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A B S T R A C T   

Few reconstructions of sea-surface temperature (SST) have focused on seasonal and interannual variability, two 
major components of the global climate system, due to the limited temporal resolution of proxies. This study 
presents a combined 228-year-long, monthly resolved strontium to calcium ratios (Sr/Ca) record covering the 
period of 2070–1740 a BP (years before 1950 CE (Common Era)) extracted from three U-series-based sub-fossil 
Porites corals located on the Xisha Islands, northern South China Sea (SCS). The composite time series allowed for 
accurate assessment of the natural range of SST variations during snapshots of the Roman Warm Period (RWP). 
Reconstructed SST revealed that the RWP was characterized by cooler conditions compared with the 20th 
century, consistent with climatic variations in the western Pacific and East Asia. The amplitude of SST seasonality 
was within the modern range, except for a lower value at 1980–1928 a BP. Interannual variability associated 
with El Niño–Southern Oscillation (ENSO) activity was enhanced by 39% relative to 1980–2014 CE. The results 
of the sliding window demonstrate that ENSO variability persistently strengthened during 2070–2010 a BP, 
followed by an overall fluctuating attenuation during 1980–1928 a BP. Then, the trends of rising first before 
descending twice during 1852–1800 a BP appeared. Furthermore, ENSO activity played a leading role in steering 
short-term changes in SST seasonality in the northern SCS, manifested as stronger ENSO activity with more 
frequent El Niño events and decreased SST seasonality. Considering that the frequency of extreme ENSO events 
may strengthen in the future under global warming, the climate in the northern SCS might become more variable 
and complex.   

1. Introduction 

As the primary components and physical descriptors of climate sys-
tems, seasonality and interannual variability in sea-surface temperature 
(SST) have dramatic impacts on the Earth’s surface system (Denton 
et al., 2005; Giry et al., 2012; Patterson et al., 2010; Yan et al., 2015a). 
However, the predictability of SST variation on these timescales remains 
challenging due in part to the incomplete understanding of its long-term 
changes and forcing mechanisms, which stem primarily from the 
insufficient length and spatial coverage of modern observations and 
reanalysis products for SST (Deser et al., 2010; Smith et al., 2008). 
Therefore, reconstructions of SST seasonality and interannual variability 
in the preindustrial era, especially over the last two millennia, are 

crucial for comprehensively understanding past climate change, 
assessing current climatic conditions, researching forcing mechanisms, 
and improving the accuracy of future climatic predictions (Dee et al., 
2020; Deng et al., 2019; Ge et al., 2013). 

The Roman Warm Period (RWP), also called the Roman Climate 
Optimum episode (Wang et al., 2012), covers the first centuries of the 
Common Era (CE) (2200–1550 a BP (years before 1950 CE); Steinke 
et al., 2014). It has been proposed as one of the most recent two natural 
warm periods in the last two millennia due to the general warmth in the 
North Atlantic and Europe (Büntgen et al., 2011; Lamb, 1977; 
Ljungqvist, 2010; Martín-Puertas et al., 2009). Reconstructions of high- 
resolution SST during the RWP provide an important benchmark for 
understanding the influence of external forcings and internal climate 
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variability, distinguishing the relative contribution of natural processes 
and human actions to climate change, and predicting the likelihood of 
the occurrence of similar climate variations in the future (Wu et al., 
2012). In recent decades, considerable progress has been made in the 
reconstruction of SST during the RWP (Oppo et al., 2009; Neukom et al., 
2019; Wu et al., 2012). However, the temporal and spatial distribution 
of warm climatic conditions during this period remains controversial. 
Several paleoclimatic reconstructions indicate that relatively cold pe-
riods occurred 2000 years ago (Deng et al., 2019; Moberg et al., 2005). 
Additionally, an overwhelming majority of high-resolution paleocli-
matic records that can quantify SST seasonality were obtained from high 
latitudes (Wanamaker Jr. et al., 2011; Wang et al., 2012). On interan-
nual timescales, El Niño–Southern Oscillation (ENSO) variability during 
the RWP also exhibited large uncertainties (Cobb et al., 2013; Conroy 
et al., 2008; McGregor and Gagan, 2004; Steinke et al., 2014; Yan et al., 
2017). These results indicate large gaps in SST variations of the tropical 
Pacific approximately 2000 years ago and emphasize the necessity of 
reconstructing additional monthly resolved SSTs. 

Massive hermatypic corals are one of the excellent high-resolution 
paleoclimatic and paleoceanographic archives due to their rapid 
growth rate (up to 2 cm per year), long lifespan (centuries), and clear 
annual-density bands (Corrège, 2006; Yu, 2012). Among a remarkable 
array of geochemical tracers within the coral skeleton, strontium to 
calcium ratios (Sr/Ca) are a powerful tool for reconstructing past sea 
surface thermal variations because coral Sr/Ca varies primarily as a 
function of SST during their growth phases (Corrège, 2006; DeLong 
et al., 2014; Yu et al., 2005a). Precisely dated coral Sr/Ca time series 
have the ability to track changes in SST with monthly to annual reso-
lution, allowing for continuous reconstruction of seasonal to multi-
decadal SST variability that spans several centuries (Gagan et al., 1998; 

Jiang et al., 2021; Kong et al., 2017; Linsley et al., 2000; Yu et al., 
2005b). Furthermore, coral Sr/Ca-SST records can perfectly compensate 
for deficiencies in the coarse resolution of marine sediment archives (Wu 
et al., 2012) and shorter lived bivalves (Wang et al., 2012; Yan et al., 
2015a). 

The South China Sea (SCS), one of the largest marginal seas in the 
western Pacific that contains abundant corals (Fig. 1), is an ideal area for 
studying multi-timescale SST variations (Mitsuguchi et al., 2008; Yu, 
2012). Previous studies derived from Tridacna gigas have revealed SST 
seasonality and interannual variability in the northern SCS approxi-
mately 2000 years ago (Yan et al., 2015a; Yan et al., 2017). However, 
these records are insufficient to quantify SST variations over the whole 
RWP due to the short lifespan inherent in individual proxies. The rela-
tionship between seasonality and interannual variability has also not 
been revealed. In this study, a total of 228-year-long, monthly SST re-
cords were generated for snapshots of the RWP, with individual time 
windows of up to 113 years length, based on three spliced Porites coral 
Sr/Ca time series from the northern SCS. The main objective was to 
reveal the characteristics of SST variation on seasonal and interannual 
timescales, reconstruct past ENSO activity, and explore the relationship 
between SST seasonality and ENSO variability. 

