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[1] We measured oxygen isotopes and Mg/Ca ratios in the surface‐dwelling planktonic foraminifer
Globigerinoides ruber (white s.s.) and the thermocline dweller Pulleniatina obliquiloculata to investigate
upper ocean spatial variability in the Indo‐Pacific Warm Pool (IPWP). We focused on three critical time
intervals: the Last Glacial Maximum (LGM; 18–21.5 ka), the early Holocene (8–9 ka), and the late Holocene
(0–2 ka). Our records from 24 stations in the South China Sea, Timor Sea, Indonesian seas, and western
Pacific indicate overall dry and cool conditions in the IPWP during the LGM with a low thermal gradient
between surface and thermocline waters. During the early Holocene, sea surface temperatures increased by
∼3°C over the entire region, indicating intensification of the IPWP. However, in the eastern Indian Ocean
(Timor Sea), the thermocline gradually shoaled from the LGM to early Holocene, reflecting intensification of
the subsurface Indonesian Throughflow (ITF). Increased surface salinity in the South China Sea during the
Holocene appears related to northward displacement of the monsoonal rain belt over the Asian continent
together with enhanced influx of saltier Pacific surface water through the Luzon Strait and freshwater export
through the Java Sea. Opening of the freshwater portal through the Java Sea in the early Holocene led to a
change in the vertical structure of the ITF from surface‐ to thermocline‐dominated flow and to substantial
freshening of Timor Sea thermocline waters.

Citation: Xu, J., W. Kuhnt, A. Holbourn, M. Regenberg, and N. Andersen (2010), Indo‐Pacific Warm Pool variability during
the Holocene and Last Glacial Maximum, Paleoceanography, 25, PA4230, doi:10.1029/2010PA001934.

1. Introduction

[2] The Indo‐Pacific Warm Pool (IPWP) is the main source
area of heat and water vapor export to the high latitudes,
and thus plays a critical role in global climate [Bjerknes, 1969;
Webb et al., 1997; Pierrehumbert, 2000]. The size and inten-
sity of the IPWP is closely linked to the El Niño‐Southern
Oscillation (ENSO), which strongly influences heat transport
and thermocline depth in thewestern Pacific and eastern Indian
Ocean [Vranes et al., 2002; Potemra et al., 2003]. During
El Niño events, warm waters from the IPWP are driven east-
ward by strong westerly winds, resulting in reduced precipi-
tation and shoaling of the thermocline within the IPWP as well
as a weaker Indonesian Throughflow (ITF). El Niño‐like
conditions during the Last Glacial Maximum (LGM) would
explain weaker zonal and meridional SST gradients in the
equatorial Pacific [Koutavas et al., 2002] and increased sea
surface salinities at the northern margin of the IPWP close to
Mindanao [Stott et al., 2002]. In contrast, increased precipi-
tation in the center of the IPWP and increased Pacific zonal

SST gradients [Lea et al., 2000] would support a La Niña state
during the LGM. Glacial freshening of surface waters in the
South China Sea (SCS) [Oppo and Sun, 2005] and Sulu Sea
[Oppo et al., 2003;Rosenthal et al., 2003] suggested a seaward
shift of monsoonal precipitation. Recently, Oppo et al. [2009]
highlighted the role of the Asian monsoon/Intertropical Con-
vergence Zone (ITCZ) in forcing precipitation anomalies in
the IPWP on centennial‐millennial timescales. Whether an
El Niño or La Niña state prevailed within the IPWP region
during the LGMand early Holocene remains an open question,
which cannot be answered without improved spatial coverage
of proxy records.
[3] The IPWP is also a key region connecting the Pacific

and Indian Oceans via the ITF, and thus regulating salinity
and heat budgets between these oceans [Gordon and Fine,
1996; Gordon, 2005]. It was initially suggested that restric-
tion of the ITF (i.e., during glacial sea level lowstands) may
have intensified the IPWP and cooled the Indian Ocean,
which in turn may have weakened the Asian monsoon [Lee
et al., 2002]. However, recent oceanographic monitoring has
shown that most of the ITF inflow originates from relatively
cool and fresh North Pacific thermocline water [Gordon,
2005]. Today, the cool subsurface flow of the ITF becomes
intensified relative to the warm surface flow by freshwater
influx from the SCS to the Java Sea, which blocks the warm
surface Makassar Strait outflow [Gordon et al., 2003; Tozuka
et al., 2009]. Previous studies indicate that the vertical struc-
ture of the ITF probably varied considerably over preces-
sional and glacial‐interglacial timescales, with thermocline
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flow dominating during warm periods [Žuvela, 2005; Xu
et al., 2006, 2008].
[4] Previous SST and salinity reconstructions within the

IPWP region mainly focused on the last Termination and
the phasing of tropical SST with respect to global ice vol-
ume and high‐latitude climate change [e.g., Lea et al., 2000;
Kienast et al., 2001; Koutavas et al., 2002; Rosenthal et al.,
2003; Visser et al., 2003; Stott et al., 2007; Tachikawa et al.,
2009]. These studies revealed an astonishing regional vari-
ability within the IPWP area and at its margins (northern
SCS and Coral Sea). For example in the Makassar Strait,
SST lead planktonic oxygen isotopes (interpreted as ice
volume) by 2–3 kyr during Terminations I and II [Visser
et al., 2003], while in the Sulu Sea, southern SCS and
Timor Sea (TS), SST are in phase with ice volume [Kienast
et al., 2001; Rosenthal et al., 2003; Xu et al., 2006]. How-
ever, a recent study, which focused on records in the Coral
Sea supplemented by a compilation of 14C‐dated records
from the Pacific during Termination I, indicated that the
South and tropical Pacific started warming earlier than the
North Pacific [Tachikawa et al., 2009].
[5] Sea surface salinity reconstructions from the margin

