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a b s t r a c t

Although the initiation and continuation of orbital and millennial climate transitions were reported to be
roughly similar, little is yet known about the extent to which their sequences of climate events are linked
together in the same physical processes. Here we present a stalagmite isotope record from Wulu Cave,
southwestern China, based on 1200 oxygen isotope data and 15 230Th ages, registering a detailed history
of the Asian Monsoon (AM) from 61.3 to 50.5 ka BP with an average resolution of 12 yr. Two replicated,
high-resolution calcite d18O profiles show four millennial-scale strong summer monsoon events, anal-
ogous in timing and structure to Chinese Interstadials A.17–A.14 (CIS A.17–A.14), as recorded elsewhere in
China and Greenland Interstadials 17–14 (GIS 17–14). These events exhibit two distinct phases, consis-
tent with multi-decadal/centennial shifts in Greenland temperature and storminess. This relationship
reveals a tight coupling between high- and low-latitude climates at sub-millennial scales, implying a role
for westerly winds in linking Greenland temperature and the AM. Around the Marine Isotope Stage (MIS)
4/3 boundary, successive AM events resemble, but in higher frequency, structure of the Bølling–Younger
Dryas (YD) surrounding Termination I. Along with evidence from similar shifts in bipolar temperature
and atmospheric CH4, we suggest that the recurrence of similar climate structure worldwide is likely
caused by changes in Atlantic meridional overturning circulation (AMOC) at various timescales under
thresholds of global ice volume boundaries, as predicted by the bipolar seesaw model.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Marine Isotope Stage 3 (MIS 3), a period of intermediate ice
volume, high-latitude summer insolation, and CO2 concentrations
(McManus et al., 1999), was characterized by remarkable stadials/
interstadials. Various hypotheses have been proposed as forcing
mechanisms behind these extremely rapid climate variations,
including Atlantic thermohaline circulation (THC) changes
(Broecker et al., 1990; Rahmstorf, 1995), tropical ocean processes
(Kudrass et al., 2001; Stott et al., 2002), and external forcing (Munk
et al., 2002; Braun et al., 2005; Firestone et al., 2007). However,
much remains to be resolved regarding the trigger-response rela-
tionship between different climate systems, in part because of
limited high-resolution records with sufficient global coverage
(Voelker et al., 2002). At the sub-millennial scale, surface temper-
ature over Greenland was reported to shift by 8–15 �C and
.
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atmospheric methane (CH4) changed up to 200 ppb (Huber et al.,
2006), indicative of a rapid reorganization of atmospheric circula-
tion. The concentration of calcium ions (Ca2þ) in the GISP2 ice core
exhibited synchronous changes similar to observed variations in
surface temperature (Mayewski et al., 1997), suggesting variability
in the atmospheric transport trajectory and moisture conditions of
the Ca2þ source region, thought to be the Asian continental interior.
This may provide insight into a climatic link between high- and
low-latitudes, and a potential mechanism for rapid climate
changes.

Abrupt climate changes associated with transitions between
extreme conditions are ideal for assessing potential forcing mech-
anisms in the climate system. The onset and temporal evolutionary
structure of glacial terminations has been recently suggested to
practically parallel those over millennial-scale Antarctic warming
(Wolff et al., 2009). If so, the climate system may be coupled at
different timescales. Thus, the boundary conditions underlying
millennial climate variability should reach a threshold sufficient
enough to initiate the deglaciation at terminations, including shifts
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in continental ice volume (Parrenin and Paillard, 2003) and atmo-
spheric carbon dioxide (CO2) concentration (Indermühle et al.,
2000; Ahn and Brook, 2007).

While climate during Terminations I and II (T I and II) has been
extensively studied (Alley and Clark, 1999, and the references
therein; Wang et al., 2001; de Abreu et al., 2003; Cheng et al., 2006;
Kelly et al., 2006), the MIS 4/3 boundary, a shift from glacial to
near-interglacial conditions (van Andel, 2002), has received less
attention. This period is preceded by an interval of pronounced
northern and southern cold, during which the frequently-invoked
mechanism of bipolar seesaw (Broecker, 1998) seems to be
invalid. Moreover, the MIS 4/3 boundary occurs at a switching point
of low- and high-frequency stadial/interstadial cycles (Hinnov et al.,
2002), and is appropriate for studying sub-millennial climate
variability. Thus, a high-resolution record is needed to further
investigate the link of detailed climate events around the MIS 4/3
boundary and glacial terminations.

