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[11 We have generated a new high-resolution record of variations in planktonic foraminiferal oxygen
isotopes (6'*0) and Mg/Ca from a sediment core (IMAGES 97-2141) in the Sulu Sea located in the
Philippine archipelago of western tropical Pacific. This record reveals distinct, suborbital-scale §'%0
changes, most notably during Marine Isotope Stage 3 (MIS3) (~30,000 to 60,000 years B.P.). The
amplitudes of these 8'*0 fluctuations (0.4 to 0.7%0) exceed that which can be attributed to sea level
changes and must be due to changes in sea surface conditions. In the same interval, variations in planktonic
foraminifera Mg/Ca suggest that suborbital surface ocean temperature variations of 1 to 1.5°C in the Sulu
Sea were not in phase with '®0. Combined, this evidence indicates that the MIS3 millennial §'*0 events
in the Sulu Sea were primarily the result of changes in surface water salinity, which today is directly related
to the East Asian Monsoon (EAM) and its influence on the balance between surface water contributions
from the South China Sea and Western Pacific Warm Pool (WPWP). Within dating uncertainties the MIS3
Sulu Sea §'®0 suborbital variability indicates that times of fresher surface conditions in the Sulu Sea
coincide with similar conditions in the WPWP [Stott et al., 2002] and also with intensifications of the
summer EAM as recorded in the U-Th dated Chinese (Hulu Cave) speleothem 6'%0 record [Wang et al.,
2001] and thus by inference with interstadials in the Greenland Ice core records. Combined, these results
indicate that pronounced suborbital variability in the summer EAM and Intertropical Convergence Zone
(ITCZ) during MIS3 was tightly coupled with climate conditions in the northern high latitudes.
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1. Introduction

[2] The wealth of data showing suborbital climate
variability outside the North Atlantic region has
raised important questions about the behavior of
tropical climate systems on suborbital scales and
their linkage to climate variations in the Northern
Hemisphere. Several detailed tropical and subtrop-
ical marine and terrestrial archives reveal that low
latitude climate systems varied on suborbital time-
scales at certain times in the late Pleistocene
[Linsley and Thunell, 1990; Sirocko et al., 1999;
Wang et al., 1999; Peterson et al., 2000; Kienast et
al., 2001; Kudrass et al., 1991, 2001; Wang et al.,
2001; Stott et al., 2002; Koutavas et al., 2002].
However, the number of paleoclimate records from
the deep tropics that resolve suborbital climatic
variability remains inadequate to temporally and
spatially constrain this variability. This is particu-
larly the case for the tropical western Pacific and
the important climate components that include the
East Asian Monsoon (EAM), the Western Pacific
Warm Pool (WPWP) and the Intertropical Con-
vergence Zone (ITCZ).

[3] Important new discoveries pertaining to past
changes in the EAM and WPWP come from
isotopic results from the midlatitude Hulu Cave
(33.5°N) in China [Wang et al., 2001] and from a
sediment core off the southeastern coast of the
Philippines in the WPWP [Stott et al., 2002]. The
Hulu Cave U-Th dated stalagmite §'*0 record
strongly suggests that the summer/winter precip-
itation ratio in the EAM varied on both orbital and
suborbital time-scales in the latest Pleistocene and
that these variations are synchronous with stadial
and interstadial climatic events in the North Atlan-
tic. Specifically, times of summer monsoon dom-
inance correlate to North Atlantic interstadials. The

Stott et al. [2002] results indicate lower salinity
conditions in the WPWP during interstadials of
Marine Isotope Stage 3 (MIS3) in conjunction with
intensification of the ITCZ. In this contribution we
present new evidence from a sediment core recov-
ered from the Sulu Sea at 8.8°N in the western
tropical Pacific indicating that both surface salinity
and temperature varied on 5—10 Kyr timescales
(““Dansgaard/Oeschger”; D/O) during MIS3.
Whereas salinity variations appear to be driven
by variations in the EAM, the Sulu Sea surface
temperature record appears to co-vary with the
Antarctic Byrd §'0 record suggesting that temper-
ature in this region may share a common forcing
with Antarctic air temperature. Thus, suborbital
variations in surface ocean properties at this single
tropical site exhibit the fingerprint of both northern
Hemisphere and southern Hemisphere high latitude
climate.

