
1. Introduction
The Holocene is generally considered to be a relatively warm and stable period (Dansgaard et al., 1989; Jou-
zel et al., 2007) that provided suitable climatic conditions for the development of human society. However, 
a growing number of studies have found that some rapid climate change events lasting for tens, hundreds, 
or thousands of years occasionally occurred and led to the collapse of some ancient civilizations (Cullen 
et al., 2000; Guo et al., 2018; Mayewski et al., 2004; Saraswat et al., 2016; Staubwasser et al., 2003; Wanner 
et al., 2011; Weiss et al., 1993). Detailed research on these rapid climate changes is helpful to understand 
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their impact on the development of past civilizations, and can provide valuable materials for predicting 
future climate trends.

The Bronze Age is one of the most important stages in the history of human civilization development, 
during which the use of bronze tools marked the first time humans started to work with metal and a signif-
icant improvement in social productivity occurred (Earle, 2002). Nevertheless, the Middle Bronze Age Cold 
Epoch (MBACE) was an unusually cold interval in the North Atlantic and European regions that lasted 
for approximately 300 years, from ∼3,800 years BP (before present year 1950) to ∼3,500 years BP (Cardo-
so et al., 2013; Demeny et al., 2019; Gutiérrez Elorza & Sesé Martı́nez, 2001; Kobashi et al., 2011; Siklósy 
et al., 2007; Siklósy et al., 2009; Vollweiler et al., 2006). The occurrence of this cold event had a serious 
impact on the development of human society, and the decline of cities in some parts of Europe has been 
found to be related to it (e.g., Cretan cities, Siklósy et al., 2007). Meanwhile, the MBACE was in the climate 
transition stage from the Holocene thermal maximum to the colder late Holocene (∼3,000–4,000 years BP) 
(Edvardsson, 2016; Morley et al., 2014; Wanner et al., 2008), and the rapid climate transitions during the 
mid-to-late Holocene should be studied intensively because of the very complex mechanisms that occurred, 
including solar activity fluctuation, volcanic eruption, ocean-atmosphere interaction, and thermohaline 
circulation (Wanner et al., 2008). However, due to the lack of high-resolution climate records and the short 
duration of ∼300 years of the MBACE, this cooling event has seldom been reported in other places in the 
world (K. B. Yu et al., 2016), and its details have yet to be explored. Considering the effect of the Atlantic 
Ocean on global climate systems (e.g., Delworth & Zeng, 2016; Delworth et al., 2016; Han et al., 2019; Y 
Wang et al., 2005; L Zhang et al., 2017), as well as the effect of rapid climate changes on the evolution of 
human civilization, it is essential to carry out more high-resolution climate reconstruction studies on other 
regions during the MBACE.

Geochemical compositions in reef corals are excellent proxies for reconstructing high-resolution past cli-
mate records in tropical oceans (Felis & Pätzold,  2003; Lough,  2010), which are widely used for study-
ing the seasonal to millennial scales of climate change over the Pacific region during the Holocene (Cobb 
et al., 2003; Deng et al., 2017; Deng et al., 2019; Gagan et al., 1998; Gagan et al., 2000; Han et al., 2019). 
The South China Sea (SCS) is the largest marginal sea in the western tropical Pacific, and coral reefs are 
widely distributed there (K Yu, 2012). Furthermore, the climate in the SCS is strongly controlled by the East 
Asian Monsoon (B Wang, 2006), which is linked to the North Atlantic climate (Han et al., 2019; Y Wang 
et al., 2005). Therefore, the reef coral in the SCS has high potential to record the MBACE-associated climate 
event over the Asia-Western Pacific region during the mid-to-late Holocene transition.

In this study, we used Sr/Ca and δ18O signatures with an annual resolution from four fossil corals, whose 
growth periods exactly cover the period ∼3,500–3,800 years BP, to reconstruct the sea surface temperature 
(SST) and the surface seawater δ18O (δ18Osw) in the northern SCS. Synthesizing the reconstructed results and 
existing paleoclimate data from adjacent land and ocean regions, we analyzed the climate characteristics of 
the Asia-Pacific regions and discussed the relationship between abrupt climate change and ancient civiliza-
tions in China during the MBACE.