Whereas Chinese Interstadials 17–14 (CIS A.17–A.14, nomen-
clature from Cheng et al., 2006) have been identified in earlier
Chinese Cave studies (e.g. Wang et al., 2001), here we examine
these features at higher resolution (average resolution of 12 years,
about 6 years during CIS A.17). We present a record from Wulu
Cave, southwestern China, which spans a period from 61.3 to 50.5
thousand years before present (ka BP), allowing a detailed inves-
tigation of Asian monsoon (AM) evolution at about the time of the
MIS 4/3 boundary. A comparison with the AM variability over T I
(Wang et al., 2001; Wu et al., 2009) may facilitate an evaluation of
the potential link between the glacial termination and millennial-
scale climate transition.
2. Location and sample description

Wulu Cave (26� 030N, 105� 050E, 1440 m above sea level) is
located in Guizhou, southwestern China (Fig. 1), 290 km northwest
of Dongge Cave (Yuan et al., 2004). The Yun-Gui Plateau, a south-
eastward extension of the Tibetan Plateau, constitutes the main
topographical feature of the study site. Situated at the foot of
a 50-m-high hill, Wulu Cave is about 800 m long, and overlain by
Fig. 1. Global mean August precipitation (mm/month) within the longitudinal and
latitudinal ranges of 30�E–180� , 40�N–40�S, including the sites of Hulu Cave (HL,
eastern China, 32�300 N, 119�100E, Wang et al., 2001), Dongge Cave (DG, southern
China, 25� 170N, 108� 050E, Yuan et al., 2004) and Wulu Cave (WL, southern China, 26�

030N, 105� 050E, this study). Image from the website http://ingrid.ldgo.columbia.edu/.
The numbers in the figure show the monthly rainfall, and the two thick, dashed arrows
denote the Indian and East Asian monsoon subsystems.
approximately 40 m of Triassic limestone bedrock with a thin soil
cover. The cave site is suffered from severe stone desertification and
the flora above is mostly composed of deciduous herbs. The cave is
poorly ventilated, and measured relative humidity is about 100%.
The Yun-Gui plateau is located in a transitional zone between the
East Asian and Indian summer monsoons (Wang and Lin, 2002).
Local precipitation distinctly increases in late spring as the Indian
monsoon intensifies. In summer, regional meteorological condi-
tions are dictated by interactions between the Indian and East Asian
summer monsoons. Current mean annual temperature at this site is
about 14 �C, with a maximum in July (20.8 �C) and a minimum in
January (4.3 �C). The annual precipitation ranges between 1100 mm
and 1700 mm, peaking (920 mm) during the summer months
(June–September), reaching a minimum (80 mm) in the winter
(December–February). Meteorological observations during the last
fifty years show that annual precipitation is mainly determined by
summer rainfall (with an average percent of 65%), a negligible
contribution of less than 8% occurs during the wintertime. Vari-
ability of annual rainfall is highly correlated with summer precip-
itation (R2 ¼ 0.62) (Supplementary Fig. 1).

The two stalagmites, Wu23 and Wu26, were collected 5 m apart
and 650 m from the entrance. Sample Wu23 is 66.7 cm in length
(Supplementary Fig. 2). It has a ‘candlestick’ shape and a diameter
of w6.5 cm, indicating a stable deposition history. Sample Wu26 is
83 cm long and has a larger diameter, varying from w9 cm to 10 cm.
When halved and polished, couplets of faint transparent/dark
layers are apparent from 52 cm to 81.6 cm depth in Wu26. At 25 cm,
41 cm and 50 cm, changes in color suggest a growth cessation or
changes in the growth rate at these depths. In Wu23, black organic-
rich bands are evident at a depth of 8 cm, indicative of a growth
hiatus. At 36 cm, horizontal bands are gradually replaced by curved
ones in this sample, suggesting a shift in moisture conditions and/
or growth rate.

3. Analytical methods

Fifteen calcite powder samples were drilled along the growth
axis of stalagmites (six for Wu23 and nine for Wu26) with 0.9 mm-
diameter carbide dental burrs for 230Th dating. The measurements
were performed by inductively coupled plasma mass spectrometry
(ICP-MS) on a Finnigan-MAT Element at the Department of Geology
and Geophysics, University of Minnesota, USA. The procedures are
similar to those described in Shen et al. (2002), with results listed in
Table 1. All dates are in stratigraphic order with typical analytical
errors (2s) ranging from 130 to 400 yr. For stable isotopic
measurements, 1200 sub-samples were drilled with 0.3 mm-
diameter carbide dental burrs along the growth axis. Analyses were
performed on a Finnigan-MAT 253 mass spectrometer fitted with
a Kiel Carbonate Device at the College of Geography Science,
Nanjing Normal University. Spatial resolution is 0.5–1 mm for
Wu23 and 1–2 mm for Wu26. This corresponds to a temporal
resolution of 2 yr–40 yr for different portions of the two samples.
The results were reported relative to Vienna PeeDee Belemnite
(VPDB) with standardization determined relative to NBS 19.
Precision of d18O values is 0.06&, at the 1-sigma level.