of the IPWP indicate a strong relation to Asian monsoon
precipitation [e.g., Rosenthal et al., 2003; Oppo and Sun,
2005; Oppo et al., 2009] but the spatial coverage is still
too sparse to fully resolve regional patterns. The coverage
is even sparser for thermocline depth reconstructions. Lit-
tle advance has been made since the pioneering work of
Andreasen and Ravelo [1997] to reconstruct thermocline
depth of the tropical Pacific for the LGM using transfer
functions based on the distribution of tropical‐subtropical

planktonic foraminiferal assemblages. High‐quality early
Holocene to LGM data are especially lacking for the
Australasian area and thermocline reconstructions based on
multispecies Mg/Ca and oxygen isotope data are still in a
preliminary stage for this area. Regional differences suggest
that the intensity of the Australian monsoon and related
changes in SST and productivity in the eastern Indian Ocean
are not just a remote effect of the Asian winter monsoon. The
Australian monsoon appears also to be directly forced by
insolation over Australia with a dynamic feedback from
ocean circulation patterns [Liu et al., 2004]. In order to better
understand the spatial heterogeneity of the IPWP records,
which appears to depend strongly on the complex interactions
of local monsoonal systems driven by insolation patterns,
we also focus on the early Holocene, when precessional
insolation was at a minimum over Australia.
[6] In this study, we reconstruct vertical water profiles in

24 sediment cores from the IPWP region based on two plank-
tonic foraminiferal species, which live in different layers of the
upper ocean water. Our main objective is to investigate changes
in regional hydrology of the upper ocean during three time
critical time slices: the late Holocene (0–2 ka), early Holocene
(8–9 ka) and LGM (18–21.5 ka [Sarnthein et al., 2003]) in
order to better understand interactions between tropical cli-
matic and Australian‐Asian monsoonal systems, variations in
the ENSO state and the spatial heterogeneity of the IPWP.

2. Materials and Methods

[7] Samples used in this study are mainly from sediment
box, gravity, multi, piston and Kastenlot cores recovered
during SONNE Cruises SO‐95 (Monitor Monsoon) in 1994,
SO‐115 (Sundaflut) in 1996, and SO‐185 (VITAL) in 2005,
Images Cruises IV in 1998 (Indonesian Archipelago, western
Pacific and East China Sea), VII (WEPAMA) in 2001 and
XIV (Marco Polo II) and ODP Leg 184. These cores are
located from 16°S–20°N to 110°E–140°E including the TS,
SCS, Sulu Sea, Makassar Strait and the western Pacific
(Figure 1 and auxiliary material Table S1).1 We additionally
used published oxygen isotope and Mg/Ca data from Oppo
et al. [2003], Rosenthal et al. [2003], Visser et al. [2003],
Stott et al. [2004] and Xu et al. [2008] (Table S1). To maintain
coherency with our results, we used consistent calibration
equations to convert published data to temperatures and
d18Osw. Sediment samples processed in Kiel University were
oven‐dried below 40°C, disaggregated by soaking in water,
then wet sieved over a 63 mm screen. Residues were dried on
a sheet of filter paper below 40°C, then sieved into four dif-
ferent size fractions: 63–150 mm, 150–250 mm, 250–315 mm
and >315 mm.

2.1. AMS 14C Dating

[8] For accelerator mass spectrometry (AMS) 14C dating,
around 1300–1600 well‐preserved shells of Globigerinoides
ruber (white s.s.), weighing 7–13 mg, were picked from
the size fraction 250–315 mm in 19 samples from Cores
SO18460, SO18462, SO18473 and SO18475 (Table S2). As

Figure 1. Locations of sediment cores investigated in the
Indo‐Pacific Warm Pool. Light gray shaded shelf areas were
exposed during the LGM.

1Auxiliary materials are available in the HTML. doi:10.1029/
2010PA001934.
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one sample from Core SO18473 had insufficient numbers
of G. ruber, we used mixed planktonic foraminifers. AMS
conventional 14C ages were determined at the Leibniz Labo-
ratory, Kiel University using standard methods described by
Schleicher et al. [1998].
[9] AMS conventional 14C ages were then converted to

calendar ages following Fairbanks et al. [2005]. Before
conversion, we corrected conventional 14C by subtracting
300 years for reservoir age in TS [Butzin et al., 2005]. Recent
studies [Sarnthein et al., 2007] have shown that glacial reser-
voir ages may be as high as 2000 years. However, even if
we apply higher reservoir ages, converted ages for the LGM
data set would remain older than 17.5 ka and still be repre-
sentative for the late LGM and earliest termination. Conven-
tional 14C dates and calendar ages are shown in Table S2.

2.2. Stable Isotopes

[10] Approximately 45 tests of the near surface water
dweller G. ruber and 30 tests of the upper thermocline species
Pulleniatina obliquiloculata were picked from the size frac-
tion 250–315 mm, then weighed and crushed. All tests were
checked for cement encrustations and infillings before being
crushed into fragments. Crushed tests were then mixed homo-
geneously and visually split into three aliquot parts. One part
was used for stable isotope analysis and the other two parts
for Mg/Ca analysis.
[11] For stable isotopes, crushed tests were cleaned in

alcohol in an ultrasonic bath and dried at 40°C. Stable car-
bon and oxygen isotope measurements were made with the
Finnigan MAT 251 mass spectrometer at the Leibniz Labo-
ratory, Kiel University. The instrument is coupled online to
a Carbo‐Kiel Device (Type I) for automated CO2 prepara-
tion from carbonate samples for isotopic analysis. Samples
were reacted by individual acid addition. The mean external
error and reproducibility (1s) of carbonate standards is bet-
ter than ±0.07‰ for d18O. Results were calibrated using the
National Institute of Standards and Technology (Gaithersburg,
Maryland) carbonate isotope standard NBS 20 and in
addition NBS 19 and 18, and are reported on the PeeDee
Belemnite (PDB) scale. Sixty‐eight replicates indicate that
the mean reproducibility of foraminiferal samples is ±0.08‰
for d18O. Individual measurements are listed in Table S3;
mean d18O values for each time interval are given in Table S4.
[12] As several samples from Cores SO17927 and SO18267

had insufficient numbers of G. ruber and P. obliquiloculata
from the size fraction 250–315 mm, we included tests from the
smaller and larger size fractions (150–250 mm and >315 mm)
for analysis. We checked the bias of shell size on stable iso-
topes in samples from Core SO18460. Comparison of 15 par-
allel measurements of G. ruber from the size fractions of 150–
250 mm and >315 mm indicates a difference of 0.02 ± 0.12‰
and −0.01 ± 0.10‰ for d18O with measurements from the size
fraction 250–315 mm. For P. obliquiloculata, 15 sets of paral-
lel measurements from the size fractions >315 mm and 250–
315 mm indicate a difference of 0.07 ± 0.18‰ for d18O. The
effect of shell size on d18O appears therefore to be negligible.

