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Abstract

High resolution paleoceanographic proxy records from a deep-sea core in the northermn South China Sea (SCS) and
palynological records from a lake core in central Taiwan have been measured for the last 25 kyr. The variations in these
proxy records are interpreted in terms of the past variation in the Asian monsoons. The two consistent and complementary
records suggest that the East Asian monsoon system has fluctuated significantly from a strengthened winter monsoon during
the last glaciation (25,000-12,000 yr BP) through a moderate to weak winter and summer monsoons during the deglaciation
(12,000-10,000 yr BP) to an enhanced summer monsoon in the Holocene. Strengthening of the winter monsoon during the
glacial is deduced from decreases in winter SST and increases in productivity indicators, such the abundances of alkenones
and total organic carbon in the SCS. A stronger summer monsoon during the Holocene is inferred from the increases in
floral productivity, the sedimentation rate of peat, the deposition of storm-related clay layers in the lake sediment, and the
higher abundance of thermophyte Castanopsis. The 25 kyr paleomonsoon history registered in the SCS core and the Taiwan
lake sediments is in agreement with the climatic records of the Chinese Loess plateau.
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1. Introduction variations in the monsoon climate during glacial /in-
terglacial cycles [1-4]. The East Asia Monsoon is
characterized by the seasonal changes in air pres-
sures, wind systems, rainfall and temperature gradi-
ent over East and Southeast Asia [5]. Unlike the
Southwest Asian monsoon which is characterized by
a strong summer monsoon [1,3,6,7], the East Asia
Monsoon is characterized by both summer and win-
" Corresponding author. Tel; +886 2 363 3514. Fax: +886 2 ter monsoons [2,5]. Their influence on the regional
363 6095. E-mail: huangcy @ccms.ntu.edu.tw climates extends from Northern China to the South

Generally speaking, monsoon systems are driven
by the differential heating between the continent and
the adjacent oceans [1,2]. Due to their importance in
modulating regional weather and climate, many in-
vestigations have been carried out to document the

0012-821X /97 /$12.00 Copyright © 1997 Elsevier Science B.V. All rights reserved.
PII $0012-821X(96)00203-8



60

(b)

C.-Y. Huang et al. / Earth and Planetary Science Letters 146 (1997) 59--72

(a)

107 1

10"
T

::,:_‘ Peninsula

Continent of Asia

Indochina » )

==
Balabac Str.
//

Summer Surface '
Circulation . =

10°H

0° B

— 110° 120°
- . 3 L 7
Winter Surface &V :

Circulation ;.25
A

o 110° 120°



C.-Y. Huang et al. / Earth and Planetary Science Letters 146 (1997) 59-72 61

Table 1
Distribution of vegetation zones in central Taiwan [17]

Vegetation zone Elevation Mean temperature Climatic zone
(m) 0

Alpine vegetation > 3600 <S5 Subarctic

Albies Zone 3100-3600 5-8 Cold temperate

Tsuga—Picea Zone 2500-3100 8-11 Cool temperate

Quercus (Upper) Zone * 2000-2500 8-14 Temperate

Quercus (Lower) Zone * 1500-2000 14-17 Warm temperate

Machilus—Castanopsis Zone 500-1500 17-23 Subtropical

Ficus—Machilus Zone <500 >23 Tropical

* On the leeward side, Quercus Zone is replaced by Alnus Zone at the same altitude. The Quercus Zone is characterized by the occurrence

of Cyclobalanopsis and Quercus.

China Sea throughout the calendar year. Previous
reconstructions of the East Asian paleomonsoon his-
tory have focused on the variability of the monsoons
[2,4,8,9] using proxies preserved in the loess—paleo-
sol sequences in central China. These studies have
generally concluded that the winter monsoon was
strengthened during the last glacial period. In con-
trast, there has been little attention to the East Asian
paleomonsoon signals recorded in the deep-sea cores
off the Chinese coast, especially in the SCS [10].
Here we report high resolution paleoceanographic
data from a deep-sea core in the northern SCS and
palynological data from a lake core in central Tai-
wan to reconstruct the summer and winter Asian
monsoon variations in the tropical regions for the
last 25 kyr.