4. Results

4.1. U/Th chronology

Fifteen 230Th dates reveal that the growth of two stalagmites
covers a period from 61.3 � 0.26 to 27 � 0.13 ka BP (Table 1), with
most of the deposition occurring in the early MIS 3 (from 61.3 to
50.5 ka BP). These dated calcite powders have high uranium
(400–710 ng/g) and relatively low thorium concentrations
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Table 1
230Th dating results for two stalagmites from Wulu Cave, southwestern China.

Sample
number

Depth
(cm)

238U (ng/g) 232Th (pg/g) d234U
(measured)

230Th/238U
(activity)

230Th age
(yr BP)
(Uncorrected)

230Th age
(yr BP)
(Corrected)

d234UInitial

(Corrected)

Wu23-11 1.1 620 � 1 211 � 3 1384 � 4 0.533 � 0.002 26980 � 130 26970 ± 130 1494 � 5
Wu23-100 10.0 500 � 1 347 � 3 1311 � 4 0.964 � 0.003 55750 � 260 55740 ± 260 1534 � 5
Wu23-261 26.1 405 � 1 488 � 15 1371 � 3 1.014 � 0.004 57370 � 310 57360 ± 310 1611 � 4
Wu23-373 37.3 443 � 1 165 � 2 1331 � 5 1.010 � 0.004 58430 � 290 58430 ± 290 1570 � 6
Wu23-480 48.0 530 � 1 327 � 13 1320 � 4 1.020 � 0.005 59470 � 390 59470 ± 390 1561 � 4
Wu23-645 64.5 596 � 1 204 � 3 1293 � 4 1.011 � 0.003 59810 � 250 59800 ± 250 1531 � 4
Wu26-54 5.4 711 � 1 3855 � 7 1273 � 4 0.890 � 0.003 51630 � 220 51560 ± 220 1473 � 5
Wu26-149 14.9 636 � 1 421 � 8 1240 � 2 0.903 � 0.001 53460 � 120 53450 ± 120 1442 � 3
Wu26-238 23.8 628 � 1 411 � 3 1249 � 4 0.915 � 0.003 54110 � 260 54110 ± 260 1455 � 5
Wu26-259 25.9 479 � 1 295 � 3 1276 � 4 0.936 � 0.004 54840 � 290 54830 ± 280 1489 � 5
Wu26-430 43.0 434 � 1 322 � 6 1256 � 2 0.962 � 0.001 57270 � 130 57260 ± 130 1476 � 3
Wu26-490 49.0 581 � 1 342 � 3 1271 � 4 0.974 � 0.003 57720 � 280 57710 ± 280 1497 � 5
Wu26-526 52.6 556 � 1 107 � 3 1258 � 4 0.990 � 0.004 59400 � 300 59400 ± 300 1488 � 5
Wu26-663 66.3 522 � 2 182 � 6 1280 � 6 1.011 � 0.005 60120 � 400 60120 ± 400 1517 � 7
Wu26-817 81.7 646 � 1 445 � 3 1247 � 4 1.008 � 0.003 61200 � 260 61190 ± 260 1482 � 5

Errors are 2s analytical errors. Decay constant values are l230 ¼ 9.1577 � 10�6 yr�1, l234 ¼ 2.8263 � 10�6 yr�1, l238 ¼ 1.55125 � 10�10 yr�1. Corrected 230Th ages assume an
initial 230Th/232Th atomic ratio of (4.4 � 2.2) � 10�6. Corrected 230Th ages are indicated in bold.
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Fig. 2. d18O profiles of Samples Wu23, Wu26 and their growth rates. Upper panel:
Wu23 d18O (blue curve), Wu26 d18O (pink curve). Lower panel: the growth rates for
two samples. To clearly reveal their contemporaneous variations, the d18O values and
growth rate for Sample Wu23 younger than 50 ka BP are not shown.
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(110–490 pg/g). Thus, initial 230Th age corrections are trivial
(generally less than 15 yr), ensuring high-precision dating results.
The two stalagmites are closely situated, and influenced by similar
climatic and edaphic conditions. A considerable discrepancy of
corrected d234UInitial values (an indicator of the ratio of excess 234U
to 238U in the seepage water when calcite deposited) observed
between them might have little climatic/edaphic origin. One
possibility is due to different types of conduit feeding two stalag-
mites and associated water–rock interactions (Kaufman et al.,
1998), which is clearly reflected in their different diameters.

