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Abstract Detailed Asian summer monsoon (ASM) variability across Heinrich stadials (HSs) 5 to 2 was
reconstructed from four stalagmite oxygen isotopic (3'20) records in central and southern China. For the
last glacial period, these speleothem records, combined with previous cave records, reveal a rapid ASM
decline at the onset of each HS. During this time, ASM intensity decreases immediately to the weakest level
within approximately 50 years, which is followed by a gradual intensification in the mid-HS. Typically, this
process of ASM weakening is synchronous with peak ice-rafted debris deposition and large freshwater
outbursts into the North Atlantic, implying a tight link between the two. During the Holocene, however, a
relatively gradual ASM decrease occurred at the start of the Bond events. Comparatively, the ASM decrease
during the Bond events is generally accomplished within 110 years, and the weakest ASM occurs near the
end. This difference implicates a further southward displacement of the Intertropical Convergence Zone
and a stronger impact from the Atlantic meridional overturning circulation on the ASM in the early HS.
Moreover, contrasting expressions of the ASM during HSs and Bond events suggest that a fixed phase
relationship during bipolar climate changes cannot be expected.

Plain Language Summary The anatomy of internal structures in abrupt climate events under
different climate boundaries is important for understanding the physical mechanisms. The §'°0 records
from Chinese cave deposits can be used as an indicator for Asian summer monsoon (ASM) variability, which is
closely related to changes of North Atlantic climates and shifts of the Intertropical Convergence Zone. In
this study, a comparison of 3'0 records from different caves in China revealed that the ASM declined rapidly
at the onset of the Heinrich events in the last glacial period but gradually at the onset of Bond events

in the Holocene. This indicates that the volume of freshwater inputs into the North Atlantic during the
Heinrich events was large, and the southerly movement of the Intertropical Convergence Zone was
exceptionally significant. As an atmospheric bridge linking bipolar climate changes, different expressions in
ASM variations in the last glacial and the Holocene should be considered when correlating northern and
southern hemispheric climate changes.

1. Introduction

The anatomy of internal structures in abrupt climate changes is important for understanding the forcing
mechanisms behind these changes. Recently, the frequency, amplitude, and duration of millennial-scale
climate oscillations were suggested to be dependent on Earth’s average background conditions during the
last glacial period (Arzel et al, 2012; Prange et al., 2004; Romanova et al., 2004; Sima et al, 2004; Wang
et al, 2008; Wang & Mysak, 2006). However, the connection between the internal structure of these climate
instabilities and the mean climate state remains unclear. During Heinrich stadials (HSs), Greenland tempera-
ture frequently remains in a cold, stable phase, while higher variability can be observed in low latitudes
(Corrége et al, 2004; Felis et al., 2012) and southern climates (Landais et al.,, 2015), reflecting a pronounced
spatial diversity between them.

In the Holocene, climate instabilities (termed as Bond events) over a cycle of 1,500 years were pervasive
according to terrestrial and oceanic records (Gupta et al., 2005; Wang et al., 2005). These climate variations
were smaller in amplitude and shorter in duration than those of the last glacial period and had different
forcing mechanisms related to contrasting background conditions. A multiproxy study on a Greenland ice
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Figure 1. Studied locations and general circulation patterns of the Asian
summer monsoon from 1971 to 2000 (NCAR/NCEP; Kalnay et al., 1996). The
yellow area represents the Qinghai-Tibetan Plateau. The numbers indicate
locations for the (1) Kulishu (39°41'N, 115°39E, Ma et al., 2012), (2) Qingtian
(31°20'N, 110°22'E, this study), (3) Sanbao (31°40'N, 110°26'E, Zhao et al.,
2010), (4) Tian'e (31°43'N, 110°38'E, this study), (5) Heshang (30°27'N,
110°25'E, Liu, Henderson, et al,, 2013), (6) Hulu (32°30'N, 119°10'E, Wang

et al, 2001), (7) Wulu (26°03'N, 105°05'E, this study), (8) Dashibao (26°05'N,
105°03'E, Zhao et al,, 2010), (9) Yamen (25°29'N, 107°54'E, Yang et al,, 2010),
(10) Dongge (25°17'N, 108°05'E, Zhao et al, 2015), (11) Yongxing (31°35'N,
111°14'E, Chen et al,, 2016), (12) Qixing (25°59'N,107°16'E, Zhang et al., 2017),
and (13) Mawmluh (25°15'44"N, 91°52'54"E, Berkelhammer et al,, 2012)
caves. These records were chosen for their high-resolution data,
well-constrained chronologies, and sufficient coverage of the weak ASM
events. The red numbers show cave sites where stalagmites were collected
in this study. Detailed descriptions of these cave sites, locations, and local
environments are listed in Table S1.

