and WX40C records are at 72.6 = 0.2,
72.4 * 0.2, and 72.4 *= 0.2 kyr BP, respectively. The average is 72.5
kyr BP with error of about + 200 years based directly on 2*°Th dating
error, or about = 140 years estimated by the Oxcal age model (20).
Accordingly, to match the ‘break-points’, we shift the Greenland ice
core (NGRIP2 and GISP2) chronology (GICCO5modelext) well within
the quoted uncertainty around this time range (> 1000 years,
Rasmussen et al., 2014) to older side by 150 years without changing
relative ages. This suggests that the GICCO5modelext chronology (after
the shift of —705 years, Wolff et al., 2010) is consistent with our new
correlation within *°Th dating uncertainties. As a result, the termina-
tion shift in Greenland ice core records are from ~72.5 to 72.4 kyr BP
with a duration of ~100 years based on the relative chronology of the
ice core (Fig. 5A). Boch et al. (2011) reported a GI-19 ‘isotopic max.
age’ of 71.69 = 0.22 (20) kyr BP determined from a NALPS spe-
leothem. Consistently, this age is a few hundred years younger than
72.4 *+ 0.2 kyr BP determined in this study as the onset timing of the
GI-19.2. In contrast, the onset of CI-19.2 in YK7 and WX40C records are
~72.0 = 0.2 and 72.2 = 0.2 kyr BP, apparently lagging to the
Greenland ice core records by ~200-400 years. The onset timing of the
GI-19.2 in the YKO2 record appears to have a longer lag to the Green-
land ice core record, but less reliable than the YK7 record. On the other
hand, the GS-20 onset in Greenland ice core records is from ~74.45 to
74.15 kyr BP (incorporating the 150 year shift to older side) with a
duration of ~300 years (Fig. 5A). In our cave records, the corre-
sponding ‘break-points’ in YK7, YKO2 and WX40C records at the initial
onset are ~74.1 * 0.2, 73.9 = 0.2 and 73.9 = 0.2 kyr BP. The
average is 74.0 kyr BP with error of about = 200 years. There is ap-
parently a few hundred year (or less) lag in the cave records compared
to the Greenland records at the initial onset of the event, given that the
uncertainty in relative age of the ice core is minor (approximately
~100 years or ~1 year/20 years across the event, Svensson et al.,
2008, 2013). However, it is unclear whether the lag indicates a late AM
response to the abrupt temperature change as observed in Greenland or
a crucial problem stemmed from the correlation strategy itself.

Another alternative approach is the correlation via the ‘break-
points’ at the initial onset of the CS-20/GS-20 events (the points bl and
B1 in Fig. 3). This correlation, on the basis of the YK7 ‘break point’, will
shift the Greenland records (on the GICCO5Smodelext chronology) 150
years to younger side (within uncertainties of the ice core chronology
and the 2°°Th dating errors) (Fig. 5B). Intriguingly, this correlation sets
the Greenland abrupt termination close to the middle/late of the AM
termination process, and thus suggests an earlier termination shift of
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Fig. 5. The ‘break-point’ correlations at the initial termination (A) and onset (B) of GS/CS-20 events. Records (a) to (f) are as same as in Fig. 4. The ‘break-points’
were determined by the program RAMPFIT (Mudelsee, 2000). Vertical grey dash lines (A) depict the onset and termination of the GS-20 event based on the ‘break-
points’ correlations at the initial termination. Grey bar (B) depicts the termination of the GS-20 event. Dashed orange curve and error bars are as same as in Fig. 2.
Red dots (A) indicate the ‘break-points’ of the initial termination shift. Green dots and purple dash line (B) indicate the ‘break-points’ of the initial onset shift. To
match the ‘break-points’ of the initial termination and onset shift to that in YK7 record, both YKO2 and WX40C 880 records were shifted by 100 years to older side
(A) and by 250 years to older side (B) respectively. The Greenland records (on the GICCO5modelext chronology) were shifted by 150 years to older side (A) and by
150 years to younger side (B), respectively. The Antarctic EDC ice core 8D record were shifted by 700 years (A) and 500 years (B) to older side, respectively.

the CS-20 event (Fig. 5B). In other words, regarding climatic dynamics,
while the initial onset of the GS-20/CS-20 events are presumed to be
synchronous, the CS-20 event termination should start a few hundred
years earlier in the low-latitude climate regime compared with the
Greenland GS-20 event.

