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Reconstructing the southern South China Sea upper water column
structure since the Last Glacial Maximum: Implications for the East
Asian winter monsoon development
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[1] Upper water column dynamics in the southern South China Sea were reconstructed in order to track changes
in the activity of the East Asian winter monsoon (EAWM) since the Last Glacial Maximum. We used the
difference in the stable oxygen isotopes (Dd18O) and Mg/Ca‐based temperatures (DT) of surface‐dwelling
(G. ruber) and thermocline‐dwelling (P. obliquiloculata) planktonic foraminifera and the temperature
difference between alkenone‐ and P. obliquiloculata Mg/Ca‐based temperatures to estimate the upper ocean
thermal gradient at International Marine Past Global Change Study (IMAGES) core MD01‐2390. Estimates
of the upper ocean thermal gradient were used to reconstruct mixed layer dynamics. We find that our Dd18O
estimates are biased by changes in salinity and, thus, do not display a true upper ocean thermal gradient. The
DT of G. ruber and P. obliquiloculata as well as the alkenone and P. obliquiloculata suggest increased
surface water mixing during the late glacial, likely due to enhanced EAWM winds. Surface water mixing
was weaker during the late Holocene, indicating a weaker influence of winter monsoon winds. The weakest
winter monsoon activity occurred between 6.5 ka and 2.5 ka. Inferred EAWM changes since the Last Glacial
Maximum coincide with EAWM changes as recorded in Chinese loess sediments. We find that the intensity
of the EAWM and the East Asian summer monsoon show an inverse behavior during the last glacial and
deglaciation but covaried during the middle to late Holocene.
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1. Introduction

[2] The monsoon system represents one of the critical
elements of global atmospheric circulation that controls the
redistribution of latent and sensible heat. The seasonal
reversal of the East Asian summer monsoon (EASM, May–
August) and EAWM (October–March) dominates the
winds, precipitation, the character of land vegetation and
biota over SE Asia, and river runoff in the South China Sea
(SCS). These seasonal changes in atmospheric circulation
and precipitation affect the ocean leading to strong season-
ality in current strength and direction, sea surface tempera-

ture (SST) and salinity (SSS), productivity, and upper water
column structure of the SCS [Wyrtki, 1961].
[3] Changes in the East Asian monsoon (EAM) intensity

have been previously reconstructed through the analysis of
several proxy records (e.g., SST, SSS, and productivity) in
marine sedimentary archives from the SCS [see P. Wang et
al., 2005, and references therein]. However, in the SCS, the
interpretation of these proxy records in terms of EAM
intensity variations is complicated because global ice vol-
ume induced eustatic sea level changes interact strongly
with EAM variability [e.g., Pelejero et al., 1999; Tamburini
et al., 2003; Zhao et al., 2006, Steinke et al., 2006; Yu et al.,
2006]. Reconstructed SSTs are a prominent example for the
overriding control of sea level changes on SCS proxy
records. Modern SST patterns in the SCS are controlled by
the seasonal reversal of the summer and winter monsoon
atmospheric circulation, whereas on glacial‐interglacial time
scales, SST patterns were strongly affected by sea level
induced changes in the SCS basin geometry [e.g., Pelejero
et al., 1999; Zhao et al., 2006].
[4] Salinity reconstructions are another example of the

close interaction between EAM variability and sea level
changes on SCS proxy records. In this context, salinity
reconstructions are used to provide important information on
the glacial‐interglacial variability of the riverine runoff as a
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result of changes in monsoon precipitation over the Asian
continent, as demonstrated e.g., for the Bay of Bengal
[Kudrass et al., 2001] and the Andaman Sea [Rashid et al.,
2007]. Salinity reconstructions in the southern SCS, how-
ever, reflect the combined effects of sea level induced
environmental changes (i.e., exposure of the Sunda shelf and
closure of straits, phases of retreat and breakdown of the
shelf drainage systems through flooding of the shelves) and
EAM changes on glacial‐interglacial time scales [Steinke et
al., 2006]. Therefore, they do not allow definite implications
on the EAM intensity since the Last Glacial Maximum
(LGM). Hence, the simple interpretation of EAM signals
based on marine sediment proxy records in the SCS remains
elusive [e.g., P. Wang et al., 2005; Yu et al., 2006]. Reliable
marine proxies in the SCS that are unaffected by sea level
variations are required in order to improve our understand-
ing of the past behavior of the EAM.

[5] Because the upper part of the water column directly
responds to seasonal changes in wind stress [Wyrtki, 1961;
Qu et al., 2007], reconstructing the state of the surface ocean
structure represents a sensitive diagnostic variable of past
changes in the EAM intensity. Huang et al. [1997] sug-
gested that the EAWM winds strengthened in the northern
SCS during the last glaciation, leading to a deep mixing of
surface waters. Previous studies in the two prominent SCS
upwelling areas off Vietnam and the Philippines suggested
the alternating prevalence of winter and summer monsoons
during glacial and interglacial intervals [Jian et al., 2001;
Huang et al., 2003]. More recently, a long‐term study (the
last 1.5 Ma) using the oxygen isotope difference between
subsurface (thermocline) dwelling and surface (mixed layer)
dwelling planktonic foraminifera has revealed an increased
mixed layer depth in the southern SCS during glacial peri-
ods, most likely due to stronger EAWM winds (ODP Site
1143 [Tian et al., 2005]) (see Figure 1 for core location). In