core showed that the climate anomaly surrounding 8.2 thousand years
before present (ka B.P) was approximately half the amplitude of the
Younger Dryas (YD) event (Alley et al., 1997), with a more gradual tempera-
ture decline at the onset of the YD (Broecker et al.,, 2010). In the Asian
summer monsoon (ASM) domain, the 8.2 ka climate anomaly observed
in the Oman speleothem record was strikingly different from the
Greenland temperature change (i.e, a gradual onset but faster end)
(Fleitmann et al., 2003). Hence, these spatiotemporal discrepancies indi-
cate that the internal structure of typical climate events is important for
detecting their regional expressions or specific responses. Modeling and
theoretical studies have revealed that low-latitude climate responses are
composed of fast and slow components (i.e, changes in ocean overturn-
ing in the North Atlantic versus tropical oceans) (Cvijanovic & Chiang,
2013; Rohling et al., 2009). Here four high-resolution speleothem-based
ASM records were reconstructed from three caves in central and southern
China, separately covering HSs 5 through 2. Combined with previous cave
records, we can make a detailed comparison of HSs in the last glacial
period, as well as for Bond events in the Holocene.

2, Sites, Samples, and Methods

Four newly retrieved stalagmites were collected from three caves in China
(red numbers in Figure 1). Qingtian Cave (31°20'N, 110°22E, 1,630 m
above sea level, asl) is approximately 30 km southwest of the Tian'e site
(31°43'N, 110°38'E, 1,600 m asl). Both caves are located on Mount
Shennongjia in central China. Qingtian Cave is approximately 50 m long
and overlain by 60 to 100 m of Permian limestone bedrock. The relative
humidity inside is close to 100%. The average annual surface temperature
at this site is approximately 7.4°C, reaching a maximum in July (22°C) and a
minimum in January (1.5°C). Mean annual precipitation ranges between
1,500 mm and 2,000 mm, approximately 80% of which falls between
June and September, when the ASM prevails. Tian’e Cave is less than

80 min length and is covered by approximately 50 m of Simian dolomite bedrock. The annual mean tempera-
ture at the nearest meteorological station (Songbai, 922 m asl) is approximately 12°C, higher in July (23.1°0)
and lower in January (0.2°C). The average annual rainfall is approximately 950 mm, reaching a maximum
(600 mm) between June and September and a minimum (50 mm) between December and February.

Wulu Cave (26°03°N, 105°05'E, 1,440 m asl) is 830 km southwest of the Qingtian site and is located on the Yun-
Gui Plateau in southern China. The cave is approximately 800 m long, overlain by 40 m of Triassic limestone
bedrock. The mean annual temperature is approximately 14°C, with a maximum in July (20.8°C) and a mini-
mum in January (4.3°C). The annual precipitation is approximately 1,400 mm, peaking (900 mm) during sum-
mer (June through September) and reaching a minimum (80 mm) in winter (December through February).

For comparison, 10 other speleothem records were also included in this study. These studied sites cover a
latitudinal range from 25°N to 39°N and a longitudinal band from 91°E to 119°E. Detailed descriptions of these
speleothems can be found in the supporting information. The whole region is climatically dictated by the
ASM, which is characterized by a warm/humid summer and a cold/dry winter, and 60% to 80% of the total
annual precipitation occurs in the summer (June to September).

Sample QT1 was collected from the Qingtian Cave and is 492 mm in length. Stalagmites Sw4 and Sw5 are 508
and 710 mm long, respectively, and both are from Tian’e Cave. Among these samples, QT 1 and Sw4 cover HS
2, and Sw5 spans HS 3. Wu30 is from the Wulu Cave in southern China and is 560 mm long. It grew during a
period from HS 5 to HS 4 (Table 1). In each HS, clay bands are seldom observed on these stalagmites, indicat-
ing a continuous deposition history (see supporting information).

