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[1] High-resolution paleoceanographic records from the southern South China Sea (SCS) and the tropical open
western Pacific reveal multicentennial- to millennial-scale variations of the Western Pacific Warm Pool (WPWP)
over the last 40 kyr. During the Last Glacial Maximum (LGM), in marine isotope stage (MIS) 2, planktonic
Globigerinoides sacculifer d18O in core NS93-5 from the southern SCS and in core WP92-5 from the central
WPWP registered a similar average value of about �1.5%. However, the average d18O value was about 0.5%
more negative in the SCS than in the central WPWP, as was their difference before and after the LGM in the later
part of MIS 3 and early portion of MIS 1. These results indicate weaker monsoonal and fluvial effects on the
southern SCS during the last glacial than during pleniglacial and postglacial periods owing to different oceanic
circulation modes and regional topography. The calculated seasonal temperature differences of summer and
winter sea surface temperatures (SSTs) between the open WPWP and the southern SCS were up to 3–4.5�C
during the LGM but only slightly over 3�C in the southern SCS and less than 2�C in the open WPWP during
other periods. From about 29 to 25 ka the MIS 2/3 transition was marked by a sudden SST increase in the
southern SCS but a decrease in the open WPWP. Over this 4 kyr period the average annual SST appeared to be
only 28�C in the central WPWP but more than 28�C in the southern SCS, indicating a shift of the central WPWP
toward the far west during that time. Furthermore, our results imply a period of nearly 6 kyr from 22.5 to 16.5 ka
without an apparent warm pool of 28�C in the western Pacific.
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1. Introduction

[2] As one of the most important forcing engines of the
Earth climatic system, the western Pacific warm pool
(WPWP) has received special attention from marine geo-
scientists in the last ten years, especially in using sedimen-
tary records to study the WPWP’s evolutionary history and
environmental characters for the purpose of establishing a
more convincing theory on the driving mechanisms of the
climate system. Some previous works has indicated that the
WPWP during the Last Glacial Maximum (LGM) had sea
surface temperatures (SST) similar to today’s [CLIMAP
Project Members, 1981; Anderson et al., 1989; Thunell et
al., 1994; Thunell and Miao, 1996], implying a constant
WPWP remained throughout the last glacial cycle with very
little effect from changes in the global climate system. Other
studies, however, have shown up to �5�C SST difference
over the last 450 kyr [Lea et al., 2000], with increases of
3.5–4.0�C during the last two glacial-interglacial transitions
[Visser et al., 2003], and sea surface salinities (SSS) that
were �1% higher in the LGM western Pacific due to excess

evaporation [Martinez et al., 1997]. The pattern of an abrupt
termination of the last glacial period that occurred in high
latitudes can also be found in low latitudes including the
South China Sea (SCS) [Broecker et al., 1988b; Kienast et
al., 2001]. A recent study of foraminiferal magnesium/
calcium ratios in Deep Sea Drilling Hole 806B within the
WPWP revealed a SST decrease by about 3�C in the LGM,
with this low-latitude SST decrease preceding changes in
continental ice volume by about 3000 years may suggesting
a major role of tropical cooling in driving ice-age climate
[Lea et al., 2000]. Similar results were also recorded in core
MD9821-62 from the Makassar Strait, Indonesia [Visser et
al., 2003] and is supported by glacial Mass balance mod-
eling [Steven and Clark, 2000]. Any changes in the WPWP
temperature and salinity would have been preserved in the
biological and sedimentary records not only from the open
ocean but also from marginal seas surrounding and within
the WPWP.
[3] Located between the western Pacific and northern

