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[1] Sea surface temperature (SST) and salinity of the Western Pacific Warm Pool (WPWP) reflect global
climate effects such as the El Niño–Southern Oscillation phenomenon. However, reconstructions of past
changes in the WPWP from the geologic record vary depending on the specific proxy record used. Here we
develop a multiproxy record of the last deglaciation from a radiocarbon-dated sediment core (MD97-2138)
retrieved in the heart of the WPWP. SST reconstructions for the past 30,000 years based on planktonic
foraminiferal Mg/Ca (Globigerinoides ruber and Globigerinoides sacculifer), alkenone unsaturation index, and
foraminiferal transfer functions differ notably. Mg/Ca-based SST estimates from the surface dwelling species
G. ruber in MD97-2138 indicate a larger surface cooling (3� ± 0.6�C) during the Last Glacial Maximum (LGM)
than inferred from Mg/Ca ratios in G. sacculifer (2.3� ± 0.7�C), statistical transfer functions based on planktonic
foraminiferal species assemblages, and Uk37

0 (1�–2�C). These estimates are consistent with estimates from other
WPWP cores, thereby suggesting that the discrepancy is due to proxy compatibility rather than differences in
cores qualitity. Postdepositional dissolution above the lysocline might have altered the Mg/Ca-based temperature
estimates in our site, but this effect is insufficient to resolve discrepancies between Mg/Ca in G. ruber and the
other proxies. We suggest that the lower estimates obtained from Mg/Ca in G. sacculifer, faunal transfer
functions, and Uk37

0 might reflect subsurface temperature changes rather than strict surface estimates.
Accounting for potential artefacts, including dissolution and bioturbation, we suggest that the glacial WPWP
SST was about 2.5� ± 0.7�C cooler than during the Holocene, whereas the subsurface/upper thermocline
temperature change was only about 1.8� ± 0.7�C. Interpreting variations in d18OSW in terms of salinity changes
suggests a possibly slight decrease in surface salinity at the site of MD97-2138 during the LGM. Though LGM
freshening in MD97-2138 is not robust to postdeposition dissolution effects, this inferred freshening appears to
be a general feature of the western equatorial Pacific.

Citation: de Garidel-Thoron, T., Y. Rosenthal, L. Beaufort, E. Bard, C. Sonzogni, and A. C. Mix (2007), A multiproxy assessment of

the western equatorial Pacific hydrography during the last 30 kyr, Paleoceanography, 22, PA3204, doi:10.1029/2006PA001269.

1. Introduction

[2] The sensitivity of the equatorial ocean to changes in
radiative forcing, caused by variations in atmospheric
pCO2, is an important question in climate research. Of
special interest is the Western Pacific Warm Pool (WPWP),
with the warmest waters of the global ocean, whose past
changes remains poorly constrained. The WPWP is a major
source of water vapor to the troposphere [Pierrehumbert,
2000]. It plays a key role in the strength of the east Asian
monsoon [Webster et al., 1998], and Walker atmospheric

circulation, thus exerting a critical influence on the El Niño–
Southern Oscillation (ENSO) phenomenon. Under current
conditions, interannual variations in the distribution of
equatorial sea surface temperature (SST), related to ENSO
variability, exert a major effect on atmospheric circulation
and global climate [e.g., Halpert and Ropelewski, 1992;
Ropelewski and Halpert, 1989]. Likewise, longer-term
changes of SST patterns in the equatorial Pacific might also
have had large consequences for tropical and extratropical
climate during the last glacial maximum (LGM) [Hostetler
and Mix, 1999; Yin and Battisti, 2001].
[3] General circulation model studies suggest a relatively

uniform cooling of tropical SST in response to extratropical
forcing during the LGM [Andreasen et al., 2001; Hewitt et
al., 2003; Kim et al., 2003; Shin et al., 2003]. Simpler
process models suggest, however that decreased seasonality
associated with reduced summer insolation, would favor a
shift in the mean climate state of the equatorial Pacific to
more El Niño-like conditions during the last deglaciation
relative to the modern climate state [Clement et al., 1999].
Modern El Niño-related variations in the equatorial Pacific
are mainly characterized by three major hydrographic
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2Centre Européen de Recherche et d’Enseignement de Géosciences
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changes: (1) a decrease in the east-west equatorial Pacific
zonal SST gradient due to anomalous warming of the
eastern equatorial Pacific cold tongue; (2) a deepening of
the equatorial Pacific thermocline in the east and shoaling in
the west; and (3) an eastward migration of the precipitation
cell from the western to the central and eastern Pacific. The
sedimentary evidence for past changes in these hydrographic
parameters is, however, controversial arguing for more
El Niño-like or La Niña-like conditions, depending on
the specific methodology. Regardless of the results, these
analogies pertain only to changes in the equatorial Pacific
mean climate state and not to changes within the interrannual
band.
[4] Two opposite climate states have been suggested for

the glacial equatorial Pacific Ocean. First, Koutavas et al.
[2002], using Mg/Ca paleothermometry has argued for
weakening of SST gradients within the cold tongue of the
eastern equatorial Pacific during the Last Glacial Maximum
(LGM) in a pattern consistent with ‘‘El Niño-like’’ con-
ditions. In contrast, transfer functions used to infer the depth
of thermocline and SSTs in the eastern Pacific indicate both
an enhancement of the zonal thermocline tilt (deepening in
the WPWP, shoaling in the cold tongue) [Andreasen and
Ravelo, 1997] and relatively large cooling of eastern Pacific
surface water, in accord with an increase in upwelling in this
region [Feldberg and Mix, 2003; Mix et al., 1999]. In the
eastern equatorial Pacific, changes in SST are the best
indicator for paleo-ENSO related variability. In the modern
WPWP, however, changes in surface salinity associated
with net precipitation provide a more pronounced signal.
Yet, it is still debated whether the regional salinity was
lower or higher during the LGM [de Garidel-Thoron et al.,
2005; Lea et al., 2000; Martinez et al., 1997; Rosenthal et
al., 2003; Stott et al., 2002], which has important ramifica-
tions for the discussion whether the glacial Pacific was in a
more La Niña or El Niño-like mode during the LGM. A
major source of contention in this debate is the fidelity of
the proxies, or the cores used in each study. Clearly, a large
part of the uncertainty as to the status of the glacial Pacific
Ocean must be associated with methodological differences
among the different proxy records.
[5] Here we use the alkenone unsaturation index, plank-

tonic foraminiferal d18O, Mg/Ca and transfer functions from
a core in the WPWP, MD97-2138 (1�250S, 146�240E,
1900 m deep) (Figures 1a and 1b), to document past
changes in sea surface temperature, salinity and thermocline

depth of the WPWP during the last 30,000 years. Compar-
ing multiple proxy results from a single well-dated core
allows us to determine potential biases of each specific
methodology. We combine our new results with previously
published records to reconstruct variations in WPWP hy-
drography during the last glacial termination, and assess
whether these changes in the mean climate state of the
equatorial Pacific are consistent with the proposed analogies
to the modern interrannual ENSO variability.