2. Materials and Methods
Fossil coral cores were drilled from four Porites lutea colonies using an underwater pneumatic drill, with 
diameters of approximately 1.5–2.5 m, from water depths of approximately 2–4 m on the fringing reefs off 
the east coast of Hainan Island (Figure 1). Coral samples 14QG7 and 14QG8 were collected from Qingge 
(14QG7: 19°19'06.37”N, 110°40'49.28”E; 14QG8: 19°19'20.52”N, 110°40'0.05”E) in July 2014. Coral sam-
ple 14FJ9 was collected from Fengjiawan (19°23'56.94”N, 110°44'12.24”E), also in July 2014. Coral sample 
15WC3 was collected from Wenchang (19°24'18.576”N, 110°45'35.604”E) in May 2015.

After the coral cores were sectioned, X-ray photographed (Figure S1) and ultrasonically cleaned, the four 
fossil corals were U-Th dated using multicollector inductively coupled plasma mass spectrometers at the 
Radiogenic Isotope Facility of the University of Queensland. The details of the analytical methods are pro-
vided in Zhou et al. (2011). Under the guidance of X-radiographs, near-annual resolution subsamples were 
consecutively collected from annual bands along the maximum growth axis using a digitally controlled 

XIAO ET AL.

10.1029/2020JC016964

2 of 15

 21699291, 2021, 2, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2020JC

016964 by G
uangzhou Institution O

f G
eochem

istry, W
iley O

nline L
ibrary on [02/11/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Journal of Geophysical Research: Oceans

milling machine. Each high-density and low-density band constitutes an annual couplet, generally repre-
senting one year of growth (Knutson et al., 1972). Raman spectral analyses of the four fossil corals showed 
that the coral skeletons were 100% aragonite (Figure S2).

Measurements of skeletal Sr/Ca and δ18O were carried out in the State Key Laboratory of Isotope Geochem-
istry, Guangzhou Institute of Geochemistry, Chinese Academy of Sciences. For the details of geochemical 
pretreatment and analytical procedures, refer to Deng et al. (2017). The estimation of ∆δ18O (the proxy for 
δ18Osw) used the same method as that reported in Gagan et al. (2000), i.e., subtracting the temperature con-
tribution from the coral δ18O according to the equation ∆δ18O = dδ18O/dT × [Tδ18O–TSr/Ca]. In this equation, 
dδ18O/dT is the slope (0.194‰/°C) of the δ18O–SST relationship (δ18O (‰) = −0.194 × SST (°C)–0.276) 
obtained using a modern Porites lutea coral from the nearby region in the northern SCS (Song et al., 2006), 
and Tδ18O and TSr/Ca are the reconstructed temperatures from the δ18O values and Sr/Ca ratios, respectively. 
The Sr/Ca-SST relationship, Sr/Ca (mmol/mol) = −0.084 × SST (°C) + 11.278, was employed from Gagan 
et al. (2012), which has been corrected for the attenuation effect of skeletal mass accumulation on coral Sr/
Ca and agrees with foraminiferal Mg/Ca records and coral Sr/Ca records in the Indo-Pacific region during 
the last 14,200 years (Gagan et al., 2012).

For comparisons with previously published palaeoclimatic records, annual SST (δ18Osw) anomalies during 
each climate period were calculated by centering the SST (δ18Osw) records (subtracting the mean of total 
data during the four periods from each value).
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Figure 1. Satellite images of the study region. The yellow stars in the lower panel indicate the coral sampling locations. 
The yellow solid circles indicate the study sites in the Asia-western Pacific region, which are included for comparison.
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3. Results
The corrected 230Th ages of coral samples 14QG7, 14QG8 and 14FJ9 were 3,582  ±  17, 3,729  ±  12 and 
3,823 ± 12 years (before the year of 2015), respectively, and that of 15WC3 was 3960 ± 9 years (before the 
year of 2016) (Table 1). The ages of these fossil corals were converted into BP ages, and their growth inter-
vals were ∼3,518–3,711 years BP, ∼3,665–3,757 years BP, ∼3,759–3,847 years BP, and ∼3,895–3,979 years 
BP, respectively.

