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Maritime Continent (MC) convection drives zonal and meridional climate modes, including the Austral-
asian monsoon system, but its role in past global climate change remains uncertain. Here we use 
speleothem oxygen isotope (δ18O) records from a latitudinal transect across the MC, and a new critically 
located record for southwest Sulawesi, Indonesia, to reconstruct spatial hydroclimate variability in the 
Australasian monsoon domain over the last 40,000 yr. Our results show that atmospheric convection 
in the core MC region was reduced from ∼40,000 to 12,000 yr ago and strengthened rapidly only 
after the inundation of shallow continental shelves in the region, well after the onset of deglaciation. 
Interestingly, the millennial-scale climatic impacts of North Atlantic Heinrich events are not evident in 
Sulawesi. Together with climate model simulations, we demonstrate that changes in deep atmospheric 
convection dominate glacial–interglacial hydroclimate over the MC, whereas latitudinal shifts in the mean 
location of the InterTropical Convergence Zone control rainfall patterns during abrupt climate changes.

Crown Copyright © 2019 Published by Elsevier B.V. All rights reserved.
1. Introduction

Deep atmospheric convection over the western equatorial Pa-
cific is critical for the redistribution of energy and moisture within 
Earth’s climate system (e.g., Webster, 1994). This convection is 
driven by evaporation of the warm waters of the Indo-Pacific 
Warm Pool (>28 ◦C), and is vital for the global heat transport 
from the equator to the poles (Schneider et al., 2014). Western 
equatorial Pacific convection drives zonal and meridional climate 
modes, including the dynamic Australasian monsoon system (e.g., 
Chiang, 2009). Latitudinal movements of the region of maximum 
convective rainfall over the western equatorial Pacific form part 
of the global Intertropical Convergence Zone (ITCZ), which acts 
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as Earth’s meteorological equator. The seasonal migration of the 
ITCZ, and associated seasonal reversals of the Australasian mon-
soon (incorporating the East Asian summer monsoon (EASM) and 
Indo-Australian summer monsoon (IASM)) determine the distribu-
tion and timing of rainfall throughout the tropics and subtropics 
of Australasia (Webster et al., 1998) (Fig. 1). The combined effect 
of deep atmospheric convection and the large latitudinal sweep of 
the ITCZ make the Australasian monsoon domain the most atmo-
spherically dynamic region on Earth.

Speleothem records from the northern and southern regions 
of the Australasian monsoon document anti-phased rainfall re-
sponses to orbital precessional insolation forcing and millennial-
scale climate events, interpreted as latitudinal shifts in the mean 
location of the ITCZ (Ayliffe et al., 2013; Denniston et al., 2013;
Griffiths et al., 2009; Lewis et al., 2011; Wang et al., 2001); not-
ing that differing interpretations of Chinese speleothem records 
have been proposed by a number of authors (see Zhang et al., 
2018, and references therein). Records from the core of the west-
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Fig. 1. Location map showing tropical Pacific hydroclimate. Mean January (a) and 
July (b) rainfall for the period 1979–2014. Dashed yellow lines show the approx-
imate location of the ITCZ. Circles in (a)–(b) indicate the locations of speleothem 
records for Hulu and Dongge caves, China (green) (Dykoski et al., 2005; Wang 
et al., 2001); Gunung Buda, Borneo (orange) (Carolin et al., 2013; Partin et al., 
2007); Liang Luar Cave, Flores (dark blue) (Ayliffe et al., 2013; Griffiths et al., 2009;
Lewis et al., 2011); Botuverá Cave, Brazil (light blue) (Wang et al., 2007) and Gempa 
Bumi Cave, Sulawesi (purple; this study). (c) Elevation of Sulawesi, Indonesia (in 
metres above sea level) with the locations of Gempa Bumi Cave (purple circle), the 
nearest major town, Makassar (maroon square), and monthly mean rainfall recorded 
at Makassar (inset). (For interpretation of the colours in the figure(s), the reader is 
referred to the web version of this article.)

ern equatorial Pacific, suggest that reduced rainfall coeval with 
Heinrich events may indicate reduced convective activity over the 
western equatorial Pacific (Carolin et al., 2013; Partin et al., 2007;
Russell et al., 2014). Changes in the strength of deep atmospheric 
convection have implications for total rainfall received, whereas 
shifts in the ITCZ influence rainfall distribution; therefore, it is of 
critical importance to document the interaction of these processes 
in the past to fully understand the role of the Australasian mon-
soon in global climate.