Figure 1. Map of the South China Sea showing the location of core MD01‐2390. The location of core
ODP Site 1143 [Xu, 2004; Tian et al., 2005] and sediment traps (triangles [Wiesner et al., 1996; Tian et
al., 2005; Lin et al., 2004]) discussed in the text are also indicated. The 100 m isobath approximately
represents the coastline during the Last Glacial Maximum (LGM). Small black arrows show the modern
surface water circulation during northeasterly winter monsoon, and small open arrows show the surface
water circulation during southwesterly summer monsoon. Modern surface water currents are adopted
from Wyrtki [1961]. The large black and large open arrows indicate the wind direction during the winter
monsoon and summer monsoon season, respectively.
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contrast, a decreased mixed layer depth due to weaker
winter monsoon winds characterizes the interglacial periods
[Tian et al., 2005; Xu et al., 2005]. However, these studies
used relatively long records in which temporal resolution is
not sufficient to detect millennial‐scale changes in the upper
surface water structure. Consequently, the millennial‐scale
history of EAWM variability has not yet been fully deter-
mined in the southern SCS.
[6] Here we apply a multispecies approach of stable

oxygen isotopes and Mg/Ca‐based temperature differences
between surface dwelling (two G. ruber white morphotypes;
G. ruber sensu stricto (s.s.) and G. ruber sensu lato (s.l.))
and subsurface dwelling (P. obliquiloculata) planktonic
foraminifera species from core MD01‐2390 located in the
southern SCS. In addition, we used the difference between
alkenone‐ and P. obliquiloculata Mg/Ca‐based tempera-
tures. The aim of using the different approaches is to esti-
mate the upper ocean thermal gradient and hence, past
changes in surface ocean vertical structure since the LGM.
Through the investigation of past changes in the surface
ocean vertical structure, we are able to detect millennial‐
scale changes in the EAWM intensity in the southern
tropical SCS region.Moreover, comparing multiproxy results
from a single dated core allows us to determine potential
biases of each specific approach.

2. Modern Oceanography and Hydrography

[7] Today, surface water masses and the hydrographic
patterns of the SCS are largely controlled by the seasonally
reversing EAM regime, which causes drift currents to
change their flow direction [Wyrtki, 1961; Shaw and Chao,
1994] (Figure 1). During winter, high‐pressure systems
develop over Asia, causing cold and dry winds to persist
(northeasterly monsoon), whereas in summer low pressure
systems develop over Asia, drawing maritime tropical air
masses in, and causing summer precipitation (southwesterly
monsoon [Ding, 1994]). During the EAWM season, the
dominant influence of the cold northeasterly winds together
with the southward flow of the cold Chinese Coastal Waters
result in low SSTs in the northern SCS and a strong north‐
south temperature gradient within the SCS. During the
EASM season, warm Indian Ocean surface waters across
the Sunda Shelf flow into the southern SCS [Wyrtki, 1961].
The resulting SSTs are uniformly high (∼28°C–29°C) in the
SCS. In the southern SCS, SST varies between ∼27°C and
∼29°C during the winter and summer seasons, respectively
(Figure 2). Likewise, SSS in the SCS varies seasonally in
response to the monsoonal rains. Annual changes in circu-
lation pattern causes an interchange of low and high salinity
surface water masses [Wyrtki, 1961]. The modern seasonal
SSS in the southern SCS varies between 32.5 and 33.8
practical salinity units (World Ocean Atlas 2005 [Locarnini
et al., 2006]) with the minimum SSS typically occurring
during winter (October to January), when winter monsoon
precipitation prevails. The combination of high pressure
over Asia and low pressure over Australia pushes the Inter
Tropical Convergence Zone (ITCZ) southward, resulting in
e.g., highest rainfall over Borneo and consequently a max-
imum in river runoff [Stephens et al., 2008]. The opposite is

true during the summer when the ITCZ migrates further
north.
[8] Surface ocean structure (the depth of thermocline and

the mixed layer) is also controlled by the annual reversal of
the EAM winds. The mixed layer depth in the SCS varies
between 30 m to 40 m during the summer monsoon, and
70 m to 80 m during the winter monsoon season (Figure 3)
[Wyrtki, 1961; Qu et al., 2007]. Thermocline is deepest in
the northern SCS during winter and shoals southward.
Annual variations in the depth of the mixed layer are weaker
in the southern SCS compared to the northern SCS [Qu et
al., 2007]: the mixed layer is shallowest in April–May
(<35 m) and approaches its seasonal maximum in August–
October (>55 m [Qu et al., 2007]). The deepening of the
mixed layer in the southern SCS is most likely due to wind
stirring and downward Ekman pumping forced by the
southwest summer monsoon [Qu et al., 2007].

3. Strategy and Proxy Variables Used
for Reconstructing the Southern SCS
Upper Water Column Structure

[9] The oxygen isotope difference (Dd18O) between sur-
face‐ and subsurface‐dwelling planktonic foraminifera spe-
cies is a common method used for reconstructing the upper
water column structure, and a qualitative estimate for the
state of the upper ocean thermal gradient over a certain time
period [e.g., Ravelo and Fairbanks, 1992; Ravelo and
Shackleton, 1995; Ravelo and Andreasen, 1999]. The
Dd18O between shallow‐dwelling species and subsurface‐
dwelling species is usually large when the thermocline is
shallow and a large temperature range exists within the
photic zone. In contrast, small isotopic differences normally
indicate a deepened thermocline with a narrow temperature
range within the photic zone [Ravelo and Shackleton, 1995;
Ravelo and Andreasen, 1999]. An underlying assumption of
this approach is that the planktonic foraminifera have the
same seasonal occurrence and a relative stable depth habitat
throughout their ontogenetic cycle. Therefore, their stable
isotopic compositions should reflect differences in the
physical and chemical properties between surface and sub-
surface water masses. Another assumption is that species
variations and bioturbation only play a minor role in con-
trolling the distribution of different species and their isotopic
values [cf. Löwemark et al., 2008].
[10] Tian et al. [2005] used the Dd18O of mixed layer

