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Abstract

Coupled records of d18O and Sr/Ca in Porites coral have been used to derive hydrological conditions by removing the Sr/Ca-

inferred temperature component from the d18O signal. Nanwan, a semi-enclosed bay in southern Taiwan, provides an opportunity

to demonstrate the feasibility of quantitatively reconstructing past precipitation history. Recurrence of seawater d18O offsets

betweenwet and dry seasons in the early 1990s is well correlated with the precipitation record. Even though the hydrological signal

only accounts for 20% of the total annual coral d18O variation of ca. 1x, offsets can be found in the residual d18O ofmodern corals

after removing the thermal effect, which contributes to the other 80%. The observed timing and amplitude of the seasonal seawater

d18O offsets in Nanwan and their correlation with precipitation are reproduced by hydrological models. In the mid-Holocene, the

seasonal anomaly of residual d18O was twice that of the modern value based on the 9-yr Sr/Ca–d18O data recorded in a 6.73-ka

Porites coral. Hydrological models suggest an annual rainfall of 1800–3000 mm/yr at the window during mid-Holocene, 20%

higher than that of the average of 30-yr modern instrumental records of 1500–2500 mm, consistent with the qualitative pollen

record from lake sediments. The seasonal decrease of residual d18O in 5 of 9 yr was earlier than the increase of the coral Sr/Ca-

inferred temperature, which implies that these rainy seasons probably occurred from the early–mid-spring to mid-summer, earlier

than that from late spring to late summer today. The driving force may be related to the changes of solar insolation and the East

Asian monsoon. It is cautioned that the variability of hydrographic conditions imposes restrictions on a precise calculation of the
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amount of paleo-precipitation. The dynamic nature of local tectonics, monsoons and water circulation should be further addressed

to precisely quantify precipitation over the past 10,000 yr from coral geochemical records.

D 2005 Elsevier B.V. All rights reserved.

Keywords: precipitation; coral; Sr/Ca; d18O; Holocene; climate
1. Introduction

Precipitation is one of the most important climatic

variables. Compared with temperature, rainfall is

much more variable, often changing by more than

100% of the mean value from year to year. The fluc-

tuation of precipitation that may cause either water

shortage or flooding is a particularly serious problem

for the east and south Asia, where half of the world’s

population resides [1]. In this region, the temporal and

spatial distribution of rainfall and its overall amount

are dominated by monsoons, thus highly seasonal and

showing large and so far unpredictable annual varia-

tions. Failures of monsoonal rain has led to many

disastrous political and economic upheavals in history.

Quantitative reconstruction of past precipitation

records from proxies may extend the existing records

considerably and facilitate statistics for better under-

standing of natural cycles and, therefore, should be a

scientific endeavor of first-order importance.

Paleo-precipitation is difficult to quantify precisely.

There are few proxies for rainfall that are quantitative,

reliable, and with better than seasonal time resolution.

Oxygen isotopic composition of marine carbonate

depends on both its crystallization temperature and

the oxygen isotopic composition of the ambient sea-

water [2,3], which can be affected by rainfall. Coral

d18O is of particular interest because of its annual

growth bands and high time resolution (better than

monthly). However, if one wishes to recover the rain-

fall effect, the thermal effect must either be negligibly

small or correctable. Examples of the former are sites

near the equator where the seasonal sea surface tem-

perature (SST) variation is intrinsically small; thus

over 100-yr-long records of large rainfall variations

controlled by El Niño-Southern Oscillation (ENSO)

or monsoons have been retrieved directly from coral

d18O variations [4–13]. In general the thermal effects

must first be corrected using SST estimated by other

independent means in order to use coral d18O as a

proxy for rainfall.
High precision Sr/Ca ratio in coral Porites may

serve as a high-resolution proxy for SST [14–20].

The oxygen isotopic variation coupled with precise

determination of Sr/Ca ratio offers an excellent oppor-

tunity for determining both rainfall and SST from the

same coral samples. The method is based on the fact

that coral Sr/Ca is controlled by SST and seawater Sr/

Ca, and d18O is influenced by SST and seasonal varia-

tion of seawater d18O (d18Osw) caused by local rainfall

and salinity change. The residual d18O, which is

denoted as Dd18O, is determined by removing the

isotopic shift associated with the temperature anomaly

estimated from Sr/Ca in the same coral samples. It

may, therefore, reflect the variation of d18Osw and the

salinity anomaly. An early attempt by McCulloch et al.

[15] subtracted the SST effects on coral d18O using

SST estimated from coral Sr/Ca. The residual variation

in coral d18O for the Greater Barrier Reef of Australia

was shown to correlate with the freshwater runoff from

a nearby major river. This enabled the reconstruction of

past flood events related to ENSO cycles in the western

tropical Pacific corals. Coupled measurements of coral

skeletal Sr/Ca and d18O have subsequently been

applied to near-term and Holocene climatic and envir-

onmental changes [18–25].

The application of the coupled coral Sr/Ca–d18O
technique to reconstruct high-resolution seasonal pre-

cipitation in the past is still a challenge constrained by

the following factors. (1) In most previous studies, the

d18Osw component contributed a significant portion to

annual coral d18O range. Except the equatorial zone

and settings with tremendous freshwater input, the

hydrological component is generally less than the ther-

mal component in the tropics and subtropics. For exam-

ple, changes in d18Osw account for 39% of the total

d18O coral signal at Rarotonga located at 21.58S [22].

The correlation between small hydrological signals in

coralline skeleton and precipitation record should be

further clarified. (2) The amplitude of seasonal d18Osw

variation was often assumed insignificant when estab-

lishing d18O–SST relationship [26]. If the seasonal
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variation is too strong, it may throw the calibration off.