The lack of continuous, highly resolved climate records from 
the IASM domain prevents the development of a regional picture 
of the behaviour of this monsoon system. Our understanding of the 
relationship between North Atlantic climate events and the west-
ern equatorial Pacific, as well as the relative behaviour of the EASM 
and IASM, will be explored in more detail using a well-dated cli-
mate record from Sulawesi, Indonesia. The location of Gempa Bumi 
Cave at 5◦S, 119◦E in Sulawesi allows us to study changes in IASM 
strength, ITCZ location and Indo-Pacific Warm Pool (IPWP) dynam-
ics. It is well placed geographically between published speleothem 
records from Borneo and Flores (Fig. 1) to further develop our un-
derstanding of the migration of the monsoon and its response to 
North Atlantic climate forcings.

2. Materials and methods

2.1. Stalagmite collection and 230Th dating

We present a 230Th-dated speleothem δ18O record for south-
west Sulawesi, Indonesia, extending back continuously to 40 kyr BP 
(thousand years before present; where present is 1950CE) (Fig. 1c, 
Fig. 2; Methods). Stalagmite GB09-3 (Fig. 2) was collected ∼300 m 
from the entrance of Gempa Bumi cave (5◦S, 120◦E, 140 m above 
sea level) in the Maros limestone district of southwest Sulawesi, 
Indonesia. Rainfall over southwest Sulawesi is highly seasonal, with 
the Indo-Australian summer monsoon bringing ∼80% of annual 
rainfall between November and March (Fig. 1c). This new record 
is optimally located to record changes in the strength of deep at-
mospheric convection over the MC. It also fills a critical gap in 
speleothem palaeoclimate records and allows us to reconstruct the 
latitudinal structure of hydroclimate variability on orbital and mil-
lennial time scales across the entire Australasian monsoon domain.

Stalagmite GB09-3 has a length of ∼700 mm and an average 
diameter of ∼50 mm (Fig. 2). Stalagmite GB11-9 was collected 
in 2011 from Gempa Bumi Cave to demonstrate replication of the 
isotope record across its interval of overlap with the older glacial 
section of GB09-03. Stalagmite GB11-9 has a length of ∼615 mm 
and an average diameter of ∼80 mm (Fig. 3). Both samples were 
not actively growing at the time of collection.

A total of 36 samples were analysed for uranium and thorium 
isotopes to develop the chronology for GB09-3. Six samples were 
analysed at the University of Minnesota, with the remaining 30 
samples analysed at the University of Melbourne. Eight 230Th dates 
for GB11-9 were analysed at the University of Melbourne. Dates 
were taken adjacent to the stable isotope sampling track, with 
an average sample size of 65 mg. Samples were analysed using 
multi-collector coupled plasma mass spectrometry (MC-ICP-MS), 
following the methods of Hellstrom (2003). All samples were cor-
rected for detrital thorium using an initial [230Th/232Th] ratio of 
3.0 ±0.75. This value was determined using a Monte Carlo analysis 
on stratigraphic constraints on measured ages (Hellstrom, 2006), 
and represents the most likely initial thorium value for Sulawesi, 
based on the available ages of GB09-3. This value resulted in an av-
erage age correction of GB09-3 of 3% for ages older than 10 kyr BP, 
and 9% for all ages (note that the correction has the largest effect 
on younger dates, where the ratio of 230Th/232Th is smaller). Dat-
ing samples from GB11-9 contained lower levels of detritus, with 
the detrital correction only resulting in an average age correction 
of 0.1%.

Age models were created using the Monte Carlo technique of 
Hellstrom (2006), which aligns 230Th dates (corrected for detri-
tal thorium) within their errors to ensure that they are in strati-
graphic order. Two 230Th ages were excluded from the age model 
of GB09-3: GB09-3-2 and GB09-3-uD6 (Fig. 2). Both of these sam-
ples had very large relative errors due to high detrital thorium 
(130% and 11% respectively. N.B. GB09-3-2 was the stalagmite top 
date) and were inconsistent with surrounding dates. When these 
two ages were excluded, the remaining age model had all dates in 
stratigraphic sequence, with no determinable hiatuses (Fig. 2). The 
mean growth rate for GB09-3 over the period 40–0 kyr BP was 0.9 
mm per 50 yr.

The age model for GB11-9 comprises eight 230Th ages, all in 
stratigraphic order, within error. All eight dates were used in the 
final age model, which was produced using the same Monte Carlo 
method as for GB09-3. The mean growth rate for GB11-9 over the 
period 40–23 kyr BP was 0.7 mm per 50 yr (Fig. 3).

