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Abstract

South China Sea (SCS) is a major moisture source region, providing summer monsoon rainfall throughout Mainland China,
which accounts for more than 80% total precipitation in the region. We report seasonal to monthly resolution Sr/Ca and 6'%0
data for five Holocene and one modern Porites corals, each covering a growth history of 9-13 years. The results reveal a
general decreasing trend in sea surface temperature (SST) in the SCS from ~6800 to 1500 years ago, despite shorter climatic
cycles. Compared with the mean Sr/Ca—SST in the 1990s (24.8 °C), 10-year mean St/Ca—SSTs were 0.9-0.5 °C higher between
6.8 and 5.0 thousand years before present (ky BP), dropped to the present level by ~2.5 ky BP, and reached a low of 22.6 °C
(2.2 °C lower) by ~1.5 ky BP. The summer Sr/Ca—SST maxima, which are more reliable due to faster summer-time growth rates
and higher sampling resolution, follow the same trend, i.e. being 1-2 °C higher between 6.8 and 5.0 ky BP, dropping to the
present level by ~2.5 ky BP, and reaching a low of 28.7 °C (0.7 °C lower) by ~1.5 ky BP. Such a decline in SST is accompanied
by a similar decrease in the amount of monsoon moisture transported out of South China Sea, resulting in a general decrease in
the seawater 6'%0 values, reflected by offsets of mean &'¥O relative to that in the 1990s. This observation is consistent with
general weakening of the East Asian summer monsoon since early Holocene, in response to a continuous decline in solar
radiation, which was also found in pollen, lake-level and loess/paleosol records throughout Mainland China. The climatic
conditions ~2.5 and ~1.5 ky ago were also recorded in Chinese history. In contrast with the general cooling trend of the
monsoon climate in East Asia, SST increased dramatically in recent time, with that in the 1990s being 2.2 °C warmer than that
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~1.5 ky ago. This clearly indicates that the increase in the concentration of anthropogenic greenhouse gases played a dominant
role in recent global warming, which reversed the natural climatic trend in East Asian monsoon regime.

© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

High-resolution Holocene climate reconstruction
has been the focus of recent paleoclimate research, for
it provides insight into the present climate condition
and future climatic trend. Among numerous materials,
reef corals have proved to be excellent archives of
environmental history of tropical oceans over the past
hundreds of thousands of years for the following
reasons: (1) they are sensitive to environmental
changes; (2) they have a large yearly growth rate (up
to 1-2 cm/year); (3) their growth bands provide a clear
annual chronology, much like tree rings; (4) they have
long growth histories (e.g. 200-500 years); (5) they are
widely distributed throughout tropical and temperate
regions of the world’s oceans; and (6) they are ideal for
high-precision U-series dating. As a result, coral-based
high-resolution climate reconstructions have made
significant contributions to our knowledge of global
climate change over the past glacial-interglacial cycle
(Beck et al., 1997; Correge et al., 2000; Gagan et al.,
1998). The combination of coral '%0 and Sr/Ca can
determine not only past sea surface temperature (SST)
but also salinity and precipitation. For instance,
McCulloch et al. (1994) first used combined coral
6'%0 and Sr/Ca records to study the influence of 1982—
1983 El Nifio on SST and salinity in the Great Barrier
Reef. Gagan et al. (1998) reconstructed the SST and
surface-ocean water balance at 5350 years BP in the
Great Barrier Reef and concluded that the sea surface
water was 1 °C warmer and enriched in '*0 by ~0.5%o
relative to modern seawater there. Hendy et al. (2002)
reconstructed SST and salinity of the past 420 years for
the Great Barrier Reef and suggested that the global
Little Ice Age expansion might have been driven in
part by greater poleward transport of water vapor from
the tropical Pacific.

In this paper, we use coral skeletal Sr/Ca and §'%0
records of five mid—late Holocene and one modern
Porites corals from Leizhou Peninsula, the northern
coast of South China Sea (SCS; the biggest enclosed

marginal sea of Western Pacific), to reconstruct East
Asian monsoon climate history. This method of using
corals from different periods to reconstruct paleocli-
mate was successfully used in revealing early Hol-
ocene abrupt Sr/Ca—SST changes in southwest Pacific
(Beck et al., 1997; Gagan et al., 2000). South China
Sea is a major moisture source region, providing
summer monsoon rainfall throughout Mainland
China, which accounts for more than 80% total
precipitation in the region (An et al., 2000; Zheng et
al., 1983). The study area, Leizhou Peninsula, is
located on the northern fringe of the tropical area, and
is part of the tropical monsoon climate regime of
Southeast Asia. According to instrumental records,
the period of 1990-1999 AD was the warmest decade
during last 50 years at this area. Worldwide, the warm
climate of 1990s has resulted a series of climate
problems, such as stronger El Nifio activities (Gian-
nini et al., 2001), coral reef bleaching (Stone et al.,
1999), and retreat of mountain glaciers (Su and Shi,
2002). In this study, we attempt to reconstruct SST
and East Asian monsoon history in the region since
mid-Holocene and to understand whether the recent
warming is simply part of a natural climatic cycle or
caused by anthropogenic impacts.

