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Little is known about the possible teleconnections between abrupt climatic changes originating in the North
Atlantic and precipitation dynamics in the Australian–Indonesian summer monsoon (AISM) domain. We
examine the climatic impacts of Heinrich stadial 3 (HS3) and Greenland interstadials 4 and 3 (GIS4/3) on
AISM-associated precipitation through a high-resolution analysis of stable isotope (δ18O, δ13C) and trace
element (Mg/Ca, P/Ca) ratios in a stalagmite from Liang Luar cave, Flores, Indonesia. Sixteen high precision
230Th dates indicate that stalagmite LR07-E1 grew rapidly (~0.3–1.0 mm/yr) in two phases between ~31.5–
30.1 ka and ~27.8–25.6 ka, separated by a ~2.3 kyr unconformity. Temporally consistent abrupt responses
occur in the Flores record during HS3 and GIS4, which are coherent with changes in stalagmite δ18O records
from China and Brazil. The response of low-latitude precipitation to HS3 cooling and GIS4 warming, as
demonstrated by the widely separated sites, comprises three distinct simplified phases: (1) a strong
southward migration of the ITCZ during HS3 is associated with a decrease in rainfall at Liang Luar cave and in
China, while wetter conditions are reconstructed from Brazil, (2) represents the peak of HS3 impacts and an
extended hiatus begins in the Flores record and (3) where suggested dry conditions at Liang Luar throughout
GIS4 form part of a coherent north–south anti-phasing in precipitation changes. The reconstructed changes
are also broadly consistent with NASA GISS ModelE-R simulations of a Heinrich-like freshwater perturbation
in the North Atlantic basin, which produces a southward shift in the ITCZ. The relationship between the
palaeoclimate records indicates that atmospheric teleconnections rapidly propagate and synchronise climate
change across the hemispheres during periods of abrupt climate change. Our findings augment recent
proposals that large-scale atmospheric re-organisations during stadials and interstadials play a key role in
driving changes in atmospheric CO2 concentration, air temperature and global climate change.
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1. Introduction

The last glacial periodwas punctuated by a series of rapidwarming
and cooling events, most prominently around theNorth Atlantic basin,
where repeated millennial-scale temperature variations (Dansgaard–
Oeschger interstadials and Heinrich stadials) occurred with magni-
tudes similar to a full glacial–interglacial cycle (Dansgaard et al., 1993;
Heinrich, 1988). Recent studies of oxygen isotopic variability (δ18O, δ
in permil units, ‰, of the subscripted value relative to a known
standard) in speleothems (calcium carbonate cave deposits) have
revealed the impact of these abrupt climate changes in the tropical
hydrological cycle through atmospheric teleconnections to the
monsoon domains of tropical South America and East Asia. Spe-
leothem δ18O records collectively indicate a broad north–south
precipitation anti-phasing across the hemispheres during short-
lived, cool Heinrich stadials, under a southward displacement of the
intertropical convergence zone (ITCZ), with significant impacts on
monsoon-associated rainfall (Wang et al., 2006). High-resolution
analyses of δ18O in a Chinese stalagmite over Heinrich stadial 1 (HS1)
showan abrupt shift in the character of the East Asianmonsoon (EAM),
with a rapid onset of b2 yr and a duration of ~500 yr (Treble et al.,
2007).

The expression of Heinrich stadials in the Southern Hemisphere
tropical regions remains unclear. Palaeoclimatic reconstructions from
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Fig. 1. Location of Liang Luar cave (8°32′S, 120°26′E), southern Indonesia. The island of
Flores lies near the southern limit of the intertropical convergence zone during the
austral summer.

Fig. 2. NASA GISS ModelE simulation of seasonal precipitation source anomalies (wet–
dry season) for Flores. Simulations utilise the atmospheric general circulation ModelE
equipped with vapour source distribution (VSD) tracers resolved to wave number 11
(effective horizontal resolution ~8°×10°) (Kelley, 2003; Lewis et al., 2010). VSDs are
unitless probability density functions (pdfs), normalised by the maximum probability
density. All pre-industrial boundary conditions and atmospheric compositions are
appropriate to circa 1880.
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the southern Africanmonsoon region, for example, indicate variability
in the impact of Heinrich stadials and their ability to propagate into
the southern tropics (Tierney et al., 2008). At Lake Tanganyika, a
variety of responses are reported through successive H stadials, with
isotopic excursions coeval with HS1 and HS4 interpreted as periods of
regional aridity, while HS2 and HS3 are not discernible (Tierney et al.,
2008). Currently, little is known about the impact of abrupt North
Atlantic-driven climatic changes on the southern sector of the
Australian–Indonesian summer monsoon (AISM), largely because
existing palaeo-records are limited by their chronological and
sampling resolutions. Characterising the occurrence, timing, duration
and magnitude of abrupt shifts in precipitation within the AISM
system is particularly important for understanding the role of the
tropics in transporting heat and moisture to higher latitudes.

During Heinrich stadials, δ18O increases in Chinese speleothems are
commonly interpreted as showing a weakening of the East Asian
monsoon (Wang et al., 2001;Wang et al., 2008; Zhao et al., 2010),while
δ18O decreases in Brazilian stalagmites are linked to an intensification of
the monsoon in tropical and subtropical South America (Cruz et al.,
2006; Cruz et al., 2009; Wang et al., 2004). Stalagmite δ18O is widely
used as a proxy for palaeorainfall through the ‘amount effect’, whereby
isotopic ratios of precipitation (δ18Op) are inversely correlated to local
rainfall amount (Dansgaard, 1964). The isotopic composition of
precipitation is, however, influenced by multiple site-specific factors,
which further complicate climatic interpretations. For example, δ18Op

integrates total changes in atmospheric circulation from source to the
site of rainout, including changes in regional hydrology, the initial
evaporative source region, the degree of rain-out during transit and
atmospheric mixing, together with fluctuations in local rainfall amount
(Dansgaard, 1964; Rozanski et al., 1993). As a result, the interpretation
of speleothem δ18O from monsoon areas based on the amount
effect alone may not be valid at all sites (LeGrande and Schmidt, 2009;
Schmidt et al., 2007). Furthermore, there is ambiguity in the
interpretations of speleothem δ18O in terms of monsoon variability,
which is variously used to describe the seasonality of precipitation or
the amount of summertime precipitation, again complicating isotopic
interpretations (Dayem et al., 2010; Lewis et al., 2010). In this
study, references to changes in the intensity of the AISM refer to a
dynamical definition of monsoon changes (Lewis et al., 2010; Webster
and Yang, 1992) using zonal wind shear as an indicator of regional
convective activity and latent heat released during themonsoon season
as precipitation.