dwelling species G. ruber and thermocline dwelling species
P. obliquiloculata to infer long‐term changes in the upper
ocean thermal gradient and hence, the EAWM intensity in
the southern SCS. G. ruber has been found to live and
calcify predominantly in the upper 60 m of the mixed layer/
water column [Fairbanks et al., 1980, 1982; Hemleben et
al., 1989]. Sediment trap data from the SCS show a more
or less year‐round occurrence of G. ruber [Wiesner et al.,
1996; Lin et al., 2004; Tian et al., 2005]. In contrast,
P. obliquiloculata has a preferred depth habitat at the upper-
most thermocline [Ravelo and Fairbanks, 1992; Cléroux et
al., 2007; Farmer et al., 2007; Mohtadi et al., 2009]. Based
on sediment trap deployments, P. obliquiloculata reveals
highest fluxes during the winter monsoon season (December
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toMarch) in the SCS [Tian et al., 2005; Lin and Hsieh, 2007].
Tian et al. [2005] demonstrated that oxygen isotope mea-
surements of core top samples from the SCS reveal larger
Dd18O between P. obliquiloculata and G. ruber in the SCS
upwelling areas with a shallow thermocline. In contrast,
Dd18O is smaller in nonupwelling areas with a deeper ther-
mocline [Tian et al., 2005]. This indicates the great potential
of this approach for reconstructing the upper water column
structure in the SCS, whereby the Dd18O is thought to rep-
resent the temperature difference between the surface and the
thermocline waters.
[11] Unlike to the study of Tian et al. [2005], we used two

morphotypes of G. ruber in order to test the effect of the
different G. ruber morphotypes on the upper ocean thermal
gradient estimates. According to Wang [2000], the two
morphotypes of G. ruber (white; G. ruber s.s. and G. ruber
s.l.) inhabit different depths. G. ruber s.s. predominantly
inhabits the upper ∼30 m of the surface waters whereas
G. ruber s.l. is suggested to live below 30 m and/or the

surface salinity layer in the modern SCS [Wang, 2000]. This
is supported by studies from the subtropical gyre in the
North Pacific [Kawahata, 2005] and the seas around
Japan [Kuroyanagi and Kawahata, 2004], which suggest
that G. ruber s.s. is predominant in the surface waters while
G. ruber s.l. is predominant in deeper waters. These findings
are also supported by Mg/Ca ratios and stable isotopes,
indicating a colder calcite precipitation temperature for
G. ruber s.l. shells compared to G. ruber s.s. [Löwemark et
al., 2005; Steinke et al., 2005]. This suggests that G. ruber
s.l. calcifies at a greater depth in the surface waters than
G. ruber s.s. [Löwemark et al., 2005; Steinke et al., 2005].
[12] We further analyzed the d18O of another planktonic

foraminifera species N. dutertrei in order to test the reli-
ability of P. obliquiloculata in representing conditions at
the bottom of the mixed layer or the uppermost thermocline.
N. dutertrei is a subsurface dweller that usually reaches its
maximum abundance at the thermocline [Fairbanks et al.,
1982; Curry et al., 1983].

Figure 2. Monthly (top) temperature and (bottom) salinity for the upper 150 m of the water column in
the southern South China Sea at 112.5°E and 6.5°N (World Ocean Atlas 2005 data [Locarnini et al.,
2006; Antonov et al., 2006]).
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[13] In addition to the approach of Tian et al. [2005],
we estimated the relative depth of the mixed layer using
two other approaches. The first is the Mg/Ca‐based tem-
perature difference between the two G. ruber morpho-
types and P. obliquiloculata (DT(G. ruber‐P. obliquiloculata)).
The second approach uses the difference in alkenone‐ and
P. obliquiloculata Mg/Ca‐based temperatures to infer chan-
ges in the upper ocean thermal gradient in the southern
SCS since the LGM. With respect to the seasonal occur-
rence of alkenone‐producing coccolithophores, a sediment
trap study together with water sample collections from the
northern SCS showed that the alkenone‐producing cocco-
lithophores Emiliania huxleyi and Gephyrocapsa oceanica
predominantly occur in the cold months (winter and spring),
when the northeastern monsoon prevails [Wiesner et al.,
1996; Chen et al., 2007].

4. Material and Methods

[14] Samples were taken from CALYPSO gravity core
MD01‐2390 (06.38, 12°N; 113.24, 56°E; water depth of
1545 m) that was recovered on the Nansha Shallow of the
southern SCS during R/V Marion Dufresne 122/IMAGES
VII‐WEPAMA [Steinke et al., 2006] (Figure 1). Previous
analyses for core MD01‐2390 have included G. ruber
morphotype‐specific d18O and Mg/Ca analyses [Steinke

et al., 2006, 2008] and alkenone determinations for the
depth interval 350–900 cm (11–19 ka [Steinke et al., 2006,
2008]). In this study, the original chronological framework
published by Steinke et al. [2006, 2008] has been improved
by three additional AMS‐14C ages (Table 1; see below).

4.1. Radiocarbon Dating

[15] Additional accelerator mass spectrometry (AMS) 14C
datings were performed on monospecific samples of
planktonic foraminifera Globigerinoides sacculifer. Radio-
carbon age determinations were performed at the National
Ocean Sciences Accelerator Mass Spectrometry Facility,
Woods Hole, USA. Conventional radiocarbon ages were
corrected for isotopic fractionation using d13C values. All
radiocarbon ages were calibrated using CALIB 5.0.1
radiocarbon software [Stuiver et al., 1998] and the marine
04.14c data set [Hughen et al., 2004] without adjusting for a
regional 14C reservoir age (DR = deviation from the average
global reservoir age of ∼400 years; Table 1). Ages have
been linearly interpolated between age control points using
the program AnalySeries 1.1 [Paillard et al., 1996]. In the
following, all ages refer to calibrated (cal) years B.P.