Indian Ocean parts of the warm pool, the southern South
China Sea has several straits along its periphery that connect
to the Sulu Sea, Java Sea and Indian Ocean. With typical
tropical marginal marine environmental features, the SCS
lies in a region presently characterized by one of the most
brisk sea-air exchanges in the world ocean, affected by both
the El Nino–Southern Oscillation climate phenomena as
well as the East Asian summer monsoon. At the junction of
three tectonic plate convergences, the SCS’s formation and
evolution are closely related to the uplift of the Tibetan
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Plateau. Previous studies on SCS paleoceanography include
stratigraphy documented by AMS14C dates [Andree et al.,
1986; Broecker et al., 1988a] and local response to glacial-
interglacial changes during the last deglaciation [Broecker et
al., 1988b; Duplessy et al., 1991], SST [Wang and Wang,
1990], productivity [Winn et al., 1992; Thunell et al., 1992;
Jian et al., 1999], surface circulation and carbonate cycles
[Wang et al., 1995; Wang, 1999], monsoon changes and
upwelling [Wang et al., 1999; Jian et al., 2001], climatic
events linked to high-latitude records [Wang et al., 1999;
Chen et al., 2000], and also its long-term geological history
through Ocean Drilling Program (ODP) Leg 184 postcruise
research [Yang et al., 2002; Wang et al., 2003; Chen et al.,
2003]. However, knowledge is still lacking especially
regarding the contrast in paleoceanographic conditions
between the SCS and the open western tropical Pacific in
periods immediately leading to and after the LGM.
[4] The purpose of this study has been to compare

paleoceanographic conditions over the last 40 kyr in the
southern SCS and central WPWP by analyzing planktonic
foraminiferal oxygen isotopes in high-resolution sampled
cores, and to examine SST variations between these two
areas and their implications in regional and global climate
changes. To do so first requires development of a compar-
ative age model for revealing and correlating paleoceano-
graphic events in the region.

2. Material and Methods

[5] Core NS-93-5 was taken from 112�45.190E and
9�59.940N at a water depth of 1792 m, where the Nansha

terrace lies on a gentle slope of only about 0.17� in the
southern SCS. From an area outside the western Nansha
reef region and remote from any big river mouth, relatively
stable depositional conditions have led to the preservation
of a hemipelagic sequence without obvious disruption or
distortion that represents a normal marine depositional
record from the southern slope terrace of the SCS
(Figure 1). Continuous sampling at every 1 cm from the
upper 150 cm and every 2 cm from 151–534 cm of core
NS-93-5 was done in this study.
[6] Piston cores WP92-5 and WP92-3 are located at

155�01.160E/2�02.590S and 160�16.350E/6�45.050S, in water
depths of 2345 m and 2180 m in the tropical western Pacific
(Figure 1). The pelagic to hemipelagic sediments are mainly
composed of silty nannofossil ooze and clay silt in alter-
nating yellowish brown and blackish brown layers, inter-
bedded with some greenish gray with yellowish brown
bands. Samples at 1 cm spacing were taken continuously
from the 165 cm long WP92-5 and from the 61-cm-long
WP92-3.
[7] For oxygen isotope analyses, we used all samples

collected from the three cores. About 10 individuals of the
planktonic foraminifer Globigerinoides sacculifer in the
250–350 mm fraction were picked. After processing with
conventional methods, the foraminifer tests were analyzed
using a Finnigan MAT251 mass spectrometer in the Open
Laboratory of Marine Sediments, Qingdao Institute of
Marine Geology, Ministry of Land Resources. Foraminifer
population analyses were done on alternating samples.
Paleotemperatures were estimated using transfer function
FP-12E [Thompson, 1981], the modern analog technique or

Figure 1. A map of the western Pacific showing modern surface circulation and SST isotherms of 29�
(thick dashed line) and 28� (thin line) that denote the modern range of the WPWP [Yan et al., 1992]. Also
shown are the locations of cores NS93-5 and 17940 in the southern and northern South China Sea and
cores WP92-5 and WP92-3 in the open central WPWP. The summer upwelling area in the SCS is shaded.

PA2005 CHEN ET AL.: VARIATIONS OF THE LAST GLACIAL WARM POOL

2 of 12

PA2005



MAT [Prell, 1985], and the SIMMAX-28 method
[Pflaumann and Jian, 1999]. The foraminiferal fauna com-
position from these three cores were not obviously affected
by the calcium carbonate dissolution, because all core sites
are shallower than the 3000 m lysocline depth and 4000 m
compensation depth in the SCS [Chen and Chen, 1989] as
well as the greater depths of these dissolution levels in the
tropical Pacific [Heath, 1970].
[8] Eighty-eight samples from core WP92-5 at 2.5 cm

spacing were taken for geomagnetic study, after removing
the topmost and the lowermost 2.5 cm that might have been
disturbed. Among these, 64 samples were collected sequen-
tially and vertically from the top to the bottom of the core
with standard paleomagnetic sampling cylinders. In addi-
tion, 15 parallel box (2 � 2 � 2 cm) samples were taken
respectively from the upper 10–20 cm, middle 75–85 cm
and lower 45–155 cm intervals, and 9 random samples
from other layers of the core were collected for improving
the resolution. The natural residual magnetization (NRM),
magnetic inclination and magnetic declination were mea-
sured using a 2G-755R mode low-temperature superconduc-
tive magnetometer in the Paleogeomagnetism Laboratory of
the Geological and Geophysical Institute, Chinese Academy
of Sciences (CAS).
[9] Three bulk sediment samples from core NS93-5 and

three samples from WP92-5 were measured for conven-

tional 14C ages by Guangzhou Institute of Geochemistry,
CAS.

