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Abstract. The orbital-timescale dynamics of the Quaternary 1 Introduction

Asian summer monsoons (ASM) are frequently attributed

to precession-dominated northern hemispheric summer in-

solation. However, this long-term continuous ASM variabil- Climate in East Asia, the most densely populated region in
ity is inferred primarily from oxygen isotope records of sta- the world, is profoundly influenced by the Asian monsoon
lagmites, mainly from Sanbao cave in mainland China, andAM), which includes the Indian monsoon and East Asian
may not provide a Comprehensive picture of ASM evoly- Monsoon SUb'SyStemS. Asian summer monsoon (ASM) pre-
tion. A new spliced stalagmite oxygen isotope record from CiPitation strongly governs regional vegetation, agriculture,
Yangkou cave tracks summer monsoon precipitation vari-culture, and economies (e.g., Cheng et al., 2012a), and even
ation from 124 to 206 thousand years ago in Chongqing,affected the stability of Chinese dynastic rule (Zhang et al.,
southwest China. Our Yangkou record supports that the evo2008; Tan et al., 2011).

lution of ASM was dominated by the North Hemisphere so- Our current understanding of ASM variation over the past
lar insolation on orbital timescales. When superimposed orP00kyr BP (before AD 1950) has been reconstructed using
the Sanbao record, the precipitation time series referred fronfXygen isotope records of Chinese stalagmites (Wang et
Yangkou cave stalagmites supports the strong ASM period@l- 2008; Cheng et al., 2012b) with the advantages of ab-
at marine isotope stages (MIS) 6.3, 6.5, and 7.1 and weaRolute and high-precision chronologies (e.g., Cheng et al.,
ASM intervals at MIS 6.2, 6.4, and 7.0. This consistency 2000, 2013; Shen et al., 2002, 2012). Stalagmite-inferred
confirms that ASM events affected most of mainland China.0rbital-scale ASM intensity closely follows the change in
Except for the solar insolation forcing, the large amplitude Precession-dominated northern hemispheric (NH) summer
of minimum §80 values in Yangkou record during glacial insolation (NHSI) (Wang et al., 2008; Cheng et al., 2012b).
period, such as MIS 6.5, could stem from the enhanced pretiowever, these 100s kyr records were mainly from a sin-

vailing Pacific trade wind and/or continental shelf exposuregle cave, namely Sanbao cave, located in Hubei Province,
in the Indo—Pacific warm pool. China (Fig. 1; Wang et al., 2008; Cheng et al., 2012b). Uti-

lizing only one site leads to uncertainties in the spatial ex-
tent of Quaternary ASM evolution. These uncertainties stem
from differences in local or regional climatic and environ-
mental conditions (Lachniet, 2009), hydrological variability
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Figure 1. (A) Map of precipitation anomaly (mm daﬁ) in June, are the subsamples collected for Hendy test (Hendy, 1971).

July, and August (JJA) of AD1998-2000 during a La Nifia
event from July 1998 to April 2001h{tp://www.cpc.ncep.noaa.
gov/products/analysis_monitoring/ensostuff/fensoyears.shomi-
pared with the averaged state of JJA from 1980 to 2010. Triangle400 km southwest of Sanbao cave 8@ N, 110°26 E) in
symbols denote cave sites of Yangkou (this study), Sanbao (Wangiubei Province (Wang et al., 2008). The cave air tempera-
et al., 2008), and Hulu (Cheng et al., 2006). Solid circles indi- tyre is 7.5°C and the average relative humidity 580 %
cate marine sediment cores of ODP806B and TR163-19 (Lea et alyoctober 2011-October 2013). The regional climate is influ-
2000). Arrows depict present ground wind directions of the ISM enced by both the Indian summer monsoon (ISM) and East
and EASM and also trade wind in the equatorial Pacific. :’:‘,ummerASi(,iln summer monsoon (EASM). Annual rainfall is 1400—
precipitation intensity in eastern and southern China was enhance_dLSOOmm 83 % from Aoril to Octolber (Zhang et al., 1998)
during the La Nifia eventB) An enlarged map of precipitation ) e P 9 " ’
anomaly with cave sites of Yangkou, Sanbao, and Hulu. F'V_e stalagm|te§, _YKO_5' Y.K12, YK23, YK47, and YKe61,
which formed within a time interval of 124—-206 kyr BP, were
halved and polished for U-Th dating and oxygen stable iso-

of monsoonal sources (e.g., Dayem et al., 2010; Clemens dppe analysis.
al., 2010; Pausata et al., 2011), and interactions between cli-

matic subsystems (e.g., Maher and Thompson, 2012; Targ.2 U-Th dating
2014).