Only at a few sites, actual records of in situ SST, salinity

and precipitation have been used for calibration

[23,27]. Alternatively, Gagan et al. [18,28] established

coral Porites d18O–SST relationship during drought

years. (3) Coral chemical and isotopic compositions

are affected by vital effects, including metabolic factor

by the micro-environments created by its symbiotic

algae and kinetic behavior of skeletal growth, micro-

chemical heterogeneities and environmental conditions

[26,29–39]. Biases derived from these factors should

be insignificant.

Accordingly, a careful and quantitative considera-

tion of this coral Sr/Ca–d18O approach in a well-char-

acterized locale with well-known hydrography is

needed to gain more insight in order to fully realize

the promise of this tool. Contemporary seasonal d18Osw

change should be well monitored and modeled quanti-

tatively in terms of its contributing water components

such as rainfall and different seawater masses. More-

over, various hydrological signals should also be reli-

ably marked in the modern corals. The purpose of this

paper is to report the results of such an evaluation

conducted at a long-term monitored site inside a
ig. 1. Map of Nanwan Bay in Kenting National Park, southern Taiwan. Living coral head P. lutea (triangle symbol) and seawater samples were

ollected at the water intake channel of the Third Nuclear Power Plant. A 6.73-ka fossil Porites coral (star) was obtained near Stone-Cow

ridge. In summers the southwestern monsoon prevails from the South China Sea and precipitation occurs, and in winters southern Taiwan is

cated around the margin of the cold northeastern monsoon from Siberia.
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national park in southern Taiwan, where our previous

calibration of the Porites coral Sr/Ca–SST relationship

was determined [16]. This paper describes monthly

measurements of seawater Sr/Ca, d18O, and salinity

in a semi-enclosed embayment near the water intake

of a nuclear power plant in the early 1990s. We present

a continuous record of calculated modern d18Osw

derived from Sr/Ca and d18O data in a living Porites

coral head and establish its relationship with precipita-

tion. We then demonstrate the relationship between

annual rainfall and in situ measured- and coral-based

d18O offsets between wet and dry seasons using a

mixingmodel with endmembers representing the fresh-

water input and two seawater masses. Finally, we apply

this relationship to reconstruct paleo-rainfall records

using a 6.73-ka fossil coral in the same bay aiming

for future improvements of this type of study.
2. Site, samples, and measurements

Nanwan (1218E, 228N), a part of the Kenting Na-

tional Park, is a semi-enclosed basin on the southern

tip of Taiwan with a seamount to the south (Fig. 1). It
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opens southwards to face the Luzon Channel which is

the only deep channel connecting the South China Sea

to the Philippine Sea. Its hydrography has received

considerable attention over two decades [40–43]. The

surface seawater from the Luzon Channel flows into

the bay over the seamount, ~ 50 m below sea surface.

No major river empties into Nanwan, but cold

upwelled seawater enters the bay daily [41–43]. The

local climate is typical of that for the subtropics in the

East Asian monsoon area. The onset of the southwest

monsoon over the South China Sea in May begins to

bring rain. This is augmented in July to September by

rainfall from typhoons, which usually originate over

the western North Pacific and approach from the

southeast. More than 90% of the yearly precipitation,

which averages 2000F500 mm (1r, 1971–2000

A.D.), falls in the wet season from May to early

October. This distinct wet–dry seasonal pattern for

rainfall is obvious from the monthly precipitation for

1992–1995 plotted in Fig. 2. The periodic salinity

variation, from ~ 33.5x in wet seasons to ~ 34.4x
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Fig. 2. Four-year, 1992–1995, (a) monthly precipitation data at

Kenting area and (b) the variation of measured d18Osw in Nanwan

from 1993 to 1995. Rainfall increases from May to September (solid

line), but there is little rainfall during other months. The seasonal

variations of d18Osw (gray region with solid circles) depend on the

annual precipitation.
in dry seasons, was revealed by a long-term program

of monitoring the influence of the nuclear power plant

in Nanwan from 1979 to 1991 [40]. With the sampling

method described by Shen et al. [16], we collected

seawater samples from the water intake channel of the

nuclear power plant located at the northwestern corner

of Nanwan once a month throughout 1993 and then

sporadically in 1994 and 1995.

With mean SST between 22 and 28 8C, Nanwan
is ideal for Porites coral growth. One living coral

head of P. lutea with a growth rate of 20 mm/yr was

collected at the water intake channel in 1993. One

300-mm-long fossil Porites coral sample was

obtained from a 4-m fossil coral colony 28 m

above the present sea level, at a site 1 km to the

west of the Stone-Cow Bridge (Fig. 1). U and Th

were separated with chemical purification methods

[44]. Its 230Th age is 6730F32 BP (2r) determined

by inductive coupled plasma mass spectrometry

(ICPMS) techniques [45]. The corrected 14C age is

6582–6783 cal BP [46]. The corresponding uplift

rate of 3.5 mm/yr is consistent with those between

3 and 6 mm/yr at the Stone-Cow Bridge area

[47,48]. The growth rate was 15 mm/yr. A 127-

mm (9-yr)-long sample was selected for tracer and

isotope analyses. The sample was well preserved and

X-ray diffraction showed only aragonite [49]. The

intra-skeletal fine structure, the uranium concentra-

tion (2.8 ppm), the initial d234U value

(146.6F1.8x, 2r) and the consistency between
230Th and 14C ages all suggest the fossil sample is

pristine.