3. Results and Discussion

3.1. Major Sedimentary, Biostratigraphic, and
Isotopic Characteristics of Core NS-93-5

[10] The 534-cm-long NS93-5 is composed of silt and
clay-rich sediments with abundant microfossils including
foraminifera, radiolarians and diatoms. A total of 6 major
intervals can be divided mainly on the basis of sediment
colors that probably correspond to deposition under differ-
ent environmental conditions (Figure 2). A thin volcanic
glass layer that occurs at 221–238 cm within the 5th
interval represents the famous Toba eruption widely
recorded in the Indo-west Pacific region [Ninkovitch and
Donn, 1976; Rampino and Self, 1993; Zielinski et al., 1996].
The Toba eruption occurred about 71 kyr ago [Zielinski et
al., 1996], straddling the interstitial 19/20 boundary(=MIS
4/5 boundary).
[11] Strong swings in the oxygen isotopic record of

G. sacculifer from core NS-93-5 indicate a large range of
climate changes in marine isotopic stages (MIS) 1 to 6
(Figure 2). The basic definition of oxygen isotopic stages
for the last two glacial cycles proposed by Prell et al. [1986]
and Martinson et al. [1987] are followed in this study. Ages

Figure 2. Correlation between sediment layers based on colors and oxygen isotopic stratigraphy in core
NS93-5. The volcanic ash layer represents the Toba eruption that occurred at the transition of oxygen
isotopic stages 4 and 5.
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for MIS 1–3 were estimated by reference to the age model
of core 17940 [Wang et al., 1999], which was established by
tuning the negative d18O peaks to warm Dansgaard-
Oeschger (D-O) events 1–10 in ice core. The GISP-2.
MIS 1, with d18O varying between �2.5 and �3.0%
occupies the uppermost 35 cm of the core. d18O values
from MIS 2 increase to about �1.5% while MIS 3 spans the
interval of 59–147 cm with d18O mostly varying between
�1.70 and �2.50%. Increasing d18O values generally
between �1.5 and �2.0% are recorded for MIS 4 down
to its base at 233 cm with a more negative value of
�2.46%, at about 73.9 ka [Martinson et al., 1987]. The
Toba volcanic ash layer lies exactly at the MIS 4/5 transi-
tion, with an age of 71 ka [Huang et al., 1999; Lee et al.,
1999], though it was earlier dated as 73.5 ka [Michael and
Stephen, 1992]. MIS 5 is characterized by three large d18O
swings between 233 and 355 cm, and all subsidiary events
of Martinson et al. [1987] can also be distinguished. The
bottom part of the core, between 355 and 534 cm, is
interpreted as belonging in MIS 6 or older with d18O values
mostly between �1.7 and �3.0%. The appearance of pink
G. ruber in this interval supports this conclusion as its
extinction �120 ka from the Indo-Pacific region has been
dated by Thompson et al. [1979] and many subsequent
studies. Compared to other southern SCS records (e.g.,
17957-2 [Jian et al., 2000]; MD972142 [Wei et al., 2003],
the relatively negative d18O values from the bottom part of
NS93-5 is unusual. Further studies are pending to clarify
whether these more negative d18O values represent instead

may interglacial MIS 7 or that perhaps glacial MIS 6 was
influenced more by lower salinity conditions due to en-
hanced freshwater discharge when the SCS was closed in
the south during previous glacial lowstands [Chen et al.,
2000].