The Sr/Ca ratios varied largely from 8.877 mmol/mol to 9.466 mmol/mol during the four periods, with 
averages of 9.232 mmol/mol, 9.292 mmol/mol, 9.045 mmol/mol, and 9.162 mmol/mol during the periods 
of ∼3,518–3,711 years BP, ∼3,665–3,757 years BP, ∼3,759–3,847 years BP, and ∼3,895–3,979 years BP, re-
spectively (Figure 2a). Unlike the large variation amplitudes in the Sr/Ca records, the δ18O values remained 
relatively stable during the four periods, with averages of −5.55‰, −5.65‰, and −5.57‰ for the intervals of 
∼3,518–3,711 years BP, ∼3,665–3,757 years BP, and ∼3,759–3,847 years BP, respectively, but a higher level 
of −5.41‰ occurred during the period of ∼3,895–3,979 years BP (Figure 2b).

According to the variation characteristics in the Sr/Ca records, the SST during the period of ∼3,500–
4,000  years BP was not stable and fluctuated rapidly (Figure 2c). The average SST during the period of 
∼3,895–3,979 years BP was approximately 25.2 °C and increased to 26.6 °C during the period of ∼3,759–
3,847 years BP. Then, the average SST began to decline rapidly to 23.6 °C during the period of ∼3,665–
3,757 years BP and then slowly rose to 24.4 °C during the period of ∼3,518–3,711 years BP.

Similar to the SST situation, the variation in δ18Osw during the study period was also drastic (Figure 2d). The 
averages of δ18Osw during the periods of ∼3,895–3,979 years BP and ∼3,759–3,847 years BP were −0.26‰ 
and −0.15‰, respectively. The average of δ18Osw also decreased rapidly from −0.15‰ during the period of 
∼3,759–3,847 years BP to −0.80‰ during the period of ∼3,665–3,757 years BP and then gradually increased 
to −0.55‰ during the period of ∼3,518–3,711 years BP.

There was an overlapping period of ∼3,665–3,711 years BP during the ∼3,518–3,711 years BP and ∼3,665–
3,757 years BP periods (Figure 2). The averages of Sr/Ca, δ18O, Sr/Ca-SST, and δ18Osw of this overlapping time 
window were 9.275 mmol/mol versus 9.284 mmol/mol, −5.58‰ versus -5.61‰, 23.8 versus 23.7 °C, and 
−0.69‰ versus −0.74‰, respectively, during the periods of ∼3,518–3,711 years BP and ∼3,665–3,757 years 
BP. The Sr/Ca-SST and the δ18Osw in the overlapping time window were averaged to generate the final time 
series for the discussion.

4. Discussion
4.1. The Reliability of the Coral Records

Despite the advantage of the high resolution of coral records, their disadvantage is that they are relative-
ly shorter-lived, usually lasting only several hundred years, than other natural climate archives (Felis & 
Pätzold, 2003). Splicing multiple coral records together to generate a longer record is a good way to over-
come this barrier to study climate changes on longer time scales (Abram et al., 2009; Cobb et al., 2003; Deng 
et al., 2019). The precision of U-Th dating for Holocene coral carbonates can be as high as ∼1 year under 
the current analytical technology (X Wang et al., 2018; Yan et al., 2019). The precision in the study is from 9 
to 12 (±2σ) years, which is still better than the best precision of 18–20 (±1σ) years of Holocene samples by 
the 14C dating method (Bush et al., 2013; Nakamura et al., 2016). Therefore, rapid climate changes that are 
sufficiently fast (a few hundred years or shorter) from the point of view of human civilization (Mayewski 
et al., 2004) can be well resolved and constrained by coral records. Consequently, the coral records in this 
study are suitable to explore the climate characteristics in the northern SCS during the MBACE.

The largest SST variation amplitude (maximum minus minimum) from ∼3,759 to 3,847 years BP to ∼3,665 
to 3,757 years BP recorded by coral records is ∼7°C, and the average SST difference is ∼3°C during these 
two periods. The reasonability of such a large change during the ∼200 years should be evaluated before it is 
used to discuss climate change.