4.2. Stable Oxygen Isotopes

[16] Core MD01‐2390 was sampled at 5 cm intervals
(12.5–597.5 cm) and 10 cm intervals (602.5–907.5 cm) for

Figure 3. Isothermal depth (proxy for mixed layer depth (MLD)) redrawn from Qu et al. [2007] during
March and September in the South China Sea. The isothermal depth in the southern South China Sea is
shallowest during March–May (<35 m) and approaches its seasonal maximum in August–October (>55 m
[Qu et al., 2007]). Note the seasonal reversal of the gradient in mixed layer depth between the southern
and northern South China Sea.
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d18O analyses on P. obliquiloculata yielding a sample res-
olution of ∼140–200 years. N. dutertrei was picked in 10 cm
intervals, equivalent to a sample resolution of ∼200 years.
The sample preparation followed standard procedures: the
dried bulk samples were washed over a 63 mm sieve, dried
at 40°C in an oven, and subsequently dry sieved into sub-
fractions. Oxygen isotope ratios were determined on sam-
ples composed of 15–20 specimens of P. obliquiloculata in
the 250–350 mm size fraction. About 15–20 specimens of
N. dutertrei were picked from the 355–400 mm size fraction.
P. obliquiloculata samples were analyzed using a Finnigan
MAT 251 mass spectrometer with an automated carbonate
preparation device at the Leibniz Laboratory (University of
Kiel). N. dutertrei samples were analyzed at the Department
of Geosciences (University of Bremen). The standard error
of the d18O analyses in Kiel and Bremen is < 0.08‰.

4.3. Mg/Ca Paleothermometry

[17] Mg/Ca analyses of P. obliquiloculata were performed
on a subset of samples with 5 to 40 cm spacing (∼150–
300 year per sample). For each sample, approximately
30–40 specimens of P. obliquiloculata were picked out of
the 250–350mm size fraction. Foraminiferal tests were cleaned
in successive steps following the cleaning protocol developed
by Barker et al. [2003] and analyzed with a Perkin Elmer
Optima 3300R ICP‐OES at the Department of Geosciences,
University of Bremen. Analytical precision for Mg/Ca ratios
is 0.095%. The reproducibility of the ICP‐OES technique,
tested by replicate measurements, is 0.11 mmol/mol. The
Mg/Ca ratios are not affected either by the occurrence of
synsedimentary and postdepositional precipitated Mn oxide
and Mn‐rich carbonate coatings, or by postdepositional
partial dissolution [Steinke et al., 2006, 2008]. Thermocline
water temperature based on P. obliquiloculata was calcu-
lated using the species‐specific calibration equation by
Anand et al. [2003]:

Mg=Ca ðmmol=molÞ ¼ 0:328 exp½0:090 SST ð�CÞ�

The standard error of estimates for various temperature
equations derived from core top and trap calibrations is
typically in the range of 0.5°C‐1.0°C [Lea et al., 2000;
Elderfield and Ganssen, 2000; Anand et al., 2003].

4.4. Alkenone Paleothermometry

[18] Alkenone analyses of the upper 350 cm of the core
were performed on ∼1.5 g freeze‐dried and homogenized
sediments. Alkenones were extracted by ultrasonication
using a sequence of two solvents: dichloromethane and
methanol. An aliquot of the lipid extract was separated into
four fractions (F1, 3 ml of hexane; F2, 3 ml of hexane:toluene
(3:1); F3, 4 ml of toluene; F4, 3 ml of toluene:methanol (3:1))
by silica gel column chromatography (SiO2 with 5% distilled
water; ID, 5.5 mm; length, 45 mm). n‐C24D50 and n‐C36H74

were added as internal standards into the F1 (n‐alkenes) and
F3 (alkenones and alkenoates) fractions, respectively. Gas
chromatography was conducted using a Hewlett Packard
5890 series N gas chromatograph (GC) with cool on‐column
injection and electron pressure control systems and a flame
ionization detector (FID) at the National Taiwan Ocean
University, Keelung. Samples were dissolved in hexane.
Helium was used as a carrier gas, and the flow velocity was
maintained at 30 cm/s. For the analyses of the F3 (alkenones
and alkenoates) fraction, the oven temperature was
programmed from 70°C to 290°C at 20°C/min, 290°C to
310°C at 0.5°C/min., and then isothermal at 310°C for more
than 30 min.
[19] Given the seasonal preference of alkenone‐producing

coccolithophores for the winter season [Chen et al., 2007]
(see also discussion by Steinke et al. [2008]), SSTs were
calculated using the equation developed by Pelejero and
Grimalt [1997]. This was established by correlating the
UK′

37 index in core top sediments from the SCS with winter
water column temperatures for the top 30 m:

UK0
37 ¼ 0:014� 0:002 SST ð�CÞ þ0:573� 0:052

Since this equation gives unreliable high temperature esti-
mates for the late Holocene in the order of 29.8°C, which
are even higher than modern summer SSTs (see Figure 2),
the linear regression equation has been modified by using a
slope of 0.015. The latter yields late Holocene winter SST
estimates that are in relatively good agreement with modern
winter SSTs in the study area, and is statistically justified by
the fact that the slope of 0.015 lies within the standard error
(±0.002) of the linear regression equation developed by
Pelejero and Grimalt [1997]. The mean standard error of

Table 1. AMS‐14C Ages and Calendar Ages of Core MD01‐2390

Laboratory Code
Sample

Depth (cm) Foraminifera Species

14C age
(years B.P.)