3.2. Magnetostratigraphy and 14C Dates for Core
WP92--5

[12] Magnetic inclinations under the demagnetized field
from 35 mT to 40 mT were selected as the basis for
magnetostratigraphic division of core WP92-5 because the
residual magnetization intensity (Mr) obtained under this
demagnetized field makes up about 40–50% of the NRM,
and the measured magnetic inclination is relatively stable.
The results shown in Figure 3 indicate three major magnetic
polarity reversal events correlated to the calibrated 14C age
and oxygen isotope stratigraphy.
[13] Reversal event 1 occurs at 35–30 cm with three

negative magnetic inclinations, �0.8�, �4.5� and �5.6�,
interpreted here as representing the Gothenburg geomag-
netic excursion with an age of about 12.1–11.3 [Tang et al.,
2003]. Many observed geomagnetic reversals appear to be
different in age between sites from different latitudes
[Clement, 2004], and this is true for the age for the
Gothenburg. By reference to Tarling’s [1983] estimated
age of 13.0–11.0 ka, the event recorded in cores NS89-76
and NS87-11 from the low-latitude SCS between 7� and
5�N has been considered to be at 12.0–11.0 ka [Tang et al.,
1997], but its equivalent age in cores QC1, QC2 and QC3

Figure 3. Magnetostratigraphy and oxygen isotopic curve from coreWP92-5: (a) magnetic inclination;
(b) the polarity column with three negative magnetic reversal events; and (c) the smoothed d18O curve.
Go, Gothenburg; Ml, Mono Lake; Mg, Lake Mungo or Maelifell.
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from the Yellow Sea between 32� and 37�N may be slightly
older, at 12.5–11.0 ka [Zhou and Ge, 1987].
[14] Reversal event 2 from 95–85 cm is marked by four

negative inclinations: �3.02�, �7.97�, �0.11�, and �0.37�,
interpreted as equivalent to the Mono Lake geomagnetic
excursion (Figure 3a). The age for this event has been dated
at 25.3–24.0 ka in the Arctic Ocean by Nowaczyk et al.
[2001], 28–27 ka in Greenland Sea II core by Nowaczyk
[1997], and 25.0–24.0 ka from earlier syntheses by Tarling
[1983] and Jacobs [1994]. Considering the calibrated 14C
age of 30.6 calendar (cal) ka at 112.5 cm in WP92-5, the age
for this event from 95 to 85 cm of the same core can be

estimated to have occurred at about 28–27 ka. Comparably,
its position lying about 15 cm below the H2 event in
isotopic stratigraphy, dated at 26 ka, may imply that the
Mono Lake event in the SCS region was as much as �2 kyr
older, at 28 ka, if an average sedimentation rate of 7 cm/kyr
(see below) is followed for core WP92-5 (Figure 3).
[15] Reversal event 3 from 140 to 122.5 cm (Figure 3a),

as indicated by eight negative magnetic inclinations
(�5.16�, �7.51�, �2.42�, �4.45�, �4.73�, �3.51�,
�0.23�) and �1.09�, is considered to represent the Lake
Mungo or Maelifell geomagnetic excursion with an age of
31–28 ka according to Tarling [1983]. However, the

Figure 4. Correlation of D-O and Heinrich events between the Greenland ice core GISP2, northern SCS
core 17940, and southern SCS core NS93-5 using oxygen isotope stratigraphy. The age models for GISP2
and core 17940; the latter constrained by AMS 14C dates. Comparison of the small-scale climatic
warming (D-O) and cooling (H) events between these two cores and NS93-5 improved the accuracy of
the age model for NS93-5.

PA2005 CHEN ET AL.: VARIATIONS OF THE LAST GLACIAL WARM POOL

5 of 12

PA2005



presence of the H3 isotopic event at 110 cm, which occurred
about 30 ka [Grootes and Stuiver, 1997; Wang et al., 1999],
suggest that the Lake Mungo geomagnetic excursion from
140 to 122.5 cm in core WP92-5 may bear an age of 35–
32 ka in this area. If the latter estimate is valid, the bottom of
the core at 160 cm should have an age of about 37 ka based on
an estimated average sedimentation rate of �7 cm/kyr.