2.2. Stable isotope analysis and error reporting

GB09-3 was continuously sampled for stable isotope analysis 
at an average interval of 0.9 mm (∼50 yr resolution) along the 
central growth axis. Stable isotope analysis was conducted on 755 
samples, with an average sample size of 200 μg. Measurements of 
δ18O and δ13C were made at The Australian National University 
using a Finnigan MAT-251 mass spectrometer coupled to an auto-
mated Kiel carbonate device. GB11-9 was slabbed about the central 
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Fig. 2. Photographs of stalagmite GB09-3 with age model. (a) Back-lit (left) and reflected light (right) photograph of stalagmite. The sampling track used for stable isotope 
analysis is visible down the centre of the stalagmite. White dots show the locations of 230Th dates, expressed as kyr BP (where present is defined as 1950 CE). Two dates 
shown in grey were not used in the final age model. Details of the 230Th age data are given in Supplementary Table 1. (b) Age-depth plot for GB09-3. All ages are in 
stratigraphic sequence, within error. The mean growth rate for GB09-3 is 0.9 mm per 50 yr, with no determinable hiatuses.

Fig. 3. Photographs of stalagmite GB11-9 with age model. (a) Back-lit (left) and reflected light (right) photograph of stalagmite. Sampling track used for stable isotope analysis 
is visible down the centre of the stalagmite. White dots show the locations of 230Th dates, expressed as kyr BP (where present is defined as 1950 CE). Details of the 230Th 
age data are given in Supplementary Table 1. (b) Age-depth plot for GB11-9. All ages are in stratigraphic sequence, within error. The mean growth rate for GB11-9 over the 
period 40–26 kyr BP is 0.7 mm per 50 yr, with no determinable hiatuses. Data from the lower section of GB11-9 are not included in this study.
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growth axis and micromilled along the central axis using a 1-mm 
diameter drill bit at an interval of 0.7 mm, equating at an aver-
age sampling interval of ∼50 yr. Analysis of δ18O and δ13C was 
conducted on a total of 323 samples.

For the isotope analysis, one NBS-19 standard was analysed 
for every 5–8 samples to ensure consistency among runs. Results 
are reported relative to Vienna Peedee Belemnite (VPDB) follow-
ing adjustment using the in-run measurements of NBS-19 (δ18O =
−2.20�) and less frequent measurements of NBS-18 (δ18O =
−23.0�). The analytical error for measurements of NBS-19 was 
calculated by finding the standard deviation of NBS-19 across all 
runs. Using this method, the analytical error for NBS-19 δ18O was 
0.05� (n = 187, 1σ ) for GB09-3, and 0.04� (n = 83, 1σ ) for 
GB11-9.

The reproducibility of δ18O for the stalagmite samples them-
selves was determined by running duplicate and triplicate mea-
surements. Samples with a run standard deviation greater than 
0.05� (in δ18O) were re-run, in order to minimise error related 
to analysis methods. Additionally, δ18O values that deviated largely 
from adjacent values in the time series were duplicated to ensure 
that abrupt peaks and troughs in the data set reflect real changes 
in speleothem δ18O. Triplicates were run where duplicate measure-
ments differed by more than 0.1� in δ18O. The mean standard 
error for duplicate/triplicate analyses of δ18O was 0.05� (n = 126) 
for GB09-3 and 0.03� (n = 46) for GB11-9.

2.3. Hosing model experiments

Heinrich events one (H1; 17 kyr BP), two (H2; 24 kyr BP) and 
three (H3; 32 kyr BP) were simulated using idealised hosing ex-
periments in HadCM3 (Singarayer and Valdes, 2010). These were 
initialised from pre-industrial conditions, and forced with time ap-
propriate orbital, greenhouse gas and ice sheet (including sea level) 
conditions. A model/proxy study of the LGM demonstrated the 
skill of HadCM3 in modelling conditions across the IPWP during 
the LGM compared to other models participating in the Paleocli-
mate Modelling Intercomparison Project, supporting the use of this 
model to examine past climate conditions over the IPWP (DiNezio 
and Tierney, 2013).

The equilibrium time slice runs for 17, 24 and 32 kyr BP were 
hosed to simulate a Heinrich event. The experimental design fol-
lows the PMIP protocol established in Stouffer et al. (2006), with 
one Sverdrup (1 Sv = 1 × 106 m3 s−1) of freshwater continuously 
added to the surface of the North Atlantic between 50◦N and 70◦N 
latitude for 200 model years. HadCM3 has been found to be a rel-
atively stable model, only displaying small anomalies in response 
to the more realistic freshwater forcing of 0.1 Sv, also used within 
PMIP (Kageyama et al., 2013; Stouffer et al., 2006). For this rea-
son, we use the 1 Sv experiment for our analysis, as this forcing 
scenario best replicates the conditions recorded in proxy records 
during a Heinrich event, however we recognise that this exper-
iment is idealised and not reflective of realistic Heinrich forcing 
(Deschamps et al., 2012; Fairbanks, 1989).