Sanbao records, for example, show distinct ASM events aChemistry and instrumental analysis were conducted in the
marine isotope stages (MIS) 6.3 and 6.5 during the penulti-High-Precision Mass Spectrometry and Environment Change
mate glacial time and a weaker summer monsoon during thé-aboratory (HISPEC), Department of Geosciences, National
penultimate glacial maximum (PGM) at MIS 6.2 (Fig. 1 of Taiwan University. Fifty three powdered subsamples, 60—
Wang et al., 2008). To clarify whether this combination of 80 mg each, were drilled from the polished surface along
weak PGM ASM intensities and strong ASM events during the deposit lamina of the five stalagmites (Fig. 2, Table 1),
the penultimate glacial-interglacial (G-IG) period are local on a class-100 bench in a class-10000 subsampling room.
effects, we built an integrated stalagmite oxygen stable isoU-Th chemistry (Shen et al., 2003) was performed in a
tope record from Yangkou cave, Chongging, China, coveringclass-10 000 clean room with independent class-100 benches
124-206 kyr BP (Fig. 1). Through comparison with records and hoods (Shen et al., 2008). A multi-collector inductively
from other Chinese caves (Cheng et al., 2006, 2009; Wang etoupled plasma mass spectrometer (MC-ICP-MS), Thermo
al., 2008) confirms the fidelity of Sanbao cave-inferred ASM Fisher Neptune with secondary electron multiplier protocols

intensities. was used for the determination of U-Th isotopic contents
and compositions (Shen et al., 2012). The decay constants
2 Material and methods used are 4577x 10-6yr=1 for 239Th, 28263x 10 6yr—1
for 234U (Cheng et al., 2000), and55125x 10~ 10yr—1 for
2.1 Regional settings and samples 238 (Jaffey et al., 1971). All errors of U-Th isotopic data
and U-Th dates are two standard deviations)(@nless oth-
Stalagmites were collected from Yangkou cave°(Z9N, erwise noted. Age (before AD 1950) corrections were made

10717 E; altitude: 2140m; length: 2245m), located at using an?3°Th/232Th atomic ratio of 4t 2 ppm, which are
Jinfo Mountain National Park, Chongging City, southwesternthe values for material at secular equilibrium with the crustal
China (Fig. 1) during two field trips in October 2010 and July 232Th /238U value of 3.8 (Taylor and McLennan, 1995) and
2011. The cave, developed in Permian limestone bedrock, isn arbitrary uncertainty of 50 %.
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Table 1.U-Th isotopic compositions arff°Th ages for subsamples of five Yangkou stalagmites on MC-ICP-MS at the HISPEC, NTU.