3.3. Summary of the Age Model for NS93--5 and
WP92--5//WP92--3

[16] In addition to the magnetostratigraphic, biostrati-
graphic and event-stratigraphic constraints discussed above,
the age model of core 17940, constrained by AMS 14C ages
[Wang et al., 1999], is used for correlation with NS-93-5
and WP92-5/WP92-3. Core 17940 (117�23.00E, 20�07.00N,
water depth 1727 m) is located on the northern slope of the
SCS. From this core, Wang et al. [1999] obtained 40
calendar ages by converting their AMS 14C results over
the 1272.5 cm section that spans the last 40 kyr (Figure 4).
By tuning the negative d18O peaks that signal the warm
Dansgaard-Oeschger (D-O) events 1 to 10 and the positive
d18O peaks that signal the cold Heinrich events, correlations
between cores 17940 [Wang et al., 1999] and NS93-5 and
the GISP2 ice core record were used to establish a better
chronostratigraphy for NS93-5 (Figure 4), as well as for
cores WP92-5 and WP92-3 from similar calibrations
(Figure 5) [Chen et al., 2000]. This practice has enabled a
re-assessment of the ages for the three magnetic reversal
events to be 20.77–19.22 cal ka for event 1, 29.93–29.27
cal ka for event 2, and 38.06–35.39 cal ka for event 3,
probably corresponding to the Gothenburg event, the Mono
Lake event and the Mungo event respectively in the western
tropical Pacific.

[17] Sedimentation rates for core WP92-5 could then
be derived from linear interpolation between the age
control points deduced from tuning to D-O events, and
the results show sedimentation rates for MIS 1, MIS 2 and
MIS 3 of 1.75 cm/kyr, 4.92 cm/kyr and 7.99 cm/kyr,
respectively. The average sedimentation rate for the last
38 kyr at WP92-5 is about 5 cm/kyr. At core NS93-5,
the corresponding sedimentation rates are 2.27 cm/kyr,
2.15 cm/kyr, 3.28 cm/kyr and (average) 2.61 cm/kyr for
MIS 1, 2 and 3, respectively. Therefore, based on the
sedimentation rates and the interval lengths of cored
samples in each oxygen isotope stage, the sampling analysis
resolutions for MIS 1, 2 and 3 were calculated as 571, 203
and 125 years for core WP92-5, and 441, 465 and 304 years
for core NS93-5, respectively.

3.4. Surface Water Variations Indicated by D
18O

[18] The planktonic d18O record appears to have been
strongly affected by salinity changes in the SCS and less so
by global ice volume as calculated using a benthic d18O
stratigraphy [Wang et al., 1999]. On the basis of G.
sacculifer d18O, Martinez et al. [1997] estimated that
salinity in the WPWP during the Last Glacial Maximum
was about 1% higher than today’s, implying higher evap-
oration relative to precipitation over much of the LGM in
the region. Accordingly, the G. sacculifer d18O records from
cores NS93-5, WP92-5 and WP92-3 (Figure 6) indicate
local responses to global climatic changes since the last
glacial at different oceanographic and fluvial settings where
salinity changes appear to have been influential.
[19] The d18O records for MIS 2 from NS92-5 and WP92-

5 are similar in having an average value of about �1.5%,
which is 0.2% more negative than the record from the

Figure 5. Comparison of D-O (1 to 10) and Heinrich (H1 to H5) events in southern SCS core NS93-5
and western Pacific cores WP92-5 and WP92-3. The thick dashed lines show the boundaries of marine
oxygen isotopic stages. The fine dashed line links the base of WP92-3 to its approximate position in other
cores.
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northern SCS core 17940 over the same period [Wang et al.,
1999]. These observations probably indicate similar surface
water conditions with little fluvial influence in the central
part of the SCS during the LGM, and similar water temper-
atures across the southern SCS and open WPWP, although
the temperature in the northern SCS could be as much as
1�C lower. Higher d18O values are systematically recorded
in core WP92-3: �1.258 to �2.072% for MIS 1, �0.2% to
�1% for MIS 2, and �0.549 to �1.898% for MIS 3, likely
due to stronger evaporation and a higher salinity at this site
throughout the glacial-interglacial cycles [Martinez et al.,
1997]. A higher salinity at the core WP92-3 locality is
consistent with previous findings that sea-surface salinity
generally increased with latitude from north to south in
the WPWP during both the LGM and the Holocene
[Martinez et al., 1997, Figure 10]. However, why the
relatively short distance between WP92-5 and WP92-3 is
marked by such a noticeable offset in d18O values
(�0.6%) in the Holocene-LGM period is unclear at
present. Modern temperatures are similar and evaporation
can hardly be invoked to explain such a large difference.
Some unusual current or other unknown cause may have
occurred during these periods and will hopefully be
identified with further work.