Although the mineral composition of the fossil coral skeletons used in this study is 100% aragonite (Fig-
ure S2), Raman spectroscopy could not detect the presence of secondary aragonite cements. The secondary 
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aragonite cements contain significantly more Sr than the original aragonite skeleton, and only ∼2% second-
ary aragonite cement contamination can cause a significant deviation of −0.4 to −0.9°C in the estimation of 
Sr/Ca-SST (Allison et al., 2007). Therefore, for those points where the Sr/Ca ratio is particularly high, fur-
ther petrological examinations were carried out, but no secondary aragonite cement was found (Figures S3 
and S4). Thus, it can be determined that the samples used in this study are all primary coral aragonite and 
have not undergone any post-depositional diagenesis.
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Figure 2. Time series of (a) coral Sr/Ca, (b) coral δ18O, (c) SST reconstructed from coral Sr/Ca, and (d) δ18Osw 
reconstructed from paired coral Sr/Ca and δ18O. The records in the two time windows overlap each other during the 
periods of ∼3,518–3,711 years BP and ∼3,665–3,757 years BP, which are highlighted in blue and red, respectively. The 
horizontal lines indicate the averages of different geochemical variables and records for different periods. SST, sea 
surface temperature.
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Considering that all the coral Sr/Ca ratios were analyzed and calibrated against the same coral standard 
reference material (i.e., JCp-1, Hathorne et al., 2013; Okai et al., 2002) and converted to temperature re-
cords by the same Sr/Ca–SST relationship (Gagan et al., 2012). The long-term analysis of the JCp-1 as a 
quality control standard yielded a Sr/Ca ratio of 8.829 mmol/mol with the reproducibility of 0.16% (relative 
standard deviation), which is consistent with the reference value of 8.838 mmol/mol within the error range 
(Hathorne et al., 2013). Therefore, the errors due to the analytical and calculation methods (0.16%) may 
not induce a temperature uncertainty as large as 3°C. As extracted from biological carbonates, coral Sr/Ca 
is inevitably subject to intercolonial differences (Alpert et al., 2016; Pfeiffer et al., 2009; Zinke et al., 2016), 
which may compromise the reconstructed SST records. Previous studies on living corals in the northern 
SCS have shown that such an effect significantly affects Sr/Ca SST estimates by 1.7°C (Deng et al., 2019; Y 
Liu et al., 2013), comparable to another assessment of fossil corals, which suggests an ∼1.6°C bias in SST 
reconstruction (Abram et al., 2009). Additionally, lower temperatures (e.g., a winter temperature of ∼18°C) 
would decrease calcification rates and lead to a higher distribution coefficient (D = Sr/Cacoral/Sr/Caseawater) 
and, consequently, a high Sr/Ca ratio in the coral skeleton, which will amplify the SST change by ∼2-fold 
(McCulloch et al., 1994). Assuming this effect is applicable for the coral records during the coldest stage 
in this study and the variation amplitude of ∼7°C has been amplified by ∼2-fold, the original SST varia-
tion amplitude of ∼3.5°C is still significantly larger than the temperature error induced by inter-colony 
differences (∼1.6°C). Therefore, the large SST variation amplitude in this study should not result from the 
uncertainties induced by analytical and vital effects. Based on a coupled ocean-atmosphere model, rapid 
climate transitions can result in a drop in average SST in the north Atlantic by up to 5°C within less than 
10 years (Rahmstorf, 1994). Considering the above scenarios, the large variation amplitudes and the aver-
age difference in SST records within ∼200 years during the MBACE reconstructed from coral Sr/Ca should 
be reasonable. However, due to the lack of other high resolution records for confirmation, the largest SST 
variation amplitude of ∼7°C still should be cautious.

Likewise, the largest δ18Osw variation amplitude (∼1.40‰) also occurred in the transition from ∼3,759–
3,847 years BP to ∼3,665–3,757 years BP, and the average δ18Osw difference was approximately 0.65‰ during 
these two periods. If the uncertainty of 0.12–0.17‰ assessed by the inter-colony reproducibility of δ18Osw 
based on the central tropical Pacific corals is employed here (Nurhati et al., 2011), then the δ18Osw variations 
are significant and may reflect seawater chemistry changes in the northern SCS during this rapid climate 
transition.

If the dating errors are not considered, the two time windows of ∼3,518–3,711  years BP and ∼3,665–
3,757  years BP exactly overlap each other. The averages of SST and δ18Osw of the overlapping window 
(23.8°C and −0.69‰ during ∼3,518–3,711 years BP, 23.7°C and −0.74‰ during ∼3,665–3,757 years BP) are 
identical in terms of analytical precision, which indicates that the reconstructed records from fossil corals 
are reliable for studying the climate transition during the MBACE.