An age model was developed for the stable isotope data by
linear interpolation between 230Th dates. One age in Sample Wu23
(26,970 � 130 yr BP) was above an apparent hiatus and was not
used in constructing the age model. Below the hiatus, growth rate
ranges from 100 mm/ka to 660 mm/ka (Fig. 2). Between 52 and
81.6 cm depth of Wu26, an average of 4–5 couplets of light/dark
layers can be identified per millimeter. If these are annual bands,
they would indicate a growth rate of 200–250 mm/ka
(Supplementary Fig. 2), which agrees reasonably well with our
estimate of 163 mm/ka from the bounding U/Th dates
(59,400 � 300 yr BP; 61,190 � 260 yr BP). The growth periods for
two samples overlap each other from 59.8 to 55.5 ka BP, with
a discontinuity in Wu26 from 59.4 to 57.7 ka BP.

Sample Wu23 (Supplementary Fig. 2) exhibits little variability in
lithological features below the hiatus at 8 cm, leading to a near-
linear age model over the large interval and a slight shift in the
growth rate at a depth of 48 cm (Fig. 2). Occasional changes in
lithology above the depth of 50 cm in Sample Wu26 may account
for large variation of growth rate estimated by a linear interpolation
between dates, ranging between 20 mm/ka and 130 mm/ka. Below
this depth the age model is practically linear. Consequently, the age
model we established from an interpolation between two dating
points is roughly supported by the observed lithological variations.

4.2. Isotopic equilibrium fractionation test

Equilibrium calcite precipitation is a prerequisite for the appli-
cability of calcite d18O (d18Ocalcite) to paleoclimate reconstruction.
A correlation test between d18O and d13C (Supplementary Fig. 3) for
each sample reveals a weak relationship (R2¼ 0.07 for Wu23, 0.003
for Wu26), that is not statistically significant. ‘Hendy tests’ (Hendy,
1971) performed on seven growth lamina (four for Wu23, three for
Wu26) show little variability in d18O values within a radius of
w3 cm from the central axis (indicated by 0 cm in Supplementary
Fig. 3) to the edges, with a standard deviation less than 0.23& along
each layer. In contrast, d13C values shift by 0.7–2.6& along these
same layers. A potential interpretation for these observed large d13C
changes is different CO2 degassing rate at the stalagmite surface
(Romanov et al., 2008) and/or errant sampling beyond the targeted
growth layer, which more substantially impacts calcite d13C than
d18O (Mickler et al., 2006). These results indicate that calcite most
likely precipitated under equilibrium conditions, although a kinetic
effect on the deposited calcite is not currently excluded for lack of
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Fig. 3. (a) Oxygen isotopic record from Wulu Cave (this study). (b) d18O record from
Hulu Cave (Wang et al., 2001). (c) Calcium ion concentration from GISP2 ice core
(Mayewski et al., 1997). (d) d18O profile from GISP2 ice core (Stuiver and Grootes,
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during the Last Glacial. The numbers show the millennial-scale warming/wetting
events in Greenland and the Asian continental interiors, and the letters label the sub-
cycles. The dashed lines illustrate the cold/dry events during the interstadials, and the
vertical grey bar indicates the MIS 4/3 transition. To aid comparison, Profile c is drawn
on a reversed vertical axis.
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sufficient monitoring work. Due to increasing insufficiency of
Hendy criterion in testing calcite equilibrium deposition (Dorale
and Liu, 2009), we further perform a replication test. Virtually
identical fluctuations of d18O from the two stalagmites within Wulu
Cave (Fig. 2) and other cave records in China (Wang et al., 2001;
Yuan et al., 2004) over contemporaneous growth periods provide
an appreciable confirmation for equilibrium calcite deposition. This
implies that the d18O signal is primarily of climatic origin and that
kinetic fractionation has little effect. Thus, variations in d18Ocalcite

can be interpreted to reflect changes in cave temperature and/or
the isotopic composition of precipitation (Hendy, 1971).