A method of sample treatment was devised by

modifying a procedure in the previous study by

Shen et al. [16]. Corals were sectioned into 5–10

mm thick slices, immersed in 10% sodium hyper-

chlorite for at least 1 d, washed with deionized

water, and dried at 50 8C in an oven. Cubes, ~ 12

per year, were cut along the axis of the maximum

growth rate with a micro-surgical subsampling tech-

nique [50]. In an ultrasonic bath, the cubes were

treated with sodium hyperchlorite, D.I. water, and

then with 10�3 N nitric acid to dissolve the carbonate

dust from cutting during subsampling. For modern

corals, cubes were crushed and homogenized. Most

of the samples were used for oxygen isotopic analysis

and a small aliquot (50 Ag) for Sr/Ca determination.

For fossil samples, two parallel monthly resolution
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cubes (1–2 mm3) were cut at the same horizon and

went through the cleaning process together. One cube

was used for oxygen isotopic analysis and the other

one for Sr/Ca ratio determination.

Oxygen isotopic analyses were performed on a

SIRA-10 or a MAT-252 in the Institute of Earth

Sciences, Academia Sinica for seawater and modern

corals, and on a MAT-DELTA in the Department of

Geosciences, National Taiwan University for the 6.73-

ka coral, with an external error of 0.06x (1r). An
automated system for isotopic equilibration of CO2

and H2O by Brenninkmeijer and Morrison [51] was

used for water d18O analysis. Isotopic composition

calibration on 3 different mass spectrometers was

accomplished with five laboratory standards, includ-

ing MBS, MAS, HPM230, Merck and Hanawa, that

were corrected regularly with two international carbo-

nate standards, NBS-19 and NBS-18. Sr/Ca concen-

tration ratios were determined on a thermal ionization

mass spectrometer, MAT-262, with a reproducibility

of F 0.44x (2r) using 42Ca–44Ca–84Sr triple spike

isotope dilution techniques [16,52]. The coral and

seawater d18O values (x) are expressed relative to

the VPDB and VSMOW reference standards, respec-

tively. The error given in this paper is one standard

deviation unless otherwise noted.
3. Results and discussion

3.1. Directly measured seawater d18O

The variation of coastal d18Osw predominantly

reflects the influx of 18O-depleted freshwater, either

as direct rainfall or as runoff from the watersheds of

rivers. In Fig. 2 we show the directly measured

d18Osw in Nanwan from 1993 to 1995, plotted in

comparison with the monthly rainfall of the region.

In dry seasons, d18Osw hovered around 0.32x. In wet

seasons, seawater in Nanwan showed offsets in d18O

toward lighter oxygen because of rain. The seasonal

d18Osw offsets (differences of d18Osw values between

wet and dry seasons) are only several times the r
value so that we characterize them with step functions

to illustrate the differences between the mean d18O

values for the dry and wet seasons. The d18Osw offset

was 0.16F0.05x in 1993, a drought year with only

994 mm precipitation. It became 0.23F0.05x in
1995, a more typical year with 2099 mm rain. Despite

the fact that offsets are only 2.5–4 times the analytical

error, they are still significant and correlate with

annual precipitation.

Nanwan d18Osw did not shift until 1–1.5 months

after the change between the dry and wet seasons (Fig.

2). This was particularly clear in 1993. The rain began

to fall in late May while the d18O became lighter only

in July. Similarly, when the rain stopped in October,

the d18O did not become heavier until at least Decem-

ber. The cases for the transition in late 1992, late

1994, and early 1995 were not as strong but were

consistent with similar time lags. The estimated resi-

dence time for water in Nanwan is about 40 days [53].

This 1- to 1.5-month delay would probably be caused

by the time needed to replace the bay water with

lighter d18O water during the wet season.

3.2. Inferred d18Osw from modern coral

Coral d18O is affected by both local d18Osw and

SST and the first-order equation can be expressed as:

d18Ocoral � d18Osw ¼ aþ b� SST: ð1Þ

We have calibrated this relationship using our

measured d18Ocoral (Fig. 3) and the nuclear power

plant’s intake water temperature monitoring record

for 1989–1990. For d18Osw, we used the mean values

0.07x and 0.30x, respectively, for wet and dry

seasons measured for 1995 seawater whose rainfall

of 2099 mm/yr is similar to those of 1989–1990. The

resulting equation is:

d18Ocoral � d18Osw ¼ � 0:771� 0:180� SST:

R2 ¼ 0:94 ð2Þ

If we had followed the usual practice of simply

using the annual mean d18Osw, the fitting would have

given a higher sensitivity of 0.247x/8C instead,

which is an artifact. Note that the range of this sensi-

tivity determined before in many studies was 0.18–

0.25. The common practice used in these studies [26–

28,54] assumed a constant annual mean value for

d18Osw. We suggest that a careful case by case reex-

amination should be done to obtain the correct sensi-

tivity instead of simply taking the grand average of the

set because many studies might require the use of

separate seasonal values for d18Osw. We believe that
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the resulting sensitivity is closer to the low end of the

present range (i.e. 0.18), consistent with the one,

0.18x/8C, established during drought years for Por-

ites corals from Orpheus Island, central Great Barrier

Reef [18,28].

The relationship of coral P. lutea Sr/Ca–SST used

here was established by Shen et al. [16] and written as:

D ¼ 1:2054� 0:005901 � SST; ð3Þ

where D is the distribution coefficient, defined as

D =Sr /Cacoral /Sr /Casw. Eq. (3) can be rearranged as

SST=(1.2054�D) / 0.005901. Substitution of this

relation into Eq. (2) yields:

d18Osw ¼ Dd18O ¼ 37:54þ d18Ocoral � 30:50

� Sr=Cacoral=Sr=Caswð Þ: ð4Þ

Here d18Osw represents the implied isotopic compo-

sition of seawater at the time of growth of the coral

skeleton, which is calculated as the residual d18O or

Dd18O for the coral d18O record after removing the

temperature component.