2. Hydrography

[4] The Sulu Sea is a marginal basin in the western
tropical Pacific with a maximum depth of more
than 4900 m. The basin exchanges surface water
with surrounding basins over shallow sills, with the
deepest sill connecting the Sulu Sea to the South
China Sea at 420 m through the Mindoro Strait
[Wyrtki, 1961]. The South China and Sulu Seas are
located in the northern part of the Asian-Australian
monsoon region where increased precipitation dur-
ing the summer months is the result of the
increased influence of the ITCZ as part of the
EAM. The high average annual atmospheric tem-
peratures in the region induce evaporation of
oceanic water, formation of low-pressure cells
and seasonally heavy rain. During the Northern
Hemisphere summer monsoon, winds blow from
the southeast and bring the seasonal precipitation
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maximum. The winter component of the EAM has
a stronger northwesterly wind field, with less
associated precipitation [Chen et al., 1997].

[s] Seasonal sea surface temperature (SST) varia-
bility is greater in the northern South China Sea
than the Sulu Sea due to the inflow of cold water
through the Luzon Strait and excess evaporation
that reduces SSTs during the months of the winter
monsoon (Figure 1). Annually, SST varies about
2°C in the Sulu Sea and southern South China Sea
(Figure 1) compared to 5°C in the northern South
China Sea. Salinity in the entire region varies
seasonally between 32.8 and 34.5%o. In the Sulu
Sea, seasonal variations in monsoon precipitation,
riverine discharge, and in the direction of surface
currents result in a 0.5%0 annual surface salinity
variation with a surface salinity minimum occur-
ring on average in October [Wyrtki, 1961; Conk-
right et al., 1998] (Figure 1). The high average
annual precipitation leads to an overall hydrologic
balance where there is a gain of fresh water from
precipitation.

[6] On interannual time-scales, the El Nifio South-
ern Oscillation (ENSO) affects the Sulu Sea and
South China Sea in significantly different ways.
Climatic conditions in the southern South China
Sea are more strongly correlated to ENSO whereas
the Sulu Sea is located at a correlation ‘“hinge”
point with a weaker correlation to ENSO. The
center of convection and precipitation moves east-
ward into the central Pacific, away from the Sulu
Sea and WPWP during El Nifio events [Waliser
and Gautier, 1993; Hoerling et al., 1997]. These
are times when rainfall totals associated with the
Indian summer monsoon, the East Asian summer
monsoon, and the North Australian summer mon-
soon, are all generally well below average [ Webster
et al., 1998]. Under La Nifia conditions, strong
trade winds fuel a more intense summer monsoon,
and areas of eastern China, Thailand, and the South
China Sea experience increased precipitation. Also,
during La Nifia events, rainfall increases slightly in
the Sulu Sea, and increases dramatically to the west
in the core of the WPWP. On interannual time-
scales SST in both basins varies in response to the
phase of ENSO. During EI Nifio events, SST in the
Sulu Sea decreases slightly, contrasting with a

strong warming in the southern South China Sea
that lags several months behind the peak of El Nifio
events [Klein et al., 1999].

[7] During the Holocene and latest Pleistocene,
long-term changes in monsoon and/or ENSO
driven sea surface salinity (SSS) and circulation
in the South China Sea should have directly
influenced SSS of the Sulu Sea. Changes in sea
level could also have served to amplify the effect of
the South China Sea on the Sulu Sea. Due to the
relatively lower sea level during MIS3, the Sunda
Shelf route of surface water circulation into the
Indian Ocean was at least partially blocked and it is
possible that more of the fresh water discharge
from rivers draining South East Asia was focused
in the Sulu Sea region. The lower sea level at this
time could have also amplified the influence of
rivers draining Borneo and the Philippines.