2.3. Mg/Ca Paleothermometry

[13] G. ruber is a well‐known surface dweller, whereas
P. obliquiloculata has a preferred depth habitat within the

seasonal thermocline [Xu et al., 2006; Cléroux et al., 2007;
Farmer et al., 2007;Mohtadi et al., 2009]. A study of 33 core
top samples from the TS indicates that P. obliquiloculata
Mg/Ca‐based temperatures are generally comparable with
WOA05 annual mean temperatures at water depth of 100–
125 m [Locarnini et al., 2006], supporting a thermocline depth
habitat for this species [Zuraida et al., 2009].
[14] Crushed tests were cleaned of contaminant phases

using the standard foraminiferal cleaning procedure with
reductive step [Martin and Lea, 2002]. Samples were ana-
lyzed on an ICP‐OES (Spectro Ciros SOP) with cooled
cyclonic spray chamber and microconcentric nebulization
(200 ml min−1) at the Institute of Geosciences, Kiel Uni-
versity. Intensity ratio calibration followed the method
of de Villiers et al. [2002]. Internal analytical precision
from replicate measurements is better than 0.1–0.2% (rela-
tive standard deviation), which corresponds to ±0.02°C.
31 replicate samples indicated sample reproducibility is
±2.5% or ±0.28°C for G. ruber and ±3.3% or ±0.37°C for
P. obliquiloculata, respectively. The validity of Mg/Ca ratio
for each sample was checked by evaluating the consistency
of Ca concentration before and after cleaning. Samples with
a reduction in Ca concentration of more than 20% were
rejected. Fe/Ca, Al/Ca and Mn/Ca ratios were additionally
used to monitor cleaning efficacy, and samples with a
significant correlation between Fe/Ca, Al/Ca, Mn/Ca and
Mg/Ca values were also rejected. Individual measurements
are listed in Table S3; mean Mg/Ca values for each time
interval are given in Table S4.
2.3.1. Effect of Carbonate Dissolution on Mg/Ca Ratio:
Carbonate Dissolution Indices
[15] Mean shell weight is often used to effectively indicate

the preservation state of planktonic foraminiferal shells
[e.g., Rosenthal and Lohmann, 2002; Visser et al., 2003; Xu
et al., 2006; Tachikawa et al., 2008]. Planktonic foraminiferal
fragmentation (expressed in % = (fragments/8)/(fragments/
8+whole tests)*100 [Le and Shackleton, 1992]) has also been
suggested as a reliable dissolution index [Conan et al., 2002;
Barker et al., 2009]. In this study, we used mean shell weight,
supplemented by the fragmentation based dissolution index
above to evaluate carbonate dissolution (Table S5).
[16] We compared planktonic foraminiferal fragmentation

(%) at five stations: ODP Site1146 [Huang, 2002], SO17957
[Jian et al., 2000], ODP Site 1143 [Xu, 2004], MD98–2162
(this study) and MD01–2378 [Xu et al., 2008]. Fragmentation
is generally lower than 10% during the three studied time
intervals, except at ODP Site 1146, where fragmentation
reaches 10.5% during the early Holocene. Best preservation
occurs in Cores MD98–2162 and MD01–2378, where frag-
mentation is 3% or less (Table S5).
[17] Mean shell weight of G. ruber ranges from ∼10 to

20 mg and mean weight of P. obliquiloculata from ∼12 to
19 mg. However, variability in G. ruber mean shell weight
is less than 1 mg in most cores, except for Cores SO18459,
SO18473, SO18475 and SO18500. Core SO18500 exhibits
lower values during the late Holocene (12.1 ± 0.7 mg) than
during the early Holocene (18.9 ± 0.1 mg) and LGM
(18.6 ± 1.1 mg). In Cores SO18459, SO18473 and SO18475,
highest values occur in the early Holocene and lowest values
in the late Holocene.
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[18] In contrast, P. obliquiloculatamean shell weight varies
by less than 1.5 mg and exhibits no significant differences
between the three time slices in most cores (Table S5).
However, increasing downcore trends (>2.5 mg increase) from
the late Holocene to LGM are evident in SCS Cores SO17954,
SO17957 and ODP Site 1143 and in TS Cores SO18459,
SO18460, SO18476 and SO1847. Since no such trend is
detected in G. ruber, the decreasing trend from the LGM
to Holocene does not appear to be related to carbonate
dissolution.
2.3.2. Conversion of Mg/Ca to Temperature: Cleaning
Protocol and Shell Size Effects
[19] Numerous calibration equations have been developed

for converting planktonic foraminiferal Mg/Ca ratios into
temperatures [e.g., Barker et al., 2005, and references therein;
Huang et al., 2008; Regenberg et al., 2009], either based on
samples cleaned with or without a reductive step. According
to Rosenthal et al. [2004], cleaning with a reductive step
may lead to a decrease of up to ∼15% in test Mg/Ca. To
investigate the effect of reductive cleaning on G. ruber and
P. obliquiloculata, we previously processed 41 duplicate
samples with and without reduction between 451 cm and
891 cm in Core MD01–2378 [Xu et al., 2008]. This revealed
an average decrease in Mg/Ca of ∼6.6% for G. ruber and of
∼1.8% for P. obliquiloculata for tests cleaned with a reductive
step [Xu et al., 2008]. In this study, we therefore adjusted the
Mg/Ca ratios of these two species accordingly for samples that
were cleaned reductively (Table 1 and Table S4). These Mg/
Ca losses translate into 0.7°C and 0.2°C, when converted into
temperatures using standard calibrations with a 9% increase in
Mg/Ca per °C.
[20] To convert Mg/Ca into temperature, we selected the