We present a high-resolution analysis of δ18O, δ13C and trace
elements (Mg/Ca and P/Ca) from a near-annually banded stalagmite
(LR07-E1) from Flores, southern Indonesia. We use high-resolution
stalagmite δ18O changes to reconstruct abrupt shifts in precipitation
within theAISMaround the time of Heinrich stadial 3 (HS3, ~30 ka) and
Greenland interstadials 4 and 3 (GIS4/GIS3, ~29–28 ka) and compare
this record to contemporaneous speleothems from eastern China (Zhao
et al., 2010) and Brazil (Wang et al., 2006). Recent studies have shown
that Mg/Ca and P/Ca are sensitive to changes in precipitation amount
and related soil productivity (e.g. Fairchild et al., 2001; Treble et al.,
2003). We use laser-ablation ICP-MS techniques to analyse Mg/Ca and
P/Ca ratios at ultra-high-resolution (sub-seasonal) as a means of
refining the uranium-series chronology and supporting high-resolution
δ18O interpretations. Finally, we integrate LR07-E1 δ18O records with
model simulations of Heinrich-like (‘hosing’) simulations using the
isotope-enabled NASA GISS ModelE-R general circulation model
(Hansen et al., 2007; Schmidt et al., 2006) to constrain the dominant
controls on regional δ18O variability and validate climatic interpreta-
tions made from speleothem δ18O.

2. Study area and climatology

Liang Luar cave (8°32′S, 120°26′E, 550 m.a.s.l.) is part of an
extensive cave system on Flores, Indonesia (Fig. 1). The narrow cave
entrance (~2 m×4 m) and long passages (up to ~1.7 km) of Liang
Luar restrict airflow and maintain stability in the cave environment.
Cave humidity was determined to be close to 100% during the dry
season and internal temperatures ~25 °C, which is close to the mean
annual surface air temperature. CMAP (Climate Prediction Centre
Merged Analysis of Precipitation, Xie and Arkin, 1996) observations
indicate average annual rainfall in the region is ~1800 mm/yr, with
~70% of rainfall occurring during the summer monsoon months of
December to March.

Annual precipitation over southern Indonesia is largely controlled by
the AISM and associated seasonal latitudinal displacements of the ITCZ.
During the Southern Hemisphere summer, warm Australasian conti-
nental and oceanic temperatures, coupled with cold land surface
temperatures over Asia, draw surface airflow from Asia towards
Australia. The region undergoes a distinct wind flow reversal, from a
low-level southeasterly trade wind flow in winter (May to September),
to a northwesterly flow in summer (December to March), due to the
southward displacement of the ITCZ. Modelled seasonal and annual
average precipitation sources to southern Indonesia are relatively local,
with distinct seasonal source region changes (Fig. 2). Themodelled wet
season source is comparatively local (~340 km mean vapour transport
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distance) relative to the dry season source, which has amean locus east
of Flores (9°33′S, 123°55′E, ~400 kmmean vapour transport distance).
Furthermore, the dry season source is relatively diffuse compared with
thewet season, with part of the source extending eastward of themean
location. The observed long-term mean δ18Op values in the region are
~5.3–5.4‰ VSWOM (Aggarwal et al., 2004) and analysis of δ18O in
rainwater collected near Liang Luar cave over the period of August 2006
to May 2007 showed a marked difference of ~6.8‰ VSMOW (Vienna
Standard Mean Ocean Water) in δ18Op between the mean wet season
(−10.3‰) and tradewind-associated (−3.5‰) rainfall (Griffiths et al.,
2009).

3. Sample description and methodology

Stalagmite LR07-E1 (Fig. 3) is ~1.73 m long and composed of fine-
grained white to brown opaque calcite with semi-regular millimetre-
scale laminae. Sample LR06-C3 is ~0.3 m long, with two prominent
hiatuses at 80 mm and 160 mm from the top of the specimen. The age
of the section below the older hiatus, comprised of laminated yellow/
brown translucent calcite, overlaps with portions of the E1 stalagmite.
Stalagmites C3 and E1 were recovered ~900 m and ~1200 m from the
cave entrance, respectively. Samples were slabbed longitudinally
along their growth axes and their surfaces polished to reveal growth
bands for uranium-series dating, stable isotope and trace element
analysis.

3.1. 230Th dating

The chronology for E1 was determined from a subset of 18 high
precision Th/U dates (sample positions indicated in Fig. 3). Fourteen
sampleswere analysed on a Fisons VG Sector 54-30 thermal ionisation
mass spectrometer (TIMS) at the University of Queensland (UQ) and
four paired samples on a Finnigan Neptunemulti-collector inductively
coupled plasma mass spectrometer (MC-ICP-MS) at The Australian
National University (ANU) for cross-laboratory verification. The TIMS
and MC-ICP-MS ages agree within measurement error and require
minimal corrections for detrital 230Th. Two age measurements were
made by TIMS for sample C3 at UQ. Age determinations were made on
~0.5 g of powdered material, which was milled for stable isotope
analysis (E1) or cut from the specimen using a dental grinding wheel
(C3). Uranium-series techniques were applied following the methods
of McCulloch and Mortimer (2008) and Zhao, et al. (2001).