Subsample ID  Depth 238y 2321 8234y [230Th /238 [230Th/232Th] Age (kyr)  Age (kyr, BP) §234Uinitial
(mm) (ppb) (ppt) measuréd activity® (ppm)d uncorrected correctéd correctel
YK5-01 3.0 873013 5530+7.1 2158+21 1.01924+0.0024 265626 3445 1797+1.3 1796+ 1.3 3585+3.7
o YK5-02 24.0 733514 2631+7.1 2184+27 1.0235+0.0027 471128 12563 184+ 1.6 1804+ 1.6 3636+4.8
N4 YK5-03 57.0 43224 +7.6 5997+ 17 1929+2.3 1.0002+0.0024 11903t 39 1812+1.4 1811+1.4 3219+4.1
> YK5-04 79.0 504110 5002+5.7 187.7+2.9 0.9997+ 0.0026 166348-1928 1832+1.7 1832+1.7 3151+5.0
% YK5-05  88.0 572%+9.4 3561+5.1 1846+24  09986+0.0027 265267 3814 1842+1.6 1841+16  3106+4.2
o YK5-06  103.0 5378+99 5932+5.0 2021+26 10161+ 0.0022 1520281290 1842415 1841+15  3401+47
S YK5-07 128.0 498®+88 1376+58 2016+23 10175+ 0.0023 608876 25827 1851+ 1.4 1850+ 1.4 3400+4.1
2 YK5-08 149.0 6076:14 2690+5.2 2050+3.0 1.0259+0.0028 38263 7471 1872+1.8 1872+1.8 3481+5.3
YK5-09 177.0 880811 11037+7.2 2150+19 1.03744+0.0016 136699 889 1879+ 1.1 1878+ 1.1 3657+3.5
YK5-10 188.0 121019 1683+6.1 2100+ 25 1.0368+0.0027 123067144610 189+ 1.7 1898+ 1.7 3592+4.7
YK12-01 3.6 6266+4.1 3895+ 24 3096+ 1.2 0.9620+ 0.0015 25540t 164 13376+ 0.46 13369+0.46 4518+1.9
~ YK12-02 105 5016/ +£25 12393+25 2961+1.2 0.9590+ 0.0017 641Gt 17 13588+ 0.51 13578+0.51 4347+18
g YK12-03 215 63841+ 3.6 1050+ 21 2962+1.1 0.9796+ 0.0014 98334t 1947 14143+ 0.46 14136+0.46 4418+17
> YK12-04 40.0 5678+5.8 9675+ 32 2730+1.6 0.9792+0.0017 9483t 34 14707+£0.67 14698+0.67 4137+26
e YK12-05 57.5 1331413 1488+ 21 2594+15 09840+ 0.0015 1453822094 15220+ 0.62 15214+0.62 3989+2.4
% YK12-06 78.0 1746 +5.5 1425+ 24 25354+0.90 09852+ 0.0013 1340642272 15430+ 0.49 15424+049 3921+15
‘—; YK12-07 80.0 883B+53 38573+98 2128+1.2 0.9796+ 0.0027 3702t 14 1653+1.1 1651+1.1 3394+22
0 YK12-08 92.0 71065 + 3.6 7546+ 25 19970+0.89 09823+0.0014 15274£55 17108+ 0.64 17099+0.64 3239+15
YK12-09 101.0 9513 +6.5 4483+ 23 2034+11 0.9976+ 0.0013 34954+ 182 17580+0.72 17573+0.72 3343+2.0
YK12-10 105.0 51186+6.7 2378+ 21 1854+1.9 0.9924+0.0018 35265:317 1810+ 1.1 1809+1.1 3093+3.3
YK12-11 109.5 6109+ 3.8 572+ 18 1784+1.2 0.9875+0.0013 1741255633 18193+0.77 18187+0.77 2984+21
YK23-01 24 289 +23 13899t 26 1028+ 1.5 0.8935+ 0.0018 3070 +8.0 1728+ 1.0 1726+ 1.0 167.6+2.4
YK23-02 9.6 26080+17 13210+23 996+1.1 0.9008+ 0.0016 29373+7.1 17770+095 17753+0.95 1645+19
» Hiatus
¢ YK23-03 11.2 2702+13 1370+ 17 5955+0.91 08799+ 0.0016 28683t 355 1873+ 1.0 1873+1.0 1011+16
> YK23-04 14.8 2541 +12 1031320 6006+0.89 08830+ 0.0015 35923+8.9 18873+0.98 18857+0.98 1024+15
2 Hiatus
g, YK23-05 16.8 325%+2.0 1365+ 14 325+11 0.8632+ 0.0012 33986t 363 19347+0.99 19340+0.99 561+1.8
‘—‘g YK23-06 27.6 3084 +1.5 2354+ 14 3253+0.92 08671+0.0012 18764t 112 19587+0.93 19579+0.93 566+1.6
1%} YK23-07 35.6 22087 +1.3 2343+ 15 471+1.0 0.8848+0.0014 13768t 89 1975+1.1 1975+1.1 822+18
YK23-08 42.4 19104+0.90 4503+ 17 393+1.1 0.8795+0.0013 6182+ 25 1993+1.1 1992+1.1 689+1.9
Hiatus
YK23-09 43.0 27200+ 1.5 1128+ 14 2123+0.90 08633+0.0013 34369430 2010+1.1 2009+1.1 375+17
YK23-10 62.4 3358+2.2 698+ 23 162+1.0 0.8657+ 0.0014 68753 2263 2062+1.2 2061+1.2 290+18
YK23-11 77.2 22656+ 15 899+ 19 150+ 1.1 0.8655+ 0.0015 35976777 2069+ 1.3 2068+1.3 269+21
.‘E ~ YK47-01 118.8 81237+0.81 6437+ 11 3952+1.8 1.0173+0.0022 21200+6.0 13019+ 061 12999+0.61 5707+28
= S YK47-02 1375 7636+0.70 29975+7.6 3989+18 1.0295+0.0019 4343t 13 13227+0.57 13214+0.57 5797+28
© >
0
YK61-01 13.6 3424+21 13736+ 25 2958+1.2 0.9172+0.0019 377910 12539+0.51 12526+0.51 4215+1.8
YK61-02 155 363@B+ 1.9 4502+ 12 2754+£12 0.9027+0.0013 12039 37 12580+ 0.41 12572+0.41 3930+18
YK61-03 17.0 3978+24 4663+ 10 2615+1.2 0.8936+ 0.0013 1257# 32 12629+ 0.41 12621+0.41 3736+18
YK61-04 20.0 34186+3.7 12710+8.9 3026+1.8 0.9278+0.0013 41205291 12664+ 0.48 12658+0.48 4329+2.6
2 YK61-05 22.4 15201+24  3627+33 3402+24 09619+ 0.0024 6658t 63 12760+0.72 12750+0.72 4878+35
§ YK61-06 26.0 2416+43  2217+29 3152+24  0.9448+0.0027 16993t 229 12833+0.80 12825+0.80 4530+3.6
o YK61-07 28.3 4454 +48 8010+88 3137+1.7 0.9452+0.0013 86784t 959 12870+ 0.47 12863+0.47 4514+25
'E YK61-08 30.1 2434 +23 6574+86 3145+16 0.9479+0.0012 57958t 756 12921+0.43 12915+0.43 4531+23
2 YK61-09 40.8 363H+4.6 207+ 25 3025+2.1 0.9389+0.0019 27156432442 120B7+0.64 12931+0.64 4361+3.2
s YK61-10 47.8 31466+3.0 1323+7.0 3056+ 1.6 0.9459+0.0013 370865-19563  13062+0.45 13046+0.45 4419+23
@ YK61-11 61.3 542(6+6.6 3648+ 10 3062+1.8 09502+ 0.0016 2331167 131474+0.55 13139+055 4439+27
Hiatus
YK61-12 63.1 230B+18 19475+83 3039+13  0.9801+0.0012 1917184 13978+ 0.45 13970+0.45 4510+20
YK61-13 74.0 5852 +7.4 3435+ 11 2872+1.7 0.9743+0.0017 2740990 14209+ 0.63 14201+0.63 4292+27
YK61-14 88.0 3618+7.1 352+ 20 3212+29 1.0365+ 0.0027 175586:9727 1514+1.1 1513+1.1 4927+4.7