The South China Sea (5-22°N, 110-120°E; Fig.
la) is a semi-closed Asian marginal sea. High sedi-
mentation rates along its northern slope (8-20
cm/kyr) provide good records for high resolution
paleoceanographic and paleoclimatic reconstructions
[11-14]. At present, the surface water circulation and
sea surface temperature (SST) of the SCS are gener-
ally controlled by the monsoon climate [15]. During
the winter, the dominant influence of the cold and
dry northeasterly monsoon winds, together with the
southward flow of the cold Chinese Coastal Waters
(CCW) result in low SST in the northern SCS and a
north—south gradient (Fig. 1b). During the summer,

by contrast, the warm southwesterly monsoon winds
and the warm Indian surface waters flow northeast-
ward into the southern SCS through the Sunda Shelf.
The resulting SST is relatively high and homoge-
neous all over the SCS (28--29°C, Fig. 1b) [15-17].
During the last glaciation, the lowering of sea-level
exposed the present-day shallow water gates between
the SCS and the open ocean except for the Bashi
Strait (sill depth: 2500 m; Fig. l1a). Thus the SCS
was more isolated and the surface circulation and
biological productivity could have been quite differ-
ent [10-14]. For example, the lowering of sea-level
by approximately 120 m during the LGM could have
inhibited the entry of cold CCW into the SCS through
the Taiwan Strait (< 70 m in depth) (Fig. 1a). Thus,
the main mechanism of lowering the winter SST in
the northern SCS during the last glaciation would be
the cold winds resulting from the northeast winter
monsoon.

Temperature and precipitation in central Taiwan
are heavily influenced by the oscillations of the
monsoon systems [18]. More than 70% of the annual
rainfall (2000-2500 mm /yr) occurs during the warm
season from June to August when the summer mon-
soon prevails (Fig. 2). In contrast, when the winter
monsoon prevails, from October to April, the climate
is cold and dry. Due to the steep slope and high
elevation of the mountain range (up to 4000 m), a
variety of floral assemblages can be found in Tai-

Fig. 1. Physiographic map of the South China Sea showing (a) locations of deep-sea core SO50-31KL and Toushe Lake core in central
Taiwan, directions of the Chinese Coastal Waters (CCW) into the northern SCS during the winter season, (b) summer and winter sea surface
temperature, and the summer and winter surface water circulations [49,16],
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Fig. 2. The 30 year average mean monthly temperature (@) and

precipitation (+) for the Toushe region (23°52'N, 120°54'E,
elevation 650 m) in central Taiwan.

wan, ranging from the tropical to the subarctic.
Seven vegetation zones have been recognized and
are listed in Table 1 [19]. During the latest Pleis-
tocene these floral zones migrated up and down in
accordance with the gluual graCu’ir iﬁtei‘graﬁ&r cli-
matic fluctuations [20-22]. The present-day vegeta-
tion in the Toushe area (650 m in elevation) in
central Taiwan belongs to the Machilus—Castanopsis
Zone (elevation 1500—500 m; temperature range 17~
23°C; Table 1). The Toushe Basin is a desiccated dry
lake (1 X 1.88 km) formed by strike-slip faulting in
the late Quaternary [23]. The lake is filled with more
than 40 m of peat, in the central part of which the

upper 14.7 m sequence represenis the last 25.2 kyr.

2. Core sites and study methods
2.1. Deep-sea core

Core SOS50-31KL was drilled in the northern SCS
in 1987 (18°45.3'N, 115°52.39'E, water depth 3360

m). The age model of this core has been cuaomncu
by accelerator mass spectrometry (AMS) "“C dating

of mixed r\lnnl{tnnu‘ foraminifera and the foraminifera
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oxygen isotope stratigraphy. No visible turbidite lay-
ers were found in the core which is also supported
by the normal sequence of the AMS '“C dates. The
sedimentation rate is 15 cm /kyr for the glacial and 7
cm/kyr for the Holocene (Fig. 3). The increase in

glacial sedimentation rate could be due to a low-stand
of level [11] and, presumably, also an increase in
eolian fiux by an enhanced winter monsoon.