2. Modern climatic conditions 

The SCS, an important bridge connecting high- and low-latitude 
climate processes, is of the most complex regions of the global climate 
system (Jiang et al., 2021; Mitsuguchi et al., 2008). The Xisha Islands are 
an archipelago located in the northwestern SCS (Fig. 1), where SST 
variations are dominated by the combined influence of ENSO and the 
East Asian monsoon (EAM). Seasonal climate variations are mainly 

Fig. 1. Satellite-derived sea surface temperature (SST) across the tropical Pacific during strong El Niño events for 1980–2000 CE (Reynolds et al., 2002). (a) Average 
summer (June–July–August: JJA) SST with the direction of the East Asian summer monsoon (EASM). (b) Average winter (December–January–February: DJF) SST 
with the direction of the East Asian winter monsoon (EAWM). Blue circles indicate the locations of SST estimates from the northern South China Sea (NS02G: Kong 
et al., 2017), Sulawesi margin (Oppo et al., 2009), and Indonesian (Stott et al., 2004). White circles indicate the locations of ENSO reconstruction from Dongdao 
Island (Yan et al., 2017), Muschn Island (McGregor and Gagan, 2004), Christmas Island (Cobb et al., 2013; Woodroffe et al., 2003), Galápagos (Conroy et al., 2008; 
Koutavas et al., 2006; Riedinger et al., 2002), Ecuador (Moy et al., 2002), and Peru (Makou et al., 2010; Rein et al., 2005). Green stars indicate the location of coral 
samples from the Xisha Islands. (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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controlled by EAM, characterized by warm southwest winds in boreal 
summer (June–July–August: JJA) and cold northeast winds in boreal 
winter (December–January–February: DJF) (Wyrtki, 1961). Instru-
mental SST from the Xisha Islands suggests a mean summer SST of 29.2 
± 0.4 (1σ) ◦C and a mean winter SST of 24.7 ± 0.6 (1σ) ◦C, resulting in a 
mean seasonal SST of 4.5 ± 0.6 (1σ) ◦C for 1960–2016 CE (Rayner et al., 
2003; Fig. S1). On interannual timescales, SST in the northern SCS was 
remotely modulated by ENSO activity (Jiang et al., 2021; Wang et al., 
2000). For example, a strong El Niño event in 1997 CE generated an 
anomalous warm SST in the northern SCS, which was recorded by coral 
skeletons (Wang et al., 2018). In addition, there are complicated in-
teractions between ENSO activity and EAM circulations (Mitsuguchi 
et al., 2008; Wang et al., 2000). 

Modern observations have shown that El Niño events usually emerge 
in boreal spring (March–April–May: MAM), grow during boreal summer 
and autumn (September–October–November: SON), reach their 
maximum intensity in boreal winter, and decay rapidly during late 
winter and next spring (McGregor et al., 2013; Timmermann et al., 
2018). Mature phases of ENSO that generally occur in boreal winter 
have remotely affected SST in the northern SCS (Klein et al., 1999). 
Therefore, there was a significant correlation between the Niño3.4 index 
(DJF) and the detrended winter Xisha SST for 1900–2010 CE (r = 0.48, 
padj < 0.0001, neff = 97; Fig. 2). Considering that ENSO primarily affects 
Xisha SST anomalies in winter (the coldest season), it is obvious that the 
remote influence of ENSO affects Xisha SST seasonality. The Niño3.4 

index (DJF) is negatively correlated with the amplitude of SST season-
ality (the difference between summer and winter SST) in the Xisha 
Islands (r = − 0.58, padj < 0.0001, neff = 85; Fig. 2), suggesting that El 
Niño events contribute to decreased amplitude and La Niña events lead 
to increased SST seasonality amplitude. In summer, SST in the northern 
SCS is mainly governed by the Western Pacific Warm Pool moving 
northward (Yan et al., 2015a). There was no conspicuous difference in 
Xisha summer SST among the different phases of ENSO activity (Fig. S2). 
In winter, El Niño events are conducive to the formation of the anom-
alous anticyclone over the western North Pacific, weakening the East 
Asian winter monsoon (EAWM), and yield positive SST anomalies in the 
northern SCS (Li, 1990; Wang et al., 2000). Conversely, La Niña events 
contribute to strong northeast winds that reduce winter SST in the Xisha 
Islands. Therefore, the amplitude of SST seasonality in the Xisha Islands 
during El Niño events tends to be weaker than that of La Niña events 
(Fig. S2). 

3. Materials and methods 

3.1. Coral collection and pretreatment 

Three in situ sub-fossil Porites lutea coral cores recovered from two 
atolls in the Xisha Islands are presented (Fig. S3). During the field work 
in 2008 CE, sample GQD4 was drilled at an ~5 m water depth off 
Ganquan Island (16◦30′28′ ′N, 111◦35′10′ ′E) along the primary vertical 

Fig. 2. Comparison of instrumental SST from the Xisha Islands with Niño3.4 SST during 1900–2010 CE. (a) Monthly SST time series, representative of a 1◦ × 1◦ grid 
centered on the Xisha Islands (16◦N–17◦N, 112◦E–113◦E) (Rayner et al., 2003). (b) Detrended winter (December–January–February: DJF) Xisha SST time series. (c) 
Winter Niño3.4 SST time series. (d) Xisha SST seasonality calculated as the difference between summer (June–July–August: JJA) and winter SST in a single year. 
Among them, winter Niño3.4 SST was significantly correlated with the detrended winter Xisha SST (r = 0.48, padj < 0.0001, neff = 97) and Xisha SST seasonality (r =
− 0.58, padj < 0.0001, neff = 85). Gray vertical fields indicate the major El Niño events or La Niña events that were followed by anomalous SST seasonality around the 
Xisha Islands. 
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growth axis. Samples YXD4 and YXD5 were retrieved from two massive 
corals offshore Yongxing Island (16◦50′30′ ′N, 112◦19′48′ ′E and 
16◦50′35′ ′N, 112◦19′52′ ′E). Modern sample YXN1, previously used to 

calibrate the coral Sr/Ca-SST relationship in the northern SCS, was ob-
tained from living P. lutea coral off Yongxing Island (Jiang et al., 2021). 
Another modern coral 15XS1 presented by Wang et al. (2018) was 

Fig. 3. X-radiograph positive images of sub-fossil Porites lutea 
coral core slabs for GQD4, YXD5, and YXD4. X-rays show clear 
annual banding made up of low-density and high-density bands. 
Yellow lines indicate the sub-sampling transects along the 
maximum growth axis. Red rectangles indicate the location of thin 
sections that were used to assess the preservation of coral arago-
nite. Red points denote the location of samples selected for high- 
precision TIMS U-series dating. (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the 
web version of this article.)   