4.2. Comparisons with Other Records

4.2.1. SST

Generally, the average SST (∼26.6°C) during the period of ∼3,759–3,847 years BP is the same as the estimate 
for the current warm period in the northern SCS (Deng et al., 2017), indicating a relatively warm period 
during this time frame. However, after this period, a rapid cooling event had occurred since ∼3,850 years BP 
and lasted until ∼3,750 years BP, after which the SST displayed a relatively stable and gradually increasing 
trend (Figure 2c). There is no other high-resolution SST record with similar chronological uncertainty as 
ours in the study site, so we compared our results with two relatively low-resolution reconstructions from 
the nearby region: the long-chain alkenone unsaturation index  K

37U   from the Pearl River Estuary in the 

northern SCS (Kong et al., 2014) and the foraminiferal Mg/Ca ratio from Indonesia in the western Pacific 
(Stott et al., 2004). The comparisons show that the reconstructed SSTs exhibit similar variation patterns, 
which provides evidence to support the rapid cooling event recorded in our coral records during the MBACE 
(Figures 3a and b). In detail, the K

37U  -SST record from the northern SCS shows a decrease of ∼1.0°C from 
∼3,821 years BP to ∼3,773 years BP. This decrease in amplitude is much lower than that of ∼3.0°C recorded 
by coral Sr/Ca, but it is still larger than the adjacent variation amplitudes in this time series, indicating an 
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Figure 3. Comparison of SST records based on coral Sr/Ca time series from the northern SCS with the (a) long-chain 
alkenone unsaturation index SST records from the Pearl River Estuary in the northern SCS (Kong et al., 2014), (b) 
SST records reconstructed from foraminiferal Mg/Ca profiles in sediment core MD81 from Indonesia in the western 
Pacific (Stott et al., 2004), (c) stalagmite δ18O records from Dongge Cave in southern China (Y Wang et al., 2005), (d) 
diatom transfer function-based SST records from Iceland in the North Atlantic (Jiang et al., 2015), and (e) planktonic 
foraminiferal analogue function-based SST records from the Irminger Sea in the North Atlantic (Mayewski et al., 2004). 
The black lines are coral records, and the blue lines with solid circles indicate other records. The gray vertical bar 
denotes the rapid cooling during the period of ∼3,750–3,850 years BP. Note that stalagmite δ18O record is plotted on an 
inverted scale on the y axis to allow the comparison between the coral SST and the Asian summer monsoon strength. 
SST, sea surface temperature.
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abrupt temperature change. The foraminiferal Mg/Ca-SST record from the western tropical Pacific Ocean 
presents a cooling amplitude of ∼2.1°C from ∼3,822 years BP to ∼3,721 years BP. Although this amplitude 
is still lower than the ∼3.0°C cooling amplitude in our study, it should be reasonable because the SST in 
tropical oceans is more stable than that in high latitude sea areas.

A high-resolution (∼5 years) stalagmite δ18O record from Dongge Cave in southern China was also taken 
to compare with the coral records (Figure 3c), which represents the evolution history of the Asian summer 
monsoon strength during the Holocene (a more negative δ18O value indicates a stronger summer monsoon; 
Y Wang et al., 2005). The strength of the Asian summer monsoon decreased rapidly from ∼3,839 years BP 
to ∼3,699 years BP with the increase in stalagmite δ18O from −8.05‰ to −7.52‰. Considering that the 
stronger Asian summer monsoon brings warmer Indo-Pacific ocean surface water to the SCS, increasing 
SST there, and vice versa (Steinke et al., 2006), this characteristic in the stalagmite δ18O record agrees with 
our coral record.

Considering that the MBACE was reported in the North Atlantic in previous studies, some records from 
the North Atlantic and adjacent regions were also incorporated here for comparative study. An ∼50-years 
resolution diatom transfer function-based SST record from Iceland shows a SST decline of ∼1.1°C from 
∼3,825 years BP to ∼3,680 years BP (Figure 3d) (Jiang et al., 2015). Another North Atlantic high-resolution 
(∼12  years) planktonic foraminiferal analogue function-based SST record from the Irminger Sea in the 
North Atlantic suggests a decrease of ∼1.5°C during the period of ∼3,850 years BP to ∼3,650 years BP (Fig-
ure 3e) (Mayewski et al., 2004).