YK61-15 110.0 4708+85 672+ 16 3203+2.6 104764 0.0026 121199 2976 1549+1.1 1549+1.1 4962+ 4.4
YK61-16  130.0 5172+8.0 646+ 18 3037+23 104954+ 0.0022 1386643763 16025+0.98 16018+0.98 4776438
YK61-17 137.8 6178+85 4053+7.9 2994+2.0 105144 0.0019 2644595140 16216+0.87 16210+0.87 4735+34
YK61-18 167.8 47688+53 3478+73 2741+17 104784+0.0014 237115-4998 16906+0.77 16899+0.77 4419430
YK61-19 185.8 2984.+29 18974+9.4 2390+1.7 10238+ 0.0015 26585k 135 17256+0.84 17249+0.84 3892+29

Chemistry was performed during 2011-2012 (Shen et al., 2003) and instrumental analyses on MC-ICP-MS (Shen et al., 2012). Analyticaleobiisecaneean.
35234y = (2340 /238U ycivity — 1) - 1000

b 5234y initial corrected was calculated based?¥Th age (), i.e.,523%Ujnitial = 623U - ¢*2347 | andT is corrected age.

€ [230Th/238U) acrivity = 1 — e #2307 + (623401000 [Ap30/ (1230 — A234)](1 — e~ #230-%234T) whereT is the age.

Decay constants used are available in Cheng et al. (2000).

dThe degree of detriti3°Th contamination is indicated by t1i&39Th/232Th] atomic ratio instead of the activity ratio.

€ Age [yr BP (before AD 1950)] corrections were made using#Th/232Th atomic ratio o4 2 ppm

Those are the values for material at secular equilibrium, with the cr?:%q'ﬁh/zwu value of 3.8. The errors are arbitrarily assumed to be 50 %.
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2.3 Stable isotopes 0T

€
Five-to-seven coeval subsamples, 60-120ug each, wereé
drilled from one layer per stalagmite to measure the oxy- o 50 +
gen and carbon isotopic compositions as part of the so-callec S
“Hendy test” (Hendy, 1971). To obtain oxygen time series, g
604 subsamples, 60-120 ug each, were drilled at 0.5-3.0 mn+= 100 -

) ) ) YKO05
intervals along the maximum growth axis. Measurement of g —e— YK12
oxygen stable isotopes was performed by two isotope ratio = YK23
mass spectrometers, including a Finnigan Delta V Plus in = 1°0 T —e— YK47

