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Late Quaternary 
Terrestrial 
Hydroclimate in the 
Indo Pacific Warm 
Pool 

PRESENTATION OUTLINE 

•  The Tropics as a driver of global climate 
•  What is the Indo Pacific Warm Pool? 
•  Research questions related to Indo-Pacific  

paleoclimate 
•  Climate events from “the global climate type section” 
•  Proxy records of terrestrial climate change in Malaysia 

and Indonesia 
•  Speleothems 
•  Lake sediments 

•  Mechanisms for these climate changes  

TROPICAL INFLUENCE ON GLOBAL CLIMATE 
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the maritime continent, and also tropical Africa and South America (in seasons other than boreal
summer).

The tropical Pacific region, in particular, features prominently in the tropical hypothesis. The
tropical Pacific climate today possesses an interesting zonal asymmetry; it is warmer to the west
than in the east (Figure 2a, left panel ), despite the fact that they both occupy the same equatorial
latitudes. The tropical western Pacific possesses a warm pool of water exceeding 28.5!C, and
moist convection is located here as well as over the maritime continent. In the eastern Pacific, the

b

a

Poleward energy transport

Po
lew

ard energy tra
nsport

100

–100

50

–50

0

100 –10050 –500

Net
radiative

!ux 
(W/m2)

Equator

90° S

90° N

5

4

4

3

3

2

2

1

1 5
4
3
2
1 Hadley circulation

Tropospheric jet stream

Trades

Midlatitude eddies

Intertropical convergence zone (ITCZ)

Absorbed radiative !ux

Emitted radiative !ux

45° N

30° N

15° N

15° S

30° S

45° S
60° E 120° E 180° 120° W 60° W 60° E0°

Equator

>4 mm/dRainfall:

Circulation:

>8 mm/d

H

H

H

H

H

L
L1

35

1 3

4
2

42Asian monsoon West African monsoon Paci"c ITCZ Atlantic ITCZ 5 Western Paci"c Warm Pool

www.annualreviews.org • The Tropics in Paleoclimate 267

A
nn

u.
 R

ev
. E

ar
th

 P
la

ne
t. 

Sc
i. 

20
09

.3
7:

26
3-

29
7.

 D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lre
vi

ew
s.o

rg
 A

cc
es

s p
ro

vi
de

d 
by

 U
ni

ve
rs

ity
 o

f P
itt

sb
ur

gh
 o

n 
01

/1
5/

15
. F

or
 p

er
so

na
l u

se
 o

nl
y.

Chiang 2009 

WHAT IS THE INDO-PACIFIC WARM POOL (IPWP) 

The largest pool of warm water on Earth! 

Influence on atmosphere water vapor (most important green house gas) 

Geological evidence indicates that this region has been warm (>27 deg C) for ~12 
million years (Zhang et al., 2014) 

 

http://earthobservatory.nasa.gov/Features/WarmPool/Images/climatology_composite.jpg 

Pierrehumbert 1999 
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IPWP PALEOCLIMATE QUESTIONS 

•  What is the response of terrestrial IPWP climate to abrupt “global” climate 
events? 

•  How does Indonesian hydroclimate vary over glacial and interglacial cycles? 

•  How does vegetation respond to changing aridity? 

•  What drives climate change in this region?  

http://www.ncdc.noaa.gov/paleo/pubs/oppo2009/woa2005.jpg 
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SPELEOTHEMS 

http://www.nature.com/scitable/content/ne0000/ne0000/ne0000/
ne0000/44518638/1_2.jpg 
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S P E L E OT H E M S  A S  
PA L E O R E C O R D S  

http://www.ansto.gov.au/ResearchHub/IER/Research/IsotopesinClimate/AtmosphericandOceanic/climateandrainfall/
index.htm 

•  Usually found in caves in carbonate 
bedrock 

•  Can produce high resolution records 
•  Fast sample preparation time 

•  Dated with 230Th/234U  

•  Recorder of precipitation source and 
amount (δ18O) 