3.2. Stable isotopes

Samples for δ18O and δ13C analysis from stalagmites E1 and C3
were milled in a continuous channel along the central growth axis
(Supplementary Table S1). Given the physical constraints of milling
large samples, uneven increments approximating ~10 mm were
Fig. 3. Photograph of stalagmite LR07-E1. Symbols show sampling for 230Th dates obtain
(blue circle, due to analytical error during TIMS processing resulting from low initial u
impacts (marked by abrupt switch from white to brown calcite) and the position of the
trace element analyses.
sampled. Additionally, an E1 sub-section (E1-D) was micro-milled
continuously at ~0.1 mm increments for ultra-high-resolution anal-
ysis of δ18O and δ13C immediately prior to a growth unconformity
marked by a distinct colour change fromwhite to brown calcite (Fig. 3,
Supplementary Table S1). This sub-section is ~35 mm in length and
characterised by a low-porosity finely laminated calcite. As LR07-E1 is
exceptionally fast growing and sub-seasonal resolution reconstruc-
tions can be achieved using conventional sampling techniques, only
approximately every second milled sample within E1-D was analysed
for δ18O and δ13C. For E1, a total of 385 δ18O and δ13C analyses were
conducted (174 at ~10 mm and 211 at ~0.1 mm resolution). For C3,
stalagmite stable isotopes were determined from 13 samples at
~10 mm resolution.

Stable isotope (δ18O and δ13C) values were measured from calcite
samples weighing 180–200 μg using a Finnigan MAT-251 mass
spectrometer coupled with an automated individual carbonate
reaction (Kiel) device at the ANU. Carbon dioxide was extracted for
isotope analysis by reacting the calcite powders with 105% H3PO4 at
90 °C. Stable isotope ratios for calcite are reported as per mil
deviations relative to the Vienna Peedee belemnite (VPDB) standard.
The analytical precision (2σ) for 115 NBS-19 in-run measurements
was 0.06‰ for δ18O and 0.04‰ for δ13C.
3.3. Trace elements

Measurements of Mg/Ca and P/Ca ratios were made using the
Varian laser ablation inductively coupled plasma mass spectrometer
(LA-ICP-MS) at The Australian National University. Trace element
ratios were measured for an E1 sub-sample (E1-D, as used for the
stable isotopes analysis) along the central growth axis, adjacent to the
speleothem surface subsequently milled for high-resolution stable
isotope analysis. The sample was mounted, cleaned using a pre-
ablation spot size of 47 μm at 5 Hz and element compositions were
measured using an ablation spot size of 28 μm at 10 Hz, relative to
NIST612 standard (e.g. Desmarchelier et al., 2006; Sinclair et al.,
1998). Trace element data were pre-processed (background subtrac-
tion, drift correction and spike filtering) and box smoothed to
approximately the same order of magnitude as adjacent stable
isotope data, in order to allow a comparison between the proxies to
be made. The frequency characteristics of linearly detrended ratios
were analysed using the Blackman–Tukey method (Blackman and
Tukey, 1958) in MATLAB to determine the expression of any possible
annual cycling. It should also be noted that element ratios measured
here are semi-quantitative and are not employed for absolute
palaeoenvironmental reconstructions as such, but rather used
primarily to constrain the uranium-series chronology throughout
the high-resolution sub-sample transect and to support high-
resolution stable isotope reconstructions.
ed by TIMS (red circles), TIMS and MC-ICP-MS (green circles) and MC-ICP-MS only
ranium concentration). The inset photo shows the hiatus around the peak of HS3
~35 mm long ultra-high-resolution sampling transect (E1-D) for stable isotope and

image of Fig.�3
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4. Results

4.1. Chronology

The age range determined from the 230Th measurements from E1
was 31.52±0.24 to 25.61±0.39 ka (Table 1). The age-depth model for
E1 (Fig. 4A) was established from 16 measurements, using the
stratigraphical constraint method outlined by Drysdale et al. (2005).
This method employs a constrained Monte Carlo procedure under the
assumption that any sequence of ages must exhibit a monotonic
increase along the growth axis of a stalagmite. The 230Th/232Th ratios of
samples are randomised and the distributions of those that yield
monotonic agemodels are used to estimate the initial 230Th/232Th value
of the detrital phase (Hellstrom, 2006). Two dates (LR07-E1-E-a16r/F-
a1r)were excluded from the age-depthmodel on the basis that they are
incompatible with several surrounding ages. Given that both U/Th
analytical methods (McCulloch and Mortimer, 2008; Zhao, et al., 2001)
produced incongruous ages, preservation issues in the lower section of
E1 (below ~1280 mm from the tip) are considered possible. There are
no inversions elsewhere in the chronology. The age-depthmodel for C3
was determined using a linear interpolation between the twomeasured
ages (25.91±0.16 and 27.92±0.17, Table 1).

Deposition of E1 occurred during two distinct periods of growth
from ~31.5 to 30.1 ka and ~27.8 to 25.6 ka, separated by a visible hiatus
located ~960 mmbelow the top of the stalagmite. The hiatus is visually
associated with a distinct change from white to brown calcite and the
average stalagmite growth rate is ~0.4 mm/yr above and ~0.6 mm/yr
below the hiatus. Growth rates within these sections are variable with
relatively slower average growth rates (~0.3 mm/yr), for example,
immediately preceding the hiatus and faster growth rates (~1.0 mm/yr)
within the finely laminated basal section (Fig. 4B). Growth rates for E1
are significantly faster than C3 (~0.06 mm/yr, Fig. 5) and the fastest
encountered in speleothems from Liang Luar cave.

4.2. Validation of stalagmite δ18O record

Previous studies have shown that shifts in Liang Luar stalagmite
δ18O during the Holocene largely correspond to changes in the δ18O of
precipitation (Griffiths et al., 2009; Griffiths et al., 2010a,b), and
Table 1
Summary of stalagmite LR07-E1 and LR06-C3 uranium-series data and calculated ages. Corre
decay constants of Cheng et al. (2000). The largest effect of the correction for detrital 230Th
were excluded from age-depth model calculations as outliers incompatible with surrounding
analyses were conducted.