Dd18O can be determined from Eq. (4), if coral

Sr/Ca and d18O are both measured and Sr/Casw is
known. Five-year monthly resolved coral skeletal

d18O and Sr/Ca records from 1989 to 1993 are plotted

in Fig. 3 and modern Nanwan Sr/Casw is 8.551 mmol/

mol [16]. Applying Eq. (4) to this dataset, we can

infer Nanwan d18Osw for this period (Fig. 4). Syn-

chroneity between low Dd18O and high SST indicates

that the occurrence of depleted d18Osw was from the

late spring to late summer. A direct comparison of

seasonal oxygen isotopic variation between the calcu-

lated Dd18O and the measured d18Osw can be made

for the drought year of 1993, from which no informa-

tion has been used for the derivation of Eq. (2) or Eq.

(4). The averages for the coral Dd18O data of the dry

and wet seasons were 0.32x and 0.15x, respectively,

which reproduce those for the measured d18Osw

remarkably well (Fig. 4). The Dd18O values for the

other years were reasonable as the dry seasons typi-

cally had the inferred d18Osw between 0.3x and

0.4x, and wet seasons had values lighter by 0.20x.

The only unusual data were for spring of 1991.

The Dd18O seemed to show an offset toward a lighter

value by 0.20x after February. The reason for the

anomalous Dd18O signal is that offshore surface sea-
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water with an abnormally low salinity of 33.0 psu

(Fig. 4c) (instead of 34.6 psu for the general dry

season [40,55]) intruded into the bay, depleting

d18Osw while Nanwan received little rain in spring. It

will be discussed later that the bay water consists of

25% offshore surface water and 75% upwelled water

in the dry season. If such was the case in 1991, the

salinity anomaly of 1.6 psu in the offshore surface

water would cause a 0.4 psu decrease in Nanwan

water and a 0.1–0.2x depletion in Nanwan d18Osw

in accord with a slope of 0.25–0.4x/psu for the
d18Osw–salinity relationship [19,23,53,56]. The deple-

tion of both seawater and coral 18O in the 1991 spring

indicates that not only local but regional climatic con-

ditions can affect hydrography in Nanwan.

3.3. Fidelity of coral Sr/Ca and d18O proxies for

thermal and hydrological anomalies

Studies of Sr uptake in the coralline micro-struc-

ture have showed complicated micro-biogeochemical

processes for elemental partitioning [31,32,34–37].
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Physiological offsets from equilibrium of the coral

Sr/Ca–SST and d18O–SST relationships in massive

Porites corals have been reported [17,33,38]. Fallon

et al. [57] analyzed Sr/Ca in three Porites corals

collected from inshore, mid-shelf, and outer reef

localities with different environmental stresses in

the central Great Barrier Reef. They found a tem-

perature variation of ~ 2 8C, within the analytical

uncertainty, between three Sr/Ca–SST calibrations. It

suggests that the influence of coral physiology may

cause a possible temperature bias of 2 8C or less.

Despite the fact that past seawater Sr/Ca variation in

the Holocene cannot be absolutely mirrored in for-

aminiferal records [58], modeling studies suggest that

seawater Sr/Ca could have changed with a 1–3%

decrease in the last 15 ka [59], corresponding to a

bias of 2–6 8C for the coral Sr thermometer.

The dispersion among coral Sr/Ca–SST calibra-

tions and oceanic chemical evolution lead to un-

certainties in the absolute coral Sr inferred

temperature. Fortunately, the slopes of the world-

wide calibration equations are similar [16,19,38].

There is no significant difference (t-test, p =0.05)

between two new Sr/Ca–SST thermometers for 400-

yr-old Porites corals collected from Nanwan and an

offshore island Lutao, southwestern Taiwan [60],

and our previous ones calibrated with 20-yr-old

coral heads [16]. Consistency among the sensitiv-

ities of coral Sr thermometers suggests that the

relative variation, like seasonal anomalies, addressed

in the fossil corals is a reliable reflection of relative

temperature.

Our resulting sensitivity of the d18O–SST calibra-

tion is consistent with the one, 0.18x/8C, established
by the Australian National University group [18,28].

However, a discrepancy between intercepts in the two

equations are observed, probably due to different

d18Osw conditions and/or coral physiology [33,38].

Metabolic effects seem to not be serious when com-

bining the empirical Sr/Ca–SST and d18O–SST rela-

tionships to reconstruct seawater hydrological

anomalies [18–22]. Morimoto et al. [23] presented

biweekly precise coral and in situ seawater data to

demonstrate that the d18Osw and salinity anomalies

during the 1997–1998 El Niño can be deconvolved

from Palau corals, even though the hydrological sig-

nals are only 0.2–0.5x. Although precipitation

brought about seasonal d18Osw variations of 0.15–
0.34x in Nanwan, only accounting for ~ 20% of

the total annual coral d18O range (Fig. 4), we can

resolve this change in precipitation. Previous studies

and our observations suggest that the influence of the

physiological effect is not significant for deciphering

seawater thermal and hydrological anomalies with

massive Porites corals.

3.4. Correlation between present precipitation and

seawater d18O in Nanwan

The shifts of d18Osw towards lighter values in the

wet season is caused by the rain which is depleted in
18O relative to seawater. The precipitation should,

therefore, be expected to correlate with the shift in

d18Od–w=d18Od (dry season)�d18Ow (wet season).