 
•  Can be used to reconstruct past vegetation 

types (δ13Cless common usage) 

Fleitmann et al., 2008 

GUNUNG BADU NATIONAL PARK 

boundary conditions, including changes in global
temperature and CO2, did not drive considera-
ble changes in rainfall d18O at our site. However,
given the complexities of influences on rainfall
d18O (10), LGM climate may have been charac-
terized by two or more competing influences on
regional rainfall d18O. For example, regional drying
during the LGM inferred from WPWP sediment
cores (21) and modeling studies (19) may have
increased rainfall d18O, whereas longer moisture
trajectories associated with the emergence of the
Sunda Shelf may have decreased rainfall d18O.

The Borneo stalagmite d18O records vary in
phase with insolation at the equator during boreal
fall in stage 5 and the Holocene, when preces-
sional forcing is relatively strong (Fig. 2C). The
impact of precessional forcing on Borneo stalag-
mite d18O is weak during stage 3, in part owing to
reduced precessional amplitude during this time.
Precessional forcing is also apparent in older
glacial-interglacial stalagmite d18O reconstruc-
tions fromBorneo (14). Taken together, the Borneo

records suggest that precession may be the dom-
inant source of orbital-scale hydroclimate varia-
bility in the WPWP. The implied sensitivity of
northern Borneo hydrology to boreal fall inso-
lation is consistent with results from a previous
modeling study (22). Moreover, results from a
long-term rainfall d18O monitoring program at
Mulu demonstrate that mean annual rainfall d18O
values depend, in part, on the magnitude of rain-
fall d18O enrichments during the boreal spring-fall
seasons (10). In this sense, the observed sensitivity
to boreal fall insolation may represent a direct re-
sponse ofmean annual rainfall d18O to local changes
in seasonalmoisture sources and trajectories. How-
ever, ElNiño–SouthernOscillation and theMadden-
Julian Oscillations (23) have large impacts on
modern Mulu rainfall d18O variability (10), such
that Borneo stalagmite d18O signals may represent
a combination of one or more climatic influences.

The Borneo stalagmite d18O records are dom-
inated by six millennial-scale increases in d18O
that coincide with Heinrich events, inferring a

decrease in regional convection during these
abrupt climate changes (Fig. 2). A nearby Sulu
Sea sediment core (Fig. 2E) also documents
increased planktonic foraminiferal d18O values
during Heinrich events (24), consistent with a
reduction in regional convective activity. The
dominant paradigm to explain millennial-scale
tropical hydroclimate anomalies is that they are
driven from the North Atlantic region, either from
weakening of the Atlantic thermohaline circu-
lation or from a dramatic albedo change due to
sea-ice cover, both of which drive a southward
migration of the ITCZ that dries most of the
northern tropics (25, 26). A similar chain of events
is used to describe D/O abrupt climate changes
that are well documented outside of the tropical
Pacific, most notably in Chinese and Peruvian
stalagmite d18O records (1, 2, 27) and in a high-
resolution ice core d18O record from the south
Atlantic sector of Antarctica (28). However, the
Borneo stalagmite d18O records lack any coher-
ent signature of D/O events (Fig. 2 and fig. S8).
The Borneo stalagmite d18O records show no
consistent response to D/O events 8 and 12, the
prominent D/O events that occur on the heels of
Heinrich events 4 and 5 (fig. S8). Of particular
note, the records show little millennial-scale var-
iability from ~30 to 40 ky B.P. across D/O events
5 to 8 (fig. S8). The records do bear a strong re-
semblance to the Chinese d18O records during the
50– to 60–ky B.P. interval, as both records contain
a distinct d18O increase at ~55 ky B.P. This
shared d18O enrichment may reflect the influence
of an additional Heinrich event, referred to as
“Heinrich 5a” in one study (29), or may indicate
a regional hydrological sensitivity to the relative-
ly prolongedD/O events that occurred during this
time interval. Contrary to inferences drawn from
a deglacial Borneo stalagmite d18O record (6),
there is no evidence for a Southern Hemisphere
influence on millennial-scale variability in Borneo
hydroclimate over the last glacial cycle (fig. S8).