Sample ID Depth
(mm from tip)

U
(ppm) ±2σ

232Th
(ppb) ±2σ

230Th/232Th 234U

LR07-E1
ANU-LR07-E1-A-e3r 61 0.1469±0.0002 3.041±0.001 34 1.07
UQ-LR07-E1-A-c1r 194 0.2544±0.0003 0.313±0.001 569 1.08
UQ-LR07-E1-A-b7r 210 0.1553±0.0002 0.100±0.001 1083 1.07
UQ-LR07-E1-B-b17r 383 0.1410±0.0002 0.101±0.003 988 1.08
UQ-LR07-E1-B-a13r 566 0.2867±0.0004 0.193±0.001 1057 1.07
UQ-LR07-E1-B-a10r 595 0.2791±0.0003 1.735±0.010 115 1.08
ANU-LR07-E1-B-a9r 604 0.2430±0.0004 0.054±0.000 3211 1.07
UQ-LR07-E1-C-b2r 783 0.2727±0.0005 0.858±0.003 229 1.07
UQ-LR07-E1-C-a9r 871 0.3061±0.0007 0.350±0.001 642 1.07
UQ-LR07-E1-C-a1r 944 0.3540±0.0004 1.355±0.010 192 1.07
UQ-LR07-E1-D-a11r 960 0.2306±0.0002 0.150±0.002 346 1.07
UQ-LR07-E1-E-b10r 1162 0.2836±0.0003 0.528±0.003 6568 1.08
UQ-LR07-E1-E-a17r 1274 0.3136±0.0002 1.409±0.010 183 1.07
ANU-LR07-E1-E-a16r 1283 0.2750±0.0005 0.032±0.000 7047 1.0
UQ-LR07-E1-E-a4r 1401 0.3590±0.0005 0.088±0.001 3329 1.07
UQ-LR07-E1-F-a28r 1461 0.2982±0.0003 0.078±0.001 3131 1.07
ANU-LR07-E1-F-a2r 1723 0.3764±0.0007 0.063±0.000 4917 1.08
UQ-LR07-E1-F-a1r 1728 0.4934±0.0006 0.089±0.001 4538 1.0

LR06-C3
UQ-LR06-C3-4 161 0.1759±0.0002 0.051±0.001 2809 1.26
UQ-LR06-C3-1 284 0.2330±0.0002 0.021±0.000 9548 1.26
model studies indicate that rainfall amount is the dominant control on
δ18Op during Heinrich-like events (Lewis et al., 2010). The use of
stalagmite δ18O as a palaeorainfall proxy, however, requires evaluation
of the veracity of the records. For example, if CO2 degassing during
stalagmite growth is sufficiently rapid, Rayleigh fractionation causes
systematic changes in calcite δ18O that have nodirect relationship to the
cave dripwater isotopic composition, nor to climate (Hendy, 1971).

Griffiths et al. (2009; 2010a) showed that contiguous Holocene
stalagmite δ18O records from Liang Luar cave are in agreement, and that
themost recent stalagmite calcitewas deposited in isotopic equilibrium
with cave dripwaters. In this study, where ancient stalagmite calcite
δ18O cannot be compared directly with cave dripwater, we validate the
δ18O record by demonstrating reproducibility of stalagmite δ18O records
within Liang Luar cave. We employ the reproducibility test rather than
the single growth layer Hendy (1971) tests, because their success or
failure cannot readily be interpreted in terms of palaeoenvironmental
signals determined from δ18O analysis along the central growth axis of a
stalagmite (Dorale and Liu, 2009).

A rigorous test for isotopic equilibrium is the replication of
contemporaneous stalagmite δ18O records from the same cave.
Replication of profiles between two records occurs where kinetic
processes are either absent or their net effect on speleothemcalcite δ18O
must have been the same. Consistent disequilibrium offsets are unlikely
for spatially separated stalagmites as precipitating drips have a unique
combination of flow path, CO2 partial pressure, residence time,
concentration of solutes and degassing history. Our analysis of
stalagmites LR07-E1 and LR06-C3, separated by ~300 m within Liang
Luar cave, and growing at vastly different rates, confirms that the δ18O
records were deposited in isotopic equilibrium over the period ~28–
25.6 ka ago (Fig. 5). Visually, variations in the stalagmite δ18O profiles
are similar over this period andmeanvalues agreewithin ~0.1‰. On the
basis of this replication test, we interpret the Liang Luar δ18O record in
terms of changes in precipitation amount.

4.3. δ18Op controls

Previous model results demonstrate that over southern Indonesia
during Heinrich-like events, δ18Op changes aremost closely associated
with precipitation amount (Lewis et al., 2010). Further studies also
cted ages (bold) are calculated using the technique of Hellstrom (2006; equation 1) and
contribution was ~3%. Samples marked in italics (LR07-E1-E-a16r and LR07-E1-F-a1r)
dates. Sample identifications are preceded by the relevant laboratory (ANU, UQ) where

/238U ±2σ 230Th/238U ±2σ Age (ka)
uncorrected ±2σ

Age (ka)
corrected ±2σ

Corrected initial
234U/238U ±2σ

93±0.0021 0.2316±0.0013 26.29±0.18 25.61±0.39 1.0852±0.0022
55±0.0025 0.2306±0.0015 25.99±0.20 25.95±0.20 1.0920±0.0027
59±0.0031 0.2304±0.0030 26.24±0.40 26.22±0.39 1.0817±0.0033
25±0.0019 0.2321±0.0009 26.27±0.13 26.25±0.13 1.0889±0.0020
94±0.0023 0.2341±0.0015 26.61±0.20 26.59±0.20 1.0856±0.0025
57±0.0017 0.2356±0.0011 26.62±0.15 26.42±0.18 1.0923±0.0019
90±0.0016 0.2335±0.0011 26.55±0.15 26.54±0.15 1.0851±0.0017
85±0.0025 0.2369±0.0013 27.0±0.18 26.89±0.19 1.0847±0.0027
78±0.0036 0.2419±0.0020 27.67±0.28 27.63±0.28 1.0841±0.0039
23±0.0024 0.2427±0.0012 27.94±0.17 27.81±0.18 1.0782±0.0026
82±0.0017 0.2614±0.0011 30.21±0.16 30.14±0.16 1.0851±0.0018
07±0.0018 0.2663±0.0023 30.78±0.31 30.77±0.31 1.0881±0.0019
89±0.0012 0.2705±0.0016 31.40±0.22 31.25±0.23 1.0862±0.0013