When halved and polished, 32 subsamples for 2°Th dating were collected with a 0.9 mm diameter hand-held
carbide dental drill. Measurements were performed with a Finnigan ELEMENT inductively coupled plasma
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Table 1
2307 Dating Results of Four Stalagmites From Central and Southern China
Sample Depth 238y 23274 3% Bom38y 1) age (yr) B0, age (yr) 8234U|nma|
number (mm) (ppb) (ppt) (measured) (activity) (uncorrected) (corrected) (corrected)
Qr1-19 19 1,6679 + 3 2,7908 + 4 1347 + 2 0.2117 +0.0009 22454+ 113 22,412 £ 115 1436 +2
Qri1-128 128 1,0546 + 2.7 7777 1420+ 25 0.2207 £ 0.0011 23,297 + 140 23,278 + 140 1516 +26
Qr1-150 150 1,513.8 + 47 462 +3 1522+ 2.6 0.2245 +0.0010 23496 + 128 23,488 + 128 1626 +28
Qri1-192 192 2,001.3 £ 56 813+4 101.9 + 2.1 0.2208 + 0.0009 24284 + 126 24,273 + 126 109.1+22
Qr1-215 215 1,1674 + 14 935+12 1359+ 1.6 0.2395 + 0.0009 25695 + 115 25,675+ 116 146 + 2
Qr1-240 240 1,758 + 2 562 + 11 1603 + 1.4 0.2491 + 0.0004 26,210 + 62 26,137 + 63 173 +2
Qr1-320 320 1,450.1 + 23 828+ 11 156.8 + 2.1 0.25008 + 0.0010 26,503 + 129 26,489 + 129 169 +2
QT1-400 400 1,366 + 1 772+ 16 1570+ 1.2 0.2596 + 0.0003 27545 + 53 27,466 + 54 170 +1
Qr1-471 471 9299+ 2 2,2709 +63 7372 0.2490 +0.0015 28,724 + 216 28,659 + 219 799+3
Sw4-25 25 3264 + 0.9 396.9 +68.5 1706 + 3.9 0.2151 +0.0028 22,063 + 322 22,033 +322 1816 +4.2
Sw4-40 40 2769 + 0.4 1,090 +13 1663 + 1.8 0.2166 +0.0014 22,320+ 160 22,230 + 170 1771+£19
Sw4-141 141 3109+ 0.8 88.1 +66.9 167.2 + 3.4 0.2178 +0.0023 22,439+ 271 22,432 + 271 1782 +36
Sw4-181 181 2999 + 1.0 130.2 +86.3 1653 + 6.2 0.2200 + 0.0029 22,739+ 354 22,728 + 354 176.2 + 6.6
Sw4-200 200 3308+ 0.9 477.2 +68.2 1624 + 3.5 0.2233 +0.0022 23,173 + 267 23,137 + 268 1733+37
Sw4-230 230 2771+04 29700+16 1620+ 1.9 0.2286 +0.0014 23,790+ 170 23,530 + 220 1732421
Sw4-280 280 2575+ 0.7 441 +76.5 156.5 + 4.4 0.2280 + 0.0027 23,858 + 336 23,854 + 336 1675+ 4.7
Sw4-342 342 1903 + 0.5 164.1 +78.7 1495 + 4.7 0.2361 +0.0036 24,974 + 440 24,952 + 440 1604 + 5.0
Sw4-400 400 1711 £ 0.2 2,390+12 151.2+ 2.0 0.2456 +0.0016 26,060 + 200 25,710 + 270 1625+ 2.1
Sw4-438 438 1915+ 0.6 90.7 +67.7 1458 + 5.0 0.2515 +0.0033 26,911 + 427 26,899 + 427 1574+54
Sw4-467 467 1839 + 0.5 1879 +64.2 1535+ 45 0.2550 + 0.0036 27,126 + 453 27,100 + 453 165.7 + 4.8
Sw5-55 55 1874+ 04 10,357.7 +334 1472+ 27 0.2599 + 0.0030 27,897 + 379 26,500 + 794 1587 +3
Sw5-120 120 149+ 0 6,553 + 131 100 + 2 0.2677 + 0.0008 28,602 + 109 27,431 £ 790 1543 +1.2
Sw5-234 234 1972+ 04 34368+ 146 136.0 + 2.6 0.2933 +0.0023 32409 + 311 31,967 + 381 1489 +28
Sw5-420 420 160+ 0 588 + 12 1,366 + 28 0.3051 +0.0009 33826+ 119 33,668 + 136 1375+1.2
Sw5-511 511 2499+ 05  2,366.1+14.2 1432+ 23 0.3342 +0.0021 37474 + 296 37,237 + 318 159.1+25
Sw5-707 707 2296+ 05 4289+ 178 1332+ 3.2 03411 +0.0024 38,808 + 349 38,761 + 349 1486 +36
Wu30-10 10 3947 +7 1,109+ 4 8095+ 29 04925 +0.0015 33,856 + 137 33,852 +137 8908 +3.2
Wu30-112 112 2972+ 12 212+6 7888+ 53 0.5261 + 0.0026 36,951 + 251 36,950 + 251 8756 +59
Wu30-200 200 4024+ 5 750+ 15 8189+ 20 0.5643 + 0.0008 39341+ 85 39,273 + 85 915+2
Wu30-300 300 2946+ 3 676 + 14 7284 + 2.1 0.5776 + 0.0008 41,444 + 90 41,376 +90 879 +2
Wu30-450 450 3427+ 3 606 + 12 7588+ 1.9 0.6116 + 0.0008 45,096 + 91 45,028 +91 862 +2
Wu30-556 556 4119+ 8 615+3 7696 + 3.3 0.6751 +0.0019 50,523 + 213 50,521 + 213 8877 +38

Note. Errors are 2 analytical errors. Decay constant values are A539 = 9.1577 X 1076 yr