2. The study site and its environmental conditions

The coral reef (20°13—-17'N, 109°54-58'E) is
located at Leizhou Peninsula (Fig. 1) and it is the
only developed and well-preserved coral fringing reef
on the Mainland China. The reef flat, dominated as
Goniopora and Porites, is about 10 km long and 500—
1000 m wide (2 km wide at most), from which
multiple Holocene sea level high-stands (Nie et al.,
1997; Yu et al., 2002b; Zhao and Yu, 2002) and mid-
Holocene (7.0-7.5 ky BP) high-frequency winter-
cooling events (Yu et al., 2004) were reconstructed.

This coral reef area is part of the tropical monsoon
climate regime. From June to August, this area,
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Fig. 1. The location maps of the coral reef at Leizhou Peninsula. (a) Leizhou Peninsula is located at the northern coast of South China Sea; (b)
the coral reef at Leizhou Peninsula and the nearby ocean and meteorology stations; (c) sample localities.

together with the whole South China Sea, provides
moisture supply for summer monsoon rainfall
throughout east part of China. From October to March
the next year, the NW winter monsoon prevails, which
brings cold and dry continental air from Siberian and
Mongolian highs, resulting in reduced precipitation in
China. Instrumental data from the nearby meteoro-
logical observatory at Xuwen Salt Factory, 1.5 km
away from the sampling site, show that since 1975 the

mean annual air temperature, rainfall, evaporation and
sunshine duration are 24.2 °C, 1102.3 mm, 1721.5
mm, and 2098.8 h, respectively. Table 1 outlines the
monthly climate parameters in the vicinity of the coral
reef. Information on the local geology, climate, coral
reef geomorphology, coral reef distribution, coral
ecology and Holocene sea level changes were
reported in our previous publications (Yu, 1998; Yu,
2000; Yu et al., 2002a,b, 2004; Zhao and Yu, 2002).

Table 1
Monthly climate parameters for the coral reef area
Month Annual
12 3 4 s 6 71T 8 9 10 11 12 average/total
SST (°C) 191 190 208 237 272 292 300 299 289 268 23.6 206 249
Air temperature (°C) 175 182 212 248 275 29.1 294 289 276 254 217 18.6 242
Sunshine duration (h/month) 1255 103.9 1359 168.8 2152 216.1 2445 209.5 1740 189.7 165.8 150.0 2098.8
Cloud cover 6.1 6.7 5.9 5.8 6.3 6.9 6.1 6.6 5.6 5.0 5.0 5.2 5.9
Precipitation (mm/month) 13.0 251 237 554 72,6 149.1 1485 2029 220.1 1424 389 20.6 11023
Evaporation (mm/month) 93.0 854 1179 1448 185.0 186.7 2058 1752 1494 1503 123.1 1044 17215
SSS (%o) 325 326 325 325 326 320 320 312 315 319 31.8 321 32.1

Sea surface temperature (SST) data from Haikou Ocean Observatory, located in 47 km distance to the sampling site, are based on the period of
1960-2000 AD. Air temperature, sunshine duration, cloud cover, precipitation, and evaporation data from the Meteorological Observatory of
Xuwen Salt Factory, located 1.5 km to the sampling site, are based on the period of 1975-2000 AD. Sea surface salinity (SSS) data from the
Ocean Observatory of Weizhou Island, in 110 km distance to the sampling site, are based on the period of 1960-1994 AD. See Fig. 1 for

locations.
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3. Materials and experiment

Five Porites lutea samples (DLO-06, DLO-07R,
DLO-14, DLO-11 and DLO-05) with TIMS U-series
ages of 6789143, 5906128, 5011%£54, 2541+24 and
1513422 years BP (relative to 2000 AD) (Zhao and
Yu, 2002) (corresponding to 4789443 BC, 3906+28
BC, 3011+54 BC, 541+24 BC, 487+22 AD, see
Table 2), collected from the low-tidal emerged reef flat
of Leizhou Peninsula (Fig. 1), were selected for this
study. For comparison, a modern P. /utea (DLL-05)
collected from the reef front zone of the same reef,
growing at water depth of 0.8 m during low tide, was
also analyzed.

All the samples were scanned with X-ray diffrac-
tion technology in the Laboratory of Mar. Geol.,
Tongji University (Shanghai, China) and the results
reveals no evidence for diagenesis or alteration as
non-aragonite components are all below detection
level. This inference is supported by the fact that four
of the five Holocene samples have 6>**U(T) values of
146+3 to 15343, analytically indistinguishable from
those of modern pristine corals (149+4) (Stirling et
al., 1998). Sample DLO-7R has a 6***U(T) value of
15743, slightly above the range for modern corals,
implying that this sample may have suffered minor
secondary disturbance, causing slight U mobilisation
and redistribution.

We first cut an ~1-cm-thick slab with a high-speed
diamond saw in the direction of the major growth axis
from each coral sample. Then X-ray images of the dried
coral slabs were taken using a hospital X-ray equip-
ment for examination of annual growth bands.

The coral slabs were soaked in 10% H,O, for 24 h,
followed by washing with deionized water for 5 to 10
min in order to decompose organic matter completely.