One Sv of freshwater added to the North Atlantic causes a large 
perturbation of the model AMOC (Singarayer and Valdes, 2010)
and a southward shift of the model ITCZ, in line with proxy data. 
The model was allowed to equilibrate, and the results presented 
represent a climatology for the last 30 yr of each simulation. Full 
details of the experimental set up can be found in Singarayer and 
Valdes (2010).

3. Results

3.1. Interpretation of Sulawesi speleothem oxygen isotopes

We interpret changes in Sulawesi speleothem δ18O as a proxy 
for relative changes in rainfall amount. In the modern tropical cli-
matological setting of the western equatorial Pacific, the δ18O of 
precipitation decreases as precipitation amount increases (Cobb et 
al., 2007; Moerman et al., 2013). This “amount effect” (Dansgaard, 
1964) forms the basis for past monsoon rainfall reconstructions 
from speleothem δ18O records across the region (Ayliffe et al., 
2013; Carolin et al., 2013; Griffiths et al., 2009; Lewis et al., 2011;
Partin et al., 2007). Temperature effects on the fractionation of 
oxygen isotopes in tropical precipitation are small (Dansgaard, 
1964) and approximately negated by the opposing temperature-
dependent fractionation of oxygen isotopes in cave calcite (Hendy 
and Wilson, 1968).

3.2. Ice volume correction

Over glacial–interglacial time scales, changes in the volume of 
ice stored on land alter the δ18O of seawater and resulting precip-
itation (Bintanja et al., 2005; Schrag et al., 1996; Waelbroeck et al., 
2002). This means that an ice volume correction is necessary to 
examine relative changes in monsoon strength between the LGM 
and Holocene, along the lines of recent speleothem δ18O studies 
(Ayliffe et al., 2013; Carolin et al., 2013). An ice volume correc-
tion was applied to all of the speleothem δ18O records used in this 
study to account for the effects of changes in the δ18O of seawater 
(Fig. 4).

To perform the ice volume correction, the speleothem δ18O
time series were binned at 100-yr average resolution to ensure 
that the corrections were applied in the same way to all datasets. 
We use the record of Bintanja et al. (2005) for global seawater 
δ18O change (relative to the present day). This global seawater 

Fig. 4. Speleothem δ18O records. (a) Hulu and Dongge caves, China (Dykoski et al., 
2005; Wang et al., 2001) and July insolation at 32◦N; (b) Gunung Buda National 
Park, Borneo (Carolin et al., 2013; Partin et al., 2007); (c) Sulawesi (this study); 
(d) Liang Luar Cave, Flores (Ayliffe et al., 2013; Griffiths et al., 2009; Lewis et al., 
2011); (e) Botuverá Cave, Brazil (Wang et al., 2007) and January insolation at 27◦S. 
All δ18O records have been corrected for ice-volume effects, with uncorrected data 
shown in grey. Thin coloured lines show the 25 kyr low pass filtered records used in 
Fig. 5a. The 230Th dates (with ±2 s.e. of mean) for Sulawesi are shown in purples 
(c). Grey shading highlights prominent weak monsoon intervals in China (Cheng 
et al., 2009) related to Heinrich Stadial 1 and the Younger Dryas. Yellow shading 
denotes the strong atmospheric convection interval in the MC.
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Fig. 5. Orbital-scale palaeomonsoon changes over the last 40 kyr. (a) Palaeomon-
soon spatio-temporal reconstruction with summer insolation curves for 32◦N (top) 
and 27◦S (bottom). Dashed lines indicate the latitude and timespan of speleothem 
δ18O records used to construct the map (colours as for Fig. 4). The black box high-
lights the post-glacial increase in deep atmospheric convection over the MC. (b) 
Ice volume corrected GB09-3 speleothem δ18O record for Sulawesi (purple) shown 
with Mg/Ca summer SST for the Indo-Pacific Warm Pool (Stott et al., 2002) (pink) 
and fraction of Sunda Shelf exposed above sea level (bounded by 95◦E–120◦E and 
10◦S–10◦N, derived from sea level data and elevation models; black) (Carolin et al., 
2013). Grey and yellow shading as in Fig. 4.

δ18O record is routinely used to correct for the effects of ice vol-
ume changes on ice core temperature reconstructions (Jouzel et 
al., 2003; Stenni et al., 2010). We use a simple subtraction of the 
global ocean δ18O change to correct the speleothem records for ice 
volume effects (Ayliffe et al., 2013; Carolin et al., 2013), because 
of the expected retention of ocean δ18O changes in tropical rainfall 
(Jouzel et al., 2003).