species‐specific calibration equations of Anand et al. [2003]
(nonreductively cleaned) with a given accuracy of ±1.2°C.
Anand et al. [2003] established two different species‐specific
G. ruber calibrations for the size fractions 350–500 mm and
250–350 mm, which both have the same slope but different
intercepts. As a consequence, temperature estimates calcu-
lated with the Anand et al. [2003] calibration for size fraction
250–350 mm are consistently lower by ∼1.4°C with respect
to temperature estimates for the 350–500 mm calibration. To
explore the effect of shell size on Mg/Ca ratios, we mea-
sured 15 duplicate samples from Core SO18460 from the
size fractions 150–250 mm, 250–315 mm and >315 mm for
G. ruber and from the size fractions 250–315 mm and
>315 mm for P. obliquiloculata. Results show that G. ruber
from the 150–250 mm size fractions have slightly less Mg/Ca
(0.04 ± 0.15 mmol/mol) than G. ruber from the 250–315 mm
size fraction, while G. ruber from the 250–315 mm size
fraction and >315 mm fraction show no significant difference
(0.00 ± 0.17 mmol/mol). This is in agreement with a recent
core top assessment, which excluded large size‐dependent
variations in Mg/Ca ratios in species, which do not precipitate
large amounts of gametogenic calcite such as G. ruber [Ni
et al., 2007]. Within the area of our study estimated Mg/Ca
temperatures with the G. ruber 350–500 mm calibration of
Anand et al. [2003] closely track temperatures at the sea
surface, as indicated by the good fit between annual mean
SSTs (WOA05 [Locarnini et al., 2006]; Figure 2a) and 20 G.
ruber core top Mg/Ca temperatures (∼0.6 ± 0.5°C lower than

annual average temperatures; Figure S1). Interestingly the G.
ruber 250–350 mm calibration equation for the tropical Pacific
of Dekens et al. [2002] is virtually identical to the 350–500
mm G. ruber calibration of Anand et al. [2003], indicating that
the larger intercept of the 250–350 mm equation of Anand et
al. [2003] may be a specific feature (related to seasonality?)
of the Sargasso Sea, where this equation was developed.
[21] For P. obliquiloculata, Mg/Ca in the size fraction

>315 mm also shows no systematic offset from the 250–
315 mm fraction (0.00 ± 0.26 mmol/mol). We therefore
assume that the effect of shell size on Mg/Ca is negligible.
Measurements of 19 P. obliquiloculata core top samples
yielded average Mg/Ca temperatures of 20.4 ± 1.5°C in the
SCS, and 21.6 ± 0.7°C in the TS, which closely resemble
annual seasonal temperatures at ∼100 m water depth in these
regions (Figure 2b).
2.3.3. Potential Salinity Bias on Mg/Ca Temperatures
[22] A recent study using core top material from the North

Atlantic, Indian and Pacific Oceans [Mathien‐Blard and
Bassinot, 2009] suggested that the positive relationship
between Mg/Ca in G. ruber and salinity is much stronger
(15% Mg/Ca increase per psu) than previously assumed in
culturing experiments (5%Mg/Ca increase per psu [Kisakürek
et al., 2008]). As a result G. ruber Mg/Ca temperature esti-
mates based on the Anand et al. [2003] calibration for the
size fraction 250–350 mm may underestimate calcification
temperatures by ∼1.6°C/psu, when salinity is lower than an
average value of ∼35.4 psu. However, this bias is strongly
reduced, when using the Anand et al. [2003] calibration for the
size fraction 350–500 mm, which results in generally 1.4°C
higher temperature estimates. For this study we used the
Anand et al. [2003] 350–500 mm size fraction calibration
without salinity correction, as this produces the best correla-
tion of regional core top SST estimates with local hydrologic
data from WOA05 (Figure S1a). This approach is also con-
sistent with the relatively low salinity bias observed in cul-
turing experiments of 5% Mg/Ca increase per psu salinity
increase [Kisakürek et al., 2008]. Using a Mg/Ca calibration
without salinity correction additionally reduces the problems
associated with the application of a salinity correction for early
Holocene and LGM data sets, where local hydrologic con-
ditions (i.e., d18O of precipitation and the resulting d18Osw‐
salinity relationship) may have been different from today.
Furthermore, regional high‐resolution G. ruber Mg/Ca based
temperature estimates without salinity correction result in
consistent temperature patterns over the entire Indo‐Pacific
Warm Pool at least for the Holocene [Linsley et al., 2010].

2.4. Calculation of Local Seawater d18O (d18Osw‐corr)

[23] In a first step, we calculated surface and thermocline
water oxygen isotope composition (d18Osw) by inserting
Mg/Ca temperature and d18O values of G. ruber and
P. obliquiloculata into the equation from Bemis et al. [1998]:

�18Osw VSMOWð Þ ¼ 0:27þ �
T �Cð Þ � 16:5þ 4:8

� �18Ocalcite VPDBð Þ
�
=4:8: ð1Þ

[24] Seawater d18O is dependent on local seawater d18O
(mainly related to salinity) and global ice volume or sea
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level [e.g., Waelbroeck et al., 2002]. To correct for ice
volume, we deducted 0.21‰ from early Holocene values
and 1.02‰ from LGM d18Osw values [Waelbroeck et al.,
2002]. Since d18Orainwater is relatively constant over the
IPWP area [Aleinov and Schmidt, 2006], ice volume cor-
rected d18Osw (d18Osw‐corr) mainly reflects local salinity. To
test the reliability of our calculated d18Osw (equation (1)),
we present four salinity‐d18Osw relationships considering
the effect of size fraction and salinity on Mg/Ca: tempera-
ture estimates following the Anand et al. [2003] calibrations
for small/large size fractions and excluding/including salinity
correction for Late Holocene Mg/Ca (Figure S2). In general,
higher temperature estimates from the Anand et al. [2003]
calibration equation for the size fraction 350–500 mm result
in higher d18Osw than when using the 250–350 mm calibration
(see section 2.3.2). Application of the salinity correction to
Mg/Ca also results in higher temperature estimates and hence

d18Osw. As indicated by d18Osw measurements from the TS
(unpublished, SO185 cruise September 2005), two of the four
d18Osw scenarios reflect realistic values: (1) the large size‐
fraction calibrations without Mg/Ca‐salinity correction and
(2) the small size‐fraction calibration combined with Mg/Ca‐
salinity correction. Since the correlation between salinity and
d18Osw is weak (r2 = 0.38) for the latter, we favor the first
approach (r2 = 0.82) (Figures S2a and S2b). Local d18Osw

values are listed in Table S4.