Th ages assume an initial 2'zTh atomic ratio of (4.4 + 2.2) x 1{]_6. Corrected

! 34=28263% 10 Syr !, and 1535 = 1.55125x 10~ "®yr . Corrected
2§<1n s - :
ages are indicated in bold and presented in years before 1,950 A.D.

mass spectrometer at the Department of Geology and Geophysics at the University of Minnesota, USA. The
procedures were described in Shen et al. (2002), and results are listed in Table 1. Dating results are in
stratigraphic order with typical analytical errors (2¢) varying from 50 to 790 years. Approximately 1,965
subsamples were collected for stable isotopic analysis. Sampling resolution varied from 1 to 2 mm,
depending on the growth rates of the samples. Over periods covering the HS, a spacing resolution of
05 mm was achieved, which corresponded to a temporal resolution of 4 to 26 years. Analyses were
performed on an online automated carbonate preparation system (KIEL CARBONATE DEVICE) linked to the
Finnigan MAT-253 mass spectrometer at the College of Geographical Science at Nanjing Normal
University. Powdered calcite samples from 50 to 80 ug were dissolved in 100% HsPO,4 at 70°C. CO; was
extracted from the resultant gas by cooling it to —170°C, then warming it to 30°C. Isotopic compositions
were subsequently automatically measured. Standards were run every 10 to 15 samples, and duplicates
were run every 15 to 20 samples to check for homogeneity. The results were reported relative to Vienna
Peedee belemnite, with standardization determined relative to NBS 19. The precision of 3'20 values was
0.06%o at the 1-sigma level.

3. Results
3.1. Chronology

Thirty-two 2°Th dates revealed that the growth of these stalagmites separately spanned HS 5 through
2 (Table 1). The ages from isotopic data were reconstructed by an algorithm approach, MOD-AGE
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Figure 2. Chronologies and 8'80 profiles for each stalagmite from the (a) Qingtian and (b and c) Tian'e caves in central China and the (d) Wulu Cave in southern
China. The HS event is labeled with gray bars. In these stalagmites, age models for 8' 20 records were based on the MOD-AGE (gray lines), which uses a locally
weighted scatterplot smoothing method (Hercman & Pawlak, 2012). The purple lines depict the 95% confidence level. Dating errors were indicated in each panel.

(Figure 2), which uses a locally weighted scatterplot smoothing method (Hercman & Pawlak, 2012). In
this model, minimum assumptions are used about the age probability distributions, and it works well
with irregularly sampled data. However, hiatuses in this model are expressed as a slowdown in the
growth rate rather than a complete growth cessation. Four options for an age-depth model were
utilized, depending on input parameters. In our modeling, normal distributions for age and depth
are assumed, and the number of Monte Carlo (MC) simulations was set to 2,000. Similarly, an MC
simulation was adopted to estimate confidence levels. As a result, the modeled ages generally
agreed within the 95% confidence level, with linearly interpolated chronologies between adjacent
230Th ages.

Among these samples, Sw5 has larger 2*2Th values and dating errors (Table 1), and three dates from this
stalagmite fall outside the envelope of modeled uncertainties (Figure 2c). Most likely, short-term growth
discontinuities were present and/or large dating errors were involved. Similarly, a date from Sample
Wu30 (450 mm at 45.03 + 0.09 ka B.P.) is significantly younger than the modeled result (Figure 2d).
However, other dates from this sample are generally within the confidence level of the model. In these
samples, few inclusion-rich bands are observed during HSs, suggesting stable growth (see supporting
information). Moreover, the age-depth relations we adopted, especially the onset timing of each HS,
agreed well with other cave records from China (see supporting information), which supports the robust-
ness of our modeled results.
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3.2. Stalagmite Isotopic Records

Stalagmite 8'20 values increase by 1.5%o to 2% surrounding 49, 39, 29, and 24.5 ka B.P. (Figure 2), represent-
ing a significant change in regional climates. These periods of high 520 values correspond to HSs 5 through
2.In Figure 2c, higher 320 values, which increased by 1.5%q, are also observed at approximately 33 ka B.P. in
Sample Sw5, which was previously registered by the Wulu cave record (see supporting information) (Duan
et al., 2014). Nevertheless, it is not comparable in magnitude to HS 3 (2%so, gray bar in Figure 2c). Thus, it is
not classified as a Heinrich stadial. During each HS, maximum 5'80 values consistently occurred in early
stages, indicating that climate conditions jumped directly and rapidly to extreme levels at the onset. The
most striking characteristic for these speleothem-based HSs is an asymmetric “V” shape in the 580 profiles,
that is, a sharp and significant enrichment in 5'20 values at the onset (into the HS), a gradual 5'®0 depletion
in the mid-HS, and a rapid jump to negative 3'20 values at the end (out of the HS). This feature of 3'20 varia-
bility has been pervasively observed in previous speleothem records from the ASM area (see supporting
information) (Chen et al., 2016; Duan et al., 2014; Wang et al, 2001; Zhang et al,, 2014; Zhao et al, 2010).