Although spliced from four fossil corals, the SST record in our study is still a little bit short. In addition, the 
chronological uncertainty of the paleoclimatic records used for comparative study may compromise the 
identification of this rapid cooling event. Therefore, it is essential to place this cooling event into a longer 
climatic context for further examination. It can be found that the cooling event identified by our coral re-
cord is also evident and comparable to other rapid changes in above mentioned records even in the context 
of ∼5,000–3,000 years BP (Figure S5). Synthesizing above analyses, it is reasonable to infer that there was 
a rapid cooling event both in the North Atlantic and the western Pacific, and the variation amplitude was 
much larger in the coastal area of the marginal sea of the western Pacific during the MBACE.

Previous studies have suggested that the frequent volcanic activities during this period might be responsible 
for the cold conditions during the MBACE (Siklósy et al., 2007; Siklósy et al., 2009) because some major 
volcanic eruptions, such as Avellino (Sevink et al., 2011) and Thera (Pearson et al., 2018), occurred during 
the mid-to-late Holocene transition. However, the variation trends of the volcanic forcing index (Kobashi 
et al., 2017) and these SST records do not match very well (r = 0.003, n = 406, p = 0.48, Pearson correlation 
analysis) (Figure 4a), and the stronger volcanic activities (corresponding to more negative forcing values) 
suggested by the volcanic forcing index occurred during the period of ∼3,500–3,600 years BP. This time 
window was obviously later than the beginning of this rapid cooling. Considering the reliability of U-Th 
absolute dating, it is unlikely that the rapid cooling was triggered by volcanic eruptions. However, it is still 
possible that volcanic eruptions maintained a relatively cold status until the end of the MBACE. Solar varia-
bility is a more plausible forcing for rapid climate changes during the Holocene (Mayewski et al., 2004), but 
the variation in total solar irradiance (TSI) (Steinhilber et al., 2009) during the study period did not always 
agree with that of the SST record (r = 0.14, n = 414, p < 0.01, Pearson correlation analysis based on linearly 
interpolated TSI data) except during the rapid cooling period (∼3,727–3,822 years BP) (Figure 4b). There-
fore, solar variability was a possible factor in triggering rapid cooling. Some studies have also suggested that 
the change in the thermohaline circulation was responsible for the rapid cold event lasting several hundred 
years, such as occurred during the 8.2 ka event (∼8,000–8,400 years BP) and during the Little Ice Age (LIA, 
∼1500–1900 CE) (Broecker, 2000; Keigwin & Boyle, 2000). For this reason, the possibility of the role of the 
thermohaline circulation, especially the Atlantic Meridional Overturning Circulation (AMOC), on this rap-
id cooling event should be considered because the AMOC could be one of the primary forcings that caused 
the 8.2 ka cold event (Cheng et al., 2009).

A recent study suggested that the intensified Asian winter monsoon led to a SST drop of up to ∼4°C at the 
northern coast of the SCS during the periods of LIA and ∼2,500–1,200 years BP (Y Zhang et al., 2019). Based 
on the comparison between the coral record and the Asian winter monsoon intensity index (the magnetic 
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susceptibility of sediment core from Lake Huguang Maar, Southeast China) (Yancheva et al., 2007), the 
intensification of winter monsoon only occurred during ∼3,850–3,800 years BP and the secular drop in 
SST was observed throughout the whole cooling period (Figure S6). Therefore, the role of the Asian winter 
monsoon in this cooling period should not be neglected and need further study.

The study sites are located in the area affected by the summer monsoon-induced upwelling system along 
the east coast of Hainan Island (Jing et al., 2009), and SST may register the upwelling signal, which has been 
demonstrated by coral Sr/Ca records from the same area (Y Liu et al., 2013). However, the stalagmite δ18O 
record suggested the decrease in summer monsoon during ∼3,850–3,750 years BP (Figure 3c). Therefore, 
it seems not possible that the rapid cooling event might represent a strong upwelling signal by enhanced 
summer monsoon.

