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a b s t r a c t

High-resolution surface temperature records over the last two millennia are crucial to understanding the
forcing and response mechanism of Earth's climate. Here we report a bidecadal-resolution sea surface
temperature (SST) record based on long-chain alkenones in a gravity sediment core retrieved from the
northern South China Sea. SST values varied between 26.7 and 27.5 �C, with a total variability ~1 �C over
the last 2000 years. The general SST variation pattern matches well with total solar irradiance (TSI)
changes. Relatively warm period between 800 and 1400 AD and cool period 1400-1850 AD could be
identified, in agreement with the commonly defined periods of Medieval Warm Period and Little Ice Age.
Within chronological uncertainty, notable short cooling events at 640-670 AD, 1030-1080 AD, 1260-1280
AD and 1420-1450 AD, coincide with large volcanic eruption events. The general coincidence of SST
changes with TSI and volcanic eruption events suggests strong impact of external forcing on sea surface
conditions in the studied area. In addition to the direct TSI changes, volcanic eruptions might have
induced oceanic and atmospheric circulation adjustments which might be responsible for the short
cooling events as revealed in the alkenone-SST record.

© 2017 Published by Elsevier Ltd.
1. Introduction

Earth's surface temperature changes over the last two millennia
have been crucial to understanding current global warming issues,
and reconstructed at regional, continental, and global scales using
proxy data from various archives (Mann, 2007). Many of the high-
resolution data have been used to produce a global array of climate
as part of the “2k Network” in the IGBP Past Global Changes (PAGES)
project (Ljungqvist et al., 2012; Mann, 2007, 2008; Mann and Jones,
2003; Neukom and Gergis, 2012; Neukom et al., 2014; PAGES 2k
Consortium, 2013; PAGES Ocean2k Working Group, 2012), as well
as in the 4th and 5th IPCC Assessment Report. Now some concepts,
such as the Medieval Warm Period (WMP) and Little Ice Age (LIA),
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ong), mtchen@ntou.edu.tw
are widely accepted as the common climatic features over the last
two millennia. However, comparisons among high-resolution
temperature records derived from different proxies show
distinctly spatial discrepancies, particularly between land and
ocean, northern and southern hemispheres (PAGES 2k Consortium,
2013). Indeed, even the most prominent epochs during the last two
millennia, the WMP and LIA, do not have specific definitions in
terms of their time span, suggesting no global synchronous tem-
perature patterns (Mann, 2007; PAGES 2k Consortium, 2013).
Studies on those discrepancies would be helpful to deciphering
climatic forcing-response processes, which however requires
adequate coverage of high-resolution temperature reconstructions
from various environment settings.

The mostly used annually-resolved proxy data are from conti-
nental archives, such as tree rings (Anchukaitis et al., 2012; Liu
et al., 2009; Wilson et al., 2016) and ice cores (Dahljensen et al.,
1998; Kobashi et al., 2011). Marine archives like corals and giant
clams could produce annual-resolution paleotemperatures, which
are often too short in most cases, and therefore usually concate-
nated to produce longer temperature records at millennial scale
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Fig. 1. Map of study area and sampling site NS02G (black star). Black circles denotes
studied sites cited in this paper. The color contour is 30-years (1980-2010) averaged
January SST (http://apdrc.soest.hawaii.edu/las/v6/constrain?var¼962). (For interpre-
tation of the references to colour in this figure legend, the reader is referred to the web
version of this article).
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(Cobb et al., 2003; Yan et al., 2015). Marine sediments with rela-
tively high sedimentation rates could provide continuous, decadal-
resolution temperature reconstructions based on the foraminifera
Mg/Ca (Oppo et al., 2009), GDGTs (Wu et al., 2012) and long-chain
alkenones (Ruan et al., 2015; Sicre et al., 2008; Zhao et al., 2006).

The unsaturation index of long-chain alkenones (UK0
37) have been

established as an useful proxy to reconstruct sea surface temper-
ature (SST) (Conte et al., 2006; Müller et al., 1998; Sikes et al., 1997;
Volkman et al., 1995), and thought to have better indication to the
most surface temperature than other proxies (Smith et al., 2013). At
longer timescale, UK0

37-SSTs generally record climate changes driven
by earth's orbital cycles (Liu and Herbert, 2004). At millennial to
centennial scale, changes in the UK0

37-SST are usually interpreted to
respond to monsoon or oceanic circulation changes (Kong et al.,
2014, 2015; Zhao et al., 2014; Zhao et al., 2006). With increasing
resolution amount and number of alkenone-derived SST records,
distinct differences have found between UK0

37-SSTs in the coastal and
open sea of northern South China Sea (SCS), particularly during the
late Holocene (Kong et al., 2014; Wang et al., 1999b). Similar to the
northern SCS, the general trend of many UK0

37-SSTs records have
been found to follow the increasing winter insolation through the
Holocene in the tropical Pacific and Indian oceans (Leduc et al.,
2010).