In Fig. 5 we plot the d18Od–w for the 3 yr (1993–1995)

when directly measured data for seawater samples

were available and the 3 yr (1991–1993) when coral

data were used to infer them after first removing the

SST influence. Since the seawater and coral datasets

generally agree with each other and essentially
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Fig. 6. Modeling the waters’ mixing in Nanwan Bay using a Sr/Ca–

salinity diagram [53]. Suppose the coastal water of Nanwan Bay

(NWW, solid circle) is stoichiometrically mixed by three endmem-

bers, freshwater (FW), upwelled water (UW) and offshore surface

water (OSW) (solid squares). For the case of the 1994 wet season,

the percentages of those endmembers are: upwelled water 73.1%,

offshore surface water 24.4%, and freshwater 2.5%. In the dry

season the coastal water is mixed by only upwelled and offshore

surface waters. The value of coastal seawater Sr/Ca will thus be

8.551 mmol/mol (gray circle in the inset enlarged plot), the same as

the annual mean (solid circle).
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coincide in 1993, we can fit a correlation line through

all six data points to obtain:

d18Od�w ¼ 0:02þ 1:16� 10�4 � P R2 ¼ 0:83;

ð5Þ

where P is annual precipitation (mm/yr). In order to

evaluate the applicability of this relationship, we need

to better understand the mixing process of different

water masses in Nanwan Bay that controls the salinity

and the oxygen isotopic composition.

3.5. Hydrographic modeling of present seawater

d18O–precipitation relation

3.5.1. Mixing model

Here we invoke a mixing model which may be

used to derive the mixing ratio of the three main

sources for the Nanwan water: the surface seawater

from the Luzon Channel that flows over the seamount,

the upwelled seawater coming from a depth of 100–

200 m through the canyon south of the bay, and the

freshwater input, which is significant only in the wet

season. The freshwater comes from the rain falling

directly in the bay and from runoff and submarine

ground water discharge from the small watershed

whose size roughly equals that of the bay (Fig. 1).

A simple mixing model employs steady-state mass

balances of water, Sr/Ca and salinity in the mixing

of the three endmembers. The model is based on

hydrographic measurements at three stations along a

transect from the coastal region immediately outside

Nanwan to a station in 2000 m deep water 250 km to

the south, where the depth profiles for salinity, tem-

perature, d18Osw, and Sr/Ca were determined. In addi-

tion, we have also measured Sr/Ca and d18O of the

runoff [52]. The chemical properties of Nanwan water

and three water masses are listed in Table 1.
Table 1

Sr/Ca, salinity and d18O, of Nanwan water and its three endmembersa

Water mass Sr/Ca (mmol/mol) Salinity (p

Dry season

Nanwan water 8.551 34.4–34.6

Endmember components

Freshwater 8.827 0

Offshore surface water 8.496 34.60

Upwelled water 8.569 34.80

a Data from [53].
Using the properties of the three components of

water in Nanwan, we plot the expected mixing rela-

tionship between Sr/Ca and salinity in Fig. 6. Since

the Sr and Ca concentrations of freshwater are much

lower than that of seawater, the Sr/Ca of Nanwan

water is essentially controlled by the mixing between

upwelled and surface waters. The measured Sr/Ca of

the mixture and its two end members thus immedi-

ately gives the mixing proportion between the two

seawaters. The upwelled component is thus found to
su) d18O (x)

Wet season Dry season Wet season

33.74 0.28–0.32 0.08

0 � 8.38 � 8.38

34.12 0.25 0.10

34.80 0.36 0.36
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contribute 75%. On the other hand, the salinity dif-

ference between the surface and the upwelled waters

is small when compared to the huge contrast relative

to that of the freshwater. The addition of freshwater in

the wet season shifts the mixture point along the

constant Sr/Ca line towards the direction of low sali-

nity. The contribution of freshwater to Nanwan in the

wet season of 1994 was thus estimated to be about

2.5%. This modeling effort is described in full detail

elsewhere [53]. Here we only outline how we use the

mixing process to predict the relationship between

d18Od–w and precipitation.

3.5.2. Modeled d18Od–w–precipitation relation

In the following we use a step by step mixing

process to derive the 18Od–w–precipitation relationship

in the Nanwan. In Fig. 7, we plot the d18O against

salinity of various water masses for 1994. In the dry

season, the mixing at a proportion of 3:1 between

upwelled and surface waters produces a d18Osw of

0.33x, which is consistent with the observed and

implied values of 0.30–0.35x from Nanwan water
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Fig. 7. Simulation of the alteration of the d18O value for the coasta

water in different seasons using the d18O–salinity diagram based on

the mixing model illustrated by the Sr/Ca–salinity diagram shown in

Fig. 6. In dry seasons the value of Nanwan d18Osw is 0.33x (gray

diamond) through the mixing of upwelled (UW, solid cube) and

offshore surface waters (OSWd, gray cube). In wet seasons the value

of d18O of coastal water will drift from the one (hollow circle) of

mixing by UW and offshore water (OSWw) towards the one of

freshwater (solid line). For the 1994 case, the modeled value of

d18Osw in the bay is 0.08x (NWWw, solid circle).
l

and corals shown in Fig. 4. In the wet season, the

offshore surface water became 18O-poor and less salty

(Fig. 4c), reflecting the effect of rainfall on regional

hydrography.

The mixing of the upwelled water, which had the

same composition as in the dry season, and the off-

shore surface seawater, which was less saline and

more depleted in 18O, produces a seawater mixture

that has a somewhat lower d18Osw of 0.29x (Fig. 7).