[20] Large d18O differences exist between MIS 1 samples
from NS93-5 and WP92-5 (Figure 6). During MIS 1 the
average and minimum d18O values are about �2.8% and
�3.3% from core NS93-5, and �2.3% and �2.75% from
core WP92-5, respectively. Different d18O values, with a
similar magnitude offset, also occurred in MIS 3 between
these two sites. On average, the d18O at the locality of
NS93-5 is about 0.5% more negative than at WP92-5. More
negative d18O values at NS93-5 cannot be attributed to the
effect of temperature because SST in many parts of the SCS
are lower than in the open western Pacific where the center
of the WPWP is located. It is suggested instead that during
warm periods, summer monsoon-derived fluvial inputs from
rivers such as the Mekong River brought increased amounts
of freshwater into the southern SCS, causing lower salinities
and more depleted d18O values in foraminifera. This situa-
tion did not occur in the open western Pacific, and was even
less likely to occur in the glacial SCS because of weak
rainfall in the winter monsoon period.
[21] These results match well with observations from

global atmospheric circulation models [Miller and Russell,
1990] and oceanic circulation models for the LGM in the
WPWP area [Lautenschlager et al., 1992; Martinez et al.,
1997], and especially with those published previously from

Figure 6. Comparison of d18O values between (a) core NS93-5 from the southern SCS and cores
(b) WP92-5 and (c) WP92-3 from the open central WPWP. The average d18O values for MIS 1 and MIS 2
are shown by arrows, and their differences as ‘‘�d18Omean,’’ respectively.
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the SCS [Wang and Wang, 1990; Wang et al., 1995]. The
SCS presently receives highly saline North Pacific surface
water that accumulates in the southern part of the basin
during Northern Hemisphere winter, but the surface circu-
lation is reversed during northern summer so that the highly
saline surface water is replaced by fresher water coming
from the south [Miyama et al., 1996]. In a glacial scenario,
the southern seaways connecting the SCS and the Indian
Ocean were closed [Wang et al., 1995; Chen et al., 2000],
and the highly saline North Pacific water could not have
been replaced because fresher water was limited. Thus,
while the d18O variations in core WP92-5 mainly reflect
ice volume and seawater temperature changes, those in core
NS93-5 are largely influenced by salinity variations trig-
gered by monsoon changes.
[22] Wei et al. [2003] attributed the d18O difference be-

tween core MD972142 in the southern SCS and ODP Site
769 in the Sulu Sea to the influence of summer monsoons
that increased precipitation and freshwater discharge to the
SCS. The d18O differences, or Dd18OMD142 - d18OODP769,
decrease to 0–0.5% during glacials but increase to 0.5–
1.5% during interglacials. The inference of a stronger
winter monsoon during glacial and a stronger summer

monsoon during interglacial periods is consistent with
earlier results from the SCS [Wang and Wang, 1990;
Huang et al., 1997; Wang et al., 1999; Jian et al., 2001].
These d18O records provide a marine proxy of the East
Asian monsoon variations comparable to the magnetic
susceptibility record from the Chinese Loess Plateau [Wei
et al., 2003].
[23] The d18O fluctuations presented here from the south-

ern SCS and central WPWP (Figure 6) provide further
insight into the summer monsoon activity and its relation-
ship with warm pool variations. As discussed further below,
our results show more variable climate conditions and
monsoon activities during MIS 2 and 3 and a relatively
stable MIS 1 within and around the western margin of the
WPWP.

3.5. SST Variations

[24] Transfer function FP-12E by Thompson [1981] used
in many studies for calculating paleotemperature in the SCS
area has been shown to yield consistent good results with
oxygen isotopic features [Miao et al., 1994; Jian et al.,
1998b; Steinke et al., 2001]. Recently, a new transfer
technique SIMMAX-28 was specifically developed for the