3. Methodology

[s] Here we discuss temporal 6'®0 and Mg/Ca
variations in the planktonic foraminifera Globiger-
inoides ruber from Sulu Sea IMAGES core MD97-
2141 (8.8°N, 121.3°1 E, 3,633 m water depth)
during MIS3. The core was collected within sev-
eral kilometers of ODP site 769A to expand on
earlier results from Site 769 [Linsley and Thunell,
1990; Linsley and Dunbar, 1994; Linsley, 1996].
The entire core was slab-sampled and analyzed at 1
cm resolution for §'®0 giving this new record four
times greater temporal resolution (<100 years) than
the previously published §'®0 record for G. ruber
(8"0¢. uper) from ODP site 769A [Linsley, 1996].
Each sample for isotopic analysis consisted of ~10
individual tests (~100 pg) of G. ruber (white
variety; 212—250 pm in diameter). Samples were
reacted with 100% H3PO,4 at 90°C in a MultiPrep
carbonate preparation device. The resulting CO,
gas was analyzed with a Micromass Optima dual-
inlet mass spectrometer at the University at Albany,
State University of New York. The standard devia-
tion of the National Institute of Science and Tech-
nology international reference standard (NBS-19)
analyzed over an 8 month time period (n = 498)
was 0.036%o for §6'%0. All isotopic data are
reported relative to the Vienna Peedee Belemnite
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Average sea surface temperature and sea surface salinity in Indonesia and the western Pacific for the end

of the Northwest winter monsoon (April) and end of the Southeast summer monsoon (October), highlighting
maximum seasonal monsoon changes in surface conditions. Note the location of IMAGES core MD97-2141 that is
marked by a gray circle. In the Sulu Sea the influence of East Asian Monsoon-driven river runoff and precipitation in
Borneo and coastal regions of the mainland is evident as is the influence of the western Pacific on surface salinity

(data from Conkright et al. [1998]).

(VPDB) using the standard & notation. The average
difference in 6'%0 between duplicate analyses of
the same sample of G. ruber (n = 283) was 0.094%.
[Dannenmann, 2001].

[v] Mg/Ca of G. ruber was measured in samples at
approximately 2 cm intervals in MIS3. The clean-
ing procedure for the Mg/Ca analyses followed the

protocol of Rosenthal et al. [1999]. Approximately
80 shells of G. ruber (212—-300 pm sieve-size
fraction) were picked and weighed with a Mettler
M3 microbalance (nominal precision £1 pg). After
weighing, each sample was gently crushed to open
the chambers. The crushed samples were washed
with deionized water, ultrasonicated and rinsed with
methanol. The rinsed samples were treated with a
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Figure 2. Sulu Sea 6'%0 record of G. ruber (6'%0¢ ,uper) versus depth in IMAGES core MD97-2141. Triangles
denote depths of AMS radiocarbon dates (see text) and arrows denote location of three correlation points to the

Martinson et al. [1997] chronology.

hot basic oxidizing solution followed by multiple
weak acid leaching (0.002 HNO;). The cleaned
samples were dissolved with HNO;. Several
authors [Brown and Elderfield, 1996; Hastings et
al., 1998] concluded that this cleaning procedure is
sufficient for Mg/Ca analysis in foraminifera. Mg/
Ca ratios were determined using a Finnigan MAT
Element Sector Field ICP-MS at Rutgers University
following methods discussed in Rosenthal et al.
[1999]. The external precision of the Mg/Ca ratio
was £1.2% as determined by repeated measure-
ments of three consistency standards. The average
standard error (10) for replicate samples was £0.30
pg for weight measurements and +£0.12 mmol
mol ' for Mg/Ca analyses, resulting in a +0.60°C
pooled error of the temperature estimate.