The unambiguous signature of Heinrich events
in the Borneo stalagmite d18O records stands in
stark contrast to the lack of consistent D/O-related
signals in the records, implying a selective re-
sponse of WPWP hydrology to high-latitude
abrupt climate change forcing. Specifically, the
absence of any readily identifiable D/O signals in
the Borneo d18O record represents a clear chal-
lenge to our understanding of abrupt climate
change mechanisms. The new Borneo records
suggest that one of two possibilities must be
true: (i) If D/O events reflect a similar mechanism
to Heinrich events, then they must not be strong
enough to affect northern Borneo hydrology ap-
preciably, or (ii) D/O events and Heinrich events
are characterized by fundamentally different cli-
mate mechanisms and feedbacks.

The largest millennial-scale anomaly in the
Borneo records is not a Heinrich event, but rather
an abrupt increase in d18O that occurs at 73.42 T
0.30 (2s) ky B.P., coincident with a similarly large
and abrupt increase in Chinese stalagmite d18O
(Fig. 2). Whether this event is associated with the

Fig. 1. Comparison of four overlapping stalagmite d18O records fromnorthern Borneo. (A) d18O
records from SC02 (blue), SC03 (red), SCH02 (green), and BA02 (purple) are overlain after aligning five major
millennial-scale d18O excursions shared across all four stalagmites to within 2s dating errors (8), plotted with
previously published stalagmite d18O data from our site (black) (6). SC03 and SC02 mean d18O have been
offset +0.2 per mil (‰), and BA02 mean d18O has been offset –0.45‰ to match the absolute value of
SCH02, consistent with the prior use of SCH02 as a benchmark for the deglacial–Holocene Borneo records
(6). (B) The d18O record for SC02, plotted using its raw age model (blue), shown with the three other
overlapping Borneo stalagmite d18O records using their raw age models (gray). (C) Same as (B), but for SC03
(red). (D) Same as (B), but for SCH02 (green). (E) Same as (B), but for BA02 (purple). The U-Th–based age
model was used to construct the composite d18O record plotted in corresponding colors at the top, shown with
2s uncertainty limits (8). The x axis indicates age in thousand years before the present (kybp).

www.sciencemag.org SCIENCE VOL 340 28 JUNE 2013 1565
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SUNDA SHELF DURING LGM 

Pedro DiNezio & phys.org 
Partin et al., 2007; DeNezio et al., 2011   
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Carolin et al., 2013 

Toba supereruption, dated at 73.88 T 0.64 (2s) ky
B.P. (30), and/or a prominent early abrupt climate
change event visible in Greenland ice core d18O
(Fig. 2A) merits investigation in additional high-
resolution paleoclimate records from the Indo-Pacific.

The Borneo composite records demonstrate
the sensitivity of western equatorial Pacific hy-
drology to both high-latitude and low-latitude
forcings.However, the response of northernBorneo
hydroclimate to these forcings is not uniform:
Glacial conditions and D/O events apparently