—o— YK61

the Southwest University, China, and a Micromass IsoPrime a.
instrument at the National Taiwan Normal University. Oxy- 8

gen isotope values were reportedsa0 (%o) with respect 200
to the Vienna Pee Dee Belemnite standard (V-PDB). An in-

120 140 160 180 200 220

ternational standard, NBS-19, was used in both laboratories Age (kyr BP)
to confirm that the & standard deviation of!80 was better , , ,
than-0.1 %o. Figure 3. Age models of Yangkou stalagmites, established with U-

Th dates with 2 precisions of:0.3— 1.0 % (horizontal error bars).

3 Results and discussion

3.1 Chronology At B s, o T
SN e

U-Th isotopic and concentration data and dates of all stalag- X “4T = * " s " YKeLI33mm  ~ +.-9

mite subsamples are given in Table 1. High uranium Ievelsgo 2T %_V e

range from 0.8 to 13 ppm and relatively low thorium contents © ¢ Jev—yrvvy e T° o

from 100s to 10000 ppt. Corrections for initi&°Th are 1.

less than 90 years, much smaller than dating uncertaintieso 10T g 30

400-1800 years that are common for stalagmites with these 3 ° T™>~—¢rarvy >, , o 46 °

230Th ages (Table 1). Determined age intervals are 179.6— = j T =" &

189.8, 133.7-181.9, 172.6-206.8, 130.0-132.1, and 97.2—8MD ST oy, oo f’/ T°

172.5kyr BP for stalagmites YKO05, YK12, YK23, YK47, S ATA e ) ) ) o,

and YK61, respectively (Fig. 3). One to two hiatuses are ob- 5 o0 5 10 15 5 4 2 0

served for stalagmites YK12, YK23, and YK61 (Figs. 2, 3). Distance from drip axis (mm) 81°C (%)

The chronology of each stalagmite was developed using lin-

ear interpolation between U-Th dates, which are all in strati-Figure 4. Hendy test on the arbitrarily selected laminae of five sta-

graphic order (Fig. 3). lagmites with coeval data qB) §13C and(B) §180. (C) Plots of
8180 versuss13C for coeval subsamples.

3.2 Yangkou oxygen isotope data

The well-known Hendy test has been taken as an essential re-

quirement when assessing the ability of stalagmites to servé'®0 records both within Yangkou cave (Fig. 5) and between
as paleoclimate archives (Hendy, 1971) (Fig. 4). Despite rel-Chinese caves (Fig. 6), as well as successful Hendy tests, in-
ative larges'3C variations of 0.1-0.4 %o () for coeval sub-  dicates that the stalagmites formed under an oxygen isotopic
samples on the five selected layers (Fig. 4a), only a smalequilibrium condition. The Yangkou stalagmité80 data
variations ins80 of 0.1 — 0.2 %0 (10) are observed on in-  therefore represent rainfall oxygen isotopic change, which
dividual horizons of coeval subsamples (Fig. 4b). There is nais a reflection of regional hydrological variability in the AM
relationship (001 < r? < 0.36) betweers80 ands3C val- territory (e.g., Wang et al., 2001, 2008; Cheng et al., 2009;
ues for coeval subsamples of four layers (Fig. 4c), which isLi et al., 2011).

an additional part of the Hendy test. Although an apparent The oxygen isotope sequences for all of the Yangkou sta-
high correlation £2 = 0.94) for the plot ofs180 versuss13C lagmites are illustrated in Fig. 5a. The spliced record covers a
is expressed for the depth of 134.3 mm of stalagmite YK61time interval from 124 to 206 kyr BP, with three narrow hia-
(Fig. 4c), thes180 values, from—8.2 %o to —8.4 %o, change tuses at 132.1-133.5, 190.4-193.2, and 200.3—200.9 kyr BP.
only 0.2 %o. The absence of a clear increasittD trend out-  This §180 record varies from-10 %o to —4 %.. The highest
ward on the same layer (Fig. 4b) also suggests an insignif$180 data of—5 %0 ~—4 %o occurs at 128-136 kyr BP, the
icant effect of kinetic fractionation. The replication of the PGM.

