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Glacial to Holocene swings of the Australian–
Indonesian monsoon
Mahyar Mohtadi1 *, Delia W. Oppo2 , Stephan Steinke1 , Jan-Berend W. Stuut1,3 ,
Ricardo De Pol-Holz4,5 , Dierk Hebbeln1 and Andreas Lückge6
The Australian–Indonesian monsoon is an important
component of the climate system in the tropical Indo–Pacific
region1 . However, its past variability, relation with northern
and southern high-latitude climate and connection to the
other Asian monsoon systems are poorly understood. Here
we present high-resolution records of monsoon-controlled
austral winter upwelling during the past 22,000 years, based
on planktic foraminiferal oxygen isotopes and faunal composition in a sedimentary archive collected offshore southern
Java. We show that glacial–interglacial variations in the
Australian–Indonesian winter monsoon were in phase with the
Indian summer monsoon system, consistent with their modern
linkage through cross-equatorial surface winds. Likewise,
millennial-scale variability of upwelling shares similar sign
and timing with upwelling variability in the Arabian Sea. On
the basis of element composition and grain-size distribution
as precipitation-sensitive proxies in the same archive, we
infer that (austral) summer monsoon rainfall was highest
during the Bølling–Allerød period and the past 2,500 years.
Our results indicate drier conditions during Heinrich Stadial 1
due to a southward shift of summer rainfall and a relatively
weak Hadley cell south of the Equator. We suggest that the
Australian–Indonesian summer and winter monsoon variability
were closely linked to summer insolation and abrupt climate
changes in the northern hemisphere.
The seasonality of the global monsoon is of central importance
to the global hydrologic cycle and its environmental influence on
human societies. Palaeoclimate reconstructions generally agree that
the strengths of the East Asian monsoon and the Indian monsoon
are tightly coupled to the Northern Hemisphere climate through
zonal migrations of the monsoon convection centres, also interpreted as Intertropical Convergence Zone (ITCZ) migration2–6 .
The mechanism of the Australian–Indonesian monsoon (AIM) in
both time and space is, however, poorly understood7–12 . Australian
records9–11 indicate wetter-than-today conditions during the early
and middle Holocene. These changes have been explained through
a Northern Hemisphere insolation control on the AIM (refs 8,
10), regional sea-surface-temperature (SST) feedback7 or human
impact on the late Holocene vegetation cover8 , countering or even
cancelling the response of the AIM to local insolation. Deglacial
sea-level rise and its effect on exposed land surface may also be
an important influence on southeast Indonesian rainfall12,13 . Moreover, many records suggest that the Asian monsoons, including the
AIM, changed in association with North Atlantic deglacial climate

oscillations that were accompanied by variations in the Atlantic
Meridional Overturning Circulation (AMOC; refs 3,10,14). Further records of the AIM, especially those that reflect a known season,
are needed to understand how these various possible influences
affect the AIM.
Here we present high-resolution palaeoclimatic records from
sediment core GeoB 10053-7 collected off South Java (8◦ 410 S,
112◦ 520 E, 1,375 m water depth, Fig. 1) that span the past 22,000
years. At present, the seasonal migration of the coupled monsoon–
ITCZ systems governs the seasonal climate variability at the
core site. During austral summer (henceforth summer), the
northwest monsoon gathers large amounts of moisture while
crossing sea from the Asian high-pressure belt on its way to
the ITCZ. Maximum rainfall reaches the study area, including
eastern Indonesia and Australia, in January (Fig. 1). During austral
winter (henceforth winter), the southeast monsoon originates
from the Southern Hemisphere high-pressure belt and the study
area is relatively dry and cool. Ekman transport and coastal
upwelling in the study area peak between July and September (see
Supplementary Information).
Our palaeoclimate time series resolve both seasonal signals of
the AIM in the same, continuous sedimentary archive over the
past 22,000 years. We use Globigerina bulloides percentages as a
proxy for winter upwelling and monsoon intensity. Our results
suggest that upwelling off Java, and thus the Australian–Indonesian
winter monsoon (AIWM), was weakest during the Last Glacial
Maximum (LGM) and the late Holocene, and strongest during
the early Holocene. These trends are paralleled by trends in the
difference in δ18 Oof calcite between the annual-mean and winter
(1δ18 O), whereby greater differences imply stronger upwelling
and intensified AIWM (Fig. 2c, see Supplementary Information).
Differences between these upwelling-sensitive records are probably
due to the additional and different influences of temperature
on the individual δ18 O records. Similar upwelling trends in the
Arabian Sea14 (Fig. 2e) during the same season (that is boreal
summer and austral winter) indicate that these upwelling systems
changed together, and provide strong evidence that they reflect
variations in the strength of large-scale cross-equatorial boreal
summer–austral winter monsoon winds, probably in response
to Northern Hemisphere summer insolation7,15 (Fig. 2d). This
inference should be explored further with AIWM records that span
several glacial–interglacial cycles.
Superimposed on the long-term variability of the Java upwelling
are a number of deglacial AIWM variations of millennial-scale
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Figure 1 | Monsoonal cyclicity in SST and wind trajectory in the tropical Indo–Pacific. a,b, The colour chart indicates seasonal SSTs for winter
(a, July–September) and summer (b, January–March). Remote-sensing SST data are averaged from January 2002 to February 2008 (Aqua MODIS,
http://oceancolor.gsfc.nasa.gov). Superimposed are quick scatterometer winds (arrows) in August (a) and February (b; ref. 24). Wind data are averaged
from December 1997 to June 2004 and from July 1999 to January 2005, respectively. The black circle indicates the position of the investigated core.