Temperature is unlikely to be a major control on d18Ocalcite

variation as that would require a temperature shift of more than
15 �C due to water-calcite temperature-dependent fractionation
(�0.23&/�C, Kim and O’Neil, 1997). Modern meteorological obser-
vations reveal that summer precipitation is the largest contributor
to annual rainfall at the studied site (Supplementary Fig. 1), and
thus seepage water in the cave. The observed isotopic composition
of precipitation from a nearby meteorological station (Guiyang,
26�350N, 106�430E; elevation ¼ 1071 m, 190 km NE of Wulu Cave)
indicates a clear seasonal signal (IAEA/WMO, 2001). Mean values of
precipitation d18O are lower (average w �9.93&, VSMOW) during
the summer than during the winter (average w �4.26&, VSMOW)
(Supplementary Fig. 4). Therefore, we propose that d18Ocalcite

largely represents regional precipitation change, an indicator of
summer monsoon intensity (Wang et al., 2001; Yuan et al., 2004;
Cheng et al., 2006).

4.3. Stable isotope sequence

d18Ocalcite values from two samples vary within a total range of
3& (from w �8.1& to �11.1&) (Fig. 2). Abrupt (sub-millennial)
shifts have amplitudes as high as w1.8&, more than half the total
observed magnitude. Multi-decadal to centennial shifts in d18O
values range from w0.7& to 1&. The two d18O profiles are char-
acterized by five abrupt shifts to higher d18O values, centered at
59.5, 58.5, 58.2, 55.9, and 54.1 ka BP (Note that Fig. 2 has increasing
d18O plotted downward). Three additional shifts, though smaller in
magnitude (averaging w0.7–1&), are evident at 59, 57, and
55 ka BP. The growth of Wu23 and Wu26 ceased at 55.5 ka BP and
50.5 ka BP, respectively. After a long cessation, the deposition of
stalagmite Wu23 resumed, but only lasted for several hundred
years, centering at 27 ka BP.

Our composite d18O profile (Fig. 3a) exhibits remarkable simi-
larity to the records from Hulu and Dongge caves (Wang et al.,
2001; Yuan et al., 2004), with d18O-depletion events between
records matching within their dating errors. Wulu Cave lies about
1500 km southwest of Hulu Cave and 290 km northwest of Dongge
Cave, and all three sites are influenced by the AM. Millennial shifts
in the previous cave d18O records have been interpreted to broadly
reflect changes in d18O values of meteoric precipitation (Wang et al.,
2001; Yuan et al., 2004), and in turn, relate to changes in the AM
intensity. The resemblance of cave d18Ocalcite records from these
three sites indicates that isotopic composition of AM precipitation
is, at least, regionally similar on millennial-scales.

5. Discussion

5.1. Synchroneity of sub-millennial changes in Greenland
temperature and AM intensity

The well-defined patterns of the composite d18Ocalcite sequence
are reminiscent of warm episodes in Greenland, e.g. Greenland
Interstadial (GIS) 17–14. These four strong monsoon events (CIS A.
14, to A, 17), constrained by 14 230Th dates, last 2670 � 340 yr,
1140 � 390 yr, 2340 � 390 yr, 1050 � 380 yr, respectively. Their
lengths are roughly supported by the annual layer counting chro-
nology (GICC05) of NGRIP record (2560 � 160 yr, 920 � 60 yr,
1780 � 100 yr, 880 � 60 yr, Svensson et al., 2008) and GISP2
timescale (w1940 yr, 1110 yr, 2170 yr, 1100 yr, with a counting error
of 10%, Meese et al., 1997) within their dating uncertainties.
A slightly larger difference (560 yr) between GICC05 timescale and
our 230Th age observed during Interstadial 16 is possibly caused by
an abrupt shift of growth rate in our age model.