2. Modern ENSO Signatures in the Western
Pacific Warm Pool

[6] The ENSO phenomenon can be described as a zonal
oscillator within the equatorial Pacific: During El Niño
phase of ENSO, the trade winds weaken, warm western
Pacific surface waters are displaced eastward leading to
higher SSTs in the eastern Pacific, and the zonal thermo-
cline tilt relaxes. In the WPWP, an El Niño phase is
characterized by a slight cooling in the surface (�0.5�C),
a strong decrease in precipitation, a marked increase in
surface salinity, and shoaling of the thermocline (Figures 1c
and 1d) [e.g., Delcroix and McPhaden, 2002; Fedorov and
Philander, 2000]. Conversely, during La Niña events, there
is a small increase in WPWP SSTs, a large increase in
precipitation, freshening of surface water, and deepening of
the western equatorial Pacific thermocline. This canonical
scheme is exemplified by the 1997–1998 El Niño event as
observed from the Tropical Ocean–Global Atmosphere-
Tropical Atmosphere Ocean project mooring data sets
(Figures 1c and 1d). At the closest mooring site to MD97-
2138 location, the El Niño event is characterized by a slight
surface cooling (�0.5�C), and �50 m shoaling of the
thermocline.
[7] In order to illustrate the links between precipitation and

El Niño, we computed a regression analysis between
the NASA precipitation time series (1979–2001), and the
NINO-3 temperatures during this period (Figure 1b). At the
MD97-2138 site, positive NINO-3 anomalies (corresponding
to El Niño events) are correlated with a strong deficit in
precipitation, an increase in surface salinity of the western-
most part of the warm pool (near MD97-2138 and MD97-
2140 sites), but freshening of the easternmost region, the
so-called fresh pool, where Ocean Drilling Program (ODP)
site 806 is located [Delcroix and McPhaden, 2002]
(Figure 1b and Table 1). These trends are reversed during

Figure 1. Comparison of the modern climatological sea surface temperatures (a) from the World Ocean Atlas 1998
[Conkright et al., 1998] with (b) precipitation anomalies associated with the NINO3 index. The precipitation anomalies
were computed using a regression between the NASA satellite time series of precipitations from 1979 to 2001 (Global
Positioning Climatology Project Version 2 Combined Precipitation Data Set) and the NINO3 index (National Centers for
Environmental Prediction NINO3), both data sets from Lamont-Doherty Earth Observatory/International Research Institute
for Climate and Society Data Library. The front between the westernmost part of the Western Pacific Warm Pool and the
eastern warm pool–fresh pool is located at about 160�E. The location of cores discussed in the text is displayed. Both
MD97-2138 and MD97-2140 cores are located in the warm pool, characterized by drier than average conditions during
El Niño events (positive NINO3 anomalies) in contrast with the increased precipitation at ODP 806 site during El Niño
events. (c) Sea surface temperature and (d) thermal upper ocean time series from the Tropical Ocean–Global Atmosphere–
TOA mooring at 147�E on the equator. The 1997–1998 El Niño event is marked by cooling larger than seasonal variations
and by an about 50 m shoaling of the thermocline depth (bold line is 18�C isothermal).
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Figure 1
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La Niña events. In contrast with the MD97-2138 site where
the main contributor of variance to the historical salinity
time series is the freshening associated with La Niña, the
Mindanao Sea site of MD98-2181 studied by Stott et al.
[2002], displays surface salinity variability associated with
changes in east Asian monsoon rather than ENSO.

3. Methods

3.1. Stratigraphy, Stable Isotopes, and Mg/Ca
Measurements

[8] The MD97-2138 stratigraphy is based on 6 AMS 14C
dates and the oxygen isotope record. Radiocarbon ages were
determined on G. ruber (white) and were performed at
the AMS Tandetron facility in Gif/Yvette facility (Table 2).
The 14C ages were converted to calendar ages using the
INTCAL98 calibration (1998) for the last 18,000 years and
the polynomial fit of Bard [1998] for ages prior to the
period covered by the INTCAL98 study.
[9] Stable isotopes and Mg/Ca measurements were car-

ried out on two surface to subsurface dwelling planktonic
foraminifera species, Globigerinoides ruber (white s.s. in
the sense of Wang [2000], 250–300 mm fraction) and
Globigerinoides sacculifer (without sac; 355–455 mm frac-
tion). Typically, 10 to 15 shells were analyzed for stable
isotope measurements and about 20 to 30 for trace metal
analyses. Stable isotope measurements were performed at
the Oregon State University facility using a Finnigan/MAT
251 mass spectrometer, with external precision of 0.06%
for d18O. Mg/Ca measurements were done at Rutgers
University using Finnigan Element 1 ICP-MS, following
the analytical protocol detailed by Rosenthal et al. [1999].
Samples were prepared using a short version of the Boyle

and Keigwin [1985] method, which excludes the reductive
step. The long-term external precision of Mg/Ca analysis
was about 1.6% (1s RSD) as determined by repeated
measurements of three consistency standards with Mg/Ca
ratios varying from �1.2 to 7 mmol mol�1. This is
equivalent to approximately ±0.2�C analytical error in the
down core record. The accuracy of our procedure has been
validated within the framework of a recent international Mg/
Ca intercomparison study [Rosenthal et al., 2004].

3.2. Foraminiferal Transfer Functions

[10] Foraminifera for assemblages reconstruction were
picked from the >150 mm fraction. The classical Imbrie-
Kipp transfer functions [Imbrie and Kipp, 1971] are based
on a Q mode factor analysis of modern foraminiferal species
counts, which are regressed against oceanic parameters.
We use this method to reconstruct two parameters of the
water column: (1) sea surface temperature and (2) thermo-
cline depth.
[11] We use the original transfer functions devised to

reconstruct Pacific SST, so-called FP12-E equations [Moore
et al., 1980b], which were calibrated against winter and
summer SSTs, for assessing the CLIMAP SSTs versus
recent estimates based on new geochemical SST proxies.
We note, however, that other statistical formulations, and
selection of alternate core top databases, may yield slightly
different transfer function temperature estimates. Reassess-
ing transfer functions in the equatorial WPWP is beyond the
scope of this manuscript, and has been discussed elsewhere
[e.g., Chen et al., 2005b]. Differences between the various
statistical methods are generally within the calibration error
(<1�–2�C) for late Quaternary equatorial Pacific recon-
structions [Chen et al., 2005a].

Table 1. Location and Mean Climatology of the Cores Discussed in this Study

Core Longitude Latitude Depth, m
Sedimentation
Rate, cm/kyr

Climatological
Modern SST,a �C References

MD97-2138 146.14�E 1.25�N 1960 11 29.3 (±0.6) this study
MD97-2140 141.45�E 2.02�N 2547 8 29.3 (±0.7) de Garidel-Thoron et al. [2005]
ODP-806B 159.21�E 0.19�N 2560 3 29.3 (±0.6) Lea et al. [2000] and

Dekens et al. [2002]
MD97-2141 121.30�E 8.8�N 3600 22 28.7 (±2.7) Rosenthal et al. [2003]
MD98-2181 125.83�E 6.3�N 2114 63 28.9 (±1.6) Stott et al. [2002]
MD98-2162 117.54�E 4.41�S 1855 48 28.8 (±2.5) Visser et al. [2003]
RC17-177 159.45�E 1.75�N 2600 5 29.3 (±0.6) Billups and Schrag [2000] and

de Villiers [2003]
ERDC-92 159.98�E 2.33�S 1598 1 29.3 (±0.5) Palmer and Pearson [2003]
RC10-140 156.97�E 2.65�S 1600 2 29.3 (±0.6) de Villiers [2003]
KH92-1-5cBX 141.78E 3.48�N 2282 1 29.3 (±0.8) Ohkouchi et al. [1994]

aClimatological mean sea surface temperature (SST) from annual SST in WOA2001 (seasonal range computed as the maximum range in SST during the
climatological year from WOA01).