had much smaller impacts on regional hydrology
than either insolation or Heinrich-related forcing.
Our results imply that once the hydrological re-
sponse threshold is reached, then climate feed-
backs internal to the tropics may serve to amplify
and prolong a given climate change event, whether
the trigger originates from internal dynamics or
external radiative forcing.
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Fig. 2. Comparison of Borneo stalagmite d18O records to climate forcings and records of paleo-
climate from key regions. (A) Greenland NGRIP (North Greenland Ice Core Project) ice core d18O (gray)
(31) with 100-year averages (black), plotted using the GICC05modelext age model (32). (B) Hulu–Sanbao
cave stalagmite d18O records from China (1, 2) (Sanbao has been offset by +1.6‰ to match Hulu),
plotted with July insolation at 65°N (33). (C) Borneo stalagmite d18O records, plotted with age models
aligned and adjusted to account for ice-volume–related changes in global seawater d18O (8). Also
plotted are October insolation at 0°N (black) (33) and Borneo stalagmite d18O records (gray) that have
not been corrected for ice volume. (D) Coral-based estimates of paleo–sea-level record (20, 34, 35) (black
symbols) and global mean sea-level record (15) (solid line, average; dotted lines, minimum and maximum).
(E) Sulu Sea planktonic foraminifera d18O (24), plotted with a revised age model using updated IntCal09
calibration curve 41–ky B.P. modern and aligning 60–ky B.P. d18O excursion to the Hulu-Sanbao stalagmite
d18O records. (F) EPICA (European Project for Ice Coring in Antarctica) Dronning Maud Land (EDML) ice
core d18O (gray) (28) with 7-year averages (black). Vertical blue bars indicate the timing of Heinrich
events H1 to H6 (5), as recorded by the Hulu-Sanbao stalagmite d18O records (1, 2).

28 JUNE 2013 VOL 340 SCIENCE www.sciencemag.org1566

REPORTS

NGRIP 

Hulu-Sanbao Cave 

Sunda Shelf sea level 

Sulu Sea foram δ18O 

Epica Ice Core 

This study 

LAKE 
TOWUTI 

Russell et al., 2014 

http://www.geo.brown.edu/georesearch/Towuti/project.html 

LEAF WAX 13C 
•  Analysis of long chain n-alkanes.  

•  Used to distinguish between C3 and C4 plants.  
•  C4 plants fractionate CO2 less 

•  Sample preparation time and cost of analysis leads to low resolution records 

METALS 
•  Data collected using core scanning XRF 

•  Metal concentration influenced by runoff from watershed.   
•  Greater concentrations of metals in sediment = more precipitation 
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existing reconstructions from Sulawesi, and suggests a strong
response of regional climate to glacial–interglacial forcings over
the past 60 ky B.P.
In contrast, recently published speleothem !18O records from

northern Borneo exhibit relatively little glacial–interglacial var-
iability (Fig. 3), and instead suggest that boreal fall insolation at
the equator, and hence precessional forcing, plays a dominant
role in Indo-Pacific precipitation and convection (10) (Fig. 3B).
These differences could suggest significant heterogeneity in
LGM climate over Indonesia and the climate responses of these
regions to remote and local forcings. Although the precise
mechanisms that link changes in October insolation to Borneo
!18O on orbital timescales are not known (10), in the present day
seasonal and interannual precipitation variability in northern
Borneo and our site are not strongly correlated. Borneo expe-
riences little to no precipitation seasonality, and the austral
winter precipitation minimum in central Sulawesi is character-
istic of much of central and southern Indonesia (13). Moreover,
variability in the !18O of precipitation at Borneo is most strongly
correlated to precipitation variations over the oceans north of
Borneo and Indonesia, and weakly or not correlated to pre-
cipitation variability in central and southern Indonesia (33).
However, as there is widespread evidence for aridity during the
LGM in Indonesia (7, 8), it is also possible that the !18O–pre-
cipitation amount relationship was weakened during the LGM,
perhaps due to the effects of competing processes such as
changes in precipitation sources, moisture trajectories, and

upstream convective effects (10). Indeed, precessional forcing is
least evident in Borneo !18O during MIS2, which could reflect
the effects of strong glacial forcings.
Our record alone cannot reconcile these differences, yet the