4.2.2. δ18Osw

Similar to the comparative study of the SST record, some nearby records covering the study period were em-
ployed to explore the hydrological conditions in the northern SCS during the MBACE. The variation pattern 
of δ18Osw is very similar to that in the western tropical Pacific Ocean reconstructed from foraminiferal Mg/
Ca and δ18O in sediment core MD81 (Stott et al., 2004), which suggests that the two study sites experienced 
a similar hydrological variation during the mid-to-late Holocene climate transition. Both δ18Osw records 
show a rapid decline during the period of ∼3,850–3,750 years BP (Figure 5a), but their variation amplitudes 
are different. Similar to the situation in their SST records, the variation amplitude of the average δ18Osw 
(∼0.95‰) in the northern SCS is almost two times larger than that (∼0.57‰) in the western tropical Pacific 
Ocean (Figure 5a). The variation amplitude of ∼0.95‰ during the rapid cooling period is comparable to that 
of δ18Osw at the century time scale since ∼7000 years BP synthesized by the coral records from the northern 
SCS (Yan et al., 2019), and corresponds to a decrease of ∼3.8 psu in sea surface salinity as estimated from 
the δ18Osw-salinity relationship (∼0.25‰/psu, Ye et al., 2014). However, this decreased amplitude in salinity 
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Figure 4. Comparison of SST records based on coral Sr/Ca time series from the northern SCS with the (a) volcanic 
forcing index generated from the sulphate concentration record of GISP2 (Kobashi et al., 2017) and (b) TSI 
reconstructed based on the cosmogenic radionuclide 10Be (Steinhilber et al., 2009). The black lines are the coral records, 
and the blue lines indicate the other records. The gray vertical bar denotes the rapid cooling during the period of 
∼3,750–3,850 years BP. SST, sea surface temperature; TSI, total solar irradiance.
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is much larger than the annual variation range in modern instrumental record (∼1.0 psu, Zeng et al., 2018; 
Yi et al., 2020), indicating a very different hydrological condition during the rapid cooling period.

In addition to the stalagmite δ18O record from southern China for the comparative study with SST (Y Wang 
et al., 2005), another record from Jiuxian Cave in northern China was also included here to strengthen the 
reliability of the coral records (Cai et al., 2010). These two stalagmite δ18O records reflected the strength of 
the Asian summer monsoon and the amount of summer monsoon precipitation (Cai et al., 2010; Y Wang 
et al., 2005). The coral δ18Osw record and the two stalagmite δ18O records have opposite variation trends 
during the study period, which is most obvious during the period of ∼3,850–3,750 years BP (Figures 5b and 
c). Specifically, the coral δ18Osw record displayed a rapid decrease during the period of ∼3,850–3,750 years 
BP, but both stalagmite δ18O records increased rapidly during that period (Figures 5b and 5c). The opposite 
variation trends resulted from the fact that the position of the rain belt is northward when the Asian sum-
mer monsoon is strong and southward when it is weak (Shi & Zhu, 1996). Therefore, more water vapor was 
transported to the inner land of China, and the SCS was relatively dry when the Asian summer monsoon 
was stronger, which led to more negative stalagmite δ18O values and more positive coral δ18Osw values. This 
scenario has also been indicated by other coral records from the northern SCS during the mid-Holocene 
with enhanced Asian summer monsoon, which can be demonstrated by an atmosphere-ocean coupled 
general circulation model (Yokoyama et al., 2011). In details, they observed northward shift of inter tropical 
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Figure 5. Comparison of δ18Osw records based on coral Sr/Ca and δ18O time series from the northern SCS with the (a) 
δ18Osw records based on foraminiferal Mg/Ca and δ18O in sediment core MD81 from Indonesia in the western Pacific 
(Stott et al., 2004), (b) stalagmite δ18O records from Dongge Cave in southern China (Y Wang et al., 2005), and (c) 
stalagmite δ18O records from Jiuxian Cave in northern China (Cai et al., 2010). The black lines are the coral records, and 
the blue lines with solid circles indicate the other records. The gray vertical bar denotes the rapid cooling during the 
period of ∼3,750–3,850 years BP. Note that stalagmite δ18O records are plotted on an inverted scale on the y axis to allow 
a comparison with coral δ18Osw records.
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convergent zone by the enhanced Asian summer monsoon in the model experiments that produced in-
creased precipitation on the Asian continent, and therefore the increase in salinity was due to less precipita-
tion in the SCS and increased continental precipitation inland of Asia (Yokoyama et al., 2011). The opposite 
situations occurred when the Asian summer monsoon became weaker. However, Chinese stalagmite δ18O 
record does not necessarily represent the amount of summer monsoon precipitation and its interpretation is 
time scale dependent (Hu et al., 2019; X Liu et al., 2020). The stalagmite δ18O is possibly also associated with 
the change in moisture source controlled by the intensity of monsoonal circulation at interannual scales, 
and increased moisture delivery from remote source regions will lead to more negative precipitation δ18O 
over China when the Asian summer monsoon is stronger (Hu et al., 2019). Therefore, the changes in stalag-
mite δ18O records still can be linked to those in the intensity of the Asian summer monsoon. Considering 
that these records from different proxies can cross-verify the reconstruction reliability when demonstrating 
ocean and land surface hydrological conditions during the period of ∼3,850–3,750 years BP in this study, 
the variations in δ18Osw during the study period were mainly dominated by the Asian summer monsoon, but 
the changes in the Holocene Asian summer monsoon were linked with solar changes and the North Atlan-
tic climate (Y Wang et al., 2005). Accordingly, the MBACE originally found in and around North Atlantic 
regions might also have occurred in the western Pacific and adjacent regions since there is broad agreement 
among the coral, foraminiferal, and stalagmite records. This event has not previously been a concern in the 
paleoclimate community because of the issues of time resolution and dating errors.