CIS A.15 in our record, spanning a thickness of 6.9 cm
(Supplementary Table 1), is clearly marked by the same ‘double-
spike’ pattern observed in the GISP2 ice record (Fig. 3, Stuiver and
Grootes, 2000). The aridity event between the doublets however
appears less intense than the corresponding cold event in the
Greenland ice cores. Not only does CIS A.15 resemble GIS 15 in the
ice core d18O (d18Oice) records, it also inversely correlates to
the wind-borne Ca2þ record (Fig. 3, Mayewski et al., 1997). Unam-
biguous peak-to-peak correlation between Greenland temperature
and AM intensity persisted throughout the early part of MIS 3. This
suggests that, on sub-millennial scales, the Asian continental
interior underwent measurable changes in monsoon intensities,
with wetter conditions coinciding with Greenland warming and
decreased storminess over the high northern latitudes.
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During MIS 3, the Chinese and Greenland records are both
characterized by sub-millennial variability. We can thus test for
their sub-millennial-scale links. GIS 14 is characterized by two
peaks, bifurcated by a noticeable cooling (indicated by the dashed
line in Fig. 3). Due to a depositional hiatus, CIS A.14 in Wulu Cave
record does not include the full interstadial. The existing strong
monsoon event is, in terms of pattern and duration, consistent with
the older sub-cycle of GIS14 (14b), a relationship also observed in
another stalagmite from Austria (Spötl et al., 2006). Similarly, CIS
A.16 in Wulu d18Ocalcite exhibits a sharp intensification in the AM
and a long period of persistent strong monsoon, consistent with
GIS 16b and 16a. The initial jump in AM intensity (w1.6&/60 yr in
d18Ocalcite) is analogous to the abrupt warming in Greenland
(w5&/40 yr in d18Oice). Multi-decadal oscillations are evident in
d18Ocalcite and d18Oice records over Interstadial 16a, with a strong
AM event (at 56.4 ka BP) consistent in structure with an abrupt
warming in GISP 2 record (at 54.9 ka BP) near the end. The Ca2þ

record (Fig. 3, Mayewski et al., 1997) displays a general pattern
similar to the sub-cycles of CIS A.16, with minimum calcium
concentrations during periods of strong summer monsoon. Two
remarkable sub-cycles for Interstadial 17 are observed in both
Greenland and our cave d18O records, with a measurable cooling/
drying event punctuating Interstadial 17a (Fig. 3). This interstadial
in the cave record, with a thickness of w26 cm and an average
resolution of 6 yr, provides detailed information about monsoon
variability over this period.

At the onset of Interstadial 17, an abrupt increase in monsoon
intensity, indicated by a decrease of w2& in 200 yr in d18Ocalcite

(Fig. 4), shows a strong resemblance to the sharp warming over
Greenland (w5& in about 170 yr in GISP2 d18Oice). Furthermore, in
Sample Wu 26, a total thickness of 39 mm and an annual layer
counted growth rate of 4–5 couplets/mm (discussed in Section 4.1)
define a duration of w160–200 yr for this AM shift (Supplementary
Fig. 2), which agrees well with an estimate of 200 yr based on 230Th
ages. These observations are also consistent with storm intensity
variability over Greenland (Mayewski et al., 1997). Four centennial,
low-amplitude (0.7–0.9&) oscillations occur during the initial
growth period, similar to fluctuations observed in the GISP2 d18O
record (Fig. 3).

Our comparison reveals that AM variations are intimately linked
to Greenland temperature and storm intensity. This close coupling
implies a sensitivity of broad areas of the ocean-atmosphere system
to abrupt shifts between climate states when climate is near
tipping points. The multi-decadal to millennial correlation between
Wulu Cave d18Ocalcite and GISP2 Ca2þ records (Mayewski et al., 1997)
suggests that periods of strong Asian summer monsoon correlate
with low storm activity over Greenland, for example, during CIS
A.17b, A.16b and A.15. Ca2þ variability reflects changes in both
transport conditions to Greenland and terrestrial source strength
(likely in Asian drylands, Svensson et al., 2000; Ruth et al., 2007).
Large dust outbreaks coincide with strong winter monsoon winds
in spring (Bory et al., 2002), possibly tied to the strength of the
westerlies (Porter and An, 1995). Assuming that stadials/intersta-
dials are synchronous in Greenland and China, these observations
support the idea that the strength of the Asian winter monsoon
may be inversely correlated to variability in the summer monsoon
at multi-decadal to millennial-scales (Yancheva et al., 2007) during
the early part of MIS 3, although relatively low concentrations of
Ca2þ can be observed during the Younger Dryas (YD) and Heinrich
event 1 (H1) (Mayewski et al., 1997).