Along the growth axes, correlation coefficients between 5'20 and §'3C for the newly retrieved stalagmites
are small (* = 0.01-0.11) and generally less than 0.1 (see supporting information), suggesting that they were
deposited close to isotopic equilibrium with the infiltration water (Hendy, 1971). Moreover, the growth rate in
the early HS exhibits little variability when §'20 values increase, indicating that growth dynamics are not
responsible for isotopic changes. Rapid §'80 variability during the early HS and general 5'20 depletion in
the mid-HS are equally well reflected in the spatially separated cave records from China (see supporting infor-
mation). This strong duplication shows that they are of the same climatic origin (Dorale & Liu, 2009).

Mean values and standard deviations (SDs) for these 5'20 records were calculated (Figures 3g-3j). Following
Thomas et al. (2007), the limits of HSs are defined by depths where the isotopic values fall consistently more
than the mean. Thomas et al. (2007) calculated the mean and SD using 1,000 year long periods of data before
and after the event. This method works well in diagnosing the climate anomaly. However, our speleothem
records have different time spans and sampling resolutions. For consistency, we calculated the mean and
SD for the total time series to avoid various criteria being chosen. Generally, 520 increases to its maximum
value within less than 200 years during the early HS depending on growth rate and data resolution, which is
less than 0.5% of the total event duration on average (Figures 3g-3j and Table 2). This §'20 shift was mainly
accomplished within decades (a 1%o to 1.5%o increase in approximately 50 years), which is broadly close to a
5'%0 enrichment of 0.4%o within 10 years.

During HS 4, an initial 3'%0 increase from 620 to 960 years can be seen in samples Wu30 and YX51 (Chen et al,,
2016) (Figure 3j and Table 2), which is significantly longer than during other HSs (Figures 3g-3i). Currently, the
impact of regional climates on HS 4 cannot be decisively excluded. However, a banded stalagmite from the
Yongxing Cave in central China shows that the start of HS 4 was accomplished within 44 years. Thus, either
dating uncertainties, data resolution, or sample-specific processes were probably involved.

4. Discussion
4.1. Climatic Interpretation of Speleothem 320 Records From the ASM Area

In previous studies, the precipitation amount was believed to not be valid enough to interpret changes in
cave 20 records from China (Dayem et al., 2010; Lee et al., 2009; Maher, 2008; Maher & Thompson, 2012).
Especially, modern monsoonal rainfall exhibited an inferred correlation scale length of less than 500 km
(Dayem et al., 2010). This was inconsistent with the coherence of speleothem 5'20 records over a wide range
of regions. Thus, vapor sources, moisture routes, and in-cave processes were probably involved (Fairchild
et al., 2006; Lachniet, 2009; Maher & Thompson, 2012; McDermott, 2004; Tan, 2014). Indeed, the speleothem
520 signal can trace changes in isotopic precipitation compositions, which can display spatial coherence
over distant sites (Vuille et al., 2005) but not rainfall amounts. In the ASM area, more 18v‘.)-depll:-rtﬁ'd rainfall
(over 55% of the annual total) occurs in summer (June to September) (Wang & Ding, 2008). Seasonal differ-
ences between summer and winter precipitation 8'20 can reach 5% in eastern China, which is where most
cave sites in Figure 1 are located (Araguds-Araguas et al., 1998). Consequently, the ASM circulation is impor-
tant for moisture transfer and precipitation 520 variability, which is subsequently inherited by stalagmites
deposited in the cave.
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Figure 3. Determination of the onset, termination, and duration of climate anomalies. Procedures refer to Thomas et al. (2007). The solid gray lines in these
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Table 2
The Timing and Internal Structure of Chosen Weak ASM Events
Duration of
initial ASM
decline and Changing
Onset End Assumed its portion of rate of initial
Event type Events Samples timing timing “zero” agea the total event AM decline References
Gradual onset  LIA (central event) DX1 (Dongge Cave, 1,500 AD. 1,629 A.D. 1,589 A.D. 89 years (69%) 0.11%0/10 years  (Zhao et al, 2015)
Southern China)
2.8 kyr event QX1 (Qixing Cave, 2879aB.P. 2667 aB.P. 2713 aBP. 166 years (78%) 0.09%0/10 years  (Zhang et al., 2016)
Southern China)
4.2 kyr event KM-A (Mawmluh 4313 aB.P. 3,887 aB.P. 4,037 aBP. 276 years (65%) 0.08%0/10 years  (Berkelhammer
Cave, NE Indian) etal, 2012)
DA (Dongge Cave, 4418 aB.P. 3951 aB.P. 4354 aBP. 64 years (14%) 0.13%0/10 years  (Wang et al., 2005)
Southern China)
8.2 kyr event QT40 (Qingtian Cave, 8,258 aB.P. 8,071 aB.P. 8,139aBP. 119 years (64%) 0.11%0/10 years  (Liu et al, 2015)
central China)
PBO QT16 (Qingtian Cave, 11,463 aB.P. 11,252aB.P. 11,354aB.P. 109 years (52%) 0.18%0/10 years  (Liu, Wang,
central China) etal, 2013)
YD H82 (Hulu Cave, 12864 aBP. 11442aBP. 12421aBP. 443 years (31%) 0.05%0/10 years (Wang et al., 2001)
Eastern China)
QT16 (Qingtian Cave, 12,860 aB.P. 11540aBP. 12287aBP. 573 years (43%) 0.04%0/10 years  (Liu, Wang,
central China) etal, 2013)
Abrupt onset Hs 1 YT (Hulu Cave, 16,078 aBP. 14689aBP. 16,032aBP. 46 years (0.03%) 0.46%0/10 years  (Wang et al., 2001)
Eastern China)
H82 (Hulu Cave, 16,182 aBP. 14609aB.P. 16,021 aBP. 161 years (0.10%)  0.40%o0/10 years (Wang et al.,, 2001)
Eastern China)
Hs 2 Sw4 (Tian'e Cave, 24593 aB.P. 23530aB.P. 24480aBP. 113 years (0.11%)  0.43%o/10 years This Study
central China)
QT1 (Qingtian Cave, 24546 aB.P. 23448aB.P. 24432aBP. 114 years (0.10%)  0.42%o0/10 years This Study
central China)
Hs 3 Sw5 (Tian'e Cave, 29944 aB.P. 28691aB.P. 29,759aBP. 185 years (0.15%)  0.22%o0/10 years This Study
central China)
Hs 4 YX51 (Yongxing Cave, 40,002 aB.P. 37,.855aB.P. 39,385aB.P. 617 years (0.29%)  0.04%0/10 years (Chen et al,, 2016)
central China)
Wu30 (Wulu Cave, 40,127 aB.P. 37904aB.P. 39,163 aBP. 964 years (0.43%)  0.02%0/10 years  This Study