[10] The age model for the upper 17 m of core
MD97-2141 consists of 28 accelerator mass spec-
trometry (AMS) radiocarbon age dates (open tri-
angles in Figure 2; de Garidel-Thoron et al. [2001]
and Dannenmann [2001]), and 3 correlation points
to the Martinson et al. [1987] chronology (arrows
in Figure 2). The AMS-dates at the sample depths
400 cm and 421 cm indicate a gap of 11,000 years
and identify the presence of an erosional hiatus. A

hiatus has not been observed in adjacent ODP769A
site [Linsley, 1996], but this might be due to the
lower resolution AMS '*C dating of this core.

4. Results

[11] The MD97-2141 G. ruber §'*0 record exhib-
its significant suborbital variability and confirms
the presence of abrupt climatic events in the Sulu
Sea during the Younger Dryas Chronozone and
during MIS 5e (Figures 2 and 3b) [Linsley and
Thunell, 1990; Kudrass et al., 1991; Linsley, 1996].
In addition, previously unrecognized millennial-
scale §'®0 changes in G. ruber are clearly seen
in the Sulu Sea during MIS3. The amplitude of
these oscillations, ranging from 0.4 to 0.7%o, is
approximately half of the glacial-interglacial §'*0
amplitude observed at this site. In the same inter-
val, planktonic foraminiferal Mg/Ca exhibits sub-
orbital variability on the order of 0.5 mmol mol ™'
(Figures 3d and 3f).

[12] Estimating SST from the Mg/Ca data is not
straightforward. Currently available calibrations of
Mg/Ca versus temperature that were used for
reconstructing SST in other Pacific cores [Lea et
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Figure 3. Data from the Sulu Sea during the last 70 Kyr compared to Greenland ice core §'%0. (a) Greenland Ice
core (GISPE) §'%0 data [Blunier and Brook, 2001]. Occurrences of Heinrich events H4, H5, and H6 are indicated. (b)
Sulu Sea 8'"0¢ ,uper (¢) Sulu Sea primary productivity as reconstructed from the coccolithophorid record [de
Garidel-Thoron et al., 2001]. (d) Sulu Sea Mg/Cag. ,.pe- (€) Average G. ruber shell mass in pg. Arrow marks the
core-top shell weight. (f) Mg/Ca-based SST estimates. (g) Byrd ice core §'*0 data [Blunier and Brook, 2001].

al., 2000; Dekens et al., 2002] cannot be applied to
the Sulu Sea record. Carbonate preservation in the
Sulu Sea is generally much better than in the open
Pacific Ocean [Linsley et al., 1985; Miao et al.,
1994] because the basin is filled with subsurface
waters entering through the shallow sills and
because the residence time of these waters within
the Sulu Sea is relatively short [Nozaki et al.,
1999]. The high CaCOj; preservation results in
relatively high planktonic foraminiferal Mg/Ca

[Rosenthal et al., 2000]. If the open-ocean calibra-
tion for converting Mg/Ca to SST is used [Lea et
al., 2000], SST estimates are unreasonably high.
This is because the calibration was performed with
core tops having undergone some post-depositional
dissolution and Mg loss. Hence, we use a new
dissolution-corrected calibration for G. ruber
[Rosenthal and Lohmann, 2002]. This calibration
is based on the observation of a strong linear
correlation between changes in foraminiferal test
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weight/size ratio and bulk foraminiferal test Mg/Ca
in core-top samples and the degree of calcite
saturation of the bottom water. In the new cali-
bration the pre-exponential constant is linearly
correlated with the extent of preservation/dissolu-
tion of the foraminiferal shell, expressed as a
function of the size-normalized shell weight (wt.):
(Mg/Ca)g. ruber = (0.025wt + 0.11)Exp(0.095SST)
[Rosenthal and Lohmann, 2002], and hence mini-
mizes the influence of dissolution, which is known
to preferentially lower foraminiferal Mg/Ca [Brown
and Elderfield, 1996; Rosenthal et al., 2000]. Using
the average, core-top shell weight (212-300 pm
size fraction) of 6.74 ng, the Mg-temperature rela-
tionship for the Sulu Sea is (Mg/Ca)g. ruper =
0.279Exp(0.095SST). Applying this equation to
core top Mg/Ca of 4.32 mmol mol ™' we estimate
SST of 28.9°C, in excellent agreement with modern
mean annual value of 28.7°C [Levitus and Boyer,
1994]. We use the latter equation (i.e., assuming a
constant shell weight of 6.74 pg) for the entire
record of MIS3.