3.3. Palaeomonsoon map

To qualitatively visualise broad-scale changes in Australasian 
monsoon hydroclimate over the last 40 kyr, we combine filtered 
speleothem δ18O records across a latitudinal transect (Fig. 4) to 
construct a palaeomonsoon map (Fig. 5). To isolate the precession-
forced component of δ18O variability across the Australasian 
speleothem transect, a 25-kyr low-pass Butterworth filter was ap-
plied to each record to remove high-frequency variability. Oxygen 
isotope anomalies for each filtered record were calculated by sub-
tracting the mean isotope value for the 23–0 kyr BP interval. 
This timeframe includes one complete precession cycle, ensur-
ing that the normalisation includes both maximum and minimum 
local insolation values. It also represents the period of common 
data coverage for the records; ensuring anomalies are comparable 
among different records. The oxygen-isotope anomaly time-series 
were then plotted according to latitude and linearly interpolated 
to fill between the spatio-temporal transects of speleothem data. 
The strong chronological control provided by U–Th dating of the 
speleothem records means that age uncertainties for individual 
records is less than 500 yr (the largest age uncertainties over the 
last 40 kyr are for the record of Carolin et al., 2013).

Given the lack of precession-driven speleothem records for 
northern Australia, we instead choose to use a record from South 
America as the southern anchor for this analysis. There are a 
number of speleothem δ18O records for South America (Cruz et 
al., 2005, 2009; Kanner et al., 2012; Wang et al., 2004, 2006,
2007) that could be used as the southern anchor for our study. 
Insolation-driven signals dominate the palaeomonsoon map, there-
fore we excluded records where insolation does not appear to have 
a strong influence on the record (Kanner et al., 2012). We also ex-
clude discontinuous records (Wang et al., 2004, 2006) and records 
that do not span the entire period from 40 kyr BP to the present 
(Cruz et al., 2009). Based on these criteria, two records from Botu-
verá Cave in Brazil meet our data requirements (Cruz et al., 2005;
Wang et al., 2007). Both records broadly agree on low-frequency 
features, but we selected the record of Wang et al. (2007) for the 
analysis because it has stronger chronological control over the last 
40 kyr compared to the record of Cruz et al. (2005).

4. Discussion

4.1. Orbital timescales

This new spatio-temporal perspective reveals a striking discon-
nect between rainfall changes in the subtropical and equatorial 
regions of the Australasian monsoon domain. Anti-phased rainfall 
anomalies that follow precessional changes in mid-latitude sum-
mer insolation dominate the broad-scale patterns of northern and 
southern monsoon rainfall in the subtropics over the last 40 kyr 
(Fig. 5). In contrast, a dry background climate state dominates the 
core of the Australasian monsoon region prior to ∼12 kyr BP.

Sulawesi, at 5◦S, appears to lie near the centre of sustained, dry 
anomalies, with the low δ18O values (high rainfall) of the Holocene 
never achieved over the dry late glacial interval (∼12–40 kyr BP) 
in this record. Pervasive dry conditions at this time are a fea-
ture of other rainfall indicators from Sulawesi (Russell et al., 2014;
Tierney et al., 2012) and the wider western equatorial Pacific re-
gion (DiNezio and Tierney, 2013; Dubois et al., 2014), and demon-
strate that deep atmospheric convection over the western equato-
rial Pacific was suppressed during the late glacial interval.

The palaeomonsoon reconstruction provides a temporal context 
for previous spatial examinations (DiNezio and Tierney, 2013) of 
western equatorial Pacific hydroclimate at the Last Glacial Maxi-
mum (LGM). We find that the suppressed atmospheric convection 
over the western equatorial Pacific during the late glacial period 
ended abruptly with a step-wise increase in western equatorial Pa-
cific rainfall into the Holocene. The rapid decrease in speleothem 
δ18O began at ∼12 kyr BP in Sulawesi, and is recorded to a 
lesser extent in speleothems from Borneo and Flores (Fig. 4 and 
Fig. 5). Importantly, the main strengthening of deep convection 
over the western equatorial Pacific occurred too late to be trig-
gered entirely by rising sea surface temperatures (Stott et al., 
2002), which would have increased atmospheric moisture fluxes 
over the region (Fig. 5b). Instead, the two largest δ18O decreases 
in the Sulawesi record coincide with rapid flooding of the Sahul 
(∼12–11 kyr BP) and Sunda (∼8.5 kyr BP) shelves (Fig. 6). Event 
1 occurs from 12–11 kyr BP during the flooding of the Sahul 
Shelf across the Gulf of Carpentaria (De Deckker et al., 2002;
Reeves et al., 2008). Flooding event 2 occurs at around 8.5 kyr 
BP during the flooding of the Sunda Shelf. The timing of the 
flooding of the Sunda Shelf has been previously placed at ap-
proximately 9.5 kyr BP (Griffiths et al., 2013; Linsley et al., 2010). 
However, examination of these records reveals that the transition 
spans ∼1 kyr, suggesting that the 8.5 kyr BP signal in the Sulawesi 
speleothem record is the same event (Fig. 6). These rapid changes 
in speleothem δ18O likely represent a combination of the reorgani-
sation of local water masses, changes in source moisture pathways 
(Linsley et al., 2010) and intensification of the Walker circula-
tion caused by enhanced convection over newly formed seas in 
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Fig. 6. Bathymetry of the IPWP and timing of continental shelf flooding events. (a) Bathymetry of the IPWP, with the −125 m contour in red, highlighting the sea level low 
stand during the LGM. (b) As for (a), but with the −60 m contour highlighting the approximate depth of the Sahul Shelf flooding. (c) As for (a) but with the −15 m contour 
highlighting the approximate depth of the Sunda Shelf flooding. Speleothem locations marked by coloured circles (colours as for Fig. 4). (d) Sulawesi flood events, plotted 
against regional eustatic sea level (Reeves et al., 2013).
the western equatorial Pacific region (DiNezio and Tierney, 2013;
Griffiths et al., 2009; Tierney et al., 2012).