3. Results

3.1. Age Models

[25] Age models for TS Cores MD01–2378 [Holbourn
et al., 2005; Xu et al., 2008], SO18460, SO18462, SO18473
and SO18475 are based on AMS 14C dates (Table S2).
Average sedimentation rates in these cores are ∼21 cm/kyr,

Figure 2a. Modern annual mean temperatures at (top left) 0 m and (top right) 125 m water depth and
modern salinities at (bottom left) 0 m and (bottom right) 125 m water depth. White dashed line indicates
transect AB from South China Sea to Timor Sea (112°E/23°N to 122.5E/19°S). White arrows indicate
main flow paths of surface waters (SCS Throughflow); black arrows indicate main flow paths of thermo-
cline waters (ITF). Data are from Locarnini et al. [2006]: http://iridl.ldeo.columbia.edu/SOURCES/.
NOAA/.NODC/.WOA05/.Grid‐1x1/.Annual/.an/.
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∼15 cm/kyr, ∼22 cm/kyr, ∼45 cm/kyr and ∼41 cm/kyr;
and their temporal resolutions are ∼100 years, ∼700 years,
∼100 years, ∼500 years and ∼500 years, respectively. For TS
Cores SO18459, SO18476, SO18477, SO184500, SO184506,
SO184507, age models were generated from visual com-
parison of d18O curves with the d18O series in Core MD01–
2378, which has a well‐constrained age model based on
21 AMS 14C dates [Holbourn et al., 2005; Xu et al., 2008]
(Figure 3). References for published age models of SCS,
Mindanao, Sulu Sea, Makassar and Banda Sea cores are given
in Table S1.

3.2. Sea Surface and Upper Thermocline d18O
[26] Mean d18O values at each site for the three time slices

studied are listed in Table S4 and shown in Figure 4; mean
regional d18O values are listed in Table 1. The late Holocene is
characterized by relatively homogenous surface d18O (average
−2.7‰) with slightly lower values (mean −2.90, stdev 0.33)
in the SCS and slightly higher values in the western Pacific
(mean −2.53‰, stdev 0.20). TS surface d18O is close to the
modern regional average and quite homogenous (mean −2.70,
stdev 0.06). In contrast to surface d18O, there is a marked
gradient in upper thermocline d18O between the SCS (mean
0.98‰, stdev 0.38) and the TS (mean −1.46‰, stdev 0.09).
Off Mindanao and in the southern Makassar Strait, upper

thermocline d18O values (−1.44‰ and −1.94‰, respectively)
are close to or slightly lower than in the TS.
[27] Early Holocene surface d18O values are ∼0.2‰

higher than in the late Holocene in the TS (mean −2.51,
stdev 0.06) and western Pacific (mean −2.27‰, stdev 0.19),
which probably reflects the isotopic effect of remaining ice
caps. In contrast, early Holocene surface d18O values (mean
−2.88‰, stdev 0.27) in the SCS are comparable to late
Holocene values, implying a net increase by 0.2‰ from
the early to late Holocene considering the isotopic effect of
melting ice. Early Holocene upper thermocline d18O values
retain the same gradient between the SCS (mean −0.82‰,
stdev 0.37), TS and western Pacific (−1.35‰, stdev 0.07)
with a consistent ice volume‐related increase of 0.1–0.2‰.
[28] Sea surface hydrographic patterns were markedly

different during the LGM with a strong contrast in surface
d18O between the SCS (mean −1.63‰, stdev 0.40) and
TS (mean −1.06‰, stdev 0.08), indicating a fresher and/or
warmer glacial SCS surface. West Pacific values remain
relatively close to TS values (mean −1.22‰, stdev 0.04).
Upper thermocline d18O values were surprisingly homoge-
nous during the LGM (0.14‰, stdev 0.37 in the SCS,
0.19‰ stdev 0.10 in the TS and 0.10‰ off Mindanao). In
the SCS, there is virtually no LGM to Holocene change in sea
level corrected thermocline d18O, while glacial thermocline

Figure 2b. Modern (top) temperature and (bottom) salinity profiles along transect AB from South China
Sea to Timor Sea (112°E/23°N to 122.5E/19°S) as shown in Figure 2a.

XU ET AL.: IPWP VARIABILITY DURING HOLOCENE AND LGM PA4230PA4230

6 of 16



Figure 3. Comparison of G. ruber d18O versus depth in Cores SO18459, SO18476, SO18477,
SO18500, SO18506, and SO18507 with G. ruber d18O in Core MD01‐2378. Purple squares indicate
multicorer samples. Grey shading marks late Holocene (0–2 ka), early Holocene (8–9 ka), and LGM
(18–21.5 ka).
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d18O was on average 0.45‰ higher in the TS and West
Pacific.