Table 2
Mean coral Sr/Ca values and their corresponding SSTs

It was ultrasonically cleaned in deionized water for 30
min to eliminate contaminants on the surface, and
then dried.

Using the X-ray images as location guide, sub-
annual samples were sliced or scraped with a very thin
stainless steel blade along the major growth axis under
a stereomicroscope. The average sampling resolution
was about 0.5 mm, a total of 529 sub-annual samples
were collected from the five mid—late Holocene corals
at a resolution of 8 to 16 samples per year depending
on their growth rates. A total of 130 samples were
collected from the modern coral at about 0.6-0.8 mm
interval, corresponding to an average temporal reso-
lution of 12—13 samples per year. Each sub-annual
sample was about 10-15 mg.

Coral 6'%0 were measured following the standard
procedures on a Finnigan MAT 252 mass spectrom-
eter with an automatic carbonate device (Kiel III) in
the Mar. Geol. Laboratory of Tongji University,
Shanghai, China. Analytical precision and reproduci-
bility were regularly monitored with a Chinese
national carbonate standard (GBWO04405) and an
international standard NBS19. Repeated measure-
ments of the standard vary around a standard
deviation (2¢) of 0.07%o (Tian et al., 2002), corre-
sponding to an uncertainty in calculated SST of ~0.4
°C (see calibration equation below).

Coral Sr/Ca was measured with an inductively
coupled plasma atomic emission spectrometer (ICP-
AES) at Guangzhou Institute of Geochemistry, Chi-
nese Academy of Sciences, following the method first
developed by Schrag (1999). For each sub-annual
sample, about 2-3 mg fraction was completely
dissolved in 1% HNO; and the solution was diluted
to 10,000 times (to 20-30 g). About 10 ml aliquot was
used for Sr/Ca measurements. The instrument is

Sample Age 0%*U(T) Number of Mean of Sr/Ca  Mean of annual Mean of Sr/Ca Mean of annual Mean annual
name (years BC/AD) years in annual lows SST maxima annual highs SST minima SST (°C)*
the profile  (mmol/mol) (°C) (mmol/mol) (°C)

DLO-06  4789+43 BC 15242 9 8.521 31.0 8.971 20.4 25.7
DLO-07R  3906+28 BC 15743 11 8.593 29.3 8.908 21.9 25.6
DLO-14  3011+54 BC 153+3 10 8.553 30.3 8.987 20.0 25.1

DLO-11 541424 BC  146%£3 11 8.593 29.3 9.008 19.5 24.4
DLO-05 487422 AD 14943 13 8.620 28.7 9.137 16.5 22.6
DLL-05 1989-2000AD — 11 8.590 29.4 8.976 20.3 24.8

# Mean (or median) annual SST is the average between the mean of SST maxima and that of SST minima.
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equipped with CCD detectors for simultaneous
collection of all spectral lines within the analyzed
wave range. This will significantly reduce the
analytical uncertainty resulting from the fluctuation
of signal intensity caused by plasma instability,
improving overall analytical precision to better than
1% in the raw data. Instrumental drift was monitored

SST(°C)

a

and corrected by measuring an internally established
laboratory standard at intervals. The drift correction
further improves the analytical precision, resulting in
an overall precision of ~0.2% for Sr/Ca, correspond-
ing to an uncertainty in calculated SST of ~0.4 °C (see
calibration equation below). Detailed analytical pro-
cedure was reported by Wei et al. (2004).

Sr/Ca (mmlo/mol) 8'*0(%o PDB)
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Fig. 2. (a) Modern P. lutea (1989-2000 AD) Sr/Ca and 5% profiles for comparison with instrumental SST from Haikou Station. (b)
Instrumental SST profiles from Haikou, Xisha and Sanya stations. Note that both Xisha and Sanya (located to the south of Haikou) display a
cold winter anomaly in 1995-1996, which is not obvious in the Haikou records. See text for discussion.
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4. Results

The experimental results show that both the Sr/Ca
and 6'®0 of the modern coral have clear annual cycles
similar to the instrumental SST record from the
nearest Haikou Station (Fig. 2a). The profiles have
broad peaks in summer and narrow troughs in winter,
suggesting the coral grew faster in summer than in
winter. Similar to the modern coral, Sr/Ca and §'%0
results of the Holocene corals all display very clear
annual cycles with broad peaks in summer and the
ranges of Sr/Ca and 6'®0 values are comparable to
those of the modern coral (Fig. 3).