It has been proposed that Atlantic Meridional Overturning
Circulation (AMOC) may provide a trigger for millennial-scale
climate variability (Broecker et al., 1990; Rahmstorf, 1995) and
interhemispheric coupling (EPICA Community Members, 2006).
However, the striking similarity of abrupt wetting (warming)/
drying (cooling) switches identified for Greenland temperature and
AM intensity suggest rapid transmission through the atmosphere.
If the wind field is of primary importance in linking different
climate systems (Mikolajewicz et al., 1997; Wunsch, 2006; Brauer
et al., 2008), a shift in THC associated with variability in the
extent of sea ice (Vidal et al., 1998; Li et al., 2005) is likely to be
tightly linked to low-latitude changes in hydrological and thermal
conditions (Schmittner et al., 2000; Latif, 2001; Hoerling et al.,
2001; Stott et al., 2002). Similar relationships have been noted in
changes of the El Niño/Southern Oscillation (Timmermann et al.,
2007) and latitudinal migration of the Intertropical Convergence
Zone (Vellinga and Wood, 2002; Broccoli et al., 2006), phenomena
closely related to AM variations (Wang et al., 2004, 2007). Further
investigation of high-resolution NGRIP ice core data suggest that
AM intensity was synchronous with Greenland warming on the
decadal scale (Steffensen et al., 2008), suggesting a tight coupling
between the tropical ocean and the moisture-source region for
Greenland snow. This multi-decadal link between the AM and
Greenland temperature is supported by our record.

5.2. The MIS 4/3 transition analogous to glacial termination

Wolff et al. (2009) suggested that the initiation and subsequent
warming into glacial terminations are analogous in structure to
millennial-scale Antarctic Isotopic Maximum (AIM) events. This
idea points to an important feature of the climate system that
climate changes at various temporal scales might reoccur in
a similar fashion. In other words, multi-scale and multi-level
boundary conditions can nonlinearly conspire to produce compa-
rable oscillations in the climate system under appropriate circum-
stances (Ganopolski and Ramstorf, 2002). The observed consistency
between orbital and millennial climate variability (Wolff et al.,
2009) thus highlights a crucial capability of cyclic self-adjustment
for the climate system. Motivated by his idea, here we seek to
investigate the degree of similarity of detailed climate sequences
between the MIS 4/3 transition and T I though the parallel evolu-
tion was revealed by Wolff et al. (2009).

The AM variability in the MIS 4/3 time window (Fig. 4b), with
a characteristic of glacial terminations, proceeded from similar
baseline values as during T I (Fig. 4a), i.e. the weak monsoon during
MIS 4 and the Last Glacial Maximum (LGM). After that, the AM
evolution at T I was punctuated by two weak monsoon intervals
(H 1 and YD) interpolated with a 1800-yr interstadial (Bølling-
Allerød, B-A) (Wang et al., 2001; Wu et al., 2009) (Fig. 4a). The total
duration from B-A to YD is about 3000 yr (from 14.6 ka BP to
11.6 ka BP). The strengthening of AM to highest-level at the MIS 4/3
boundary is highly consistent, in trend, amplitude and structure,
with the T I except for a shorter duration (1600 yr from 59.6 ka BP to
58 ka BP). Following the terminology for the T1, we re-defined
sequence of events between CIS A.17 and 16b as Bølling-Allerød
at MIS 4/3 (B-A-4/3) and Younger Dryas at MIS 4/3 (YD-4/3)
(Fig. 4b). We further observed a more detailed similarity, including
internal oscillations during the B-A and one reversal during YD. The
resemblance implicates a common forcing mechanism behind the
sequence of events during the AM MIS 4/3 transition and T I.

The similar structure seems to be pervasive worldwide as it also
appears in temperature and CH4 records from two polar ice cores.
It is not in double that the highest resolution CH4 data from the
NGRIP (Huber et al., 2006) display an extreme similarity to the
monsoon record as the two records are mechanistically linked
together as discussed in Chappellaz et al. (1993). Temperature
changes at Greenland, which proceeded as a similar variation of
atmospheric CH4 concentration, therefore, can be termed as the
B-A-YD-4/3 from 59.6 ka BP to 58.6 ka BP (Svensson et al., 2008;
Fig. 4). It is difficult to assess the similar structure for Antarctic
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temperature changes as they show different evolution trends
between T I and MIS 4/3. As in EDML d18Oice record (EPICA
Community Members, 2006), a persistent increase in Antarctic
temperature during the Last Deglaciation is punctuated by an
Antarctic Cold Reversal (ACR in Fig. 4a) that can be analogous to
a comparable cold event (ACR-4/3 in Fig. 4b) during the early MIS 3.
But its total length is about half of that during ACR and
superimposed on a long-term decreased trend in Antarctic
temperature record. Therefore, changes in bipolar temperatures are
also anti-phase related at finer scales at MIS 4/3. These similar
structures observed between T I and MIS 4/3 transition indicate the
climate system can be coupled at different timescales, which
supports the notion of a prevalent phenomenon of self-similarity
inherent to the climate system (Wolff et al., 2009).