wet climate we observe during much of MIS3 and the Holocene,
interrupted by abrupt transitions to and from a dry LGM, has
important implications for the mechanisms controlling climate
variability in this region. This history suggests that the climate of
Sulawesi is highly sensitive to glacial–interglacial forcings, and
that the region may experience nonlinear, threshold responses to
changes in global climate boundary conditions. Climate model-
ing studies indicate that IPWP hydrology could respond to a va-
riety of glacial–interglacial forcings including regional processes,
particularly exposure of the Sunda Shelf during sea level minima
(34), as well as global forcings, including changes in global
temperature and atmospheric greenhouse gas concentrations
(GHGs) and remote forcing from ice sheet albedo and topog-
raphy (5, 6). All of these forcings reached their minima or
maxima during the LGM, potentially triggering threshold
responses in regional hydroclimate. Because of their short na-
ture, most previous proxy reconstructions have only evaluated
the impacts of these forcings across the last glacial termination,
when large and nearly synchronous changes in shelf exposure,
temperature and GHGs, and ice volume complicate the attri-
bution of precipitation changes. Our long, continuous record
from Lake Towuti sheds light on the impacts of these forcings
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C3 Vegetation 

C4 Vegetation 

Borneo (11), to the north of our site, coupled with the variable
expression of Heinrich events in our record from Sulawesi, could
reflect latitudinal gradients in the regional sensitivity of Indo-
Pacific hydrology to millennial-scale forcing from the North
Atlantic. This is perhaps related to variations in the strength and/
or underlying mechanisms of the Heinrich events themselves and
their ability to perturb regional rainfall.
Ti concentrations abruptly increase at 14.8 ± 0.38 ky B.P.,

synchronous with the abrupt onset of wetter conditions recorded
in speleothem !18O records from China (30) (Fig. 3A). The
!13Cwax reaches its Holocene average of !37.1‰ at 11 ± 0.28 ky
B.P., recording the development of closed-canopy tropical rain-
forest that persists today. Ti concentrations are also high in the
early Holocene, but fall during the mid-Holocene. The !13Cwax
exhibits a muted but simultaneous mid-Holocene enrichment of
"1.5‰, indicating that the mid-Holocene reduction in pre-
cipitation implied by sedimentary Ti was insufficient to strongly
perturb the region’s rainforests under Holocene boundary con-
ditions. Both proxies indicate a return to moist conditions in the
late Holocene, similar to records from southern Indonesia (11,

29) and likely related to intensification of the austral summer
monsoon (11).

Discussion
Our most significant findings are the existence of a very wet
climate during much of MIS3 and the Holocene, interrupted by
abrupt transitions to and from a dry LGM. No prior record from
Sulawesi contains sediments covering the LGM, let alone the
past 60 ky. However, sediment cores from the shoreline of Lake
Tondano, North Sulawesi (Fig. 1), suggest a wet climate ca. 35 ky
B.P., a moist early Holocene, and a discontinuity from "31 to
"13 ky B.P. interpreted to reflect low lake levels (31), a history
very similar to that of Lake Towuti. Even more discontinuous
palynological records from the Wanda peatland, near Lake
Towuti, suggest rainforest predominated during late MIS3 and
the Holocene and grasslands expanded during the late LGM
(12), supporting our interpretation of !13Cwax. Shorter but high-
resolution reconstructions from marine sediments offshore from
western Sulawesi suggest a moistening trend from the late glacial
into the Holocene (32). Thus, our data appear compatible with
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Sunda Shelf, calculated from sea level reconstructions applied to shelf hypsography using sea-level records from 2D (SI Materials and Methods). (D) Global sea
level as proxy for ice volume, reconstructed from benthic !18O [blue line (47)] and globally distributed corals [blue dots (48)]. (E) The !13Cwax from Lake Towuti.
(F) Ti in sediments from Lake Towuti measured by scanning XRF (gray dots are individual measurements, blue line is a 10-point running average), and flux–
fusion ICP-AES (red).
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CONCLUSIONS 

•  What is the response of IPWP climate to abrupt “global” climate events? 
•  H events lead to decreases in rainfall 
•  No response to D/O events? 

•  How does IPWP hydroclimate vary over glacial and interglacial cycles? 
•   Maximum aridity corresponds to intense worldwide glacial activity 

•  How does vegetation respond to changing aridity? 
•  C4 plants dominate during the dry periods of the record,  

•  What drives climate change in this region?  
•  It appears to be a combination of insolation and glacial processes 