The addition of freshwater in Nanwan further shifted

the d18Osw of the final mixture to 0.07x, thus result-

ing in a d18Od–w of 0.26x for a year (1994) with

1651 mm precipitation. In other words, the shift in

d18O of the offshore water in the wet season accounts

for a 0.04x decrease of the bay water isotopic com-

position, while the local rainfall accounts for a 0.22x
decrease. Therefore, the effect of precipitation on the

d18Osw of the bay is calculated to be 1.33�10�4x
mm�1, which is controlled by the relative contribu-

tions of seawaters and freshwater. Because the off-

shore surface water comprises ~ 25% of the Nanwan

water, the seasonal difference in d18Osw of the bay can

be expressed as:

d18Od�w ¼ 25%� d18Od�w

� �
off

þ 1:33� 10�4 � P;

ð6Þ

where (d18Od–w)off is the seasonal difference of d18O

for offshore surface water. As the (d18Od–w)off value is

difficult to predict and the relative contributions of

different endmembers may vary over the geological

time, we have considered possible scenarios in two

models. For Model 1, we assume that the precipitation

outside the bay also equals P and the value of its d18O
is � 8.38 (F 0.48)x [61]. The hydrographic profiles

observed off the southern tip of Taiwan in summer

[62] indicate a mixed layer depth of about 50 m. Thus

the value of (d18Od–w)off may be expressed as

1.6�10�4�P, which is plugged into Eq. (6) to pro-

duce the relationship:

d18Od�w ¼ 1:73� 10�4 � P: ð7Þ

Note that this line passes through all data within

their 1r bars except that for 1995 whose uncertainty

may be under-estimated because there were only two

measurements for the wet season (Fig. 2). Basically,

the observed correlation can be explained by the

hydrographic mixing model (Fig. 5).
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The different trends of freshwater dilution

observed in Nanwan Bay and the offshore region

shown in Fig. 7 may be attributed to the slight differ-

ence between d18O values of the local rain and the

offshore precipitation. Besides, during the isotopic

change of offshore water from the dry season to the

wet season it may have experienced not only fresh-

water dilution but probably also evaporation, which

tends to enrich salinity more efficiently than the hea-

vier oxygen isotope in the tropics [63].

3.6. Chemical and isotope records in fossil coral

3.6.1. Sr/Ca and d18O records

Nine-year records of skeletal Sr/Ca and d18O of a

6.73-ka fossil sample are illustrated in Fig. 3. The

seasonal extremes of Sr/Ca shifted from 8.9 to 9.4

mmol/mol in years Y1–Y5 to 8.8–9.2 mmol/mol in

years Y6–Y9. This trend was not observable in the

d18O record, ranging from � 5.2x to � 3.8x. Both

amplitudes are larger than their counterparts in mod-

ern coral (Fig. 3). In addition, the mean values of the
6.73-ka
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A three-point-averaged Dd18O line (lower solid line with hollow circles) i

two parallel subsamples. The averaged Dd18O values in dry seasons of two

and shown as brown regions, and wet seasons for these years with blue sym

Ca-inferred high SST with 2–3 subsample points is observed for years Y
two sets of records have significant offsets from mod-

ern values.

3.6.2. Sr-inferred SST anomaly

In the first 4 yr Y1–Y4 within the 6.73-ka window,

the inferred range of seasonal SST variations was

6.7F0.7 8C (Fig. 8). From the winter of Y5 onward,

the annual mean SST in Nanwan climbed 18 higher.

The amplitude of seasonal variations was 6.7F0.5 8C
in years Y6–Y9, similar to the range in Y1–Y4. The

mean SST for the 9-yr window was 24.4 8C, which
was 0.5 8C cooler than the present, assuming the

seawater Sr/Ca in Nanwan did not differ significantly

from today. Instrumental and coral inferred data give

the modern annual temperature range of 5.8F0.5 8C
(Fig. 4a) [52,60], which means the average seasonal-

ity (6.7 8C) at the 6.73-ka window shown in Fig. 8

was 16% larger than the present. This feature is

expected qualitatively from Milankovitch cycle since

at 9 ka, earth’s perihelion fell in the northern summer

and aphelion fell in the northern winter, which caused

a 10% larger swing of northern hemisphere solar
SST Sr/Ca

SST δ18O

∆δ18O

ear

Y5 Y6 Y7 Y8 Y9

temperatures (gray line with diamonds) and Dd18O (lower thin gray

with two different adjacent cubes for each horizon of the fossil coral.

s calculated here to remove the possible asynchronicity between the

spans Y1–Y5 and Y7–Y9 are calculated with dark red symbols (1r)
bols as cyan rectangles. Note that a lead of low Dd18O over the Sr/

1, Y3–Y5 and Y8.
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insolation at 6–7 ka [64–66]. On the other hand, the

SST seasonality is also dependent on local circulation,

which may have magnified the seasonal temperature

response.

3.6.3. Inferred d18Osw anomaly

The Dd18O record within the 9-yr window at 6.73

ka is depicted in Fig. 8. The enriched d18O for the dry

seasons, measured from seawaters and inferred from

modern corals, characterizes the seawater without the

freshwater contribution (Figs. 2 and 4). When the

volume of the ice cap was still slightly larger than

the present, d18Osw was expected to be 0–0.1x hea-

vier than that of today in the mid-Holocene, [67–69].

The values of the inferred d18Osw for the dry seasons

are larger than those of the present day by 0.3x for

years Y1–Y5. The increase is larger than the ice

volume effect (Fig. 8). The enrichment in 18O could

be caused either by the different water conditions over

the Holocene or by physiology discrepancies between

modern and fossil coral colonies, which can probably

bias the values of intercepts in the Sr/Ca–SST and

d18O–SST equations [19,22,38].