Southern China)

#The “zero” age was designated by maximum 3'%0 values in the early part of these events, when the ASM reached its weakest level. ®The portion of the initial
ASM decline relative to the event length was estimated by a ratio of (onset timing-zero age)/(onset timing-end timing).

In the Holocene, the long-term evolution of Chinese speleothem 3'80 records has been supported by
annually averaged simulated precipitation 820 changes (LeGrande & Schmidt, 2009) and follows changes
in synthesized lake authigenic carbonate 5'20 records from monsoonal regions in China (Zhang et al.,
2011); this is a proxy for lake water isotopic composition associated with monsoonal rainfall. Moreover, the
low speleothem 3'%0 values (suggesting a strong ASM) in the early Holocene match well with a period of
high lake-levels in northern China (40°41'-41°43'N, 112°49'-113°40'E; Zhang et al., 2016). Apparently, these
proxy indicators are all related to hydrological conditions. Hence, we believe that the speleothem 20 signal
should reflect ASM changes, which is consistent with ideas presented by Maher and Thompson (2012) and
Tan (2014).

4.2. Forcing Mechanisms of Rapid ASM Changes During HSs

For the last glacial period, climate anomalies during HSs are believed to be related to a slowdown or shut-
down in the Atlantic meridional overturning circulation (AMOC), caused by freshwater discharges into the
North Atlantic (Ganopolski & Ramstrf, 2001; Knutti et al,, 2004). This scenario might hold true during the YD
and the 8.2 ka event due to the concurrence of freshwater pulses (Ellison et al,, 2006; Kleiven et al., 2008).
Such climate signals of cold/arid anomalies around the North Atlantic can be transmitted into Asian interiors
via atmospheric teleconnections (Porter & An, 1995).