Clim. Past, 10, 12114219 2014 www.clim-past.net/10/1211/2014/
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Figure 5. Cave stalagmite oxygen isotope recordgAf Yangkou 6.3 4 :
(this study)(B) Sanbao (Wang et al., 2008; Cheng et al., 2009), and 64 7.0
(C) Hulu (Cheng et al., 2006). U-Th ages antd @rors were color- 62
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Figure 6. Comparison of Chinese cavel80 records of

(A) Yangkou andB) Sanbao (Wang et al., 2008; Cheng et al., 2009)
3.3 Comparison with other Chinese stalagmite records  with (C) reconstructed SST records in the WPWP (core ODP806B)

and EEP (core TR163-19) (Lea et al., 2000), ébyla global stack
The new Sp"ced Sta|agmitl§|-80 sequence from Yangkou benthic foraminifers180 sequence LR04 (Lisiecki and Raymo,
cave over the time period of 124-206 kyr BP shows four_2005)- Numbers of MIS 5.5-8 are given by LR04 rgcorq. Gray line
strong ASM intervals at MIS 5.5, 6.3, 6.5, and 7.1 and four!s NHSI on 21 July at 3DN. Vertical bars denote high insolation
weak ASM intervals corresponding to MIS 6.2, MIS 6.4, intervals.
MIS 7.0, and MIS 7.2 (Fig. 5a). This variation of stalagmite-
inferred ASM recorded in Yangkou cave is aligned with
previous ASM changes from other Chinese caves, such asf a NH high-latitude forcing of the ASM (Cheng et al.,
Sanbao (Wang et al., 2008; Cheng et al., 2009) and Hull2009).580 values at MIS 6.2 in Yangkou record are 1.5—
(32°30'N, 11910 E) (Cheng et al., 2006), from MIS 5.5 to 2 %o higher than those at MIS 6.4, 7.0, and 7.2 (Fig. 5). This
7.2 (Fig. 5). large difference suggests that this event in Chongging may

The onsets of strong ASM intervals at MIS 5.5, 6.5, and have been relatively intensified through NH forcing as com-
7.1 are at 128+0.8, 1799+ 0.9, and 2015+ 1.1 kyr BP, pared with the Hubei regions during the PGM.
respectively, in the Yangkou record and concurrent with The Sanbao record indicates that the strongest ASM con-
their counterparts in Sanbao (Wang et al., 2008; Cheng etlition over the past 500 kyr BP occurs at MIS 6.5 (Cheng et
al.,, 2009) and Hulu (Cheng et al., 2006). Transients fromal., 2012b). This ASM event, lasting 13 kyr, is 3kyr longer
strong to weak ASM states occur at 135-136 kyr BP dur-than a comparable event (in terms of intensity) at interglacial
ing MIS 6.2—-6.3, and 164-165 kyr BP during MIS 6.4—-6.5. MIS 5.3, and was stronger than at any time during MIS 1, 5.5,
These also match changes in the Sanbao and Hulu records.7.3, 9.5, and 11.3, which experienced higher sea level and
Over the past 200 kyr BP, the weakest ASM interval hasNH insolation (Fig. 1 of Cheng et al., 2012b). The lowest