Consistent with our observations of suppressed atmospheric 
convection over the western equatorial Pacific during the late 
glacial period, an earlier spatial assessment of Indo-Pacific hydro-
climate at the LGM found that its structure was best captured by 
simulations of the HadCM3 model, where exposure of the Sunda 
Shelf displaced the ascending branch of the Pacific Walker cir-
culation to the east of Papua New Guinea (DiNezio and Tierney, 
2013). The new Sulawesi record and palaeomonsoon map sup-
port the hypothesis that pervasive late-glacial dry conditions in the 
western equatorial Pacific were only terminated when deep atmo-
spheric convection strengthened in response to rising sea levels 
and the inundation of shallow continental shelves in the region, 
well after the onset of deglaciation (DiNezio and Tierney, 2013;
Griffiths et al., 2013).

A second prominent feature of the palaeomonsoon reconstruc-
tion is the interplay between orbital and millennial-scale climate 
forcing during deglaciation. The most southerly excursion of the 
ITCZ over the last 40 kyr occurred between ∼18 and 15 kyr BP 
(Fig. 5). This period corresponds with Heinrich Stadial 1 (H1), 
which led to a weak monsoon interval in China (Cheng et al., 
2009), enhanced monsoon rainfall in Flores (Ayliffe et al., 2013)
(Fig. 4) and an extreme wet phase across northern Australia 
(Denniston et al., 2013; Muller et al., 2008). H1 occurred ∼4 kyr 
after a Southern Hemisphere summer insolation maximum and 
during a time of near maximum Northern Hemisphere ice sheet 
extent. Together, these conditions cooled the Northern Hemisphere 
relative to the Southern Hemisphere and displaced the Australasian 
monsoon to an extreme southerly position. A southward shift of 
latitudinal climate belts during H1 has been proposed as a key 
mechanism in the sequence of events leading to the release of car-
bon dioxide from the Southern Ocean during the onset of deglacia-
tion (Anderson et al., 2009; Denton et al., 2010). The anomalous 
position of the Australasian monsoon during H1 documented here 
supports the hypothesis that a southward shift in the mean loca-
tion of the ITCZ was critical for propagating Northern Hemisphere 
climate changes into the Southern Hemisphere during deglaciation.

4.2. Millennial-scale variability

To examine high-frequency variability across the Australasian 
monsoon domain, we subtracted the 25-kyr low-pass filtered 
records from the ice volume corrected speleothem δ18O records 
(Fig. 7). To compare variability between speleothem and ice core 
records, we subtracted the 25-kyr low-pass filtered records from 
published ice core δ18O records to produce a millennial-scale vari-
ability record for NGRIP. We examine glacial–interglacial changes 
in millennial-scale δ18O variability by determining the standard 
deviation of each filtered record in the 11–0 kyr BP interval and 
for the interval prior to 11 kyr BP (Fig. 7).