Table 2. Radiocarbon Ages Used to Establish MD97-2138 Chronology

Depth in
Core, cm

AMS 14C
Age, years

Error,
years

Calendar
Age, years Species

Accession
Number

1 3,350 60 3,208 G. ruber (white) GifA-101001
65 9,210 90 9,830 G. ruber (white) GifA-101002
101 11,790 110 13,177 G. ruber (white) GifA-101003
165 15,630 140 18,090 G. ruber (white) GifA-101004
220 19,420 150 22,451 G. ruber (white) GifA-101005
280 25,030 230 28,930 G. ruber (white) GifA-101006
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[12] In order to assess past changes in the thermocline
depth, we apply the equation developed by Andreasen and
Ravelo [1997] to MD97-2138 downcore foraminiferal
assemblages. The extent of foraminiferal shell dissolution
was assessed using the fragmentation index of the plank-
tonic foraminifera, which divides the number of foraminif-
eral fragments by the number of complete shells (Figure 2)
[Berger, 1971].

3.3. Alkenone Measurements

[13] Alkenones were analyzed at CEREGE by gas chro-
matography following the method described by Sonzogni et
al. [1997] except that an automated Dionex Accelerated
Solvent Extractor (ASE-200) was used to perform lipid
extraction. Proper identification and quantification of alke-
nones was verified by gas chromatography mass spectrom-
etry. The analytical precision of the method is about
0.01 units for Uk037 (roughly equivalent to 0.3�C) based
on repeated extraction of internal laboratory sediment
standard during the the course of this study. The accuracy
of our procedure has been checked within the framework of
the international alkenone intercomparison [Rosell-Mélé et
al., 2001].

4. Results

4.1. Western Pacific Warm Pool SSTs Derived From
Foraminiferal Mg/Ca

[14] The d18OG. ruber record from MD98-2138 shows a
1.2% LGM to Holocene negative shift (Figure 2, LGM is
defined as the interval of 18–24 kyr B.P. [Mix et al., 2001]).
The d18OG. sacculifer record shows a larger LGM to Holocene
shift of about 1.4%. The LGM-Holocene DMg/CaG. ruber

amplitude in MD-97-2138 is about 1.2 mmol/mol, whereas
the DMg/CaG. sacculifer amplitude is 0.8 mmol/mol.
[15] During the last 30 kyr, d18O values in G. ruber are on

average lower than those in G. sacculifer by about 0.4%.
Mg/Ca in G. ruber is about 0.2 mmol/mol higher than
G. sacculifer between 30 and 22 ka, and about 1 mmol/mol
between 22 ka and the core top. While the amplitude of
interspecific difference in Mg/Ca changes through time, the
difference remains systematically positive. Mg/Ca and d18O
offsets coherently suggest that G. ruber tests record physical
conditions in the uppermost part of the water column and
G. sacculifer preferentially indicate a deeper, subsurface
habitat.
[16] Although it was argued that differences in the isoto-

pic and Mg/Ca composition of the two species might be due
to differences in their seasonal growth period [Stott et al.,
2002], there is no evidence for a preferential seasonal nor
interranual pattern of production and sedimentation for
these species in the western Pacific [Kawahata et al.,
2002]. Moreover, it appears unlikely that these different
geochemical signatures reflect regional preferences of
G. sacculifer and G. ruber as these two species generally
coexist in the subtropical ocean [e.g., Hemleben et al.,
1989], and were observed in the same plankton nets from
the western Pacific warm pool (T. de Garidel-Thoron,
unpublished data, 2003). Instead, these differences are more
likely the result of specific depth habitat preferences.

Evidence from the eastern equatorial Pacific indicates that
G. ruber s.s. is a strict surface dweller, and suggests a
deeper habitat of G. sacculifer (without sac), ranging within
the mixed layer and upper thermocline depth [Spero et al.,
2003]. Sequential leaching analysis of Mg/Ca in these
species also reveals little chemical heterogeneity in
G. ruber, suggesting a narrow range of calification near
the sea surface, but significant heterogeneity inG. sacculifer,
indicating partial calification at cooler, subsurface, depths
[Benway et al., 2003; Klinkhammer et al., 2004]. These
studies support our interpretations for a limited, but signifi-
cant vertical segregation of these two species in the water
column, though field studies are needed to clarify this
distribution.
[17] Field and laboratory calibrations suggest that all

planktonic foraminifera species, studied to date, exhibit
similar temperature sensitivity of Mg/Ca, ranging from 7 to
10 per degree Celsius [Anand et al., 2003; Dekens et al.,
2002; Elderfield and Ganssen, 2000; Lea et al., 1999, 2000;
McConnell and Thunell, 2005; Nürnberg et al., 1996]. In
contrast, the preexponential coefficient varies among the
species [Anand et al., 2003; Elderfield and Ganssen, 2000]
and is also altered by selective postdepositional dissolution
of shells [Rosenthal and Lohmann, 2002]. Rosenthal and
Lohmann [2002] suggested using the shell weight as a
correction factor for dissolution. Likewise, Dekens et al.
[2002] proposed a dissolution correction, which depends
either on the core depth or the bottom water carbonate
saturation state. Both approaches, while applicable for
recent sediments in which the extent of dissolution is
reasonably well known, cannot be used, however, to
correct for poorly known down-core changes in dissolution
intensity.
[18] To calculate temperatures from Mg/Ca we use the

equation of Mg/Ca = 0.30 exp (0.095 * SST), which was
used in the study of the near by core MD97-2140 [de
Garidel-Thoron et al., 2005]. The coefficient values are
based on the following rationale:
[19] 1. The choice of an exponential value of 0.095

follows the work of Rosenthal and Lohmann [2002] which
reassessed the core top Mg/Ca data set developed by
Elderfield and Ganssen [2000]. Though this exponential
one is in the upper range of the one used in many calibration
studies, we note that it is close to the 0.101 value obtained
by Anand et al. [2003] on G. ruber white (250–350 mm)
from the Sargasso sea. Furthermore, a recent sediment trap
study from the Guaymas Basin indicated that the tempera-
ture sensitivity of Mg/CaG.ruber in the higher range of
temperatures was slightly decreased reaching a preexponen-
tial value of 0.110 in the warmest temperature range
observed (30�–33�C) [McConnell and Thunell, 2005].
[20] 2. We choose the same preexponential constant for

both species, based on the fit between measured core top
d18O and Mg/Ca and predicted values from the modern
hydrography in this region (Figure 3). Although the absence
of late Holocene sediments prevents us from directly
comparing predicted values of d18O and Mg/Ca, calculated
from the modern hydrography, with recent sediment values
for both species, we assume that the vertical range of
calcification depths of G. ruber and G. sacculifer did not
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Figure 2. The 30 kyr multiproxy records from Western Pacific Warm Pool MD97-2138 core: (a) d18O in
planktonic foraminifera G. ruber (red line) and G. sacculifer (orange); (b) Mg/Ca composition of
planktonic foraminifera G. ruber (red line) and G. sacculifer (orange line); (c) alkenones-based
temperature (green line) estimates using two different equations from Prahl et al. [1988] and Sonzogni et
al. [1997]; (d) planktonic foraminifera temperature estimates from CLIMAP FP-12E transfer function
with both winter (blue line) and summer (red line) scales; and (e) dissolution indices: shell weight of the
planktonic foraminifera G. ruber (red line) and G. sacculifer (orange line), planktonic foraminifera
fragmentation index (black dashed line), coarse fraction defined as the percentage of sediments coarser
than 63 mm (black solid line), total C37 concentration (ng/g) (red line). The shaded area corresponds to
the Last Glacial Maximum period as defined by Mix et al. [2001].
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change substantially between the Late Holocene and now.
We postulate that (1) the core top d18O and Mg/Ca should
equally reproduce the vertical hydrographic structure with
G. ruber living at shallower depth than G. sacculifer and
(2) depth habitats inferred from the match between core top
Mg/Ca values and the predicted Mg/Ca profile should be
consistent with those inferred from the d18O profile. We
construct a set of predicted depth profiles of Mg/Ca using a
fixed exponential of 0.095 and a range of preexponential
constants spanning 0.28 to 0.32. A preexponential constant
of 0.28 was used to reconstruct deglacial changes in the
Sulu Sea core MD97-2141 [Rosenthal et al., 2003]. We also
calculated the predicted d18Ocalcite profile. To calculate the
latter profile, we first convert salinity values from the World
Ocean Atlas [Conkright et al., 1998] into d18Osw using the
equation d18Osw = �14.379 + 0.42264* sea surface salinity
(SSS), based on modern upper ocean measurements from
the equatorial Pacific (within the 20�N–20�S latitudinal
band and for depths ranging 0 to 200 m [Schmidt, 1999]).
Then, the d18Ocalcite profile was computed using Bemis’
equation linking d18Osw and temperature as determined
from low-light cultures of Orbulina universa [Bemis et
al., 1998]. Both salinity and temperature for this calculation
are annual means from the World Ocean Atlas [Conkright et