Fig. 4. Time series of SST records and their spectral properties. (a) Instrumental SST (Rayner et al., 2003) and monthly coral Sr/Ca records from the Xisha Islands. 
Sr/Ca axes were reversed so that warmer values (i.e., lower Sr/Ca values) are up. Reconstructed SST (orange line) with Monte Carlo uncertainty quantification (gray 
shading) was calculated using the published method described by Jiang et al. (2021). Black triangles mark the 230Th ages for individual sub-fossil corals. (b) 
Multitaper method (MTM) spectral analysis with the red noise null hypothesis (number of tapers, 3; bandwidth parameter, 2) for the detrended and normalized SST 
records (Ghil et al., 2002). The significant periodicities (year) above the 90% confidence level (orange line) are indicated by gray vertical fields. (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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collected from Qilianyu Reef in September 2015. Details of coral sam-
ples are displayed in Table S1. 

Coral cores were vertically sliced into approximately 7-mm thick 
slabs along the growth directions. Slabs were kept in 5% H2O2 for 48 h to 
decompose organic matter, rinsed three times with deionized water in 
an ultrasonic water bath for 5–10 min each time, and then dried in a 
60 ◦C oven. Finally, X-radiograph images of individual coral slabs were 
taken by a medical X-ray machine to distinguish the annual-density 
bands and determine the maximum growth axis for microsampling 
(Fig. 3). The growth rate of three sub-fossil corals, which is the distance 
between high- and low-density band couplets, ranged from 9 to 12 mm/ 
year (Table S1). Furthermore, small blocks extracted from sub-fossil 
corals were examined for possible diagenetic alteration (Fig. 3). The 
results of X-ray diffraction (Fig. S4) and scanning electron microscopy 
(Fig. S5) revealed the absence of secondary aragonite or calcite cements 
and excellent preservation of the original skeletal microstructure. 

3.2. Geochemical analyses 

Coral samples for Sr/Ca analyses were collected from the surface of 
each slab along the maximum growth axis of the corallite fan using a 
digitally controlled milling machine (DeLong et al., 2013 and therein) 
(Fig. 3). Coral powder was extracted in succession by milling at ~0.8- 
mm increments, which yielded a resolution of approximately 12 samples 
per year. Approximately 1.0 mg of coral powder was fully dissolved in 
2% HNO3 to obtain a final Ca concentration of ~40 ppm. Coral Sr/Ca 
solutions were analyzed on a Varian Vista Pro (Varian Inc., U.S.A.) 
inductively coupled plasma atomic emission spectroscope at Guangxi 
University, following previous techniques (Jiang et al., 2021; Schrag, 
1999; Yu et al., 2005b). The in-house standard (NS-1), homogenized 
powder extracted from a P. lutea coral, was measured after every two 
coral samples and applied to the raw coral Sr/Ca data to correct for 
linear drift. The analytical precision was 0.016 mmol/mol (1ơ; n =
1984), yielding an uncertainty of ~0.3 ◦C according to the coral Sr/Ca 
thermometer from the Xisha Islands (− 0.0497 mmol/mol per 1 ◦C, Jiang 
et al., 2021). Moreover, the international coral standard (JCp-1; Okai 
et al., 2002) was also measured and determined a mean Sr/Ca value of 

8.647 ± 0.069 (2ơ) mmol/mol (n = 225), which was within the 
analytical error of the mean value of 8.838 ± 0.089 (2ơ) mmol/mol 
reported in Hathorne et al. (2013). 

3.3. Chronology 

Uranium‑thorium (U-Th) isotopic measurements were undertaken at 
the Radiogenic Isotope Facility of the University of Queensland by a Nu 
plasma high-resolution multicollector inductively coupled plasma mass 
spectrometer following the method described by Yu et al. (2006). 
Approximately 1 g of coral fragments was spiked with a 
229Th–233U–236U mixed tracer and dissolved in double-distilled nitric 
acid to conduct chemical treatment and mass spectrometry (Yu et al., 
2012). Coral GQD4, YXD5, and YXD4 were dated at 1768 ± 6 (2ơ) a BP, 
1980 ± 8 (2ơ) a BP, and 2070 ± 11 (2ơ) a BP, respectively (Table S2). 
This shows sub-fossil corals lived during the RWP (Steinke et al., 2014). 

The chronology of sub-fossil corals was determined by a combination 
of U-series dating, annual-density bands, and annual cycles of Sr/Ca 
records (Fig. 4a). According to the obvious annual cycle of instrumental 
SST from the Xisha Islands for 1900–2010 CE (Rayner et al., 2003), the 
highest (lowest) coral Sr/Ca was assigned to January (June) in any given 
year, corresponding to the peak of boreal winter (summer) SST (Fig. S1). 
The measured coral Sr/Ca data were converted from depth series into 
time series with monthly resolution (12 equidistant points per year) by 
performing linear interpolation between these anchor points. Ulti-
mately, coral GQD4, YXD5, and YXD4 were identified to cover the pe-
riods of 1852–1740 a BP, 1980–1928 a BP, and 2070–2010 a BP, 
respectively. 