4.3. Possible Effect on the Alternation in Chinese Dynasties

The most prominent change during the whole study period is the rapid climate change from ∼3,850 years BP 
to ∼3,750 years BP, during which the climate over the northern SCS became cold and wet over ∼100 years 
from previously warm and dry conditions. The Asian summer monsoon declined rapidly, and the inner land 
of China became cold and dry abruptly. A previous study has indicated that the climate conditions associ-
ated with the strength of the Asian monsoon dominated the rise and fall of Chinese dynasties during the 
past 1,810 years (P Zhang et al., 2008). Therefore, the possible effect of the rapid climate change recorded 
by the coral records on the alternation of Chinese dynasties was explored here. The Xia Dynasty (2207–1766 
BCE) (Michaud, 1997) ended at ∼3716 years BP, which was almost during the rapid climate change period 
of ∼3,850–3,750 years BP suggested in this study. Consequently, there is a possibility that the collapse of the 
Xia Dynasty was linked with this rapid cooling and drying event during the MBACE. According to Guoyu, 
a Bamboo Slats Annal by Chinese historian Qiuming Zuo (556–451 BCE), the Xia Dynasty collapsed when 
the Yi and Luo Rivers dried up, suggesting a dry climate at the end of the Xia Dynasty. In addition, there 
was an outburst flood on the Yellow River at ∼3,870 years BP during the beginning of the Xia Dynasty 
(Wu et al., 2016). This flood time window agrees with that of the most positive coral δ18Osw values and the 
most negative stalagmite δ18O values associated with the stronger Asian summer monsoon, indicating dry 
conditions in the SCS and wet conditions in inland China (Figure 5). Thus, this study may support the oc-
currence and timing of the outburst flood event during the Xia Dynasty in Wu et al. (2016). Meanwhile, the 
rapid drying process indicated by stalagmite records corresponding to the rapid wetting process indicated 
by coral records may provide evidence for the interesting conjecture that Emperor Yu's success in taming 
floods was attributed to cooling and drying rather than to his innovations in dredging, dikes, and divisions 
(W. Wu & Ge, 2005).

5. Conclusions
In this study, the climate conditions with an annual resolution in the northern SCS during the period of 
∼3,500–4,000 years BP, the mid-to-late Holocene transition, were determined by splicing several coral ge-
ochemical records together. The results indicate that the northern SCS experienced a rapid cooling and 
wetting process lasting ∼100 years beginning in ∼3,800 years BP and that these cold and wet conditions 
remained relatively stable from ∼3,750 years BP to ∼3,500 years BP. The rapid climate change process was 
imprinted in coral, foraminifera and stalagmite records from China and the western Pacific. Combined 
with several records from the North Atlantic, this cold event is similar to the MBACE, may represent a 
global-scale climate change, and may be linked with the changes in solar irradiance and the North Atlantic 
climate. The results may also support the occurrence and timing of the outburst flood event during the Xia 
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Dynasty and indicate that the fall of the Xia Dynasty might have resulted from this rapid cooling and drying 
climate in northern China during the MBACE.

Data Availability Statement
The data for this study are available in Zenodo repository (https://doi.org/10.5281/zenodo.4248194).
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