al., 1998]. As shown in Figure 3, a preexponential value of
0.3 provides a suitable reconstruction in terms of consis-
tency between measured core top foraminiferal d18O and
Mg/Ca (based on the top most 10 cm in core MD97-2138)
and predicted values from the modern hydrography. The
inferred depth habitats, at the base of the mixed layer for
G. ruber and below that for G. sacculifer, are generally
consistent with the water column distribution of these
species [Fairbanks et al., 1979]. Using the above equation,
the core top Mg/Ca–based temperature estimate forG. ruber
is 28.9�C, whereas the estimated core top temperature from
G. sacculifer is 27.7�C, i.e., �1.2�C colder than the one
measured on G. ruber, in agreement with their assumed
depth habitats (Table 3).
[21] The temporal variability in d18O and Mg/Ca offsets

between the two planktonic species suggests that the
hydrography of the upper water column changed during
the last deglaciation (Figure 2). The G. ruber Mg/Ca–based
SST record indicates a 3.0� ± 0.6�C change between the
LGM and the Holocene, whereas the G. sacculifer temper-
ature ranges about 2.3� ± 0.7�C, thus suggesting that
significant changes in surface and shallow subsurface tem-
peratures might have occurred in the western equatorial
Pacific during the last deglaciation, in accord with results

Figure 3. Predicted depth profiles of d18O calcite (red line) and Mg/Ca for three different
preexponential constants ranging 0.28 to 0.32 (black lines) for the MD97-2138 site, using the modern
annual temperature and salinities from the World Ocean Atlas. The red crosses indicate the observed d18O
core top values in MD97-2138, whereas the black crosses stand for the observed Mg/Ca values in
G. ruber and G. sacculifer. Crosses also display the analytical errors for both d18O and Mg/Ca
measurements.
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from the near by core of MD97-2140 [de Garidel-Thoron et
al., 2005]. The G. ruber and G. sacculifer temperature
records also point toward an early Holocene warm period
in the western Pacific, although the timing of this event as
recorded by the two species is not consistent. As the core is
missing the late Holocene period, we cannot draw any firm
conclusion on Holocene climate dynamics of the warm
pool.

4.2. Western Pacific Warm Pool SSTs Derived From
CLIMAP Transfer Functions

[22] Applying the Pacific transfer function (FP-12E) to
faunal counts from MD97-2138 core we estimate summer
SST of 28�C at the core top (Figure 2), which is cooler than
modern mean summer temperature of 29.4�C [Conkright et
al., 1998]. The reconstructed winter core top SST is
�24.6�C, i.e., 3.4�C lower than the summer estimates. In
contrast, the modern seasonal range in WPWP is only 0.4�C
[Conkright et al., 1998]. The summer equation predicts
relatively stable SSTs, varying by less than 0.7�C SST
through the past 30 kyr. In contrast, the winter equation
suggests significant LGM to Holocene change of about
2.3�C. Indeed, during the early Holocene, FP12-E winter
estimates reach 25�C between 5 and 9 ka as compared with
about 23�C during the LGM, whereas the summer estimate
reaches 28.1�C in the early Holocene from 27.5�C during
the LGM. These transfer function results are consistent with
a recent study of the WPWP that indicates a very low
temperature variability during the last 38 kyr based on the
summer FP-12E equation, whereas estimates based on the
winter equation suggest a larger glacial-interglacial ampli-
tude of about �1�–3�C [Chen et al., 2005a]. In summary,
the summer equation predicts a reasonable mean WPWP
SST during the late Holocene, but does not show signifcant
glacial-interglacial change. In contrast, the winter SST
equation predicts much cooler than modern core top SSTs
but indicates a larger deglacial change than previously
suggested from planktonic foraminifera transfer functions.

4.3. Western Pacific Warm Pool SSTs Derived From
Alkenones

[23] Uk037 SSTs are calculated by means of the calibration
of Sonzogni et al. [1997], which is based on low-latitude
core tops from the Indian Ocean including samples repre-
senting SSTs between 24� and 30�C. This Uk037 versus SST
linear equation has a reduced slope (0.024/�C) when com-
pared to the one (0.033/�C) derived from the linear equation
based on core tops compiled from all oceans [Muller et al.,
1998]. The calibration by Sonzogni et al. has not been tested
in the WPWP, but it seems to better estimate warm SST.
Support for this choice comes from close inspection of the
global compilation by Müller et al., suggesting that the
relationship flattens out at high temperatures. In addition,
culture studies of different strains of Gephyrocapsa oce-
anica and Emiliania huxleyi [Conte et al., 1998] and
measurements of sinking particulate matter from Bermuda
[Conte et al., 2001] strongly suggest that the real shape of
the Uk037 vs. SST is probably sigmoidal, i.e., the Uk037 index
converges asymptotically toward 0 and 1, for low and high
temperatures, respectively [Conte et al., 2006]. In Figure 2
we also provide SST estimates calculated with the linearT
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equation by Prahl et al. [1988], which is based on culture of
E. huxleyi, between 10� and 25�C, and thus might not be
suitable for the high SST of the western equatorial Pacific,
where the nannoflora is dominated mainly by gephyrocap-
siids [Bentaleb et al., 2002]. The equation by Prahl et al. is
generally used as the standard one and it is indistinguishable
from the global core top calibration of Muller et al. [1998].
It is important, however, to note that the range of SSTs
documented here falls within the upper boundary of all
extant calibrations, where calibration data sets are scarce
and analytical issues might also be critical [Pelejero and
Calvo, 2003]. We estimate core top SSTs of 29.3�C and
28�C using the Sonzogni and Prahl equations, respectively
(Figure 2c). Throughout the record, the estimates of Son-
zogni are consistently �1�C higher than those of Prahl. At
the core top, the estimates derived from the Sonzogni
equation approximate the modern surface temperature
(29.4�C), whereas those based on the Prahl equation are
consistent with the temperature at the base of the euphotic
zone. LGM alkenone-based temperature estimates are 1.3�C
cooler than during the Holocene. It is noteworthy, however,
that the alkenone index is at saturation (i.e., Uk037 = 1)
during the early Holocene and therefore the calculated
1.3�C amplitude is likely a minimum estimate for the
LGM to Holocene warming.