[13] Several lines of evidence argue against a
significant dissolution influence on the Mg/Ca
record during MIS3. Today, the Sulu Sea calcite
lysocline and aragonite compensation depth occur
near 3800 m and 1400 m, respectively, signifi-
cantly deeper than in the adjacent open Pacific and
South China Sea [Linsley et al., 1985; Miao et al.,
1994]. The high carbonate saturation level is
related to the chemistry and temperature of the
water entering the basin through the shallow sills
separating the Sulu Sea from the Pacific Ocean and
South China Sea. Past studies indicate enhanced
carbonate preservation in the Sulu Sea during the
last glaciation [Linsley and Thunell, 1990; Miao et
al., 1994] and upper section of MIS3 relative to the
Holocene. This is likely related to the fact that with
sea level lowering, the water entering the deep Sulu
Sea originates closer to the surface and has a higher
carbonate ion concentration. In the Sulu Sea,
planktonic foraminiferal Mg/Ca decreases from 4
mmol mol ™' at 60 ka B.P. to 3.55 mmol mol ' at
30 ka B.P. During this interval the average shell
weight is 7.2 £ 0.5 pg and is not significantly
different than that of core-top samples (Figure 3e).
This suggests that carbonate preservation was sim-

ilar or slightly better than at present. Therefore, we
believe that variations in foraminiferal Mg/Ca
observed during MIS3 are primarily driven by
temperature rather than dissolution.

[14] During MIS3, our Mg/Ca-based SST estimates
suggest that on average, Sulu Sea SST was about
2°C colder throughout MIS3 than at present and
there appears to be a small cooling trend of ~0.5°C
from early to late MIS3 (Figure 3f). This estimate
is comparable with the Mg/Ca, and UY, -based
estimates of ~2°C cooling during MIS3 from the
Ontong Java Plateau (OJP) [Lea et al., 2000] and
southern SCS [Pelejero et al., 1999]. The Mg/Ca
record also indicates the occurrence of millennial-
scale variability in Sulu Sea SST on the order of
1 to 1.5°C.

[15] We calculated §'®*Ogeawater for the interval from
70 to 28 Kyr by removing the SST-driven compo-
nent of changes in G. ruber 6'0 using the relation-
ship 1°C = —0.22%o [Bemis et al., 1998] (Figure
4d). Throughout MIS3, 880 cawater i the Sulu Sea
remains ~0.4%o lower than §"®Ogeawater i the
WPWP [Lea et al., 2000; Stott et al., 2002]. This
is apparently due to the effects of lower sea level, a
generally weaker summer monsoon, and a stronger
winter monsoon, all favoring the input of lower
salinity South China Sea surface water to the Sulu
Sea over saltier WPWP surface water at this time
[Oppo et al., 2002].