To obtain the most representative calibration
equations, we first smoothed the SST data to the
sampling resolution of the modern coral record
(monthly resolution for summer and seasonal-reso-
lution for winter), and then matched the maximum
0'%0 value with the minimum SST value and the
minimum &'*0 value with the maximum SST value in
any given year. Then we match the midpoints of the
SST curves with those of the §'%0 limbs. The coral
580 values between the maximum, minimum and
midpoint values were then matched with the smoothed
SST record. The same approach was also used for the
Sr/Ca profiles. Regressions between the Sr/Ca and
6'%0 results and the matched instrumental SST data
(using Isoplot/EX program of Ludwig, 1999) yield the
following calibrations (errors at 2g level):

00 = —0.174(+0.010) x SST (°C)

—1.02(£0.27) (MSWD = 5.8) M)

St/Capmot/mol) = — 0.0424(£0.0031) x SST (°C)
+9.836(+0.082) (MSWD = 8.6)
(2)

Eq. (1) indicates a slope for A3'®0/ASST of
—0.174%0/°C, suggesting that an SST increase of 1
°C corresponds to a decrease in skeletal 6'*0 of
0.174%o, very similar to the neighbouring Hainan
Island (South China Sea) of —0.187%0/°C (He et al.,
2002) and the —0.189%¢/°C in Taiwan (Shen, 1996).
Eq. (2) indicates a slope for A(St/Ca)/ASST of
—0.0424 mmol/mol/°C, suggesting that an SST
increase of 1 °C corresponds to a decrease in skeletal
Sr/Ca of 0.0424 mmol/mol, which is within error of
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Fig. 3. Sr/Ca (mmol/mol) and §'®0 (%o PDBY) profiles of the mid—
late Holocene corals showing clear annual cycles similar to those of
the modern coral.

the slope of 0.046 mmol/mol/°C reported for a P. lutea
coral from Sanya (Fig. 1a), Hainan Island (Wei et al.,
2000), and is only marginally lower than the values
(~0.051) reported for P. lutea corals at Xisha (Fig. 1a)
of South China Sea (Sun et al., 2004), Kenting reef
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(Fig. la), southern Taiwan (Shen et al., 1996), and
Galapagos Islands, Eastern Pacific (Schrag, 1999).

It is worthwhile to mention that both §'®0 and St/
Ca records in the modern coral show an anomalously
colder winter in 1995-1996, which is not obvious in
the Haikou instrumental records (Fig. 2a). However,
this winter cooling is clearly seen in instrumental
records from many other stations of the northern
South China Sea, such as Xisha and Sanya to the
south of Haikou (Fig. 2b). Other meteorological
records also indicate the winter of 1995-1996 was
unusually cold, which killed banana plants in the
vicinity of the coral reef. This suggests that the 0'%0
and Sr/Ca—SST anomalies in 1995-1996 are real and
the lack of a similar cold surge in the Haikou
instrumental record was likely due to the fact that
the station is within Haikou City, the provincial city of
Hainan, where SST cooling may have been buffered
by industrial activities.

5. Discussion

5.1. Interpretation of Sr/Ca and 8'%0-SST
relationships

The weight of abundant evidence now indicates that
coral Sr/Ca can be a highly reliable SST proxy
independent of the extension rate or salinity change,
with an overall accuracy of ~1 °C for most of the
tropical oceans (Alibert and McCulloch, 1997; Beck et
al., 1992, 1997; Gagan et al., 1998; Marshall and
McCulloch, 2002; McCulloch et al., 1994; Mitsuguchi
et al., 2003; Shen et al., 1996; Wei et al., 2000), except
for some upwelling zones such as the Eastern Pacific
where local artifacts may be produced by upwelling of
deep ocean water with an unusual Sr/Ca ratio (de
Villiers et al., 1994). Because Sr and Ca both have long
residence times (~4 My) in ocean water, and Sr and Ca
inventories in river runoffs are negligible relative to
their concentrations in the seawater, seawater Sr/Ca
should be relatively constant on 100,000-year time
scale (Gagan et al., 1998; McCulloch et al., 1994). For
this reason, coral Sr/Ca should be an ideal proxy for
SST at least for the past 100 ka.

Unlike Sr/Ca, coral 4'%0 is a function of both SST
and sea surface salinity (SSS), with SSS varying in
response to effective precipitation or evaporation

(evaporation—precipitation (E-P)). Thus a combina-
tion of coral Sr/Ca and 6'®0 parameters is capable of
solving both past SST and seawater 6'®0 variations
uniquely (Gagan et al., 1998; McCulloch et al.,
1994). For instance, seasonal SSS in the vicinity of
the reef site varies by up to 1.4%o (Table 2), which
may result in ~0.38%o variation in seawater &'*O
based on the linear relationship between seawater
0'80 and SSS (Fairbanks et al., 1997). This accounts
for ~20% of the average seasonal variation observed
in the modern coral.

Several recent case studies point to Sr/Ca and 6'*0
variability between colonies of the same site that may
demise the environmental/paleoclimatic application of
the two proxies. For instance, Allison (1996) reported
high spatial resolution ion-probe analyses of Sr/Ca in
several coral colonies that grew during the same
period. The results show that the mean of overlapping
S1/Ca—SST records varied by up to 4.1 °C between
nearby colonies. However, this difference cannot be
used to support inter-colony variability due to much
larger external uncertainty of the ion-probe data for St/
Ca (up to ~4% or ~7 °C). A more thorough study of
inter-colony &'®0 variability was reported for Porites
corals at Clipperton Atoll (Linsley et al., 1999), which
reveals a 0.4%o difference in mean 6'*0 between
overlapping records from six colonies. However, as
pointed out by Linsley et al. (1999), their reproduci-
bility study represents the near worst-case scenario due
to the complex relationship between a small annual
SST range and a large ITCZ salinity variation at
Clipperton. The unusually poor correlation between
5'80 and SST (+°=0.19-0.40) is a clear manifestation
of such a problem. On the contrary, most other studies
in the literature tend to indicate that inter-colony Sr/Ca
and ¢'%0 variability was not a major issue for concern
for most other reef sites (e.g. Gagan et al.,, 1998;
Mitsuguchi et al., 2003; Watanabe et al., 2002).