The impact of solar irradiance and volcanic eruptions on conti-
nental temperatures could be clearly identified from annual-to
decadal-resolution records, and the two are considered as the
main external forcings (Anchukaitis et al., 2012; Gao et al., 2008;
Mann, 2007; PAGES 2k Consortium, 2013). In contrast, it is still
unclear how SSTs were influenced by different forcing factors,
partly due to lacking adequate continuous high-resolution SST re-
cords (PAGES Ocean2k Working Group, 2012).

Here, we have analyzed long-chain alkenones in the upper
45 cm of a gravity core NS02G, covering the last 2000 years. Our
main objectives are to reconstruct a bidecadal-resolution SST re-
cord in the open sea of northern SCS, and assess the regional
temperature response and potential forcing mechanisms.

2. Oceanographic settings

The study area is located in the northern South China Sea (SCS),
largest marginal sea of theWestern Pacific Ocean. The SCS is almost
a semi-enclosed, connected to surrounding seas and oceans
through 5 narrow straits in the south, Taiwan and Luzon Strait in
the north. The Taiwan and Luzon Straits are the important channels
for water and thermal exchange with East China Sea and Western
Pacific. The current through the Luzon Strait is considered as an
intrusion branch of the Kuroshio Current off east coast of
Philippines (Hu et al., 2000; Xue et al., 2004).

The annual mean SST of the southern part is higher than 28 �C
and included to the Western Pacific Warm Pool (WPWP,
SST>28 �C). The northern SCS shows distinct seasonal patterns in
the SST field (http://apdrc.soest.hawaii.edu/) under the influence of
Asian monsoons and Kuroshio Current intrusion. In summer, SST
distribution is nearly homogenous across the northern SCS, while
in winter, coastal SST is much lower than the open sea. The tem-
perature isotherms are almost parallel with the southern China
coastal line. Generally, the SST distribution in the northern SCS is
strongly modulated by the Asian summer and winter monsoons
(Su, 2004).

3. Sampling and analytical methods

3.1. Sampling

A 4.6-meter gravity core NS02G (19.8� N,113.9� E) was retrieved
from the offshore continental slope at awater depth of 562m in the
northern SCS (Fig. 1) in April 2012, by Guangzhou Marine Geolog-
ical Survey Bureau. Monthly SST at the NS02G location ranges from
~22 �C in winter to ~30 �C in summer with an annual mean at
~26.5 �C (http://www.esrl.noaa.gov/psd/data/timeseries/). The
whole NS02G core consists of gray clay and is rich in foraminifera.

3.2. Chronology

The chronology of NS02G is based on accelerator mass spec-
trometry (AMS) 14C ages of 14 planktonic foraminifera specimens.
All the foraminifera samples except R01 used for 14C dating are
mixtures of Globigerinoides ruber and Globigerinoides sacculifer. The
foraminifera were pretreated under standard procedure, and
measured 14C concentration at the Beta Analytic laboratory in
Miami, USA. Among the results, 6 AMS 14C ages have been pub-
lished previously (Kong et al., 2014), other 8 new ages were
measured in September, 2017.

Foraminifera species picked from the core top sediment sample
R01 (0e3 cm) is Globigerinoides ruber (white). Measured 14C con-
centration of R01 is 108.2 ± 0.4 percent of modern carbon (pMC,
1950 AD as reference). It suggests that the foraminifers were living
after the year 1950 AD. Some colored foraminifers with fragile
spines were observed in sample R01 under the microscope, sug-
gesting the core top sediment is quite “fresh”. The 210Pb dating
results on core NS02G have been reported by Kong et al. (2014). The
excess 210Pb concentration of the top 1 cm is 669 Bq/kg, and drops
fast to about zero at ~3 cm. This confirms the young 14C age of
sample R01, and suggests the surface sediment had not been
disturbed. Based on the 14C and 210Pb results, the depth 2 cm in the
core was set as 0 cal yr BP, and the age above 2 cm was roughly
calculated as after 1950 AD.