4.4. Western Pacific Hydrologic Changes Inferred
From D

18Osw

[24] Mg/Ca temperature estimates are used to remove the
thermal effect from the D18O of calcite, in order to calculate
the oxygen isotope composition of the water (D18Osw). The
D
18Osw is computed using the Bemis Orbulina universa
low-light equation [Bemis et al., 1998]. Furthermore, in
order to unravel the local hydrology from the global ice
volume isotopic effect on the oxygen isotope signal, we
subtract the ice volume component from the calculated
seawater d18O record. This component is computed from an
assumed linear relationship between sea level [Lambeck and
Chappell, 2001] and the global d18O record of Waelbroeck
et al. [2002], though the ice volume to sea surface d18Osw

correlation might be more complex [Duplessy et al., 1991].
The LGM sea level decrease of 140 m, which is associated
with a global 1.05% d18O increase, constrains the slope of
this correlation. On the basis of this first-order approxima-
tion, we estimate core top d18Osw values of 0.5 and 0.4%,
and LGM ice volume-corrected values of �0.3 and �0.1%
for G. ruber and G. sacculifer, respectively. The basic
feature of those d18Osw records is that for both species, the
d18Osw was on average 0.3% lower between 15 and 30 ka
than during the Holocene.
[25] Some large fluctuations in d18Osw are apparent within

the LGM (from �0.4 to +0.3%). Whether these large
oscillations are linked to real oceanographic changes, or
result from the propagation of analytical and methodolog-
ical errors in the different steps of this computation (G. A.
Schmidt et al., Global seawater oxygen-18 database, 1999,
available at http://data.giss.nasa.gov/o18data/), needs to be
assessed but they do not alter the main finding of reduced
seawater d18O during the LGM. Note that assuming an
overprint of dissolution on Mg/Ca paleotemperatures (see
below), LGM d18Osw values for the MD97-2138 core may

account for �0.1 and 0.3% for G. ruber and G. sacculifer,
respectively.

5. Discussion

5.1. Assessment of Postdepositional Effects on Mg/Ca-
Derived SSTs

[26] Questions as to the possibility that postdepositional
dissolution might have biased Mg/Ca-based SST estimates
still linger. Evidence from core top studies demonstrate that
planktonic foraminiferal Mg/Ca is susceptible to postdepo-
sitional dissolution on the seafloor, with the degree of
alteration increasing with water depth (or decreasing in
the carbonate saturation state of the bottom water [Brown
and Elderfield, 1996; Rosenthal et al., 2000]). Moreover,
these studies and others [Schulte and Bard, 2003] suggest
that dissolution of foraminiferal shells starts well above the
lysocline, because of organic matter remineralization within
the sediment.
[27] Available dissolution indices in core MD97-2138

suggest possibly more enhanced foraminiferal dissolution
during the LGM than the early to mid-Holocene (Figure 2),
which is likely driven by the increase of organic matter flux
into the sediment during the glacial interval as suggested by
higher total C37 alkenone concentrations. To date, methods
suggested for correcting Mg/Ca-based SST estimates for
dissolution effects are applicable only for surface sediments,
but cannot be applied to correct down-core records [Dekens
et al., 2002; Rosenthal and Lohmann, 2002]. Note, however,
that the glacial values of all three dissolution indices (i.e.,
G. ruber shell weight, fragmentation index and % coarse
fraction) are not substantially different than at the core top.
Therefore, although all three indices suggest an increase in
dissolution between 7 ka and the top, Mg/Ca ratios initially
increase and then stay stable. Thus we conclude that the
latter reflect primarily a temperature signal. Nonetheless,
below we try to evaluate the potential bias in our Mg/Ca-
derived SSTs due to nontemperature related processes.
[28] First, we compare Mg/Ca records from several west-

ern equatorial Pacific cores, characterized by different
sedimentation rates, taken at different water depths and
with different organic matter content. The comparison
among Mg/Ca records from this region shows differences
in both absolute Mg/Ca ratios and LGM-HL (Holocene)
DMg/Ca changes (Table 3). For example, the LGM-HL
DMg/CaG. ruber changes is about 1.2 mmol/mol in MD-97-
2138 (1900 m), 1.1 mmol/mol in MD97-2140 (2547 m)
[de Garidel-Thoron et al., 2005], and �0.9 mmol/mol in
ODP 806B site (2520 m) [Lea et al., 2000] (Figure 4 and
Table 3). A smaller, but nonetheless significant, Mg/Ca
offset (�0.3 mmol/mol) is observed for G. sacculifer
records between MD97-2138 and the deeper ODP 806B
cores (Figure 4). The differences in Mg/Ca values between
the cores are greater during the Holocene than during the
glacial interval. As these three cores are located within the
WPWP s.s., where both spatial and seasonal temperature
changes are negligible, the differences cannot be attributed
to variable oceanographic and climatic conditions (Table 1).
Instead, offsets in Mg/Ca might be due to one or a
combination of the following factors: (1) variable dissolu-
tion effects on each record; (2) mixing of glacial and
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interglacial sediments in low sedimentation rates cores; and
(3) methodological differences among laboratories.
[29] ODP site 806B and MD97-2140 are about 600 m

deeper than MD97-2138 and therefore likely to be affected
to a greater extent by dissolution as suggested by core top

calibrations. On average, Mg/CaG. ruber values at MD97-
2138 are about 1 mmol/mol higher than those observed at
ODP 806B, but similar to those obtained in MD97-2140,
which comes from the same depth as ODP 806B. As all
cores are located above the modern lysocline, the difference

Figure 4. Oxygen isotopes, Mg/Ca, and Mg/Ca-based temperatures estimates from Western Pacific
Warm Pool sediment cores MD97-2138 (red line), MD97-2140 (green line), and ODP 806B (blue line).
The d18O records for (a) G. ruber species and (b) G. sacculifer. The Mg/Ca and Mg/Ca-based SST in
(c) G. ruber and (d) G. sacculifer. The two temperature scales correspond to the equation we used in this
work (red scale), which applies to both MD sediment cores, and Lea et al. [2000] calibration (blue scale),
which applies to ODP 806B core. See text for more details on the calibration used here.
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in Mg/Ca ratios suggests that dissolution effects among the
cores are not strictly a function of depth but may also
depend on other variables such as the organic carbon
content of the sediment [Schulte and Bard, 2003]. Using a
temperature sensitivity of 9.5% per �C, the difference in
DMg/CaG. ruber estimates between MD97-2138 and MD97-
2140 translate to �0.5�C, whereas the difference in DMg/
Ca between MD97-2138 and ODP 806B translates to �1�C.
The LGM-HL Dd18OG. ruber amplitude in MD97-2138,
MD97-2140 and ODP 806B are about 1.16%, 1.21% and
0.94%, respectively. In other words, whereas the
Dd18OG. ruber in MD97-2138 and MD97-2140 are very
similar, there is �0.22% difference in Dd18OG. ruber

between MD97-2138 and ODP 806B, which is consistent
with the �1�C difference in Mg/Ca-derived DSST calcu-
lated above. As modern SSTs are the same at both sites, the
comparison between Mg/Ca and d18O changes suggests that
either both parameters are affected by dissolution to a
similar extent, or that the difference in Dd18OG. ruber

between MD97-2138 and ODP 806B are not strictly due
to the alteration of foraminifera shell composition by
dissolution.
[30] The LGM-HL DMg/CaG. ruber amplitude in core

MD-97-2138 is about 1.2 mmol/mol, whereas the LGM-
HL DMg/CaG. sacc amplitude is 0.8 mmol/mol. At face
value, these amplitudes suggest LGM-HL temperature change
of 3.0�C and 2.3�C, based on G. ruber and G. sacculiferMg/
Ca, respectively (Table 3). These values may combine,
however, the effects of both increase in SST and possibly a
decrease in dissolution intensity on foraminiferal Mg/Ca
during the deglaciation (which covary in this core).