The sampling interval was 2 cm, corresponding to
200-400 yr in the Holocene and 100-150 yr in th

189 a
last glacratlon. Oxygen isotopes of the planktonic
foraminifera G. sacculifer (> 350 wm) were deter-
mined using a VG SIRA 10 isotope ratio mass
spectrometer with a precision of 0.08%c (+1c).
Core SO50-31KL is located near the present-day
CCD (3500 m) [24] and there is a high probability of
carbonate dissolution in this core. Foraminifera-based
SST estimation could not be easily applied to this

.
u ha dtha TTK
COre. nence, we inave usea ine U37 method [25,26] o

estimate sea surface temperatures (SSTs) for the last
25 kyr. Long-chain unsaturated ketones (alkenones)
were extracted from the sediments using organic
solvent and determined by gas chromatography in
the Organic Geochemistry Laboratory of the Univer-
sity of Bristol, UK [27]. The temperature was calcu-
lated using the calibration equation of Prahl et al.
(28]

SST (°C) = (U, — 0.039) /0.034

where UJk" = C37.2/(Cy55 + Cap).
Mass accumulation rates (MAR) of alkenones,
total organic carbon and carbonate were calculated
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Fig. 3. Composite plot of depth vs. age for the deep-sea core
SO50-31KL and Toushe lake core. Ages were determined by MC
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dating of foraminifera and peat and corrected by 400 yr. For the
deep-sea core the sedimentation rates were higher in the glacial,
due to the wide exposure of continental sheif in the norihern SCS,
while the sedimentation rates of the lake core were lower during
the last glacial, due to the low floral diversity and productivity
under the cold and dry climate.
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using concentration and sedimentation rate data to
estimate paleoproductivity [29].

2.2. Toushe Lake sediment

A 40 m long peat sequence from Toushe Lake
(23°49'N, 120°53'E, elevation 650 m) in central
Taiwan (Fig. 1a) was recovered in 1993. The age
model of the lake core were determined by both
conventional and AMS "*C dating of the peat (Table
2; Fig. 3). The first 16.9 m of this lake core can be
divided into two sections based on sedimentation
rate. The first interval (30-941 c¢m, or 2000-12,500
yr BP) has a constant and higher sedimentation rate
of 87 cm/kyr. The second interval (941-1690 cm,
or 12,500-29,000 yr BP) also has a constant, but
lower sedimentation rate of 43 cm /kyr. At least 500
grains of the pollen in each sample were identified.
In some herb-predominant samples, more than 100
grains of woody plant pollen were counted.

The interpretation of pollen taxa to paleoecologi-
cal condition was based largely on studies of the
ecology and altitude distributions of modern plants

Table 2
List of dated samples from Toushe lake sediments and marine
core SO50-31KL.

Toushe Lake Core Deep-sea core SO50-31KL
Depth Age Depth Age

(cm) (yr BP) (cm) (yr BP)
30-40 1840+ 50 4-6 1790+ 100
80-90 223050 34-36 6063 + 89
172-182 4230 +50 40-42 7400 + 120
310-320 5640+ 60 80-82 11,080 + 87
420-430 6480+ 60 132-134 14,780+ 210
473-483 7370 £ 60 272-274 21,990+ 250
535-545 8270+70 300-302 24,600+ 280
610-620 8780+ 60

705-707 9600+ 130 *

700-710 9720+ 60

787-796 10,450+ 70

861-870 12,100 £ 90

930-941 12,350 + 90

1177-1187 18,130+ 160

1587-1597 28,000 +250

1680-1690 29,300+ 300

Dating was performed by the AMS 'C method for the marine
sediments and the conventional '*C method for the lake sedi-
ments.

* This sample was also dated by the AMS "*C method.

in the mountain range of Taiwan [19]. The sampling
interval for the palynological study is 10 cm, which
corresponds approximately to 240 year intervals in
the last glaciation and 120 year intervals in the
Holocene. Pollen percentages of four tree taxa (Al-
nus, Cyclobalnopsis, Quercus and Castanopsis) and
three herbs ( Artemisia, Cyperaceae and Gramineae)
were determined to be ecologically significant and
provide palynological insight in the lake core.