5.2. Possible causes of atypical Sr/Ca—SST
calibrations

Recently many researchers discussed the differ-
ences in S1/Ca—SST calibrations and the potential
causes (de Villiers et al., 1995; Gagan et al., 2000;
Marshall and McCulloch, 2002; Shen et al., 1996).
The slope and intercept of our calibration are
significantly lower than those of most other calibra-
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tions (Gagan et al., 2000; Marshall and McCulloch,
2002) but are similar to those reported by Sun et al.
(2004), Wei et al. (2000) and Shen et al. (1996) for the
same region, and by Schrag (1999) for East Pacific.
Marshall and McCulloch (2002) considered that the
regional variation in coral Sr/Ca—SST relationships is
real, depending upon specific environments that
control coral physiology.

Apart from the above interpretation, there might be
also other possibilities. For instance, the atypical
calibration in this study may be due to mismatch of
Sr/Ca data to the instrumental SST and thus artificial
rotation of the calibration curve, which may occur if
the coral has not recorded the whole winter compo-
nent of the seasonal cycle. In a study of a Japanese
coral (32°N), Fallon et al. (1999) found major changes
in growth rate within each annual cycle and suggested
that growth ceased for several months over the winter
of each year. Although it is likely in a high-latitude
site like Japan, we think this possibility does not apply
to the corals in this study based on the following
reasons: (1) the reef site in our study (~20°N) is ~12°
lower in latitude and is therefore much warmer than
the Japanese site of Fallon et al. (1999). With a winter
minimum SST in the range of 18-21 °C, it is very
unlikely that Porites corals will cease growth. In
addition, the winter minimum SST in Xisha over the
past 40 years is ~24 °C, ideal for corals to growth, yet
the calibration slope (0.051 mmol/mol) reported by
Sun et al. (2004) is still significantly lower than the
typical 0.062 mmol/mol. (2) In our separate high-
resolution Sr/Ca study of the same reef (Yu et al.,
2004), we found that subtle instrumental SST
variations during winter seasons are clearly reflected
in the skeletal Sr/Ca trends of a modern Goniopora
coral we used for calibration, implying that the coral
was growing during the full winter season. Similarly,
we also demonstrate that Holocene Goniopora corals
at the same site survived winter cooling to below 15
°C. Since the branchy corals like Goniopora are more
vulnerable to SST extremes than massive corals like
Porites, we think that the modern Porites coral in this
study must also be continuously growing during the
whole winter seasons.

Another possibility for such an atypical calibration
is that the sampling resolution is too low to reveal the
detailed pattern of the winter-time SST due to
significantly lower extension rates in winter, causing

distortion of the calibration. Watanabe et al. (2002)
suggest that, to resolve the full range of annual SST, 40
analyses per year is preferred. The sampling resolution
for the modern coral in this study is at 12—13 samples
per year, which is probably too low. However, to
circumvent this problem, we have assigned instrumen-
tal mean winter-season SST for the Sr/Ca maximum
and instrumental monthly maximum SST for the Sr/Ca
minimum. This treatment should minimise the dis-
tortion of the calibration caused by seasonal difference
in sampling resolution. If we match the Sr/Ca maxima
to monthly SST minima, then the slope will be even
smaller, at 0.0375 mmol/mol.

To further assess the above possibilities, we here
use only the annual maximum and minimum Sr/Ca
values to construct the Sr/Ca—SST relationship (Gagan
et al., 1998; Sun et al., 2004). It was found that if we
match the Sr/Ca maxima to monthly mean SST
minima and do the regression, the slope is 0.0378
mmol/mol. If we match the annual Sr/Ca maxima to
the mean winter SSTs (3-month means), and the Sr/Ca
minima still to monthly mean SST maxima, then the
regressed slope increases to 0.0396 mmol/mol. To
increase the regressed slope to the typical 0.062
mmol/mol, we have to increase the winter mean SST
by up to 4 °C from 18.9-20.9 to 22.9-249 °C,
approaching the April mean at Haikou Station, which
is highly unrealistic. In a word, this test suggests that
even if the slope of our Str/Ca—SST relationship has
been distorted by sampling-resolution problem, the
real slope should still be lower than the typical value
of 0.062 mmol/mol. Because of this, we agree with
Marshall and McCulloch (2002) that the regional
variation in coral Sr/Ca-SST relationships is real.
Further study based on higher resolution sampling is
underway to clarify this problem.