D. Liu et al. / Quaternary Science Reviews 29 (2010) 1107–1115 1113
Changes in insolation (Berger, 1978) have been proposed to be
a primary control for glacial/interglacial climate variability. But
solar insolation can not be considered to interpret the discrepancy
of detailed AM sequences around T I and II (Wang et al., 2001;
Cheng et al., 2006), suggesting that other factors that trigger the
similar sequence of events arose likely from the Earth system, such
as changes in ice-sheets, reorganization of oceanic/atmospheric
circulations. The most plausible factor would be oceanic thermo-
haline circulations as the observed anti-phase relationship
between two hemispheres can well be explained with bipolar
seesaw model (Broecker, 1998). Indeed, the two IRD events (H 1 and
H 6) are separately prior to the two analogous sequences of events
during T I and MIS 4/3 (Hemming, 2004), although they are from
different provenances and little is precisely known about the
freshwater flux for the later. This suggests an important role of
AMOC in driving global millennial-scale changes. However, the IRD
event that triggered the YD-4/3 has not been found yet.

The two periodicities (w3000 yr for T I and w1600 yr for MIS 4/3)
identified for the two transitions were observed in the IRD events in
North Atlantic during the late of the Last Glacial periods (Bond and
Lotti, 1995). This suggests that meltwater flux at higher frequency
band (1600 yr) likely occurred during the early MIS 3. Changes in
AMOC strength at finer timescales, from decadal to centennial, have
been detected by simulation models and observations (Sy et al.,
1997; Marshall et al., 1998; Goodman, 2001; Dickson et al., 2002;
Otterå et al., 2003). The changes in AMOC at shorter timescales
should be a physical mechanism that can explain our observed AM
variations at MIS 4/3 that are in-phase related to CH4 and
Greenland temperature and anti-phase related to Antarctic
temperature changes (Fig. 4). Modeling work has suggested that
frequency of freshwater discharges into the North Atlantic associ-
ated with thresholds of ice volume size can induce self-sustained
oscillations of the large-scale ocean circulation (Sima et al., 2004).
Geologic records revealed large retreats of continental ice sheet
during the early MIS 3 (Svendsen et al., 2004) and the Last Degla-
ciation (Rinterknecht et al., 2006; Carlson et al., 2008), potentially
resulting in rejuvenation of the AMOC activity and ice-free, warm
as present-day conditions in northern Scandinavia (Helmens et al.,
2007), consistent with modeling result (Sima et al., 2004). Thus,
they may favor re-activation of ocean circulations in a similar way
that can account for the parallel structures observed around T I and
MIS 4/3 transition. As the atmospheric CO2 fluctuations across the
two transitions (w80 ppm for T I, 30 ppm for MIS 4/3) have
a similar increase trend (Fig. 4, Indermühle et al., 2000; Blunier and
Brook, 2001; Monnin et al., 2001; Kawamura et al., 2003; Ahn and
Brook, 2007), CO2 feedbacks to the AMOC changes (Liu et al., 2009)
may contribute to the similar sequence of climate events at T I and
MIS 4/3, but its physical processes requires further investigation.

6. Conclusions

Two w12-yr resolution d18O records from Wulu Cave, south-
western China, constrained by 15 230Th dates, provide the highest
resolution record of AM variability during the early MIS 3. The d18O
profiles are characterized by four distinct wetting/drying cycles
from CIS A.17 to CIS A.14. This climate pattern, broadly resembling
other cave records from China (Wang et al., 2001; Yuan et al., 2004),
appears to correlate with multi-decadal to millennial changes in
Greenland temperature (Stuiver and Grootes, 2000) and the
general pattern of the wind-borne calcium ion record in the ice
(Mayewski et al., 1997).

Our independently dated Wulu records provide the necessary
resolution and age certainty to investigate the observed link
between high- and low-latitude climates at sub-millennial scales.
The comparison with the calcium ion record from Greenland ice
(Mayewski et al., 1997) suggests that the Asian summer monsoon is
likely anti-phased with the winter monsoon on multi-decadal to
millennial-scales (Yancheva et al., 2007).

Furthermore, the detailed AM variability around MIS 4/3
boundary exhibits a strong resemblance, in trend, pattern and
magnitude, to that surrounding T I (Wang et al., 2001; Wu et al.,
2009). The similar structure also appears in bipolar temperature
and atmospheric CH4 records, which can be explained by bipolar
seesaw hypothesis with a physical model of AMOC changes.
Different frequency variability of AMOC under certain threshold of
the glacial boundary can predispose the climate to free oscillations
and behave a self-similarity mode (Ganopolski and Ramstorf,
2002).
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