If the AMOC disturbance acts as a trigger for the HS, the rapid ASM decline during the early HS suggests a
significant reduction in the oceanic conveyor. During HS 1, two peaks in ice-rafted debris (IRD) occurred at
Site U1308 within the North Atlantic (49°52.66'N, 24°14.29'W; Hodell et al., 2017) (Figure 4b), with a larger
volume occurring at approximately 16.1 ka B.P. Concurrently, bulk carbonate 8'°0 values strikingly
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Figure 4. Correlations between (left) oceanic and speleothem records and (right) detailed regional climate responses surrounding HS 1. (a) H82 5'80 record from
Hulu Cave (Wang et al., 2001), (b) ice-rafted debris (IRD) and bulk 5'80 records from Site U1308A (49°52.66'N, 24°14.29'W) (Hodell et al., 2017), (c) IRD and
magnetic susceptibility records from Site SU8118 in the northeast Atlantic (37°46'N, 10°11’W) (Bard et al., 2000), and (d) B'PafzmTh records from Sites SU8118
(Gherardi et al,, 2005) and GGC5 in the western subtropical Atlantic (33°42'N, 57°35'W) (McManus et al,, 2004). The gray bars in this panel indicate the early HS 1.
(e) The H82 8' E:‘O record from the Hulu Cave (Wang et al., 2001), (f) sediment reflectance from the Cariaco Basin (Deplazes et al., 2013), and (g) local seawater 81 80
changes in the Soledad Basin in the northeast Pacific (Rodriguez-Sanz et al., 2013). The black dots show scattered data, and the gray line depicts the result smoothed
by a low-pass filter of 750 years; (h) 221h and particle fluxes from the Flores Sea in Indonesia (Muller et al,, 2012). The blue bar illustrates the mid-HS 1, and the
dotted line shows the “Big Dry"/“Big Wet" transition coined by Broecker and Putnam (2012).

decreased, suggesting large freshwater outputs during the early HS 1. At the Iberian Margin, a strong peak in
the magnetic susceptibility record appeared older (~17.5 ka BP.) in core SU8118 (37°46'N; 10°11'W, Bard
et al, 2000) (Figure 4c). Nevertheless, the marine reservoir age of 400 years used by Bard et al. (2000)
might be appreciably small, and a reservoir correction of >1,000 years would make the SU8118 age
consistent with the U1308 record (Hodell et al, 2017). Furthermore, the Atlantic oceanic circulation
estimated by 2*'Pa and 2*°Th records exhibited a significant decline during the early HS 1 (Gherardi et al,,
2005; McManus et al,, 2004) (Figure 4d), which was close to a total shutoff. Thus, changes in the AMOC
derived from these oceanic sediments are consistent with the ASM decline at 16 ka B.P. (Wang et al., 2001)
(Figure 4a), implicating a tight link between them. Dynamically, meltwaters in the North Atlantic can
intrude as far south as 40°N (Hemming, 2004), inducing an expansion of the sea ice extent and lowering
sea surface temperatures, thus creating a reduction in Asian moisture levels (Li et al.,, 2005).

In mid-HS, depleted speleothem 5'20 values reveal an intensification of the ASM (Figures 3g-3j). For exam-
ple, during HS 1, ASM strengthening began at approximately 15.9 ka B.P.,immediately after the sharp decline
(dotted line in Figure 4e). This feature is similarly reflected in other HSs (Figure 3). At the Cariaco Basin, an
increase in darker deposition (i.e., low reflectance values caused by more runoff) during the mid-HS 1 was
nearly synchronous with Asian hydroclimatic changes (Deplazes et al., 2013) (Figure 4f). After 16 ka B.P., sea-
water 320 values from the Soledad Basin in the extratropical Pacific Ocean significantly decreased, indicat-
ing the presence of freshwater masses (Rodriguez-Sanz et al., 2013) (Figure 4g). In Indonesia, the concomitant
enhancement of 2*2Th and particle fluxes from piston core VM33-80 in the Flores Sea suggested an increase
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in detrital materials from surrounding landmasses induced by northeast monsoon strengthening (Muller
et al., 2012) (Figure 4h). Thus, this "16 ka transition” is likely a significant climate reorganization that is widely
observed at middle to low latitudes. Temporally, it coincides with the shift from the “Big Dry” episode to the
“Big Wet" episode during the mysterious interval dubbed by Broecker and Putnam (2012). Because changes
in the average position of the Intertropical Convergence Zone (ITCZ) are important for low-latitude moisture
transfer and availability, these observations call for a relatively northern displacement of the I[TCZ in the
mid-HS (Deplazes et al,, 2013; Rodriguez-Sanz et al., 2013). The structures of other HSs are similar in our
speleothem records; hence, high-resolution and well-dated oceanic studies are needed to test whether an
analogous imprint can be found comparable to ASM records.

4.3. Contrasting Patterns of HSs and Bond Events

In the last 10 ka, climate instabilities (Bond events) were reported to punctuate the stable Holocene at a pace
of ~1,500 yrs (Bond et al., 1997). Although these climate oscillations are not comparable to HSs in the last
glacial period regarding the amplitude, duration, and remote effect, it has been suggested that AMOC varia-
bility could be involved in some cases (Bond et al,, 1997; Ellison et al, 2006). The Bond events in Asian
speleothem 320 records generally fall within a range of 0.8 to 1%o (see supporting information), which is
indicative of a noticeable ASM decline during these periods (Berkelhammer et al,, 2012; Dykoski et al.,
2005; Liu, Henderson, et al, 2013; Liu et al., 2015, 2017; Sinha et al, 2007; Zhao et al., 2015; Zhang et al.,
2017). These cave records were constrained by precisely dated or annually counted chronologies that were
well reproduced at a centennial scale. This provided a chance to detect the internal structures of abrupt
climate changes in the Holocene.