4.3. Global correlations

The structures of the CS-20 event in our records are similar to other
Chinese cave records with lower resolutions (Fig. 6). In addition, a cave
880 record from northern Borneo, Malaysia also shows a similar hy-
droclimatic transition in the tropical region centered at ~73.4 kyr BP
(Carolin et al., 2013). Recent 8'80 data from Qal'e Kord cave, Iran re-
veals a drying event in the Asian Westerly climate region, equivalent to
the CS-20/GS-20 (Mehterian et al., 2017). In the South American
Monsoon (SAM) regime in Southern Hemisphere, the GS-20 event is an
anti-phased hydroclimatic excursion (relative to the AM) in 8180 re-
cords from Botuverd (Cruz et al., 2005; Wang et al., 2006) and Cueva
del Diamante (Cheng et al., 2013a) caves. In addition, based on our
correlations, the two possible Toba volcanic eruptions [T1 and T2 de-
fined in Svensson et al. (2013)] occured at ~74.21 and 74.31 kyr BP
according to the correlation via the ‘break points’ of the initial termi-
nation (Fig. 6A) or at 73.91 and 74.01 kyr BPaccording to the corre-
lation via the ‘break points’ of the initial onset (Fig. 6B), coincided with
a previous determination of 73.88 = 0.64 kyr BP (20, full external
errors, Storey et al., 2012). In comparison with the Chinese cave re-
cords, these two volcanic events occurred around the initial onset of the
AM reduction (Fig. 6), suggesting a possible link between the Toba

eruption and the largest AM reduction during the last glacial period.

4.4. Underlying dynamics

The ‘break-point’ correlations between Chinese cave and Greenland
ice core 880 records (Figs. 3 and 5) is likely an appropriate approach,
because it underlines that their initial changes occurred at the same
time. As aforementioned, such correlations are consistent with a syn-
chronous or slightly leading relationship between Greenland and tro-
pical changes on millennial-scale (i.e., 4.5 + 21/-24 years, Rosen et al.,
2014; Wolff, 2014). On the other hand, the more gradual monsoon
shifts afterwards in comparison with the abrupt Greenland temperature
change are likely attributed to an important role of ocean circulation
and/or sea surface temperature in reorganizations of low-latitude cli-
mate (WAIS Divide Project Members, 2015). The gradual shifts of the
monsoon responses take a few hundred years longer than Greenland
temperature changes (Fig. 5), which is of the same order compared to
the observed lag (~200 years) of the Antarctic responses to the
northern high-latitude changes due to a central role of ocean circula-
tions (WAIS Divide Project Members, 2015). In principle, the monsoon
variability is largely driven by the temperature gradient between land
and ocean, and hence it is expected that the corresponding monsoon
changes would take longer time because of relatively slow responses of
oceanic processes to the abrupt climate change recorded in Greenland
ice core records.

Two decades ago, a mechanism of the bipolar seesaw was proposed
to explain the anti-phase temperature variance between Greenland and
Antarctica (e.g., Broecker, 1998; Stocker, 1998). According to this
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indicate the timing of the Toba volcanic eruptions based on its correlation to the most significant sulphate and conductivity peaks in Greenland ice core records [i.e.,
Toba eruptions T1 and T2 in Svensson et al. (2013)]. Dashed orange curves and error bars are as same as in Fig. 2.