772±0.0018 0.2724±0.0010 31.72±0.15 31.71±0.15 1.0844±0.0019
78±0.0025 0.2100±0.0014 31.11±0.21 31.10±0.21 1.0849±0.0027
79±0.0018 0.2712±0.0017 31.53±0.24 31.52±0.24 1.0852±0.0020
41±0.0012 0.2723±0.0012 31.46±0.16 31.46±0.16 1.0919±0.0012

793±0.0026 0.2686±0.0015 31.13±0.13 31.13±0.22 1.0866±0.0028

60±0.0024 0.2700±0.0011 25.97±0.16 25.91±0.16 1.3622±0.0024
64±0.0016 0.2882±0.0013 27.94±0.17 27.92±0.17 1.3704±0.0017
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suggest that in coastal settings in the western tropical Pacific, δ18Op is
correlated to local rainfall amount during other types of climatic
change such as El Niño-Southern Oscillation variability (Tindall et al.,
2009). Changes in the amount of precipitation are considered most
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Fig. 5. Stalagmite LR07-E1 (blue) and LR06-C3 (red) δ18O time series. Uranium-series
age error bars are colour-coded for each stalagmite. The scale bar demonstrates the
varying growth rates between the stalagmites (E1 ~0.5 mm/yr; C3 ~0.06 mm/yr),
indicating the approximate length of time for each sample to grow 50 mm.
relevant for δ18O interpretations at coastal sites directly influenced by
the ITCZ (Rozanski et al., 1993). Flores is situated on a strong spatial
gradient in the δ18O of mean annual rainfall near the southern limit of
the modern summer ITCZ (Aggarwal et al., 2004). As such, this site is
likely highly sensitive to variability in latitudinal ITCZ migrations and
associated rainfall fluctuations. Observational studies of modern
rainfall over Flores (Griffiths et al., 2010a) also support model
analyses indicating that δ18Op correlates well with rainfall amount.

Overall, we suggest that δ18Op over Indonesia records changes in
the precipitation amount, largely caused by shifts in the mean
position of the ITCZ and the intensity of associated convection. It
should be noted that the δ18Op integrates multiple drivers of
variability and as such, the interpretation of δ18O variability
reconstructed from palaeoclimatic archives is often complex. Source
region changes due to shifts in the ITCZ and land–sea distributions, for
example, likely provide a secondary impact on δ18Op on longer
timescales. Furthermore, isotope–climate relationships may be dif-
ferent over different timescales and types of climatic change
(LeGrande and Schmidt, 2009; Schmidt et al., 2007).

4.4. Stalagmite δ18O record and trace element profiles

Stalagmite LR07-E1 δ18O values at ~20-year resolution fluctuate
throughout the record, ranging from −3.5‰ to −4.8‰, with an
average δ18O value of −4.3‰ (Fig. 5). Generally, the δ18O values
increase irregularly from ~31.5 ka to a maximum at ~30.1 ka and then
decrease from ~27.8 to 25.6 ka. The termination of the first growth
phase (~31.5–30.1 ka) is marked by a δ18O maximum immediately
preceding the hiatus. A slowing of growth rates and narrowing of the
width of stalagmite LR07-E1 over this interval suggest that the drip
rate slowed in the period leading to the unconformity. Hiatuses in
stalagmite deposition are commonly due to a slowing of dripwater
supply and have been used to reconstruct dry conditions during
climatic excursions elsewhere (Cai et al., 2008; Cruz et al., 2009). To
test the possibility that monsoon-associated rainfall decreased before
stalagmite LR07-E1 stopped growing, we performed an ultra-high-
resolution (seasonal-scale) δ18O analysis of the final century of
stalagmite growth. The δ18O profile shows a substantial 18O
enrichment towards the unconformity (Fig. 6), which, if interpreted
in terms of rainfall amount, indicates that a drying trend led to the
cessation of stalagmite growth.

Our interpretation of the LR07-E1-D δ18O record can be cross-
checked by examining trace element variability at ultra-high-
resolution over the same growth interval. Mg/Ca and P/Ca in
speleothem calcite, in particular, provide a multi-proxy means for
understanding past hydrological variations (e.g. Desmarchelier et al.,
2006; Johnson et al., 2006; Treble et al., 2003). Mg/Ca variations in
Liang Luar stalagmites have been shown to reflect changes inmeteoric
infiltration rates, which are influenced by hydrological changes at the
surface (Griffiths et al., 2010a). High speleothem Mg/Ca ratios have
been used extensively as an indicator of palaeo-aridity (Fairchild and
Treble, 2009) and also speleothem P/Ca may provide a proxy for soil
profile temperature and moisture (Treble et al., 2003).