3.3. Sea Surface and Upper Thermocline Mg/Ca
Temperatures

[29] Mean values of sea surface and upper thermocline
temperatures at each site for the three time slices studied are
listed in Table S4 and shown in Figure 5; mean regional
SST values are listed in Table 2. During the late Holocene, a
clear NW to SE gradient in SST is evident within the IPWP,
as reflected by mean estimates of 26.8°C (stdev 0.45) in the
SCS and of 28.0°C (stdev 0.59) in the TS. Western Pacific
SST (28.1°C, stdev 0.78) are similar or slightly warmer
than average TS estimates, and are close to modern annual
SST in the IPWP [Locarnini et al., 2006]. Reconstructed
late Holocene upper thermocline temperatures exhibit a
similar NW to SE warming trend (mean 20.4°C, stdev 1.48
in the SCS; mean 21.6°C, stdev 0.68 in the TS), which is
in agreement with modern water temperatures at ∼100 m

water depth (∼20.0°C in the SCS and ∼22.5°C in the TS
[Locarnini et al., 2006]). However, upper thermocline
temperatures exhibit relatively high variability overall, re-
flecting the influence of local monsoon related upwelling in
the SCS and the impact of the ITF flow path in the Timor
Strait and northern TS. Warmest upper thermocline tem-
peratures (22.9 and 23.1°C) occur in the two central IPWP
sites off Mindanao and in the southern Makassar Strait.
[30] Early Holocene average SSTs were slightly warmer

than in the late Holocene in all basins, in particular within the
TS, where mean SST was ∼0.5°C warmer than today and in
the late Holocene. In the SCS and western Pacific, changes in
thermocline temperature appear quite negligible from the early
to late Holocene, in contrast to the TS, where the mean tem-
perature of 22.5°C (stdev 0.67) was clearly warmer by almost
1°C in the early Holocene than in the late Holocene.
[31] The glacial contrast in SST between the SCS and the

TS is relatively small (SCS mean: 24.3°C, stdev 1.36; TS:
25.5°C, stdev 0.76 and western Pacific: 25.2°C, stdev 1.19).

Figure 4. Regional distribution of G. ruber and P. obliquiloculata d18O (‰, PDB) during the late Holo-
cene (0–2 ka), early Holocene (8–9 ka), and LGM (18–21.5 ka). Purple star indicates mean late Holocene
value derived from Oppo et al. [2009]. During the LGM, there was a sharp contrast in surface d18O
between the SCS and TS, whereas during the Holocene, the contrast in upper thermocline d18O became
more accentuated.
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Deglacial warming was fairly consistent over the entire
IPWP region and the N‐S gradient (∼1.3°C) remained close
to the present‐day average (Table 2). In contrast, the differ-
ence in upper thermocline mean temperatures between the
SCS (mean 18.5°C, stdev 1.03) and the TS (mean 21.1°C,
stdev 1.02) was enhanced (∼2.6°C) during the LGM.
[32] The thermal gradient (DT) between SST and upper

thermocline temperatures differs markedly in the SCS and
TS for each of the three time slices investigated (Figure 6).
Average DTs are 6.4°C, stdev 0.8 and 5.8°C, stdev 0.7
during the late Holocene, 6.3°C, stdev 1.7 and 5.4°C, stdev
0.7 during the early Holocene, and 5.3°C, stdev 0.9 and
3.9°C, stdev 0.8 during the LGM in the SCS and TS,
respectively. The change in DT from the LGM to early
Holocene is relatively small (∼1.1°C) in the SCS, whereas it
is more pronounced (∼1.9°C) in the TS. Within a stratified
upper water column, the thermal gradient is inversely related
to the depth of thermocline: a steep gradient (up to 8°C in
the SCS) indicates a shallow thermocline, whereas a low

gradient (around 5–6°C in the western Pacific and TS) in-
dicates a deep thermocline. However, low thermal gradients
(below 5°C) in combination with relatively cool local SST
may be due to enhanced mixing within the upper water
column, as for instance in the late Holocene and LGM off
Mindanao (Core MD06–3067), in the early Holocene in the

Figure 5. Regional surface and thermocline temperatures (°C) during late Holocene (0–2 ka), early
Holocene (8–9 ka), and LGM (18–21.5 ka). During the LGM, there was a sharp contrast in upper ther-
mocline temperatures between the SCS and TS, as relatively warm and salty Indian Ocean upper thermo-
cline waters dominated in the TS. During the Holocene, SST increased by ∼3°C over the entire IPWP
region, suggesting intensification of the IPWP.

Table 2. Comparison of Mean Glacial, Early Holocene, and Late
Holocene Mg/Ca Derived SST in the IPWPa

SCS Timor Sea
West Pacific/
Makassar

Late Holocene 26.83 (0.45) 28.04 (0.85) 28.11 (0.78)
Early Holocene 26.93 (0.46) 28.50 (0.90) 28.21 (1.29)
LGM 24.26 (1.36) 25.53 (0.76) 25.21 (1.19)
Early to late Holocene

cooling
0.10 0.46 0.10

Deglacial warming 2.67 2.97 3.00

aGiven in °C with standard deviations in parentheses.
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SCS (Core SO17957) and at the LGM in the TS (Cores
SO18462, 18475 and MD01–2378).

3.4. Local Seawater d18O (d18Osw‐corr)

[33] Mean d18Osw‐corr values at each site for the three time
slices studied are listed in Table S4 and shown in Figure 7;
mean regional d18Osw‐corr values are listed in Table 1. Late
Holocene reconstructed surface d18Osw‐corr values exhibit a
clear NW to SE gradient from the SCS (mean −0.48‰,
stdev 0.27) to the center of the IPWP (mean 0.08‰, stdev
0.08) and to the TS (mean 0.02‰, stedv 0.13). This pattern
closely resembles present‐day sea annual average surface
salinities, which range between 33 psu and 33.8 psu in the
SCS, and increase to 34.2–34.6 psu in the TS (Figure 2).
Interestingly, surface d18Osw‐corr values at the southern end
of the Makassar Strait (−0.33‰ and −0.41‰) are closer to
southern SCS than to TS values. This trend is not reflected
in upper thermocline d18Osw‐corr, which in sharp contrast
to surface d18Osw‐corr is lower in the TS (mean −0.14‰,
stdev 0.11) than in the SCS (mean −0.01‰, stdev 0.22).
Highest late Holocene upper thermocline d18Osw‐corr values

occur at SCS Site SO17928, NW of Luzon and Site MD01–
3967, off Mindanao in the open tropical western Pacific.
Both sites are located in areas affected by winter monsoon
driven upwelling, which may pump deeper, more saline
water to the upper thermocline.
[34] During the early Holocene, the sea surface d18Osw‐corr

gradient between the SCS and TS was more intensified (mean
−0.65‰, 0.26 stdev in the SCS; mean 0.05‰, 0.21 stdev
in the TS). In contrast, early Holocene upper thermocline
d18Osw‐corr values are close to late Holocene values (mean
0.00‰, stdev 0.44 in the SCS; mean −0.06‰, stdev 0.16
in the TS). As in the late Holocene, upper thermocline
d18Osw‐corr show high variability, which may be related to
local upwelling.
[35] Glacial mean sea surface d18Osw‐corr values in the SCS