3. Results and discussions

3.1. Paleomonsoon records in the SCS core

The core SO50-31KL U¥, SST curve parallels the
oxygen isotopic curve recorded by Globigerinoides
sacculifer (Fig. 4). It shows a glacial /interglacial
difference of 4°C. The SST minimum is centered
around the LGM, with a value of 22.5°C (Fig. 4).
The SST increased sharply around 12,000 yr BP and
reached 26.2°C around the Holocene Optimum at
6000 yr BP and to 26.5°C at 2000 yr BP. It has been
suggested that the U index normally records the
SST of the season of maximum coccolithophorids
production [30-34]. However, core-top U37k’ values
often correlate well with average annual SST, sug-
gesting no significant seasonal bias of alkenones in
recording surface temperatures [35,36]. In the mod-
e northern SCS, the marine productivity maximum
occurs from early winter to early spring when the
winter monsoon prevails [37]. However, the late
Holocene U, SST value of 26°C is almost the same
as the present annual mean SST for this location,
indicating the U}, index also records the annual SST
in the SCS. Several studies have indicated that the
summer SST in the SCS has remained relatively
constant over the last 30 kyr [10,11,14]. Thus, any
significant change in the annual SST as recorded by
the UY, index is probably a result of the change in
the winter SST. A simple exercise will indicate that
the glacial/interglacial changes in winter SST is
larger than the annual (the UJ;) SST changes.

If we define Ts as the summer SST, Tw as the
winter SST and Ta as the annual SST at a given
time; Ta = (Ts + Tw)/2 = UK SST. We also define
8 Tx as the difference in Tx for the late Holocene
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minus the Tx at a given time, where x could be s, w
or a. Hence §Ta=(8Ts + §Tw)/2. If we assume
8Ts is zero, then, 8 Tw = 82Ta. Thus, as a first-order
approximation, the maximum glacial /interglacial Tw
difference should be 8°C, since 6 Ta is 4°C based on
UY SST measurements. If 8Ts is 2°C, then 8Tw
would be 6°C. This glacial /interglacial SST differ-
ence of 6-8°C is comparable with the recent transfer
function estimates [11,14]. We admit that this calcu-
lation is too simplistic, however, it does illustrate
two very important aspects of the glacial /intergla-
cial changes in winter SST. Firstly, since summer
SST has remained relatively constant over the last 25
kyr, changes in the U3“7 SST mainly reflected changes
in the winter SST. Hence the winter SST profile
should be very similar to the U, SST profile. Sec-

oty CaCOy W%
—e—eo— CaCOsMAR

ondly, the glacial/interglacial difference in winter
SST is larger than the UX SST difference. Using
these assumptions, we will take the UX, SST profile
as a proxy for the winter SST trend only, not the
absolute value. As we have argued in the introduc-
tion section, the lowering of sea-level by approxi-
mately 120 m during the LGM could have cut off the
entry of cold CCW into the SCS through the Taiwan
Strait. Hence, the northeast winter monsoon would
be the main mechanism of cooling the SCS during
the winter season. We further propose that changes
in the UX SST can be used to monitor the relative
intensity of the winter monsoon in the northern SCS.
Based on these assumptions, the paleo-winter mon-
soon intensity can be divided into three modes based
on the SST record: (1) lower SST for the period of
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Fig. 4. Paleoceanographic proxies of the South China Sea SO50-31 KL during the last 25 kyr: CaCO,; (wt% and MAR — Mass
Accumulation Rate), TOC (wt% and MAR), alkenones (abundance and MAR), UX-derived Sea Surface Temperature (SST), and oxygen

isotope composition of planktic foraminifera G. sacculifer.
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25,000-12,000 yr BP indicates a stronger winter
monsoon in the last glaciation; (2) an increase in the
SST from 12,000 to 6000 yr BP reflects a decrease
in the winter monsoon intensity during the deglacia-
tion and the early Holocene; and (3) higher SST
since 6000 yr BP suggests an even weaker winter
monsoon in the late Holocene.