Calendar
Age B.P.a 1s Calendar Age Rangeb

NUTA2‐7997c 12.5 G. sacculifer 1505 ± 35 1050 998–1109 (1.0)
NOSAMS‐OS‐64773d 62.5 G. sacculifer 2880 ± 30 2620; 2680 2611–2630 (0.13); 2644–2718 (0.87)
NUTA2‐7998c 92.5 G. sacculifer 3550 ± 35 3430 3378–3475 (1.0)
NOSAMS‐OS‐64821d 152.5 G. sacculifer 4850 ± 35 5090; 5180 5079–5099 (0.12); 5110–5243 (0.88)
NOSAMS‐OS‐64774d 227.5 G. sacculifer 7660 ± 35 8110 8063–8166 (1.0)
NUTA2‐7999c 317.5 G. sacculifer 9860 ± 45 10,720; 10,870 10,624–10,812 (0.92); 10,854–10,878 (0,07)
NUTA2‐8036c 557.5 G. sacculifer + G. ruber 14,080 ± 55 16,270 16,077–16,468 (1.0)

aThe 14C ages were calibrated using CALIB 5.0.1 and the marine 04.14c data set [Hughen et al., 2004] without a further adjustment for a regional 14C
reservoir age (DR = deviation from the average global reservoir age of 400 years).

bHere 1s enclosing 68.3% of probability distribution [Stuiver et al., 1998]. Values in parentheses are the relative area under probability distribution.
cMeasured at the Nagoya University Center for Chronological Research, Japan. Published previously by Steinke et al. [2006].
dMeasured at the National Ocean Sciences Accelerator Mass Spectrometry Facility, Woods Hole, USA. This study.
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estimated temperatures for various temperature equations is
around 1°C [e.g., Conte et al., 2006]. Alkenone determi-
nations for the depth interval 350–750 cm were previously
published by Steinke et al. [2008].

4.5. Seawater d18O Estimates

[20] d18Oseawater ( = proxy for sea surface water salinity)
was calculated by removing the temperature component
from the G. ruber morphotype‐specific d18O records using
the temperature‐d18Oseawater relationship given by Bemis et
al. [1998]:

�18Oseawater ¼ ðT� 16:5þ 4:8* �18OcalciteÞ=4:8þ 0:27

where d18Ocalcite is the measured d18O of the two G. ruber
morphotypes, and T the G. ruber morphotype‐specific Mg/
Ca‐based temperatures. The component of d18Oseawater that
is attributed to changes in the local/regional hydrology was
then calculated by subtracting the effect of continental ice
volume using the Waelbroeck et al. [2002] corrections.

5. Results

5.1. Age Model

[21] The original age model of core MD01‐2390 is based
on AMS‐14C dating and is corroborated by comparing the
G. ruber s.s. d18O record to previously published 14C‐dated
oxygen isotope records of the SCS [Wang et al., 1999;
Pelejero et al., 1999; Kienast et al., 2001; Steinke et al.,
2001; Chen et al., 2005]. The new age model has been
improved by three additional ages for the Holocene (Table 1).
The original age model and theG. ruber s.s. d18O record have
been discussed and published previously by Steinke et al.
[2006, 2008] (Table 1).

5.2. Stable Oxygen Isotopes
and Dd18O(thermocline‐mixed layer dweller)

[22] Time series of d18O for G. ruber s.s., G. ruber s.l.
[Steinke et al., 2008], P. obliquiloculata, and N. dutertrei
(this study), cover the past ∼21 ka (Figure 4a). Our d18O
values suggest that the habitat of P. obliquiloculata par-
tially overlap with that of N. dutertrei (Figure 4a). The
Dd18O(P. obliquiloculata ‐G. ruber s.s.),Dd18O(P. obliquiloculata ‐G. ruber s.l.),
Dd18O(N. dutertrei ‐ G. ruber s.s.), and Dd18O(N. dutertrei ‐ G. ruber s.l.)

are shown in Figures 4b and 4c. The Dd18O(P. obliquiloculata ‐

G. ruber s.s.) estimates reveal slightly higher values (∼1.8‰)
during the last glacial compared to the late Holocene (∼1.5‰;
Figure 4b), whereas the Dd18O(P. obliquiloculata ‐ G. ruber s.l.)

estimates yield more or less comparable values during these
two periods. The Dd18O(P. obliquiloculata ‐ G. ruber s.s.), and
Dd18O(P. obliquiloculata ‐ G. ruber s.l.) records are offset by ∼0.1‰
to 1.3‰ over the investigated period, and most pronounced
between 15 and 8 ka (Figure 4b). The period between 18 and
15 ka is characterized by two short‐lasting episodes of decreased
Dd18O (Figure 4b). The second low inDd18O around 15.5 ka is
even more pronounced in Dd18O(P. obliquiloculata ‐ G. ruber s.l.).
Starting at ∼15 ka, the Dd18O(P. obliquiloculata ‐ G. ruber) values
increase, but this increasing trend is punctuated by lower values
around the Younger Dryas (YD) period, and largest differences

are reached between 11.3 ka and 7.5 ka. Thereafter, the
Dd18O(P. obliquiloculata ‐ G. ruber) values gradually decrease. Both
Dd18O(N. dutertrei ‐ G. ruber) downcore records generally parallel
theDd18O(P. obliquiloculata ‐ G. ruber) records, except for 16–15 ka
(Figure 4c). Slightly increasedDd18O(N. dutertrei ‐ G. ruber) values
during the LGM are followed by a period of lower differences
around 18–15 ka. Dd18O(N. dutertrei ‐ G. ruber) values increased
again between 11 to 8 ka. After 8 ka,Dd18O(N. dutertrei ‐ G. ruber)

values progressively decreased to the late Holocene values of
∼1.3‰ (Figure 4c).

5.3. Mg/Ca Paleothermometry
and DT(G. ruber‐P. obliquiloculata)

[23] Mg/Ca‐based thermocline temperatures using P. ob-
liquiloculata suggest similar temperatures for the LGM and
late Holocene periods ranging between ∼20°C and 22°C.
Lower thermocline temperatures occurred between 17.5
and 15.5 ka (∼16°C to 20°C) and 5–3 ka (∼18°C to 20°C;
Figure 5b). Mg/Ca‐based SST reconstructions on the
two G. ruber morphotypes have been shown to range from
24.8°C to 28.8°C, and 23.5°C to 27.6°C during the last
∼21 ka [Steinke et al., 2006, 2008]. DT reconstructions
using both G. ruber morphotypes reveal a smaller (∼4°C)
thermal gradient between surface and subsurface waters
during the last glacial compared to the late Holocene.
DT(G. ruber ‐ P. obliquiloculata) shows an overall increase during
the last deglaciation and early Holocene (Figure 5). Largest
DT between the surface and thermocline waters occurred
between 6.5 ka and 2.5 ka (Figure 5c).