[31] While we cannot exactly quantify the relative contri-
bution of each of individual variable, we tentatively try to
estimate an upper limit for the dissolution effect. Depth
transects down the Ontong Java Plateau show a dissolution
driven decrease of about 0.5 and 0.3 mmol/mol in Mg/Ca
ratios of G. ruber and G. sacculifer, respectively, for one
kilometer increase in depth (between 1.6 and 2.6 km
[Dekens et al., 2002]). As a sensitivity test, we consider
the effect of decreasing the dissolution intensity at MD97-
2138 during the deglaciation by the equivalent of a 1 km
lysocline shoaling, the same as the difference in the modern
lysocline depth between the Atlantic and Pacific oceans.
Accounting for such hypothetical changes in dissolution
intensity might reduce our estimate of LGM-HL tempera-
ture changes in core MD97-2138 to 1.9�C and 1.3�C, based
on G. ruber and G. sacculifer Mg/Ca, respectively.
[32] Bioturbation may have a significant impact on the

glacial-Holocene Mg/Ca amplitude at sites with low sedi-
mentation rates (Figure 5 from Table 3 data). In Figure 5 we
show that there is a significant logarithmic relationship
between sedimentation rate and the glacial-interglacial
DMg/Ca amplitude. At low sedimentation rates it is likely
that glacial foraminifera are mixed with interglacial ones,
thus reducing the apparent Dd18O and DMg/Ca LGM-HL
changes based on analysis of multiple shells in each sample
[Anderson et al., 1989; Broecker and Peng, 1982]. At
sedimentation rate >8 cm/kyr, the DMg/Ca (HL-LGM)
stabilize at values of 1.1–1.3 mmol/mol. The dependence
on sedimentation rates, though not surprising, explains the
difference between MD97-2140 and ODP 806B, which
come from the same water depth but have very different
sedimentation rates (Tables 1 and 3); the low sedimentation
rate at the latter core (3 cm/kyr) also explains the relatively
low Dd18OG. ruber and DMg/CaG. ruber amplitudes.

5.2. Mg/Ca-Derived Temperature Changes in the
Western Equatorial Pacific

[33] The calculated temperature amplitude of the G. ruber
record from core MD97-2138 (uncorrected for dissolution
effects) suggests 3.0� ± 0.7�C warming during the last
deglaciation (Figure 2c and Table 3). This deglacial change
is higher than, but within the range of that obtained from
other WPWP G. ruber records including ODP 806B site
(2.8� ± 0.7�C [Lea et al., 2000]), andMD97-2140 site (2.7� ±
0.5�C [de Garidel-Thoron et al., 2005]). These results
contrast, however, with those obtained from lower sedimen-
tation rate cores, which display a lower glacial to Holocene
temperature change of �1.7�C (RC17-177 site, 1.7�C;
ERDC92, 1.6�C; and RC10-140, 1.7�C; see Table 3 for
references). For G. sacculifer the amplitude of 2.3�C LGM
to Holocene warming in MD97-2138 is comparable with
�2.1�C seen in ODP 806B [Dekens et al., 2002]. Note that
for this synthesis, we use the original equations of quoted
studies.
[34] Differences in cleaning methods among laboratories

are considered here to have a minimal impact on Mg/Ca-
derived temperatures. Although offsets due to dissolution
and methodological differences may cause >10% variability
among cores, differences in SST estimates are significantly

Figure 5. LGM to Holocene Mg/Ca in planktonic
foraminifera shell as a function of sedimentation rate (here
computed as the average sedimentation rate between the end
of the LGM and the core top). Note that cores with less than
�8 to 10 cm/kyr sedimentation rate are marked by a
dampening of the glacial to Holocene contrast, likely
because of the effect of bioturbation.
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smaller, as they are compensated for by the use of regional,
or dissolution-corrected calibrations [Rosenthal et al.,
2004]. Here we compare the results of Lea et al. [2000],
who used a ‘‘full’’ cleaning protocol, whereas the ‘‘short’’
protocol (which does not include a reductive step) [Barker
et al., 2003] was used in MD97-2138 and MD97-2140
cores. Because Lea et al. [2000] used a specific regional
calibration for their Pacific record, with lower temperature
sensitivity than used here (8.9% per �C rather than the 9.5%
per �C), their estimated LGM-HL DSST is consistent with
our estimates from MD97-2138.
[35] In summary, Mg/CaG. ruber ratios from high sedimen-

tation rate records (>8 cm/ky) indicate that glacial surface
temperatures in the WPWP were on average 2.9� ± 0.5�C
cooler than at present; Mg/CaG. sacculifer ratios suggest
smaller LGM cooling, of about 2.5� ± 0.5�C (Table 3).
Accounting for possibly higher foraminiferal shell dissolu-
tion in these cores during the glacial interval would, at most,
reduce these estimates to 1.9�C for G. ruber and 1.3�C for
G. sacculifer, which are in the same range as changes of
�2.3�C based on foraminiferal transfer functions calibrated
for winter temperatures and >1.3�C based on alkenones.
Considering all these effects, we propose surface water
temperature at the WPWP was about 2.5 ± 0.7�C cooler
during the LGM than at present (based on Mg/CaG. ruber),
whereas the subsurface temperature cooled by 1.8 ± 0.7�C
(based on Mg/CaG. sacculifer). In both cases the pooled errors
(computed as the standard deviation) reflect the combined
effects of analytical errors, variable dissolution effects,
sedimentation rates and methodological differences. These
errors do not include the external scatter linked to the
calibration, which has been suggested to reach ±1.2�C in
a sediment trap study from the Atlantic Ocean [Anand et al.,
2003].

5.3. A Multiproxy Comparison of WPWP SSTs
During the LGM

[36] On the basis of the Mg/Ca record of the planktonic
foraminifer G. ruber from ODP site 806B, Lea et al. [2000]
suggested that SSTs in the WPWP were 2.8� ± 0.7�C colder
during the LGM than at present, an estimate larger than (but
within the statistical uncertainty of) the 1� ± 2�C cooling
proposed by CLIMAP [CLIMAP, 1981]. Estimates of sim-
ilar magnitude, inferred from additional western equatorial
Pacific Mg/Ca-based SST records, from the Sulu Sea

[Rosenthal et al., 2003], Mindanao Sea [Stott et al., 2002]
and southern Makassar Strait (Indonesia) [Visser et al.,
2003], support this first observation, thus lending more
confidence to the argument that CLIMAP might have
underestimated the degree of glacial cooling in the WPWP.
It is unclear, however, whether the low estimates of glacial
cooling generated by CLIMAP are due to stratigraphic
uncertainties, the use of low sedimentation rate cores, or
some inherent limitations of the transfer function method.
Updated analyses of LGM temperatures based on fauna and
using several statistical approaches confirm low-tempera-
ture changes throughout the region based on these methods,
and suggest movement of the WPWP toward the east
[Barrows and Juggins, 2005]. Mix et al. [1999] and Morey
et al. [2005] note the relatively low sensitivity of faunal
changes to temperature at warm sites such as the WPWP,
thus indicating that changes inferred here from transfer
functions must be considered lower limits.
[37] Comparing Mg/Ca-based with other SST proxy esti-

mates from the WPWP has not been straightforward as the
records come from different cores. Thus questions about
stratigraphic matching and differences in sedimentation
rates add uncertainty to the argument about the reliability
of each of the different proxy records. For example, none of
the 10 western equatorial Pacific cores used in the CLIMAP
study was radiocarbon dated [Moore et al., 1980b]. Instead,
the chronology of half of the 10 cores is based on oxygen
isotope stratigraphy, whereas the chronology of the other
five is based on biostratigraphic and lithologic correlations.
These relative dating methods are, however, potentially
associated with large uncertainties. This is clearly seen in
the oxygen isotope record from MD97-2138, where the
LGM interval cannot unequivocally be distinguished from
the coldest maximum around �17 ka. The availability of
SST estimates derived from Mg/Ca, alkenone and foraminif-
eral transfer functions in MD97-2138 removes these uncer-
tainties and allows, for the first time, to evaluate the
consistency among these proxy records in a single core from
theWPWP. Using the winter FP-12E equation, we obtain that
LGMSSTs were about�2�C colder than at present (Table 4).
Whereas the amplitude of the glacial cooling is consistent
with our low Mg/Ca-derived SST estimates from G. ruber,
the absolute temperatures are lower by as much as 4�C
relative to the Mg/Ca-derived SST record. Our faunal SST