[16] The 6" Ogeawater record clearly shows several
~0.5%0 suborbital variations within MIS3 and
MIS4 that generally coincide with the lower reso-
lution WPWP 8'®Ogeawater record calculated here
using the Stott et al. [2002] §'*0g. ruper and
G. ruber Mg/Ca-based SST results and the Bemis
et al. [1998] equation (Figure 4d). Comparison to
coral-based sea level estimates [Chappell et al.,
1996; Yokoyama et al., 2001] converted to §'%0
(Figure 4d) [125m = 1%0; Chappell, 2002] suggests
that approximately 0.1 to 0.2%o of the 0.5%0 MIS3
6180 eawater Variations may be due to suborbital
changes in sea level [Yokoyama et al., 2001]. The
remaining ~0.3%o additional §'®*0 change in the
MIS3 §'®0 events is most likely due to changes in
sea surface salinity (SSS). In addition, the presence
of the 8.2 kyr event in Sulu Sea §'®0 (a time of
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from the Sulu Sea and Mindanao and isotopic data from the Chinese Hulu Cave between 25 and 70 Kyr. The
Greenland and Antarctica timescales are based on correlating atmospheric methane records from these cores [Blunier
and Brook, 2001]. Sulu Sea data are on an independent timescale. (a) Greenland Ice core (GISP2) §'%0 data [Blunier
and Brook, 2001]. Occurrences of Heinrich events H4, H5, and H6 are indicated. (b) §'%0 of Hulu Cave stalagmites
in China [Wang et al., 2001]. (c) Sulu Sea §'*0g. uper of MD97-2141 (green) compared with the WPWP record of
MD97-2181 (purple; Stott et al. [2002]) (d) Sulu Sea 8'®*Ogeawater (green) has been calculated using the empirically
derived temperature-6'®0 relationship based on planktonic foraminifera generated by Bemis et al. [1998] and Mg/Ca -
derived SST. Superlmposed are sea level data (black open circles) reported by Chappell et al. [1996] and Yokoyama et
al. [2001]. Red curve is 680 eawater for the central WPWP from Lea et al. [2000] and purple curve is 6180 eawater fOT
the WPWP calculated using the Stott et al. [2002] results and the same method we used with the Sulu Sea data
presented here. (¢) Mg/Ca temperature estimates for the Sulu Sea (green) and WPWP (purple; Stott et al. [2002]). (f)
Byrd ice core §'*0 data [Blunier and Brook, 2001].
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minimal sea level change) and the Younger Dryas
oscillation (not associated with a large global sea
level event [Fairbanks, 1989]) also argue against
complete sea level control of suborbital 61805@.awater
variability in the Sulu Sea (Y. Rosenthal et al., The
amplitude and phasing of climate change during
the last deglaciation in the Sulu Sea, western
equatorial Pacific, manuscript in preparation,
2002) (Figure 3). Assuming that ~0.3%o0 of the
§"804eawater €VENts was due only to SSS variations,
these scale to approximately 0.6 p.s.u. [Broecker
and Denton, 1989] to 1.0 p.s.u. [Fairbanks et al.,
1997] salinity variations. Based on current hydrog-
raphy, the most probable cause of the §"8O0gcawater
variations during MIS3 is past variability of the
ITCZ/EAM system, both due to its influence on
precipitation and on the surface flows that control
the relative input of fresh SCS versus saltier
WPWP waters.

5. Discussion

[17] The connection between European climate and
the Asian monsoons has been the focus of many
recent observational and modeling studies. These
studies suggest that heavy snow cover over Eurasia
in winter is usually followed by a weak summer
monsoon, largely because delayed snowmelt
results in cooler spring and summer temperatures
and reduces the land-sea temperature contrast
[Barnett et al., 1989; Douville and Royer, 1996,
and references therein]. Overpeck et al. [1996]
extended these results to the Younger Dryas cold
event by showing that cold North Atlantic SSTs
and a moderate-sized Scandinavian ice sheet
resulted in a delay of Tibetan Plateau snowmelt
in a model. While focusing on the Younger Dryas,
suborbital variations in North Atlantic SSTs would
possibly have a similar influence on the land-sea
temperature contrasts, and hence monsoon inten-
sity, during MIS3.