5.4. Alkenone Paleothermometry
and DT(Alkenones‐P. obliquiloculata)

[24] The alkenone‐derived SST estimates reveal late gla-
cial “wintertime” temperatures around 23.5°C (17–19 ka;
Figure 5a). Lowest temperatures of 22°C–23°C are recorded
between 15 and 17 ka, almost coeval with the North Atlantic
Heinrich Event 1 [Steinke et al., 2008]. Holocene tem-
perature estimates range between 24.6°C and 27.8°C
(Figure 5a). The DT(Alkenones ‐ P. obliquiloculata) reconstruction
reveals a smaller (∼0.5°C–4°C) thermal gradient between
surface and subsurface waters during the last glacial com-
pared to the late Holocene (Figure 5d). After ∼15 ka, the
DT(Alkenones ‐ P. obliquiloculata) shows an overall increase until
∼4.5 ka (Figure 5c). Like theDT(G. ruber ‐ P. obliquiloculata), the
DT(Alkenones ‐ P. obliquiloculata) estimates reveal largest values
around 4.5 ka (Figure 5d).

5.5. Seawater d18O Variations

[25] The inferred d18Oseawater records using G. ruber s.s.
(G. ruber s.l.) d18O and Mg/Ca‐based estimates reveal
average d18Oseawater values of approximately −0.94‰
(−0.73 ‰) during the LGM and values of −0.55‰
(−0.37‰) during the late Holocene (0–5 ka; Figure 4d). Our
d18Oseawater values suggest a decrease in local salinity during
the LGM compared to the late Holocene. Lower d18Oseawater

values compared to late Holocene values occurred during
the Bølling‐Allerød (B/A) and the early Holocene around
11−8 ka. Increased d18Oseawater values occurred between
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Figure 4. Proxy records of the upper water column structure and inferred paleo‐d18Oseawater record at
core site MD01‐2390 since the LGM: (a) oxygen isotope records of G. ruber s.s. [Steinke et al., 2008],
G. ruber s.l. [Steinke et al., 2008], N. dutertrei (this study), and P. obliquiloculata (this study);
(b) Dd18O(P. obliquiloculata ‐ G. ruber s.s.) (black) and Dd18O(P. obliquiloculata ‐ G. ruber s.l.) (blue);
(c) Dd18O(N. dutertrei ‐ G. ruber s.s.) (black) and Dd18O(N. dutertrei ‐ G. ruber s.l.) (blue); and (d) d18Oseawater

records using both the stable oxygen isotopes and Mg/Ca‐SST estimates derived from G. ruber s.s.
(black) and G. ruber s.l. (blue). Shaded bars indicate the Younger Dryas (YD) (age adopted from Stuiver
et al. [1995]), Bølling‐Allerød (B/A) (age adopted from Stuiver et al. [1995]), and Last Glacial Maximum
(LGM) (19,000–23,000 cal years B.P.; EPILOG chronozone [Mix et al., 2001]).
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17 and 15 ka and during the YD period (Figure 4d),
indicating higher salinities during these periods.

6. Discussion

6.1. Comparison of Different Proxy Records

[26] Results from this study yield a more complex picture
of upper ocean thermal gradient variations in the southern
SCS compared to previous studies [Xu, 2004; Tian et al.,
2005]. More importantly, the different proxy approaches
based on planktonic foraminiferal d18O, Mg/Ca‐based and
alkenone‐based temperature estimates reveal significant
differences.
[27] 1. The Dd18O records yield slightly higher Dd18O

values (Dd18O(P. obliquiloculata ‐ G. ruber s.s.); Figure 4b) or
similar values (Dd18O(P. obliquiloculata ‐ G. ruber s.l.); Figure 4b)
for the LGM compared to late Holocene. Core top data of
Tian et al. [2005] range from 0.76‰ to 1.38‰, with an
average value of 1.09‰ for the southern SCS (see
Figure 4b). Hence, the Dd18O(P. obliquiloculata ‐ G. ruber s.s.)

estimates suggest weaker mixing in the southern SCS during
the LGM compared to the late Holocene, whereas the
Dd18O(P. obliquiloculata ‐ G. ruber s.l.) estimates suggest more or
less comparable upper surface water conditions in the
southern SCS during these two periods (Figure 4). This
assumption contrasts the notion of Tian et al. [2005] for a
glacial increase in the depth of the mixed layer due to
stronger winter monsoon winds.
[28] 2. Unlike the Dd18O records, the DT(G. ruber ‐ P. ob-

liquiloculata) and DT(Alkenones ‐ P. obliquiloculata) reconstructions
reveal a smaller (∼4°C) thermal gradient between surface and
subsurface waters during the LGM compared to the late
Holocene (∼6°C). This suggests a stronger vertical mixing
during the LGM compared to the late Holocene (Figure 5).
Furthermore, higher Dd18O values occurred between 11 and
8 ka, indicative of a shallow mixed layer. In contrast, largest
differences in DT occurred between 6.5 ka and 2.5 ka, indi-
cating less vertical mixing compared to the late Holocene
(after 2.5 ka). Our DT data support the assertion of a deeper
mixed layer during the last glacial (Figures 5c and 5e) in
accordance with previous studies [Tian et al., 2005; Xu,
2004]. The Dd18O values, however, do not support the
assumption for a deeper mixed layer during the last glacial.
What could be the reason for the discrepancy between these
approaches?
[29] The largest Dd18O values indicative of less vertical

mixing are recorded between ∼11 ka and 8 ka (Figures 4b
and 4c). The period between 11 ka and 5 ka, the so‐called
“Holocene optimum,” is arguably characterized by stronger
summer monsoon rains in Asia as inferred from model and
proxy data [e.g., Kutzbach, 1981; An et al., 2000; He et al.,