Table 4. LGM to Holocene Alkenone and Foraminiferal Transfer Functions, SST Estimates, and Thermocline Depth Estimate From the

Western Equatorial Pacific

Core

Climatological
Modern SST and
Thermocline Depth
(± Seasonal Range)a,b Holocenec LGMd D(CoreTop-LGM) D(Holocene-LGM) Reference

Alkenone T MD97-2138 29.3 (±0.6) 29.2 27.9 1.4 1.3 this study
Alkenone T KH92-1-5cBX 29.3 (±0.8) 28 27 1.5 1 Ohkouchi et al. [1994]
WinterFP12E T MD97-2138 29.3 (±0.6) 24.9 23.7 1.1 1.2 ± 0.6 this study
SummerFP12E T MD97-2138 29.3 (±0.6) 28.0 27.7 0.3 0.3 ± 0.6 this study
Thermocline

depth, m
MD97-2138 �154.0 �152.6 �151.4 �57.6 �1.1 ± 24 this study

aClimatological mean temperature and thermocline depth from annual temperatures in WOA2001.
bSeasonal range computed as the maximum range in SST during the climatological year from WOA01.
cHolocene interval averages encompass ages from 0 to 10 kyr B.P.
dLate Glacial Maximum interval averages encompass ages from 18 to 24 kyr B.P.
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estimate is, however, within the range of other faunal
estimates from this area [Chen et al., 2005a; CLIMAP, 1981].
[38] Our alkenone record is consistent with the faunal-

based SST record, both in terms of relative changes and
timing, although the absolute temperatures are significantly
higher, and thus more similar with the Mg/Ca-SST record.
The MD97-2138 alkenone record suggests Holocene-LGM
DSST changes of �1�C (Table 4), which is consistent with
another alkenone record from a box core in the WPWP
[Ohkouchi et al., 1994]. As the latter record comes from a
very low sedimentation rate core, the consistency between
the two records suggests that bioturbation of glacial and
interglacial sediments cannot explain the low alkenone-based
DSST estimates relative to those obtained from Mg/Ca
records. The alkenone-based glacial cooling is significantly
lower than our minimum estimated cooling from G. ruber
(1.9�C), but consistent with the temperature change estimated
from Mg/Ca in G. sacculifer. This suggests that alkenone-
reconstructed temperatures might be more representative of
subsurface temperatures, as is also Mg/CaG.sacculifer. This
hypothesis, though speculative, is supported by modern
ecological observations of nannoflora from the warm pool.
Indeed, one of the main alkenone producing species,
E. huxleyii, does not live in the upper photic zone in the
warm pool, but at a depth greater than 50 m below the sea
surface [Hagino et al., 2000], in agreement with this hypoth-
esis. Alternatively, alkenones and transfer functions might
underestimate the LGM-HL amplitude because of calibration
uncertainties in the upper limit of the calibration range. These
uncertainties are linked for both the alkenones and FP12E
transfer functions to the number of calibration samples within
the >29�C temperature range [Moore et al., 1980a; Pelejero
and Calvo, 2003]. The latter corollary is consistent with the
findings of low glacial-interglacial alkenone-based ampli-
tude from a mid-Pleistocene record at ODP site 806 [McCly-
mont and Rosell-Mele, 2005].
[39] The 2.5� ± 0.7�C WPWP cooling inferred from the

Mg/Ca records in the WPWP (Figure 5) is apparently
consistent with continental temperature records. Indeed,
western Pacific surrounding Equilibrium Lines Altitudes
(ELA-snow lines) were depressed by more than 900 m
(±135 m) in the New Guinea island [Porter, 2001]. Mod-
eling studies indicate that this DELA corresponds to a
continental cooling of about 6�C to 3.5�C (accounting for
sea level correction, increase in the lapse rate and precip-
itation changes) as reviewed by Porter [2001] and Prentice
et al. [2005]. Note, however, that Hostetler and Clark
[2000] and Prentice et al. [2005] point out that the chro-
nologies on glacier advances here are poorly constrainted,
and not necessarily linked to the global LGM. In summary,
both marine Mg/Ca and continental records thus converge
toward an �2.5� ± 1�C cooling over the ocean during the
LGM. Our study also suggests that temperature estimates
based on alkenones, faunal transfer function and Mg/Ca
G. sacculifer might represent changes in subsurface water
and therefore underestimate the change in SSTs.

5.4. Inferring Regional Hydrology From D
18Osw

[40] Our new d18Osw records shed some new light on
deglacial hydrological changes in the equatorial Pacific. At

face value, the estimates (uncorrected for dissolution) are in
agreement with other studies, which show negative shifts in
surface water d18O in the WPWP during the LGM com-
pared with the Holocene (sites MD97-2140 and ODP 806
withDd18Osw G. ruber of�0.4% and�0.4%, respectively)
(see Table 5 for references). On the basis of available data, it
seems that the negative d18Osw shifts might have been
restricted to the WPWP s.s. and did not extend westward.
Moreover, it is unlikely that the geographical pattern of
d18Osw is the result of the glacial-interglacial dampening of
the ice volume d18O amplitude in low sedimentation rate
cores. Assuming that bioturbation reduced the glacial-inter-
glacial d18Osw ice volume effect by 0.2%, the lower
sedimentation rates cores still indicate that fresher condi-
tions might have prevailed in the eastern WPWP. The
G. ruber record from the Mindanao Sea indicates that
during the LGM surface water d18Osw was about 0.3%
higher than at present [Stott et al., 2002]. Likewise, glacial
surface water in the Makassar straits was about 0.1% higher
than at present [Visser et al., 2003]. The apparent regional
differences in d18Osw attests to different controls on surface
hydrography in both regions, which is not inconsistent with
modern climatology; today the WPWP is strictly under the
influence of the ENSO system, whereas the western sites are
more under the influence of the east Asian monsoon system.
Though, both systems are climatically linked, their signa-
tures on the modern hydrography in these sites is very
different and might explain the Sulu Sea anomaly, where the
amplitude of d18Osw (Dd18Osw G. rubber = �0.3% in
MD97-2141 core) is close to the one observed in the heart
of the WPWP.
[41] Away from the equator, modern surface water d18O

and salinity are strongly and positively correlated [e.g.,
Craig et al., 1982]. Assuming similar relationships in the
past, inferences about past changes surface salinity may be
made from downcore d18Osw records. The Dd18Osw -DSSS
relationship is not as strong in the tropics [Fairbanks et al.,
1997]. At face value, estimates of d18Osw may suggest that
during the LGM surface salinity decreased in the WPWP
(near the sites of MD97-2138, MD97-2140 and ODP 806)
and increased in the western sites of Mindanao and Makas-
sar. We cannot rule out that the precipitation amount effect
on the stable isotopes fractionation due to an increase in the
convection might have also changed significantly the pre-
cipitation/d18O relationship through time within the WPWP
[Dansgaard, 1964]. Nonetheless, the regional consistency
among all the records from the heart of the WPWP suggests
that the observed LGM decrease in d18Osw, was most
probably a result of increased precipitation. Interpreting
the d18Osw records of the western equatorial marginal sites,
such as those located in the Makassar straits and Mindanao
basin, is even more complicated, as the oxygen isotopic
signal of the precipitation depends on whether the precip-
itation comes primarily from marine or continental source
[Hoffmann and Heimann, 1997]. The relationship between
the two sources depends on the intensity ratio between the
summer and winter east Asian monsoons. Thus, while the
opposite pattern (toward decrease in precipitation) observed
in the westernmost sites of the WPWP might reflect changes
in surface salinity, we cannot rule out that it may also result
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from changes in the isotopic composition of the precipita-
tion that are related to changes in the intensity of the east
Asian summer monsoon during the last deglaciation [Wang
et al., 2001]. Finally, the early to mid-Holocene period is
characterized by an increase in d18Osw at the MD97-2138
site, suggesting that the sea surface salinity increased during
the early to mid-Holocene. This finding is consistent with
mid-Holocene WPWP coral estimates of salinity changes
[Gagan et al., 1998], and evidence for a long-term fresh-
ening of the equatorial Pacific surface ocean during the
Holocene [Stott et al., 2004].