Mean values and SDs for these Holocene 3'%0 records were calculated (Figure 3, left column). These ASM
depression events are all characterized by a gradual onset. The initial ASM decline is estimated to span 60
to 270 years, accounting for a great portion of the total event (generally over 40%) (Table 2). This is approxi-
mately equivalent to a 3'%0 enrichment of 0.1%o within 10 years, with about one-fourth of that occurring in
early HSs. Maximum 8'0 values generally occur near the end of Bond events. This gradual pattern in 5'0
changes is also reflected at the onset of the YD (Liu, Wang, et al., 2013; Ma et al,, 2012; Wang et al., 2001;
Yang et al,, 2010) (see supporting information and Figure 3f). Consequently, the initial 5'20 increase (i.e,
ASM decline) spans, on average, periods of 50, 110, and over 500 years at the onset of HS, Bond, and YD
events, respectively (Figure 5).

Contrasting expressions in ASM changes over HSs and Bond events are likely the result of different physical
mechanisms or divergent responses under various background conditions. In the past 500 ka, repeated peaks
in IRD deposition in the North Atlantic mainly occurred during glacials and deglaciations that contrast with
interglacial periods (McManus et al., 1999), which indicate larger freshwater discharges during HSs than in
the Holocene. Thus, a smaller volume of freshwater inputs into the North Atlantic during the Holocene should
not cause a significant AMOC reduction, and a gradual decline in Asian hydrological conditions can be
deduced. In response to AMOC changes, the average position of the ITCZ, controlled by heat transport
between hemispheres, shifts southward by 5° to 7° in northern cold episodes (Arbuszewski et al., 2013;
Sachs et al,, 2009), with a larger movement in the tropical Pacific Ocean during the HS (McGee et al, 2014).
Hence, more southerly movement of the ITCZ during HSs should pull primary hydrological and atmospheric
activities in the Pacific Ocean significantly away from the Asian interior and further decrease the
ASM intensity.

Various forcing mechanisms were invoked to interpret Bond events in the Holocene (Wanner et al., 2008, and
the references therein). However, it is not assured that the combined effect of the AMOC and the ITCZ is
responsible for the gradual ASM decrease at the onset of Bond events. Indeed, smaller volumes in freshwater
inputs were needed to drive Holocene climate instabilities in modeling studies (Gong et al., 2013), and the
southerly ITCZ shift in the Holocene was believed to cover a narrower latitudinal range (Haug et al,, 2001;
Sachs et al, 2009). This is likely the reason why the ASM declined so gradually during Bond events. The
different structures of HS and Bond events should be addressed with caution when building a bipolar climate
correlation, as the midpoint of abrupt climate transitions is often applied as a reference. Hence, at least two
modes of bipolar climate correlations should be used, and a consistent lead/lag relationship between inter-
hemispheric climates still needs to be validated, as suggested by Neukom et al. (2014) and Raisbeck
et al. (2017).
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Figure 5. Comparison of standardized 5'20 records in the (a) Holocene, the (b) YD, and the (c) last glacial. These records were plotted by an assumed age, and the
“zero age” (brown dashed line) was determined by maximum 5'20 values during these events. The YD and HSs were plotted on the bottom axis, and Holocene
climate events were drawn on the top axis. The light gray bar indicates the onset of the YD, the dark gray bar indicates the onset of Bond events, and the brown bar

indicates the onset of HSs.
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5. Conclusion

Four stalagmite 8'20 records from three caves in central and southern China revealed detailed ASM variabil-
ity that separately covered HSs 5 through 2. These speleothem-based HSs are characterized by an abrupt
onset (generally within less than 200 years, and the major transition is accomplished in approximately
50 years). The weakest ASM occurred in the early HS, followed by a gradual intensification in the mid-HS.
This asymmetrical “V" shape in the HS event is widely reflected in other cave records, and the initial ASM
decline corresponds to a large IRD peak in the North Atlantic, indicating an impact of the AMOC on the
Asian hydroclimate. Recovery of the ASM in the mid-HSs, attributed to a northerly shift in the ITCZ, is strongly
represented in these low-latitude hydrological records.

When compared with Holocene speleothem records, different patterns in ASM responses can be observed.
In the Holocene, centennial-scale ASM depressions (including the YD) feature a gradual onset. The initial
5'80 increase generally lasts 110 years, which is significantly slower than 3'80 variability in the early HS,
and the weakest ASM is frequently positioned near the end of the Bond events. Therefore, these contrast-
ing patterns in HSs and Bond events merit attention in future studies when correlating bipolar
climate changes.
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