Concentration and mass accumulation rates
(MARs) of TOC and alkenones have almost an
inverse relationship with the SST profile (Fig. 4).
They were higher during the glacial period and lower
in the Holocene. The decrease started at the begin-
ning of the deglaciation stage. The content of this
biogenic component in the sediments is an end-prod-
uct of their surface production and sedimentary
preservation. In order to use TOC and alkenones as
productivity indicators, it is imperative to demon-
strate that the TOC and alkenones are primarily of
marine origin and that their content variations are not
determined by the preservation factor. Thunell et al.
[12] and Huang et al. [10] have argued that variations
in TOC in the SCS sediments mainly reflect changes
in their surface productivity. The similarity of the
TOC and alkenones profiles in core SO50-31KL
further demonstrates that the TOC is mainly derived
from marine productivity, since alkenones are only
produced by the marine algae prymnesiophytciae.
Thus, the core SO50-31KL TOC and alkenones
records indicate that the productivity level was higher
during the glacial period than that of the Holocene.
Several processes could have contributed to this
glacial increase in surface productivity, such as a
local upwelling, changes in the oceanic circulation
pattern to favor nutrient-trapping in the SCS, the
deepening of the mixed-layer for more efficient nu-
trient recycling and increased nutrient supply from
terrigenous sources. Based on multi-proxy analyses
of a nearby core SC$90-36, Huang et al. [10] con-
cluded that the most likely cause of the increases in
glacial productivity in the SCS is the deepening of
the surface layer. This conclusion is consistent with
the winter monsoon history inferred from the SST
record above. The increases in the winter monsoon
strength would not only cause a decrease in SST, but
also the deepening of the mixed layer to enhance
productivity to cause the increases in the TOC and
alkenone content. During the deglaciation stage, the
winter monsoon began to relax, SST started to in-

crease and productivity was on the decrease. During
the Holocene, a weaker winter monsoon is responsi-
ble for the higher SST and lower productivity.

The carbonate content and MAR do not show a
clear glacial /interglacial trend (Fig. 4). On average,
glacial carbonate content is only slightly higher than
that of the Holocene. The carbonate maximum is
around 11 ka, coeval with the YD time. Because the
core site is above the CCD but below the lysocline,
carbonate dissolution plays an important role in de-
termining the carbonate profile [14,24,38]. The peak
during the YD time is puzzling since we did not
observe significant increases in marine productivity.
It probably suggests an increased preservation during
the deglaciation, but further studies and more records
are needed to address this question.

3.2. Paleomonsoon record from Toushe Lake

Previous paleoceanographic studies have already
shown that the SCS summer SST has remained
relatively constant over the last the last 25 kyr
[11,14,38]. This may seem to suggest that the sum-
mer monsoon intensity may not have changed much
over this pertod. However, oceanic proxies such as
SST are not sensitive indicators of the summer mon-
soon. We thus present palynological results from the
Toushe lake, central Taiwan, to provide complemen-
tary records of the paleo-monsoons, especially the
summer monsoon (Fig. 5).

During the last glaciation, the pollen assemblages
were sequentially dominated by xerophyte Alnus
(20-80% of the tree pollen from 25,000 to 21,000 yr
BP), herbs Gramineae (20-60% of the total pollen
from 20,500 to 16,500 yr BP) and Cyperaceae (20—
40% of the total pollen from 16,500 to 15,000 yr
BP). Other important but less dominating species
were trees Salix, Ilex and Symplocos (each less than
15% of the tree pollen, not shown here) and herbs
Artemisia (7-12% of total pollen) from 25,000 to
12,000 yr BP. Spore was almost absent in the last
glaciation. Alnus is usually abundant as a pioneer
plant in a newly developed forest community and
also is rich on the dry/cool leeward sides of moun-
tains of 1500-2500 m. Xerophytic Gramineae and
Cyperacea without fems commonly occur in high
montane (> 2500 m) open grass and shrubland in
central Taiwan [19]. Two montane evergreen broad-
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Fig. 5. Characteristic palynological composition from the Toushe Lake,central Taiwan, showing a floral change from the Quercus—Cyclo
balanopsis—Artemisia—~Alnus assemblage in the last glaciation to the Castanopsis—spores assemblage in the Holocene.
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leaved plants Cyclobalanopsis and Quercus were
commonly observed in the last glacial interval. Cy-
clobalanopsis, the characteristic genus in the present-
day Quercus Zone, was more abundant during the
last glacial than in the Holocene, while the abun-
dance of Quercus was high from 19,000 to 6000 yr
BP.