The measured 14C ages of all the foraminifera samples (except
R01) were calibrated using Marine13 dataset (Reimer et al., 2013)
and CALIB 7.04 program with 400 years reservoir (DR ¼ 0)
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Fig. 3. UK0
37-SST of core NS02G (blue dots) since 0 AD with average reference(solid black

line). Three combined contiental temperature anomalies are from a review by Ahmed
et al.,2013. Green line (Mann, 2008); blue line (Ljungqvist, 2010); red line (Moberg
et al., 2005); deep green line is TEX86-SST from core 1202B (Wu et al., 2012). (For
interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article).
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correction (Wang et al., 1999a). As the sedimentation rate of the
whole core seems quite constant, polynomial (n ¼ 2) fitting be-
tween all the calibrated 14C ages and depth (D in cm) was adopted
to establish the age model (Fig. 2). The fitting result is: age (a cal
BP) ¼ �0.0145*D2þ46.898*D-112.42 (R2 ¼ 0.9978). Ages of the
whole core were calculated from this equation.

3.3. Alkenone analysis

The core NS02G were subsampled at every 0.5 cm interval.
About 90 samples in the top 45 cm of NS02G were used for long-
chain alkenone analysis. The pretreatment and analysis methods,
along with ~20 data points, have been reported by Kong et al.
(2014). The SST was calculated using the SCS UK0

37-SST calibration
equation: UK0

37 ¼ 0.031SSTþ0.092 (Pelejero and Grimalt, 1997).
Replicate injections of standards in different batches show analyt-
ical errors less than 0.3 �C for the calculated SST.

4. Results

A centennial-resolution UK0
37-SST record over the past 8000 years

from the core NS02G, analyzed at 2.5 cm interval, has been reported
previously (Kong et al., 2014). The increased data resolution, sub-
sampled at 0.5 cm interval, better characterizes SST changes over
the last 2 millennia. Based to our current chronology, there exist 90
data points after 0 AD, yielding an average resolution of every ~22
years per sample (Fig. 3). Such a resolution, although still not
comparable with some terrestrial temperature records, is quite
decent as compared to previous alkenone-derived SST records in
the northern SCS (Shintani et al., 2008; Wang et al., 1999b; Wei
et al., 2007). To date, the calibration equation
(UK0

37¼0.031SSTþ0.092) by Pelejero and Grimalt (1997) rather than
the global core top equation by (Müller et al., 1998) is used in most
studies of UK0

37-based paleotemperature reconstructions in the SCS.
To keep the SST comparable with previous SST records in the SCS,
the equation UK0

37 ¼ 0.031SSTþ0.092 is used to calculate SST in this
study.

The calculated SST of NS02G over the last 2000 years ranges
from 26.7 to 27.5 �C, averaged at 27.04 �C (Fig. 3). The SST curve
exhibits a “W” shape without a significant overall increasing or
Fig. 2. Polynomial fitting (n¼2) of all 14 calibrated AMS 14C ages with the center depth
(in cm) that the foraminifera picked from. The fitting result is :Age(cal yr BP)¼-
0.0145*D2þ46.898*D-112.42 (R2¼0.9978). Black diamonds denote ages published in
Kong et al. (2014). Blude dots are the ages measured in September, 2017. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the
web version of this article).
decreasing trend. Though the variability is small, several relatively
warm and cool periods could be identified. The SST decreased
slightly from 0 to ~620 AD, followed by an abrupt cooling by ~0.3 �C
at 640-670 AD. Then it increased to the warmest point 27.5 �C at
~970 AD. It experienced a relatively warm period between 900-
1380 AD, which interrupted by two significant cooling episodes at
1030-1080 AD and ~1270 AD. After a fast drop to 26.7 �C at 1430 AD,
SST has gradually increased to 27.3 �C at the topmost, but has not
exceeded the peak values at ~970 AD. Generally, the SST record is
characterized with awarm epoch during ~900-1380 AD and several
abrupt cooling events at 640e670, 1030e1080, 1260e1280,
1420e1450 and ~1550 AD, respectively.