2004; An et al., 2006] and is associated with higher river
runoff and fresher sea surface water conditions [Sirocko
et al., 1993; Overpeck et al., 1996; Wang et al., 1999].
Paleoecological investigations in the NE Cambodia also
indicate that summer monsoon intensity increased during
the early Holocene [Maxwell, 2001].
[30] Estimates of sea surface salinity (d18Oseawater) at our

site reveal that the southern SCS surface water might have
been significantly fresher during the early Holocene and
Preboreal transition (∼11−8 ka) than during the late Holocene
[Steinke et al., 2006] (Figure 4d). In this context, we suggest
that local changes in salinity may have had a strong influence
on the shell d18O of the upper mixed layer dwelling species
G. ruber. Lighter values due to freshwater supply would
enhance the Dd18O toward larger differences and conse-
quently, lead to the interpretation of a weaker mixing. The
overriding control of salinity changes on the shell d18O of
the surface‐dwelling species G. ruber is further supported
by the Dd18O(P. obliquiloculata ‐ G. ruber s.l.) and Dd18O(N. du-

tertrei ‐ G. ruber s.l.) estimates (Figures 4b and 4c). As G. ruber
s.l. has a deeper habitat than G. ruber s.s. [Wang, 2000;
Kuroyanagi and Kawahata, 2004; Kawahata, 2005; Steinke
et al., 2005], the d18O of G. ruber s.l. is less affected by
large variations in salinity caused by varying EAM inten-
sity. Accordingly, Dd18O values between ∼11 ka and 8 ka
are less pronounced in the Dd18O(P. obliquiloculata ‐ G. ruber s.l.)

and Dd18O(N. dutertrei ‐ G. ruber s.l.) records (Figures 4b and
4c).
[31] The influence of freshwater on the Dd18O estimates

may also explain the higher glacial Dd18O(P. obliquiloculata ‐

G. ruber s.s.) and similar Dd18O(P. obliquiloculata ‐ G. ruber s.l.)

estimates when compared to the late Holocene (this study)
and to core top samples [Tian et al., 2005]. SSS estimates
from the same site [Steinke et al., 2006] (Figure 4d) and
other southern SCS sites [Kuhnt et al., 2004] indeed show
that the southern SCS has been significantly fresher during
the LGM. This is interpreted to reflect a higher freshwater
contribution due to a closer proximity of the core site to the
mouths of the rivers that drained the exposed Sunda Shelf
during glacial sea level low stand [Steinke et al., 2006]. In
addition, Sun et al. [2000] suggested that more precipitation
in the southern SCS region was provided by the strength-
ening EAWM that absorbed moisture when crossing the
SCS. This is also indicated by palynological studies, which
revealed the occurrence of lowland rain forest on the
exposed Sunda Shelf during the last glacial [Sun et al.,
2000]. In comparison to our Dd18O estimates, lower
Dd18O values at the more “open ocean” ODP site 1143
during glacial intervals may reflect the greater distance to
the former coastline and consequently, a weaker influence of
river runoff/discharge. Given the potential overriding con-

Figure 5. Comparison of different proxy records of the upper water column structure at core site MD01‐2390 since the
LGM: (a) Mg/Ca SST data of G. ruber sensu stricto (s.s.) (red [Steinke et al., 2008]) and G. ruber sensu lato (s.l.) (blue
[Steinke et al., 2008]) and alkenone SST data (black [Steinke et al., 2008]) (this study); (b) Mg/Ca‐based temperature record
of P. obliquiloculata; (c) thermal gradient between surface and thermocline waters, DT(P. obliquiloculata ‐ G. ruber s.s.) (black)
andDT(P. obliquiloculata ‐ G. ruber s.l.) (blue); (d)DT(Alkenone‐T ‐ Mg/Ca‐T P. obliquiloculata); and (e)Dd18O(P. obliquiloculata ‐ G. ruber s.s.)

(black) andDd18O(P. obliquiloculata ‐ G. ruber s.l.) (blue). Shaded bars as in Figure 4. The arrows in Figure 5a indicate the modern
summer and winter upper water temperatures.

STEINKE ET AL.: SOUTH CHINA SEA SURFACE WATER STRUCTURE PA2219PA2219

10 of 15



Figure 6

STEINKE ET AL.: SOUTH CHINA SEA SURFACE WATER STRUCTURE PA2219PA2219

11 of 15



trol of salinity on the Dd18O estimates, it is doubtful that the
Dd18O values display a true upper ocean thermal gradient.
Therefore, the Dd18O between subsurface and surface
dwelling planktonic foraminifera species is not a reliable
method to assess changes in the surface water column
structure in the southern SCS since the LGM.

6.2. Implications for the EAWM Development Since
the LGM

[32] Assuming DT reconstructions to be a more reliable
approach to assess changes in the surface water column
structure, lowerDT(G. ruber ‐ P.obliquiloculata) andDT(Alkenones ‐

P. obliquiloculata) values during the late glacial are interpreted to
reflect a stronger mixing of the southern SCS surface water
column (Figures 6a and 6b), most likely due to a strength-
ening of EAWM winds. Our results from the southern SCS
are in good agreement with a stronger EAWM during the
last glacial period inferred from northern SCS records
[Huang et al., 1997; Chen and Huang, 1998; Wang et al.,
1999]. Likewise, results from the Sulu Sea suggest
enhanced primary productivity during the last glacial due to
a stronger EAWM [deGaridel‐Thoron et al., 2001] (Figure 6).
DT(G. ruber ‐ P. obliquiloculata) and DT(Alkenones ‐ P. obliquiloculata)

values were lowest between 16.5 ka and 14.7 ka (Figure 6),
during the weakest period of EASM over the last 25 ka in
SE Asia as inferred from stalagmite d18O records in Hulu
and Dongge caves, eastern China (EASM proxy [e.g., Wang
et al., 2001, 2008; Y. Wang et al., 2005]). Increased surface
water mixing during this period is coeval with the Heinrich
1 period in the North Atlantic region [Hemming, 2004].
Model experiments revealed stronger monsoon‐overlying
westerly winds during Heinrich events that are most likely
responsible for the stronger surface water mixing in the
southern SCS [Jin et al., 2007].
[33] Starting at ∼15 ka, DT(Alkenones ‐ P. obliquiloculata) and