(mean −0.77‰, stdev 0.27) were close to early Holocene
values. The overall fresh and homogenous sea surface in the
glacial SCS probably arises from the more enclosed nature of
this estuarine marginal basin during the LGM. In the TS, there
is little LGM to Holocene contrast in surface d18Osw‐corr with
a glacial mean d18Osw‐corr of 0.07‰, stdev 0.15. However,

Figure 6. Thermal gradient (DT) between surface and thermocline waters (°C) during late Holocene
(0–2 ka), early Holocene (8–9 ka), and LGM (18–21.5 ka). The bottom panels show DT distributions
along N‐S transects for the three time slices. During the Holocene, substantial shoaling of the thermocline
occurred in the TS, as freshwater export from the SCS altered the ITF vertical structure from surface‐ to
thermocline‐dominated flow downstream of the Makassar Strait.

Figure 7. Distribution of seawater d18O corrected for ice volume (d18Osw‐corr) (corrections are late Holocene 0‰, early
Holocene 0.21‰, and LGM 1.02‰ following Waelbroeck et al. [2002]) in surface and thermocline waters. During the
Holocene, freshwater export from the Java Sea fundamentally altered the ITF upper profile and led to substantial freshening
of TS upper thermocline waters.
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glacial upper thermocline d18Osw‐corr values were consider-
ably higher in the TS (mean 0.39‰, 0.19 stdev), whereas
glacial values in the SCS remained similar to Holocene values
(−0.20‰, 0.23 stdev).

4. Discussion

4.1. Salinity Contrast Between the SCS and Indonesian
Seas

[36] Today, the SCS is a main heat and freshwater conveyor,
as it provides a major pathway for surface waters flowing from
the West Pacific into the Indonesian Seas [Qu et al., 2009].
Surface waters remained significantly fresher in the SCS than
in other regions of the IPWP during the Holocene (Figure 7).
This regional contrast was further enhanced during the LGM,
as SCS d18Osw‐corr was lower than in the Holocene and TS
d18Osw‐corr was slightly higher (Figure 7). The gradual fresh-
ening in TS surface and thermocline waters during the late
and early Holocene is probably linked to enhanced freshwater
export from the southern SCS through the Java Sea. Today,
instrumental data and modeling experiments show that a sig-
nificant freshwater export flow from the SCS occurs through
the Karimata Strait (Figure 2a) [Gordon et al., 2003; Tozuka
et al., 2007, 2009]. As a result, the main annual average ITF
transport into the Indian Ocean occurs in the upper thermo-
cline and carries a large amount of SCS derived freshwater.
In contrast, when the SCS influx is shut off, ITF transport
shifts toward the surface, and the outflow becomes overall
saltier [Tozuka et al., 2007]. Today, a reduction in freshwater
flux from the SCS occurs seasonally during boreal summer,
when southwesterly monsoonal winds inhibit the export flow
through the Java Sea. During the LGM, a saltier and surface‐
dominated ITF prevailed, as the Sunda Shelf was exposed
and the freshwater export through the Karimata Strait was cut
off. Freshwater influx from the SCS resumed in the later part
of Termination I (∼9.5 ka) [Xu et al., 2008; Linsley et al.,
2010], when sea level reached a critical threshold of −30 to
−40 m [Lambeck and Chappell, 2001], corresponding to the
sill depth of the Karimata Strait.
[37] The glacial shut off of freshwater export through the

Karimata Strait probably also had repercussions on the heat
and salinity budgets of the SCS. Wei et al. [2003] attributed
low G. ruber d18O values in the SCS to increased river dis-
charge of freshwater into the SCS and enhanced summer
monsoon precipitation. This scenario is supported by the dis-
tribution of surface water d18Osw‐corr during the Holocene and
LGM in the SCS (Figure 7). Although monsoon‐related pre-
cipitation and river discharge of freshwater may account for
the SW‐NE increase in surface water salinities within the SCS
[e.g.,Wang et al., 1999;Wei et al., 2003; Cheng et al., 2005],
they cannot however explain the increase in surface d18Osw‐corr

with time (Figure 7). A semienclosed glacial SCS, with the
Luzon Strait as the only significant connection to the open
Pacific, may have developed a positive precipitation‐runoff
to evaporation balance due to summer monsoon rainfall and
freshwater input from the Mekong, Red and Pearl Rivers. The
relatively fresh surface and thermocline waters in the SCS
during the LGM (Figure 7) may reflect this estuarine circu-
lation pattern. In the early to late Holocene, increased fresh-
water export across the Sunda Shelf and enhanced flow of

relatively cooler and saltier NW Pacific waters into the SCS
through the Luzon Strait probably favored a more vigorous
interbasinal circulation through the SCS, as suggested by
surface and thermocline temperatures and d18Osw‐corr data
(Figures 5 and 7).