5. Discussion

5.1. Validation of the reconstructed SST

To assess potential systematic and analytical errors in the SST
reconstruction, calculated SST of NS02G was compared with core
17940 (Wang et al., 1999b), which is ~200 km east to the NS02G
core location. The UK0

37-SST is calculated using the same equation by
Pelejero and Grimalt (1997). The SST of NS02G over the last 2000
years range between 26.7 and 27.5 �C, with an average at 27.04 �C
and variability ~1 �C. The average SST is very close to the averaged
SST (26.98 �C) at Core 17940 over the last 2 millennia (Wang et al.,
1999b). The variability was slightly higher in NS02G, possibly due
to higher sampling resolution. The observed range of SST changes
over the last 2 millennia also exceeds the typical analytical error in
our lab, up to 0.3 �C, based on analysis of repeated samples and lab
standards.

5.2. Comparison with global temperature changes

Generally, SST variation in the northern SCS is quite comparable
to global/northern hemisphere temperature changes (Fig. 4)
(Ljungqvist, 2010; Mann, 2007; Moberg et al., 2005; PAGES 2k
Consortium, 2013). Surface temperatures over the last two
millennia are characterized with largely worldwide “Medieval



Fig. 4. Comparison of (A) NS02G-SST (black line is 5-points smoothing) with (B) DTSI
(Steinhilber et al., 2009); (C) global volcanic stratospheric sulfate injection (Gao et al.,
2008); (D) northern Hemisphere SO4 flux (Crowley and Unterman, 2013); ( E) DY2
mean grain size (MGS) on Dongdao of Xisha Islands (Yan et al., 2011); (F) standardized
d18O of foraminifera Neogloboquadrina incompta in core SK-2 in the western North
Pacific (Sagawa et al., 2014).
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Warm Period” (WMP) and “Little Ice Age” (LIA). Though it is hard to
define the time span of MWP and LIA periods at multi-decadal scale
because of broad regional heterogeneity (PAGES 2k Consortium,
2013), these two concepts have been widely accepted to refer to a
sustained warm interval of 9e13th century and a cold period of
15e18th century, respectively (Crowley, 2000; Mann et al., 2009).
The NS02G-SST was slightly higher from ~900 to 1400 AD, with the
warmest point at ~970 AD. It seems to match the global tempera-
ture peak at the time (PAGES 2k Consortium, 2013). The SST shows a
slightly decreasing trend during 0-600 AD and 960e1400 AD, also
quite in accordance with global temperature changes.

Several significant cooling events at 640-670 AD, 1030-1080 AD,
and 1260-1280AD observed in the NS02G-SST record, seem to
match with minor changes in the global temperature records.
However it should be noted that synthesis of the global tempera-
ture might diminish the amplitude of some short-term changes
because of complex variability in the data used. By comparing with
another high resolution SST in the southern Okinawa Trough, good
coincidence could be identified in the fast cooling or warming
events at ~500, ~940, ~1060 and ~1670 AD (Wu et al., 2012), within
chronological uncertainty. This suggests that the multi-decadal to
centennial SST changes in the northern SCS are influenced by
common forcings to the globe, or at least to the western Pacific
Ocean.
5.3. Solar irradiance and volcanism

Solar irradiance and volcanism have been considered as
important forcing to explain climate changes over the last millen-
nium (Crowley, 2000). The total solar irradiance (TSI) reconstructed
based on cosmogenic 10Be in ice core (Steinhilber et al., 2009) were
compared with the NS02G-SST. The fluctuation patterns in SST and
TSI exhibit a highly positive correlation through the last two
millennia (Fig. 4). Higher SST usually corresponds to higher TSI, and
most of the short-term cooling events coincides with TSI minima.
This correlation thus suggests that the SST in the northern SCS is
closely related to the solar irradiance energy.

Previous studies have suggested that alkenone-derived SST in
tropical Pacific and Indonesian archipelago generally followed the
increasing winter insolation through the Holocene (Leduc et al.,
2010). The annual mean and January insolation at 20�N changed
by �8 W/m2 and ~20 W/m2 respectively over the last 10 000 years
(Laskar et al., 2004), corresponding to ~2 �C increase of UK0

37-SST in
the northern SCS (Wang et al., 1999a). Though still under debate,
the UK0

37 was considered to record annual mean SST, but with more
weighted winter variability in tropical oceans (Popp et al., 2006;
Schneider et al., 2010). In contrast, the TSI variability was less
than 2 W/m2 during the last 2 millennia, with corresponding
NS02G-SST variability ~0.8 �C. Then, one question emerged: why
the alkenone-derived SST was so sensitive to the TSI?