Before using the established Sr/Ca—SST relation-
ship to reconstruct the Holocene SST, another issue
also needs to be considered. The three mid-Holocene
corals have relatively slower growth rates. Since the
faster a colony grows the more likely it is that a
sample will capture the winter extreme, one may
argue that the winter minimum SSTs reconstructed for
the mid-Holocene may not be as low as the true
values. Although this is a potential problem, we think
the impact on reconstructed winter SSTs is not
significant. This is because the sampling resolution
is still at approximately nine samples per year and at
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this resolution there should still be one to two samples
capturing the winter season. According to instrumen-
tal records, the modern mean winter SSTs are not
significantly different from the monthly mean SST
minima. On the other hand, since coral grows faster in
summer, the sampling resolution for all six corals
analyzed in this study should be at least monthly for
the summer season and therefore the reconstructed
summer SST maxima should still be reliable. In fact,
with the exception of the 3906+28 BC sample whose
Sr/Ca may be affected by minor secondary disturb-
ance, the other two Holocene samples reveal an
annual SST range of 10.3-10.6 °C, similar to that of
the present day, suggesting that the impact of
sampling artifacts on winter SST minima is insignif-
icant (Table 2).

5.3. Reconstruction of SST and salinity change in
South China Sea

South China Sea is a moisture source region for
East Asian monsoon rainfall in the mid-latitude
region. Even in the vicinity of the sampling site,
which is located at the northmost of South China
Sea and receives monsoon rainfall from moisture
drawn from further south, the present annual
evaporation there still surpasses annual precipitation
by ~619 mm (E-P) (Table 1). When annual SST is
high, effective evaporation will increase, creating
more moisture for the summer monsoon. This
process will distill isotopically lighter oxygen
isotope into the water vapor that is transported by
atmosphere (e.g. monsoonal winds) polarward,
leaving behind a seawater characterized by higher
6'80 and higher SSS. Thus, by extracting the SST
component of the '80 variation based on the
difference between coral Sr/Ca and '%0 curves
(Gagan et al, 1998), the residual 6'®0 should
represent a measure of change in effective evapo-
ration or moisture level of past summer monsoon
relative to the present day. The residual 6'®0 can be
calculated using the following equation: Ad'*0=
délSO/de(TélgO*Tsr/Ca), which represents the
deviation from mean modern seawater 6'*0. In this
equation, d6'®0/dT is the slope of the empirical
580-SST relationship, and T30 and Ty cq repre-
sent calculated SSTs based on the empirical §'%0—-
and Sr/Ca—SST relationships, respectively.

To obtain numeric constraints on long-term SST
change and its relationship to East Asian summer
monsoon in the Holocene, we first calculated Sr/Ca—
SST for individual data, and worked out annual SST
maxima and minima for each coral. We then
calculate the 9- to 13-year means of the maxima
and minima for each coral that covers a period of 9—
13 years, and obtain the mean annual SST by
averaging the coupled maxima and minima. The
use of means will minimise the impact of analytical
errors and shorter term variabilities on longer term
SST estimates. In addition, we calculate the residual
5'80 (A6'®0) for individual analysis using the above
equation and then work out the mean for each coral
sample (see Fig. 4). AS'®0 profiles appear to be
noisier than those of Gagan et al. (1998, 2000), but
do show annual cycles similar to Sr/Ca and §'%0
cycles. The noise might be due to cumulative errors
derived from analytical uncertainties of Sr/Ca (which
might be larger than those of TIMS results) and
6'%0, seawater Sr/Ca variations, as well as shorter
term climatic variabilities.

Fig. 5 shows the relationships between calculated
AS'™0 and precipitation, evaporation and effective
precipitation (precipitation—evaporation) for the mod-
ern coral. It can be seen that Ad'*0 is well correlated
with both the precipitation and the effective precip-
itation, with precipitation or effective-precipitation
peaks generally matching with negative Ad'®0
troughs. Such trends suggest that during annual
monsoon-rainfall season in the vicinity of the reef
site (July—October), monthly mean 6'%0 of the local
seawater from which the coral grows (which also
receives monsoon-rainfall as it is located to the north
margin of South China Sea) excurses to more negative
values (negative AS'®0), and SSS reaches annual
lows (Table 1). During other seasons when the
effective precipitation is low, seawater 6'*0 is less
negative (positive Ad'®0) and SSS is higher. In a
word, the relationship suggests that an increase in the
amount of isotopically lighter monsoon moisture
being transported to mid-latitude region is capable
of raising the mean seawater §'%0 in South China
Sea, and vice versa.

Based on a combination of Sr/Ca and 6'%0 data for
the Holocene corals, past climate information for the
following time windows can be obtained (see Fig. 4
and Table 2).
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higher precipitation and higher effective precipitation (EP=precipitation—evaporation).

5.3.1. ~6789 years BP (~4789 BC)