3.4. Statistics analyses 

Coral Sr/Ca records were translated into SST estimates based on the 
monthly relationship of − 0.0497 mmol/mol per 1 ◦C (Jiang et al., 
2021). To address the uncertainties associated with coral Sr/Ca-SST 
estimates, we applied the combined error determined by Monte Carlo 
simulations of 1000 synthetic datasets that take analytical uncertainty, 
intercolony uncertainty, and calibration uncertainty into account 

Fig. 5. Comparison of Sr/Ca-derived SST seasonality (the difference between summer and winter SST) calculated from individual corals (Chen et al., 2018; Jiang 
et al., 2021; Wang et al., 2018), Tridacna shell (Liu et al., 2019; Yan et al., 2015b), and instrumental SST (Rayner et al., 2003) from the Xisha Islands. The horizontal 
red dashed line represents the mean Sr/Ca-SST seasonality calculated from the mean seasonality of corals during the different periods (RWP, Roman Warm Period; 
MCA, Medieval Climate Anomaly; LIA, Little Ice Age; CWP, Current Warm Period). Error bars for sub-fossil corals represent the combined error (root of the sum of the 
squares) of the standard deviation (2ơ) of the mean Sr/Ca seasonality of modern Porites spp. and the standard error (2SE) of the averaged Sr/Ca seasonality of the 
sub-fossil coral, following established procedures (Abram et al., 2009) but applied to reconstructed seasonality from Chen et al. (2018) and this study. 2SE for modern 
corals and instrumental data were presented. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 

L. Jiang et al.                                                                                                                                                                                                                                    



Global and Planetary Change 207 (2021) 103675

6

according to established procedures (Jiang et al., 2021). Mean SST was 
calculated by averaging monthly data of each year and then averaging 
the resulting annual means of the whole period. SST seasonality was 
defined as the difference between summer and winter SST in a given 
year, corresponding to the warmest and coldest seasons. Mean SST 
seasonality was calculated by averaging the resulting SST seasonality of 
the whole period. To fully account for the uncertainties related to mean 
Sr/Ca-SST estimates from individual sub-fossil Porites coral, the com-
bined error (root of the sum of the squares) of the standard deviation 
(2ơ) of mean Sr/Ca-SST of the two modern corals and the standard error 
(2SE) of mean Sr/Ca records for each sub-fossil coral were applied 
(Abram et al., 2009). The error assigned to the mean Sr/Ca-SST sea-
sonality for each sub-fossil coral also follows a similar combination (Giry 
et al., 2012). Student’s t-test was used to determine whether there was a 
significant difference between the mean values of two datasets (mean 
SST in Section 4.1 or mean SST seasonality in Section 4.2). The effective 

degrees of freedom (neff) were considered when we conducted signifi-
cance tests (padj) for correlation analysis (Box et al., 1976; Jiang et al., 
2021). 

ENSO activity was tracked in continuous coral Sr/Ca-SST records by 
the interannual bands of multitaper method (MTM) spectral analysis 
(Ghil et al., 2002; Fig. 4b). To extract the ENSO component of SST 
variations, a 3–7-year band-pass filter was applied to monthly SST 
anomalies calculated by subtracting the averaged annual cycle from the 
monthly SST series (Fig. 8a). The total variance of filtered SST anomalies 
was used to evaluate the overall intensity of ENSO activity (McGregor 
et al., 2013; Jiang et al., 2021). An empirically calibrated threshold was 
applied to the filtered SST anomalies to investigate the frequency of 
ENSO events (Cobb et al., 2003; Jiang et al., 2021). Furthermore, the 
relative ENSO variance during the RWP using a sliding 31-year window 
was determined to assess changes in the strength of ENSO variability 
relative to the period of 1980–2007 CE (Cobb et al., 2013; D’Arrigo 

Fig. 6. Comparison of temperature reconstructions around the western Pacific during the last 2000 years. (a) Instrumental SST (gray line: Rayner et al., 2003) and 
coral Sr/Ca-SST estimates (green lines: Chen et al., 2018; black line: Yan et al., 2015a; orange lines: Jiang et al., 2021 and this study) from the Xisha Islands. (b) SST 
records based on the long-chain alkenones Uk’37 from the northern SCS (Kong et al., 2017). (c) Composite foraminiferal Mg/Ca-SST records and mean annual SST for 
1997–2007 CE (horizontal red dashed line) from the Sulawesi margin (Oppo et al., 2009). (d) Foraminiferal Mg/Ca-SST estimates from Indonesia (Stott et al., 2004). 
(e) Air temperature estimates from Shihua Cave in Beijing (Tan et al., 2003). Yellow and blue vertical fields indicate the approximate intervals for the warm (RWP, 
Roman Warm Period; MCA, Medieval Climate Anomaly; CWP, Current Warm Period) and cold periods (LIA, Little Ice Age), respectively. (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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et al., 2005; Jiang et al., 2021; Fig. 8c). 

4. Results 

4.1. Mean SST variations 

All monthly coral Sr/Ca records exhibit clear annual cycles with a 
total time window of 228 years (Fig. 4a). The annual average coral Sr/Ca 
ranged from 8.562 to 9.051 mmol/mol for 1980–2007 CE, from 8.631 to 
9.094 mmol/mol for 1990–2014 CE, from 8.676 to 9.352 mmol/mol for 
2070–2010 a BP, from 8.550 to 9.049 mmol/mol for 1980–1928 a BP, 
and from 8.614 to 9.271 mmol/mol for 1852–1740 a BP (Fig. 4a). 
Considering the combined error of mean Sr/Ca-SST estimates from sub- 
fossil corals, the mean SST for 2070–2010 a BP and 1852–1740 a BP was 
significantly lower than that of the present day (p < 0.05). However, the 
mean SST for 1980–1928 a BP agrees with the instrumental value within 
the range of error (Table S1). The results suggest that the mean SST in 
the Xisha Islands during the RWP was lower than that during modern 
times. 