Figure 7. Results of SST estimates using the FP-12E method (solid lines) and MAT method (dashed
lines) for NS93-5 from the southern SCS and WP92-5 from the open central WPWP: (a and b) winter
SST, (c and d) summer SST, and (e and f) seasonal SST differences. The average values are indicated by
arrows.
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western Pacific area, which has resulted in smaller estimates
of temperature change [Pflaumann and Jian, 1999; Wang,
1999]. Steinke et al. [2001] compared three different fora-
miniferal transfer functions (SIMMAX-28, RAM, FP-12E)
with geochemical (U37

k0 ) SST estimates for the tropical SCS
and found that the best relationship exists between the U37

k0

and the FP-12E estimates. Although equation FP-12E has a
relatively larger standard error, its calibration data set
included low-latitude samples in the western North Pacific
that makes it suitable for use with SST reconstructions in the
SCS and tropical Pacific region. It gave better sensitivity of
SST reconstruction for these areas in our analysis. The
lower sensitivities of SIMMAX-28 and RAM methods
and their tendency to that underestimate the glacial cooling
could be due to the lack of suitable analogs from temperate
to subpolar regions in the data set used for calibration of
these two transfer functions [Steinke et al., 2001]. For
these reasons, we mainly use the results calculated with
transfer function FP-12E, which produced the winter and
summer temperatures for NS93-5 and WP92-5 shown in
Figure 7.
[25] For core NS93-5 from the southern SCS, the esti-

mated winter and summer paleotemperatures show a similar
variation trend although with different amplitudes. Winter
temperatures fluctuated in the range of 24.5–26.5�C for

MIS 1, about 23.5–26.5�C for MIS 2, and 25–27�C for
MIS 3, or a drop of about 1–3�C in the LGM. Although
reaching a low of 28.7�C in the LGM, summer temperatures
remained relatively stable, averaging 29.2�C for all the three
periods. Thus the seasonal temperature difference between
winter and summer varied from 2.5�C to 4.5�C in MIS 3,
increased to near 5�C in MIS 2 (LGM), and was reduced to
2.5–4.5�C in MIS 1.
[26] In core WP92-5 from the central WPWP, summer

temperatures fluctuated in a narrow range of 29–30�C over
the last 38 kyr. Winter temperature variations show distinct
glacial-interglacial patterns, from about 28�C in MIS 3 to
near 24.5�C in the LGM and to more than 28�C in the early
Holocene. The seasonal temperature difference between
winter and summer was over 3�C in the LGM, and less
than 2�C in MIS 1 and 3 mainly due to lower temperatures
in winter (Figure 7).
[27] By calculating the average SST variations in the

SCS, Sulu Sea and other localities of the western Pacific
between 5� and 20�N, Wang [1999] concluded that winter
SST at the LGM was much cooler in the western Pacific
marginal seas than in the open ocean at the same
latitudes, whereas the summer SST was similar between
the two regions, resulting in a much larger seasonality
during the LGM in the marginal seas. Our results from

Figure 8. The d18O curves and mean annual SST arranged against age for NS93-5 from the southern
SCS and WP92-5 from the open central WPWP. Solid lines show d18O curves and mean SST by the FP-
12E method; dashed lines are SST values by the MAT method.
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NS93-5 and WP92-5, however, indicate that winter tem-
perature differences between the open Pacific and south-
ern SCS remained high not only in glacial but also in
interglacial periods. For example, early Holocene winter
temperatures varied between 27.5�C and 29�C in central
WPWP core WP92-5 and between 25.5�C and 26.5�C in
southern SCS core NS93-5, with at least 2�C winter
temperature difference between these two areas (Figure 7).
The decreasing SCS winter temperature during the early
to mid-Holocene was likely due to the effect of an
enhanced East Asian winter monsoon [Wang et al., 1999;
Jian et al., 2001], which may have been echoed also in
the central WPWP as well as other marginal seas in the
region.
[28] It is noteworthy that winter and summer SST around

the MIS 2/3 transition increased in the southern SCS while
in the central WPWP the winter SST remained low or even
decreased slightly, an event persisting nearly 4 kyr from
29 ka to 25 ka (Figure 7). This abnormal phenomenon
resulted in a higher winter SST in the southern SCS than
in the open Pacific, indicating that an unusual climate
condition prevailed in the WPWP at that time.
[29] The modern WPWP has a mean annual sea surface