The Holocene pollen assemblage is dominated by
the open herbaceous vegetation of Cyperaceae and
Gramineae with ferns. The percentage of the thermo-
phyte Castanopsis reached 14% during the early
Holocene. Castanopsis is often the main species of
the submontane evergreen broad-leaved forests. In
the subtropical warm and humid climate of the low-
land central Taiwan (< 1500 m), it is the dominating
wooden element. The percentage of trilete and mono-
lete spores increased sharply at the beginning of the
Holocene and stayed high over the last 10,000 yr.
Spores are common among warm and humid sub-
tropical forests. Their abundance typically increases
with increases in temperature and rainfall.

The palynological data show a remarkable floral
change from the Quercus-Cyclobalanopsis-
Artemisia-Alnus assemblage in the last glacial to the
Castanopsis-spores assemblage in the Holocene (Fig.
5). The glacial vegetation of the Toushe lake region
(elevation 650 m) is analogous to the flora of the
present-day Quercus Zone (elevation 1500-2500 and
mean temperature range of 8-17°C) of montane
evergreen broad-leaved forest, or its counterpart, the
Alnus Zone of deciduous forest on the leeward side,
within the warm temperate to temperate climatic
Zone of central Taiwan (Table 1). By contrast, the
Holocene vegetation is similar to the flora of the
present-day Machilus-Castanopsis vegetation Zone
(elevation 500-1500 m and mean temperature range
of 17-23°C). This is the submontane evergreen
broad-leaved forest of the subtropical climatic Zone
in the lowland of central Taiwan. The change of
pollen assemblages over the last 25,000 yr suggests
that the climate of the Toushe region has changed
from a cooler and drier warm temperate /temperate
regime in the glacial to a warmer and more humid
subtropical regime in the Holocene. We estimated
that the flora were displaced by at least 850 m
elevation during the last glacial period, implying a
decrease of 5.1°C in annual temperature assuming a
0.6°C /100 m lapse rate [18]. The estimated tempera-
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Fig. 6. Weight loss on ignition of samples from Toushe Lake,
central Taiwan. The clay layers with values of weight loss on
ignition < 50% were deposited by the heavy rain of the strong
summer monsoon or by storms in the summer. The more frequent
occurrence of these clay layers in the Holocene than that of the
glacial period may have reflected a wetter summer, caused by a
stronger summer monsoon.

ture decrease between the last glaciation and the
Holocene in the Toushe Lake, central Taiwan, is
slightly larger but comparable with that of the SCS
estimated using the UY and foraminifera transfer
function methods {11,14].

The Toushe Lake core is composed of peat in-
terbedded with thin layers of clay (each layer is
about 2—4 cm thick, Fig. 6). Variations in the sedi-
mentation rate and the occurrence frequency of the
clay layers are thought to be controlled by
monsoon-dominated climate changes. The sedimen-
tation rate in the peat sequence increased from an
average value of 43.4 cm/kyr before 12,000 yr BP
to 86.17 cm /kyr (Fig. 3) in the Holocene. Diagene-
sis could have compacted the deeper part of the core
and reduced its apparent sedimentation rate. If this is
the case, we would expect a gradual change in
sedimentation rate. The sharp change in sedimenta-
tion rate seems to suggest that compaction was not
responsible for the sedimentation rate difference be-
tween the upper and deeper parts of the core. The
lower value during the last glacial period may have
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reflected low floral diversity and productivity under
the dry conditions. On the other hand, the increase in
lake sedimentation rate during the Holocene may
indicate an increase in productivity under the warm
and humid conditions, due to a strengthening of the
summer monsoon after 12,000 yr BP. The unusual
occurrence of the clay layers interbedded in the peat
sequence, as represented by low values (< 50%) in
the weight loss on ignition (WLOI) curve (Fig. 6),
may have resulted from the deposition of eroded
clastics by heavy rains, which usually occur in the
modemn summer season. The frequency of the clay
layers has gradually increased from 0.38 layer /kyr
in the last glacial to 0.5 layer/kyr during the
deglaciation, and to 0.75 layer /kyr in the Holocene.
This increase may also reflect a gradual increase in
the strength of the summer monsoon or, alterna-
tively, an increasing frequency of summer tropical
storms.