4.2. SST seasonality 

Modern coral Sr/Ca records indicate a mean SST seasonality of 4 ±
1.4 (2SE) ◦C for 1980–2007 CE and 4.5 ± 1.4 (2SE) ◦C for 1990–2014 CE 
(Fig. 5), satisfactorily documenting instrumental SST seasonality of 4.5 
± 1.1 (2ơ) ◦C for 1900–2010 CE (Rayner et al., 2003). There was no 
statistically significant difference between the two modern coral Sr/Ca- 
SST seasonalities (p = 0.1). Sub-fossil coral Sr/Ca records demonstrate a 
mean SST seasonality of 4.4 ± 1.4 (2SE) ◦C for 2070–2010 a BP and for 
1852–1740 a BP, which was not significantly different from the modern 
value (p > 0.05) (Fig. 5). However, the mean SST seasonality of 
1980–1928 a BP (3.4 ± 1.4 (2SE) ◦C) was significantly lower than that 
under modern conditions (p ≤ 0.05) (Fig. 5). In summary, the RWP had 
similar SST seasonality to the 20th century, except for a relatively low 
value in 1980–1928 a BP. Additionally, the most striking result was that 
spectral analyses of SST seasonality reveal significant interannual vari-
ability for all time intervals (Fig. S6). 

4.3. Interannual SST variability 

Instrumental SST from the Xisha Islands was characterized by 
prominent interannual variability during 1900–2010 CE, with signifi-
cant periodicities of 3–7 years (Fig. 4b). Spectral analyses of modern 
coral Sr/Ca-SST records indicated similar interannual variability. Pro-
nounced interannual peaks ranging from two to five years were also 
identified in all sub-fossil coral Sr/Ca-SST records. It is noteworthy that 
the SST in 1980–1928 a BP displays a remarkable periodicity of 4.5 
years, which was unprecedented in all other records (Fig. 4b). This 
means that interannual SST variability was stronger in this time interval 
than that in modern times and other periods of the RWP. The results of 
the total variance show that the ENSO intensity recorded by sub-fossil 
corals in 2070–2010 a BP (0.25 ◦C2) and 1980–1928 a BP (0.31 ◦C2) 
was obviously higher than that recorded by modern corals in 
1980–2007 CE (0.19 ◦C2) and 1990–2014 CE (0.17 ◦C2). However, the 
ENSO intensity in 1852–1740 a BP (0.18 ◦C2) was consistent with the 
modern intensity (Fig. S7). Therefore, ENSO activity during the RWP 
was considered to be stronger than that at present and reached its 
highest intensity in 1980–1928 a BP. 

5. Discussion 

5.1. Cooler than present SST during the RWP 

It remains controversial whether SST from the tropical Pacific during 
the RWP exceeds modern conditions, due in part to the limited temporal 
resolution and lifespan of proxies (Deng et al., 2019; Neukom et al., 

2019; Yan et al., 2015b). Coral Sr/Ca records provide a unique 
perspective for monthly SST reconstructions. However, intercolony 
offsets among Porites spp. corals can produce large uncertainties in Sr/ 
Ca-derived SST estimates and present a significant obstacle to the 
reconstruction of absolute mean SST from individual fossil coral speci-
mens (Abram et al., 2009; Cohen et al., 2002; DeLong et al., 2011; de 
Villiers et al., 1995; Felis et al., 2004; Linsley et al., 2006). The standard 
deviation (2ơ) of the offsets in replicated modern coral Sr/Ca records 
from the Xisha Islands was 0.048 mmol/mol (Chen et al., 2018), which is 
equivalent to ~1 ◦C based on the local Sr/Ca-SST relationship (Jiang 
et al., 2021). Replicating coral Sr/Ca records across multiple over-
lapping specimens over a given time period can potentially minimize the 
uncertainties related to intercolony variability (Sayani et al., 2019). 
Therefore, a more rigorous calculation of the error is needed when using 
individual corals to reconstruct the mean SST. 

Although intercolony offsets in mean Sr/Ca obstruct accurate 
quantification of mean SST, the result of cooler conditions during 
2070–1740 a BP compared with the period of 1980–2014 CE was 
consistent with mean SST estimates based on coral growth rates from the 
Xisha Islands during the RWP (Huang et al., 2013). Similar conditions 
cooler than instrumental SST in the 20th century (27.1 ± 0.7 (2ơ) ◦C for 
1900–2010 CE) also appear to have existed here for the Medieval 
Climate Anomaly (MCA: 950–1250 CE) (Jiang et al., 2021), which was 
in agreement with multiple coral Sr/Ca-SST reconstructions from the 
Xisha Islands (Chen et al., 2018; Fig. 6a). Moreover, coral Sr/Ca records 
demonstrated that the SST in the Xisha Islands was cooler during the 
Little Ice Age (LIA: ~1400–1850 CE) than either the MCA or modern 
times (Chen et al., 2018). This means that SST warming in the 20th 
century was likely unprecedented in the northern SCS over the last 2000 
years, which was inconsistent with the composite record of Tridacna 
gigas (Yan et al., 2015a). However, the alkenone-based SST record from 
the northern SCS suggests that the mean SST during the RWP was lower 
than that of the Current Warm Period (CWP: ~1850 CE to present) 
(Kong et al., 2017; Fig. 6b). Foraminiferal Mg/Ca records retrieved from 
sediment cores from the Sulawesi margin (Oppo et al., 2009; Fig. 6c) and 
the western Pacific (Stott et al., 2004; Fig. 6d) also illustrate that the SST 
approximately 2000 years ago did not exceed the mean SST of the CWP. 

Furthermore, reconstructions of temperature in East Asia have 
broadly similar cold characteristics during the RWP. According to evi-
dence recorded in Chinese historical documents, relatively cold phases 
existed from the Eastern Han Dynasty to the Three Kingdoms 
(1925–1670 a BP) (Chu, 1973). The poor harvests occurred in 
2000–1360 a BP, further confirming the coldness of this period (Su et al., 
2014). In particular, the climate experienced a cooling trend of − 1.2 ◦C 
per century from 2040 a BP to 1920 a BP (Ge et al., 2013). Stalagmite 
δ18O records from Shihua Cave in Beijing suggest that the air tempera-
ture of 2070–1922 a BP was ~0.9 ◦C lower than that of 1961–1980 CE 
(Tan et al., 2003; Fig. 6e), which was supported by pollen records in 
central Taiwan (Wang et al., 2019) and a multiproxy series in the 
Northern Hemisphere (Moberg et al., 2005). Although there were dif-
ferences in the amplitudes and durations of temperature variations due 
to the different sampling sites and temporal resolutions, monthly coral 
Sr/Ca records from the Xisha Islands provide additional evidence for 
cooler conditions in the western Pacific and East Asia during the RWP. 