This time window is represented by sample DLO-
06 (6789443 years BP), which covers a profile of 9
years, with coral Sr/Ca varying between 8.41 and
9.17 mmol/mol and §'%0 varying between —3.70%o
and —6.38%c. The calculated 9-year mean summer
maximum Sr/Ca—SST is 31.0 °C (Table 2), about 1.6
°C higher than mean summer maximum Sr/Ca—SST
in the 1990s (29.4 °C); winter St/Ca—SST is 20.4°C,
similar to that in the 1990s (20.3 °C). The average
annual Sr/Ca-SST is 25.7°C, ~0.9 °C higher than
mean annual Sr/Ca—SST in the 1990s (~24.8 °C).
Mean AS'®0 is +0.3%o, suggesting that oxygen
isotopes of the seawater of that time was +0.3%o
heavier than that of the 1990s. In other words, this
suggests that the amount of moisture transported out
of South China Sea was higher than in the 1990s and
summer monsoon was stronger. Our previous studies
indicate that the modern coral reef geomorphologic

framework took its shape during 6300-7200 years
BP (Yu et al., 2002b), with over 70% of surface
massive corals at this reef flat forming during this
period (Zhao and Yu, 2002). This suggests climatic
conditions during the mid-Holocene, especially
6300-7200 years BP, such as stability of sea level,
SST and SSS, were ideal for the corals to grow. In
addition, pollen and lake level records from Main-
land China show that the mid-Holocene climate was
relatively warmer and wetter (An et al., 2000; Shi et
al., 1993). These are all consistent with our findings
that SST of South China Sea at ~6.8 ky was
generally warmer, and the sea-surface evaporation
was higher.

5.3.2. ~5906 years BP (~3906 BC)

This time window is represented by sample DLO-
07R, which covers a period of 11 years, with an Sr/Ca
range of 8.55-9.06 mmol/mol and a 3'%0 range of
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—4.03%0 to —6.35%0. Like the ~6.8-ky-old sample
DLO-06, the 1l-year mean annual Sr/Ca-SST is
~25.6 °C, ~0.8 °C higher than in the 1990s (Table
2). The mean Ad'®0 of +0.2%o is also similar to that
of the ~6.8-ky-old sample, which suggests that the
amount of moisture transported out of South China
Sea was higher, and summer monsoon stronger, than
the present day. These are all consistent with
independent pollen and lake-level record of the
Mainland China (Shi et al., 1993). However, a major
discrepancy exists in the annual summer SST highs
and winter SST lows, which appear to be the reverse if
compared with the situation ~6.8 ky ago. The mean
summer SST (~29.3 °C) was ~1.7 °C lower than ~6.8
ky ago, whereas the mean winter SST (~21.9 °C),
~1.5 °C warmer. A cool summer with a warm winter
is quite unexpected. If this is real, the seasonal SST
contrast was only ~7.4 °C, ~3.2 °C smaller than in
~6.8 ky ago, with both summer and winter monsoons
being significantly weaker. There is no independent
evidence to suggest this is the case. We consider that
a smaller seasonal SST contrast is merely an artifact
of mobility and partial redistribution of coral Sr on
millimeter scale, as reflected by slightly elevated
0%*U in DLO-07R (15743, see Fig. 4) relative to
the normal range of 149+4. Since the Sr mobility
and partial redistribution process is localized, the
mean annual SST has not been affected. A detailed
study of vandose-zone diagenesis (McGregor and
Gagan, 2003) shows that formation of 1% diagenetic
calcite will raise calculated coral Sr/Ca—SST by 1.1
to 1.5 °C, and calculated 6'*0-SST by —0.2 to 0.2
°C. We do not think that this applies to our case as
no diagenetic calcite was found in our sample. It is
more likely that Sr/Ca redistribution process only
occurred on small scales in a relatively closely
system without significant geochemical exchange
with the environment. Further work will be carried
out on a fresher sample of the same age to verify this
possibility.

5.3.3. ~5011 years BP (~3011 BC)

This time window is represented by sample DLO-
14 which covers a period of 10 years with coral Sr/Ca
and 6'®0 falling into the ranges of 8.49-9.13 mmol/
mol and —3.73%o to —6.23%o, respectively. Its 10-year
mean summer St/Ca—SST is 30.3 °C (Table 2), about
0.9 °C higher than in the 1990s; winter Sr-Ca SST
~20.0 °C, similar to the 1990s. The average annual St/
Ca—SSTis ~25.2 °C, ~0.5 °C higher than in the 1990s.
The mean Ad'®0 is +0.32%o, which suggests that the
amount of moisture transported out of South China
Sea was higher, and summer monsoon stronger, than
in the 1990s. Again, this inference is consistent with
pollen and lake-level records of Mainland China (An
et al., 2000; Shi et al., 1993).

5.3.4. ~2541 years BP (~541 BC)

This time window is represented by sample DLO-
11, which covers a period of 11 years, with coral Sr/
Ca ranging from 8.49 to 9.22 mmol/mol and 6'*0
from —3.74%o to —6.45%o. The 11-year mean summer
St/Ca—SST (Table 2) is 29.3 °C, very similar to that of
the 1990s; and winter Sr/Ca—SST 19.5 °C, about 0.7
°C lower than in the 1990s. The average annual Sr/
Ca-SST is about 24.4 °C, ~0.4 °C lower than in the
1990s, which is analytically insignificant. The mean
AS5"0 is 0.09%o, which is also indistinguishable from
that of the 1990s, implying a somehow similar climate
condition to that of the 1990s (the warmest period of
the last century). Historic records show that it was
relatively warm and wet in China about 2539 years
ago (~541 BC, the War Kingdom) (Chu, 1973), which
is consistent with our finding.