Three features are found in the inferred d18Osw

anomaly record (Fig. 8). (1) The rather constant

Dd18O for the dry seasons in Y1–Y5, increased

through Y6, and reached a new level 0.40x heavier

in Y7–Y9. (2) The inferred seasonal d18Osw differ-

ences were 0.45F0.17x in Y1–Y5 and

0.37F0.14x in Y7–Y9. The seasonal difference in

Y6 is not clear. Excluding Y6, we calculate an aver-

age seasonal difference of 0.42F0.11x. (3) For the

years of Y2, Y7 and Y9, a close synchroneity between

phases of Dd18O and coral Sr/Ca-inferred SST is

consistent with those observed from modern records.

Instead, for years of Y1, Y3–Y5 and Y8, the Dd18O

values became progressively negative in the early

spring and then reached minima. The low Dd18O
and high SST data were asynchronous with 2–3 sub-

sample points for these years.

A simple extrapolation of the relationship between

precipitation and the seasonal difference (d18Od–w)

obtained from the modern data (Eq. (5)), the 2 times

larger seasonal difference in d18O (0.42F0.11x)

would yield a rainfall of 1500–4400 mm/yr, which

is 1.5 times as high as the modern values. A precipita-

tion of 1700–2900 mm/yr would be predicted using

Model 1, lower than that calculated by Eq. (5). Before
jumping into any conclusions, the influence of a

different hydrographic condition in the mid-Holocene

should be carefully evaluated.

3.7. Paleo-conditions

3.7.1. Magnitude of precipitation

Model 1 as represented by Eq. (7) may be

applicable for the modern condition. Instead, the

effects of tectonic evolution, sea level change and

hydrographic alteration on the seawater fluxes must

be considered for paleo-conditions. An average tec-

tonic uplift rate of 3.9 mm/yr in the Nanwan area [48]

suggests that there could have been a 26 m change in

elevation over 6.7 ka, which is substantial for a mean

water depth of only 63 m in the bay. The fraction of

the local freshwater contribution could have been

diminished by 41% because the bay reservoir was

larger than the present by a factor of 26/63. Although

the contributions of the two seawater endmembers in

the mid-Holocene are difficult to assess, we have

investigated the sensitivity of the relationship to

changes in relative contribution of the endmembers

in Model 2. If the magnitude of upwelled water did

not vary significantly and only the flux of offshore

surface water was affected by relative sea level change

during the mid-Holocene, the relative contributions of

upwelled water and offshore surface water would be

estimated as 44% and 56%, respectively. Accordingly,

Eq. (6) can be expressed as:

d18Od�w ¼ 56%� d18Od�w

� �
off

þ 1� 41%ð Þ

� 1:33� 10�4 � P; ð8Þ

¼ 0:90�10�4�Pþ0:79�10�4�P; ð9Þ

¼ 1:69� 10�4 � P: ð10Þ

This relationship is not significantly different from

that for Model 1, suggesting that the seasonal differ-

ence in d18O values of the bay water is not sensitive

to change in topography of the bay. Using Model 2,

we would translate the seasonal Nanwan water d18O

shift into a precipitation of 1800–3000 mm/yr, ~ 20%

higher than that of today (1500–2500 mm/yr) (Fig. 9).

The abundance of spores in the pollen record recov-

ered from lake sediments in Taiwan and the geochem-

ical tracers shown in the deep sea sediments from the
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Table 2

Summary of scenarios of Nanwan hydrographic conditions for

Model 1 and Model 2

Hydrograhic condition Water massa Model 1 Model 2

Averaged bay depth 37 m

(present)

63 m

(6.73 ka)

Relative sea level 0 m � 26 m

Percentages of

water masses in

dry seasons

FW 0% 0%

OSW 25% 56%

UW 75% 44%

Percentages of

water masses in

wet seasons

FW 2.5%b F%; decreased

with a factor of

26/63 relative to

modern condition

OSW 24.4%a 56 / (1�F / 100)%

UW 73.1%a 44 / (1�F/100)%

Contribution of

water masses for

seasonal d18Osw
c

FW 77% 47%

OSW 23% 53%

a FW: freshwater; OSW: offshore surface water; UW: upwelled

water.
b A case of the 1994 wet season with 1651 mm precipitation.
c Based on an assumption that the amounts of precipitation in and

out of the bay are the same.
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South China Sea both indicate a wet climatic condi-

tion [70], qualitatively consistent with our results

mentioned above. The contributions of offshore sur-

face water and freshwater for seasonal d18Osw varia-

tion in Nanwan varied from 23:77 today (Eq. (6)) to

53:47 at 6.7 ka (Eq. (9)), when relative sea level was

high and Nanwan was more open. The intrusive

offshore surface water, therefore, contributed more

substantial d18Osw variability in Nanwan in the mid-

Holocene. A summary of scenarios of Nanwan hy-

drographic conditions for Model 1 and Model 2 is

given in Table 2.

3.7.2. Rainfall seasonality

The timing or phase of the seasonal cycle of rain-

fall may be inferred from the Dd18O record at the

6.73-ka window as illustrated in Fig. 8. The phase of

the Dd18O pattern for years Y2, Y7 and Y9, is the

same as present, suggesting a similar rainy season at

those years. For years Y1, Y3–Y5 and Y8, the

decrease of Dd18O preceded the increase of SST
slightly. It suggests that the rainy season probably

occurred from the early–mid-spring to mid-summer.