Strong latitudinal gradients are evident in the magnitude of 
millennial-scale hydroclimate variability across the Australasian 
monsoon domain (Fig. 7), with the largest changes in δ18O oc-
curring at the northern and southern peripheries of the monsoon 
system. Here, latitudinal shifts in the mean location of the ITCZ 
in response to North Atlantic Heinrich and Dansgaard–Oeschger 
(D–O) climate events (NGRIP, 2004) influence the amount of rain-
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Fig. 7. Millennial-scale palaeomonsoon variability over the last 40 kyr. (a) NGRIP 
ice core (NGRIP, 2004), (b) China, (c) Borneo, (d) Sulawesi, (e) Flores and (f) Brazil 
δ18O anomalies after removing 25 kyr low pass filter. Horizontal lines and shading 
represent the ±1σ range in variability for the glacial (40–11 kyr BP; apart from (e) 
24–11 kyr; green) and interglacial (11 kyr BP–present; yellow). Grey shading as in 
Fig. 4. Note that the y-axis δ18O scales are the same, except for NGRIP.

fall received. Consequently, markedly increased millennial-scale 
variability is observed in China (and Brazil) during the late glacial 
period when North Atlantic climate was highly variable com-
pared to the more stable Holocene epoch (Dykoski et al., 2005; 
Wang et al., 2007, 2001) (Fig. 7). Across Australasia, the am-
plitude of millennial-scale δ18O excursions decreases toward the 
equator. Speleothems from Borneo (Carolin et al., 2013; Partin et 
al., 2007) and Flores (Ayliffe et al., 2013; Griffiths et al., 2009;
Lewis et al., 2011) show an anti-phased rainfall response to Hein-
rich events, but weaker D–O events are not reliably observed. Nei-
ther Heinrich nor D–O events are evident in Sulawesi, and the 
millennial-scale δ18O variability was similarly suppressed during 
the late glacial interval and the Holocene (Fig. 7). Together, these 
latitudinal gradients show that while North Atlantic Heinrich and 
D–O events caused marked shifts in the ITCZ and an associated 
rainfall seesaw at the peripheries of the Australasian monsoon, the 
strength of atmospheric convection and rainfall over the central 
western equatorial Pacific was less responsive to millennial-scale 
climate shifts.

Sulawesi at 5◦S appears to lie at a fulcrum between hemispher-
ically opposed rainfall anomalies experienced at the northern and 
southern limits of the Australasian monsoon. The millennial-scale 
climate stability in the core of the Australasian monsoon could be 
the outcome of the dry late glacial climate of the western equa-
torial Pacific, which may have reduced the capacity of millennial 
events to cause a measurable rainfall response (Fig. 4 and Fig. 7). 
The stability of western equatorial Pacific convection to millennial-
scale forcing may also be a consequence of the broad latitudinal 
sweep of the ITCZ over the western equatorial Pacific region, with 
shifts in the position of the ITCZ influencing rainfall at its mar-
Fig. 8. Model ensemble hosing mean annual MSLP, surface wind, temperature and 
precipitation anomalies. (a) Hosing minus control ensemble mean annual MSLP 
and surface wind anomalies. (b) Hosing minus control ensemble mean annual sur-
face air temperature anomalies. (c) Hosing minus control ensemble mean annual 
precipitation anomalies. The mean DJF and JJA ITCZ locations for the hosing runs 
are shown with dashed black lines. Anomalies are calculated using the ensemble 
mean (17 kyr, 24 kyr and 32 kyr) hosing and control values.

gins without affecting convective rainfall over the core western 
equatorial Pacific region. Alternatively, southward displacements of 
the ITCZ during millennial climate events may have caused Su-
lawesi to transition to a climate regime influenced by the Northern 
Hemisphere side of the Australasian monsoon. If so, any accompa-
nying change in precipitation seasonality may not be recorded by 
the Sulawesi speleothems because the nearby mountainous bar-
rier restricts rainfall reaching the cave site during boreal summer 
(Fig. 1b).

4.3. Model comparison

We explored the muted sensitivity of MC rainfall to millennial-
scale events by simulating the seasonal pattern of rainfall anoma-
lies for the three most recent Heinrich events (H1, H2 and H3) us-
ing the HadCM3 general circulation model (Singarayer and Valdes, 
2010). The ensemble control simulation (mean of 17, 24 and 32 kyr 
BP control runs; i.e. without hosing applied) shows a 6 ◦C global 
average cooling, with the largest cooling over the North Ameri-
can Laurentide Ice Sheet (Fig. 8). There is a small reduction in 
the global rate of precipitation, centred over the IPWP due to a 
weakening of the Australasian monsoon, in agreement with proxy 
records (DiNezio and Tierney, 2013) and the palaeomonsoon map 
(Fig. 4, Fig. 5).