5.5. Is ENSO-Like Analogy Consistent With Deglacial
Changes in the WPWP?

[42] Here we examine the changes in two major hydro-
graphic properties associated with ENSO in the WPWP:
(1) change in precipitation pattern and (2) change in the
western equatorial Pacific thermocline depth. The examina-
tion suggests that an ENSO-like analogy may not be
applicable for the last deglaciation.
[43] The d18Osw records suggest a slight freshening of

surface waters in the WPWP during cooler intervals. This
observation is at odds with the modern El Niño pattern in
which the western part of the warm pool (i.e., sites MD97-
2138 and MD97-2140) is marked by higher salinities
because of reduced precipitation, whereas the eastward part
of the WPWP (e.g., site ODP 806B) is characterized by
lower salinities associated with the eastward migration of
the convection cell. Thus the broad regional freshening
of the WPWP is consistent with a change in the mean state
of the WPWP hydrologic cycle. On the basis of d18Osw

record from the Sulu Sea (MD97-2141) it was argued that
the freshening might have resulted from a southward
migration of the Intertropical Convergence Zone (ITCZ)
during the LGM, rather than from El Niño-like conditions
[Rosenthal et al., 2003]. The three cores discussed here are,
however, very close to the equator, and therefore should not
be affected, to a large extent, by ITCZ displacements. This
hypothesis, though not impossible, is very unlikely to have
contributed significantly to the freshening of the WPWP on
orbital timescales. Thus neither seasonal (i.e., migration of
the ITCZ) nor interrannual (i.e., ENSO like) analogies of
modern climate variability can accurately account for past
changes in western equatorial Pacific surface hydrography.
[44] Last, we examine the third diagnostic parameter of

the equatorial Pacific mean state, that is the thermocline
depth as reconstructed from planktonic foraminifera in the
MD972138 core (Figure 6d). The thermocline depth record
appears to match reasonably well with a primary production
record estimated from coccolithophores from the same core
[Beaufort et al., 2001], with increased primary production
associated with deepening of the western equatorial Pacific
thermocline during the deglaciation. These observations
suggest an increase in the trade winds during the termina-
tion, which leads to an increase of primary production, and
a deepening of the thermocline in the western Pacific, in a
pattern more consistent with La Niña than El Niño con-
ditions. This interpretation is also consistent with pCO2

reconstructions from Ontong-Java plateau, which point
toward a La Niña like pattern during the last termination
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Figure 6. Comparison of proxy records which are diagnostic of modern ENSO state of the equatorial
Pacific. (a) Comparison of MD97-2138 western Pacific temperature records derived from different
proxies with a temperature record (V21-30) from the eastern Pacific cold tongue [Koutavas et al., 2002].
(b) The d18Osw ice-corrected record for G. ruber and G. sacculifer in MD97-2138 core. (c) Difference in
MD97-2138 G. ruber minus G. sacculifer temperatures (blue line) and d18Osw (red line). The raw data
were smoothed using a moving average window ranging 5 points. (d) MD97-2138 Primary production
inferred from coccolithophorid assemblages and thermocline depth reconstruction based on foraminiferal
transfer function (bold line). (e) Precession and mean NINO3 time series as derived by Clement and Cane
model [Clement et al., 1999]. The shaded area corresponds to the 17–20 kyr B.P. interval.
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[Palmer and Pearson, 2003]. Such a mechanism has been
attributed to precessional forcing of the mean equatorial state
as modelled by a simple coupled ocean-atmosphere forced by
orbital parameters [Clement et al., 1999] (Figure 6e).
[45] The pattern of deglacial change in primary produc-

tion and thermocline depth (Figure 6d) contrasts with the
primary production reconstruction which can be inferred
from the total C37 concentration record in MD97-2138
(Figure 2e). Higher concentration in total C37 during the
early last glacial period compared with the Holocene,
suggests a significant decrease in primary production during
the last deglaciation in the western Pacific. This pattern is
supported by the large increase during the LGM of the
content and accumulation rate of total organic matter
measured in the nearby core MD97-2140 [Thevenon et
al., 2004]. The apparent discrepancy between the organic
proxies, the nannoflora indicator of primary production and
foraminiferal tranfer function for thermocline depth, is
problematic and will be explored in subsequent studies.
Increased dissolution of the carbonates during the last
glacial stage might have altered the accuracy of these
geochemical, faunal and floral proxies. In summary, despite
major changes occuring during the termination, no signif-
icant change in the western Pacific warm pool thermocline
depth between the LGM and the Holocene is observed in
the MD98-2138 record. This result confirms the lack of
substantial evidence for an El Niño-like state of the equa-
torial Pacific during the LGM.

6. Conclusions

[46] Using a multiproxy approach, we show that LGM
surface temperatures of the western equatorial Pacific as
inferred from Mg/Ca in the surface dwelling planktonic
foraminifer, G. ruber, were about 2.5� ± 0.7�C cooler than
during the Holocene. On the other hand, temperature
estimates based on Mg/Ca in G. sacculifer, alkenones and
planktonic foraminifera faunal transfer functions converge
toward lower glacial-interglacial amplitude within the range
of 1.8� ± 0.7�C estimated from Mg/CaG.sacculifer. The
smaller cooling inferred from the later proxies is presum-
ably reflective of subsurface temperature rather than strict
SSTs, though some uncertainties on the vertical distribution
of the foraminifera remain. These estimates of LGM-

Holocene SST changes account for potential biases of
foraminiferal Mg/Ca due to variations in dissolution intensity
and variable sedimentation rates among the different WPWP
cores. Often, WPWP records showing a minimal glacial-
interglacial surface cooling, as inferred from Mg/Ca in
G. ruber, come from low sedimentation rates cores (<8 cm/
kyr). Though bioturbation of glacial and interglacial sedi-
ments clearly contribute to smaller estimates of deglacial
temperature changes in low sedimentation rates areas, the
role of postdepositional dissolution on Mg/Ca temperature
estimates in high sedimentation rate cores needs further
work to be clearly assessed. At the site of MD97-2138,
increased supralysoclinal dissolution during the LGM is
documented by increased fragmentation of planktonic fora-
minifera shells, likely driven by higher organic input (as
documented by C37 concentration). Whereas the accurate
impact of the supralysoclinal dissolution on glacial-
interglacial amplitude cannot be resolved without a quanti-
tative estimate of dissolution, we estimate that its maximum
bias on the HL-LGM Mg/Ca-temperature estimate from this
core was less than 1.5�C for G. ruber and 1�C for
G. sacculifer.
[47] The d18Osw reconstructions indicate a surface fresh-

ening of most the WPWP during the LGM except for the
westernmost marginal seas. The thermocline depth did not
change significantly between the LGM and the Holocene
period, although a strong deepening of the thermocline
occurred during the deglaciation.
[48] On the basis of Mg/Ca-based temperatures, d18Osw-

inferred salinity changes and planktonic foraminifera ther-
mocline-depth reconstructions, we argue that the WPWP
hydrography changes during the LGM cannot be described
simply in terms of ENSO analogies.
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