To summarize the lake evidence, the Asian mon-
soon has experienced three modes: (1) the frequent
occurrence of xerophyte and the displacement of the
floral zone from 25,000 to 12,000 yr BP suggests a

0 6,000
Age(yrs B.P.) | ]

10,000 12,000
| 1

weak summer monsoon and a strong winter mon-
soon; (2) the abrupt increase in sedimentation rate
and rain-related clay layers with the occurrence of
the rare thermophyte from 12,000 to 10,000 yr BP
indicates a shift to a weak /moderate summer mon-
soon during the deglaciation; and (3) a sharp in-
crease in thermophyte combined with the high sedi-
mentation rates since 10,000 yr BP reveals a stronger
summer monsoon since the early Holocene. How-
ever, the fluctuations in the warm and humid pollen
and spores in the Holocene indicate that the inter-
glacial mode of the climate has not been stable for
the last 10,000 yr.

4. General discussion and comparison with other
records

In our interpretation, the SCS paleoceanographic
proxies reflect mainly the winter monsoon variabil-
ity, while the lake palynological data record fluctua-
tions of both summer and winter monsoons. The
major conclusions regarding the monsoon history are

25,000
]
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Fig. 7. An integrated monsoon history inferred from the proxy records in the South China Sea and Toushe Lake cores for the last 25,000 yr.
The marine and lake records are complementary, with the marine records providing more positive evidence of the winter monsoon intensity

and the lake records supporting the strong summer monscon history.
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summarized in Fig. 7. These findings are generally
in agreement with previous monsoon reconstruction
and are compared briefly here.

A few studies during the 1980s suggested that
glacial summer SST was less than 2°C cooler than
present, and glacial winter SST was 2-4°C cooler
than present for the SCS [39-41]. However, several
recent studies have shown that the winter anomaly
larger, up to 9°C [11,14,38].

ch

been much large

Our result seems to be in agreement with these more
recent estimates. However, the mechanisms responsi-
ble for this significant winter cooling are still not
resolved. Wang et al. [38] proposed that the main
mechanism of this glacial cooling was the entry of
the cooler subtropical western Pacific water into the
SCS through the Bashi Strait. The entering cool
water would also form a counterclockwise circula-
tion pattem, which would €Xplaiﬁ the N-S gradleﬁt
in winter SST during the last glacial period. We find
that the model of Wang et al. cannot explain the
glacial SST and productivity results. The main diffi-
culty with Wang et al.’s suggestion is that it requires
cooler water from just outside the Bashi Strait to
cool the SCS. Thunell et al. [42] and Chen et al. [43]
have shown that the western tropical Pacitic re-
mained warm during the last g]acia] Based on these
estimaies, the last glacial winter SST of the region
just outside the Bashi Strait is 20-21°C, warmer than
Wang et al.’s estimates for the SCS. If this is the
case, water from this region could not have cooled
the SCS during the last glacial period. The model of
Wang et al. also fails to explain the increase in
productivity during the glacial period. In Wang’s
model, the entry of subtropical water would have
brought nutrient-poor water into the SCS and caused
a decrease in productivity. As discussed above, we
propose that a stronger winter monsoon was respon-

sible for the dacreace in the olacial wintar CQT and
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contd hava haan m
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the increases in surface productivity. Our monsoon
model would also be in agreement with the N-§
gradient of the winter SST in the glacial winter.

Y

4.2. Comparison with Chinese ioess records

Muitiple paleomonsoon proxies, such as magnetic
susceptibility, particle flux and grain size, recorded

in the Chinese paleosol (S, the Holocene) and loess
(L,, the last glacial period) suggested a weak winter
monsoon /strong summer monsoon during the
Holocene and a strong winter monsoon / weak sum-
mer monsooit u‘urmg the last gmum pcuw {.‘, 9,44}

Thus, our conclusions regarding the monsoon history
from the tropical region are in agreement with those

from the Asnan continent. However, the amplitude of
the monsoon influence is different in different re-
gions. For exampie, the last glacial temperature was
7°C lower in Shaanxi [45] compared with our esti-
mates of 4°C in the SCS and 5°C in central Taiwan.
On the other hand, we estimate that last glacial

rainfail was 800 mm lower in centrai Taiwan com-
pared with 120-200 mm in Northern China {45,46].