duration, that are best expressed in the percentage of G. bulloides.
Although these variations are relatively subtle, similar features are
recorded in the upwelling record from the Arabian Sea14 , suggesting
that they reflect large-scale changes in southerly cross-equatorial
winds. For example, the relative contributions of G. bulloides of
both regions (Fig. 2d,e) suggest modestly higher upwelling during
the Heinrich Stadial 1 period (HS 1) that deteriorated to near
glacial values during the Bølling–Allerød period (B–A), followed
by intensified upwelling during the Younger Dryas period (YD).
The coincident timing of the observed millennial-scale oscillations
in the upwelling area off South Java and the Arabian Sea during
the last deglaciation indicates that changes in the AIWM intensity
were closely linked to the Indian monsoon. Moreover, these
millennial oscillations are closely related to abrupt climate changes
in the North Atlantic region (Fig. 2a). We note that a significantly
larger surface reservoir age than used here (see Supplementary
Information) might align these abrupt events better with North
Atlantic events. A better alignment of these events with the onset
of Southern Hemisphere climate at 18,000 years ago (for example
Fig. 2g) and the end of the Antarctic Cold Reversal would require a
less-than-zero surface-reservoir age.
Proxy records for runoff also enable us to evaluate changes in the
Australian–Indonesian summer monsoon (AISM). In contrast to
the AIWM, there is little evidence for large LGM–Holocene trends
in AISM, with only Ti/Ca ratios suggesting that the Holocene was
slightly wetter than the LGM and early deglacial (HS 1). This trend,
although small, is consistent with the opposite evolution of the
boreal winter monsoon in the Northern Hemisphere16 , as recorded
in Chinese loess sediments (Fig. 3e). Instead, millennial-scale
oscillations dominate the records. The terrigenous fraction of the
sediment indicates higher continental runoff caused by stronger
AISM rainfall during the B–A and the past 2,500 years (Fig. 3b–c).
In contrast, the LGM, HS 1 and YD are characterized by the
lowest continental runoff due to a less intense AISM. The
grain-size distribution of the terrigenous fraction in 112 selected
samples further supports these findings (Fig. 3d, Supplementary
Information). Sediments deposited during the HS 1 and YD are
characterized by a lower terrigenous content that is coarser than
during the remaining periods, suggesting a predominantly eolian
source of the terrigenous sediment fraction, possibly transported
from the interior of Australia. Conversely, sediments deposited
during the B–A and the late Holocene contain more fine terrigenous
components, suggestive of increased continental runoff and a