[18] Previous studies of sediment cores from the
northern South China Sea found millennial-scale
changes in precipitation and runoff that were
thought to be related to the East Asian monsoon
system [Wang et al., 1999]. Additional strong
evidence for suborbital EAM variability comes

from speleothems in the Hulu Cave in China
(33.5°N; 119°E). The Hulu Cave stalagmites have
yielded a reproduced U-Th dated §'*0 record of
interpreted EAM variability [Wang et al., 2001]
spanning 11,000 to 75,000 years B.P. (Figure 4b).
This record exhibits pronounced suborbital varia-
tions that are remarkably similar to those observed
in the Greenland ice cores during MIS3 with times
of summer monsoon dominance correlating to
North Atlantic interstadials. The strong similarity
between the timing and relative amplitude of
changes in the Hulu Cave 6'®O and Sulu Sea
§"80¢cawater records indicates that suborbital varia-
tions in the summer EAM exerted a profound
influence on the surface hydrography of the SCS
and Sulu Sea. Apparent temporal offsets between
the two records are probably due to errors in the
less constrained Sulu Sea MIS3 chronology.

[19] In the Sulu Sea, coccolithophore-based pri-
mary productivity (PP) estimates from the same
core analyzed in this study, have been proposed
as an index of Northwest winter EAM variability
[de Garidel-Thoron et al., 2001] (Figure 3c). A
high PP index records times of a shallower
nutricline due to increased wind stress under an
intensified winter monsoon [de Garidel-Thoron et
al., 2001]. This PP index of EAM variability also
shows a weak correlation to North Atlantic cli-
mate variability (Figure 3). However, the stronger
resemblance of the Sulu Sea 80 .yaer record
suggests tighter coupling between Sulu Sea
region precipitation/runoff/surface flow and the
EAM/North Atlantic than between the changes
in PP and higher latitude climate variability
(Figure 4). The reason for this difference in Sulu
Sea monsoon proxies is unclear, but may indicate
additional, complicating influences on primary
productivity, or a nonlinear response of PP to
EAM forcing.

[20] The U-Th dated Hulu Cave §'®0 record indi-
cates that variability of the southeast EAM (Figure
4) is closely tied to changes in Greenland air
temperatures with times of summer monsoon dom-
inance correlating to North Atlantic interstadials
[Wang et al., 2001]. The EAM provides a link
between North Atlantic climate and the Sulu Sea.
During MIS3, relatively fresh surface waters in the
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Sulu Sea coincide with a greater summer/winter
precipitation ratio in the EAM, and also with the
warm phases of suborbital cycles in the North
Atlantic. This result suggests that suborbital cli-
mate variability during MIS3 in the Northern
Hemisphere and in the low latitudes maybe con-
nected via the WPWP (and Indian Ocean) to the
North Atlantic. Using modern instrumental SST
data, a similar conclusion was reached by Hoerling
et al. [2001], who found that the recent 20th
century warming of the tropical western Pacific
and Indian Oceans has forced a commensurate
trend in the North Atlantic.

[21] Unlike §'®0, the Sulu Sea Mg/Ca-based SST
record shows little resemblance to high latitude
Northern Hemisphere climatic change. Throughout
MIS3, Mg/Ca-based SST estimates suggest that on
average, Sulu Sea SST was about 2°C colder than
present (see Figure 3f). The Mg/Ca record also
indicates the occurrence of suborbital variability in
Sulu Sea SST throughout MIS3 on the order of 1 to
1.5°C (Figures 3 and 4). The sign and timing of
this variability appears closely related to variability
in the Antarctic Byrd ice core §'%0 (Figure 4).
Understanding the nature of the possible linkage
between Antarctic air temperatures and the Sulu
Sea Mg/Ca-SST record is difficult. One potential
explanation involves long-term changes in the
ENSO system, perhaps coupled to changes in the
EAM.