Spectral analysis of the Mg/Ca and P/Ca profiles indicates a
significant spectral peak at ~0.4 mm/cycle. Trace element variations
on near-annual scales in stalagmites have previously been used to
construct relative chronologies (Desmarchelier et al., 2006; Treble
et al., 2003). The 0.4 mm/cycle suggests that, for the length of E1-D,
~90 near-annual growth increments were analysed, in agreement
with the time interval (~100 yr) indicated by the 230Th chronology
(Fig. 4B). The trends toward higher Mg/Ca and lower P/Ca values in
LR07-E1-D are well correlated (R=−0.75) and indicate drier
conditions in the ~60 near-annual increments prior to the hiatus
(Fig. 6). Taken together, the coherent shifts in stalagmite E1-D growth
rate, δ18O, and trace element profiles suggest that a ~60 yr drying
trend occurred prior to the cessation of calcite precipitation.
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5. Discussion

5.1. Temporal and spatial evolution of HS3 and GIS4

The timing of HS3 impacts in the North Atlantic is placed at ~31 ka
and may be correct to within 1000 yr (Hemming, 2004). In the EAM
region, Zhao et al. (2010) correlate a δ18O increase in stalagmite
records from two Chinese caves at ~30.1 ka with HS3 and interpret
this as a weakmonsoon event. At Botuverá cave in Brazil, a decrease in
δ18O during the HS3 interval is centred on ~30 ka and considered to be
a wet period associated with intensification of the South American
monsoon (Wang et al., 2006).

The spatial and temporal response of monsoon-associated rainfall
in China (Zhao et al., 2010), Flores, and Brazil (Wang et al., 2006) can
be summarised as three simplified main phases of hydrological
change occurring over the period ~30.8–28.0 ka (covering HS3-GIS4,
Fig. 7). Phase 1 (~30.8 to 30.2 ka) is characterised by rapid anti-
phased changes in the stalagmite δ18O records from China and Brazil,
associated with changes in the intensity of the monsoon and an
average southward shift in the ITCZ. In China, Zhao et al. (2010)
interpret a large δ18O increase as a significant decrease in summer
monsoon rainfall corresponding to HS3 cooling in the North Atlantic.
In contrast, Wang et al. (2006) interpret the δ18O decrease recorded in
Brazil at this time as an inter-hemispheric anti-phased intensification
of the South American summermonsoon rainfall. At Liang Luar cave, a
~0.5‰ increase in speleothem δ18O (a drying trend) occurs during
phase 1. Furthermore, a progressive reduction in the diameter of
stalagmite LR07-E1 supports a decrease in drip rate and precipitation
amount at this time in LR07-E1.

Collectively, phase 1 describes a substantial southward shift in the
ITCZ in response to HS3 cooling, such that the mean position of the
ITCZ is located at higher latitudes beyond Flores, resulting in a
regional drying of the low southern latitudes around Flores. The HS3-
driven southward ITCZ displacement may have been large enough to
produce disparate responses in the two Southern Hemisphere
monsoon domains separated by ~20º of latitude. Additionally, the
distinction should be made between tropical precipitation systems
over the oceans (i.e. the ITCZ) and those influencing continental
environments (i.e. the monsoons), as these are influenced by different
forcings and are dynamically and often geographically distinct (Vuille
and Werner, 2005). Shifts in the ITCZ, for example, are primarily
driven by meridional thermal gradients, while the monsoons respond
to a complex set of forcings that includes summer insolation, land–sea
temperature contrasts, soil and vegetation feedbacks and extra-
tropical cold air incursions. Hence, although southward oceanic ITCZ
shifts during cold excursions are comparatively well constrained, over
land such latitudinal migrations are not necessarily clear and may
depend on feedbacks in the bio- and lithospheres. Furthermore,
responses may be meridionally and zonally asymmetric and monsoon
intensification may result without a concomitant ITCZ change (Cruz
et al., 2009). As such, discrepant reconstructed hydrological responses
between Flores and Brazil are unsurprising given the unique in-
fluences on the ITCZ in each location.

Phase 2 (~30.2 to 29.6 ka) represents the peak of HS3 impacts on
monsoon precipitation in Brazil (wetter) and China (drier) (Wang
et al., 2006; Zhao et al., 2010). The dominant phase 2 feature in the
Flores stalagmite record is the cessation of growth following abrupt
geochemical (δ18O, δ13C, Mg/Ca, P/Ca) changes that indicate a
decrease in precipitation (Fig. 6). The growth hiatus in the Flores
record suggests that the average position of the ITCZ is located
southward of Flores during HS3.

Phase 3 (~29.6 to 28.0 ka) defines the response of rainfall within
the monsoon domains to HS3 recovery and the abrupt warming
occurring over Greenland during GIS4 (Dansgaard et al., 1993). During
this period, there was likely a rapid northward shift of the ITCZ in
response to the changing thermal gradient across the hemispheres,
and monsoon intensification occurs over China (Zhao et al., 2010).
This is broadly similar, although of opposite sign, to hydrological
changes reconstructed from Botuverá cave, Brazil, where a decrease in
precipitation is recorded (Wang et al., 2006). The hiatus in stalagmite
LR07-E1 is bracketed by uranium-series ages at ~30.14±0.16 ka and
~27.81±0.18 ka (Table 1), thus the expression of GIS4 within the
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distinct stalagmite E1 unconformity (spanning ~2.3 kyr) likely
indicates a significant dry phase in response to the northward shift
of the ITCZ. During phase 3, the widely separated stalagmite records
from Brazil, Flores and China show a spatially coherent north–south
hydrological anti-phasing across the hemispheres.

Following phase 3, LR07-E1 stalagmite growth in Flores resumes
and the isotopic trends in all three records largely follow local
summer insolation forcing. In Flores, δ18O values centre around
−4.3‰, which is similar to the average LR07-E1 δ18O value recorded
between ~31.5 and 30.8 ka, prior to the onset of HS3 drying in Flores.
A similar recovery from GIS4 drying is also recorded at Botuverá cave
at this time, with a progressive decrease in δ18O beginning ~28 ka,
corresponding to increasing local summer insolation. The trends
toward lower δ18O (increased precipitation) at Liang Luar and
Botuverá caves begin during the period of increased monsoon activity
in China that is coincident with GIS3 in Greenland (Zhao et al., 2010).
In China, GIS3 is registered as a smaller excursion than GIS4, and is
followed by a progressive δ18O increase as local summer insolation
decreases. The muted response of the Southern Hemisphere stalag-
mite δ18O records during GIS3, compared with China, indicates
complexity in the spatial response of the low latitudes to climatic
excursions originating in the high northern latitudes, and possibly
relates to subtle shifts in the locus of the ITCZ.