been suggested to be at MIS 6.2 in the Sanbao records (Warmntemporaneou$80 data in the Yangkou record (Fig. 5)
et al., 2008). For example, th#80 data are 1%. higher show a similar ASM intensity at MIS 6.5 in southwest China.
than those at weak ASM intervals of MIS 6.4, 7.0, and 7.2 During the MIS 5, the variations of Chinese stalagmite
(Fig. 5). Concurrence between ASM records and ice-rafteds'®0 records are not consistent among caves (Cheng et
debris events in the North Atlantic supports the hypothesisal., 2012). In Sanbao record (Wang et al., 2008), 8H©
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minimum at MIS 5.3 is more depleted than at MIS 5.5. This precipitation is influenced by the northwestern Pacific trop-
phenomenon is seemingly illustrated in Yangkou recordsical high, developed by the mainland-Pacific thermal gradi-
(Fig. 5a). However, Dongge (Kelly et al., 2006) and Tian- ent (Wang et al., 2003). The Pacific climatic variability can,
men (Cai et al., 2010a) stalagmite records are characterizetherefore, affect EASM precipitation (Tan, 2014).
by the most depletion if80 at MIS 5.5 (Fig. 2 of Cai et Cai et al. (2010b) and Jiang et al. (2012) argued for a
al., 2010a). This discrepancy may be attributable to differ-significant impact of the western tropical Pacific sea sur-
ent hydrological conditions at MIS 5. Long time series from face temperature (SST) on the EASM precipitation. They
more Chinese caves are required to derive a clear picture gfroposed that the evolution and spatial asynchroneity of
amplitude changes in relation to orbital forcing at MIS 5. stalagmite-inferred Holocene precipitation histories at dif-
Overall, consistency of the stalagmité®0 sequences ferent AM regions could be attributed to SST changes in
between Yangkou and other Chinese caves supports théhe western Pacific. Planktonic foraminiferal-inferred SST
idea that ASM intensity primarily follows NHSI on orbital records of the marine sediment core ODP806BLEON,
timescales and is driven by precessional forcing and is punci59°22 E) in the western Pacific warm pool (WPWP) and
tuated by NH high-latitude climatic fluctuations (e.g., Wang TR163-19 (216 N, 90°57 W) in the eastern equatorial Pa-
etal., 2001, 2008; Cheng et al., 2009). Agreement in the ameific (EEP) (Lea et al., 2000) are plotted in Fig. 6, along
plitude and the transition &80 dynamics during different  with the LR04 stacked benth&!80 sequence (Lisiecki and
MIS also confirms that the Sanbao stalagmite-inferred ASMRaymo, 2005) and Yangkou and Sanbao cave time series. A
events at MIS 6, including a very weak one at MIS 6.2 andSST gradient between the WPWP and EEP during the glacial
the strongest one at MIS 6.5, are likely predominant over theperiods of MIS 6 and 8 is 2C, larger than the 0.5-1°&
entire mainland during the penultimate G-IG cycles (Chenggradient during the warm interglacial windows of MIS 5.5
et al., 2012a) (Fig. 6). and 7 (Fig. 6). Combined with salinity gradient data, Lea et
al. (2000) suggested that the transport of water vapor to the
3.4 Forcings for the abnormally strong ASM at MIS 6.5  western Pacific was enhanced during glacial times. This large
SST gradient could result in an enhanced Walker circulation
The extraordinarily strong ASM condition at MIS 6.5 dur- in the Pacific, similar to the modern La Nifia state, which
ing the penultimate glacial period is one of the most striking moves the rainfall zone westward and intensifies EASM pre-
features revealed by stalagmite records from three differentipitation (Clement et al., 1999) (Fig. 1). Under a weak
Chinese caves (Fig. 5). This strong summer monsoon evenialker circulation, analogous to present El Nifio conditions,
is also observed in Chinese Loess plateau record (Roussedhe rainfall zone in the Pacific migrated eastward and EASM
et al., 2009). Modeling experiments suggest this increasegrecipitation was reduced (Clement et al., 1999). We specu-
monsoon intensity is primarily attributed to high NH insola- late that the extremely strong EASM precipitation at MIS 6.5

tion (Masson et al., 2000). was not only governed by high NHSI, but also partially af-
Wang et al. (2008) found a correlation between thefected by the Pacific SST gradient.
stalagmite-inferred ASM intensity and the atmosphéHo This speculation is supported by modern meteorological

records from Antarctic Vostok ice-core;®ubbles (Sowers observations (e.g., Xue et al., 2007; Tan, 2014) and resolved
et al., 1991; Petit et al., 1999), and suggested that the Doleecadal marine records (Oppo et al., 2009). La Nifia years
effect (Dole, 1936; Bender et al., 1994) can explain thisaccompany precipitation probabilities above normal in main-
similarity. A minimum atmospherié'®0 (6180 peak at  land China (Tan, 2014, and references therein). However,
170 kyr BP in the Vostok ice core (Petit et al., 1999), for ex- comparison of SST histories in the South China Sea and east-
ample, matches the strong-ASM period at MIS 6.5. ern equatorial Pacific SST suggests an El Nifio-like condition
The evolution of§1804, inferred from the Vostok ice  for the last glacial time (Koutavas et al., 2002), opposite to
core most likely results from changes in summer insolationthe findings by Lea et al. (2000). The study by Koutavas et
and precipitation in NH, where land provides space for theal. (2002) does not support our argument at MIS 6.5.
growth of vegetation and photosynthesis during glacial pe- Sea level change could be one of the secondary factors.
riods (Sun et al., 2000). However, the summer insolation atMarine proxy records and model simulations show that the
MIS 6.5 is less than the interglacial periods at MIS 5.5 andexposure of the Sunda shelf at the Last Glacial Maximum

7.3 (Fig. 5), suggesting that the minimal stalagm#0 val- (LGM) associated with a low sea level condition can alters
ues at MIS 6.5 could also be associated with additional secregional hydrologic pattern in Southeast Asia (DiNezio and
ondary forcing(s). Tierney, 2013). During the LGM, the strong Pacific equa-