4.2. ENSO Influence on IPWP Upper Ocean
Variability?

[38] Contraction and expansion of the IPWP are char-
acteristic features of ENSO‐related climate variability, and
exert a major influence on precipitation over the western
tropical Pacific. At the end of the last glacial, surface waters
show an overall increase of ∼2.5–3.0°C (Figure 5), indicating
expansion or intensification of the IPWP. Relatively fresh
(d18Osw‐corr < 0‰) and warm (>28°C) waters dominated the
western part of the IPWP region during the early Holocene
consistent with precipitation patterns during the La Niña phase
of ENSO (Figures 5 and 7). Pacific climate records and
modeling experiments indicate that El Niño events were less
frequent during the early Holocene [Wells, 1990; Rodbell
et al., 1999; Liu et al., 2000; Sandweiss et al., 2001; Moy
et al., 2002; Loubere et al., 2003; Marx et al., 2009].
Reduced ENSO activity in the early Holocene was related to
intensification of the Asian summer monsoon and subduction
of South Pacific warm waters into the equatorial thermocline.
Intensified Asian summer monsoon during the early Holocene
is suggested by d18O records in stalagmites from the Dongge
Cave [Yuan et al., 2004], and by evidence for northward
displacement of the ITCZ [Haug et al., 2001; Tierney and
Russell, 2007; Fleitmann et al., 2007; Yancheva et al.,
2007; Tierney et al., 2010]. All of these factors would influ-
ence regional hydrology in the same direction, resulting in a
northwestward shift and expansion of the “rain pool” in the
early Holocene.
[39] However, the spatial pattern of LGM surface d18Osw‐corr

deviations from modern values bears little resemblance to
modern El Niño rainfall anomalies [Dai and Wigley, 2000;
Chen et al., 2004]. The strongest deviation, a massive glacial
freshening in the southern SCS (up to 0.4‰ lower d18Osw‐corr

values), occurs in an area with reduced annual precipita-
tion during El Niño years. This freshening may be partly ex-
plained by increased glacial runoff from the Molengraaff and
Paleo‐Mekong rivers due to a seaward shift of the coastline
and weakening of summer‐monsoon‐driven upwelling off
Vietnam. Glacial freshening (0.4 to 0.9‰ lower d18Osw‐corr;
Figure 7) occurs also in the northern SCS, which today shows
little ENSO‐related precipitation change. Furthermore, gla-
cial and Holocene d18Osw‐corr values remain virtually identi-
cal in the central part of the IPWP (Mindanao, Makassar,
Banda Sea), where El Niño related precipitation anomalies are
strongest today. In conclusion, the glacial‐interglacial changes
in d18Osw‐corr within the IPWP exhibit a distinctly different
pattern than modern ENSO related precipitation anomalies,
which suggests that ENSO variability cannot be used as a
template to account for hydrological changes in the IPWP.

4.3. Impact of ITF on Timor Sea Hydrology

[40] Today the ITF transports relatively cool and fresh
thermocline waters of North Pacific origin into the tropical
Indian Ocean [Gordon, 2005], resulting in cooling of the
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upper thermocline and intensification of the surface to upper
thermocline temperature gradient in the TS outflow area.
However, previous studies including modeling experiments
suggested that the total transport of the ITF was reduced and
shifted from the thermocline to the surface during the LGM
[Kuhnt et al., 2004; Žuvela, 2005; Xu et al., 2008]. Thus,
relatively warm and salty Indian Ocean upper thermocline
waters dominated in the TS during the LGM, leading to a
depressed DT between surface and thermocline waters, as
indicated in Figure 6. Vertical mixing at locations exposed to
monsoon wind‐driven upwelling or typhoon tracks may have
further depressed the upper ocean thermal gradient (DT) in the
TS during the LGM. Today, seasonal upwelling develops
during austral winter in the northern TS due to prevailing
southeasterly monsoonal winds. During the LGM, extremely
low DT in the TS (Figure 6) may have been due to wind‐
driven upwelling at locations, where glacially intensified
monsoonal winds promoted intensified mixing of the upper
water column [Müller and Opdyke, 2000; Holbourn et al.,
2005].
[41] Deglacial freshening of upper thermocline waters in

the northern TS was most likely related to increasing
freshwater influence from the Java Sea, altering the upper
profile of the ITF downstream of the Makassar Strait. The
surface to upper thermocline DT increased in all cores south
of the Makassar Strait from the LGM to Holocene, reflecting
shoaling of the thermocline (Figure 6). This shoaling trend
was probably related to intensification of the ITF thermo-
cline flow and reduction in the ITF surface component
during the Holocene, once the Sunda shelf became flooded
and freshwater influx from the SCS through the Karimata
Strait resumed [Xu et al., 2008]. In contrast, the SCS cores
do not show such a pronounced change in upper ocean
DT from the LGM to Holocene, and upper ocean waters
remained relatively fresher and warmer than in the TS.

5. Conclusion

[42] Sea surface and upper thermocline temperature and
salinity proxy data from twenty‐four stations in the IPWP

region indicate that a marked hydrological contrast prevailed
between the SCS and the Indonesian Seas during the LGM
(18–21.5 ka), early Holocene insolation maximum (8–9 ka)
and late Holocene (0–2 ka). This regional contrast was par-
ticularly enhanced during the LGM, when the freshwater flux
from the southern SCS through the Java Sea was shut off.
The increase in SCS surface d18Osw‐corr from the LGM to late
Holocene is attributed to resumption of freshwater export
through the Java Sea after ∼9.5 ka and to enhanced influx of
NW Pacific waters into the SCS through the Luzon Strait.
In the eastern Indian Ocean and TS, deglacial shoaling of
the thermocline reflects intensification of the ITF subsurface
component from the early to late Holocene. Increased fresh-
water export from the Java Sea fundamentally altered the
vertical structure of the ITF from surface‐ to thermocline‐
dominated flow and led to substantial freshening of the TS and
tropical Indian Ocean during the early Holocene. Glacial‐
interglacial d18Osw‐corr distribution over the IPWP region
exhibits markedly different spatial patterns than modern
El Niño related precipitation anomalies, indicating that ENSO
variability cannot account for hydrological changes occurring
over the IPWP from the LGM to late Holocene. We suggest
that the shift in main exit portals for low‐salinity waters out
of the SCS from the Mindoro Strait and Luzon Strait to the
Kalimata Strait had major repercussions for regional and
global climate and circulation patterns during the Holocene.
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