[22] Modeling experiments suggest that ENSO
could vary on millennial time-scales [Clement et
al., 1999], and perhaps drive millennial variability
elsewhere [Schmittner and Clement, 2002]. Under
this scenario an interval of more numerous El
Nifio-warm mode events would favor the melting
of Northern Hemisphere ice sheets [Cane, 1998;
Clement and Cane, 1999]. The recent modeling
results of Schmittner and Clement [2002] support
climatological evidence [Weyl, 1968; Latif et al.,
2000; Latif, 2001] suggesting that times of more
frequent or prolonged El Nifio warm phase events
result in a net transport of fresh water from the
Atlantic to the Pacific, thus making the surface of
the tropical Atlantic saltier. This in-turn enhances
thermohaline circulation in the Atlantic and
slightly warms the North Atlantic [Schmittner

and Clement, 2002]. The opposite is true at the
Antarctic Peninsula where El Niflo-warm events
tend to be times of extensive sea ice [Yuan and
Martinson, 2000]. Thus suborbital ENSO telecon-
nections could drive changes of opposite sign in
both the high latitude Northern and Southern
Hemispheres which is a possible explanation for
the apparent northern Hemisphere response of the
Sulu Sea 8" Oqcawater signal and the Southern
Hemisphere response of the Sulu Sea Mg/Ca signal
during MIS3.

[23] Possible paleoceanographic evidence for sub-
orbital ENSO variations has recently come from
the far western tropical Pacific. Using a sediment
core from the open WPWP near the Philippines,
Stott et al. [2002] have documented suborbital
variations in MIS3 6180seawater that also indicate
higher (lower) salinities during stadials (intersta-
dials). They suggest that these suborbital §'*O,.
scawater variations in MIS3 resulted from
variations in the ITCZ and timing of the EAM.
They further suggest that these suborbital salinity
variations in the WPWP are consistent with a
long-term (suborbital) ENSO hypothesis with El
Nifio-like conditions correlating with stadials in
high latitudes and La Nifia conditions correlating
with interstadials.

[24] As previously discussed, the current climatic
response of the Sulu Sea to ENSO forcing is
complex due to its location on a correlation hinge
point between the EAM and WPWP. For example,
while the WPWP warms and receives more rainfall
during La Nifia events, the southern South China
Sea cools and receives less rainfall. During ENSO
events under present boundary conditions, the Sulu
Sea appears to register a mixed SST and precip-
itation response from both the South China Sea
and the WPWP. Thus, although our results cannot
be used to directly support an ENSO mechanism
for late Pleistocene suborbital climatic variability,
they are consistent with such a mechanism. Evi-
dence in the Cariaco Basin for enhanced precip-
itation and runoff during MIS3 interstadials
[Peterson et al., 2000] is also consistent with this
mechanism [Stott et al., 2002; Oppo et al., 2002].
We add however, that remote ENSO teleconnec-
tions like those to the North Atlantic or Antarctica
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may differ under different boundary conditions,
and hence additional highly resolved records to
test an ENSO mechanism should come from trop-
ical areas dominated by ENSO variability today,
rather than from remote or correlation hinge-point
regions like the Sulu Sea that only exhibit ENSO-
related climate variability. Furthermore, as dis-
cussed in a companion paper [Oppo et al., 2002],
modeling studies suggest ways that tropical
regions respond to known suborbital changes in
the North Atlantic region, and hence even the
direction of tropical-extratropical connections on
suborbital timescales continues to be a subject of
lively debate.

[25] In summary, our data unambiguously demon-
strate that the effect of suborbital variations in the
summer EAM extended beyond the South China
Sea, into the Sulu Sea, and also coincide with
suborbital surface ocean variability in the WPWP
[Stott et al., 2002]. Our results, showing that the
Sulu Sea records the fingerprint of both Northern
and Southern Hemisphere climate change, is con-
sistent with variability of ENSO on suborbital
cycles, and underscores the need for more records
that unambiguously record long-term changes in
ENSO variability.
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