5.2. Similar to present SST seasonality in 2070–1740 a BP 

Few studies that have revealed historical SST seasonality using high- 
resolution proxies have concentrated on either the last millennium 
(Chen et al., 2018; Liu et al., 2019) or the Atlantic (Surge and Barrett, 
2012; Wanamaker Jr. et al., 2011; Wang et al., 2012). The current study 
based on monthly coral Sr/Ca-SST records allows for addressing SST 
seasonality in the northern SCS for snapshots of 2070–1740 a BP. The 
results suggest that SST seasonality in 2070–2010 a BP and 1852–1740 a 
BP was similar to the present-day conditions, while a lower value was 
present in 1980–1928 a BP (Fig. 5). 
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SST variations in winter and summer were compared throughout this 
time interval (Fig. 7). Summer SST and winter SST for 2070–2010 a BP 
were 25.6 ± 1 (2SE) ◦C and 21.2 ± 0.9 (2SE) ◦C, respectively, which was 
~3 ◦C lower than those recorded by modern corals (28.7 ± 1 (2SE) ◦C in 
summer and 24.5 ± 1 (2SE) ◦C in winter) and instrumental SST for 
1900–2010 CE (29 ± 0.7 (2ơ) ◦C in summer and 24.5 ± 1.1 (2ơ) ◦C in 
winter). Similarly, summer SST and winter SST for 1852–1740 a BP are 
26.8 ± 1 (2SE) ◦C and 22.4 ± 0.9 (2SE) ◦C, respectively, which was 
~2 ◦C lower than those in the 20th century. Therefore, SST seasonality 
in the above two periods does not change significantly in comparison to 
the present. However, summer SST for 1980–1928 a BP (28.5 ± 1 (2SE) 
◦C) was 0.2 ◦C lower than that exhibited by modern records, while 
winter SST of 25.1 ± 1 (2SE) ◦C was 0.6 ◦C warmer than that at present. 
Therefore, the SST seasonality for 1980–1928 a BP was obviously lower 
than the modern value. This was in accordance with the results derived 
from 48-year-long Sr/Ca ratios of Tridacna gigas from the Xisha Islands, 
which indicated that SST seasonality at approximately 1900 ± 40 a BP 
(3.69 ± 1.37 ◦C) was dramatically lower than that in recent decades (4.4 
± 0.82 ◦C for 1994–2005 CE) (Yan et al., 2015b; Fig. 5). 

Previous studies have shown that the mean SST plays, to some 
extent, a prominent role in modulating SST seasonality in the northern 
SCS during the late Holocene (Yan et al., 2015a). When the background 
SST decreases, larger decrements in winter SST relative to summer SST 
cause increased SST seasonality. The opposite phenomenon takes place 
during the period of warmer mean SST. However, there was no obvious 
inverse relationship between the observed SST seasonality and mean 
SST throughout the RWP. For example, the lower SST seasonality but the 
similar mean SST to present occurred in the period of 1980–1928 a BP. 
Additionally, SST seasonality during the LIA was consistent with that of 
the MCA, which were lower than either the RWP or the CWP (Fig. 5). 
This can potentially signify that additional forcing mechanisms were 
critical in controlling variations in SST seasonality in the northern SCS. 

5.3. Stronger than present ENSO activity in 2070–1740 a BP 

ENSO, the dominant source of interannual climate variability, plays 
an important role in regulating temperature and rainfall patterns glob-
ally (Bjerknes, 1969; Jiang et al., 2021). Knowledge of past ENSO ac-
tivity provides a crucial perspective for inferring the natural ENSO 
variability and its relation to climate forcing (Cobb et al., 2013; Lawman 
et al., 2020). However, the known ENSO reconstructions were mainly 
concentrated on the last millennium (Cobb et al., 2003; Dee et al., 2020; 
Li et al., 2011; Liu et al., 2019). In this study, the total variance of SST 
recorded by all sub-fossil corals (0.25 ◦C2) was similar to that of the MCA 
(0.28 ◦C2; Jiang et al., 2021) but larger than that recorded by modern 
corals (0.18 ◦C2), indicating that ENSO activity during 2070–1740 a BP 
was enhanced by 39% compared with present day (Fig. S7). 

Our finding of stronger ENSO activity during the RWP was broadly 
supported by a variety of late-Holocene paleoclimatic archives from the 
tropical Pacific. Laminated sediments from Bainbridge Crater Lake in 
the Galápagos Islands suggest an extremely high frequency of ENSO 
events in 2000–1750 a BP (Riedinger et al., 2002; Thompson et al., 
2017), as indicated by the increase in lithic concentrations observed in 
sedimentation off the coast of Peru (Rein et al., 2005; Fig. 9b). Moreover, 
lake sediment records from Laguna Pallcacocha in southern Ecuador 
(Moy et al., 2002; Fig. 9c) and from El Junco in the Galápagos Islands 
(Conroy et al., 2008; Fig. 9d) reveal that maximum Holocene precipi-
tation occurred between 2000 ± 100 a BP and 1500 ± 70 a BP, reflecting 
the peak amplitude of ENSO activity and the enhanced ENSO variability 
throughout this time interval. Such scenarios were further corroborated 
by individual foraminiferal δ18O records from sediments near the 
Galápagos Islands, suggesting that SST in the ENSO source area in-
creases drastically approximately 2000 a BP (Koutavas et al., 2006). 
Although the timing of ENSO variation inferred from individual records 
varies due to the different temporal resolutions, these records provide a 
reliable picture of stronger ENSO activity during the RWP. 

Fig. 7. Time series of summer and winter SST and their spectral properties. (a) Summer (June–July–August: JJA, red lines) and winter (December–January–Feb-
ruary: DJF, blue lines) instrumental SST and coral Sr/Ca-SST records with Monte Carlo uncertainty quantification (light shading). Black triangles mark the 230Th ages 
for individual sub-fossil corals. (b) Multitaper method (MTM) spectral estimates with a red noise null hypothesis (number of tapers, 3; bandwidth parameter, 2) for 
the detrended and normalized summer (red lines) and winter (blue lines) SST anomalies (Ghil et al., 2002). Numbers indicate significant periodicities (years) above 
the 90% confidence level (dashed lines). (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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In addition, the results of spectral analysis and total variance show 
that ENSO intensity varies substantially during the RWP. For example, 
ENSO activity in 1980–1928 a BP was obviously stronger than that in 
modern times, while ENSO intensity in 1852–1740 a BP was similar to 
that at present. Therefore, it was speculated that ENSO activity may 
have undergone significant changes during the RWP, which was not 
confirmed due to the dearth of long-term and high-resolution paleocli-
matic records. 