dominant fluvial source of the terrigenous fraction due to increased
AISM rainfall. In summary, our proxy data from south of Java show
a strong (wet) AISM during the B–A and the late Holocene, and a
weak (dry) AISM during HS 1 and the YD, indicating that the AISM
intensity was also closely linked to the Northern Hemisphere abrupt
climate changes during the last deglaciation (Fig. 3a–c).
Our inferences of AISM and AIWM millennial variability are
not entirely consistent with the interpretation of speleothem δ18 O
records from the East Asian monsoon and AIM regions, which
may vary owing to a number of processes17,18 . Chinese speleothem
records have generally been interpreted to reflect changes in the
relative strengths of the East Asian boreal summer and winter
monsoon (EAWM and EASM) intensities, and suggest a relatively
weak EASM during HS 1 and the YD and a relatively strong EASM
during the B–A (ref. 3; Fig. 2f). The opposite developments of
the AIWM and EASM during these periods (Fig. 2) is surprising,
given that the AIWM winds at present ‘feed’ the EASM through
cross-equatorial winds (Fig. 1). It is possible that millennial-scale
variations in the δ18 O of precipitation over coastal China reflect
changes in the source of precipitation and the influence of upwind
hydrologic non-local changes in the amount effect, as suggested by
recent modelling studies18 , and these changes are decoupled from
cross-equatorial winds.
Our sedimentary evidence of AISM variability, suggesting drier
conditions during HS 1 and wetter conditions during most of
the B–A, are consistent with speleothem δ18 O records from
northwestern Borneo13 (Fig. 3f). Together with records from
Lynch’s Crater in northeastern Australia, which show increased
moisture during HS 1 (refs 19,20), they suggest a southerly position
of the austral summer ITCZ compared with the present. Although
drying during HS 1 inferred from our records and the Borneo
δ18 O record is consistent with a large decrease in local rainfall
during dramatic AMOC events such as HS 1 (ref. 18), the evidence
for the YD is more complex. Whereas our records suggest a
weaker AISM (drying) during the YD, speleothem records from
both Borneo and Flores12 imply a return to wetter conditions
during the YD (Fig. 3f,g). These differences may imply that the
mechanisms causing δ18 O changes in precipitation of the region are
more complex during times of modest AMOC reduction, or that
there were sharp northeast-to-southwest gradients in precipitation
within Indonesia. Simulations of the rainfall variability over the
Indo-Pacific Warm Pool suggest an eastward displacement of
the Walker and Hadley Circulations during the LGM (ref. 21),
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Figure 2 | Proxy records for the winter AIM and other palaeoclimate records over the past 22,000 years. a, δ18 O record of GISP 2 ice core (Greenland)25 .
b, δ18 O records of Globigerinoides ruber (black, annual mean) and G. bulloides (grey, winter, July–September) in core GeoB 10053-7 off southern Java.
c, Their difference (118 O, blue), with a nine-point running average (thick dark-blue line). d, Relative contribution of G. bulloides (red) in the same core;
superimposed is the June insolation at 30◦ N (black). c and d indicate changes in the upwelling intensity off southern Java that is controlled by the AIWM.
e, Relative contribution of G. bulloides (green) in the Arabian Sea14 indicative of changes in the Indian Summer Monsoon (ISM). f, Stacked δ18 O of
stalagmites in Chinese caves26 (pink) indicating changes in the EASM-related precipitation. g, δ18 O record of EPICA Dome C (EDC) ice core (East
Antarctica, brown)27 . Triangles denote radiocarbon datings; vertical bars correspond to the HS 1, B–A and YD periods, respectively. ACR, Antarctic
Cold Reversal.

and a weakened and easterly displaced Hadley Circulation in
the southern part of the Indo-Pacific Warm Pool during HS 1
and the YD in response to a weak AMOC (ref. 22). Although
boundary conditions during the LGM and deglaciation were not
considered in these simulations, these results suggest that weaker
and easterly displaced convection centres might have caused
the dry conditions observed in our proxy records during the
LGM, HS 1 and YD. It should be noted that the timing of
deglacial millennial-scale variability discussed above is subject to
542