temperature of >28�C [Yan et al., 1992]. If we take 28�C
as the minimum SST threshold for what constitutes the
‘‘warm pool,’’ the persistent presence of the warm
pool during the LGM and earliest Holocene appears to
be doubtful. The mean annual SST curves shown in
Figure 8 indicate that, from the LGM to MIS 2/1
transition, SST dropped to about 27�C in the central
WPWP but rose to almost 28�C in the southern SCS.
This contrast may imply a more contracted WPWP in the
LGM and the earliest Holocene than previously thought.
The center of the warm pool migrating westward next to
the southern SCS in the last glacial and immediate
postglacial periods may not be implausible especially
when the monsoon system started to shift from a winter
monsoon dominance to a summer monsoon dominance.
The period with 27�C annual SST in the central WPWP
persisted for about 6 kyr, from about 22.5 ka to 16.5 ka.
Similar results have been reported from the Okinawa
Trough where the warm Kuroshio Current has been
influential since about 16 ka during the last glaciation
[Li et al., 2001, Figure 6]. Before 16 ka, however, the
Kuroshio was not present in the Okinawa Trough at sea
level lowstands due to the existence of a land bridge
connecting the central-southern Ryukyu Arc and Taiwan
[Ujiié et al., 1991; Jian et al., 1998a; Ujiié and Ujiié,
1999]. Furthermore, the SST decrease of about 3�C [see
also Lea et al., 2000] in the tropical western Pacific
during the LGM indicates a different mode of the WPWP
at that time compared to today.

4. Summary

[30] Paleoceanographic changes in the southern SCS and
the open western Pacific have been studied on the basis of
oxygen isotope analysis of planktonic foraminifera in cores
NS93-5, WP92-5 and WP92-3. Continuous sampling at
about 1 cm spacing provides multicentennial to millennial-

scale resolution of about 304 to 465 years for core NS93-5,
and 125 to 571 years for cores WP92-5, respectively. The
age models for these cores were set up using G. sacculifer
d18O stratigraphy, the Toba volcanic event, magnetostratig-
raphy and several 14C dates. A detailed tuning of isotopic
events, such as Heinrich (H) and D-O events, with those
identified in core 17940 that has a much better constraint by
AMS 14C ages from the northern SCS [Wang et al., 1999],
further increases the accuracy of the age models for the three
cores studied.
[31] Although the sediment record of the last 2000

years (in NS93-5) and 6000 years (in WP92-5) is largely
missing, the early part of MIS 1 registers average d18O
of about �2.8% at NS93-5 (minimum �3.3%) and
about �2.3% at WP92-5 (minimum �2.75%). A similar
average d18O value of about �1.5% is recorded in MIS
2 of both cores, about 0.2% more negative than that
from core 17940 in the northern SCS. The average d18O
values for MIS 3 from NS93-5 and WP92-5 mimic their
MIS 1 values. These isotopic variations from MIS 3 to
MIS 1 reflect the impact of climate and particularly the
East Asian monsoons. It may be inferred from this work
that a portion of these d18O changes in NS93-5 from
SCS can be ascribed to SSS changes due to a prevailing
summer monsoon in warmer or interglacial periods, and a
prevailing winter monsoon during cooler or glacial peri-
ods. For the core WP92-5 record, from the central
WPWP, ice volume changes combined with different
climate circulation modes in the open western Pacific
as a result of glacial-interglacial variations are more
obvious and therefore the record contains more global
components.
[32] A variable WPWP from MIS 3 to MIS 1 is also

indicated by SST estimates using transfer function FP-12E.
Not surprisingly, the winter SST in the central WPWP
remained high throughout the three periods compared to
the SCS record. In the early to mid-Holocene, winter SST in
the open western Pacific ranged from 27.5�C to near 29�C
with small fluctuations, but in the southern SCS it barely
reached 26.5�C, indicating 2 to >3�C differences between
these two areas. While their average summer SST remained
relatively stable, the winter SST dropped significantly
during the LGM, resulting in seasonal temperature differ-
ences of 3–4.5�C at both localities. Similar to today, the
lower SST in the southern SCS was affected by the east
Asian winter monsoon, which caused the lower temper-
atures not only in winter but also in parts of the
summer. The similar magnitude of the SST decrease in
both the southern SCS and central WPWP during the
LGM may imply a strong glacial forcing that influenced
to a similar degree the SST change from similar latitude
areas.
[33] At the MIS 2/3 transition, winter and summer SST

increased abruptly in the southern SCS but winter SST
decreased in the central WPWP, resulting in a higher annual
SST in the SCS than in the open western Pacific (Figure 8).
The annual SST decrease to below 28�C in the central
WPWP between 29 and 25 ka and again between 22.5 and
16.5 ka indicates an unstable warm pool that had contracted
considerably, and probably shifted westward next to the
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southern SCS for several thousand years during the last
glacial.
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