DT(G. ruber ‐ P. obliquiloculata) gradually increased toward the
late Holocene suggesting a shoaling mixed layer and thus, a
weakening of the EAWM winds toward the late Holocene.
The reconstructed mixed layer depth variations coincide with
EAWM changes as recorded in Chinese loess (Figure 6c)
[Stevens et al., 2007] and indicate that over the last 21 ka,
the EAWM was weakest between 6.5 and 2.5 ka (Figures 6a
and 6b). Furthermore, our DT data suggest that the YD is
also associated with a deeper mixed layer, possibly due to
stronger EAWM winds (Figure 5). Evidence for stronger
(weaker) winter monsoon winds during the YD (B/A) is
further provided by the titanium content of the Lake Huguang
Maar sediments in southeast China [Yancheva et al., 2007]
(Figure 6e). The Ti content is interpreted as a measure of
changes in the aeolian supply of lithogenic material due to
varying strength of the winter monsoon winds [Yancheva et
al., 2007]. Our reconstructed periods of stronger EAWM

between 16.5 ka and 14.7 ka and the YD coincide with
higher Lake Huguang Maar Ti contents, which indicate an
enhanced aeolian input and thus stronger EAWM winds.
Weaker mixing during the B/A and the early Holocene
correlates with lower Ti contents, implying a weaker
EAWM (Figure 6).
[34] Comparison of our EAWM proxy data with cave

stalagmite records [e.g., Wang et al., 2001] (Figure 6f)
suggests an inverse behavior of the EAWM and EASM
during the last glacial and deglaciation (Figure 6). Periods of
stronger surface mixing (e.g., YD) and hence, EAWM
strengthening, coincide with higher d18O of stalagmites
from the Hulu and Dongge caves, which indicates lower
summer precipitation rates and thus a weaker EASM
(Figure 6). Yancheva et al. [2007] also proposed this antic-
orrelation between the EAWM and EASM, although their
proxy interpretation has been questioned recently [Zhou et
al., 2009]. Thus, the alternating prevalence of EAWM and
EASM most likely represents a common pattern of EAM
behavior during the late glacial and deglaciation.
[35] The winter/summer monsoon anticorrelation is not

evident during the middle to late Holocene (Figure 6).
Instead, it appears that a weaker EAWM during the middle
to late Holocene covaried with a weaker EASM. Likewise,
the Ti record of Yancheva et al. [2007] also lacks a clear
winter/summer monsoon anticorrelation during the middle
to late Holocene, suggesting that the winter/summer mon-
soon anticorrelation is not valid for the Holocene period. It
appears that the phase relationship between the EASM and
EASW systems has changed due to changing glacial to
Holocene boundary conditions. However, EAWM proxy
records are still sparse to fully support our assertion about
the EAWM development since the last LGM, in particular
during the middle to late Holocene. In summary, more high‐
resolution EAWM records are required to confirm our
suggestions and to obtain a fundamental understanding of
the EAM dynamics.

7. Conclusions

[36] The upper water column structure at siteMD01‐2390 in
the southern SCS during the last 21 ka has been reconstructed
using d18O and Mg/Ca ratios of surface and subsurface
dwelling foraminifera, and alkenone paleothermometry. Based
on these results, the following conclusions can be drawn:
[37] The Dd18O between surface and subsurface dwelling

planktonic foraminifera is considerably influenced by
changes in local surface water salinities in the southern SCS
since the LGM. Due to the potential overriding control of
local salinity changes on the Dd18O estimates, we suggest
that Dd18O values do not display a true upper ocean thermal
gradient in the southern SCS.

Figure 6. Comparison of the EAWM proxy records in core MD01‐2390 with other climate records. (a) Thermal gradient
between surface and thermocline waters, DT(P. obliquiloculata ‐ G. ruber s.s.) (black) and DT(P. obliquiloculata ‐ G. ruber s.l.) (blue);
(b) DT(Alkenone‐T ‐ Mg/Ca‐T P. obliquiloculata); (c) Chinese loess grain size records [Stevens et al., 2007]; (d) Sulu Sea primary
productivity [de Garidel‐Thoron et al., 2001]; (e) Lake Huguang Maar Ti (cps) record [Yancheva et al., 2007]; and
(f) stalagmite d18O records from Dongge and Hulu caves [Wang et al., 2001, 2008; Y. Wang et al., 2005]. Shaded bars as in
Figure 4.
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[38] The DT reconstructions using alkenone SSTs, and
G. ruber and P. obliquiloculata Mg/Ca temperatures reveal
a smaller thermal gradient between surface and subsurface
waters during the LGM compared to the late Holocene. This
indicates increased surface water mixing due to enhanced
EAWM winds during the LGM. Starting at ∼15 ka, the DT
results suggest a shoaling mixed layer and thus, weakening
EAWM winds toward the late Holocene. Largest DT
between surface and thermocline waters occurred between
6.5 ka and 2.5 ka, indicating less vertical mixing during this
period.
[39] Comparison of our EAWM proxy data with cave

stalagmite records (EASM proxy) suggest an inverse
behavior of the EAWM and EASM during the last glacial

and deglaciation. On the other hand, the winter/summer
monsoon anticorrelation is not evident during the middle to
late Holocene, when a weak EAWM corresponds to a weak
EASM.
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