Thaga nheervatione gceam ta indicata that the tamner-
108SC OOSEIVations S5CCiil 10 INGICAIT ulat Uil WCHIPTT

ature effect of the winter monsoon was greater on
the Asian continent, while the precipitation effect of
the summer monsoon was more significant in the
tropical region.
4.3. Comparison with Indian Ocean results
Although the Arabian SST record for the last 25
ka also shows a glacial / interglacial profile similar to
Qurs l‘” 40], direct LUlllpd.llbUll of these two records

is misleading. For the Holocene, the coastal Arabian
Sea SST is mmnlv controlled by the mtenmtv of

upwelling, which is driven by the summer southwest
monsoon. Coastal upwelling also enhanced produc-
tivity, as is apparent from the much higher TOC
content in the sediments (up to 6%). On the other
hand, there is not a significant upwelling system in
the SCS and the SST is controlled by the surface
currents which, in turn, are controiied by the osciilat-
ing winter and summer monsoon systems. For the
Holocene SOCQ cnmmer SCOT ic highar than that of

Holocene, SCS summer SST is higher than that of
the Arabian Sea while the winter SST is much lower.
The SCS TOC content is also much lower, due to the
lack of upwelling. During the last glacial period,
Arabian Sea upwelling was reduced substantially and
the main mechanism to account for the lower SST
was proposed to be the increased winter monsoon
strength or length [48]. In the SCS, SST was still
controlled by the monsoon systems, only the winter
monsoon was increased, which cooled the SST by
4°C during the glacial period. Thus, the Arabian Sea
operated very much like the SCS during last glacial
period. However, the TOC content for the two seas
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shows very different glacial /interglacial profiles.
Since the surface productivity in the Arabian Sea is
controlled by the coastal upwelling, the glacial re-
duction in upwelling strength resulted in lower pro-
ductivity and lower TOC content in the sediments.
However, SCS glacial TOC increased by a factor of
3, due to the increased depth of the surface mixed
layer, as a result of the increase in the winter mon-
soon. It appears that the records from the SCS and
the Arabian Sea are consistent in indicating a stronger
winter monsoon regime over a large region of the
Asian continent and adjacent seas.

These comparisons confirm that the global cli-
matic boundary conditions are probably the driving
forces of the East Asian monsoon variations. Reduc-
tion in solar insolation and the depression in the
Asian continental snowline during the glacial could
have increased the winter atmospheric pressure gra-
dient, thus strengthening the winter monsoon, but
decreased the summer atmospheric pressure gradient
to weaken the summer monsoon. More analyses and
comparison of monsoon records over a longer time
scale and with a larger areal coverage are needed to
distinguish these forcing mechanisms and to corre-
late with other monsoon systems.

5. Conclusion

Based on the comparison of paleoclimatic records
from a SCS (South China Sea) deep-sea core and a
Taiwan lake peat sequence, we conclude that the
Asian monsoons have varied significantly during the
last 25,000 kyr. These records can be divided into
three periods characterized by a strong winter mon-
soon/weak summer monsoon regime in the last
glaciation from 25,000 to 12,000 yr BP, a moderate
winter monsoon/weak to moderate summer mon-
soon regime during the deglaciation from 12,000 to
10,000 yr BP and a moderate to weak winter mon-
soon/strong summer monsoon regime in the
Holocene. A strong glacial winter monsoon resulted
in lower winter SST, and increasing seasonality and
biological productivity in the SCS. On land the
enhanced winter monsoon caused a reduction in
floral productivity and the sedimentation rate of peat,
reduced deposition of storm-related clay layers but
increased abundance of xerophyte in Toushe Lake.

The strengthening of the summer monsoon during
the Holocene resulted in higher SST, lower seasonal-
ity and biological productivity in the SCS. In the
lake, the increases in temperature and precipitation
resulted in the increase in floral productivity and the
sedimentation rate of peat, as well as the deposition
of storm-related clay layers. The occurrence of ther-
mophyte also increased.
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