Dynamical perspectives on the observed temporal and spatial
complexity of Greenland interstadial expressions are limited as the
basic forcing mechanisms are not well constrained. Consequently,
model experiments do not provide much insight into Dansgaard–
Oeschger events (Kageyama et al., 2010). Dansgaard–Oeschger events
have also been described as wind (rather than oceanic circulation)
driven phenomena and are consequently characterised by rapid,
widespread teleconnection but are also comparatively unstable
(Wunsch, 2006). As such, remote expressions of interstadials, if any
perturbation occurs, are likely diverse between regions. Finally, the
termination of stalagmite LR07-E1 growth at ~25.6 ka occurred as the
top of the stalagmite grew close to the cave ceiling and likely blocked
drip formation, and hence cessation of growth at this time is not
attributed to a climatic cause.

In summary, the speleothem δ18O records from China, Flores and
Brazil reveal coherent spatial and temporal simplified patterns in the
low-latitude impact of climatic events HS3 and GIS4/GIS3 originating
in the high northern latitudes. During HS3, under a strong southward
shift in the ITCZ and with significant changes in regional monsoon
intensity, drier conditions are recorded at Liang Luar cave and in
China, and wetter conditions are recorded in Brazil. In the low
latitudes, GIS4 is characterised by a coherent inter-hemispheric anti-
phasing of precipitation, likely in response to a rapid northward shift
in the ITCZ, suggesting a temporally robust, though complex,
relationship between hydrological changes across the hemispheres.

5.2. Data–model comparison of HS3

Model results provide a useful context for interpreting proxy
records and in order to put the low-latitude hydrological records into
a broader context, we simulate a Heinrich-like event using the GISS
ModelE-R (Lewis et al., 2010). In this ‘hosing’ simulation, following
the Paleoclimate Modelling Intercomparison Project (PMIP) protocol,
freshwater is added uniformly over the North Atlantic (50° to 70°N) at
a rate of 1 Sv (1 Sv=106 m3/s) over 100 model years. A control
simulation, with no freshwater perturbation, was run in parallel with
all boundary conditions and atmospheric composition appropriate to
the pre-industrial period (circa 1880). The results are presented as
hosing anomalies (Δ) relative to mean control values (Fig. 8). Hosing
experiments are highly idealised and not necessarily representative
of a particular climatic event, although are useful in examining
the response of tropical precipitation to abrupt cooling in the North
Atlantic.

Following freshwater injection the simulated perturbation of the
sea surface temperature gradient across the hemispheres results in a
southward shift in the ITCZ by 1–2 model gridboxes (~4–8° in
latitude). Throughout China, hosing-driven anomalies are spatially
complex (Fig. 8). Overall increases in precipitation (ANN 0.2 mm/day;
JJA 0.1 mm/day; DJF 0.9 mm/day) are modelled, together with
enrichment in 18O (ANN Δδ18Op 0.6‰; JJA Δδ18Op 0.6‰; DJF Δδ18Op

0.2‰). Following hosing, year-round increases in precipitation are
modelled, associated with intensification in the AISM. Flores also lies
near the simulated contour of zero change, particularly during thewet
seasonmonths. Through gridboxes encompassing Liang Luar there is a
hosing-driven annual average increase in precipitation of ~0.8 mm/
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day (relative to modern at 95% significance level about the decadal
mean) and an average annual δ18O decrease of ~0.7‰. Seasonally, the
largest simulated precipitation anomalies occur during the winter
season (~0.8 mm/day) with austral summer increases (~0.6 mm/
day). Over Brazil, seasonally pronounced increases in precipitation
(ANN 1.1 mm/day; JJA 0.7 mm/day; DJF 1.3 mm/day) and δ18Op

decreases (ANN Δδ18Op −2.7‰; JJA Δδ18Op −1.7‰; DJF Δδ18Op

−3.1‰) are simulated.
Over regions encompassing the cave sites in China and Brazil,

modelled hosing-driven δ18Op anomalies are broadly consistent with
average reconstructed δ18O changes from multiple speleothems
(Lewis et al., 2010). Within the AISM-dominated subtropics, geo-
chemical changes in lake sediments from Lynch's Crater, northeastern
Australia, suggest that Heinrich stadials 1 to 3 are expressed as wet
intervals (Muller et al., 2008). Broadly, there is a coherence of
hydrological responses in spatially disparate southern subtropical
regions (northern Australia and Brazil) during HS3, in agreement with
modelled precipitation increases.

The expression of HS3 in southern Indonesia as a dry period
provides a coherent climatic response with average Heinrich stadial
changes reconstructed northwards in Borneo (Partin et al., 2007) and
over the East Asian monsoon region (Wang et al., 2001; Zhao et al.,
2010) and a discordant response with changes in the southern
subtropics (Muller et al., 2008; Wang et al., 2006). There are currently
no further high-resolution, high-quality records covering Heinrich
stadials from within the region for comparison, although the Younger
Dryas stadial (~12.6 to 11.5 ka) is evident as a prominent decrease in
18O values (increase in precipitation) at Liang Luar cave (Griffiths
et al., 2010b). The Younger Dryas, while not directly analogous to
Heinrich excursions, provides a useful comparison to both modelled
hosing-driven δ18Op anomalies and reconstructed δ18O changes
covering Heinrich intervals. Over Flores, the Younger Dryas is
interpreted as an increase in summer monsoon related precipitation
over Flores (Griffiths et al., 2010b), which is in agreement with
modelled hydrological anomalies.
Precipitation over southern Indonesia is particularly sensitive to
latitudinal migrations in the ITCZ, and hence the temporal complexity
of responses in southern Indonesia to abrupt North Atlantic cooling
(HS3 and YD) likely relates to the different magnitudes in the events
originating in the North Atlantic and to their variable ability to
propagate into the Southern Hemisphere tropics through ITCZ
perturbations. More broadly within the southern tropics, temporally
variable responses to Heinrich stadials are reported in the southern
tropics of Africa, from Lake Tanganyika, where HS4 and HS1 are
evident as abrupt isotopic enrichments, and HS3 and HS2 are,
conversely, not discernible (Tierney et al., 2008). Model results also
demonstrate the spatial complexity of hydrological changes in the
southern Indonesian region, with Flores situated near the simulated
contour of zero δ18Op and precipitation changes.