The straight-forward explanationmight be ascribed to the direct
modulation of solar irradiance to all seasonal insolation, conse-
quently to the sea surface temperature. Alkenone-producing coc-
colithophores are living in the upper mixed layer in the ocean
(Saavedra-Pellitero et al., 2014; Sun et al., 2011), thus could respond
to solar energy-induced temperature changes very sensitively. Be-
sides, the solar irradiance has been found in close relationship with
the East Asian winter monsoon (EAWM) (Sagawa et al., 2014; Xiao
et al., 2006), which exert great influence on the northern SCS SST
(Kong et al., 2014). Sagawa et al. (2014) used the d18O of forami-
nifera Neogloboquadrina incompta to reflect the winter SST and
winter monsoon intensity in the western North Pacific, revealed
that the winter monsoon was stronger at 500-800 AD, 1350-1600
AD, weaker at 900-1300 AD, corresponding to the changes in
NS02G-SST and TSI (Fig. 4). The standardized d18O show a weak-
ening trend of EAWM since 1400 AD (Sagawa et al., 2014), in good
agreement in the SST by this study. As the solar irradiance induced
changes in the EAWM would cause SST warming/cooling in same
direction as the TSI, the EAWM very likely have played a role in
amplifying the TSI signals recorded in the SST.

However, some studies have proposed that volcanic eruptions
had greater influence on millennia-scale climate than the solar
irradiance (Schurer et al., 2014). Indeed, the abrupt cooling at
~1040, ~1270 and 1430 AD coincided with large amount of sulfate
aerosol injection into the stratosphere via volcanic eruptions at
1024, 1258 and 1452 AD, respectively (Crowley and Unterman,
2013; Gao et al., 2008) (Fig. 4). Some minor cooling events, for
instance, at ~1850 AD, also seem to relate to volcanic activities,
despite of few years age differences (Crowley and Unterman, 2013).

Model simulations show that volcanic eruptions at 1258 AD and
1815 AD could lead to extra-tropical summer cooling by ~0.8e1.3 �C
over the Northern Hemisphere land (Stoffel et al., 2015). Though
volcanic eruptions cause less direct cooling over oceans than over
lands (Man and Zhou, 2014), but could lead to strong and long-
lasting adjustment of ocean dynamics, such as the Atlantic Merid-
ional Overturning Circulation (AMOC) (Mignot et al., 2011). Weaker
AMOC caused by decadally paced explosive volcanism may lead to
Arctic Ocean sea ice expansion for>100 years during the LIA (Zhong
et al., 2011), thus possibly intensify the Asian winter monsoon. In
contrast, the Asian summer monsoon were found weaker during
the following several years after volcanic eruptions (Man and Zhou,
2014; Zhuo et al., 2014), which could be also seen from the abrupt
d18O increase at ~1260 AD in the Dongge Cave stalagmite (Dykoski
et al., 2005).

In addition to the Asianmonsoons, migration of the intertropical
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convergence zone (ITCZ) and PacificWalker Circulation (PWC)were
also thought to influence the climate in the SCS (Yan et al., 2011).
Increased mean grain size (MGS) (Fig. 4) in a pond on the Xisha
Islands suggest a wetter condition and perhaps westward shift of
PWC during 1400-1850 AD (Yan et al., 2011), corresponding to
lower SST in the NS02G. Within chronology uncertainties, short
term cooling at 1200 AD and the recent 4-centuries warming seen
from NS02G-SST are consistent with the DY2-MGS changes,
implying possible connection between the northern SCS SST and
PWC.

The alkenone-SST variation in the northern SCS might have
recorded a complex combined effect of changed radiation energy,
oceanic and atmospheric circulation. However it is hard to assess
the contribution from each factor due to complicated interactions.

6. Conclusion

We have generated a bidecadal-resolution alkenone SST record
over the last 2000 years from a gravity core NS02G in the northern
SCS. The major findings are summarized below: (1) SST varied
between 26.7 and 27.5 �C, with the range of ~1 �C; (2) Notable
warm/cool periods could be identified during 900-1400 AD and
1400-1700 AD, coincident with theWMP and LIA periods, largely in
agreement with northern hemisphere temperature records; (3)
Short-term cooling events at 640-670 AD, 1030-1080 AD, 1260-
1280 AD and 1420-1450 AD coincide with TSI minima and large
volcanic eruption events, within chronological uncertainty. These
findings suggest substantial impact of aerosol-induced forcing
changes, as well as TSI changes, leading to atmospheric and ocean
circulation changes and thus resulting in SST changes. However,
chronological uncertainties and the data resolution from marine
archives limit detailed association of SST changes with specific
forcings.
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