hypothesis, changes in the Atlantic meridional overturning circulation
(AMOC) was a key process that explains millennial-scale climate os-
cillations during the last glacial period, including the GS-20 event (e.g.,
Broecker and Denton, 1989; Alley, 2007; Cosford et al., 2008; Cheng
et al., 2012; Stocker and Johnsen, 2003; Wolff, 2014): a shut-off/
slowdown (or reinitiating) of the AMOC, triggering rapid cooling (or
warming) in the north, should cause a warming (cooling) in the south,
and vice versa. The observed Antarctic temperature variations inferred
by 8D records from Antarctic ice cores show more gradual responses
(e.g., Veres et al., 2013) with a lag (~200 = 100 years) to the
Greenland changes (WAIS Divide Project Members, 2015), consistent
with the bipolar seesaw hypothesis. This mechanism may explain the
wide anti-phased relationship of millennial events between north and
south as well, including the global monsoon variations (e.g., Cheng
et al., 2012) (Fig. 6). In addition, the corresponding variations of the
low-latitude monsoons inferred by cave records behave indeed a pat-
tern between Greenland and Antarctica: more gradual than Greenland,
but more abrupt than Antarctica (Figs. 4-6). It thus appears that the
monsoonal variations on millennial-scale may be suited in a response
framework coherent with the bipolar seesaw mechanism.

The correlation between the Chinese AM and Greenland tempera-
ture records involves the climatic dynamics outlined above, which has
not been cautiously considered in the past. With considerable

improvements in both proxy resolution and dating precision, it is now
necessary and possible as well to reexamine the strategies of correlation
between the Chinese and Greenland records. The conventional mid-
point correlation would suggest an earlier low-latitude monsoonal
change than abrupt Greenland temperature jump (Fig. 3). Additionally,
regarding the GS-20/CS-20 events, only one of mid-points, either onset
or termination, can be correlated because of the shorter CS-20 duration
between the two mid-points compared with the GS-20 (Figs. 3-5). The
correlation via the ‘break points’ at the initial termination shift (Fig. 3A)
would imply a synchronous termination of the GS-20/CS-20 events with
the trigger likely resided in the northern high-latitude. According to this
correlation, however, the CS-20 onset would lag to the GS-20 by a few
hundred years (Figs. 3-5). Alternatively, The correlation via the ‘break
points’ at the initial onset shift would imply a synchronous onset of the
GS-20/CS-20 events with the trigger also likely resided in the northern
high-latitude. However, this correlation would also imply that GS-20
termination lag to the CS-20 by a few hundred years, similar to the
results from the mid-point matching strategy (Figs. 3-5).

Whether the above approaches via ‘break-point’ correlations are
valid remain an open question, which is largely dependent on our un-
derstating about the underlying climate dynamics, and beyond the
scope of this study. Instead, with our new high-resolution and precisely
dated Chinese cave records, we now can demonstrate different
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approaches to the correlation between AM and Greenland temperature
records in the context of their underlying climatic dynamics.
Nevertheless, more high-resolution and precisely dated climate records
and model simulations are critical in order to better understand the
mechanism behind the millennial climate events and in turn to attain an
appropriate correlation between the Chinese AM and Greenland tem-
perature changes.

5. Conclusions

Three new Chinese cave 8'®0 records characterize the AM varia-
tions across the CS-20 event in detail. In all records, the event has
common (within error) ‘break-points’ at 72.5 + 0.2 and ~74.0 = 0.2
kyr BP, marking the initial termination and onset shifts, respectively.
The two timing-benchmarks are used respectively to correlate the si-
milar ‘break-points’ in Greenland ice core 8'80 records, suggesting an
ice core chronology (GICCO5modelext) shift of ~150 years to older and
younger side, accordingly. While both shifts inferred by the two dif-
ferent correlations are well within the current uncertainty of the ice
core chronology across the time range, their underlying climate dy-
namics are quite different. On the basis of the correlation via the initial
termination shifts, the more gradual termination of the CS-20 event in
the cave records suggest a few hundred year lag of complete monsoon
responses to the abrupt change in Greenland ice core records. This lag is
comparable in terms of duration with that of Antarctic temperature
response (WAIS Divide Project Members, 2015), suggesting a key role
of oceanic reorganizations in the propagation of the abrupt climate
signal presumably originated in northern high-latitude (or the North
Atlantic). On the other hand, on the basis of the correlation via the
initial onset shifts, the initial termination shift of the CS-20 leads the
GS-20 termination by a few hundred years, implying a more important
and active role of the low-latitude climate change in driving millennial-
scale climate variations. The different correlations and their different
climatic dynamics call for further observational and modeling studies.
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