Possible forcing resulting in the early occurrence of

the rainy season for the years of Y1, Y3–Y5 and Y8 is

described as follows. The East Asian monsoon max-

imum shifted systematically southeastward in the past

10,000 yr [71]. The maximum precipitation was

located at north-central China by 7 ka and the Yangtze

River area in the mid-Holocene (5–7 ka). The findings

were further supported by the record of desert/loess

transitions [72]. These results indicate a stronger East

Asian summer monsoon reaching latitudes north of its

present position. Strengthened solar insolation in the

mid-Holocene [64–66] might prompt large land–sea

temperature contrast and a northward-shifted East

Asian summer monsoon [73]. The early heating of

the continent likely triggered an early onset of the

rainy season in Taiwan. At the present time, the long-

term record of the East Asian summer monsoon rain-

fall anomalies from interannual to centennial time

scales exhibits a phase reversal between the Yangtze

River valley and south China and Taiwan [74,75]. If a

similar pattern prevailed in the mid-Holocene, the

early northward march of the seasonal rainband to

central China would probably suppress the rainfall
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after mid-summer as recorded in fossil coral in Nan-

wan (Fig. 8). It is suggestive that the early occurrence

of the Mei-Yu rainfall and the suppression of summer

rainfall likely resulted in the phase shift of the rainy

season at 6.73 ka. A strong zonal SST gradient and

enhanced summer monsoon in the mid-Holocene [70–

72] could possibly bring about a heavy early-season

precipitation in the western tropical Pacific.

It is noted that the change in seasonality may have

been caused by non-local effects. The record from

1991 (Fig. 4) indicates that an anomalously low sali-

nity water outside the bay may bring about the occur-

rence of depleted Nanwan d18Osw in spring. A similar

event may have happened in years of Y1, Y3–Y5 and

Y8. More modern hydrological observations, coral

data and hydrographic models may sufficiently

address this issue in further studies.

3.7.3. Dd18O in dry seasons

The Dd18O value in the dry seasons of years Y7–

Y9 was enriched by 0.4x over that of years Y1–Y5.

Based on modern observations (Figs. 2 and 3) and a

water mixing model [53], the variation of Dd18O

value in the dry season is only attributed to offshore

surface water and upwelled water. The 0.4x enrich-

ment in Nanwan water 18O was probably not just

attributed to only local SST rise. We argue that it

might be caused by a regional SST increase. Gagan

et al. [18] proposed an evaporative enrichment of

0.5x in seawater 18O can be driven by 1 8C tempera-

ture increase in the southwestern Pacific at 5.35 ka

according to modern observations and a GCM calcu-

lation [76]. A two-degree rise in SST, addressed in the

Sr/Ca record, in the western Pacific area can cause

0.5x enrichment for Nanwan d18Osw, close to the

observed 0.4x offset, if the contribution of offshore

surface water was 56% (Model 2) in Nanwan. The

Dd18O value in the fall and winter of year Y3 was

0.2x depleted than that of the other years in Y1–Y5,

suggesting an episode of a remarkable local and/or

regional winter rainfall, or an intrusion of low salinity

offshore surface water.
4. Conclusions and recommendations

In this research we measured directly the seasonal

d18Osw offset in Nanwan, a semi-enclosed bay, and
established its correlation with precipitation. For the

coastal water, the seasonal d18Osw difference was

about 0.2x, which is registered in the coral skeleton.

This hydrological signal contributed to only 20% of

the seasonal variation of coral d18O. Using hydrolo-

gical models we also succeeded in constructing a

theoretical relationship between seasonal d18Osw dif-

ference and precipitation and demonstrated that coral

Sr/Ca and d18O records can be used as a quantitative

proxy for the past precipitation.

Taking advantage of this method, we reconstructed

the past precipitation and climatic conditions at 6.73

ka. The residual d18O records suggest an annual

rainfall of 1800–3000 mm/yr, 20% higher than that

of today. We speculated that the magnitude of pre-

cipitation and the onset of the rainfall season might

be influenced by strengthened solar insolation and an

enhanced Asian summer monsoon. Although we have

carefully examined the applicability of combining

coral Sr/Ca and d18O records as a paleo-precipitation

proxy, there are still many uncertainties in the

assumptions made in this study, including the mixing

of water masses, sea level changes, monsoon inten-

sities and coastal circulation conditions. The current

dataset is still insufficient for reconstructing detailed

precipitation history. More observational records and

modeling simulations are needed to understand the

mechanism of teleconnection between Asian mon-

soons and/or possible ENSO fluctuations and their

induced precipitation characteristics.

In view of the complications involved in recon-

structing climatic conditions, especially precipitation,

we suggest that the appropriate sites should meet the

following criteria in the next generation of similar

studies:

(1) The local tectonics must be simple with little

change vertically (uplift or subsidence) or hor-

izontally (fault movement).

(2) The local hydrography must be simple with as

little upwelling as possible.

(3) The reservoir must be sensitive to rainfall.

Namely, the rainfall should be the major con-

tributor to the changes and its rate of change is

rapid to minimize the residence time uncertain-

ties. Yet the reservoir must exchange readily

with seawater from the open ocean to minimize

local variations and to ensure rapid mixing.
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(4) If precipitation is the main goal, we may con-

sider a site close to the equator where SST

variation is small.

Combining these, we suggest that a better site for

such a study may be corals grown inside a small

shallow lagoon formed around the caldera of a sub-

merged but stabilized extinct volcano. It should be

close to the equator and an isolated small peak sur-

rounded by very deep ocean. The bdemocracyQ reef
(1178E, 158N) in the South China Sea west of Luzon

Island may be such a site.
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