Hosing results from HadCM3 compare well with similar hos-
ing experiments from the Community Climate System Model 3 
(CCSM3), with the spatial patterns of temperature and precipita-
tion anomalies very similar between models (Mohtadi et al., 2014). 
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Fig. 9. Modelled rainfall seasonality transect over the IPWP. Rainfall seasonality averaged longitudinally over a latitudinal transect (116–120◦E; shown in panels c and d) for 
(a) the control, and (b) the hosing ensembles, calculated as the mean values for the 17 kyr, 24 kyr and 32 kyr runs. Red boxes highlight the seasonal anomalies during boreal 
summer. Mean rainfall for each month was calculated for the transect and plotted to produce a spatio-temporal map of rainfall seasonality across the IPWP. The latitude of 
Sulawesi is given by a dashed line. (c) Mean JJA MSLP and surface winds averaged for the control ensemble. (d) Mean JJA MSLP and surface wind anomalies for the hosing 
ensemble.
CCSM3 shows a clear southward shift of the ITCZ over the Indian 
Ocean, resulting from a weakening of the southern Indian Ocean 
Hadley circulation. This result is mirrored in HadCM3, demon-
strated by northerly wind anomalies across the equatorial Indian 
Ocean (Fig. 8). The comparable results for Heinrich events across 
the Indian Ocean achieved by the HadCM3 and CCSM3 simulations 
gives confidence to the skill of the HadCM3 model in simulating a 
reproducible response to a simulated Heinrich event.

Hosing of the North Atlantic Ocean results in a marked cool 
anomaly over the North Atlantic, due to the dramatic reduction 
of the strength of the Atlantic Meridional Overturning Circulation 
(Fig. 8b). The South Atlantic subsequently warms due to the es-
tablishment of a bipolar seesaw, and the ITCZ over the Atlantic 
shifts south. Anomalies in the North Atlantic are propagated into 
the eastern Pacific Ocean by anomalous easterly winds, moving 
across the Isthmus of Panama (Fig. 8a). A temperature dipole is 
established in the eastern Pacific, with cool temperature anomalies 
north of the equator, and warm anomalies south of the equator, 
causing a southward shift of the ITCZ in this region (Fig. 8; Note 
that HadCM3 is known to exhibit a ‘double ITCZ’ (e.g. Bellucci et 
al., 2010)). The north Pacific trade winds weakened, with anoma-
lous westerly winds over the western Pacific, and a net drying over 
the IPWP.

The seasonality of precipitation across a latitudinal transect of 
the MC was examined through the production of spatio-temporal 
precipitation anomaly maps. A longitudinally averaged, latitudinal 
transect of the MC (35◦N to 20◦S, 116 to 120◦E) was calculated 
for each month to produce a spatial map of the seasonally evolv-
ing precipitation distribution across the MC (Fig. 9). When forced 
with freshwater hosing of the North Atlantic, rainfall seasonality 
at Sulawesi is enhanced for all three simulated H events (Fig. 9). 
The larger seasonal range at Sulawesi is the result of a decline 
in rainfall during ∼June–September (the local dry season), with 
no accompanying change in austral summer monsoon rainfall. This 
asymmetry of the seasonal pattern is caused by a simulated nar-
rowing of the width of the ITCZ over the MC during boreal sum-
mer; a result of southerly winds pushing northwards over the 
MC toward an anomalous low-pressure cell in the North Pacific 
(Fig. 8, Fig. 9). This result is consistent with that of Zhang et 
al., 2018, which models a strong precipitation anomaly in boreal 
summer over China with Community Earth System Model (CESM). 
The simulated decline in ∼June–September rainfall in the HadCM3 
experiments suggests that, on average, the Northern Hemisphere 
drying during H events might have extended south to Sulawesi, 
in-phase with the rainfall response in Borneo. Future research tar-
geting palaeoclimate records from southern locations within the 
MC that are sensitive to the austral winter monsoon would be 
valuable in assessing the changes in ITCZ positioning produced in 
model hosing experiments.

5. Conclusion

Our palaeomonsoon reconstruction highlights the different pro-
cesses that drive spatial and temporal rainfall variability across 
the Australasian monsoon domain. In Sulawesi, glacial–interglacial 
variations in MC continental shelf exposure influence the inten-
sity of deep atmospheric convection over the centre of the MC 
(Meckler et al., 2012). In contrast, precession-dominated modula-
tion of rainfall is largely restricted to the northern and southern 
peripheries of the Australasian monsoon domain. On millennial 
scales, the latitudinal response of the Australasian monsoon de-
creases toward the core of the MC region, culminating in a lack 
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of expression in the Sulawesi record. Model results suggest that 
during millennial-scale events, the seasonality of rainfall across 
the MC region changes most markedly during the boreal sum-
mer; however the strong austral summer seasonality of our record 
means that no change is seen in the Sulwesi speleothem record. 
Taken together, our findings demonstrate that glacial–interglacial 
changes in northern ice sheets drive the intensity of deep atmo-
spheric convection over the MC, whereas North Atlantic millennial-
scale climate change serves to redistribute monsoon rainfall latitu-
dinally and seasonally across Australasia.

Data archiving. The Sulawesi speleothem data reported in this pa-
per are archived at the NOAA World Data Center for Paleoclimatol-
ogy.
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