Overall,model simulationsare an idealisedHeinrich-like experiment
that is not boundary condition specific andmay not resolve the complex
and subtle precipitation changes occurring over climatically sensitive
regions. Simulations do not take into account, for example, marine
isotope stage 3 changes in ice volume and continentality and hence do
not capture the full range of ITCZ perturbations.Model studies that have
employed a North Atlantic freshwater forcing on a LGM base climate
state, for example, reveal that ITCZ shifts outside the tropical Atlantic
Ocean are not robust and highly model dependent (Kageyama et al.,
2010; Singarayer and Valdes, 2010). Furthermore, tropical precipitation
responses are highly sensitive to prescribed boundary conditions and
forcings, which are unique for each Heinrich stadial. Overall, ensemble
GCM results indicate that strong ITCZ migrations are dynamically
possible under climatic conditions characterised by a collapsed Atlantic
Meridional Overturning Circulation, and that these can result in dry
perturbations around Indonesia.

Identifying the nature of the climatic connections between the
hemispheres is important for understanding abrupt climatic events.
Recent studies link disrupted global patterns of oceanic and atmo-
spheric circulation during stadials with significant changes in
biogeochemical cycles, atmospheric CO2 concentrations, and global
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temperature (Denton et al., 2010). During Northern Hemisphere
stadials, when the ITCZ is pushed southward by cool northern sea
surface conditions, a poleward shift also occurs in the Southern
Hemisphere westerly wind belt, producing pulses of ocean upwelling,
associated increases in atmospheric CO2 and warming over the
Southern Ocean and Antarctica (e.g. Anderson et al. 2009). The
southward migration of the ITCZ during HS3 may play a key role in
driving CO2 from the Southern Ocean, causing regional warming over
Antarctica and ultimately leading to reinvigoration of the thermoha-
line circulation and subsequent warming over Greenland during GIS4.
The weak monsoon event linked to HS3 in China is the longest Asian
monsoon stadial occurring between ~32.5 and 20.6 ka (Zhao et al.,
2010) and is correlated to the largest Antarctic warming event in this
interval (EPICA Community Members, 2006). The comparatively
strong displacement of the ITCZ during HS3, indicated by the Liang
Luar cave stalagmite record, supports the proposal that a north–south
coupling of the hemispheres may be a fundamental driver of global
climate change.

6. Conclusions

Stalagmite LR07-E1 from Liang Luar cave, Indonesia, provides a
high-resolution, independently dated multi-proxy record of AISM
rainfall variability during the HS3 cold and GIS4/3 warm intervals in
the North Atlantic region. The record spans the period from ~31.5 to
30.1 ka and ~27.8–25.6 ka in two calcite growth phases separated by a
hiatus. Throughout the stalagmite record, AISM-associated precipita-
tion anomalies occur in response to thermally driven perturbations in
the mean location of the ITCZ that originate in the North Atlantic, and
a temporally consistent relationship between hydrological changes in
the AISM and EAM throughout the E1 record is demonstrated. During
HS3 (phase 1), under a southward shift in the ITCZ driven by cool sea
surface conditions in the North Atlantic, a decrease in rainfall is
recorded at Liang Luar cave and in China, while wetter conditions are
reconstructed in South America. An extended hiatus within stalagmite
E1 begins during phase 2, which is the peak of low-latitude HS3
impacts, and suggests the mean location of the ITCZ is southward of
Flores. Throughout GIS4 (phase 3), dry conditions at Liang Luar
comprise a coherent pattern of inter-hemispheric anti-phasing of
hydrological responses with Brazil and China.

Stalagmite records demonstrate that southern Indonesian precip-
itation is sensitive to latitudinal ITCZ migrations and temporally
complex responses to abrupt Northern Hemisphere cooling occur
over this region. For example, the AISM-associated rainfall anomaly
during HS3 was likely of opposite sign to that during the YD event.
This discordance is due to the different magnitudes in the events
originating in the North Atlantic and to their varying abilities to
propagate into the Southern Hemisphere through ITCZ shifts. The
strong shift in the ITCZ during HS3, evidenced by the disparate
precipitation responses between the southern tropics and subtropics,
is associated with a significant weak monsoon event in China and a
large warm period in Antarctica. Furthermore, the large southward
HS3-driven ITCZ shift may be linked to large-scale oceanic and
atmospheric changes that led to the reinvigoration of the thermoha-
line circulation and the resultant warming over Greenland character-
ising GIS4 (Denton et al., 2010).

The novel integration of multi-proxy geochemical analyses
(including stable isotope and trace element data sets), together
with general circulation model simulations, provides a comprehen-
sive analysis of large-scale low-latitude hydrological responses to
abrupt climatic change. Overall, the results demonstrate the utility of
integrating multi-proxy reconstructions with isotope-enabled model
simulations to improve site-specific interpretations. Additional
speleothem records from this climatically sensitive region will further
constrain the range of climatic changes in the AISM, associated with
latitudinal ITCZ shifts occurring during abrupt climatic excursions
originating in the North Atlantic. Further understanding of the diverse
remote responses to Greenland interstadials similarly requires an
increase in the spatial and temporal coverage of tropical hydrological
reconstructions. Future work integrating model results may benefit
from employing regional downscaling techniques and studies
involving site-specific forward modelling describing calcite precipi-
tation may also improve the utility of multi-disciplinary approaches.

Supplementarymaterials related to this article can be found online
at doi:10.1016/j.epsl.2010.12.048.
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