Climate conditions around Yangkou and Sanbao caves artorial SST gradient could strengthen the Pacific Walker cir-
influenced by the Indian summer monsoon (ISM) and Eastculation and increase rainfall in the west tropical Pacific. As
Asian summer monsoon (EASM) (Fig. 1). The ISM is pri- pointed out by DiNezio and Tierney (2013), both of the prox-
marily driven by a south—north land—sea thermal gradient; indes and model simulations are highly uncertain renditions of
stead, the EASM is controlled by both south—north and east-€limate history, and thus multi-proxy records and high pre-
west land—sea gradients (Wang and Lin, 2002). The EASMcise models are critical to understand paleoclimate.
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3.5 Abrupt ASM changes
Edited by: M. Mohtadi
One prominent feature of ASM dynamics is the occurrence
of suddens!®0 shifts at about the midpoint of precession-
dominated NHSI change expressed in all Chinese caves ovdreferences

:/r\}zrf;ug{ 2|m ez\gg]sqoévh(eﬁzlyefta?l” ;gf;;)c(?:'igt ?) Izzgioei’_Bender, M., Sowers, T., and Labeyrie, L.: The Dole Effect and its
. ’ v C variations during the last 130 000 years as measured in the Vostok

ample, the jumps from weak to strong ASM states lasted ;.o core, Global Biogeochem. Cy., 8, 363—376, 1994.

< 100years from MIS 6.2 t0 5.5 and 500 years from MIS 7.2 ¢4 v. 3. Cheng, H., An, Z., Edwards, R. L., Wang, X., Tan, L.,

to 7.1 (this study; Wang et al., 2008; Cheng et al., 2009). Cli-  and Wang, J.: Large variations of oxygen isotopes in precipitation

mate in Hulu Cave is primarily dominated by EASM; onthe  over south-central Tibet during Marine Isotope Stage 5, Geology,

other hand, Yangkou and Sanbao caves are located in a region 38, 243-246, 2010a.

influenced by both EASM and ISM. This agreement of local Cai, Y. J., Tan, L., Cheng, H., An, Z., Edwards, R. L., Kelly, M. J.,

abrupts180 changes supports the synchroneity of both mon- Kong, X., and Wang, X.: The variation of summer monsoon

soon sub-system variations on precessional timescale (e.g., precipitation in central China since the last deglaciation, Earth

Cheng et al., 2012a) and confirms the robustness and region- Planet. Sc. Lett., 291, 21-31, 2010b. ,

ality of these abrupt transitions in the vast ASM territory, C"€n9: H., Edwards, R. L., Hoff, J., Gallup, C. D., Richards, D. A.,

and Asmersom, Y.: The half-lives of uranium-234 and thorium-
Yangkou records also support the phase lag between ASM 230, Chem. Geol., 160, 17—33, 2000.

and N'_"SI (Cheng eF al., 2009, 201_2a). Th's phase lag Coql%heng, H., Edwards, R. L., Wang, Y., Kong, X., Ming, Y., Kelly,
be attributed to the mfluenge of millennial-scale abrupt cli- "3 \wang, x., Gallup, C. D., and Liu, W.: A penultimate
mate change in NH high latitudes (Porter and An, 1995; Sun  glacial monsoon record from Hulu Cave and two-phase glacial
et al., 2012), which delayed the response of ASM to the ris- terminations, Geology, 34, 217—220, 2006.
ing NHSI (Ziegler et al., 2010; Cheng et al., 2012a). Cheng, H., Edwards, R. L., Broecker, W. S., Denton, G. H., Kong,
X., Wang, Y., Zhang, R., and Wang, X.: Ice age terminations,
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4 Conclusions Cheng, H., Sinha, A., Wang, X., Cruz, F. W., and Edwards, R. L.:
The global paleomonsoon as seen through speleothem records
In this study, our new splice&lllso record of five stalagmites from Asia to the Americas, Clim. Dynam., 39, 1045-1062,
from Yangkou cave, Chongging, exhibits ASM variability = 2012a.
over the time period during 124—206 kyr BP. The prominentCheng, H., Zhang, P., Spétl, C., Edwards, R. L., Cai, Y., Zhang, D.,
consistency between the Yangkou and previous Chinese cave Sang, W., Tan, M., and An, Z.: The climatic cyclicity in semiarid-
8180 sequences confirms the duration and intensity of the arid Central Asia over the past 500,000 years, Geophys. Res.
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etal., 2012b) was presumably partially related to zonal forc-Clemens, S. C., Prell, W. L., and Sun, Y.: Orbital-scale timing and
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