5.4. Highly variable ENSO variability during the RWP 

The present study allowed for the verification of the hypothesis 
about the evolution of ENSO activity throughout the RWP. The asym-
metric ENSO threshold identified by instrumental SST anomalies from 
the Xisha Islands, 0.15 ◦C for El Niño events and − 0.15 ◦C for La Niña 
events (Jiang et al., 2021), were applied to the filtered coral Sr/Ca-SST 
anomalies. The results indicate that 14 El Niño events and 15 La Niña 
events were estimated to have occurred during 2070–2010 a BP 
(Fig. 8a). The sliding window suggests a gradually increased frequency 
of ENSO events throughout this time (Fig. 8b). Meanwhile, the relative 
ENSO variance doubled from a level similar to modern times (Fig. 8c). A 
19-year-long coral record from Muschn Island revealed protracted δ18O 
anomalies indicative of a severe 7-year El Niño event approximately 
2040 ± 50 a BP (McGregor and Gagan, 2004), which was in agreement 
with our coral records from the Xisha Islands. In addition, it is note-
worthy that the variation in the frequency of El Niño events was larger 
than that of La Niña events, reflecting that El Niño events play a leading 
role in the evolution of ENSO variability (Fig. 8b). 

A total of 12 El Niño events and 10 La Niña events were identified 
from 1980 a BP to 1928 a BP (Fig. 8a), which was almost consistent with 
a 50-year-long, monthly resolved Tridacna gigas δ18O record from 
Dongdao Island, indicating 11 El Niño events and 12 La Niña events 
approximately 1900 ± 40 a BP (Yan et al., 2017). The sliding window 
shows that the frequency of El Niño events was always larger than that of 

La Niña events throughout this period (Fig. 8b). An approximately 90% 
reduction in relative ENSO variance was observed from 1980 a BP to 
1960 a BP, while the lowest ENSO variance during this period was still 
10% above current levels. In the following 30 years, the relative ENSO 
variance slowly increased by 20% and then dropped to the level 
equivalent to modern times (Fig. 8c). 

Twenty-four El Niño events and 24 La Niña events were observed 
from 1852 a BP to 1740 a BP (Fig. 8a). In the first 20 years, ENSO 
variance increased rapidly to 30–40% higher than it is currently. Then, it 
was maintained at a relatively high level over the next 30 years (Fig. 8c). 
Such scenarios were accompanied by an increased frequency of ENSO 
events during 1852–1800 a BP (Fig. 8b). With the decline in ENSO 
frequency from 1800 a BP to 1780 a BP (Fig. 8b), ENSO variance 
dropped to 30–40% lower than the present level (Fig. 8c). Since 1780 a 
BP, ENSO variance has gradually risen to the modern level again, fol-
lowed by a downward trend after 1760 a BP (Fig. 8c). The temporal 
transformation of ENSO variance coincides with the climatic shift 
reconstructed by Bainbridge sediment records, indicating that the 
remarkable increase in ENSO variability occurred in 1780 ± 230 a BP 
(Thompson et al., 2017). Additionally, a 20-year-long, annually resolved 
coral δ18O time series recorded in fossil Porites microatolls from 
Christmas Island indicates that interannual variations in ENSO-related 
SST and precipitation were more pronounced at 1760 ± 85 a BP 
compared with modern standards (Woodroffe et al., 2003). McGregor 
and Gagan (2004) further estimated the amplitude of δ18O anomalies 
recorded by Christmas Island Porites and found an extreme El Niño, 
nearly twice the amplitude of the 1997–1998 event. However, another 
fossil coral δ18O record from Christmas Island demonstrates a 40% 
reduction in 2- to 7-year variance for 1704–1685 a BP compared with 
modern coral records for 1968–1998 CE (Cobb et al., 2013), which 
seemed in accordance with the descending trend of ENSO variance after 
1760 a BP recorded by corals from the Xisha Islands. 

Taken together, ENSO variability may have experienced a significant 
enhancement before 2010 a BP, an overall fluctuating attenuation from 