5.3.5. ~1513 years BP (487 AD)

This time window is represented by sample DLO-
05 that covers a period of 13 years. The 13-year mean
summer Sr/Ca—SST (Table 2) is 28.7 °C, about 0.8 °C
lower than in 1990s; mean winter Sr/Ca—SST is 16.5
°C, ~3.8 °C lower than in 1990s. The average annual

Fig. 6. (a) Long-term trend of mean of annual SST maxima, mean annual SST (the average of annual maximum and minimum) and Ad'#0 for
comparison with solar radiation intensity and East Asian monsoon index (after An et al., 2000). Note that both SST and Ad'®0 (a measure of
summer monsoon moisture level) display a decreasing trend till 1.5 ky ago, consistent with the weakening of Northern Hemisphere solar
radiation and East Asian summer monsoon. The mean of annual SST maxima for the 3906+28 BC sample is questionable due to minor Sr/Ca
mobility. A nominal SST uncertainty of +0.5 °C is used in the plots, which is based on the analytical uncertainty of Sr/Ca ratios and the
regression errors in the calibration equation. See text for discussion. (b) Northern Hemisphere average surface temperature showing the reversal
of the natural trend since the beginning of the 20th century (after Mann et al., 1999).
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Sr/Ca—SST is ~22.6 °C, ~2.2 °C lower than in the
1990s. The mean Ad'®0 is —0.30%o, which suggests
that the amount of moisture transported out of South
China Sea was lower, and summer monsoon weaker,
than in the 1990s. The above findings are clearly
consistent with Chinese historical records (Chu, 1973;
Ge et al., 2002), which indicate that the period of
450-530 AD was significantly colder and drier in east
China.

5.4. Implications for Holocene monsoon climate and
modern climate trend

In summary, our results reveal a general decreasing
trend in sea surface temperature (SST) and seawater
0'%0 in South China Sea from ~6800 to 1500 years
ago. Compared with the mean Sr/Ca—SST in the
1990s (24.8 °C), 10-year mean Sr/Ca—SSTs were 0.9—
0.5 °C higher between 6.8 and 5.0 ky BP, dropped to
the present level by ~2.5 ky BP, and reached a low of
22.6 °C (2.2 °C lower) by ~1.5 ky BP (Fig. 6, Table
2). If only summer maximum SSTs, which are more
reliable, are considered, the trend remains the same,
with the mid-Holocene SSTs being 1-2 °C warmer,
and the SST at ~1.5 ky BP being 0.7 °C lower, than in
the 1990s. Such a decline in SST till ~1.5 ky BP (Fig.
6a) is accompanied by a similar decrease in effective
evaporation, resulting in a general decrease in the
seawater 6'%0 values, reflected by the offsets of mean
080 relative to that in the 1990s. This trend will not
change if different calibration equations (Marshall and
McCulloch, 2002) are used, although the absolute
values of the calculated SSTs and Ad 'O are different.

Holocene climate change in terms of East Asian
summer monsoon precipitation (effective moisture)
has been reconstructed using lake levels, pollen
records and loess/paleosol profiles throughout main-
land China (An et al., 2000; Shi et al., 1993; Chen et
al., 2001) as well as marine sediment cores from
South China Sea (Wang et al., 1999). Despite shorter
term millennial climatic oscillations (Jian et al., 2000;
Wang et al., 1999), all published records show that
summer monsoon intensity in China peaked during
the Early-mid Holocene (~9 ky BP), and then
gradually weakened until today, in response to a
continuous decay in solar radiations in the Northern
Hemisphere. The decrease in summer monsoon
strength is reflected in the southeastward shift of the

East Asian summer monsoon maximum (An et al.,
2000). Our SST and seawater 6'°0 records from
South China Sea for the period of 6.8-1.5 ky BP are
clearly consistent with continuous weakening of East
Asian summer monsoon (Fig. 6a).

However, this trend was reversed in recent time,
characterized by a significantly higher SST and SSS
(higher seawater 6'%0) in the 1990s than would be
expected based on the solar radiation trend. Such a
departure from the natural trend, which is consistent
with recent atmospheric CO, change (Petit et al.,
1999) and the trend of the average surface temperature
in the Northern Hemisphere (Mann et al., 1999) (Fig.
6b). The trends in CO, and surface temperature
clearly indicate that anthropogenically generated
greenhouse gases in the atmosphere have played a
dominant role in raising up the global temperature.
Although the latest two time windows are 1500 years
apart, we believe that, with analyses of more corals for
this time period, a clearer picture of environmental
response to human activities in South China Sea can
be obtained.

6. Conclusions

The combination of monthly to seasonal-resolution
Sr/Ca and 6'®0 data of five Holocene and one
modern P. lutea corals suggests that mid-Holocene
sea surface temperatures (SST) in South China Sea
were warmer and East Asian summer monsoon
precipitation higher than in the 1990s, consistent with
many other independent records. Both SST and the
intensity of summer monsoon declined in the late
Holocene, reaching a minimum by ~1.5 ky ago,
probably in response to a continuous decay in solar
radiations in the Northern Hemisphere. This natural
trend in recent time was reversed as a result of
phenomenal increase in anthropogenic greenhouse
gases in the atmosphere (Petit et al., 1999), which
resulted in general global warming and a significant
rise in the SST and seawater 6 '®0 in South China Sea.
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