uncertainties in our age model (as discussed in Supplementary
Information). Although future work in the Java upwelling area
should attempt to describe reservoir age changes through time, it
is unlikely that age discrepancies alone account for differences in
interpretation between our records and the published speleothem
records from this region.
The Holocene evolution of the AISM rainfall in our records,
a drier early and middle Holocene compared with the late
Holocene (Fig. 3), differs from evidence from the Indo-Pacific
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Figure 3 | Proxy records for the summer AIM and other palaeoclimate records over the past 22,000 years. a, δ18 O record of GISP 2 ice core
(Greenland)25 . b,c, Lithogenic/CaCO3 (b, black) and Ti/Ca (c, grey) ratios in core GeoB 10053-7 off southern Java. Superimposed are Si/Al data (black
dots) from Lynch’s Crater20 . d, Median grain size of the terrigenous fraction of the sediment (blue). b–d indicate changes in the amount (b,c) and
composition (d) of the continental runoff that is controlled by the AISM. e, Stacked mean grain size of quartz in the Chinese Loess Plateau16 (red),
indicative of changes in the EAWM intensity. f, Stacked δ18 O of speleothems in Borneo13 (green). g, Stacked δ18 O of speleothems in Flores12 (pink),
indicating changes in the AISM- and sea-level-related precipitation. h, δ18 O record of EPICA Dome C (EDC) ice core (East Antarctica, brown)27 . Vertical
bars, triangles and abbreviations are as in Fig. 2.

Warm Pool records, whereas Australian lake sediments9–11 indicate
conditions wetter than today during the early and middle Holocene.
One possible explanation for the difference in timing between
Australia and Flores/Java is the northward shift of austral summer
precipitation (ITCZ). In this scenario, the earlier maximum
in Borneo than Flores/Java may be because it reflects both
summer and winter precipitation12 . Alternative explanations for
the different trends include changes in boundary conditions over
the Australian landmass7,8 . More data and modelling experiments

are needed to identify the most important mechanisms for
these different trends.
Our results clearly indicate similar long-term variations of
the AIWM wind and the EASM rainfall, probably due to their
common forcing by Northern Hemisphere summer insolation.
Glacial–interglacial AISM rainfall changes are small, but negatively
correlated to the EAWM, as expected from north-to-south
ITCZ migrations. On millennial timescales, however, variations
in AIWM winds are not in agreement with interpretations of
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Chinese speleothem δ18 O records as reflecting variations in the
seasonality of precipitation, consistent with modelling evidence
that the δ18 O of East Asian monsoon precipitation in response
to abrupt AMOC events is controlled by other mechanisms,
which will have to be explored further in future studies. Our
results confirm a spatially coherent drying pattern throughout
Indonesia due to southerly displaced ITCZ during the strong
AMOC reduction of HS 1. However, our evidence of reduced runoff
during the YD contrasts with Indonesian speleothem evidence
of wetter conditions, suggesting either that mechanisms other
than enhanced rainfall influenced speleothem δ18 O, or that there
were sharp precipitation gradients in Indonesia at this time.
Sediment-age model uncertainties, which may lead to some of
these discrepancies on millennial timescales, will also have to be
explored in future studies.

Methods
The age model is based on 19 radiocarbon dates yielding average sedimentation
rates of 37 cm kyr−1 (see Supplementary Information). We analysed the stable
oxygen isotope (δ18 O) composition in calcite shells of the surface-dwelling
planktonic foraminifera G. ruber sensu stricto and G. bulloides in 290 samples,
achieving an average temporal resolution of 75 years per sample. Modern
observations from the study area show that G. ruber reflects annual-mean surface
conditions, whereas G. bulloides records surface conditions during the winter AIM
(ref. 23; AIWM, June–October), when coastal upwelling occurs (see Supplementary
Information). We calculated the abundance of G. bulloides relative to total
planktonic foraminiferal fauna as a measure of past changes in upwelling intensity.
In this context, higher values of G. bulloides are interpreted as intensified upwelling
caused by a stronger winter monsoon.
We also carried out element analyses using the X-ray fluorescence method,
and calculated the lithogenic fraction of sediment. Variations in the Ti/Ca ratio
determined by X-ray fluorescence and in the lithogenic/CaCO3 ratio from the
bulk sediment analysis show a strong correlation throughout the entire record
(Fig. 3). On the basis of modern observations, these ratios represent continental
runoff that is controlled by the summer AIM (AISM, December–March)
precipitation, with higher ratios reflecting enhanced runoff and a stronger AISM
(see Supplementary Information). Median grain size, measured with a laser
particle sizer, provides a qualitative measure for the source of the terrigenous
components, with smaller size indicating more fluvial delivery and larger sizes
indicating more eolian delivery.
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