Fig. 8. ENSO reconstructions based on coral Sr/Ca records from the Xisha Islands during the Roman Warm Period. (a) 3–7-year band-pass filtered Xisha coral Sr/Ca- 
SST anomalies (black lines) with uncertainty quantification (gray shading). Red and blue shading indicate El Niño and La Niña events, respectively, defined by the 
asymmetric ENSO threshold (Jiang et al., 2021). (b) The number of El Niño (red line) and La Niña (blue line) events in ENSO chronologies using a sliding 31-year 
window. (c) Relative ENSO variance for the filtered sub-fossil coral Sr/Ca-SST anomalies in a sliding 31-year window, plotted as percent differences from the in-
tervals of modern coral (1980–2007 CE). (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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Fig. 9. Comparison of ENSO reconstructions with external forcings during the last 2000 years. (a) Relative ENSO variance for the filtered sub-fossil coral Sr/Ca-SST 
anomalies in a sliding 31-year window, plotted as percent differences from the intervals of modern coral (1980–2007 CE), during the Roman Warm Period (RWP) and 
Medieval Climate Anomaly (MCA; Jiang et al., 2021). (b) The standardized lithic concentration off the coast of Peru (Rein et al., 2005), modified from Sagawa et al. 
(2014). (c) Red colour intensity of sedimentation from Laguna Pallcacocha in southern Ecuador (Moy et al., 2002). (d) Percentage of sand in lake sediments from El 
Junco on the Galápagos Islands (Conroy et al., 2008). (e) Reconstructed Southern Oscillation Index-like records (Yan et al., 2011). (f) Dinosterol abundance from Peru 
(Makou et al., 2010). (g) Cholesterol abundance from Peru (Makou et al., 2010). (h) Variability of total solar irradiance (ΔTSI) based on the cosmogenic radionuclide 
10Be (Steinhilber et al., 2009). (i) Occurrence of major volcanic events through the last two millennium (Gautier et al., 2019). Gray and yellow vertical fields indicate 
the intervals in which sub-fossil corals lived and the warm periods, respectively. CWP, Current Warm Period. (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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1980 a BP to 1928 a BP, and two obvious processes of rising first before 
descending during 1852–1740 a BP (Fig. 9a). Although it was difficult to 
directly compare Xisha coral records with sedimentary ENSO records 
due to the obvious chronological uncertainty, ENSO variability within 
the RWP revealed by those sedimentary records was reliable and 
corroborated the results of this study. For example, sediments from 
Laguna Pallcacocha (Moy et al., 2002; Fig. 9c) and El Junco Crater Lake 
(Conroy et al., 2008; Fig. 9d) revealed that ENSO variability exhibits 
increments and reductions many times throughout the RWP. The 
numbers of El Niño (Fig. 9e-f) and La Niña events (Fig. 9g) show similar 
increasing and decreasing trends in this period (Makou et al., 2010; Yan 
et al., 2011). Combined with the intensified ENSO variability during the 
late MCA (Jiang et al., 2021; Fig. 9a), we considered that there has been 
a highly variable ENSO variability during the last 2000 years. Consid-
ering that the amplitude of orbital (Bertrand et al., 2002), total solar 
irradiance (Steinhilber et al., 2009; Fig. 9h), and major volcanic events 
(Gautier et al., 2019; Fig. 9i) during the RWP and the MCA was not only 
minimal but also similar to that preindustrial, the evolution of ENSO 
variability may be associated with internal dynamics of the climate 
system (Cobb et al., 2013; Wittenberg, 2009) or interdecadal modula-
tion of ENSO variability (Li et al., 2011). 

5.5. Seasonal pattern of interannual SST variability 

Despite rising evidence for SST seasonality and interannual ENSO 
variability (Jiang et al., 2021; Liu et al., 2019; Wanamaker Jr. et al., 
2011; Yan et al., 2017), few studies have investigated the relationship 
between them. Given that all coral Sr/Ca-SST seasonality showed 
prominent interannual variability (Fig. S6), it was considered that ENSO 
activity had a significant influence on SST seasonality in the northern 
SCS over the past 2000 years. 

Observational results of instrumental SST have shown that ENSO 
activity predominantly affects the SST of the northern SCS in boreal 
winter through atmospheric teleconnections (Section 2). Spectral anal-
ysis of instrumental winter SST from the Xisha Islands depicts prominent 
interannual peaks centered at 2.4 and 7 years. Instrumental summer SST 
displayed similar variability at significant periodicities of 2.5 and 4.8 
years (Fig. 7b). This mirrored the seasonal effect of ENSO activity on SST 
in the Xisha Islands. To shed light on the seasonal pattern of ENSO tel-
econnection for 2070–1740 a BP, monthly coral Sr/Ca-SST records were 
decomposed into seasonal time series and evaluated the interannual 
variations in different seasons. As shown in Fig. 7b, sub-fossil coral re-
cords demonstrate remarkable 2.5–4-year periodicities in summer and 
winter SSTs. This signifies that the seasonal pattern for the effects of 
ENSO on SST in the northern SCS existed 2000 years ago. For the RWP, 
ENSO activity was stronger with more frequent El Niño events approx-
imately 1980 years ago. Under these circumstances, the anomalous 
anticyclone appeared in the northwestern Pacific, weakening the EAWM 
over the northern SCS. Therefore, winter SST in the Xisha Islands 
increased by ~0.6 ◦C, and SST seasonality decreased by ~1 ◦C corre-
spondingly during 1980–1928 a BP. 

In summary, the results suggest that interannual variability associ-
ated with ENSO activity plays a significant role in steering short-term 
changes in SST seasonality in the northern SCS. Considering that the 
frequency of extreme El Niño events may strengthen in the future under 
global warming (Cobb et al., 2013; Dee et al., 2020; Grothe et al., 2019), 
the climate around the northern SCS might grow more variable. 

6. Conclusions 

In this study, a combined 228-year-long, monthly coral Sr/Ca time 
series covering the period from 2070 a BP to 1740 a BP was developed 
using high-precision U-series-based chronologies from three Porites 
corals obtained from the Xisha Islands, northern SCS. While coral Sr/Ca- 
SST records provide additional evidence for the prevalence of cooler 
conditions in the western Pacific and East Asia during the RWP, the 

natural range of SST variations on seasonal and interannual timescales 
has also been investigated. 

The comprehensive records reveal that SST seasonality during most 
of the RWP was similar to that in the present day, except for a lower 
value between 1980 a BP and 1928 a BP. Interannual variability asso-
ciated with ENSO activity in 2070–1740 a BP was 39% stronger than 
that in 1980–2014 CE. However, the ENSO intensity in 1980–1928 a BP 
was obviously larger than that in 1852–1740 a BP, which was similar to 
the present results. The evolution of ENSO variability throughout the 
RWP was explored using an empirically calibrated threshold and sliding 
window. The reconstruction results demonstrate significantly enhanced 
ENSO variability during 2070–2010 a BP, followed by an overall fluc-
tuating attenuation from 1980 a BP to 1928 a BP. Subsequently, ENSO 
variability has gone through the process of rising first before descending 
twice during 1852–1740 a BP. Furthermore, El Niño events play a 
dominant role in the evolution of ENSO variability, which may be 
associated with the internal dynamics of the climate system. Most 
importantly, prominent interannual variability found in all coral Sr/Ca- 
SST seasonalities reveals a significant role of ENSO variability in steering 
changes in SST seasonality in the northern SCS. This was primarily 
manifested in the decreased SST seasonality being usually accompanied 
by enhanced ENSO activity with more frequent El Niño events. 

These findings provide unique insights into the natural range of SST 
variations in the northern SCS approximately 2000 years ago. However, 
additional high-resolution proxy reconstructions were necessary to fully 
characterize the range of ENSO variability and understand the mecha-
nisms controlling the evolution of ENSO activity over the past two 
millennia. 
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